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Purpose

To propose and validate a comprehensive novel metric balancing the registration accuracy and imaging dose for image-guided-radiotherapy based on real patient data.





Materials and methods

With written informed consent and ethical approval, 56 patients were scanned using 6MV CBCT, 140 kV CBCT, and 100 kV CBCT on Halcyon system for three consecutive treatment fractions. Online registration was performed by various on-duty therapists under routine clinical pressure and time limitation. Offline registration was carried out by an experienced physicist without pressure. The consistency between the online and offline results was used as a surrogate of the missing ground-truth of registration accuracy, which was usually developed by introducing ‘known’ setup errors and rescan the phantoms, yet is ethnically not applicable to real patients. The registration differences (ΔD) between various imaging methods and observers were analyzed. The weighted CT dose index (CTDIw) for kV and MV CBCT was acquired using the PTW CTDI head phantom. The weighted-Dose-Accuracy-Product (DAPw) index was defined as DAPw =ΔD(mm) w1* CTDIw(mGy) w2, where w1 and w2 are the weighting factors of accuracy and dose respectively (w1+w2 = 1).





Results

The mean and interquartile range (IQR) of ΔD decreased monotonically for MV CBCT, 100 kV CBCT, and 140 kV CBCT, supporting the registration consistency as a surrogate metric of image quality. Significant differences of ΔD were observed between the online and offline registration across three imaging methods (P<0.05). The 140 kV CBCT provides superior positioning accuracy, less dependency on observer subjectivity and time pressure of clinical workflow. Using w1=w2 = 0.5 as an example, the smallest mean, standard deviation, and IQR of DAPw were observed on the 100 kV CBCT, indicating optimal balance between dose and accuracy than the other two methods. Analysis of variance (ANOVA) showed statistically significant differences in DAPw among the different imaging methods (P<0.01, F=50.57).





Conclusion

Using registration consistency as a surrogate indicator of image quality, this study proposed and validated a novel “DAPw” parameter based on real patient data, providing a purpose-specific tool for balancing setup accuracy and radiation dose in clinic.
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1 Introduction

Cone beam CT (CBCT) is one of the most widely used image-guided modalities in current radiotherapy (1, 2), providing anatomical information on the treatment day (3). Through registration with the planning CT, couch shift values can be obtained which effectively reduce setup errors in image-guided-radiotherapy (IGRT), thus enhancing the precision of the treatment (1, 4).

The Halcyon 2.0 accelerator (Varian, Palo Alto, CA) offers two imaging guidance methods (5–7): megavoltage cone beam CT (MV CBCT) and kilovoltage cone beam CT (kV CBCT). Previous clinical practice found complementary advantages and disadvantages of both methods: on the one hand, identical 6 MV flattening-filter-free beams were used for both MV CBCT and treatment, enabling accurate calculation and integrated optimization of MV CBCT imaging dose and treatment dose using Eclipse treatment planning system (TPS) (8, 9). However, the soft tissue resolution of MV CBCT images is relatively poor (8). On the other hand, although kV CBCT provides relatively higher image quality, the imaging dose of kV CBCT cannot be accurately calculated and integrated for optimization by the TPS. In addition, different scanning parameters can result in varying CBCT image quality and radiation dose, making the optimal protocol selection a clinical challenge (10–12).

The precision radiotherapy is increasingly relying on image guidance, resulting in considerable accumulated concomitant radiation dose (9) and risks without effective control strategy and individualized optimization tool. When multiple imaging methods and parameters are available, achieving a patient-specific balance between precision and dose requires more evidence based on clinical data, which is currently not sufficient in the literature.

Although the previous studies have proposed metrics for balancing CBCT image quality (13, 14) and imaging dose based on standardized phantom measurements, such as the Figure of Merit (FOM) (15). Comparisons of setup accuracy and radiation dose between MV CBCT on Halcyon 1.0 and kV CBCT on TrueBeam systems (Varian, Palo Alto, CA) were also reported using rigid phantoms (16), when kV CBCT was not available on Halcyon 1.0. However, the anatomical variations in real patients are more complex than that of the rigid standardized phantoms. Furthermore, due to ethical constraints and radiation protection requirements, it is not possible to introduce “known errors” and rescan the patient thereafter to obtain the “ground truth” for registration. Therefore, the comprehensive evaluation of setup accuracy and imaging dose on real patients is very limited if not missing. Additionally, Halcyon’s kV CBCT utilizes a “Half Fan/Full Trajectory” scanning mode, which differs significantly in radiation dose and image quality compared to the conventional head scanning mode using “Full Fan/Half Trajectory” on the TrueBeam system (17). Therefore, the existing data based on different scanners cannot be generalized directly to Halcyon system (5). Many available options may even confuse the critical decisions sometimes, especially when the clinical evidence and experience is not sufficient because Halcyon is a relatively new system (3, 18).

