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Introduction: The aim of this study was to demonstrate the potential of an in vivo four-dimensional (4D) tracking system to accurately localize the radiation source, Iridium-192 (Ir-192) in high-dose rate brachytherapy.
Methods: To achieve time-dependent 3D positioning of the Ir-192 source, we devised a 4D tracking system employing multiple compact detectors. During the system’s design phase, we conducted comprehensive optimization and analytical evaluations of the diverging collimator employed for detection purposes. Subsequently, we executed 3D reconstruction and positioning procedures based on the 2D images obtained by six detectors, each equipped with an optimized diverging collimator. All simulations for designing and evaluating the 4D tracking system were performed using the open-source GATE (v9.1) Monte Carlo platform based on the GEANT4 (v10.7) toolkit. In addition, to evaluate the accuracy of the proposed 4D tracking system, we conducted simulations and 3D positioning using a solid phantom and patient data. Finally, the error between the reconstructed position coordinates determined by the tracking system and the original coordinates of the Ir-192 radiation source was analyzed.
Results: The parameters for the optimized diverging collimator were a septal thickness of 0.3 mm and a collimator height of 30 mm. A tracking system comprising 6 compact detectors was designed and implemented utilizing this collimator. Analysis of the accuracy of the proposed Ir-192 source tracking system found that the average of the absolute values of the error between the 3D reconstructed and original positions for the simulation with the solid phantom were 0.440 mm for the x coordinate, 0.423 mm for the y coordinate, and 0.764 mm for the z coordinate, and the average Euclidean distance was 1.146 mm. Finally, in a simulation based on data from a patient who underwent brachytherapy, the average Euclidean distance between the original and reconstructed source position was 0.586 mm.
Discussion: These results indicated that the newly designed in vivo 4D tracking system for monitoring the Ir-192 source during brachytherapy could determine the 3D position of the radiation source in real time during treatment. We conclude that the proposed positioning system has the potential to make brachytherapy more accurate and reliable.
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1 INTRODUCTION
High-dose rate (HDR) brachytherapy using Iridium-192 (Ir-192) as the radiation source is widely employed in the treatment of diverse cancers (Suntharalingam et al., 2005; Venselaar et al., 2012). In this technique, a remote loading device is used to precisely place a highly active Ir-192 source within an applicator in the targeted treatment region. HDR brachytherapy facilitates the delivery of concentrated radiation doses to the intended target volume, thereby minimizing radiation of healthy tissues due to the sharp decrease of dose with increasing distance (Challapalli et al., 2012; Morton and Hoskin, 2013).
Although HDR brachytherapy has advantages, including exceptional dose concentration, it also has drawbacks. Of particular concern are medical accidents arising from mispositioning of the radiation source, some leading to patient fatalities (Protection, 2001; Thomadsen et al., 2003; Ashton et al., 2005; Valentin, 2005; Richardson, 2012). To prevent such accidents and to optimize the potential of HDR brachytherapy, the ability to precisely monitor the position of the Ir-192 source is critical (Majewski et al., 1999; Nakano et al., 2005).
To date, several methods, including X-ray imaging systems (Nakano et al., 2005; Nose et al., 2017), scintillation cameras (Majewski et al., 1999; Duan et al., 2001; Batič et al., 2010; Safavi-Naeini et al., 2015), non-imaging systems (Kertzscher et al., 2014), and gamma cameras (Yamamoto et al., 2019; Nagata et al., 2021), have been proposed for accurately monitoring the position of the radiation source within the patient. These methods enable the identification of the source’s movement and position on a 2-dimensional image but cannot accurately determine the position in 3 dimensions at the given time through a single detection. This uncertainty in 3D positioning not only makes it difficult to guarantee the accuracy of HDR brachytherapy but can also lead to unexpected problems. As a solution, a 4-dimensional (4D) tracking system has been proposed that determines the motion and position of the Ir-192 source in 3D through simultaneous detection at multiple detectors, complementing existing treatment verification methodologies.
Whereas the 3D system considers only the three Cartesian spatial coordinates, the 4D system includes the additional dimension of time (Li et al., 2008; Reader and Verhaeghe, 2014). For a radiation source tracking system based on a 4D framework to be of practical utility in clinical practice, the system must be able to simultaneously acquire sufficient data to determine the location of the radiation source within the patient’s body in 3D, through a single detection event. This enables the derivation of 3D coordinates for each time step.
