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Abstract

:

Featured Application


The research presented in this paper is related to the implementation of a universal, relatively easy to manufacture, and inexpensive attachment in the form of a device that would work with any conventional ultrasound B-mode scanner. This device would enable rapid (about a minute), non-invasive, safe, operator-independent, automatic, and reproducible three-dimensional ultrasound imaging of tissue structure throughout the entire volume of the female breast in vivo, in water immersion condition. This imaging could be significantly helpful for diagnostic physicians in detecting breast cancer lesions. It is also possible to use this attachment, for example, for the lower and upper extremities, to monitor after injuries and trauma.




Abstract


Three-dimensional automated breast ultrasound (ABUS) systems seem to offer excellent results in breast cancer screening tests and its early detection, comparable to handheld ultrasound B-mode scanning, with the benefit of saving physician time and reducing handheld ultrasound issues. Nevertheless, the ABUS systems are not very popular, due to the cost and very narrow application. The multi-angle conventional 3D ultrasound compound imaging method (MACUI) is intended for use with standard B-mode scanners in order to reduce cost but preserve the advantages of ABUS systems. The rotational probe movement is utilized in order to collect images for the three-dimensional reconstruction of the scanned tissue’s anatomy. The authors evaluate the capabilities to increase the scanned volume and quality of reconstructions, which are limited in current MACUI implementations, with a probe tilt and shift. The study shows and discusses the results of the imaging using different probes available for SmartUs Telemed B-Mode scanner at different scanning geometry in order to determine the capabilities of such an ultrasound imaging system. The results discussed in the paper highlight the benefits in quality improvement and scanning area obtained with tilted and shifted probes, as well as the advantages of using a relatively simple convex probe that does not incorporate software beam steering over more advanced devices.
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1. Introduction


Disability-adjusted life years (DALY) lost due to breast cancer outnumber any other type of cancer among women. Over the last five years, 7.8 million women have been diagnosed with breast cancer, of which 2.8 million in 2020. These numbers rank breast cancer as the most widespread cancer, affecting women of any age. Early detection of breast cancer is one of the major factors in reducing mortality and has been proven successful in high-income countries [1]. Mammography (MMG) has been widely used as a screening technique in the prevention of breast cancer. However, even if its overall sensitivity is relatively high and can reach 85%, there are significant trade-offs, such as cost, radiation exposure, and a significant drop in sensitivity in the case of women with dense breasts. The possibilities of early detection of breast malignancy can then be limited due to the decreased sensitivity of a system. It is particularly important because women with dense breasts have an increased risk of developing cancer and have a worse prognosis of interval cancer by screen-detected cancer [2,3]. Mammographic screening also has limitations, such as overdiagnosis and overtreatment, [4] and, although it is the only screening method, is being phased out in many countries due to its low effectiveness [5]. Recently, a new mammographic test called 3D mammography (tomosynthesis) has been introduced. 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. Standard handheld ultrasound (HHUS) B-mode examinations can reveal mammographically occult breast lesions. Due to its nature as a non-invasive and non-ionizing modality that does not cause additional radiation exposure, ultrasound imaging (USI) can be used as a complementary screening modality and is recommended for women with dense breast tissue in order to improve the sensitivity of screening tests [6]. In addition, magnetic resonance imaging (MRI) is the preferred method of breast examination in women at high risk of developing cancer. This imaging modality has high sensitivity and moderate specificity for tumor masses larger than 5 mm, including ductal carcinoma in situ (DCIS) [7]. Magnetic resonance imaging provides qualitative and quantitative data on tumor vascularization and allows the differentiation of benign from malignant masses, with the ability to analyze breast morphology. Furthermore, several other imaging modalities can be used, and are currently in the interest of researchers, to create a more comprehensive representation of breast tissue structure [8], in addition to the most widely used breast imaging diagnostic exams (MMG, HHUS, and MRI). There is no doubt that in order to improve breast cancer detection, new non-invasive, painless, and safe imaging modalities are needed that combine the advantages of MMG, HHUS, and MRI, while allowing the imaging of the three-dimensional structure of the interior of the whole breast in vivo as rapidly, accurately, reproducibly, and operator-independently as possible. The use of ultrasonic waves for this purpose seems particularly promising.



The subject of interest of the authors of this paper is the possibility of 3D breast ultrasound examination using an especially designed, universal, relatively easy to manufacture, and inexpensive device that would work with any conventional ultrasound B-mode scanner. Currently, 3D automated breast ultrasound represents an innovative technology that has received FDA (Food and Drug Administration) approval for the screening or early detection of breast cancer in the United States, particularly in women with dense glandular tissue [9]. Manufacturers already offer several certified 3D supine automated ultrasound (SAUS) systems of the breast on the market, as follows: 3D automated breast ultrasound (LOGIQ, Invenia ABUS, somo∙v ABUS–trademark of the General Electric Healthcare company) and 3D automated breast volume scanning (ACUSON S2000 ABVS trademark of Siemens company, SOFIA trademark of Hitachi). ABUS systems are available in the following two designs, due to the way the breast is scanned: supine (women lie on the back) [9,10] and prone (women lie on the abdomen) [11,12].