To address these clinical demands, with appropriate ethical approval and written informed consent, this study conducted a comprehensive evaluation of guidance accuracy and radiation dose for both MV CBCT and kV CBCT (including various imaging parameter settings for kV CBCT) on the Halcyon system using the clinical images from 56 patients. By proposing a surrogate metric using inter-observer consistency, the problem of missing “truth values” for registration based on real patient data was solved. A novel metric named “weighted-Dose-Accuracy-Product” (DAPw) was also proposed and evaluated to assist optimal selection of imaging methods/protocols for IGRT.




2 Materials and methods



2.1 General information

This work was approved by the Ethics Committee of the Deyang People’s Hospital (2021-04-151-K01), and written informed consent was obtained from each patient. This retrospective study included 56 patients with head and neck cancer treated on the Halcyon system at the Deyang People’s Hospital between August 9, 2022, and August 2, 2023. Each patient was guided by three different approaches for three consecutive treatment fractions: 6MV CBCT, 140 kV CBCT, and 100 kV CBCT. Details of patient demographics are shown in Table 1.


Table 1 | Patient information.





2.1.1 Inclusion criteria

Patients with pathologically-diagnosed cancer requiring therapeutic or prophylactic cranial irradiation; Halcyon system is suitable to deliver the treatment; three image sets can be acquired in three consecutive treatment fractions using MV CBCT, 140 kV CBCT, and 100 kV CBCT respectively; written informed consent can be provided.




2.1.2 Exclusion criteria

Incomplete image acquisition; presence of obvious metal or motion artifacts that may impede accurate registration (8); large rotation during initial setup that cannot be corrected by the 3D couch of Halcyon which requires re-positioning of the patient.





2.2 Data collection



2.2.1 Imaging parameters and registration

All 56 enrolled patients were immobilized using thermoplastic masks and underwent CT simulation using a Siemens SOMATOM Confidence 32-slice large-bore CT simulator. Treatment was administered using the Halcyon accelerator.

Prior to each of the three consecutive treatment fractions, all the patient were scanned using MV CBCT, 140 kV CBCT, and 100 kV CBCT respectively. The scanning parameters are shown in Table 2. By default, the kV CBCT images were reconstructed into 512×512 using iterative algorithm (iCBCT), and the MV CBCT images were reconstructed into 256×256. Based on the images of the treatment day, the online registration of each fraction was performed by the on-duty therapist following routine clinical procedures. As default selection, the automatic rigid registration algorithm of Halcyon aims to find a geometric transformation that aligns the anatomical structures in the moving image with those in the fixed image. Human intervention was less involved unless obvious misalignment was observed. To minimize the inter-observer variability and establish a reference registration result, offline registration and manual adjustment were performed by the same experienced physicist without clinical time pressure, allowing more flexibility to select appropriate settings such as window width and window level for better observation. Three-dimensional translational errors (vertical, longitudinal, and lateral) were recorded for both online and offline registration processes respectively.


Table 2 | Imaging dose under different protocols of the Halcyon accelerator.






2.2.2 Imaging dose quantification

Following the measurement and calculation method as described by Li et al (19), the weighted CT Dose Index (CTDIw) for each image-guided approach was measured using a PTW CTDI head phantom (PTW Dose Company, Freiburg, Germany), and a 100 mm CT ionization chamber calibrated by the National Standard Laboratory. The dose to the central and 4 peripheral inserts were recorded respectively. The CTDIw was calculated as:

	

where CTDIc represents the CTDI100 value at the center of the phantom; while CTDIp is the average CTDI100 value at four peripheral points around the phantom.

