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Featured Application: Research was used in the construction of a hybrid ultrasound tomography
breast scanner developed by the DRAMINSKI S.A. company. The device has been designed as a
new tool that allows the improvement of existing radiological methods for the early detection of
breast cancer and is currently being tested in vivo during the implementation process.

Abstract: Ultrasound breast tomography (UBT) is a promising quantitative imaging method. It
allows for precise analysis of ultrasound velocity distribution, which is related to tissue density
and elasticity, enabling cancer detection. Only a few centers around the world have a prototype of
the device for in vivo breast ultrasound tomography imaging. The quality of images reconstructed
from measurements of ultrasound pulse transit times is adversely affected by the refraction of beam
rays on the breast immersed in water. Refraction can be reduced using waveform tomography,
ray-tracing, and ray-linking methods. However, this requires the acquisition of a pre-reconstructed
pattern and is limited by extreme computational costs. In this study, the effect of refraction on
transit time measurements of ultrasound passing through the female breast was analyzed under
immersion conditions in water. It was found that the refraction causes the highest measurement
errors in the area of the water/breast interface, and these can be reduced by adjusting the water
temperature and changing the breast geometry. The results allow us to improve the quality of breast
images reconstructed using an efficient transformation algorithm that assumes rectilinear ultrasound
propagation paths between transmitters and receivers. In vivo breast studies were performed on the
developed hybrid UBT scanner.

Keywords: refraction of ultrasonic beam rays; ultrasound transmission method; ultrasound breast
tomography; ultrasound speed

1. Introduction

There is no doubt that widespread and effective women’s diagnostics regarding the
risk of breast cancer is a major worldwide problem [1,2].

Imaging of breast lesions is currently the primary method for their detection and initial
clinical suspicion of malignancy [3]. Histopathological examination of the material obtained
by biopsy is performed to confirm suspicion of a malignancy of breast cancer diagnosed by
imaging. The most common diagnostic imaging examinations for early detection of breast
cancer are X-ray mammography (MMG) and B-mode conventional ultrasound (USI). In
older women, a higher detection rate is observed with MMG, which, in addition to the risks
associated with X-ray exposure [4], can be painful due to the need for mechanical com-
pression of the breast [5]. Mammography of dense breasts (mainly in young women) and
implant-informed breasts is not reliable due to frequent false negative results [6-8], which
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significantly cause delay in cancer diagnosis. Furthermore, mammography results are
affected by premenopausal or postmenopausal status and the use of hormone replacement
therapy [9]. There is also a potential risk of cumulative effects of ionizing radiation. The
risk of cancer increases by approximately 1% per five mammography tests, so physicians do
not recommend mammography screening more often than every 2 to 3 years or in women
under 40 years of age. Mammographic screening also has limitations, such as overdiagnosis
and overtreatment [10]. 2D mammography, despite being the only screening method, is
being phased out in many countries (e.g., Switzerland) due to its low effectiveness [11].
Recently, a new mammographic test has been introduced, called 3D mammography (to-
mosynthesis). The test shows higher sensitivity compared to traditional mammography
(2D). However, the method is very similar because it is based on X-rays and therefore has
the same contraindications. Extending mammographic screening to include additional
conventional ultrasound imaging, especially in dense breast tissue, significantly increases
the chance of early cancer detection [12,13]. The high sensitivity of USI [14] is, in turn,
limited by its low specificity [15]. This causes false positive results, increasing the number
of unnecessary biopsies [6]. Furthermore, results of studies presented in the literature
suggest that it is difficult to precisely distinguish ultrasound-guided isoechogenic lesions
in the surrounding fat. These disadvantages of MMG and USI mean that, despite regular
screening, breast cancer is often not diagnosed in its early stages. Magnetic resonance
imaging (MRI) has become the preferred method of breast examination for women at
high risk of developing cancer. The use of this method in the detection of breast cancer
is significant due to its high sensitivity and moderate specificity for tumor masses larger
than 5 mm, including ductal carcinoma in situ (DCIS) [16]. With the ability to analyze
breast morphology, magnetic resonance imaging provides qualitative and quantitative
data on tumor vascularization, allowing differentiation of benign from malignant masses.
However, magnetic resonance tomography scanners are very expensive due to the price
of the equipment itself, the need to maintain it in special rooms, and the maintenance
and hiring of qualified staff. In addition, intravenous administration of contrast agents
can be required, which may enter the extravascular space or cause allergic reactions. The
administration of contrast agents is limited in patients with kidney or liver disease. These
disadvantages, as well as the cost of MRISs, limit the use of this method in the diagnosis of
the female breast and make public MRI screening unattainable to date.

As we can see, there is currently no ideal diagnostic method that can be recommended
to any woman for breast examination. The market for diagnostic breast imaging devices is
not sufficiently saturated due to the imperfections of each of the available methods. A novel
hybrid method that can overcome most of the disadvantages of MMG, USI, and MRI is
ultrasound breast tomography (UBT). Recently, several research centers around the world
performed work to build a prototype of the ultrasound computer tomography device for a
breast screening imaging tool in women (with the ability to scan, measure, acquire data,
and reconstruct and process images in vivo) [17-21]. The design, operation and imaging
methods of each device are specific and varied. One of the few advanced prototypes
of in vivo hybrid ultrasound breast tomography scanners was developed in Poland by
DRAMINSKI S.A. company [20,21]. The device uses transmission ultrasound tomography
(UTT) and reflection ultrasound tomography (URT) modalities [22] to image female breast
tissue, as well as the omnidirectional (full-angle) spatial compound ultrasound imaging
modality (FASCI) by assembling multiple ultrasound images acquired at angles selected
from 0 to 360° [23], analogous to the so-called compound imaging (CI) method. The
FASCI modality is used as a complement to the UTT and URT modalities. This approach
enables the acquisition of comprehensive diagnostic information on the tissues under
study. It should be noted that physicians are extremely interested in the additional B-mode
echographic breast imaging modality implemented in the ultrasound tomography scanner
as a well-known standard for medical diagnosis. The device, which combines several
ultrasound technologies, is universal (no age limits) and neutral for health (no ionizing
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radiation or contrast agents). The use of a UBT scanner in breast screening is expected to
create a new world standard in breast disease diagnostics.

The quality of quantitative images obtained as a result of the reconstruction process
from the measurement of the transmission transit time of ultrasound wave pulses with
the use of the hybrid UBT scanner is adversely affected by the phenomenon of beam
refraction at the water and submerged breast border (also in inhomogeneities in the breast
structure [24]). The influence of this phenomenon can be considered and significantly
reduced using waveform tomography, ray-based inversion, ray-tracing, and ray-linking
methods [25-35]. However, this requires the acquisition of a preconstructed pattern and is
limited by extreme computational costs, despite the possibility of using various simplifi-
cations and regularizations, as well as by the need to acquire, store, and process a huge
amount of measurement data. These methods essentially undermine breast imaging during
or immediately after in vivo scanning, significantly increasing the cost of manufacturing
the UBT scanner.