The latest devices for ABUS in supine patient position consist of an articulated arm with a long array of ultrasonic transducers, a touchscreen monitor, and a dedicated workstation for image interpretation. Transducers are automatically adjusted to an operating frequency of approximately 5–15 MHz, depending on the selected depth (range) of breast tissue scanning. Once the ultrasound probe is placed on the breast, the breast tissue is scanned in an inferior (from the direction of the legs) to a superior direction (toward the head) to obtain an image. The ultrasound probe used in ABUS systems is approximately 15 cm long [13]. In comparison, the high-resolution ultrasound probe used for scanning in conventional B-mode HHUS scanners is much shorter (approximately 6 cm). The advantage of using a long transducer array is the ability to obtain a wide imaging field, which allows the visualization of a much wider range of breast tissue during a single scanning motion. The resulting 3D datasets contain hundreds of images per acquisition in ~2 mm slices, without overlap. The technical advancement of ABUS systems lies in the use of special software that enables optimized image quality with high resolution and uniformity through advanced reconstruction algorithms and auto-adjustment of settings, such as frequency, gain compensation, and speckle reduction [14].



The diagnostic approach in the ABUS in prone patient position is different [11]. In this case, the breast is compressed by the patient’s body weight. The bed has a small recess in which a linear ultrasound probe, about 10 cm long, is placed beneath. The probe is under a glass layer, on which ultrasound gel is applied. The woman is placed so that the breast fills the cavity. Thus, the breast changes shape and flattens when it touches the recess walls and their glass base, which are covered with the ultrasound gel. Automatic breast scan is activated by the touch screen monitor when the patient is placed properly with the nipple in the center of the bed recess. The ultrasound probe rotates clockwise around an axis passing near the extreme end of its length until a full 360° breast scan is completed. During the full rotation of the probe, the entire breast volume is scanned in less than a minute. It is possible to reach into the breast tissue to a depth of 6 cm. After scanning is complete, 3D images are reconstructed and can be visualized in all planes (e.g., sagittal, transverse, coronal, and radial).



ABUS (or ABVS), compared to HHUS, is still under clinical investigation for the detection and characterization of breast cancer lesions, diagnostic efficacy, sensitivity, and specificity [15,16]. There are studies available in the literature on a relatively small number of patients that show similar results in terms of the sensitivity and specificity of ABUS compared to HHUS [17,18,19,20]. The results of the comparative study between MRI, HHUS, and ABVS presented by Girometti et al. in [21], with respect to the prediction of breast cancer size on histology, confirm the superiority of MRI. However, ABVS was slightly more accurate than MRI in the subgroup of lesions of ≤2 cm. In contrast, ABVS showed better histological agreement than HHUS, especially for intraductal tumors and lesions of >2 cm. Both of the techniques showed significant or near perfect agreement in evaluating the sonographic characteristics of breast lesions. The study [21] concluded that ABVS was better than HHUS, and similar to MRI, in assessing the size of breast cancer. In the paper [22], Wojcinski et al. compared the concordance of ABVS with HHUS using the Kappa statistic, which is frequently used to estimate inter-rater reliability [23]. Cohen’s Kappa value was κ = 0.37, indicating good agreement. In conclusion, they stated that ABVS should still be considered as an experimental technique of breast ultrasound, which definitely needs further evaluation studies. However, the literature also shows results that confirm that ABUS was more accurate than HHUS in assessing the extent of the disease and the average size of the lesion [24], the larger diameter [25], and the total volume [26] are important in the preoperative field to assess the real extension of the lesion. Compared to HHUS, ABUS allows the better detection of architectural distortions and hyperechoic rims in the coronal plane [27,28]. The complete data acquired from the entire breast volume enable the better determination of the 3D location of a lesion with less inter-observer variability. This allows for more reproducible and less operator-dependent examination in an optimized reading environment [27,28,29,30,31]. Furthermore, digital data enable computer-aided detection (CAD) and quantitative texture analysis of breast lesions [32]. Another interesting application is the possibility of correlating the imaging features obtained with ABUS with the molecular subtypes of breast cancer. Zheng et al. [33], in a study of malignant breast tumors, showed a strong correlation between the “retraction phenomenon” and molecular subtypes. Therefore, compared to HHUS, ABUS is a valuable additional tool, not only in screening, but also in the clinical field, in the characterization and diagnostic accuracy of breast lesions. In general, it can be concluded that ABUS offers a valuable impact on the detection and differentiation of malignant from benign breast lesions, with higher inter-observer agreement. The use of this technique, both in screening, as an adjunct to MMG, and in clinical practice, appears to offer excellent results, not worse than the traditional HHUS examination, with the benefit of great savings in physician time and a reduction in some of the most common problems associated with HHUS [34]. ABUS and digital tomosynthesis are currently thought to be the most promising candidates to supplement population-based breast cancer screening in women with heterogeneous and extremely dense breasts who do not meet the high-risk criteria for MRI screening [9]. The presumed incremental cancer detection rates of approximately 2 per 1000, in addition to mammography, for both modalities are in the same range. However, ABUS is a tomographic method that does not have the adverse effects of ionizing radiation and detects a spectrum of invasive cancers different from that of tomosynthesis. Moreover, due to its characteristics, ABUS is particularly promising for research using artificial intelligence and radiomics, opening up new and fascinating research scenarios in the diagnostic field [15]. However, there are also some major limitations of ABUS, such as the exclusion of the axillary region from the field of view and the lack of tools to assess vascularity and tissue elasticity [35].