This study employed the high-quality imaging protocol for MV CBCT on the Halcyon, with a field of view (FOV) diameter of 27.7 cm. The projections were acquired by rotating the gantry from 260° to 100° to deliver 10 MU in 15 seconds. The Halcyon accelerator was calibrated to deliver 1 cGy/MU at the maximum dose depth for a 10 cm×10 cm field size and 100 cm source-to-skin distance (SSD) (20). The Eclipse treatment planning system can accurately calculate the imaging dose for Halcyon’s MV CBCT (9). Therefore, following the method reported in the literature (16), this study calculated the CTDIw for MV CBCT and compared it with the imaging dose for kV CBCT using various parameter settings.





2.3 Image quality assessment based on registration consistency

According to the principles recommended by the International Atomic Energy Agency (IAEA) (21), higher image quality results in smaller uncertainties caused by registration methods and subjective factors of observers. Using the same images, offline registration performed by the experienced physicist without time limitation is more reliable than the online registration performed by various therapist with clinical pressure. Therefore, this study sets offline registration as the reference. It was hypothesized that higher image quality is associated with better registration consistency, which is clinically desirable to reduce inter-observer variability and dependence on the clinical workflow. Therefore, registration consistency was used as an alternative metric of image quality in this study, which is also more directly relevant to the clinical purpose of IGRT.

To consider the magnitude and direction of registration deviations simultaneously, this study defines the vector difference between online and offline results. As shown in Figure 1, point O represents the centroid set by the radiotherapy plan. Point A represents the treatment centroid obtained by the physicist through offline registration, and point B represents the treatment centroid obtained by the therapist through online registration. Thus, OA represents the offline registration error, OB represents the online registration error, and AB represents the vector difference between online and offline registration, denoted as ΔD. The vector error ΔD is calculated as:




Figure 1 | Schematic diagram of ΔD. *In the constructed three-dimensional Cartesian coordinate system, point O represents the isocenter developed in the treatment plan; point A represents the treatment isocenter obtained in offline registration by the same physicist; and point B represents the treatment isocenter obtained in online registration by the on-duty therapists. OA represents the offline registration error; OB represents the online registration error; and AB represents the vector difference between online registration and offline registration, denoted as ΔD.



	

where vrt1, lng1, and lat1 represent the errors in three directions recorded by the therapist during online registration; while vrt2, lng2, and lat2 represent the errors in three directions recorded by the physicist during offline registration. The ΔD of the 56 patients was calculated respectively using three image-guidance methods.




2.4 Balancing dose and accuracy

The traditional Figure of Merit (FOM) (15) and the new Figure of Merit (FOMn) for dual-energy imaging (19) were proposed to balance the radiation dose and image quality, rather than reflecting the direct impact on the registration and patient setup accuracy. To be more relevant to the clinical purpose of IGRT, this work proposed a new metric: DAPw to explicitly balance the image-guidance accuracy and radiation dose. DAPw is defined as:

	

where w1 and w2 reflect the priorities of image-guidance accuracy and radiation dose, respectively. The specific values of w1 and w2 can be adjusted by the users to meet the patient-specific clinical purposes, where w1 + w2 = 1. As an example, this study set both w1 and w2 to 0.5 to calculate the DAPw of 56 enrolled patients.




2.5 Statistical analysis

Using Origin 2022, the ΔD and DAPw of 56 patients were plotted as double boxplots to compare the three image-guidance methods. Using SPSS 27.0, one sample T-test was conducted to analyze the significance of ΔD. Single-factor ANOVA was performed on the DAPw values, followed by post-hoc multiple comparisons. A significance level of P < 0.05 was considered as statistically significant.





3 Results

As shown in Figure 2, ΔD and DAPw were statistically analyzed and boxplots were generated for visual comparison. The minimum average DAPw value (1.32 mm*mGy) and interquartile range (1.22 mm*mGy) were observed on 100 kV CBCT images, suggesting optimal balance between the registration accuracy and radiation dose when w1=w2 = 0.5.




Figure 2 | Distribution of ΔD and DAPw using various imaging protocols. *The black boxes represent the distribution of ΔD. The gray boxes represent the distribution of DAPw. Mean values and box ranges (25th and 75th percentiles) for ΔD and DAPw are indicated to the right of the boxes.