In the present study, research was conducted to minimize the effect of the phenomenon
of refraction on quantitative ultrasound tomography imaging of breast structure in a
manner that does not require complex computational techniques or waveform or inversion
image reconstruction methods [32-35]. To this end, the effect of refraction on transmission
tomography measurements of the transit time of an ultrasound wave through female breast
tissue under immersion conditions in water was analyzed. It was found that refraction
introduces the largest measurement errors in the area of the water/breast interface and
can be reduced by the appropriate choice of water temperature and changing the breast
geometry. In vivo test breast examinations were performed on the owned prototype hybrid
ultrasound tomography scanner. The results obtained allowed us to improve the quality
of reconstructed breast images using an efficient transformation algorithm that assumes
straight-line ultrasound propagation paths between transmitters and receivers [22], without
the need for special hardware in the form of expensive and energy-intensive GPU graphics
cards [30].

2. Materials and Methods

The refraction phenomenon occurs when an ultrasound wave falls on the border of
two media with different ultrasound propagation velocities at an angle different from
normal (oblique incidence). Then the direction of the wave changes, it is refracted at a
certain angle. The angle of incidence and angle of refraction obey the well-known Snellius
law, as in optics.

2.1. Refraction in Transmission Method

In the case of transmission of ultrasound waves through the soft tissue structure of a fe-
male breast immersed in water, the refraction phenomenon will occur due to the differential
velocity of ultrasound in water and the breast and due to the inhomogeneity of the breast
structure. It can be estimated that the refraction of the ultrasound beam at the water/breast
interface will not be significant due to the near unity index of refraction #, defined as the
ratio of ultrasound velocity in water to ultrasound velocity in the structure [22]. Figure 1a
shows the dependence of the refraction angle of the ultrasonic wave at the straight-line
interface of the water/breast on the angle of incidence, calculated from the Snellius law.
Figure 1b shows the dependence of the amplitude pressure coefficient of the transmission
of the ultrasonic wave through a circular breast section immersed in water, calculated
sequentially for the water/breast/water boundaries using the formula:
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where a—the angle of incidence of the ultrasound wave at the boundary of the first and
second mediums, p;—the density of medium 1, c;—the ultrasound velocity in medium
1, po—the density of the medium 2, co,—the ultrasound velocity in medium 2, D,—the
pressure coefficient of transmission of the ultrasonic wave through the boundary of the
two media.
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Figure 1. Dependence of: (a) angle of refraction of the ultrasonic wave at the water/breast interface
from the angle of incidence; (b) coefficient of transmission of the ultrasonic wave D, through a
circular cross-section of a breast immersed in water.

Calculations show that in almost the entire range of incidence angles, the refrac-
tion of ultrasound wave rays when passing through breast tissue in water is negligible,
while the transmission coefficient is close to unity in the range of incidence angles 0-80°
(Figure 1). Simulation of the phenomenon of ultrasound wave refraction by means of a
mathematical model that takes into account the refraction and elongation of beam rays
for a complicated internal structure of a heterogeneous biological medium is a difficult
task due to the necessity of considering refraction coefficients for all borders between
quasi-homogeneous structures and the necessity of an iterative search for such a beam
ray coming from the source, which will reach the detector after multiple refractions in the
medium (rays are curvilinear in the case of continuous changes of the ultrasound velocity
in the structure) [36-39]. Moreover, there may be many such rays in the case of n > 1, so
we should additionally look for a transition in the shortest time and with a measurable
amplitude. Such an operation must be performed for each position of the sending and
receiving pair of transducers when scanning a biological medium with the transmission
method [22]. Problems of critical angles must still be considered; above such angles of
incidence, the ultrasound wave disappears in the tissue.

2.2. Refraction in Ultrasound Transmission Tomography Scanning

To illustrate refractive errors in the ultrasound transmission tomography scanning
process of breast tissue, numerical calculations were performed for a homogeneous circular
cylinder section simulating a coronal cross-section of a 150 mm diameter female breast with
an assumed average ultrasound velocity for a premenopausal woman cpe.5¢ = 1510 m/s
(T =37 °C) [40,41], immersed in water at temperature T = 25 °C (cyater ~ 1496.7 m/s) and
T =37 ° C (cwater = 1523.7 m/s), respectively. The distance between the transmitter and the
receiver in water was set as [, = 300 mm.

The calculations assumed point sizes for each pair of ultrasonic transmitter and
receiver. The method for determining the path of the beam rays from the transmitter
to the receiver was based on an iterative search for the ultrasonic beam ray to reach the
receiver fastest after bilateral refraction on a circular object of assumed ultrasound speed,
immersed in water [22,24,42]. On the basis of the ray paths determined, the average values
(projections) of the transit time were calculated, by which the distance I, was divided,
obtaining the ultrasound velocity projections in the parallel ray geometry, when the pair
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of transmitting and receiving transducers was moved stepwise along the cross-section of
the cylinder. Paths of the refracted rays were determined with high accuracy using the
equations of the circle and the equations of the rotated straight and tangential lines in the
geometry resulting from the adopted scanning system. In this way, the spread (n = 0.991)
and focusing (n = 1.009) of the transmitted ultrasound wave beam can be simulated in the
breast cross-section with an index of refraction close to unity, respectively. For both cases,
the ray paths of refracted wave beams and calculated ultrasound velocity projection values
for the cylindrical cross-section with and without refraction are presented in Figures 2 and 3,
respectively, in the parallel beam scanning geometry. Similar phenomena can be expected
to occur at the soft tissue boundaries. For n < 1, there is always a wave transition from
transmitter to receiver, and the blue areas in Figures 2 and 3 indicate the scanning range
for which the transit time along refracted rays is less than that along straight lines through
water. For transmission measurements, this means that a pulse (of small amplitude) will
appear in this area before the pulse passes directly through the water because of refraction
on the circular cross-section of the cylinder. Depending on the rise amplitude of this
pulse, the signal-to-noise ratio, and the detection threshold of the transit time measurement
method, it may or may not be subject to detection. The imaging error of the object and
its size may therefore vary, causing an enlargement of the cylinder cross-section and/or a
misrepresentation of the ultrasound velocity near its boundaries. For n > 1, there is always
an area where transmission of the ultrasonic wave cannot be achieved along the path from
the transmitter to the receiver. In Figures 2 and 3, this area is marked with red; blue is
used to mark the area where the ultrasound wave is simultaneously transmitted along
two different refracted rays, while the rays marked with black reach the path from the
transmitter to the receiver the fastest and due to the smaller refraction angle, the pulse
amplitude in this case is larger. Therefore, it can be assumed that the duplicated rays will
not affect the measurement of the pulse transit time of the ultrasonic wave. As can be
seen in Figures 2 and 3, the refraction phenomenon of ultrasound wave rays after passing
through the cylinder cross-section is clearly visible, first of all, at its edges.

y [mm] y [mm]
— -150 wm T
150, [T BT TTTTR
-120 L Water! | -120 i aer HE——
| &
~90 — HHTT 90— § |
-60 ] R ' S— -60 ——— E un H
-30 -30 i \J
- 5| U nol s
0 - % i Breast 0-& 11 Breast T &
= = B | R
T R | i
-60 -60 ——H N
o0 -o0——8 H
-120 - Water -120 o Water - o
45 L] sl LA bELLLEL LT |
2120 -90 -60 -30 0 30 60 90 120 2120 -90 -60 -30 0 30 60 90 120
x [mm] x [mm]

(a) (b)

Figure 2. Simulation of the refraction effect of ultrasound beam rays along the path from the
transmitter to the receiver placed on an axis at a distance of 300 mm opposite each other and moved
with a constant step (10 mm) along the circular cross-section of a cylinder (breast) immersed in water:
(a) n=0.991; (b) n = 1.009.
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Figure 3. Calculated values of ultrasound velocity projection through a circular cross-section of a
cylinder without and with refraction for refraction indices: (a) n = 0.991; (b) n = 1.009. The ultrasound
velocity projection value ¢, is determined as the ratio of the rectilinear path of the wave passage
between the transmitter and receiver to the measured (simulated) transit time.

