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Abstract

:

Multi-criteria optimization (MCO) function has been available on commercial radiotherapy (RT) treatment planning systems to improve plan quality; however, no study has compared Eclipse and RayStation MCO functions for prostate RT planning. The purpose of this study was to compare prostate RT MCO plan qualities in terms of discrepancies between Pareto optimal and final deliverable plans, and dosimetric impact of final deliverable plans. In total, 25 computed tomography datasets of prostate cancer patients were used for Eclipse (version 16.1) and RayStation (version 12A) MCO-based plannings with doses received by 98% of planning target volume having 76 Gy prescription (PTV76 D98%) and 50% of rectum (rectum D50%) selected as trade-off criteria. Pareto optimal and final deliverable plan discrepancies were determined based on PTV76 D98% and rectum D50% percentage differences. Their final deliverable plans were compared in terms of doses received by PTV76 and other structures including rectum, and PTV76 homogeneity index (HI) and conformity index (CI), using a t-test. Both systems showed discrepancies between Pareto optimal and final deliverable plans (Eclipse: −0.89% (PTV76 D98%) and −2.49% (Rectum D50%); RayStation: 3.56% (PTV76 D98%) and −1.96% (Rectum D50%)). Statistically significantly different average values of PTV76 D98%, HI and CI, and mean dose received by rectum (Eclipse: 76.07 Gy, 0.06, 1.05 and 39.36 Gy; RayStation: 70.43 Gy, 0.11, 0.87 and 51.65 Gy) are noted, respectively (p < 0.001). Eclipse MCO-based prostate RT plan quality appears better than that of RayStation.
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1. Introduction


Prostate cancer ranks as the third most prevalent cancer as per the Global Cancer Statistics 2020 report [1]. In the United States (US) alone, 288,300 men were diagnosed with prostate cancer in 2023, and the disease claimed the lives of 34,700 individuals [2]. Recent studies have indicated that prostate cancer treatments, namely radiotherapy (RT) and prostatectomy, achieve comparable clinical outcomes, highlighting the significant role of RT in managing this disease [3,4].



Although prostate RT is a relatively less invasive treatment, use of ionizing radiation in this treatment may result in adverse effects on the rectum such as pain, bleeding and increase of stool frequency [5,6,7]. RT planning plays a crucial role in minimizing the dose received by nearby healthy structures known as organs at risk (OARs), and hence the adverse effects, while accurately delivering the prescribed radiation amount to the tumor (planning target volume (PTV)) for effective treatment [8,9,10]. However, the rectum being in close proximity to the PTV, along with their overlapping regions, presents a unique challenge in prostate RT planning [11,12,13]. Sometimes, clinicians prefer reducing the dose given to the rectum to mitigate the risk of rectal toxicity at the expense of dose reduction to the PTV within an acceptable range, resulting in a decrease of treatment effectiveness [14,15]. Achieving the right balance between risk mitigation and effective treatment outcomes for each patient requires an iterative process of parameter tuning and multiple re-optimizations, which can be highly time-consuming when performed by a RT treatment planner manually [16,17,18,19,20,21,22].



To address this time-consuming issue and improve RT plan quality, multi-criteria optimization (MCO) has become available in commercial RT treatment planning systems such as RaySearch Laboratories AB RayStation (Stockholm, Sweden) [17,18,20,22,23,24,25,26,27], and Varian Medical Systems, Inc. Eclipse (Palo Alto, CA, USA) over the last decade [16,17,20,21,24,28]. This function allows the planner to use an intuitive interface to explore a series of Pareto optimal plans with different dosimetric trade-offs between PTV coverage and OARs sparing through a Pareto surface (also known as Pareto front). All Pareto optimal plans on the Pareto surface are automatically computed by the planning system based on objectives set by the planner. A treatment plan is considered Pareto optimal when any improvement in one objective can only be achieved with another scarified [16,17,18,19,22].



A few studies have specifically evaluated the use of the MCO function of RayStation [23,25,26] and Eclipse [17] treatment planning systems for prostate RT planning. In 2014, Ghandour et al. [26] conducted the first clinical study to evaluate the RayStation MCO function with nine prostate cancer patients and reported that the MCO plan quality was comparable to the traditional approach but with the added benefit of planning time reduction. Similar findings of comparable plan qualities with and without using the RayStation MCO were noted in Müller et al.’s [25] study with a sample size of 10 patients in 2017, despite the reported planning time saving benefit only being an estimation due to their retrospective study design. Nonetheless, conflicting findings were reported by Kyroudi et al. [23] in 2016 that the RayStation MCO function was unreliable as there were discrepancies between Pareto optimal and final deliverable plans for their five prostate cancer cases. They expected that this discrepancy issue would be addressed by later versions of RayStation. In 2021, Park et al. [17] carried out the first study evaluating the Eclipse MCO function (which has only become available from 2017) for the prostate RT planning for 25 patients and showed that the MCO approach allowed better OARs sparing without sacrificing the PTV coverage. However, they suggested that further studies comparing MCO functions of different treatment planning systems should be conducted.



The purpose of this study was to compare the prostate RT MCO plan qualities of Eclipse version 16.1 (released in 2021) and RayStation version 12A (available from 2022) treatment planning systems in terms of discrepancies between the Pareto optimal and final deliverable plans, and dosimetric impact of the final deliverable plans generated from the Pareto optimal plans. It was hypothesized that the Eclipse MCO function outperformed that of RayStation. Our study was the first of its kind to directly compare the Eclipse and RayStation MCO-based prostate RT treatment plan qualities. Although both systems are widely used in clinical settings, there is a gap in the literature regarding their comparative performance, particularly in the context of prostate RT. This study was conducted to fill this gap and provide the clinical community with some insights on the use of MCO-based planning [17,23,25,26].