In view of the above analysis regarding ABUS systems, their specialized application, and their significant purchase costs, they are not very popular. A significant number of medical centers and physicians currently use freehand examinations for breast diagnosis, performed with more versatile conventional B-mode ultrasound (HHUS) scanners. Thus, there is a rationale and a market need to design a less expensive and more versatile system for the three-dimensional visualization of the structure of the entire breast system that is capable of working with any B-mode scanner and ultrasound probe. It may be expected that the availability of non-expensive primary or secondary screening techniques enabling 3D ultrasound imaging can widen the accessibility of screening tests supported by more comprehensive 3D breast structure reconstruction for women and increase their sensitivity accompanying MMG. Multi-angle conventional ultrasound imaging (MACUI) aims to fit into this area. The system has previously been proposed and evaluated by the authors of this paper [36]. Recently, a similar approach has been presented and tested by Lucass et al. [37]. Existing and developing models and prototypes of MACUI devices assume the use of linear ultrasound transducers mounted strictly horizontally under the breast tank in such a way that their rotation is performed accurately around the first piezoelectric element of the multi-element array B-mode probe.



The novelty and essence of the MACUI system developed by the authors of this paper is to increase the volume scanning area of the breast, as well as to improve the quality and resolution of 3D ultrasound imaging of the breast structure by appropriately tilting the mid-length ultrasound B-mode probe relative to the horizontal plane and placed outside the rotation axis (Figure 1a). This can be motivated by the widening imaging area, which can cover entire transversal and sagittal sections, even for a large size. Additionally, the free space on the rotation axis surrounding leaves the space for the breast holder used for the stretching the female breast submerged in water and stabilizing the position during scanning [38]. The tilt of the probe allows for improved contrast and imaging resolution by using a method of superimposing and averaging images over a large area (compound imaging-CI) that are acquired at opposite angles (Figure 1a). In this way, it is possible to use somewhat lower ultrasound frequencies in order to increase the range without significant deterioration of the imaging quality. The spatial CI method is also used as an additional imaging modality in conventional HHUS, in the configuration shown in Figure 1b [39]. The essence of CI is to acquire multiple image frames at different angles, which are then digitally superimposed in accordance with the angle of scanning, e.g., by the proper averaging of pixels. The ultrasound beam is steered by a different set of predetermined angles (usually between three and seven), typically within 20 degrees of the perpendicular. The significant advantages of CI imaging include [40] the following: reduction in spots and noise (speckles), which improves tissue differentiation and increases the clarity of low contrast pathological changes; reduction in multiple reflections affecting the clear visualization of cyst content, better detection of microcalcifications, increasing the depth at which useful data are visualized; continuity of structures reflecting the ultrasonic wave affecting the highlighting of the outlines of cysts, canals, and connective tissue, better visualization of systems of linear striations in fat and muscles, improved presentation of the internal architecture of hard lesions; keeping the central acoustic shadow and acoustic amplification behind shading structures enabling the recognized diagnostic criteria for cysts and nodules; reduction in refractive shadows enabling rapid identification of suspicious shadows and improving the visibility of structures located, for example, behind the ligaments. With all of these advantages, CI imaging can be very useful for detecting and distinguishing between malignant and benign lesions in breast tissue in women. It should also be mentioned that another configuration of scanning the breast in the horizontal plane using FASCI (full-angle spatial compound imaging) allows the best results of 3D breast imaging in terms of visualization of quality of coronal sections (Figure 1c). However, when using a single B-mode ultrasound scanner with an ultrasound probe, it is necessary to rotate the probe around and move along the water-submerged breast, significantly prolonging and complicating the diagnostic scanning procedure [41,42]. It is also possible to use multiple B-mode probes together with separate probes and beamforming systems [43,44] or a specially designed multi-element ultrasonic ring array with an ultrasound tomography scanner system, which can switch the sectors of the reflection imaging array. The sectoral images are then automatically reconstructed using the CI method or the synthetic aperture focusing technique (SAFT) [41,45,46]. However, such methods are very complicated, and the devices that use them are specialized and very expensive medical diagnostic equipment.