In both cases, there are areas near the edges of the cross-section that will not be
penetrated by the ultrasonic wave due to the refraction phenomenon, and these areas have
a larger size for n > 1 than for n < 1 for the same absolute value of the difference n—11.
In the case of wave beam spreading (Figures 2a and 3a), the area of overlap between
the detection points of the rays passing after refraction through the cross-section of the
cylinder and the rays passing directly through the water is only about 4.5 mm at its lateral
edges (colored blue). It means that in transmission imaging, the diameter of the breast
cross-section can be enlarged by a maximum of about 9 mm. In the case of wave focusing
(Figures 2b and 3b), the transmission fading area (colored red) is approximately 7.2 mm at
both lateral edges of the cylinder. This measurement situation is very unfavorable. The
random noise pulse time, the start time, or the end time of the measurement window
will then be determined when measuring the pulse transit time within a certain time
window. Such measurements will introduce errors, especially for ultrasound tomography
image reconstruction [42,43]. In order to minimize signal fading errors (Figures 2b and 3b),
it is therefore necessary to develop algorithms that interpolate missing measurement
values on the basis of neighboring values. For in vivo studies, it is also a good idea
to set the temperature of water in which the breast is immersed in such a way that a
refraction index close to unity can be obtained at the water/breast interface. Based on the
results obtained from the calculations, it can be predicted that in the case of ultrasound
transmission tomography measurements, the influence of refraction on the errors in the
imaging of the structure of biological media is not significant for most soft tissues, which
are characterized by the index of refraction 0.9 < n < 1.1. In the case of tissues, due to the
refraction phenomenon, it is advantageous to use large I, distances between the source
and the detector in relation to the size of the cross-section of the examined object. For large
distances, when the axis of the pair of sending and receiving transducers is outside the
object, a wave ray passing directly through the water instead of a ray refracted in the object
can be expected to reach the receiving transducer. For small [, distances compared to the
cross-sectional size of the object, the opposite situation is more likely, since transmission
coefficients Dy («) at the water/tissue interface for most soft tissues are close to unity over a
wide angular range (Figure 1b). In such a situation, the size of the structure under study in
the ultrasound tomography image can be artificially slightly enlarged. A small [, distance,
on the other hand, is advantageous because of the improved resolution for detecting small
changes in ultrasound velocity introduced by small inhomogeneities located in the path
of the transmitted ultrasound wave. Experiments performed by the authors on tissue
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phantoms and biological media have shown that for n <1 (the ultrasound velocity in the
object is higher than in its surroundings), as a result of intense refraction of passing rays
near the edge of the water/phantom, a narrow ring of significantly overstated ultrasound
velocity values appears in the reconstructed cross-sectional image of the phantom around
its edges. On the other hand, for the case n > 1 (the ultrasound velocity in the object is lower
than in its surroundings), this ring is characterized by significantly understated ultrasound
velocity values [42,43]. Figure 4 shows both artefacts in the example of a quantitative
ultrasound velocity distribution image reconstruction in the cross-section of an ostrich egg
measured with the prototype of the hybrid UBT scanner developed by DRAMINSKI S.A.
Typical ultrasound velocity values for white (1521-1536 m/s) and yolk (1504-1510 m/s)
found in eggs [44] can be read from the image. The distortions on ultrasound tomography
images in the form of lines are mainly due to the disappearance of ultrasonic transmission
pulses as a result of the disruption of the egg surface smoothness that occurs after cooking,
on the side of the air chamber.

1518 1524 1530
: e Stripped of the shell and hard-boiled ostrich egg

457 x 457 pixels
182 x 182 mm

Figure 4. Artefacts in the example of reconstruction of ultrasound velocity distribution image in the
cross-section of an ostrich egg measured with the prototype of the hybrid UBT scanner.

2.3. Acoustic Parameters of Water, Fat, and Glandular Tissue of the Breast

In Chapter 2.2, breast tissue was considered homogeneous. In reality, there is a fat
layer under the breast skin where the ultrasound velocity is much lower than the average
velocity in the glandular tissue. Thus, Figure 5 illustratively analyzes three scenarios for the
passage of four ultrasound beam rays in divergent scanning geometry from the transmitter
to four different receivers of a multi-element ultrasonic ring array through a breast (with a
subcutaneous fat layer, and without considering the thin skin layer at this stage) submerged
in water. These are illustrative drawings obtained using the computational model described
in Chapter 3.1. All three scenarios assume passage of the rays at angles of 0°, 15°, 45°, and
52°, respectively, to the beam propagation direction.

The first and second ray pass successively through the water/fat/glandular tis-
sue/fat/water layers. The angle of the third ray was chosen so that, in the absence of
refraction, it passes through the water/fat/water layers just at the edge of the glandular
tissue. The fourth and final ray from the right side of the beam passes through water only,
just at the edge of the breast fat tissue. The three scenarios illustrate the refraction pattern of
the ultrasound beam rays (black lines) for 3 different cases defining the mutual relationships
of ultrasound velocities in water (1), fat (2), and glandular breast tissue (3), respectively:
€1 <€y <C3;¢1 =Cp <C3; €1 > ¢ and ¢ < ¢3, with only the adjusted velocity value ¢; in water
(changing its temperature). The white lines illustrate the ray trajectories after the transition
without taking refraction into account. As can be seen, the subcutaneous fat layer can lead
to a significant deviation of the ultrasonic beam path from a rectilinear transition due to
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the refraction phenomenon. Thus, this chapter analyzes the acoustic parameters of water,
fat, and glandular breast tissue, which can affect the refraction phenomenon of ultrasonic
beam rays as well as the acoustic parameters of the skin, a thin layer of which is above the
fat layer.

;<G C3>C €, =¢, 3> €,>6C

Figure 5. Three different scenarios for the passage of ultrasound beam rays in divergent geometry
from the transmitter to four different receivers of a multi-element ultrasound ring array through a
breast with a subcutaneous fat layer, immersed in water.

The most important acoustic parameter affecting the refraction of ultrasound wave
beam rays is its propagation velocity in the medium, especially its changes as a result
of inhomogeneity or layering of the tested medium. The weakening of the energy of
the ultrasound wave after its passage through the medium is also important, as it de-
pends mainly on the ultrasound attenuation coefficient and the wave transmission co-
efficient (Figure 1b) through the layers of different acoustic impedances (the product
of the ultrasound velocity and the density of the medium). The ultrasound velocity is
temperature dependent and increases with increasing temperature in most soft tissues
and in water. In fat, the ultrasound velocity decreases with increasing temperature. The
average value of the propagation velocity of the longitudinal ultrasound wave in soft
tissues is assumed to be ¢ = 1540 m/s (density p = 1058 kg/m3, acoustic impedance
Z =1.62-10° kg/(m?-s)), and the mean value of the attenuation coefficient of the amplitude
of the ultrasound wave is « = 0.5 (dB/cm)/MHz ~ 5.8 (Np/m)/MHz [40]. With some ap-
proximation, it can be assumed that in the frequency range of 1-6 MHz, the ultrasound
attenuation coefficient a/f in soft tissues is constant. Increasing the water or fat con-
tent in the tissue generally decreases the ultrasound velocity value. For soft tissues not
containing fat, the average values of acoustic parameters are respectively: ¢ = 1575 m/s,
« =0.3 (dB/cm)/MHz ~ 3.5 (Np/m)/MHz, while for tissues containing fat: ¢ = 1465 m/s,
« = 0.6 (dB/cm)/MHz ~ 6.9 (Np/m)/MHz [45]. The ultrasound velocity in water is,
respectively: 1496.7 m/s for 25 °C, 1509.2 m/s for 30 °C, and 1522.9 m/s for 36.6 °C [40].
Based on data from the literature, ultrasound velocity in breast adipose tissue (fat layer
under the skin) is 1470 m/s in vivo (at body temperature T = 36.6 °C). The temperature
coefficient of breast fat in the temperature range 22-37 °Cis dc/dT = —3.1 (m/s)/°C. The
temperature dependence of the ultrasound velocity in water and fat is illustrated as a graph
in Figure 6.