2. Materials and Methods


2.1. Patient Selection and Simulation


This was a retrospective study involving 25 prostate cancer patients at Pamela Youde Nethersole Eastern Hospital in Hong Kong Special Administrative Region, with methods based on the similar studies on evaluation of Eclipse/RayStation MCO function for prostate RT planning [17,23,25,26]. The patients were treated with volumetric modulated arc therapy (VMAT) for prostate cancer between January 2021 and December 2022. Although use of stereotactic body radiotherapy (SBRT) has increased over recent years, according to a recent study about US national trends in prostate cancer RT fractionation regimens with 302,035 patients, more than 80% of the prostate cancer patients still received conventional fractionation RT in late 2020. This study focused on VMAT rather than SBRT for increasing its relevance to the wider clinical community [29]. Patient inclusion criteria were: (1) prostate VMAT received; and (2) computed tomography (CT) simulation performed [17,23,26]. All patients received a RT dose of 76 Gy in 38 fractions. There were several patient exclusion criteria to ensure the dataset’s integrity, including: (1) patients who underwent prostate surgery; (2) incomplete medical records; and (3) inadequate imaging data for VMAT planning. The patient characteristics are shown in Table 1.



CT Big Bore (Koninklijke Philips N. V., Amsterdam, The Netherlands) was used for simulation CT scans. To achieve similar full bladder status, the patients were required to empty their bladders and then drink 400 cc of water one hour before the scans. They were all positioned in a supine position on a vacuum bag with both hands on chest for non-contrast CT scans with 120 kV, 350–450 mAs, 3 mm slice thickness, 60 cm field of view, 512 × 512 matrix size, 1.18 pixel spacing, and a standard convolutional kernel for image reconstruction as per routine protocol at Pamela Youde Nethersole Eastern Hospital [7]. This study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review Board of Hong Kong Polytechnic University (approval number: HSEARS20230727002 and date of approval: 3 August 2023) and Research Ethics Committee of Hong Kong East Cluster of Hospital Authority of Government of Hong Kong Special Administrative Region (approval number: HKECREC-2023-009 and date of approval: 14 March 2023), and patient consent was waived due to the study’s retrospective nature.




2.2. Target Volumes and OARs Segmentation


All (25) CT datasets of the selected patients acquired from the CT Big Bore simulator in Digital Imaging and Communications in Medicine (DICOM) format were imported into the Eclipse version 16.1 treatment planning system for clinical target volume (CTV), PTV and OARs segmentation. The OARs (bladder, femoral head, rectum and small bowel) were manually contoured by a radiation therapist with more than 15 years of experience [7,8,9]. The CTV and PTV (prostate and seminal vesicles) were manually segmented by a radiation oncologist experienced in prostate cancer RT, based on European Society for Therapeutic Radiology and Oncology (ESTRO) consensus guidelines [30]. Margins of approximately 10 mm for the corpus of prostate and 15 mm for the seminal vesicles were used to expand the CTV as the PTV [17,25,26]. The OARs, CTV and PTV were subsequently reviewed and approved by another radiation oncologist with associate consultant grade or above for clinical use previously. These arrangements enabled the OARs and target volumes segmentation being more standardized [7,8,9].




2.3. MCO-Based Treatment Planning


Eclipse version 16.1 and RayStation version 12A were used for MCO-based treatment planning for each included CT dataset with TrueBeam linear accelerator and Millennium multi-leave collimator (Varian Medical Systems, Inc., Palo Alto, CA, USA), 2 full arcs and beam energy of 6 MV photons selected [31,32]. The first and second arcs rotated from 175 to 185 degrees counterclockwise, and from 185 to 175 degrees clockwise, respectively. Table 2 shows the dose/volume treatment objectives used for the MCO-based planning of the two systems as per in-house protocol [17,33]. Rectum D50% (V50 ≤ 50%) and PTV76 D98% were selected as trade-off criteria because of their conflicting natures [17,23], i.e., when the dose received by at least 50% of the rectal volume decreased for minimizing the adverse effects of prostate RT, the effectiveness of the prostate cancer treatment also decreased as a result of the reduction of dose received by 98% volume of PTV76, and vice versa [31,32].



Although both treatment planning systems allowed navigation of Pareto optimal plans with different dosimetric trade-offs between the PTV coverage and OARs sparing through their intuitive interfaces, the Eclipse system required prerequisite plan generation based on its inverse planning method (Photon Optimization Algorithm version 16.1) prior to Pareto optimal plan navigation. The optimization process was automatically terminated when the objective functions converged, resulting in variable numbers of iterations across different datasets [17,34]. However, this optimization process (prerequisite plan generation) was not required for RayStation MCO-based planning.



For every dataset, five Pareto optimal plans on the Pareto surface of each system were selected for plan quality evaluation. These included two extreme plans with one having the best PTV dose and worst rectum dose, and another having the worst PTV dose and best rectum dose; and three other intermediate plans between the two extremes on the Pareto front [17,23]. Final deliverable plans were generated based on routine dose calculation algorithms (Eclipse Acuros XB model and RayStation Collapsed Cone-based dose engine) for all selected Pareto optimal plans (also known as navigated plans) [33,35]. This resulted in a total of 125 Pareto optimal and final deliverable plan pairs for each system (5 plan pairs per dataset × 25 datasets). Hence, the MCO-based treatment planning processes of the two systems were identical except for their two intrinsic differences (prerequisite plan generation required by Eclipse and their dose calculation algorithms) to achieve nearly equal conditions for their plan quality comparison.




2.4. Evaluation of MCO-Based Treatment Planning Quality


Discrepancies between the Pareto optimal and final deliverable plans were determined based on percentage differences of the PTV76 D98% and rectum D50%. Furthermore, the final deliverable plans generated from the middle Pareto optimal plans (also known as nominal plans) on the Pareto surfaces by the two treatment planning systems were compared in terms of the doses received by the structures listed in Table 2, and homogeneity index (HI) and conformity index (CI) for the PTV76. HI and CI are indicators of PTV dose distribution uniformity and coverage, and were calculated using Equations (1) and (2) [17,36]. Figure 1 summarizes the overall study design.