Furthermore, when configuring these 4D systems, patient safety and convenience must be foremost considerations. The process of acquiring 3D images must inherently preclude unintentional accidents. Especially when employing a detection system comprised of multiple detectors for tracking the radiation source, the system’s design must safeguard against potential mishaps. Therefore, the crafting of a compact system assumes paramount significance, forming a crucial line of defense against any inadvertent accidents during the radiation source tracking process.
Here, we propose a new in vivo 4D tracking system for HDR brachytherapy. By integrating 3D reconstruction techniques based on 2D images from multiple compact detectors positioned at various angles, our aim was to obtain 3D motion and positioning information about the Ir-192 source through a single, simultaneous detection event. Additionally, to design such a compact detector system, we optimized the performance of the detection systems using a compact diverging collimator, a type of collimator mainly used when the object to be detected is larger than the detected image, for acquiring improved 3D images. Finally, the proposed 4D tracking system was evaluated by comparing the coordinates derived using the tracking system with the actual position coordinates of an Ir-192 source.
2 METHODS
2.1 Optimization of the diverging collimator for a compact detector system
To design the diverging collimator for use in detecting an Ir-192 radiation source, we employed Monte Carlo simulations using GATE v9.1, a widely recognized gamma imaging simulation tool (Jan et al., 2004). First, the optimization process used diverging collimators made of pure tungsten (atomic number 74, Atomic weight 183.8 u, and density 19.3 g/cm3) with a 38 × 38 hole array structure. For the detector system, the overall dimensions of the scintillator based on lutetium yttrium oxyorthosilicate (LYSO) was set to 25.8 mm × 25.8 mm x 4 mm, and the simulation was based on a 38 × 38 pixel array with a resolution of 0.5 mm × 0.5 mm x 4 mm. Additionally, throughout all simulations, a cylindrical Ir-192 source with a diameter of 0.6 mm and a height of 3.5 mm was positioned at a distance of 500.0 mm from the detector surface. The activity of the Ir-192 source was configured to be 360 mCi. Next, for the optimization of the diverging collimator, the height (h) of the collimator was varied from 20 to 50 mm in 5 mm increments, while the sum of the hole size (t) and septal thickness (d) between the holes was kept constant at 0.6 mm, and the thickness of the septal (t) was varied from 0.1 to 0.4 mm. Figure 1 shows each parameter of the diverging collimator and the configuration of the collimator in the Monte Carlo simulations. Furthermore, to enhance spatial resolution and achieve images with reduced scatter fraction, we set the center energy value of the energy window at 300 keV, accompanied by an energy window size of 50 (Nagata et al., 2022). These settings were informed by previous findings on the energy range optimization for gamma camera systems employing an Ir-192 source (Nagata et al., 2022).
[image: Figure 1]FIGURE 1 | (A) Parameter of diverging collimators (B) Geometry of diverging collimator in geant4 application for tomographic emission (GATE).
The 2D gamma images acquired using the detector were then assessed using the full-width at half-maximum (FWHM) method and the signal-to-noise ratio (SNR) to determine the spatial resolution and image quality. Before evaluating the acquired images through simulation, we first checked the total counts of the acquired images based on previous research showing that detection of Ir-192 sources with scintillation cameras or gamma cameras is hampered by problems such as difficulty in collimation due to strong radioactivity and saturation of the electronics circuit (Figure 2A) (Nagata et al., 2020). In addition, to evaluate the acquired images, vertical and horizontal profiles were made based on the maximum count, i.e., the pixel with the highest value in the image (Figure 2B), and the SNR was calculated using the following equation (Han et al., 2022):
[image: image]
where [image: image] is the count of the signal at the profile peak and [image: image] is the count of the noise in the background (Figure 2C). Finally, we employed an analysis tool based on Python code to accurately calculate the FWHM and SNR.
[image: Figure 2]FIGURE 2 | (A) Total counts of diverging collimators (B) Acquired 2D gamma image and profile direction (C) Parameters of the signal-to-noise measurements in gamma images.