According to data from the literature [40,41], the average ultrasound velocity in glan-
dular breast tissue of a premenopausal woman in vivo is in the range 1450-1570 m/s, with
1510 m/s being the average value. The thickness of the breast skin is in the range of approx-
imately 0.5-2.5 mm [46]. The average velocity of ultrasound in the skin is 1642 m/s [47].
The ultrasound attenuation coefficient & in water is small, so it is defined in (dB/m),
unlike in tissues where it is in dB/cm [40]. At 2 MHz, the attenuation coefficient of ul-
trasound in water is, respectively: 0.87 dB/m for 20 °C, 0.76 dB/m for 25 °C, 0.66 dB/m



Appl. Sci. 2022,12, 3578

9 of 25

for 30 °C, and 0.57 dB/m for 36.6 °C. Thus, it can be concluded that the attenuation of
ultrasound in water is negligibly small compared to that in tissue. Attenuation in fat at
body temperature is about 1.2 dB/cm for 2 MHz (increases approximately linearly with fre-
quency). The attenuation coefficient of the ultrasonic wave in breast tissue for frequencies of
0.5-6 MHz in the temperature range of 25-37 °C is, on average, a = (0.75 4- 0.3)-f1-> dB/cm,
ie., 2.12 4 0.85 dB/cm for 2 MHz [40]. Decreasing the temperature increases the attenua-
tion, but the changes are not large. The attenuation of ultrasound in the skin of the breast
is, on average, & = 2.4-f0'6 dB/cm [40].

Ultrasound speed ¢ [m/s]

1530 —
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1520 +- /

1515 /,A/
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1500 -
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Figure 6. Temperature dependence of ultrasound velocity in water and fat.

2.4. Method and Measuring System

To verify the results of the calculation obtained, in vivo patient tests were performed
using a prototype of the hybrid UBT scanner developed by the Polish company DRAMINSKI
S.A., for the temperature of the water surrounding the breast immersed in the tank,
T=20°C, 25 °C, 30 °C, respectively. The water was not heated to body temperature
(36.6 °C) due to the non-standard value, not currently foreseen for use in the scanner. It
should be noted that the temperature 20 °C is a bit too low and patients often indicate
discomfort with submerging and holding the breast in the tank for several minutes.

The view of a prototype of the hybrid UBT scanner developed by DRAMINSKI S.A. is
shown in Figure 7.

The woman lies on the examination bed in a prone position with the breast submerged
through the opening into a reservoir of distilled water heated to a fixed temperature.
Examination of the selected breast is performed automatically by scanning coronal cross-
sections in 1- or 2-mm increments using a vertically moving, multi-element ring array of
ultrasonic transducers. The water in the reservoir provides adequate acoustic coupling
between the transducers and the breast. The ring array is connected to a mechanical
system that positions it at the appropriate depth (on the Z-axis) and is responsible for its
movement on this axis. The array consists of 1024 miniature piezoceramic transducers
evenly distributed on the inner side of a ring of diameter D, = 260 mm surrounding the
breast. The elementary transducers have active area dimensions of 0.5 mm x 18 mm and
operate at approximately 2 MHz central resonant frequency. The newest model of the ring
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array is characterized by a wide band of ultrasonic transducers, B = 1.5 MHz, due to the
well-optimized front matching layer. Each transducer can act as a sending and receiving
element. Measurement data acquisition methods are presented in [20,21]. Depending on
the length of the breast, approximately 100-200 coronal cross-sections from the base to the
nipple are examined. Data acquisition in the transmission modality currently takes 3 s per
coronal breast cross-section. In the next version of the prototype, this time will be reduced
to about 2 s. Note that the primary limitation here is the transit time of the beam from the
sending transducer to the receiving one. Small movements of the patient are not a problem;
at most they cause small shifts between individual coronal sections in the 3D image, which
can be corrected automatically.

Ultrasonic ring array of 1024
piezoceramic tranducers

o
e Gy,
-

)\

View
of transducers

Figure 7. View of the prototype of the hybrid UBT scanner developed by DRAMINSKI S.A., the
ultrasonic ring array, and elementary transducers.

For the reconstruction of quantitative transmission images of ultrasound velocity
distribution (UTT,) on ultrasound tomography scanner, the transform-based filtered back
projection method (FBP) [45], appropriately adapted to introduce projection sets of ultra-
sound propagation velocity and attenuation values, was used. From individual 2D images
(so-called slices), 2D images in orthogonal cross-sections MPR (Multiplanar Reconstruc-
tion) [48], and 3D images using the MIP (Maximum Intensity Projection) tomographic
technique [49] were also reconstructed.

3. Results

Based on the preliminary studies presented earlier, it was concluded that regulation of
the temperature of the water in which the breast is immersed during ultrasound tomog-
raphy examinations may allow the refraction angles of ultrasound wave beam rays to be
reduced at the water/skin/fat/breast/fat/skin/water boundaries. This can lead to reduced
distortion of reconstructed breast cross-sectional images, as a result. Therefore, in this chap-
ter, a detailed analysis of the variation of water temperature in ultrasound tomography
imaging is performed on the basis of appropriate calculations and measurements.

3.1. Analysis of the Effect of Water Temperature on the Refraction of the Beam Path

To analyze the influence of the water temperature in the UBT scanner tank on the re-
fraction phenomenon of the ultrasound wave that penetrates the cross-section of the breast
immersed in this water, two different curvilinear layers of water/skin/breast fat/breast
glandular tissue were created, shown in Figure 8.
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Figure 8. Layered computational models of the water/skin/breast fat/breast glandular tissue media:
(a) assuming body temperature in the breast fat layer; (b) assuming a linear temperature gradient
changing from water temperature to body temperature in the breast fat layer.