  H I =   (   D   2 %   −   D   98 %   )     D   50 %      



(1)




where D2%, D98% and D50% are doses received by 2%, 98% and 50% of PTV, respectively. A HI value of 0 represents an absolute homogenous dose distribution which is the best.


  C I =     V   95 %     P T V    



(2)




where V95% represents size of PTV receiving 95% of prescribed dose, and PTV is total size of this structure. A greater CI value indicates better PTV coverage.




2.5. Statistical Analysis


Statistical analysis was performed with use of SPSS Statistics 28 (International Business Machines Corporation, Armonk, NY, USA). Mean and standard deviations were calculated for: (1) the percentage differences of the PTV76 D98% and rectum D50% to indicate the discrepancies between the Pareto optimal and final deliverable plans; and (2) the doses received by structures listed in Table 2, HI and CI of the 25 selected final deliverable plans. A paired sample t-test was employed to compare these mean values of the two treatment planning systems with a p-value less than 0.05 representing statistically significant difference [8,9,17,37,38].





3. Results


Discrepancies between the Pareto optimal and final deliverable plans are noted for both Eclipse and RayStation treatment planning systems (Table 3). However, on average, the RayStation final deliverable plans showed improvements for both PTV76 D98% (increased by 3.56% resulting in greater effectiveness) and dose to the OAR, rectum (decreased by 1.96% leading to adverse effect reduction) when compared with its Pareto optimal plans. In contrast, the Eclipse final deliverable plans only demonstrated an improvement for rectum sparing but the improvement extent was statistically significantly greater than that of RayStation (p = 0.0136).



Figure 2 shows an example of Pareto fronts of Eclipse and RayStation treatment planning systems for one included case to illustrate the dosimetric trade-offs between the PTV76 D98% and rectum D50% of the Pareto optimal and final deliverable plans. Again, RayStation demonstrated the improvements of PTV76 D98% and rectum D50% for its final deliverable plans but these plans also showed notable issues of PTV76 D98% under-dosage (<76 Gy) and higher dose to rectum when compared with those of Eclipse.



Table 4 illustrates the dosimetric impact of Eclipse and RayStation final deliverable plans generated from their nominal plans. The Eclipse MCO function outperformed that of RayStation as evidenced by Eclipse average values of Dmean and D98% ≥ 76 Gy, smaller mean HI and greater average CI for PTV76, and smaller average rectum Dmean, V50 and V20 with statistically significantly differences for all of these metrics except mean rectum V20 (p < 0.001). However, RayStation demonstrated better sparing the other OARs (those not selected as trade-off criteria) in terms of smaller average values of bladder Dmax, V70 and V55, small bowel Dmax, and left and right femoral heads Dmean with all but one having statistically significantly differences (p < 0.001–0.032).




4. Discussion


To our best knowledge, this is the first study to compare the prostate RT MCO plan qualities of Eclipse version 16.1 and RayStation version 12A treatment planning systems. Hence, it advances the knowledge from other similar studies covering Eclipse version 15.6 and RayStation version 4 [17,23,25,26]. Our findings show that Eclipse outperformed RayStation in the MCO-based prostate RT treatment planning. This is within our expectation because previous studies on the RayStation MCO-based prostate RT treatment planning only demonstrated MCO plan qualities comparable to those of the conventional planning approach [25,26], or sometimes even worse [23]. However, Park et al.’s [17] study with the greatest sample size of 25 prostate cancer patients showed that the Eclipse MCO enabled better OARs sparing without sacrificing the PTV coverage. Our results of Eclipse average PTV76 Dmean and D98% values greater than 76 Gy with mean HI very close to 0 (indicating homogenous dose distribution) and average CI above 1 (good PTV coverage), and smaller rectum average Dmean, V50 and V20 are consistent with Park et al.’s findings.



However, the better performance of the Eclipse MCO function comes at a price which is delivery of higher doses to other OARs not selected as the trade-off criteria such as bladder, small bowel and femoral heads (Table 4). Similar trade-offs are also noted in Park et al.’s [17] study. Moreover, one additional process (prerequisite plan generation) is required for using the Eclipse MCO function which might have an impact on the extent of its potential planning time saving despite the fact that evaluation of planning time reduction is not within the scope of this study [17].



Although our results demonstrate that the lower performance of RayStation MCO function, clinical acceptability of its MCO plans should be determined. Given that clinical acceptable criterion for PTV under-dosage is up to 5% and its mean value of PTV76 D98% was 70.43 Gy (7.3% under-dosage), its MCO plan quality appears not clinically acceptable (Table 4) [23]. Nonetheless, in order to conduct a systematic comparison of the Eclipse and RayStation MCO functions in this study, the dosimetric impacts were evaluated based on their final deliverable plans generated from the nominal plans between the two extreme Pareto optimal plans on the Pareto surfaces. A closer look at Figure 2 reveals that the above determination of clinical acceptability of RayStation MCO function appears to be oversimplified.



Clinically, radiation oncologists are usually involved in selecting a Pareto optimal plan from the Pareto front for generating the final deliverable plan [25]. Figure 2 shows that the PTV76 D98% of RayStation Pareto optimal plans ranged between 70.63 and 73.92 Gy (2.7–7.1% under-dosage). However, Table 3 illustrates that the RayStation final deliverable plans generated from the Pareto optimal plans had 3.56% PTV76 D98% increase on average. For example, Figure 2 demonstrates that the PTV76 D98% range of the RayStation final deliverable plans was 72.18–75.24 Gy which only has a maximum of 5% under-dosage and should be deemed clinically acceptable. Hence, radiation oncologists need to be aware that some RayStation Pareto optimal plans on the Pareto front could have the PTV under-dosage issue, and exercise sound clinical judgement to select appropriate Pareto optimal plans for clinically acceptable practice. They should only consider the RayStation MCO function as a time-saving tool for planning primarily [23,25].