The research presented in this paper is focused on the evaluation of the capabilities of different types of standard B-mode ultrasound probes used in MACUI to acquire breast sections. Each of these probes uses a different method of steering the ultrasound beam, which also involves different folding of the imaging lines using RF signals and different sizes of the imaging area, which in turn is important in the CI method. Studies in this context have not been presented in the literature before and are essential in terms of the universal applications and the wider use of this method in clinical practice. The probes that are used in the work are linear, convex, and phased array probes and are highly available standard probes used in HHUS imaging.




2. Materials and Methods


2.1. Imaging System


Multi-angle conventional ultrasound imaging is the method under evaluation within this work. MACUI uses conventional B-mode ultrasound imaging to acquire ultrasound scans that are used to reconstruct the 3D structure of breast tissue. In the method, the probe is rotated around the Z-axis of the imaging system with the probe placed radially. Breast sections are acquired in the full 360° range with a certain angle step selected to obtain the desired spatial resolution.



The use of B-mode ultrasound renders the method virtually probe-agnostic. There is no special need to create a specialized ultrasound transducer or to develop new preprocessing steps. All the advantages of handheld ultrasound examinations can be applied to obtain the best possible individual breast scans. In addition to the standard ultrasound frequency ranges used in HHUS, high- and even ultra-high-frequency ultrasound probes can be used. All pre-processing and even post-processing steps, such as beam steering, digital filtering, or noise reduction to improve image quality, may be applied depending on needs. Taking into account a high attenuation, high- and ultra-high-frequency ultrasound could be utilized, that is, for examination of skin and near-skin tissues [47,48], however, the authors have not evaluated this. In theory, any standard B-mode probe and ultrasound system enabling external software control can be used in the MACUI method if the probe holder in the scanning equipment is adjusted accordingly. However, the possibility of use is not equal to the usefulness. Many B-mode ultrasound probes have a different range of frequencies, shapes, focusing, and imaging area. In this work, the linear L15-7L40H-5, the convex array C6-2R50HI-5, and the phased P5-1L15SI-6 transducers are evaluated. These probes represent a range of different probes available for the Telemed SmartUS ultrasound imaging system, which is a typical and widely available PC-based ultrasound system for medical evaluation. The frequencies used by each probe were 7.5 MHz, and 6 MHz, 5 MHz, accordingly. Only one of the available frequencies of each probe was used during measurement, but the probes have a range of different frequencies available and, with dedicated EchoWave II imaging software, provide tissue harmonic imaging (THI). These options have not been covered in this work.



The MACUI method is intended to be used in the configuration, in which the patient lies on an examination bed that includes the water tank with the rotational mechanism below. In this configuration, the breast is submerged in water, and the ultrasound probe placed below can scan the breast at different angles, being attached to the rotational mechanism. To mimic such a system, the Universal Robots UR-3 e-Series cobot has been used to move the probe attached to the arm in the desired manner (Figure 2).



The UR3 compact cobot is a six-articulated precision industrial small robot with a built-in safety system. It is force sensitive and can be set to stop immediately when it encounters resistance of as little as 50 N. It weighs only 11 kg, but has a payload of 3 kg, ±360° rotation ability of 360° on all joints, and an unlimited rotation capability on the end joint. It operates in a range of up to 500 mm. The repeatability of the position of the arm tip is ±0.1 mm. Maximum speeds for the wrist joints are 360°/s and for the other joints 180°/s. The maximum tool speed is 1 m/s. Figure 3 shows the UR-3 robotic arm equipped with a specially developed holder for the ultrasonic probe of a conventional B-mode ultrasound scanner, which allows it to be automatically positioned and repositioned according to arbitrarily programmed 3D trajectories.



The Telemed SmartUS works with EchoWave II scanning software. The system can be automated using the windows WM_COPYDATA messages, while the UR-3 robot can communicate with the software in several different ways. In the test system, communication through the XML-RPC server has been used. XML-RPC is remote procedure call and allows calling the function implemented on the controller side and exchange data with the robot. Using these two methods of communication, the UR-3 Robot Program has been written, so the robot could communicate with the XML-RPC server and call proper functions that allowed it to initialize the system, collect data from the user, and acquire images. The use of this solution is convenient in terms of synchronization, as the robot waits until the function called via the server is finished. The XML-RPC server can be implemented in many modern programming languages. The Python program has been created to control and synchronize the Telemed EchoWave II Imaging software and the UR-3 robot using WM_COPYDATA and XML-RPC capabilities. Software communication is schematically shown in Figure 4.