One-sample t-test suggested that ΔD under different imaging methods were all statistically significant (P<0.01), where the t-values for MV CBCT, 100 kV CBCT, and 140 kV CBCT were 5.53, 6.69, and 6.17, respectively. The minimum 95% confidence intervals for ΔD were observed on the 140 kV CBCT (0.47, 0.92), suggesting best consistency between the online and offline registration.

The results of one-way ANOVA and post-hoc multiple comparisons for DAPw under three different imaging methods are all statistically significant (P<0.01, F=50.57), as shown in Table 3. Post-hoc multiple comparisons suggested significant differences between MV CBCT and kV CBCT using either 100 kV or 140 kV (P < 0.01). The difference of DAPw between 100 kV CBCT and 140 kV CBCT were significant (P< 0.01).


Table 3 | Analysis of variance for DAPw using different image guidance methods.






4 Discussion

Precision radiotherapy is increasingly dependent on frequent image guidance (21–23), accumulating considerable imaging dose that varies dramatically with different modalities and protocols (5, 9, 11, 16, 23, 24). Advanced systems usually provide many imaging options and settings, making it clinically difficult to select an optimal method for a patient-specific purpose in order to balance the treatment accuracy and imaging risk (8). Unlike the phantom-based studies (19), it is ethically not possible to introduce ‘known’ setup errors for real patients to test the performance different imaging methods (4, 23, 25). Therefore, clinical evidence of correlations between setup accuracy and imaging dose is very limited if not missing, especially for the relatively new Halcyon system.

With valid IRB approval and signed informed consent, this work investigated 56 patients scanned with MV CBCT and two kV CBCT settings respectively. Significant inter-observer and inter-protocol variabilities were observed (P<0.05), and the magnitudes were dependent on the image quality. As shown in Figure 2, images with higher quality (140 kV>100 kV>MV) were associated with better registration consistency among various observers and clinical workflows, as suggested by the smaller mean values and quartile ranges of ΔD. It aligns with the hypothesis that registration consistency can be used as an alternative indicator to reflect image quality, especially when the clinical ground truth of setup error is missing for real patients. In addition to the different expertise between various therapists and physicist, the inter-observer difference of ΔD is also attributable to different clinical pressure: the online registration performed by therapist requires more efficiency, while the offline registration performed by the physicist has more time and flexibility to evaluate and finetune the results. Figure 2 suggested that higher image quality is also favorable to reduce the uncertainties of clinical decisions made under pressures, mitigating the negative impact of subjective factors from operators.

Although 140 kV CBCT provided the best image quality and registration consistency, its CTDIw was 6.87 times higher than that of 100 kV CBCT, as shown in Table 2. Of all three imaging methods, the CTDIw of MV CBCT was the highest and the registration consistency of MV CBCT was the worst, yet the MV imaging dose can be computed and integrated accurately with treatment dose using the commercial planning system (20). Cai et al. reported that the CTDIw ratio of Halcyon and Truebeam kV CBCT using head protocol was 6:5 (17). The differences are ascribable to the modified scanning parameters, as well as to the fixed kV detector on Halcyon which allows half-fan/full-trajectory scanning only (2, 26). Therefore, the previous knowledge of CBCT dosimetry acquired on TrueBeam is not directly transferable to Halcyon. This work did not only supplement the detailed dosimetric data of Halcyon MV and kV CBCT using various settings, but also proposed and evaluated a comprehensive metric, DAPw, to directly balance the setup accuracy and imaging dose collectively on real patients. Considering the different clinical purposes and patient varieties, the weighting factors w1 and w2 in the DAPw were designed to be user-adjustable according to the specific priority of accuracy vs. dose. Smaller DAPw indicates better registration consistency at a cost of lower radiation dose. As an example, when w1 and w2 were set as equal, both the mean value and the quartile range of DAPw were the smallest for 100kV CBCT in Figure 2, indicating the best balance between image-guided accuracy and imaging dose. It was also noticed that the interquartile range of DAPw was reduced more dramatically than that of ΔD when an optimal imaging method was used, suggesting that DAPw can be used to support clinical decisions such as reducing inter-observer variabilities and unnecessary radiation exposure.