2.2 Performance evaluation of the optimized diverging collimator
The spatial resolution and image quality of a diverging collimator tend to deteriorate as the position of the radiation source being detected deviates from the center of the field of view (FOV) (Cha et al., 2021). Consequently, we conducted additional assessments of the optimized diverging collimator to ascertain its performance across varying source positions (Cha et al., 2021). Table 1 presents the geometric parameters of the optimized diverging collimator. To assess its performance, we moved the source while maintaining the remaining conditions consistent with those identified during the optimization procedure. Specifically, we displaced the source in 1-cm intervals along the positive y-axis and diagonally in 1-cm intervals along both the positive z-axis and positive y-axis directions, resulting in a cumulative shift of 8 cm for each type of displacement. The 2D gamma images obtained at the various source positions were assessed using the same FWHM and SNR as those employed during the optimization process.
TABLE 1 | Geometric parameters of the optimized diverging collimator.
[image: Table 1]2.3 Design of the 4D tracking system with multiple compact detectors
To acquire 3D data on the position of the Ir-192 source in a single detection event, we needed to acquire two or more 2D images captured from different angles. For this reason, a multiple detector system capable of simultaneous detection from multiple angles was devised. The system’s hardware was designed based on two main considerations. First, miniaturization of the detectors was required to enhance patient safety and clinical workflow. Second, the resolution of the 4D tracking system needed to be sufficient for clinical use. To enhance clinical applicability, we designed a multi-detector configuration consisting of 6 compact detectors that were size small enough to allow attachment to the X-ray imager (e.g., C-arm) currently used for brachytherapy. Figure 3 shows a schematic of the proposed 4D tracking system and the geometry used for the simulation in GATE. The intrinsic resolution of each detector was configured with an independent pixel size of 0.5 mm by employing a 0.1 mm specular reflector, with an interpixel distance of 0.6 mm. Although this structure is quite compact, the resolution deteriorates as the collimator approaches the detecting object due to the characteristics of a diverging collimator. When the detector is expanded to the center of the object, the detectable area of the detector increases from its actual size of 0.6 mm to a maximum of 6 mm. However, when the matrix size is the same, an increase in the detection area ultimately leads to a decrease in spatial resolution. Multiple detectors arranged at various angles can enhance the x- and y-axis resolutions. The z-axis resolution was improved through cross-positioning of the detectors in the z-axis direction.
[image: Figure 3]FIGURE 3 | (A) Schematic of the proposed 4D tracking system, (B) Geometry of multiple compact detector system in GATE.
In more detail, the tracking system consists of six detectors that are equally spaced along a semicircular structure that surrounds the target in a co-planar configuration (see Figure 3A). The detectors are positioned relative to the treatment room coordinate system, assuming an axial plane in supine patient. Specifically, two detectors are placed at a distance of 50 cm along the positive and negative x-axes from the origin (0,0,0) and the other four detectors are positioned at intervals of 36°, resulting in detectors at 270, 306, 342, 18, 54, and 90° in the xy plane (see Figure 3A).
In practice, when the six detectors are placed in the same xy plane (i.e., at the same z-coordinate), the intrinsic resolution in the z-axis direction of the radiation source is the same for each detector, there is a limit to the accuracy with which the coordinates of the radiation source can be determined. Therefore, to more precisely determine the radiation source position in the z direction, we rearranged the six detectors to have different z-axis coordinates. The data recorded by the repositioned detectors (Figure 4) were processed using a source location tracking algorithm to enhance the resolution.
[image: Figure 4]FIGURE 4 | (A) Detector positions as seen from the xy-plane view (B) Detector positions as seen from the XY plane view after shifts in the Z direction for high resolution 2D image acquisition.
2.4 4D tracking algorithm for positioning of the Ir-192 source
To enhance the resolution of the 2D gamma images acquired by the tracking system, we utilized a property of Gaussian filtering known as the up-sampling effect. Gaussian filtering adjusts each pixel value smoothly by considering the surrounding pixel values, thereby emphasizing high-resolution features in the image. Through this approach, we were able to capture crucial details that might be missed in low-resolution images and to minimize positional errors, ultimately achieving more accurate results. Based on these Gaussian filtered images, reconstruction and source positioning were performed.