The adoption of these two models is based on the assumption that shortly after the
breast is immersed in vivo in water at a temperature different from the body temperature
(36.6 °C), a value of about 36.6 °C is briefly still maintained in the subcutaneous fat layer,
which is, on average, 5 mm thick. After keeping the breast submerged for a longer time,
a temperature gradient should develop in the subcutaneous fat layer. This is assumed to
be a linear gradient from the temperature value in the surrounding water to the value in
the glandular tissue of the breast located at the fat layer. To simplify the calculations, the
average, constant value of the ultrasound speed in the skin (1642 m/s) with assumed thick-
ness of 2 mm was set. The fat layer was divided into five sublayers with linearly varying
temperature (Figure 8). It has been verified that at this fat layer thickness, the inclusion of
more sub-layers has no significant effect on the refraction phenomenon in the developed
model. Calculations were performed for four different water temperatures: 20, 25, 30, 35 °C
and both models—without and with gradient. Ultrasound velocity conditions in water for
these temperatures were taken as: 1482.4 m/s, 1496.7 m/s, 1509.2 m/s, and 1519.8 m/s
(Figure 6). The ultrasound velocity in the subcutaneous fat layer at body temperature was
taken as 1470 m/s (Figure 6), and in the glandular tissue of the breast, as 1515 m/s, since
most refractive errors in ultrasound transmission tomography images were observed for
dense breasts. Ultrasound velocities in the gradient layers of breast adipose tissue were
determined from the temperature coefficient (Figure 6) in the model. For example, for
a water temperature of 25 °C, the temperatures in the five individual layers of adipose
tissue are, respectively: 26.9, 28.9, 30.8, 32.7, and 34.7 °C and the corresponding ultrasound
velocities in these layers: 1500, 1494, 1488, 1482, and 1476 m/s. The calculations were
performed for beam rays that ranged from 5° to 37° (the angle from the Y-axis to the beam
ray), which ranged from 7.2° to 60.4° after recalculation to incidence angles from water to
the curvilinear skin surface. Furthermore, for each water temperature (20, 25, 30, 35 °C) and
both models, calculations were also made for the maximum possible values of the beam ray
angle, still allowing this ray to pass through all layers (water/skin/fat/breast/skin/water).
These critical angles of beam rays are 62°, 63°, 64°, and 64.8°, respectively, after recalcu-
lation into incidence angles from water to the curvilinear skin surface, regardless of the
model (Figures 9 and 10). The angle of incidence «; is equal to or greater than the first
critical angle determined by the following relation, and the longitudinal wave disappears
in the medium i + 1: cL

SN Keritical, = cL ’ (2)
i+1
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(where cp,—ultrasound velocity in the medium i, ¢, ,—ultrasound velocity in medium
i +1). The calculations in the developed model are realized by determining angles of
incidence and refraction of the ultrasonic beam rays on the individual layer boundaries
using a generalized formula:
sin o sin ,Bi+1
CLits

o )
(where B;;1—refraction angle in the medium 7 + 1). These angles and paths of rays in
individual layers are calculated from geometric relations taking into account intersections
of straight lines with circles constituting borders of individual layers. The developed model
is universal and allows adjusting any values of the parameters (diameter of the breast
section, distance of the ultrasound source from the breast section, thickness and ultrasound
velocities in the layers, water temperature).
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Figure 9. Results of calculating the refraction of the incident ultrasonic wave beam rays from water
on curvilinear breast layers without temperature gradient in fat (see the model in Figure 8a) for angles
of beam rays in the range of respectively of 5-37° (first row), as well as for the maximum possible
values of the angle of beam ray still allowing this ray to pass through all layers (second row), for
temperatures of 20 °C, 25 °C, 30 °C, and 35 °C (rows).



Appl. Sci. 2022,12, 3578 13 of 25

y [mm]
230

y [mm]
230

y [mm]
230

5°5.3" 10°10.6'15°16" 20°213 5°52' 10"10.3°15°15.5" 20°20.7° yimm] oo 5°5° 9.9°10° 14.8°15° 19.8°20°

220 220

210 ——f~ 4 210
200 % 200
190 7 190
180
170
160

150

140

Glandular tissue Glandular tissue Glandular tissue

130

Fat

50
WATER WATER [
40 40 40 40
30 5 30 = 30 A 30 5
Twater =20 °C Twarer = 25°C Tuwater =30 °C Twarer =35 °C

20 20 20 20

- Fat gradient - Fat gradient it Fat gradient 5 Fat gradient

0 0

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 S0 60 70 80 90 100 0 0 10 20 30 40 S50 60 70 80 90 100 : 0 10 20 30 40 S0 60 70 80 90 100
x[mm] x [mm] x[mm] x [mm]

170 170 170 AW\

160 160 160

150 150

140

Glandular tissue Glandular tissue Glandular tissue

130 130 —/38A47" 130
120 120 120
110 110 110
100 100 100
90 90 90
80 80 ; . 80 80
\Skin \Skl.n\ Skin
70 A \\ 70 70 70
60 Fat 60 Fat Fat 60 60 Fat
50 50 50 50
WATER WATER [ WATER WATER
40 40 40 40
30 = 30 5 30 = 30 5
Twater =20 °C Twater =25 °C Tuwater =30 °C Twater =35 °C
20 20 20 20
10 Fat gradient 10 Fat gradient 20 Fat gradient i Fat gradient
0 0 0 0
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
X [mm] x [mm] x [mm] x [mm]

Figure 10. Results of calculating the refraction of the incident ultrasonic wave beam rays from water
on curvilinear breast layers with temperature gradient in fat (see the model in Figure 8b) for angles
of beam rays in the range of, respectively, 5-37° (first row), as well as for the maximum possible
values of the angle of beam ray still allowing this ray to pass through all layers (second row), for
temperatures of 20 °C, 25 °C, 30 °C, and 35 °C (rows).

The results of the calculation of the refraction of the incident ultrasonic wave beam
ray from water on both layer models (Figure 8) are visualized in Figures 9 and 10. The
black diagonal dashed lines show the rectilinear course of ultrasonic beam rays passing
through the breast without taking into account the refraction phenomenon at individual
layer boundaries. The fragments of the outgoing ultrasonic rays, including refraction into
the water after passing through the breast, are marked with a solid blue line. For incoming
(black) and outgoing (blue) rays, the values of angles of deviation from the Y-axis are
given. The short, dashed lines perpendicular to the curvilinear boundary of each layer
illustrate the perpendiculars to the tangents at the intersections of the layer boundaries
by the passing and refracted wave ray in succession. In this way, it is possible to visually
assess the change in ray path due to passage through the layers compared to the rectilinear
path (assumed in the image reconstruction) and the change in ray length in each layer for
both models, different temperatures in the water, and different angles of incidence of the
wave at the water/breast boundary.
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The differences between the results obtained for the model without and with the fat
gradient appear to be insignificant even for the incidence angles close to the critical ones
(compare Figures 9 and 10).

When analyzing individual cases for beam ray angles in the range of 5° to 37° shown
in Figures 9 and 10 (top rows), it can be observed that as the water temperature increases to
30 °C, the refraction phenomenon at individual layer boundaries proceeds with decreasing
intensity. The minimization of refraction results in a correct (close to rectilinear) course of
the ultrasonic wave beam ray through the layers. Furthermore, the refracted rays coming
out of the breast section have larger Y-axis deviation angles compared to the incident rays.
For a water temperature of 35 °C, the refraction phenomenon is still low, but the outgoing
rays have smaller angles of deviation from the Y-axis compared to the incident rays. This
means that in the angular range of 0-37° we can find the optimum value of the water
temperature (between 30 °C and 35 °C) due to the refraction minimization. For beam
ray angles close to the critical incidence angles at the breast cross-section boundary (see
the second row in Figures 9 and 10), the refraction phenomenon successively increases
intensity with increasing water temperature from 20 °C to 35 °C. Moreover, in this case, the
refraction angles especially at the water/skin and fat/skin boundaries increase significantly,
and deviation of the ray path from straightness are large. This is also associated with an
elongation of the transition paths through these layers, resulting in a weakening of the
ultrasonic signal.