As a comprehensive metric, DAPw can be used to balance the setup accuracy and imaging dose depending on a specific clinical scenario. For example, for pediatric patients with higher radiation sensitivity and longer expected survival time (16, 18, 26), reducing imaging dose can significantly reduce their risk of secondary cancer in a long term (22, 27). In such cases, higher priority should be assigned to w2 to reduce imaging dose. For the high-risk techniques such as stereotactic radiotherapy and particle therapy, or lesions close to critical organs such as brain stem and spinal cord, imaging strategies with lower ΔD should be prioritized by defining higher w1 (4, 10). In addition to manual assignment of w1 and w2, the patient size-specific dose estimation models may provide an automated way of selection (28, 29). Thereafter, DAPw can be used to develop optimal imaging strategies using various modalities and protocols, striking a patient-specific balance between treatment accuracy and radiation risk. The proposed method is also applicable to compare different accelerators and anatomic sites, yet the body phantom of 32 cm in diameter should be used to quantify the CTDIw for torso. The impact of less-rigid anatomies on the registration uncertainty is also worthy of more studies in the future (30, 31).

The proposed DAPw is complementary to the existing metrics of evaluating image quality and radiation dose. Many parameters have been used in clinic such as the three-dimensional quantitative evaluator of CBCT image quality (6, 13, 20, 24), FOM (15) based on contrast-to-noise ratio and radiation dose, and comprehensive FOMn combining radiation dose and multi-scale image quality of dual-energy CBCT (19). Instead of using rigid phantoms or artificial setup errors (6, 19, 32), DAPw is more clinically relevant by reflecting the impact of image settings on the real patient positioning accuracy explicitly. DAPw is developed to mitigate the radiation dose and setup uncertainties induced by image modalities, protocol settings, observer variabilities and clinical workflows, etc, which is more compatible to the existing procedure of IGRT.

As for limitations, this study did not consider the time cost. Although the scanning trajectory of half-fan kV CBCT is approximately twice of full-fan MV CBCT, the gantry rotation speed of Halcyon is much higher than that of TrueBeam (up to 4RPM), and the impact of the time difference is relatively small.




5 Conclusion

Based on clinical registration consistency as an alternative evaluator of image quality and setup errors, this work proposed and evaluated a novel parameter DAPw, providing patient-specific balance between imaging dose and treatment accuracy for precision radiotherapy.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The studies involving humans were approved by Ethnic Committee of the Deyang People’s Hospital. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.





Author contributions

JL: Data curation, Investigation, Writing – review & editing. XHF: Formal analysis, Methodology, Software, Writing – original draft, Writing – review & editing. ZL: Data curation, Investigation, Writing – review & editing. CY: Data curation, Investigation, Writing – review & editing. QL: Data curation, Investigation, Writing – review & editing. XGF: Formal analysis, Writing – review & editing. TL: Supervision, Validation, Writing – review & editing. CL: Supervision, Validation, Writing – review & editing. SX: Writing – review & editing. YZ: Funding acquisition, Methodology, Supervision, Validation, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. Beijing Natural Science Foundation (Z210008); National Natural Science Foundation of China (12275012, 12475309, 12411530076, 82202941); Fundamental Research Funds for the Central Universities/Clinical Medicine Plus X - Young Scholars Project of Peking University (PKU2024LCXQ033); Innovation and Technology Support Programme (ITS/049/22FP), Innovation and Technology Commission, Hong Kong Special Administrative Regions; Ten Thousand People Project of Ministry of Education (7111400062); National Key Research and Development Program (2019YFF01014405); Inner Mongolia Autonomous Region Science and Technology Plan (2022YFSH0064).




Acknowledgments

The authors thank all physicists at Beijing Cancer Hospital and the Deyang People’s Hospital for their assistance.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Dai, X, Lei, Y, Wang, T, Dhabaan, AH, McDonald, M, Beitler, JJ, et al. Head-and-neck organs-at-risk auto-delineation using dual pyramid networks for CBCT-guided adaptive radiotherapy. Phys Med Biol. (2021) 66:045021. doi: 10.1088/1361-6560/abd953

2. Goyal, S, and Kataria, T. Image guidance in radiation therapy: techniques and applications. Radiol Res Pract. (2014) 2014:705604. doi: 10.1155/2014/705604