The gastrointestinal toxicity of prostate RT is a well-known issue [7]. Although the Eclipse MCO function seems effective to address this issue, the associated trade-off, increase dose to bladder appears concerning because this can cause hematuria, urinary incontinence and painful urination after prostate RT treatment [17,41]. According to a recent systematic review and meta-analysis, patients who receive the prostate RT have 21.9% and 31.9% chances of having acute gastrointestinal and genitourinary toxicities, and 16.2% and 28.0% for the late toxicities, respectively [42]. In our study, the OAR, bladder was not selected as the trade-off criterion according to similar studies on evaluation of MCO function for the prostate RT planning [23,25,39]. This arrangement facilitated better illustration of the trade-offs between the PTV and rectum doses on the two-dimensional Pareto surface. Additionally, the bladder was already included as one of the dose/volume treatment objectives and hence its selection would have a minimal effect on further optimizing the dose to it without sacrificing the others, i.e., PTV and rectum doses [23].



Use of artificial intelligence (AI) such as machine learning (ML) and deep learning has become popular in medical imaging [7,9,43,44,45]. Apart from the MCO, knowledge-based planning function based on ML technology (known as RapidPlan) has also become available in recent versions of Eclipse [46]. Some studies have already explored integrated use of Eclipse RapidPlan and MCO functions for prostate [16,28], lung [19], brain [47], and head and neck RT [21], and reported that the integrated use increased the RT plan quality in terms of better OARs sparing without sacrificing PTV coverage. Nonetheless, Jayarathna et al.’s study [16] showed that quality of their prostate RT plans generated through the combined use of these functions was only comparable to those with the use of MCO alone. This might be due to the quality of their historical plans used to train the knowledge-based planning model for optimization objective determination [19]. Unfortunately, RayStation version 12A does not allow this integrated use despite the ML knowledge-based planning function being available [35,48]. Hence, only the Eclipse and RayStation MCO functions were compared in this study.



Apart from the aforementioned issue of selection of only two trade-off criteria for the MCO-based planning, there are other limitations in this study. For example, it is a retrospective study with a relatively small sample size of 25 patients from one single center. However, our sample size was the largest among the similar studies which also collected data from a single center [17,23,25,26]. Although a prospective study would allow the evaluation of potential MCO-based planning time saving, the scope of our study was the MCO-based prostate RT planning quality in line with the previous studies [17,23]. The MCO time-saving benefits of individual systems have been reported in other studies [16,25]. Müller et al. [25] and Jayarathna et al. [16] demonstrated that the MCO functions of RayStation version 4.0 and Eclipse version 15.5 were able to reduce the prostate RT planning time by 64% and 32% (average planning time with and without MCO for RayStation (20 and 55 min) and Eclipse (28 and 41 min)), respectively. The longer time required for Eclipse MCO-based planning could be attributed to the additional prerequisite plan generation.



Furthermore, the two RT treatment planning systems provided different dose calculation algorithms (Eclipse Acuros XB model and RayStation Collapsed Cone-based dose engine) for the final deliverable plan generation, which is an unavoidable system limitation despite all other settings for the MCO-based planning being identical. Additionally, the extent of impact of different dose calculation algorithms on the final deliverable plan quality was investigated through evaluating the discrepancies between the Pareto optimal and final deliverable plans. This can be considered a merit of our study [23]. However, direct comparison of the quality of plans with and without MCO use was not performed for individual systems in this study because these have been conducted in previous studies and their findings are available elsewhere [17,23,25,26]. The purpose and novelty of this study was to compare the MCO plan qualities of the two treatment planning systems directly.



Future studies on other cancer types such as lung, brain, and head and neck cancers with prospective data collection from various centers covering multiple RT fractionation regimens such as VMAT and SBRT, greater sample sizes and use of more trade-off criteria are encouraged. Additionally, the comparison of integrated uses of knowledge- and MCO-based prostate RT plannings between Eclipse and RayStation should be conducted when such use is feasible for RayStation [16,19,21,28,47].




5. Conclusions


This study compared the MCO-based prostate RT treatment planning qualities between Eclipse version 16.1 and RayStation version 12A systems. Its results show that both systems had discrepancies between the Pareto optimal and final deliverable plans. The RayStation final deliverable plans showed improvements for both PTV76 D98% and rectum doses when compared with its Pareto optimal plans as a result of the use of dose calculation algorithm different from Eclipse. In addition, the RayStation MCO function was able to generate clinically acceptable plans. Nonetheless, the Eclipse MCO function outperformed that of RayStation, as evidenced by the Eclipse average values of Dmean and D98% ≥ 76 Gy, smaller average HI and greater mean CI for the PTV76, and the smaller average rectum Dmean, V50 and V20 with the statistically significantly differences for all of these metrics except the mean rectum V20.



Radiation oncologists need to be aware of these system specific characteristics when using MCO functions for optimizing treatment outcomes in clinical practice. Future studies on other cancer types such as lung, brain, and head and neck cancers with the prospective data collection from various centers covering multiple RT fractionation regimens such as VMAT and SBRT, greater sample sizes and use of more trade-off criteria are encouraged.







Author Contributions


Conceptualization, J.Y.K.W., V.W.S.L., R.H.M.H. and C.K.C.N.; methodology, J.Y.K.W., V.W.S.L. and R.H.M.H.; software, V.W.S.L. and R.H.M.H.; validation, J.Y.K.W., V.W.S.L. and R.H.M.H.; formal analysis, J.Y.K.W., V.W.S.L. and R.H.M.H.; investigation, J.Y.K.W., V.W.S.L. and R.H.M.H.; resources, V.W.S.L.; data curation, J.Y.K.W., V.W.S.L. and R.H.M.H.; writing—original draft preparation, J.Y.K.W., V.W.S.L., R.H.M.H. and C.K.C.N.; writing—review and editing, J.Y.K.W., V.W.S.L., R.H.M.H. and C.K.C.N.; visualization, J.Y.K.W. and V.W.S.L.; supervision, V.W.S.L. and C.K.C.N.; project administration, V.W.S.L.; funding acquisition, V.W.S.L. All authors have read and agreed to the published version of the manuscript.