In order to optimize the value of the water temperature for minimizing the refraction
phenomenon, the parameter A,y was chosen to characterize the difference in the angle of
deviation from the Y-axis of the beam ray incident from the water to the breast border (skin
layer) and the ray exiting the breast cross-section (skin layer) into the water:

Aopt = &N — &our [°] 4)

where ajy—angle of deviation from the Y-axis of the beam ray incident from the water on
the boundary of the breast skin layer, oy 7—angle of deviation from the Y-axis of the beam
ray exiting the breast skin layer into the water. The optimal value of Ayt = 0 means that the
beam ray incident from the water on the breast skin has the same directional coefficient
as the beam ray that exits from this section into the water. Figure 11 shows the results of
the calculation of the parameter Ay as a function of the angle ajy, for different values of
the water temperature and both models (without and with a temperature gradient in the
fat layer). On the auxiliary X-axis, the values of incidence angles of the beam rays at the
water/skin boundary determined from ajy angles are given.
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Figure 11. Results of the calculation of the parameter Ay as a function of the angle ay for different
values of the water temperature and both models: without (a) and with temperature gradient (b) in
the fat layer.
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Due to the negligible differences in the refraction of the ultrasound beam rays in
the cross-section of the breast with uniform and stratified fat (cf. Figures 9 and 10), the
differences are also small for the parameter Ay (a1y) (Figure 11). In the plot, the angle
agN =2 32° (corresponding to the angle of incidence at the water/skin boundary ~50°) is
characteristic, for which the course of Ay (arn) changes its character and starts to increase
or decrease more intensively depending on the temperature. Then Ay starts to decrease
from an angle ajy ~ 35° (i.e., incidence angle of 55.9°) at each water temperature, until
finally Aoyt decreases sharply for angles ajy > 37° (i.e., incidence angles larger than
about 60°). Positive but close to zero values of Ay, can be observed for ajy < 35° for a
water temperature of 30 °C. Figure 12 shows the results of the optimization of the water
temperature obtained with the developed models for the parameter Agp:.
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Figure 12. Results of optimization of the water temperature obtained with the developed models for
the parameter Agp: without (a) and with temperature gradient (b) in the fat layer.

The optimization was performed by selecting the water temperature values separately
for each angle ajn of the beam ray (blue line and scale of the main Y-axis), so that the
coefficient Aopt tends to zero (orange line and scale of the auxiliary Y-axis). The water
temperature in the optimization procedure was adjusted with a resolution of 0.1° because
it is difficult to stabilize it more precisely in the real measurement system. On the auxiliary
X-axis, the values of the incidence angles of the beam rays at the water/skin boundary
determined from the ajy angles are given. The optimal temperature value due to the
minimization of the refraction phenomenon (Aqy: &~ 0) for the range of angles ajy = 0-32°
is from 32.6 °C to 32.1 °C, respectively. Starting from an angle ajy = 36° (i.e., the refraction
angle of ~58.1°) the optimal temperature value rapidly decreases to a value of about
24-25 °C for an angle ajn ~ 37.5° and then quickly rises to a temperature of about 42 °C
near the critical angle, and A,y ~ 0 achievement is impossible over this range. Optimization
shows the existence of a characteristic region (refraction/distortion ring) that starts from
the angle of incidence from water to the breast skin of ~50°, where the phenomenon of
refraction of the ultrasound beam rays in the cross-section of the breast immersed in water
starts to contribute more and more, and its intensity increases exponentially later.

3.2. Analysis of Beam Ray Incident Angles on a Cross-Section of a Breast in Water

In the context of calculations and analyses performed in Chapter 3.1, it turns out that
to be of interest to investigate the location and size of the area of the measured breast cross-
section on which the ultrasonic wave beam rays coming out from the sending transducer of
the ring array fall in water at specific angles (refraction/distortion ring). For this purpose,
the simple geometric computational models shown in Figure 13 were developed.
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Figure 13. Geometric computational models for investigating the area of greatest refraction of an
ultrasound wave in a cross-section of a breast submerged in water, inside a ring array, successively in
the horizontal and vertical planes.

This model is an extension of the model described in Chapter 3.1. It additionally
allows the angular steps of the rays to be set with respect to the placement of 1024 ul-
trasonic transducers in the ring array of a prototype of the UBT scanner. The breast
cross-section was modeled as a circle with a given diameter D), without taking into account
additional layers. This cross-section was assumed to be centrally located in the ultra-
sound tomography ring array composed of 1024 uniformly spaced ultrasonic transducers
(angular pitch = 360° /1024 ~ 0.3516°). The maximum diameter of the measurement area
in water Dp,,,. when using 513 receiving transducers in one measurement projection is:

D,
V2
where D, is the diameter of the inner ring of the ultrasonic array. Using the developed
models, it is possible to visualize the area of the largest refraction of the ultrasound wave in
the cross-section of a breast immersed in water, inside the ring array. The internal diameter
of the ring array D, = 260 mm was assumed in the modeling. The maximum diameter of
the measurement area in water when using 513 receiver transducers in one projection is
Dp,,..= 183.85 mm, in this case. This number of receiving transducers is matched to their
horizontal directivity characteristics in a ring array arrangement.

However, it should be noted that the reciprocal relationship between the inside di-
ameter of the ring array and the diameter of the breast cross-section and the number of
ultrasonic transducers are important in modeling. The angles of incidence of ultrasound
beam rays in the cross-sectional area of the breast in the horizontal plane can approach
90° for the divergence angles of the beam that cover this cross-section (Figure 13), and the
divergence angles decrease with the D; /D, ratio. In the vertical plane, because the beam
is narrow and the array moves along the breast hanging in water, the planes of the breast
sections examined are parallel to each other and critical incidence angles above 60-70° are
obtained only for sections of the breast tip, near the nipple (Figure 13). However, the phe-
nomenon of vertical ray refraction (even small) is much more dangerous than horizontally,
because in this case the rays of a narrow beam, after refraction, may not reach the surface
of the receiving transducer on the other side. Thus, it may be impossible to examine the
breast tip over a fairly large range of cross-sections because of vertical refraction.

The results of the model calculations of the area of the largest refraction of the ultra-
sound wave in the cross-section of a breast immersed in water, inside the ring array for three
different diameters of these breast cross-sections (Dj = 180, 120, 40 mm) are presented in
the horizontal plane in Figure 14 and in the vertical plane in Figure 15 (transducer No. 513
is the source). For the assumed value of the inner diameter of the ring array D, = 260 mm
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and when using 513 receiving transducers in 1 measurement projection, the maximum
diameter of the measured breast cross-section Dj, cannot exceed ~180 mm.
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Figure 14. Visualization of results of calculations of the area of the largest ultrasound wave refrac-
tions in the breast section for 3 different diameters of these sections (D;, = 180, 120, 40 mm) in the
horizontal plane.
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Figure 15. Visualization of results of calculations of the area of the largest refractions of the ultrasound
wave in the breast section for 3 different diameters of these sections (D, = 180, 120, 40 mm) in the
vertical plane.

