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Abstract: In this paper, we propose a multi-perspective ultrasound imaging technology with the
cylindrical motion of four piezoelectric micromachined ultrasonic transducer (PMUT) rotatable linear
arrays. The transducer is configured in a cross shape vertically on the circle with the length of the
arrays parallel to the z axis, roughly perpendicular to the chest wall. The transducers surrounded
the breast, which achieves non-invasive detection. The electric rotary table drives the PMUT to
perform cylindrical scanning. A breast model with a 2 cm mass in the center and six 1-cm superficial
masses were used for the experimental analysis. The detection was carried out in a water tank and
the working temperature was constant at 32 °C. The breast volume data were acquired by rotating
the probe 90° with a 2° interval, which were 256 x 180 A-scan lines. The optimized segmented
dynamic focusing technology was used to improve the image quality and data reconstruction was
performed. A total of 256 A-scan lines at a constant angle were recombined and 180 A-scan lines
were recombined according to the nth element as a dataset, respectively. Combined with ultrasound
imaging algorithms, multi-perspective ultrasound imaging was realized including vertical slices,
horizontal slices and 3D imaging. The seven masses were detected and the absolute error of the size
was approximately 1 mm where even the image of the injection pinhole could be seen. Furthermore,
the breast boundary could be seen clearly from the chest wall to the nipple, so the location of the
masses was easier to confirm. Therefore, the validity and feasibility of the data reconstruction method
and imaging algorithm were verified. It will be beneficial for doctors to be able to comprehensively
observe the pathological tissue.

Keywords: multi-perspective ultrasound imaging; cylindrical scanning; dynamic focusing; PMUT
linear array

1. Introduction

Breast cancer is one of the most harmful diseases to women in today’s society. Therefore, early
detection and early treatment of breast cancer is particularly crucial [1]. The breast is made up of breast
glands and other soft tissues without bones, which the cancerous tissues have higher density [2,3].
In order to avoid the harm of false positive to women, it is necessary to develop highly sensitive and
specific diagnostic tools for early detection of breast cancer [4]. At present, the imaging technology
for breast cancer mainly includes X-ray mammography, Magnetic resonance imaging (MRI) and
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ultrasound [5]. X-ray mammography has the advantages of high sensitivity and high specificity to
calcification points [6]. Whereas, early lesion is small, similar to the density of surrounding glands
and the boundary is not clear, hence the imaging effect in breast detection is not obvious [7]. Besides,
because of the radiation hazards, early screening is not appropriate [8]. Although MRI has higher
sensitivity, the specificity is rather poor [9]. In addition, its disadvantages are high costs and long
inspection time, which is not conducive to early screening [10-12]. Likewise, breast ultrasound relies
heavily on the doctor’s interpretation and is often used as a supplementary tool [13,14]. In general,
biopsy is the gold standard for the diagnosis of breast cancer, which show that there are a lot of
false-positive cases diagnosed by ultrasound imaging [15-18]. Ultrasound computer tomography
(USCT) is a potential candidate for the imaging of breast cancer [19,20]. The simultaneous recording
of reflection, speed of sound and attenuation images is the key superiority of the USCT system [21].
Comfort, safety and 3D imaging are the potential clinical benefits of ultrasound tomography [22,23].

Three-dimensional USCT, which is a new ultrasound imaging technology, promises high quality
images with satisfactory reproducibility and could offer a better chance for survival by the detection of
cancers at the early stage [24,25]. One problem that exists with the image reconstruction process is
the assumption of 2D geometry while the object imaged is in 3D [26]. In a 2D image sequence, only
clinicians with experience can estimate the size and shape of lesions and construct a three-dimensional
geometric relationship between the lesion and its surrounding tissue [27]. This brings great difficulty
to the accuracy and convenience of diagnosis and treatment and the specificity is poor [28]. Therefore,
it is very necessary to visually demonstrate the collection data of USCT on a computer with different
perspective [29]. Breast data were obtained from different perspectives and then ultrasound imaging
analysis was conducted to observe tissue lesion information retrospectively, so as to improve specificity,
further reduce misdiagnosis rate and avoid the pain caused by biopsy.

In this study, we addressed the multi-perspective imaging technology, which is used to diagnose
breast lesions. A system with a cylindrical motion of four 1 x 128 PMUT linear arrays was applied to
acquire the whole volume data using the optimized segmented dynamic focusing technology in the
reflection mode. The data reconstruction was performed at a constant angle and according to the Nth
element respectively. The experiment platform was set up and an ultrasound tomography algorithm
was used to generate the vertical slice, horizontal slice and three-dimensional imaging. Furthermore,
the characteristics of each perspective image were compared and analyzed.