Funding


The research assistant salary, equipment and APC were funded by Government of Hong Kong Special Administrative Region Health and Medical Research Fund Research Fellowship Scheme 2021, grant number 06200137; The Hong Kong Polytechnic University Large Equipment Fund for Teaching 2020/21, grant number HTI-4; and The Hong Kong Polytechnic University Collaboration Scheme for HTI and PYNEH Clinical Oncology 2022, grant number P0045657, respectively.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Institutional Review Board of Hong Kong Polytechnic University (approval number: HSEARS20230727002 and date of approval: 3 August 2023) and Research Ethics Committee of Hong Kong East Cluster of Hospital Authority of Government of Hong Kong Special Administrative Region (approval number: HKECREC-2023-009 and date of approval: 14 March 2023).




Informed Consent Statement


Patient consent was waived due to the retrospective nature of the study.




Data Availability Statement


The datasets used in this study are not publicly available due to strict requirements set out by the Research Ethics Committee of Hong Kong East Cluster of Hospital Authority of Government of Hong Kong Special Administrative Region.




Acknowledgments


The authors would like to thank Venus Ho for her assistance with the collection of data from Department of Clinical Oncology, Pamela Youde Nethersole Eastern Hospital, Hong Kong SAR, China.




Conflicts of Interest


The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209–249. [Google Scholar] [CrossRef]

	



Siegel, R.L.; Miller, K.D.; Wagle, N.S.; Jemal, A. Cancer statistics, 2023. CA Cancer J. Clin. 2023, 73, 17–48. [Google Scholar] [CrossRef]

	



Moris, L.; Cumberbatch, M.G.; Van den Broeck, T.; Gandaglia, G.; Fossati, N.; Kelly, B.; Pal, R.; Briers, E.; Cornford, P.; De Santis, M.; et al. Benefits and risks of primary treatments for high-risk localized and locally advanced prostate cancer: An international multidisciplinary systematic review. Eur. Urol. 2020, 77, 614–627. [Google Scholar] [CrossRef]

	



Hamdy, F.C.; Donovan, J.L.; Lane, J.A.; Metcalfe, C.; Davis, M.; Turner, E.L.; Martin, R.M.; Young, G.J.; Walsh, E.I.; Bryant, R.J.; et al. Fifteen-year outcomes after monitoring, surgery, or radiotherapy for prostate cancer. N. Engl. J. Med. 2023, 388, 1547–1558. [Google Scholar] [CrossRef]

	



Casares-Magaz, O.; Bülow, S.; Pettersson, N.J.; Moiseenko, V.; Pedersen, J.; Thor, M.; Einck, J.; Hopper, A.; Knopp, R.; Muren, L.P. High accumulated doses to the inferior rectum are associated with late gastro-intestinal toxicity in a case-control study of prostate cancer patients treated with radiotherapy. Acta Oncol. 2019, 58, 1543–1546. [Google Scholar] [CrossRef]

	



Christiansen, R.L.; Dysager, L.; Hansen, C.R.; Jensen, H.R.; Schytte, T.; Nyborg, C.J.; Bertelsen, A.S.; Agergaard, S.N.; Mahmood, F.; Hansen, S.; et al. Online adaptive radiotherapy potentially reduces toxicity for high-risk prostate cancer treatment. Radiother. Oncol. 2022, 167, 165–171. [Google Scholar] [CrossRef] [PubMed]

	



Leung, V.W.S.; Ng, C.K.C.; Lam, S.K.; Wong, P.T.; Ng, K.Y.; Tam, C.H.; Lee, T.C.; Chow, K.C.; Chow, Y.K.; Tam, V.C.W.; et al. Computed tomography-based radiomics for long-term prognostication of high-risk localized prostate cancer patients received whole pelvic radiotherapy. J. Pers. Med. 2023, 13, 1643. [Google Scholar] [CrossRef] [PubMed]

	



Chan, R.C.K.; Ng, C.K.C.; Hung, R.H.M.; Li, Y.T.Y.; Tam, Y.T.Y.; Wong, B.Y.L.; Yu, J.C.K.; Leung, V.W.S. Comparative study of plan robustness for breast radiotherapy: Volumetric modulated arc therapy plans with robust optimization versus manual flash approach. Diagnostics. 2023, 13, 3395. [Google Scholar] [CrossRef] [PubMed]

	



Ng, C.K.C.; Leung, V.W.S.; Hung, R.H.M. Clinical evaluation of deep learning and atlas-based auto-contouring for head and neck radiation therapy. Appl. Sci. 2022, 12, 11681. [Google Scholar] [CrossRef]

	



Leung, W.S.; Wu, V.W.C.; Liu, C.Y.W.; Cheng, A.C.K. A dosimetric comparison of the use of equally spaced beam (ESB), beam angle optimization (BAO), and volumetric modulated arc therapy (VMAT) in head and neck cancers treated by intensity modulated radiotherapy. J. Appl. Clin. Med. Phys. 2019, 20, 121–130. [Google Scholar] [CrossRef] [PubMed]

	



Wang, K.; Mavroidis, P.; Royce, T.J.; Falchook, A.D.; Collins, S.P.; Sapareto, S.; Sheets, N.C.; Fuller, D.B.; El Naqa, I.; Yorke, E.; et al. Prostate stereotactic body radiation therapy: An overview of toxicity and dose response. Int. J. Radiat. Oncol. Biol. Phys. 2021, 110, 237–248. [Google Scholar] [CrossRef]

	



Ong, A.L.K.; Knight, K.; Panettieri, V.; Dimmock, M.; Tuan, J.K.L.; Tan, H.Q.; Wright, C. Dose-volume analysis of planned versus accumulated dose as a predictor for late gastrointestinal toxicity in men receiving radiotherapy for high-risk prostate cancer. Phys. Imaging Radiat. Oncol. 2022, 23, 97–102. [Google Scholar] [CrossRef]

	