The program has been designed to allow for controlling the position of the probe with respect to the center of the system geometry, the angle of the probe relative to the Z-axis, and the number of images. The UR-3 Robot program has been written so the robot could communicate with the XML-RPC server to call proper functions on the server side (Python program). This allows us to initialize system with the number of scans to be acquired (numOfScans()), angle of which the probe is adjusted (angle()), and offset of the probe from the center (offset()). Data gathered from the user are received by the robot being returned by those functions. The image in a certain position is acquired by calling the position() function by the robot, which sends a message to the EchoWave II to save the current image to a file, and the function returns the next position of the robot. Robot payload initialization has to be performed manually by the user before measurement starts.




2.2. Breast Phantoms


To evaluate the imaging system using different ultrasound transducers, two medical breast phantoms were used (Figure 5).



One is the ATS Laboratories Model BB-1, the breast biopsy phantom that mimics the appearance, touch, and acoustic properties of the human breast. It is mainly designed to train biopsy-assisted ultrasound imaging. The base material of the phantom is urethane rubber that mimics breast tissue. It has randomly embedded cyst and nodule inclusions, three with a size of 5 mm and five with a size of 10 mm, simulating ultrasound targets, such as cysts and compact tissue masses. The second is CSDS Blue Phantom Breast Masses designed to develop and practice the skills necessary to become proficient in the use of ultrasound-guided fine needle breast biopsy procedures. Blue Phantom contains a variety of hyperechoic, hypoechoic, and echolucent masses, allowing users to gain experience in handling a wide range of lesions as they would in a clinical setting. Each model contains 14 masses, ranging in size from 4 to 11 mm. Phantoms were placed in the water tank on the ultrasound absorbent material to minimize reflections from the bottom of the tank.




2.3. Imaging Geometry and Reconstruction


Previous preliminary studies have shown that placing the probe outside the center of the imaging system allows us to expand the imaging area and leaves space in the imaging device to install the holder responsible for keeping the breast in the same position during the examination procedure [36]. The widening of the imaging area is important in the context of smaller-size ultrasonic probes or those without the capabilities to create a sectoral image. However, moving the probe outside the vertical axis has limitations. Even if the sectoral view is used, the amount by which the probe can be moved depends on the width of the probe, the maximum angle of scanning, and the distance of the breast from the probe surface. If the situation occurs when the object is too close to the ultrasound probe surface and its part is not visible on the reconstructed image, the probe can be adjusted by an angle to cover this area. This situation is shown in Figure 6.



When taking into account the above facts, the placement of the probes has been taken arbitrarily, and the same for each probe, to present the results for different probes in the situation where the mounting point of the probe is fixed. The positions of the center of the probe and its angle have been set to the following pairs: (3 cm, 0°), (4 cm, 10°), (5 cm, 20°). Later in the text, these positions will be marked as (3, 0), (4, 10), and (5, 20) for simplicity. The number of scans on the circle has been set to 5°, resulting in 72 scans available for reconstruction. In the present study, due to the examination of submerged breast phantoms in a water tank using a robotic arm, and to simplify the scanning procedure, ultrasound probes were placed inversely, from the water surface.



Reconstruction of the 3D image using the MACUI method is a straightforward operation. As the probe is placed radially and rotates around the vertical axis, the polar coordinates of the individual scans can be simply converted to cartesian coordinates. However, a simple concatenation of the opposite images may exhibit artifacts in the center of the image, especially when the sectoral scan is used. In such a situation, the ultrasound beam reaches the structure through different acoustic paths and incidents with it at different angles. The case has been studied by the authors and different compounding methods have been evaluated to minimize unwanted effects [49]. The proposed weighted average method has been used in this work during reconstruction. Having the polar coordinates converted to cartesian, all values can be converted into the stack of images that can be subsequently reconstructed using software, such as 3D Slicer, or converted to DICOM format and evaluated by any software that supports DICOM, i.e., Onis Viewer. The 3D Slicer has been used to present the results. Figure 7 presents an example 3D view of the reconstructed structure from the data collected for this study.




2.4. Objective Assessment


To perform the objective assessment of the reconstructed images obtained with different probes in each position, the regions of interest (ROI) were chosen on the reconstructed coronal plane representing the same inclusions of the structures. An example of the chosen planes with drawn ROIs obtained with the convex probe is shown in Figure 8. These ROI areas in the images obtained with three ultrasound probes for the examined breast phantoms that were selected for analysis in the paper. All ROIs are of the same size, 300 × 300 pixels.



The objective parameters of the images selected to support the evaluation of the images were the histogram, the mean value of pixels outside the structure, the standard deviation of the values within the inclusion inside the ROI, as well as the surrounding tissue mimicking structure, and the contrast-to-noise ratio (CNR).