2. Experiments and Methods

2.1. 3D Imaging System with Cylindrical Motion of Linear Arrays

We developed an original breast ultrasound imaging system with the cylindrical motion of four
linear arrays. The setup was mainly used to diagnose breast lesions. Figure 1 shows the schematic
diagram of the experimental setup and the connection of main components. Ultrasound imaging with
the cylindrical motion of linear arrays is as shown in Figure 2. The transducer configuration scheme is
shown in Figure 2a. The 1 x 128 PMUT was placed 90° cross vertically on the circle with the length
of the arrays parallel to the axis of the circle, which was roughly parallel to the central axis of the
breast. Figure 2b shows the dimensions (7 cm x 3 cm x 13.5 cm) of the linear array transducer and
the active area (1.8 cm x 12.8 cm) of the transducer for imaging. The sensors were customized for the
breast detection. The transducers surrounded the breast, which allowed for non-invasive detection.
The detection was carried out in the water tank and the working temperature was constant at 32 °C.
By controlling the electric rotary table controller through the PC workstation, the electric rotary table
drives the PMUT to perform the cylindrical scanning. The cylindrical scanning diagram is shown in
Figure 2c. The four PMUT linear arrays were arranged in a cross shape. The distance of the opposite
PMUT was 180 mm and the array element center to center spacing was 1 mm. Hence, the maximum
test aperture was 18 cm x 13 cm. Set 1 (Adjacent PMUT) and Set 2 (Another adjacent PMUT) operate
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alternately. A 64 channel ultrasonic transmitting/receiving acquisition circuit was employed to control
the linear array. The data acquisition circuits had a sampling frequency of 40 MHz.
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Figure 1. Schematic diagram of the experimental setup.
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Figure 2. Ultrasound imaging with cylindrical motion of linear arrays. (a) Transducer configuration
scheme. (b) The dimensions of the linear array transducer. (c) Cylindrical scanning diagram.

The breast volume data were obtained by performing the cylindrical scanning with a constant
interval. For four linear array transducers, a full circle requires rotating the sensors 90 degrees. The step
angle was set to 2°, therefore, it took 1.2 s for each rotation and 3 s for the vertical slice data collection.
Hence, the whole scan time was about 3 minutes using a HP workstation (16G). The smaller the
interval angle, the longer the scan time. Besides, the rotation precision was 0.05°, which allows for
obtaining 7200 pulse echo signals. The optimized segmented dynamic focusing technology was used
to improve the emission energy of the A-scan line, thereby improving the imaging quality. The high
density was 256 scan lines and the low density was 128 scan lines, respectively; hence, the maximum
data were 7200 x 256 A-scan lines. Multi-perspective ultrasound imaging of the breast could be
obtained through the data reconstruction where the data could be reconstructed to obtain 7200 vertical
slices, 256 horizontal slices and a three-dimensional imaging. By adopting four rotatable linear arrays
to perform cylindrical scanning, it could make the sensor’s fabrication process easier and gain better
consistency and reliability than a cylindrical array [30].

The 1 x 128 PMUT linear array was characterized using a precision impedance analyzer (Agilent
E4990A) as shown in Figure 3. The ultrasound transducer had a static capacitance of 664 pF,
an impedance of 64 () and the operating frequency of 3.5 MHz [30]. Eight elements were randomly
selected to test the transmitting sensitivity Sv and receiving sensitivity M as shown in Figure 3a.
The average value of Sv is -220.5875 dB and the average value of M is 166.775 dB. The consistency is
+1dB@3.5MHz. The bandwidth experiment was conducted with the ultrasound transducer working
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as a transmitter and a standard transducer working as a receiver. The frequency response had a -6 dB
bandwidth of 86.7% as seen in Figure 3b.
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Figure 3. Frequency property of the ultrasound transducer. (a) Sensitivity. (b) Fractional bandwidth.
2.2. Multi-Perspective Ultrasound Imaging

This system was able to gain sufficient data and store it in the computer by rotating a full circle.
These data could then be reconstructed to form multi-perspective breast ultrasound imaging as shown
in Figure 4. Ultrasonic reflection imaging is mainly dependent on the acoustic impedance mismatch
between different tissues [23]. In this paper, we describe the recombination method and ultrasound
tomography algorithm from three perspectives, the details are as follows:
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Figure 4. Multi-perspective breast ultrasound imaging. (a) Vertical slice (b) Horizontal slice.
(c) 3D imaging.

2.2.1. Vertical Slices

A total of 256 A-scan lines at a constant angle were recombined as a dataset; then, we used a
Butterworth filter to process the data for decreasing signal noise. Envelope detection was carried out
for the data after filtering and the contour of the signal was extracted. The enveloping signal was
processed by logarithmic compression and the dynamic range of the image was adjustable. Then,
a vertical slice could be produced using gray-scale imaging as shown in Figure 4a.