Next, we utilized the ASTRA Toolbox for Python to generate 3D tomographic objects for each simulation case. The 4D tracking algorithm was developed to enable GPU calculation using CUDA to reduce computation time. The tracking algorithm also supported multiple reconstruction algorithms, including filtered back projection (FBP) and maximum likelihood expectation maximization (MLEM) (Van Aarle et al., 2016).
For the 3D reconstruction, we employed an NVIDIA GeForce RTX 3090Ti GPU with 24 GB of memory and utilized the SIRT3D_CUDA algorithm, one of the MLEM methods available in the ASTRA Toolbox. The CUDA-based Simultaneous Iterative Reconstruction Technique (SIRT) method dramatically reduces the time required compared to the basic SIRT method while still showing excellent accuracy. We also performed the reconstruction with different numbers of iterations and found that the results were the same when the iteration number was 3 or higher. For this reason, we set the iteration number to 3. The method is formally represented by the equation (Gilbert, 1972; Andersson, 2016):
[image: image]
where R and C are diagonal matrices with scaling values. R can be a diagonal matrix with correction values for the distance the ray passes through the reconstruction volume, which is the row sums of the weight matrix, rii = 1/ΣMj₌₁ wij. C can also be a diagonal matrix but with the column sums of the weight matrix, cjj = 1/ΣNi₌₁ wij. The transposed matrix, AT, back projects the projection images onto the reconstruction area. The term (b − AXk) is the error between b (the projections) and AXk (the current reconstruction, Xk, is forward projected).
To determine the 3D position of the Ir-192 source, we calculated the center of mass of the reconstructed object volume. The equation for calculating the centroid (center of mass) of a set of n voxels in three-dimensional space with positions (xi, yi, zi) and weights (wi) is as follows:
[image: image]
Using this equation, we derived the reconstructed position coordinates of the Ir-192 source in 3D space. The accuracies of the x, y and z coordinate values were evaluated as the absolute value of the error between the actual and reconstructed positions of the Ir-192 source in the x, y, and z directions, respectively. We also measured the Euclidean distance between the actual and reconstructed position vectors of the Ir-192 source (Dokmanic et al., 2015).
2.5 Evaluation of the tracking system accuracy
Initially, we assessed the performance of the tracking system in simulations. The primary objective was to ascertain the system’s accuracy within 3D coordinate space by changing the position of the Ir-192 radiation source along the x, y, and z-axes. The source’s position spanned from the center of the FOV to a distance of 8 cm in 1 cm intervals along each axis, while maintaining consistent conditions. To validate the practical viability of clinical implementation, we used data from patients who underwent tandem and ovoids brachytherapy to identify the original positions of a total of 19 Dwell positions of sources (9 source positions in the tandem applicator and 5 positions each in ovoids 1 and 2). Subsequently, we performed detection simulations and 3D positioning emulating real treatment scenarios with our tracking system. Finally, we quantitatively analyzed the discrepancies between the position coordinates derived from the reconstruction process and the initial coordinates of the Ir-192 radiation sources for all the simulated locations.
3 RESULTS
3.1 Optimization of the diverging collimator for a compact detector system
To optimize the diverging collimator, we determined the FWHM and SNR when profiled in the vertical and horizontal directions using collimators with varying heights and septal thicknesses (Figure 5). Overall, the vertical and horizontal profiles showed similar results in terms of FWHM and SNR. However, the SNR was very low at a septal thickness of 0.4 mm, resulting in poor image quality, and the FWHM was large at a septal thickness of 0.1 mm, resulting in poor spatial resolution. When we examine the trends as a function of collimator height, we find that the FWHM decreases with increasing collimator height for all septal thicknesses and converges to a constant value at a height of 30–35 mm, similar to the theoretical trend of resolution with diverging collimator height (Muehllehner, 1969). These results indicate that a septal thickness of 0.2 mm–0.3 mm and a collimator height of 30 mm–35 mm yield relatively favorable SNR outcomes coupled with low FWHM values. Given the robust radioactivity of the Ir-192 source, as well as the challenges associated with elevated total counts, we chose a septal thickness of 0.3 mm on account of its lower total count compared to the 0.2 mm option. Thus, to achieve a detector configuration prioritizing low weight and compactness, the optimal diverging collimator for detecting the Ir-192 source was found to have a septal thickness of 0.3 mm and a height of 30 mm (Table 1).