3. Chen, H, Shao, Y, Gu, X, Zheng, Z, Wang, H, Gu, H, et al. Geometric and dosimetric changes in tumor and lung tissue during radiotherapy for lung cancer with atelectasis. Front Oncol. (2021) 11:690278. doi: 10.3389/fonc.2021.690278

4. Delombaerde, L, Petillion, S, Weltens, C, and Depuydt, T. Intra-fraction motion monitoring during fast modulated radiotherapy delivery in a closed-bore gantry linac. Phys Imaging Radiat Oncol. (2021) 20:51–5. doi: 10.1016/j.phro.2021.10.005

5. Flores-Martinez, E, Cerviño, LI, Pawlicki, T, and Kim, G-Y. Assessment of the use of different imaging and delivery techniques for cranial treatments on the Halcyon linac. J Appl Clin Med Phys. (2020) 21:53–61. doi: 10.1002/acm2.12772

6. Tegtmeier, RC, Ferris, WS, Chen, R, Miller, JR, Bayouth, JE, and Culberson, WS. Evaluating on-board kVCT- and MVCT-based dose calculation accuracy using a thorax phantom for helical tomotherapy treatments. BioMed Phys Eng Express. (2023) 9. doi: 10.1088/2057-1976/acb93f

7. Pathak, PK, Vashisht, SK, Baby, S, Jithin, PK, Jain, Y, Mahawar, R, et al. Commissioning and quality assurance of HalcyonTM 2.0 linear accelerator. Rep Pract Oncol Radiother J Gt Cancer Cent Poznan Pol Soc Radiat Oncol. (2021) 26:433–44. doi: 10.5603/RPOR.a2021.0065

8. Li, Y, Netherton, T, Nitsch, PL, Balter, PA, Gao, S, Klopp, AH, et al. Normal tissue doses from MV image-guided radiation therapy (IGRT) using orthogonal MV and MV-CBCT. J Appl Clin Med Phys. (2018) 19:52–7. doi: 10.1002/acm2.12276

9. Huang, Y, Wu, H, Hu, Q, Wang, M, Wang, R, Zu, Z, et al. Dose calculation deviations induced by fractional image-guided-couch-shifts for Varian Halcyon MV cone beam CT. Phys Med PM Int J Devoted Appl Phys Med Biol Off J Ital Assoc BioMed Phys AIFB. (2019) 58:66–71. doi: 10.1016/j.ejmp.2019.01.015

10. Khan, M, Sandhu, N, Naeem, M, Ealden, R, Pearson, M, Ali, A, et al. Implementation of a comprehensive set of optimised CBCT protocols and validation through imaging quality and dose audit. Br J Radiol. (2022) 95:20220070. doi: 10.1259/bjr.20220070

11. Branco, D, Mayadev, J, Moore, K, and Ray, X. Dosimetric and feasibility evaluation of a CBCT-based daily adaptive radiotherapy protocol for locally advanced cervical cancer. J Appl Clin Med Phys. (2023) 24:e13783. doi: 10.1002/acm2.13783

12. Barateau, A, De Crevoisier, R, Largent, A, Mylona, E, Perichon, N, Castelli, J, et al. Comparison of CBCT-based dose calculation methods in head and neck cancer radiotherapy: from Hounsfield unit to density calibration curve to deep learning. Med Phys. (2020) 47:4683–93. doi: 10.1002/mp.14387

13. Kim, E, Park, YK, Zhao, T, Laugeman, E, Zhao, XN, Hao, Y, et al. Image quality characterization of an ultra-high-speed kilovoltage cone-beam computed tomography imaging system on an O-ring linear accelerator. J Appl Clin Med Phys. (2024) 25:e14337. doi: 10.1002/acm2.14337

14. De Hond, AAH, Leeuwenberg, AM, Hooft, L, Kant, IMJ, Nijman, SWJ, Van Os, HJA, et al. Guidelines and quality criteria for artificial intelligence-based prediction models in healthcare: a scoping review. NPJ Digit Med. (2022) 5:2. doi: 10.1038/s41746-021-00549-7

15. Pace, E, and Borg, M. Optimisation of a paediatric CT brain protocol: A figure-of-merit approach. Radiat Prot Dosimetry. (2018) 182(3):394–404. doi: 10.1093/rpd/ncy078