The mean values outside the structure have been calculated for the appropriately masked images. This parameter helps to evaluate the amount of artifacts generated by the probe that arose as a result of reflection from the border of the structure. In addition to the number of artifacts outside the structure, this parameter can also suggest the possibility of forming unwanted artifacts inside the structure due to reflection on the tissue border parallel to the breast skin in the examination position. The mask example used, and the masked image are shown in Figure 9.



CNR values have been calculated according to the following equation:


  C N R =   M e a  n  R O  I  i n c l u s i o n     − M e a  n  R O  I  b a c k g r o u n d       S T  D  R O  I  i n c l u s i o n        



(1)




where   M e a  n  R O  I  i n c l u s i o n       is the mean value of pixels within the inclusions area in ROI, while   M e a  n  R O  I  b a c k g r o u n d       is the mean value of surrounding pixels and   S T  D  R O  I  i n c l u s i o n       is the standard deviation of the inclusion pixels. Standard deviation and histograms were calculated using the standard functions available in the MATLAB software.





3. Results


3.1. Objective Assessment


Figure 10 shows the selected reconstructed planes obtained with the C6-2R50HI-5, L15-7L40H-5, and P5-1L15SI-6 ultrasound probes accordingly for three different fixed positions relative to both of the measured breast phantoms, Blue and BB-1.



In each subfigure of Figure 10, the planes of the left column were acquired at the probe position (3, 0), the middle (4, 10), and the right at position (5, 20). From each of the coronal sections presented of the reconstructed phantoms, the regions of interest were taken as presented in Figure 8. The planes are similar in terms of the viewer’s ability to distinguish the inclusion. Nevertheless, not all of the inclusions are visible at the same time, that is, the reconstructed plane of the Blue Phantom in position (5, 20) does not have visible all of the inclusions from another reconstruction in the first row of Figure 10. This is a result of a different geometry of the system. However, what is clearly visible is the amount of artifacts generated outside of the structure and the decrease at the higher angles of imaging. For the phased array (P5-1L15SI-6), the outer edge of the phantom has been covered with artifacts in some cases, while this effect could be minimized at a certain angle. The shape of inclusion in the reconstructed plane is also affected by different positions of the probe during measurement.




3.2. ROIs


The ROI images are shown in Figure 11. The arrangement of ROIs is exactly the same as for the reconstructed planes above.




3.3. Histograms of ROIs


The calculated histograms seen in Figure 12 represent the intensity of the distribution of the pixels inside the ROIs under evaluation.



The calculated ROI histograms allow visualizing and assessing the distribution of the intensity of pixels. As we can observe from the ROIs in Figure 11 and histograms presented in Figure 12, for the Blue Phantom and C6-2R50HI-5 probe, there is a visible differentiation between the background (lower intensity pixels) and the inclusions (higher intensity pixels) for probe positions (3, 0) and (4, 10). In the (5, 20) probe position, all of the pixels in the histogram are concentrated within a single wide peak. This corresponds to a lower subjective contrast and a blurrier inclusion in ROI corresponding to this position. However, the inclusion can still be relatively easily differentiated from background. Analyzing the same results for the ATS BB-1 phantom (Figure 11 and Figure 12), the differentiation between the different intensity pixels groups is possible at all three positions. However, in position (5, 20), the two peaks on the histograms are more clearly outlined than in the other positions.



On histograms corresponding to the imaging of the L15-7L40H-5 probe (Figure 12), we can also see a clear differentiation of the different intensity groups in position (4, 10) and (5, 20) for the Blue Phantom. The results are less obvious to analyze for the ATS BB-1 phantom. In each position, the low-intensity pixels are significantly wider, with a considerable amount of pixels with intensities between 150 and 200 in value.



The P5-1L15SI-6 probe histograms (Figure 12) present a significant amount of higher density pixel only at position (5, 20). In positions (3, 0) and (4, 10), the pixels are concentrated within a single peak for the Blue Phantom. This corresponds to a very low subjective contrast inside those ROIs. The different groups of pixels intensity are better defined in histograms corresponding to the ATS BB-1 phantom.




3.4. Contrast to the Noise Ratio


Table 1 shows the values of the contrast-to-noise ratio calculated for all of the ROIs. C1, L1, and P1 correspond to the Blue Phantom acquired with convex, linear, and phased array accordingly. The C2, L2, and P2 values are the ROI CNR values for the ATS BB-1 phantom. The same marking of the parameters is used in Table 2.



The highest values are usually in positions other than (3, 0) for each probe and both phantoms, as can be seen in Table 1. These are not of a great difference between the different probes for each phantom, taking into account the best positions.




3.5. Mean Value of Pixels Outside Structure


The mean value of the pixels outside of the structure is gathered in Table 2.