Groen, V.H.; Zuithoff, N.P.A.; van Schie, M.; Monninkhof, E.M.; Kunze-Busch, M.; de Boer, H.C.J.; van der Voort van Zyp, J.; Pos, F.J.; Smeenk, R.J.; Haustermans, K.; et al. Anorectal dose-effect relations for late gastrointestinal toxicity following external beam radiotherapy for prostate cancer in the FLAME trial. Radiother. Oncol. 2021, 162, 98–104. [Google Scholar] [CrossRef]

	



Utsunomiya, S.; Yamamoto, J.; Tanabe, S.; Oishi, M.; Satsuma, A.; Kaidu, M.; Abe, E.; Ohta, A.; Kushima, N.; Aoyama, H. Complementary relation between the improvement of dose delivery technique and PTV margin reduction in dose-escalated radiation therapy for prostate cancer. Pract. Radiat. Oncol. 2019, 9, 172–178. [Google Scholar] [CrossRef]

	



Banaei, A.; Hashemi, B.; Bakhshandeh, M.; Mofid, B. Trade-off between the conflicting planning goals in correlation with patient’s anatomical parameters for intensity-modulated radiotherapy of prostate cancer patients. J. Radiother. Pract. 2019, 18, 232–238. [Google Scholar] [CrossRef]

	



Jayarathna, S.; Shen, X.; Chen, R.C.; Li, H.H.; Guida, K. The effect of integrating knowledge-based planning with multicriteria optimization in treatment planning for prostate SBRT. J. Appl. Clin. Med. Phys. 2023, 24, e13940. [Google Scholar] [CrossRef]

	



Park, J.; Park, J.; Oh, S.; Yea, J.W.; Lee, J.E.; Park, J.W. Multi-criteria optimization for planning volumetric-modulated arc therapy for prostate cancer. PLoS ONE 2021, 16, e0257216. [Google Scholar] [CrossRef] [PubMed]

	



Cilla, S.; Ianiro, A.; Romano, C.; Deodato, F.; Macchia, G.; Buwenge, M.; Dinapoli, N.; Boldrini, L.; Morganti, A.G.; Valentini, V. Template-based automation of treatment planning in advanced radiotherapy: A comprehensive dosimetric and clinical evaluation. Sci. Rep. 2020, 10, 423. [Google Scholar] [CrossRef]

	



Fjellanger, K.; Hordnes, M.; Sandvik, I.M.; Sulen, T.H.; Heijmen, B.J.M.; Breedveld, S.; Rossi, L.; Pettersen, H.E.S.; Hysing, L.B. Improving knowledge-based treatment planning for lung cancer radiotherapy with automatic multi-criteria optimized training plans. Acta Oncol. 2023, 62, 1194–1200. [Google Scholar] [CrossRef] [PubMed]

	



Breedveld, S.; Craft, D.; van Haveren, R.; Heijmen, B. Multi-criteria optimization and decision-making in radiotherapy. Eur. J. Oper. Res. 2019, 277, 1–19. [Google Scholar] [CrossRef]

	



Miguel-Chumacero, E.; Currie, G.; Johnston, A.; Currie, S. Effectiveness of multi-criteria optimization-based trade-off exploration in combination with RapidPlan for head & neck radiotherapy planning. Radiat. Oncol. 2018, 13, 229. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, J.; Li, Y.; Shi, H.; Chang, T.; Luo, Y.; Wang, X.; He, Y.; Chen, N. Multi-criteria optimization achieves superior normal tissue sparing in intensity-modulated radiation therapy for oropharyngeal cancer patients. Oral Oncol. 2018, 80, 74–81. [Google Scholar] [CrossRef] [PubMed]

	



Kyroudi, A.; Petersson, K.; Ghandour, S.; Pachoud, M.; Matzinger, O.; Ozsahin, M.; Bourhis, J.; Bochud, F.; Moeckli, R. Discrepancies between selected Pareto optimal plans and final deliverable plans in radiotherapy multi-criteria optimization. Radiother. Oncol. 2016, 120, 346–348. [Google Scholar] [CrossRef] [PubMed]

	



Wüthrich, D.; Zeverino, M.; Bourhis, J.; Bochud, F.; Moeckli, R. Influence of optimisation parameters on directly deliverable Pareto fronts explored for prostate cancer. Phys. Med. 2023, 114, 103139. [Google Scholar] [CrossRef] [PubMed]

	



Müller, B.S.; Shih, H.A.; Efstathiou, J.A.; Bortfeld, T.; Craft, D. Multicriteria plan optimization in the hands of physicians: A pilot study in prostate cancer and brain tumors. Radiat. Oncol. 2017, 12, 168. [Google Scholar] [CrossRef] [PubMed]

	



Ghandour, S.; Matzinger, O.; Pachoud, M. Volumetric-modulated arc therapy planning using multicriteria optimization for localized prostate cancer. J. Appl. Clin. Med. Phys. 2015, 16, 5410. [Google Scholar] [CrossRef]

	



Kierkels, R.G.; Visser, R.; Bijl, H.P.; Langendijk, J.A.; van’t Veld, A.A.; Steenbakkers, R.J.; Korevaar, E.W. Multicriteria optimization enables less experienced planners to efficiently produce high quality treatment plans in head and neck cancer radiotherapy. Radiat. Oncol. 2015, 10, 87. [Google Scholar] [CrossRef]

	



Alborghetti, L.; Castriconi, R.; Sosa Marrero, C.; Tudda, A.; Ubeira-Gabellini, M.G.; Broggi, S.; Pascau, J.; Cubero, L.; Cozzarini, C.; De Crevoisier, R.; et al. Selective sparing of bladder and rectum sub-regions in radiotherapy of prostate cancer combining knowledge-based automatic planning and multicriteria optimization. Phys. Imaging Radiat. Oncol. 2023, 28, 100488. [Google Scholar] [CrossRef]

	



Qureshy, S.A.; Diven, M.A.; Ma, X.; Marciscano, A.E.; Hu, J.C.; McClure, T.D.; Barbieri, C.; Nagar, H. Differential use of radiotherapy fractionation regimens in prostate cancer. JAMA Netw. Open. 2023, 6, e2337165. [Google Scholar] [CrossRef] [PubMed]