[image: Figure 5]FIGURE 5 | FWHM and SNR values of 2D gamma images obtained by varying the septal thickness and the height of the diverging collimator. FWHM (A) and SNR (B) when profiled vertically, and FWHM (C) and SNR (D) when profiled horizontally.
3.2 Performance of the optimized diverging collimator
Figure 6 presents images acquired using the optimized diverging collimator. These images were obtained by sequentially moving the position of the Ir-192 radiation source in both the positive y-axis (Figure 6A) and diagonal direction (Figure 6B). In the acquired images, a clearer distinction between source and background was observed for source displacements up to 6 cm; however, when the source was moved 7 cm and 8 cm, the source became blurred.
[image: Figure 6]FIGURE 6 | Gamma images acquired when the radiation source was repositioned to the positive y direction (A) and diagonal direction (B) from the center of the FOV.
Figure 7 shows plots of FWHM and SNR as a function of source displacement for the acquired 2D images. Figures 7A, B show the FWHM and SNR values when the Ir-192 source was moved in the positive y-axis direction, and Figures 7C, D show the FWHM and SNR values when the radiation source was moved in the diagonal direction. First, as an overarching characteristic, profiling along the z-axis direction resulted in higher FWHM values (indicative of lower spatial resolution) compared to profiling along the y-axis direction. Also, both directions exhibited similar trends with respect to SNR. For source displacements in both the y-axis and diagonal directions, the FWHM was consistently less than or near 1 mm across all examined source positions up to a displacement of 6 cm. Furthermore, the SNR values demonstrated robust performance except for the displacement of 6 cm. On the other hand, as the Ir-192 source displacement of increased from 6 to 8 cm, a linear increase in FWHM was observed along with low SNR values. This observation aligns with the inherent characteristics of the diverging collimator, whereby its performance diminishes as the radiation source to be detected moves further away from the center of the FOV.
[image: Figure 7]FIGURE 7 | FWHM and SNR values of a 2d gamma image acquired while moving the source by 8 cm to evaluate the performance of the optimized collimator. FWHM (A), SNR (B) when the source is moved in the y-axis direction, and FWHM (C), SNR (D) when the source is moved in the diagonal direction.
3.3 Evaluation of tracking system accuracy
First, the tracking system developed based on our proposed algorithm took 2.5–2.8 s to track the radiation source (Ir-192 source) and calculate its location. Figure 8 shows the absolute values of the x, y, and z errors in, and the Euclidean distance between, the 3D reconstructed coordinates derived from the acquired 2D images and the original source coordinates (as detailed in Tables 2–4). These data were recorded while systematically shifting the Ir-192 source along the x, y, or z-axis of the solid phantom. Figure 8A shows the absolute values of the errors in x, y, and z and the distance values recorded as the source was moved along the x-axis in 1-cm increments, while Figures 8B,C show the corresponding plots for movement of the source along the y-axis and z-axis directions, respectively. With the exception of the two largest source displacements (7 and 8 cm), the absolute values of the errors in the x, y, and z coordinates and the Euclidean distances are within 1 mm for almost every source position. When the source was moved 8 cm from the origin, the average absolute errors in the x-, y-, and z-coordinates were 0.440 mm, 0.423 mm, and 0.764 mm, respectively. Notably, displacement of the source along the z-axis by 8 cm led to a higher average error compared to the other axes. Furthermore, for most of the source displacements examined, the error in the z coordinate exceeded those in the x and y coordinates. Turning to the distance results, the overall average distance between the reconstructed and original positions across all source displacements was 1.146 mm. However, if 7 and 8 cm are excluded, the average distance is notably lower, at 0.889 mm.
[image: Figure 8]FIGURE 8 | Plot of the absolute value of the error versus the Euclidean distance as the Ir-192 source is moved in each axis, moving the source in the x-axis (A), y-axis (B), and z-axis (C), in that order.
TABLE 2 | Original and reconstructed coordinates as the Ir-192 source was moved along the x-axis (mm).
[image: Table 2]TABLE 3 | Original and reconstructed coordinates as the Ir-192 source was moved along the y-axis (mm).