16. Huang, Y, Du, Y, Li, C, Wang, H, Zu, Z, Feng, Z, et al. Pediatric cone beam CT on Varian Halcyon and TrueBeam radiotherapy systems: radiation dose and positioning accuracy evaluations. J Radiol Prot Off J Soc Radiol Prot. (2019) 39:739–48. doi: 10.1088/1361-6498/ab1e74

17. Cai, B, Laugeman, E, Mazur, TR, Park, JC, Henke, LE, Kim, H, et al. Characterization of a prototype rapid kilovoltage x-ray image guidance system designed for a ring shape radiation therapy unit. Med Phys. (2019) 46:1355–70. doi: 10.1002/mp.13396

18. Den, RB, Doemer, A, Kubicek, G, Bednarz, G, Galvin, JM, Keane, WM, et al. Daily image guidance with cone-beam computed tomography for head-and-neck cancer intensity-modulated radiotherapy: a prospective study. Int J Radiat Oncol Biol Phys. (2010) 76:1353–9. doi: 10.1016/j.ijrobp.2009.03.059

19. Li, C, Zhou, L, Deng, J, Wu, H, Wang, R, Wang, F, et al. A generalizable new figure of merit for dose optimization in dual energy cone beam CT scanning protocols. Phys Med Biol. (2023) 68. doi: 10.1088/1361-6560/acf3cd

20. Malajovich, I, Teo, B-KK, Petroccia, H, Metz, JM, Dong, L, and Li, T. Characterization of the megavoltage cone-beam computed tomography (MV-CBCT) system on halcyonTM for IGRT: image quality benchmark, clinical performance, and organ doses. Front Oncol. (2019) 9:496. doi: 10.3389/fonc.2019.00496

21. Agency, IAE. Introduction of Image Guided Radiotherapy into Clinical Practice (2019). International Atomic Energy Agency. Available online at: https://www.iaea.org/publications/12264/introduction-of-image-guided-radiotherapy-into-clinical-practice (Accessed June 18, 2024).

22. Borm, KJ, Junker, Y, Düsberg, M, Devečka, M, Münch, S, Dapper, H, et al. Impact of CBCT frequency on target coverage and dose to the organs at risk in adjuvant breast cancer radiotherapy. Sci Rep. (2021) 11:17378. doi: 10.1038/s41598-021-96836-0

23. Pokhrel, D, Mallory, R, and Bernard, ME. The spatial accuracy of ring-mounted halcyon linac versus C-arm TrueBeam linac for single-isocenter/multi-target SBRT treatment. Med Dosim Off J Am Assoc Med Dosim. (2023) 48:170–5. doi: 10.1016/j.meddos.2023.03.005

24. Tegtmeier, RC, Ferris, WS, Bayouth, JE, Miller, JR, and Culberson, WS. Characterization of imaging performance of a novel helical kVCT for use in image-guided and adaptive radiotherapy. J Appl Clin Med Phys. (2022) 23:e13648. doi: 10.1002/acm2.13648

25. Li, H, Zhu, XR, Zhang, L, Dong, L, Tung, S, Ahamad, A, et al. Comparison of 2D radiographic images and 3D cone beam computed tomography for positioning head-and-neck radiotherapy patients. Int J Radiat Oncol Biol Phys. (2008) 71:916–25. doi: 10.1016/j.ijrobp.2008.01.008

26. Bryce-Atkinson, A, De Jong, R, Marchant, T, Whitfield, G, Aznar, MC, Bel, A, et al. Low dose cone beam CT for paediatric image-guided radiotherapy: Image quality and practical recommendations. Radiother Oncol J Eur Soc Ther Radiol Oncol. (2021) 163:68–75. doi: 10.1016/j.radonc.2021.07.027

27. De Rose, F, Franceschini, D, Reggiori, G, Stravato, A, Navarria, P, Ascolese, AM, et al. Organs at risk in lung SBRT. Phys Med PM Int J Devoted Appl Phys Med Biol Off J Ital Assoc BioMed Phys AIFB. (2017) 44:131–8. doi: 10.1016/j.ejmp.2017.04.010