For such a diameter of the breast cross-section in the horizontal plane, the area of the
ring in the breast tissue with a width of about 21 mm from its border constitutes the area of
the largest refractions of ultrasound wave beam rays, with the refractions decreasing for
beam rays received by the receiving transducers closer to the transducer No. 1 (Figure 14),
up to the transducer No. 183 when the angle of incidence of the ray is about 50° (then the
refractions are small—see Figures 9-12). This means that for such a large breast section,
distortions of the reconstructed image due to refraction of wave beam rays will appear in
the area of this ring and will be greater the closer to the breast/water border they are. For
smaller breast section diameters, the width of the “distortion ring” decreases accordingly
(Figure 14). The existence of the area of the largest refraction due to the increase of the angle
of incidence at the water/breast interface also causes difficulties in correct measurement
of breast tip cross-sections (near the nipple), as shown by results of model calculations
presented in Figure 15 (in the vertical plane).
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3.3. In Vivo Breast Measurements

An in vivo imaging study was performed using the hybrid UBT scanner on the left
breast of a woman 35 years of age (Patient 1). The experienced radiologist diagnosed the
breast of this patient as type C according to the ACR scale [50], non-uniformly dense, with
areas of glandular tissue that can obscure focal lesions. Conventional USI and MMG did
not show focal lesions (BI-RADS 1) or microcalcifications in this breast. The axillary fossae
were found to be normal within the examined range. Due to its dense and heterogeneous
structure, this breast is a difficult case for imaging. Therefore, it should show the refraction
phenomenon of the ultrasound beam in UTT imaging.

Figure 16 shows ultrasound tomography projection velocity values (see Figure 3b)
measured for the breast of the Patient 1 in water at 20 °C, 25 °C, and 30 °C, presented in
parallel ray scanning geometry for a selected rotation angle (part of a sinogram) [22], for
the first and third coronal cross-section from the breast base, respectively.
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Figure 16. Visualization of ultrasound tomography projection velocity values for the breast of Patient
1 tested in vivo in water at 20 °C, 25 °C, and 30 °C (measured data), presented in parallel ray geometry
for the selected rotation angle: left—for the first coronal section from the breast base; right—for the
third coronal section from the breast base.

The ¢, values of the ultrasound projection velocity were determined as the ratio
of the rectilinear path of the wave transition between successive pairs of transmitters
and receivers to the measured transition time. Figure 17 shows quantitative ultrasound
tomography images of the examined breast (Patient 1) in 3 mutually perpendicular sections
(MPR) for water temperatures of 20 °C, 25 °C, and 30 °C, respectively, reconstructed based
on ultrasound wave transit time data collected around the entire breast. In the images
visualized in conventional gray scale (values increasing from black to white), the water
pixels around the breast were left, and in the images visualized in inverse gray scale were
removed automatically using a specially developed algorithm. The water segmentation is
performed radially. The algorithm determines, for a given angle, two points at the water-
breast and breast-water boundaries. The resulting polygon is blurred and then a mask is
generated for the given cross-section. Water statistics of the ultrasound attenuation are used
to detect breast boundaries. The algorithm runs automatically and is robust to noise due to
the averaging procedures used. The segmentation algorithm does not introduce changes
in the structure of the breast image. It is used to automatically detect the boundaries of a
breast immersed in water and mask the water pixels.

Images show quantitative distributions of local ultrasound velocity values in individ-
ual sections. The images show characteristic “distortion rings” around the borders of breast
cross-sections where the ultrasound velocity values are severely underestimated.
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Figure 17. Reconstructed MPR images of breast cross-sections of Patient 1 studied in vivo at a water
temperature of 20 °C, 25 °C, and 30 °C presented in standard and inverted grayscale, respectively,
and before and after automatic removal of water pixels around the breast (H—head, F—feet, L—left,
R—right, P—posterior, A—anterior).

4. Discussion

Based on the calculations and measurements performed, it was found that in the
ultrasound transmission tomography breast scanning procedure for the incidence angles
of ultrasound wave beam rays at the water/breast border greater than about 50°, rays
are increasingly refracted, resulting in the formation of a “ring of distortions” in the
reconstructed breast cross-sectional image with distortions increasing in the direction of
the cross-sectional border. The thickness of this ring decreases with the ratio of the breast
diameter to the diameter of the measurement area. Of course, glandular tissue is not
homogeneous and, in addition to the distortion associated with refractions at the cross-
sectional boundary of the breast around, which will always occur, distortions associated
with heterogeneity of the inner breast tissue may appear in different areas of the image (see
Figure 4). Refractions can be particularly detrimental in the vertical plane due to the narrow
beam of the ultrasound wave, for which diverging rays may not find their way from the
transmitter to the receiver after refraction, due to negligible energy. This phenomenon is
explained illustratively in Figure 18, which shows the spatial path of a refracted ultrasound
wave beam ray through water and breast tissue from the selected sending transducer to
the receiving one of ring array for the selected horizontal measurement plane, and the
orthogonal projections of this path in the horizontal and vertical planes.
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Figure 18. Illustrative representation of the spatial path of the refracted ultrasound wave ray through
water and breast tissue from the selected sending transducer to the receiving transducer of the ring
array and the selected horizontal measurement plane, and orthogonal projections of this path in the
horizontal and vertical planes.

Refractions in the horizontal plane are larger the more the ray is angularly deviated
from the diameter of the ring array, and they become significant from the value of the
angle of incidence at the water /breast border of about 50°. Refractions in the vertical plane
are greater the closer the measured breast section is to the end of the breast (closer to the
nipple), but they also become significant from the value of the angle of incidence at the
water/breast border of about 50°. Due to refractions in the vertical plane, the cross-section
is always measured slightly higher than the geometric center of the transducer ring in
their height. This distance increases as the ring array is lowered. On the basis of these
calculations, it can be predicted that for a breast of standard size, ultrasound tomography
images of its cross-section (especially ultrasound velocity distribution) in the region of
about 2 cm from the nipple will have significant errors. To limit the possibility of obtaining
large angles of incidence of ultrasound wave beam rays on the breast tip in the vertical
plane, it would be necessary to slightly change the breast geometry during measurements
by slight vertical stretching or loading of the nipple. It may be a problem in the case of small
and dense breasts. Calculations also showed that significant minimization of refraction can
be achieved at the water/skin/fat/breast interface by lowering the water temperature to
about 32 °C. Furthermore, calculations showed that the length of time the breast was held
at this temperature was not significant, since the results for the model that included the
temperature gradient in the subcutaneous fat layer were not significantly different from the
results for the model without the gradient.

It should be considered here that the calculations were performed for mean values of
the parameters of breast skin, fat, and glandular tissue and a fixed thickness of the skin
(2 mm) and the fat layer under the skin (5 mm). However, breasts have different structures,
thicker or thinner skin, and skin layers, so the same improvement in image quality may not
always be achieved in actual measurements. In this paper, it is impossible to analyze all
combinations of ultrasound velocity values present in the breast structure. However, to
preliminarily check the changes in intensity of the refraction phenomenon related to the
possible changes in ultrasound velocities in the skin, fat, and glandular tissue of the breast,
the parameter (Agpt) was calculated for selected minimum and maximum values (Table 1)
using the developed model (Chapter 3.1).
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Table 1. Values of the A,y parameter calculated for selected minimum and maximum ultrasound
velocity in skin, fat, and breast glandular tissue.

Water Skin @ cg,; = 1470 m/s Fat @ cgy, = 1624 m/s Breast @ cgy;, = 1624 m/s
Temperature CBreast = 1515 m/s CBreast = 1515 m/s cpat = 1470 m/s

[°C] € yin [m/s] Aopt [°] € yin [m/s] Aopt [°] € win [m/s] Agpt [°]
0 1537 3.75 1412 3.98 1430 —6.57

1720 1.95 1490 274 1564 9.30
1537 233 1412 256 1430 —7.65

25 1720 0.69 1490 1.39 1564 7.71
1537 1.15 1412 1.38 1430 858

30 1720 —0.38 1490 026 1564 6.38
1537 0.16 1412 0.38 1430 —9.36

35 1720 —1.28 1490 —0.69 1564 5.8

The ranges of variation in ultrasound velocity were selected based on the literature [40,47].