2.2.2. Horizontal Slices

A total of 7200 A-scan lines were recombined according to the nth element as a dataset. Then,
a Butterworth filter was used to process the data for decreasing signal noise. Envelope detection was
carried out for the data after filtering and the contour of the signal was extracted. The enveloping
signal was processed by logarithmic compression and the dynamic range of the image was adjustable.
The data were truncated to leave half the depth. The coordinate transformation of the data was carried
out and the reference point is the center of the detection window. Then, a horizontal slice was acquired
by using morphological processing including an inflation algorithm and a bicubic filling algorithm as
shown in Figure 4b.
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2.2.3. 3D Imaging

Reconstruction of the 3D breast imaging could be realized by merging the horizontal slices as
shown in Figure 4c. The Medical Imaging ToolKit (developed by Institute of Automation of Academia
Sinica) was used to realize the 3D visualization.

3. Principles

3.1. Focusing Delay Calculation

The focusing delay time is related to the parameters of the transducer and the position of the focal
point. The main parameters involved in the ultrasound transducer include subarray number and array
spacing. The subarray number of elements 1 was 64 and the array spacing d was 1 mm. The position
of focal point P was on the central axis of the subarray and the depth of the scanning was 180 mm.
The known parameters were the ultrasound velocity ¢ and the sampling rate f;, which were 1520 m/s
and 40 MHz, respectively. The calculation of the focusing delay time T of the 64 channel linear array
transducer is shown in Figure 5. However, the calculation only needed to consider channels 1 to 32,
because the 64 channels were symmetrically related to the central axis of the subarray.
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Figure 5. Calculation of the focusing delay time T for the linear array transducer.

The focusing delay time Ti(F, Bj) of channel j can be calculated with the formula shown in Equation (1).

aj = ‘642—“—]'] xd (j=1,2,...,32)

% (F, ;) = (\Jap + 2~ F) /e M)

AF = c/2fs = 0.019mm

where the distance between array element j and the center axis is a;; the angle between the array
element j and the center axis is f;; the focal length is F; the ultrasound velocity is ¢; the array spacing is
d; and the minimum distance between the two adjacent focal points is AF [31-33].

3.2. Delay Data Analysis

The range of the scanning depth was 2 to 180 mm and the focusing delay data of 32 channels were
calculated according to Equation (1). The delay focusing data of channels 1-32 update in real time with
the change of the focal depth. The variation of focusing delay data relative to the focal depth F and
channel j is shown in Figure 6. For the focal depth F and the channel j, the variation is a monotonically
decreasing function. The smaller the distance between two adjacent focal points, the more focusing
points means that the quality of the image is higher. Whereas, field programmable gate array (FPGA)
consumption also increases. The tradeoff between image quality and FPGA consumption, the distance
between two adjacent focal points, was 0.45 mm. These features showed that the following focusing
delay data could be stored to some extent that used less memory.
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Figure 6. Focusing delay data 7;(F, ;) of each channel.

The transmission and receiving of ultrasonic transducers were controlled by the 64 channel
ultrasonic signal circuit and the beam synthesis algorithm was realized according to the focusing
delay data. By adopting the sequential scanning method, the focus changed dynamically during the
scanning process, so that the beam of the whole detection depth could converge well.

4. Results

4.1. Breast Model Imaging

In this section, multi-perspective ultrasound imaging was realized with the cylindrical motion of
the linear arrays and the experimental setup was built as shown in Figure 7. The system description is
described in Section 2.1. The breast model is made of similar to the mammary gland material, close to
the hardness of soft tissue and can be used for ultrasound imaging research. The model with a 2 cm
mass in the center and six 1-cm superficial masses were used for experimental analysis as shown in
Figure 8d. The breast model size was 15.5 cm x 8 cm. The test was carried out in the water tank and
the working temperature was constant at 32 °C. The sound velocity was 1520 m/s and the maximum
detection depth was 17.8 cm. The PMUT’s center frequency was 3.5 MHz and the element spacing
center to center was 1 mm. The 64 channel ultrasonic signal acquisition circuit was used to realize the
point-by-point dynamic focusing, where the sampling frequency was 40 MHz. The breast model was
placed through the detection window. The rotation interval was set to 2 degrees. When the rotation
was 90 degrees, the cylindrical scanning was completed. Hence, 180 x 256 A-scan lines were obtained.
These scan lines were analyzed from multiple perspectives according to the algorithm described in
Section 2.2 and the results are shown in Figures 8-10. The experimental setup (Figure 7a) can be
encapsulated into the detection bed as shown in Figure 7d, which will be used for clinical imaging
research in the future.