[image: Table 3]TABLE 4 | Original and reconstructed coordinates as the Ir-192 source was moved along the z-axis (mm).
[image: Table 4]Finally, Figure 9 shows a comparison of the original and reconstructed positions of the Ir-192 source in the coronal and sagittal planes for 19 locations in a simulation based on data from a patient who underwent brachytherapy. The results show that the average errors in the x-, y-, and z-coordinates were 0.274, 0.178, and 0.401 mm, respectively, with ranges of 0.020–0.702, 0.012 to 0.327, and 0–0.909 mm, respectively (Table 5). Also, the mean distance between the original and reconstructed positions in the 19 cases was 0.586 mm (range, 0.251–0.957 mm).
[image: Figure 9]FIGURE 9 | Comparison of the original and reconstructed source positions to show the difference in XY and ZY planes.
TABLE 5 | Original and reconstructed coordinates of patient data (mm).
[image: Table 5]4 DISCUSSION
HDR brachytherapy is capable of delivering a large radiation dose to a localized area in a short time, which leads to good patient prognosis. However, accurately determining the location of the radiation source during HDR brachytherapy treatment is made difficult by factors such as patient movement and machine malfunction. The resulting uncertainty in the location of the radiation source can lead to medical accidents (Poder et al., 2023). According to the safety standards for brachytherapy proposed by the American Association of Physicists in Medicine (AAPM) publications TG-43, 56, and 59, to minimize the above-mentioned uncertainties and prevent medical errors, operators are advised to perform QA tests to set the tolerance of the source position to ±1 mm and periodically verify that the source position is within the tolerance (Nath et al., 1995; Nath et al., 1997; Kubo et al., 1998; Rivard et al., 2004). Typically, however, the accuracy of the source location is not verified during a treatment session, and the position of the Ir-192 source in 3D, which varies over time, is also difficult to determine.
To solve these problems, operators need real-time 3D data on the movement of the source during treatment. The source positioning system also needs to be able to determine the position of the source during treatment, so patient safety and comfort are also important factors. Therefore, in the present study we developed an in vivo 4D tracking system based on multiple compact detectors capable of time-dependent stereoscopic 3D localization of radiation sources inside a patient’s body.
4.1 2D gamma images acquired using the optimized diverging collimator
Analysis of 2D gamma images acquired using simulations of the optimized diverging collimator revealed slightly distinct patterns in the FWHM and SNR values. The FWHM value remained within 1.1 mm as the source was moved from the center of the FOV along the y-axis direction or diagonal direction up to 6 cm, but increased markedly when the source was further displaced to 7 and 8 cm. The SNR value, by contrast, was sufficiently high (particularly, SNR values exceeding 25) up to a source displacement of 5 cm that the signals in the 2D images could be clearly distinguished. Nevertheless, when the source was moved beyond 6 cm, the noise increased noticeably, resulting in blurred signals. Based on these findings, we conclude that a detection system utilizing a diverging collimator possesses an effective range (in this study, ∼12 cm) within which movement of the Ir-192 source can be distinctly identified on the 2D image.
4.2 3D positioning using the proposed Ir-192 source tracking system
In our analysis of the accuracy of the tracking system, we found that the absolute value of the error in the reconstructed coordinates of the source in a solid phantom was within 1 mm for each axis, and that the Euclidean distances between the reconstructed and original coordinates were within 1.5 mm for all but two cases when the Ir-192 source was moved up to 6 cm along all axes. These results show a trend similar to that observed for the FWHM (spatial resolution performance) in the evaluation of 2D gamma images, but distinct from the trend observed for the SNR. This finding suggests that the 3D positioning accuracy of a multiple detector tracking system using the optimized diverging collimator is proportional to the spatial resolution performance of the 2D image detected through each individual detector. We also found that the range over which the system remains accurate in the 2D images is similar in 3D space for each of the x, y, and z-axes, which indicates that our proposed tracking system has an effective volume in 3D space (in this work, 12–13 cm for each axis).