According to the table, most of the lowest values for specific probe-phantom combinations (see table columns) are not for the (3, 0) positions. The exception is the L2 values; nevertheless, the difference between the other positions is not as great as it is in most of the other combinations. The convex probe is characterized by the lowest amount of artifact outside of the structure (see Figure 10 and Figure 11). It is the only probe that does not include the software beam steering to control the imaging area.




3.6. Standard Deviation


Table 3 and Table 4 contain the standard deviation values of the pixels calculated for the inclusions and the surrounding structures inside the ROIs.



The standard deviations of the backgrounds’ pixels are closer to each other within the different probe-phantom pairs than the inclusion values. In Table 3 we can observe that the lowest values are in all of the columns outside the position (3, 0), except L1. The values between the probes are ordered in the same way for the inclusion and background standard deviation (in sequences C, P, and L), if we choose the smallest value from each column. This is probably correlated with the specific probe used.





4. Discussion


The use of an advanced robot in this study to move various ultrasonic probes in a versatile manner in any geometry enables good 3D imaging results. All of the probes used for the purpose of this work allowed us to obtain the reconstructed structure with visible inclusions placed inside the phantom. Subjective contrast and edge blur are connected with the ability to recognize a different group of pixels’ intensity on the histogram. When two different groups can be simply distinguished in a histogram, the different structures are recognizable in the reconstructed image. However, even with a wide enough distribution of the intensity to hide another structure in a histogram, it can still be recognized in the ROI.



Considering the calculated CNR, the mean value of pixels outside of the structure, and the standard deviation in terms of the position of probes, it can be seen that the best values are usually not in the position of the probe moved 3 cm from the center and being placed perpendicular to the tank bottom. It is especially visible for the mean value of the pixels outside of the structure, where the reflection from the breast phantom surface may cause significant artifacts, which can be even more pronounced in a water tank with the surface being close enough to generate secondary reflection. Furthermore, this artifact may also be present inside of the breast tissue at the border parallel to the skin surface at the examination position. This suggests the need for an angled probe mounting with respect to the vertical axis of the system.



In terms of the probe used, the convex array probe does not use any software beam steering. The linear array uses beam steering to expand the area of the image. The phased array is a small probe that utilizes complicated beamforming algorithms to create the desired imaging area. The phased array probe performed better in terms of standard deviation analysis and gave slightly better CNR results than the linear array. Nevertheless, it performs significantly worse in terms of artifacts arising from reflection. The convex array generally outperforms the other probes used in the study. Additionally, it enables a wide visualization angle, a large CI area, and a long range. The inclination of the active surface of the probe relative to the horizontal plane is also important.



In principle, there are no additional limitations beyond those that exist for conventional ultrasound B-mode scanners and other 3D ultrasound imaging systems built on HHUS (see Introduction). However, it should be noted that the resolution of 3D images obtained with the MACUI method additionally depends on the number of scanning angles during the rotation of the ultrasound probe. If we assume that the 3D scan of the entire breast volume is performed in time, for example 60 s, and the number of acquired HHUS image frames is 10 fps (e.g., due to additional methods and scanner options incorporated in order to improve the imaging quality), it can be calculated that the maximum angular resolution of MACUI may then be 0.6 degrees per frame of the image. At an imaging rate of 30 fps, this would, in turn, be 0.2 degrees per frame, allowing for a high spatial resolution. For comparison, a 5° angular step of ultrasound probe rotation was used to obtain the phantom images using the MACUI method in this paper.




5. Conclusions


The presented results prove that the different types of ultrasound probe that are widely available for standard handheld ultrasound evaluation can be successfully used as the imaging device in the multi-angle conventional ultrasound imaging method. However, limitations and possible artifacts that are different for the different probes depending on their shape, size, and beam-creation method must be taken into account during the design of the MACUI equipment. The geometry of the system, including the offset and angle of the probe, should be adjusted to the specific probe in order to fully exploit the imaging systems.



Especially interesting is the fact that a relatively simple convex probe gives better 3D imaging results compared to the more advanced probes with beam-steering capabilities. So far, we have not encountered anywhere in the literature the use of a convex probe in the MACUI method. As the MACUI method aims to be a relatively non-expensive method of the 3D ultrasound breast imaging modality, the design of the device must take into account the modular approach that enables the adjustability of the system without cost-generating customization. This approach is possible with the use of a water tank that allows the breast to be scanned from below with universally attached conventional B-mode ultrasound probes. In order to adjust the size of the scanning area to the breast and position the ultrasound probe under the bottom of the tank as close to the nipple as possible, a sliding tank bottom can be constructed. This allows the examination of both very small (short when vertically immersed in water) and large (long) breasts. Additionally, to minimize the unwanted effects of ultrasound reflection inside the water tank, the internal surface should be designed with a proper ultrasound absorption policy.