A total of 180 vertical slices were obtained where the dynamic range of the image was 50 dB
and slices with different angles are shown in Figure 10. We could distinguish the boundary of the
breast model. The size of the hypothetical masses could be easily seen, which were about 1.9 cm and
0.9 cm, respectively. Compared with the theoretical value, the relative error of the mass size was 5%.
Furthermore, the location of the hypothetical masses could be determined by the distance from the
center of the mass to the chest wall and the central line of the breast. However, the number of the masses
could be determined with some difficulty. As the detection depth increased, the breast boundary
became somewhat blurred. This was due to the attenuation problem of the ultrasound in soft tissue
transmission. In general, the attenuation coefficient of the soft tissue is 0.6~0.7 dB/(cm/MHz) [12].
As the detection depth increases, the ultrasonic pulse echo signal will be weaker because of the
attenuation. However, if the signal attenuation is too fast, the detection depth will be limited.
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The acquisition of vertical slices requires a depth detection of 18 cm, which have a uniform resolution
in the direction of the depth.

Figure 7. (a) Experimental setup. (b) PC workstation. (c) 64 channel ultrasonic signal receiving and
transmitting circuits. (d) Diagram of the clinical imaging.
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Figure 8. Ultrasonic tomography using this setup. (a) The whole breast model imaging. (b) The upper
part of the breast imaging. (c) The lower part of the breast imaging. (d) Breast model.

A total of 256 horizontal slices were acquired at different nth elements and representative images
are shown in Figure 9. The breast boundary could be seen clearly from the chest wall to the nipple.
The masses number could be easily seen. Six small masses could be seen in the superficial surface and
one big mass can be seen in the center. The size and location could also be detected. At the same time,
the contour of the breast was more complete than the vertical slices, which was due to the horizontal
ultrasound tomography algorithm. Hence, this method could reduce the detection depth by half, only
requiring a depth detection of 9 cm. Furthermore, the image center resolution was higher than the
edge, particularly at the center of the breast where each pixel was viewed from 180 degree angles.
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Figure 9. Ultrasonic horizonal tomography images using this setup. (a) Slice N = 2. (b) Slice N = 15.

(c) Slice N = 25. (d) Slice N = 40. (e) Slice N = 50. (f) Slice N = 72.
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Figure 10. Ultrasonic vertical tomography images using this setup. (a) Angle = 24°. (b) Angle = 64°.

(c) Angle =96°. (d) Angle = 164°. (e) Angle = 196°. (f) Angle = 258°.

The 256 horizontal slices and the 3D ultrasonic imaging of the breast model were realized using
the MITK software platform, as shown in Figure 8. The experimental results showed that 3D imaging

was more intuitive for tumor detection when compared with the 2D imaging sequences.

5. Discussions and Conclusions

In this project, the breast model was rapidly collected from a series of angles to obtain data from
different perspectives. The vertical slices and horizontal slices could be reconstructed retrospectively
and the 3D image could be further processed and displayed. The detection of the size, position and
shape of different masses was realized with the minimum size of 1 cm. Even the image of the injection
pinhole could be seen. Furthermore, each perspective image had its own characteristics. For the vertical
slice, the image had a uniform resolution and was relatively easy to obtain. However, it required a



Appl. Sci. 2019, 9, 419 90f11

larger detection depth. To some extent, the transmitter frequency of the transducer was limited. As for
the horizontal slice, the algorithm was relatively complex, with the internal resolution higher than
the edge, which is more suitable for the detection of breast deep mass. Meanwhile, it can reduce the
demand for transducer detection depth. Thus, it is beneficial to the application of high frequency probes.
The 2D slice sequence diagnosis requires more experience for the operator, whereas the information of
the breast model and the masses can be shown intuitively through 3D imaging. Therefore, masses can
be comprehensively detected from different perspectives and this approach will help to improve the
specificity and sensitivity of ultrasonic diagnosis. However, it is still difficult to differentiate between
benign over growths in breast tissue (or even calcifications) from malignant tumors. The mechanical
and elastic changes in cancerous tissues result in higher density and sound velocity in breast cancer.
Mean values of the sound velocity are as follows: fat, 1478 m/s; glandular breast, 1510 m/s; benign
breast tumors, 1513 m/s; and malignant breast tumors, 1548 m/s [30]. These data manifest that breast
density can be assessed by sound velocity and attenuation. Thus, the multi-perspective imaging
technology convergence sound velocity and attenuation imaging algorithm will help with the more
specific detection of breast lesions. Meanwhile, the improvement in the sensitivity depends on the
study of high density integrated ultrasonic transducer arrays. These methods will overcome the
roadblocks in using this approach in the clinic along with biopsies for the breast cancer diagnosis,
which will be helpful to reduce the retest rate and improve its accuracy.
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