	



Salembier, C.; Villeirs, G.; De Bari, B.; Hoskin, P.; Pieters, B.R.; Van Vulpen, M.; Khoo, V.; Henry, A.; Bossi, A.; De Meerleer, G.; et al. ESTRO ACROP consensus guideline on CT- and MRI-based target volume delineation for primary radiation therapy of localized prostate cancer. Radiother. Oncol. 2018, 127, 49–61. [Google Scholar] [CrossRef] [PubMed]

	



Mukhtar, R.; Butt, S.; Rafaye, M.A.; Iqbal, K.; Mazhar, S.; Sadaf, T. An institutional review: Dosimetry comparison between simultaneous integrated boost IMRT and VMAT for prostate cancer. J. Radiother. Pract. 2021, 20, 321–331. [Google Scholar] [CrossRef]

	



Hunte, S.O.; Clark, C.H.; Zyuzikov, N.; Nisbet, A. Volumetric modulated arc therapy (VMAT): A review of clinical outcomes-what is the clinical evidence for the most effective implementation? Br. J. Radiol. 2022, 95, 20201289. [Google Scholar] [CrossRef]

	



Eclipse Treatment Planning System. Available online: https://varian.widen.net/s/vfdt6qgn2n/eclipse_brochure_rad11118_may2023 (accessed on 13 December 2023).

	



Panettieri, V.; Ball, D.; Chapman, A.; Cristofaro, N.; Gawthrop, J.; Griffin, P.; Herath, S.; Hoyle, S.; Jukes, L.; Kron, T.; et al. Development of a multicentre automated model to reduce planning variability in radiotherapy of prostate cancer. Phys. Imaging Radiat. Oncol. 2019, 11, 34–40. [Google Scholar] [CrossRef] [PubMed]

	



RayStation 12A: Instructions for Use. Available online: https://www.raysearchlabs.com/siteassets/raystation-landing-page/rsl-d-rs-12a-ifu-en-1.1-2023-03-28-raystation-12a-instructions-for-use.pdf (accessed on 13 December 2023).

	



Cao, T.; Dai, Z.; Ding, Z.; Li, W.; Quan, H. Analysis of different evaluation indexes for prostate SBRT plans: Conformity index, homogeneity index and gradient index. Prec. Radiat. Oncol. 2019, 3, 72–79. [Google Scholar] [CrossRef]

	



Da Silva Mendes, V.; Nierer, L.; Li, M.; Corradini, S.; Reiner, M.; Kamp, F.; Niyazi, M.; Kurz, C.; Landry, G.; Belka, C. Dosimetric comparison of MR-linac-based IMRT and conventional VMAT treatment plans for prostate cancer. Radiat. Oncol. 2021, 16, 133. [Google Scholar] [CrossRef] [PubMed]

	



Scobioala, S.; Kittel, C.; Elsayad, K.; Kroeger, K.; Oertel, M.; Samhouri, L.; Haverkamp, U.; Eich, H.T. A treatment planning study comparing IMRT techniques and cyber knife for stereotactic body radiotherapy of low-risk prostate carcinoma. Radiat. Oncol. 2019, 14, 143. [Google Scholar] [CrossRef] [PubMed]

	



Kyroudi, A.; Petersson, K.; Ozsahin, E.; Bourhis, J.; Bochud, F.; Moeckli, R. Exploration of clinical preferences in treatment planning of radiotherapy for prostate cancer using Pareto fronts and clinical grading analysis. Phys. Imaging Radiat. Oncol. 2020, 14, 82–86. [Google Scholar] [CrossRef] [PubMed]

	



Bisello, S.; Cilla, S.; Benini, A.; Cardano, R.; Nguyen, N.P.; Deodato, F.; Macchia, G.; Buwenge, M.; Cammelli, S.; Wondemagegnehu, T.; et al. Dose-volume constraints for organs at risk in radiotherapy (CORSAIR): An “all-in-one” multicenter-multidisciplinary practical summary. Curr. Oncol. 2022, 29, 7021–7050. [Google Scholar] [CrossRef]

	



Schaake, W.; van der Schaaf, A.; van Dijk, L.V.; van den Bergh, A.C.M.; Langendijk, J.A. Development of a prediction model for late urinary incontinence, hematuria, pain and voiding frequency among irradiated prostate cancer patients. PLoS ONE 2018, 13, e0197757. [Google Scholar] [CrossRef]

	



Carvalho, Í.T.; Baccaglini, W.; Claros, O.R.; Chen, F.K.; Kayano, P.P.; Lemos, G.C.; Weltman, E.; Kuban, D.A.; Carneiro, A. Genitourinary and gastrointestinal toxicity among patients with localized prostate cancer treated with conventional versus moderately hypofractionated radiation therapy: Systematic review and meta-analysis. Acta Oncol. 2018, 57, 1003–1010. [Google Scholar] [CrossRef]

	



Ng, C.K.C. Diagnostic performance of artificial intelligence-based computer-aided detection and diagnosis in pediatric radiology: A systematic review. Children 2023, 10, 525. [Google Scholar] [CrossRef] [PubMed]

	



Ng, C.K.C. Generative adversarial network (generative artificial intelligence) in pediatric radiology: A systematic review. Children 2023, 10, 1372. [Google Scholar] [CrossRef] [PubMed]

	



Ng, C.K.C. Artificial intelligence for radiation dose optimization in pediatric radiology: A systematic review. Children 2022, 9, 1044. [Google Scholar] [CrossRef] [PubMed]

	



RapidPlan Knowledge-Based Planning. Available online: https://www.varian.com/en-au/products/radiotherapy/treatment-planning/rapidplan-knowledge-based-planning (accessed on 14 December 2023).