The biggest advantage of using the MACUI method is the possibility of applying any conventional B-mode ultrasound probe for 3D breast imaging, depending on the needs and capabilities. Moreover, it is possible to use any existing B-mode ultrasound scanner and all of the additional imaging capabilities that it offers (e.g., conventional CI, THI, ultrasound-coded transmission, SAFT, and others). We can also choose any of the available ultrasound frequencies. However, it should be noted that high frequencies increase imaging resolution but limit range due to increased ultrasound attenuation with frequency. In order to improve the quality of the MACUI images, we can also use image processing methods, i.e., a fuzzy preprocessor based on geometric formulations that can be easily implemented, even on hardware for any real-time applications [50].



It is important, from a cost-wise point of view, that less advanced equipment may serve breast diagnostics very effectively.
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The following abbreviations are used in this manuscript:



	ABUS
	Automated Breast Ultrasound



	ABVS
	Automated Breast Volume Scanning



	CAD
	Computer-Aided Detection



	CNR
	Contrast-to-Noise Ratio



	DALYS
	Disability-adjusted life years



	DICOM
	Digital Imaging and Communications in Medicine



	FASCI
	Full Angle Spatial Compound Imaging



	FDA
	Food and Drug Administration



	HHUS
	Handheld Ultrasound



	MACUI
	Multi-Angle Conventional Ultrasound (Compound) Imaging



	MMG
	Mammography



	MRI
	Magnetic Resonance Imaging



	ROI
	Region of Interest



	SAFT
	Synthetic Aperture Focusing Technique



	SAUS
	Supine Automated Ultrasound



	THI
	Tissue Harmonic Imaging



	USI
	Ultrasound Imaging
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Figure 1. Scanning methods for different ultrasound compound imaging (CI) configurations: (a) in MACUI, (b) in HHUS, (c) in FASCI. 
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Figure 2. Photo of the UR-3 e-series cobot by Universal Robots. 
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Figure 3. The ultrasonic probe of a conventional B-mode ultrasound scanner attached to the robotic arm. 
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Figure 4. UR-3 robot and EchoWave II control software communication scheme. 
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Figure 5. Breast phantoms used in measurements: (a) ATS Laboratories Model BB-1, (b) CSDS Blue Phantom Breast Masses. 
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Figure 6. Limitation of the probe offset and the probe adjustment to cover object area. 
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Figure 7. Example 3D reconstruction of the imaged structure of Blue Phantom Breast Masses. 
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Figure 8. Chosen region of interest for both examined breast phantoms: (a) Blue, (b) ATS BB-1. 
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Figure 9. Masking presentation for the calculation of the output value of the mean pixels. Images from left to right: original image, binary mask, masked image. 
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Figure 10. Planes under evaluation acquired with 3 different types of probe (rows) in 3 different positions (columns) relative to 2 measured breast phantoms: Blue and BB-1, as indicated along the arrows. 
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Figure 11. ROIs under evaluation acquired with 3 different types of probe (rows) in 3 different positions (columns) relative to 2 measured breast phantoms: Blue and BB-1, as indicated along the arrows. 
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Figure 12. Histogram of ROI of the planes obtained with 3 different types of probe (rows) in 3 different positions (columns) relative to 2 measured breast phantoms: Blue and BB-1, as indicated along the arrows. 
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Table 1. CNR values.
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	Position
	C1
	L1
	P1
	C2
	L2
	P2





	(3, 0)
	1.1
	1.8
	2.2
	2.1
	2.2
	2.3



	(4, 10)
	2.0
	2.0
	1.5
	1.9
	2.2
	1.7



	(5, 20)
	1.9
	1.4
	2.2
	2.7
	2.1
	2.4
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Table 2. Mean value of pixels outside the structure.
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	Position
	C1
	L1
	P1
	C2
	L2
	P2





	(3, 0)
	26.6
	28.6
	57.3
	29.9
	32.3
	60.0



	(4, 10)
	4.2
	28.5
	71.8
	39.9
	34.8
	73.5



	(5, 20)
	4.5
	35.9
	17.3
	26.1
	34.9
	38.2
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Table 3. Standard deviation of the pixels of inclusions.
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	Position
	C1
	L1
	P1
	C2
	L2
	P2





	(3, 0)
	17.7
	17.5
	12.6
	21.1
	27.8
	21.8



	(4, 10)
	11.8
	21.4
	11.8
	25.1
	30.3
	20.3



	(5, 20)
	7.8
	22.3
	12.4
	18.2
	24.3
	20.6
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Table 4. Standard deviation of the pixels of the inclusion backgrounds.
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	Position
	C1
	L1
	P1
	C2
	L2
	P2





	(3, 0)
	6.3
	12.8
	9.0
	9.7
	21.2
	13.1



	(4, 10)
	9.5
	12.5
	8.2
	9.9
	21.0
	13.0



	(5, 20)
	9.7
	11.7
	9.6
	10.2
	22.0
	13.3
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