Next, to ensure clinical usability, 3D positioning results based on patient data showed that the average distance between the reconstructed and original coordinates was 0.586 mm, which is a smaller error than when the source was moved along the x-, y- and z-axes using the solid phantom. This result can be interpreted as the experimental conditions for shift range of radiation source in the detector performance evaluation using the solid phantom, where the source’s range of motion extended up to a maximum of 8 cm from the center along the x, y, and z-axes. In contrast, the range of motion for 3D positioning data obtained from patient treatment data was observed to be within the mentioned effective range. The high accuracy of the proposed 4D tracking system in patient data demonstrates its clinical feasibility.
4.3 Comparison with previous research
Recently, other studies have been conducted to identify the 3d source position of the radiation source in HDR brachytherapy for more accurate and high-quality treatment. First, Yusuke Watanabe et al. developed an Ir-192 source tracking system utilizing a charge-coupled device (CCD) camera, dual pinhole collimator, and scintillator (Watanabe et al., 2018). In that study, to evaluate the accuracy performance of the tracking system, the source was placed in multiple locations within 2 ovoids and 1 tandem, like the evaluation method in our study, and the 3D distance between the original source position and the tracked source position was measured. When analyzing the numerical comparison between the two systems, it can be said that our system shows a better performance compared to the corresponding system in that the accuracy of the corresponding system shows an average value of 1.5 ± 0.7 mm, while the accuracy of our proposed tracking system shows 0.586 mm. However, considering that the results of this study are errors in a system that integrates hardware and software, it is somewhat difficult to say that we have conducted a comprehensive performance comparison between our proposed system and previously developed systems through numerical analysis only. In the future, if our research team also configures a hardware camera system compatible with the software system configured in this study to form an integrated tracking system, a more reasonable performance comparison between the two tracking systems will be possible.
Next, Roman Vasyltsiv et al. constructed and proposed a system for in vivo 4D tracking of an Ir-192 source utilizing a C-arm x-ray imager and tomosynthesis methods (Vasyltsiv et al., 2023). Their study was conducted using Monte Carlo simulations similar to ours and showed numerical accuracy ranging from 0 to 0.14 mm. Although the numerical accuracy of the system showed very good results, the limitation is that the source tracking requires continuous x-ray imaging to determine the location of the source, which causes radiation exposure to the patient. Both the system and our proposed system have their own advantages and disadvantages, but if we can improve the accuracy of our system through further research, our proposed 4D tracking system will be more competitive because it does not require additional radiation exposure.
4.4 Future work
Further research is needed to improve the 3D positioning accuracy of the proposed 4D tracking system composed of multiple compact detectors. First, efforts should be made to improve the effective range and volume of the system by varying the characteristics of the diverging collimator. In addition, systems with different numbers and placements of detectors should be studied to increase the detection accuracy when the source moves out of the effective volume. For example, our work on the current system suggests that it may be possible to minimize the performance degradation as the source moves away from the center by having sufficient cameras that when the source is positioned outside its effective range with respect to one camera, another camera compensates for the performance degradation. Additionally, in the proposed system the distance between the detector and the field of view (FOV) is almost constant, but it is also necessary to try to utilize 3D images with improved spatial resolution by adjusting the distance between the detector and the FOV.
Second, further research on collimators is needed. To date, diverging collimators and pinhole collimators have been used to acquire 2D gamma images when the size of the FOV is larger than the size of the actual detector. In this study, the detection system was configured using a diverging collimator, but future studies should test a similar detection system using an optimized pinhole collimator.
Finally, the current study used simulations to verify the feasibility of implementation. Future work in this area should seek to develop a hardware camera system that can detect the radiation source and to connect and integrate the system with a software system that performs positioning through 3D reconstruction for use in actual brachytherapy. In implementing the integrated solution, various detailed procedures such as acquiring gamma images through multiple cameras, transferring the acquired images to 3D positioning software, and performing 3D positioning will need to be considered, and detailed studies of each step will be required for more accurate and efficient source tracking.
5 CONCLUSION
In summary, this study proposed an in vivo 4D tracking system for HDR brachytherapy with an Ir-192 source that uses multiple compact detectors and 3D reconstruction. The proposed tracking system not only showed an error of <1 mm between the original and reconstructed positions of the source in 3D positioning using patient data, but also an average Euclidean distance between the two positions of <0.6 mm. These results indicate that the system has the potential to track the movement of Ir-192 sources in 3D space with high accuracy.
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