28. Zhang, Y, Wu, H, Chen, Z, Knisely, JPS, Nath, R, Feng, Z, et al. Concomitant imaging dose and cancer risk in image guided thoracic radiation therapy. Int J Radiat Oncol Biol Phys. (2015) 93:523–31. doi: 10.1016/j.ijrobp.2015.06.034

29. Zhang, Y, Yan, Y, Nath, R, Bao, S, and Deng, J. Personalized assessment of kV cone beam computed tomography doses in image-guided radiotherapy of pediatric cancer patients. Int J Radiat Oncol Biol Phys. (2012) 83:1649–54. doi: 10.1016/j.ijrobp.2011.10.072

30. Luo, J, Sedghi, A, Popuri, K, Cobzas, D, Zhang, M, Preiswerk, F, et al. On the Applicability Of Registration Uncertainty (2020). Available online at: http://arxiv.org/abs/1803.05266 (Accessed October 24, 2024).

31. Luo, J, Frisken, S, Wang, D, Golby, A, Sugiyama, M, and III, WMW. Are Registration Uncertainty and Error Monotonically Associated (2020). Available online at: http://arxiv.org/abs/1908.07709 (Accessed October 24, 2024).

32. Wang, H, Huang, Y, Hu, Q, Li, C, Liu, H, Wang, X, et al. A simulated dosimetric study of contribution to radiotherapy accuracy by fractional image guidance protocol of halcyon system. Front Oncol. (2020) 10:543147. doi: 10.3389/fonc.2020.543147




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Liu, Fu, Luo, Yin, Li, Fan, Li, Lin, Xu and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-14-1463219-g002.jpg
DAPw (mmmGy)

‘)

20

—

Lo

0

140KV

100KV





OEBPS/Images/M2.jpg
4D = \/(rt1 - vr12)* + (lng] 2)%+(lat) - lar2)}





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        A novel comprehensive metric balancing imaging dose and setup accuracy in image-guided radiotherapy: concept proposal and clinical validation

      

        		

          Purpose

        



        		

          Materials and methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 General information

          

            		

              2.1.1 Inclusion criteria

            



            		

              2.1.2 Exclusion criteria

            



          



          



          		

            2.2 Data collection

          

            		

              2.2.1 Imaging parameters and registration

            



            		

              2.2.2 Imaging dose quantification

            



          



          



          		

            2.3 Image quality assessment based on registration consistency

          



          		

            2.4 Balancing dose and accuracy

          



          		

            2.5 Statistical analysis

          



        



        



        		

          3 Results

        



        		

          4 Discussion

        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
100kV 140kV

126mAs 720mAs
Scan time (s) 16.6 40.6 14.3
range (cm) 13.2 132 13
Matrix ‘ 512 512 256
CTDI, (mGy) 3.36 25.58 81.00
CTDI, (mGy) 3.30+0.54 21.52+2.84 86.30+7.90
CTDI,, (mGy) | 3133 22.87 84.50

*CTDIc and CTDIp are the CTDI values of the center and periphery of the phantom
respectively. CTDIw is the weighted average of the center and periphery according to the
equation: CTDI,, = + CTDI, + % CTDI,.





OEBPS/Images/fonc.2024.1463219_cover.jpg
& frontiers | Frontiers in Oncology

A novel comprehensive metric balancing
imaging dose and setup accuracy in image-
guided radiotherapy: concept proposal and

clinical validation





OEBPS/Images/table3.jpg
Mean 95% confidence interval

ﬁ:ﬁﬁgﬁil Difference = Significance o o
((E%)) Lower limit Upper limit
ANOVA 25.50 <0.01
MV CBCT 100kV CBCT 18.28 <0.01 12,68 2389
Multiple Comparisons 100kV CBCT 140kV CBCT -3.35 024 -8.95 226

140kV CBCT MV CBCT -14.94 <0.01 -20.54 -9.33






OEBPS/Images/fonc-14-1463219-g001.jpg





OEBPS/Images/M3.jpg
DAP = ADmm)™ + CTDI(mGy)™®





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/M1.jpg
e, +Zeror,





OEBPS/Images/table1.jpg
NKT cell
lymphoma

Brain
metastasis

Oral
cancer

Pituitary
adenoma

Nasopharyngeal
carcinoma

Meningioma

Glioma

Gender

Female

(years)

Total

32

24

13

43

56