	



Gebru, T.; Luca, K.; Wolf, J.; Kayode, O.; Yang, X.; Roper, J.; Zhang, J. Evaluating Pareto optimal tradeoffs for hippocampal avoidance whole brain radiotherapy with knowledge-based multicriteria optimization. Med. Dosim. 2023, 48, 273–278. [Google Scholar] [CrossRef]

	



RayStation Machine Learning Automated Treatment Planning. Available online: https://www.raysearchlabs.com/siteassets/about-overview/media-center/wp-re-ev-n-pdfs/white-papers/whitepaper_ml_automatedplanning_raystation.pdf (accessed on 14 December 2023).








[image: Diagnostics 14 00465 g001] 





Figure 1. Study design overview. D/V, dose/volume; MCO, multi-criteria optimization; OARs, organs at risk; PTV, planning target volume. 
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Figure 2. Example of Pareto fronts of Eclipse and RayStation treatment planning systems. D50%/98%, dose received by 50/98% of structure, respectively; PTV76, planning target volume receiving 76 Gy dose. 
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Table 1. Patient characteristics (n = 25).
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	Characteristics
	Value





	Age
	



	60–69 years
	3 (12%)



	70–79 years
	18 (72%)



	>80 years
	4 (16%)



	Tumor classification
	



	T1
	6 (24%)



	T2
	8 (32%)



	T3
	11 (44%)



	T4
	0 (0%)



	N0
	25 (100%)



	N1
	0 (0%)



	M0
	25 (100%)



	M1
	0 (0%)



	Histology
	



	Adenocarcinoma
	6 (24%)



	Acinar adenocarcinoma
	8 (32%)



	Unknown
	11 (44%)



	Pre-treatment PSA level (ng/mL)
	



	<10
	12 (48%)



	10–20
	9 (36%)



	>20
	4 (16%)



	Pre-treatment GS
	



	≤6
	7 (28%)



	7
	14 (56%)



	≥8
	4 (16%)



	Median PTV size (cm3)
	98.48







Figures in parentheses are proportions. PSA, prostate-specific antigen; GS, Gleason score; PTV, planning target volume.













 





Table 2. Dose/volume treatment objectives for multi-criteria optimization-based prostate radiotherapy treatment planning.
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Structure

	
Dose/Volume Objectives






	
PTV76

	
D2% ≤ 105%




	
D99% ≥ 100%




	
D98% ≥ 100%




	
Rectum 1

	
Dmax < 105%




	
V70 ≤ 20%




	
V50 ≤ 50%




	
Bladder 1

	
V70 ≤ 20%




	
V55 ≤ 50%




	
Small bowel 1

	
Dmax < 52 Gy




	
Femoral head 1

	
V50 ≤ 5%








1 Organs at risk. CTV76, clinical target volume receiving 76 Gy dose; D2%/98%/99%, dose received by 2%/98%/99% of structure; Dmax, maximum dose received by structure; PTV76, planning target volume receiving 76 Gy dose; V50/55/70, volume of structure receiving 50/55/70 Gy dose.













 





Table 3. PTV76 D98% and rectum D50% percentage differences between Pareto optimal and final deliverable plans.
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Parameter

	
% Difference

	
p-Value




	
Eclipse

	
RayStation






	
PTV76 D98%

	
−0.89 ± 0.68%

	
3.56 ± 1.90%

	
<0.001




	
Rectum D50%

	
−2.49 ± 2.99%

	
−1.96 ± 2.59%

	
0.0136








Figures are expressed in mean ± standard deviation. D50%/98%, dose received by 50%/98% of structure, respectively; PTV76, planning target volume receiving 76 Gy dose.













 





Table 4. Dosimetric impact of Eclipse and RayStation final deliverable plans in multi-criteria optimization-based prostate radiotherapy treatment planning.
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Structure

	
Parameter

	
Reference Constraint Value

	
Eclipse

	
RayStation

	
p-Value






	
PTV76

	
Dmean (Gy)

	
-

	
78.64 ± 0.32

	
76.88 ± 0.78

	
<0.001




	
D98% (Gy)

	
≥72.2 [26,39]

	
76.07 ± 0.67

	
70.43 ± 1.55

	
<0.001




	
HI

	
-

	
0.06 ± 0.01

	
0.11 ± 0.02

	
<0.001




	
CI

	
-

	
1.05 ± 0.03

	
0.87 ± 0.04

	
<0.001




	
Rectum

	
Dmax (Gy)

	
-

	
81.25 ± 0.90

	
78.43 ± 0.74

	
<0.001




	
Dmean (Gy)

	
-

	
39.36 ± 4.84

	
51.65 ± 7.51

	
<0.001




	
V50 (cm3)

	
<50% [40]

	
23.56 ± 10.06

	
34.96 ± 13.39

	
<0.001




	
V20 (cm3)

	
-

	
44.04 ± 22.59

	
45.29 ± 22.71

	
0.423




	
Bladder

	
Dmax (Gy)

	
-

	
82.32 ± 0.52

	
79.14 ± 0.78

	
<0.001




	
Dmean (Gy)

	
-

	
34.28 ± 9.81

	
34.95 ± 9.69

	
0.404




	
V70 (cm3)

	
<35% [40]

	
61.19 ± 21.39

	
37.55 ± 13.43

	
0.001




	
V55 (cm3)

	
-

	
84.28 ± 27.78

	
63.31 ± 20.49

	
0.002




	
Small bowel

	
Dmax (Gy)

	
≤55 [40]

	
21.92 ± 21.35

	
19.49 ± 18.35

	
0.334




	
Left femoral head

	
Dmean (Gy)

	
-

	
16.44 ± 3.19

	
11.87 ± 3.96

	
<0.001




	
Right femoral head

	
Dmean (Gy)

	
-

	
17.15 ± 4.97

	
11.57 ± 4.02

	
0.032








Figures are expressed in mean ± standard deviation. CI, conformity index; D98%, dose received by 98% of structure; Dmean/max, mean/maximum dose received by structure, respectively; HI, homogeneity index; PTV76, planning target volume receiving 76 Gy dose; V20/50/55/70, volume of structure receiving 20/50/55/70 Gy dose, respectively.
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