It was also verified with the elaborated model that as the ultrasound velocity changes
for a given tissue, the Ay values in the ranges determined in Table 1 change almost linearly.
These results confirm the choice of an optimal water temperature of about 32 °C with
respect to skin and fat. However, a low water temperature is beneficial for measurements of
breasts with low ultrasound velocities in glandular tissue, and a high one for high velocities.
The velocity of ultrasound in the glandular tissue of the breast has the greatest influence on
the intensity of the refraction phenomenon, because in this case, the greatest changes in
Agpt values are observed.

Results of calculations and their conclusions were verified by ultrasound transmission
tomography imaging of the entire breast volume in vivo, which was performed using
a prototype of the hybrid UBT scanner developed by DRAMINSKI S.A. Distributions
of ultrasound tomography projection velocity values in the examined breast (Figure 16)
show the formation of characteristic distortion areas around the breast/water interface
determined earlier using calculations for each of these three water temperature values. The
“distortion ring” is the widest at 20 °C. Furthermore, velocity projection values in this case
decreased by about 10 m/s in the entire breast region compared to measurements for other
values of water temperature. It can be assumed that this is related to an increase in the
measured values of the transit time due to a decrease in the amplitude of transmitted pulses
along deflected beam rays as a result of the refraction. Reconstructed images of breast
cross-sections measured at different water temperatures show significant similarity in the
visualized inner breast structure (Figure 17). Some differences and changes of cross-section
size may be due to the slightly different position of the breast because the need to change
the water temperature prolonged the scanning time and there was no possibility to ensure
a stable breast position for the patient in vivo for such a long time. It should be noted
that the images of the local ultrasound velocity distribution in the breast cross-section
are the most important because they are quantitative images and it is possible to obtain
mapping with the accuracy better than 5 m/s, which helps distinguish cancerous lesions in
the early stages. Images of the local ultrasound attenuation distribution are reconstructed
with much lower accuracy because of weakening of the amplitude of ultrasonic pulses
as a result of many additional phenomena (scattering, diffraction, losses due to beam
divergence and transmission across inhomogeneity boundaries, etc.). The reconstructed
breast images for different values of water temperature do not differ significantly in terms
of quality, but for the case of a water temperature of 20 °C, the distortions in the form
of diagonal lines are most visible. Such lines appear in the case of jumps of projection
ultrasound velocity values in the sinogram. These values are determined by means of
mean transit times of ultrasound pulses, similar to, e.g., the mean speed of driving a car
along a road section from A to B. Such values change smoothly, not in a stepwise fashion,
so jumps in value are caused by detection errors and signal fades. Thus, considering the
analysis of the sinogram in Figure 16, the optimal water temperature should be chosen
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in the range of 25°C < T <30 °C. The structure of the breast tissue in the images of
Figure 17 is most pronounced for measurements at a water temperature of 30 °C. On the
other hand, analyzing the “distortion ring”, it can be seen that the area with significantly
underestimated ultrasound velocity values localized inside the ring (which obscures the
glandular breast tissue area) is wider for the case of water temperature of 30 °C and the
pixel values are smallest there. This is due to the large difference in ultrasound velocity
values in water and breast tissue, which is unfavorable as analyzed earlier.

5. Practical Conclusions

Considering the conducted studies, it can be concluded that the water temperature for
in vivo breast measurements using the developed UBT scanner can be set in the range of
25 °C < T < 30 °C. It should be considered that in most cases, the in vivo breasts studied
have a relatively low ultrasound velocity, less than 1500 m/s. For this reason, the UBT
scanner currently uses a water temperature of 25 °C. It is also advantageous due to energy
savings, a faster tank heating process, easier stabilization, and comfort for the patient. To
further analyze the phenomenon of refraction, the authors perform complex calculations
and measurements for a wide range of variations in ultrasonic velocity in the breast and
refine the model developed.

Research has shown that the geometry of the breast should be slightly changed during
measurements by vertical stretching or loading of the breast nipple to limit the possibility
of obtaining large angles of incidence of ultrasound beam rays on the breast tip in the
vertical plane. This can be done by using a sinker attached to the nipple with a rubber
suction cup or by using a magnetic disc attracted by a magnet attached to an extension
arm (Figure 19). The developers of ultrasound breast tomography scanners use different
approaches. The authors used a suction cup with a weight of 350 g. The force to pull the
breast in water in this way is so small that it does not cause permanent deformation of
the breast or any pain to the patient. These improvements have been implemented in the
prototype of the hybrid UTB scanner, enabling better imaging quality. In this way, there
is no need for costly upgrades to the electronics of the device that would be necessary to
register long signals, enabling the application of complex computational algorithms based
on waveform or inverse theory. There is no doubt that significant improvements in image
quality can be achieved with these methods, but it would necessitate the use of expensive
and power-consuming high-bandwidth systems for fiber-optic data transmission, as well
as graphics cards with GPU processors. In our applied solution, acquisition of fragments of
received pulses is sufficient, which enables precise measurements of their transition time
and pulse amplitude.

Radius of the ultrasonic ring array
<

Submerged

TSending transducer/ \. -

Ultrasonic beam ray

breast

Vertical position of the array

:YSending transducer

Incidence angle «

Sinker Magnet

Figure 19. Simple ways to stretch a breast submerged in a tank with a sinker or with a magnet.

Figure 20 shows the results of ultrasound imaging of the left breast of a 66-year-old
woman (Patient 2) in vivo using the UBT scanner prototype with sinker application (Figure 19),
at a water temperature of 25 °C. Cross-sectional MPR images visualizing both velocity and
attenuation distributions of ultrasound clearly show an area with values of these parameters
increased compared to the surrounding tissue. This indicates a high probability of malignant
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carcinoma. Ultrasound examination performed by an experienced radiologist showed a
solid hypoechoic tumor with blurred outlines 19 x 17 x 17 mm, which cancerous in nature.
Histopathological examination showed an invasive carcinoma of the breast of no special type,
grade 3 (high malignancy). The carcinoma occupied about 60% of the surface of the samples
sent for examination.
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Figure 20. In vivo imaging results of the left breast of a 66-year-old woman (Patient 2) with the nipple
sinker application, at 25 °C water temperature using a prototype of the USB hybrid scanner.

Significant surges and negative values of attenuation on the borders of heterogeneous
areas in UTT ultrasound attenuation images are the result of measurement errors, as the
weakening of the amplitude of ultrasound wave pulses measured after passing through
the breast is caused not only by attenuation but also by refraction, diffraction, anisotropy,
reflection, scattering on heterogeneity borders, and beam divergence. Therefore, this image
may be rather treated as a quantitative-qualitative one.

Based on the results obtained so far, it is anticipated that the hybrid ultrasound tomog-
raphy scanner implemented by DRAMINSKI S.A. with appropriate fusion (compositing)
of reconstructed images may contribute to the creation of a new standard for breast cancer
diagnosis in the form of rapid and inexpensive screening tests that will result in informa-
tion about the presence, baseline type, and location of breast cancer lesions along with the
estimation of whether they are benign or malignant.
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