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Purpose

For a cohort of prostate cancer patients treated on an MR-guided radiotherapy (MRgRT) system, we retrospectively analyzed urethral interfractional geometric and dosimetric variations based on onboard MRIs acquired at different timepoints and evaluated onboard prostatic urethra visualization for urethra-focused online adaptive RT.



Methods

Twenty-six prostate cancer patients were prospectively scanned on a 0.35-T MRgRT system using an optimized T2-weighted HASTE sequence at simulation and final fraction. Two radiation oncologists (RO1 and RO2) contoured the urethras on all HASTE images. The simulation and final fraction HASTE images were rigidly registered, and urethral interobserver and interfractional geometric variation was evaluated using the 95th percentile Hausdorff distance (HD95), mean distance to agreement (MDA), center-of-mass shift (COMS), and DICE coefficient. For dosimetric analysis, simulation and final fraction HASTE images were registered to the 3D bSSFP planning MRI and 3D bSSFP final setup MRI, respectively. Both ROs’ urethra contours were transferred from HASTE images for initial treatment plan optimization and final fraction dose estimation separately. Stereotactic body radiotherapy (SBRT) plans, 40 Gy in 5 fractions, were optimized to meet clinical constraints, including urethral V42Gy ≤0.03 cc, on the planning MRI. The initial plan was then forward calculated on the final setup MRI to estimate urethral dose on the final fraction and evaluate urethral dosimetric impact due to anatomy change.



Results

The average interobserver HD95, MDA, COMS, and DICE were 2.85 ± 1.34 mm, 1.02 ± 0.36 mm, 3.16 ± 1.61 mm, and 0.58 ± 0.15, respectively. The average interfractional HD95, MDA, COMS, and DICE were 3.26 ± 1.54 mm, 1.29 ± 0.54 mm, 3.34 ± 2.01 mm, and 0.49 ± 0.18, respectively. All patient simulation MRgRT plans met all clinical constraints. For RO1 and RO2, 23/26 (88%) and 21/26 (81%) patients’ final fraction estimated urethral dose did not meet the planned constraint. The average urethral V42Gy change was 0.48 ± 0.58 cc.



Conclusion

Urethral interfractional motion and anatomic change can result in daily treatment violating urethral constraints. Onboard MRI with good visualization of the prostatic urethra can be a valuable tool to help better protect the urethra through patient setup or online adaptive RT.
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Introduction

Stereotactic body radiotherapy (SBRT) is now a widely accepted standard-of-care option for localized prostate cancer (1). Despite an overall highly favorable safety profile, SBRT late (13.3%) grade ≥2 genitourinary (GU) toxicity rates remain a significant challenge (2–5). Past efforts for reducing late GU toxicities have been focused on bladder sparing (6). However, urethral injury is also a significant contributor to GU toxicity (7, 8). The urethra can be constrained below the prescription dose (urethra sparing) or above (hotspot limitation). Prospective SBRT trials have reported allowable urethra doses ranging between 34.7 and 52.5 Gy in 5 fractions (9, 10). Leeman et al. analyzed patients enrolled in trials for SBRT and showed that an increase in the maximum urethral dose metric (MUDM) correlated to an increase in acute (≤3 months) and late (>3 months) grade ≥2 GU toxicity rates (8). While urethral sparing approaches are appealing from the standpoint of limiting toxicity, postradiation patterns of failure studies have suggested that periurethral recurrences are common, and therefore, hotspot limitation may be a better goal for minimizing toxicity while maintaining efficacy (11).

In addition to urethral dose constraints, urethra delineation uncertainty and intrafractional/interfractional motion can also contribute to GU toxicity. Delineating the urethra on computed tomography (CT) images is non-trivial due to the lack of contrast between the urethra and prostate (12). Foley catheters have been used to delineate the urethra on planning CTs; however, the catheter can also displace and deform the urethra, resulting in urethra misposition (13, 14). Alternatively, magnetic resonance images (MRIs) can be acquired and registered to planning CTs for urethra delineation (15). Diagnostic 3T T2-weighted MRI has shown good urethra visualization and low interobserver urethra contouring variation (16, 17). However, contouring uncertainty from cross-modality registration adds uncertainties (18). Moreover, the shape and location of the urethra may change between diagnostic MRI and planning CT acquisitions, which are often acquired on different days with different patient positions. As for urethra intrafractional/interfractional motion, little has been studied and its impact on urethral dose is unknown due to limited urethra visualization tools.

Recently, advancements in MR-guided radiation therapy (MRgRT) and the development of MR linear accelerators (MR-LINAC), equipped with onboard MRI, have allowed the application of MRI for prostate treatment planning, adaptation, and monitoring. MRI provides high soft-tissue contrast for accurate tumor and critical structure delineation (19). MR-Linac’s onboard MRIs allow for fiducial-free daily patient setup and interfractional MR-guided online adaptive radiation therapy (MRgART), where initial treatment plans can be recalculated or reoptimized based on the patient’s daily anatomy (20). Real-time cine MR can also be acquired during treatment delivery to monitor intrafraction motion and gate treatment (21). Consistent and frequent radiation-free MR imaging, throughout patient treatment, enables the use of smaller planning margins and improved critical structure sparing (5). Furthermore, the MRgRT workflow minimizes cross-modality and cross-system registration errors as the MRIs are acquired on the same system with the patient in the treatment position.

Currently, it is standard practice to acquire a 3D balanced steady-state free precession (bSSFP) MRI for MRgRT treatment planning and daily patient setup using the ViewRay MRIdian MR-Linac (ViewRay Inc., Oakwood Village, OH, USA). Clinical bSSFP is intrinsically fast and has a high signal-to-noise ratio (SNR). However, it is T2/T1-weighted and provides lower urethral contrast than T2-weighted scans (22). As a result, at our institution, a T2-weighted MRI sequence is optimized and performed at the end of patient MR simulation for urethra delineation (22). Due to time constraints, T2-weighted MRIs are not acquired for daily patient setup and are acquired with a smaller FOV covering only the prostate gland. Herein, we analyze interobserver variability as well as geometric and dosimetric changes in the urethra between the simulation scan and the final fraction of SBRT in a cohort of prospectively treated patients to determine the clinical significance of onboard urethra visualization for urethra-focused MRgART.



Methods and Materials

This study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Institutional Review Board of the University of California, Los Angeles, IRB #17-001064, on December 6, 2017. Twenty-six prostate cancer patients undergoing MRgRT SBRT between June 2020 and June 2021 were prospectively included. Prior to patient simulation and each treatment fraction, patients were instructed to follow the institutional bladder filling and rectum emptying protocol. For CT simulation, patients were immobilized with a vacuum bag and a pelvic CT was acquired on a 16-slice CT scanner (Sensation Open, Siemens Medical Solutions, Erlangen, Germany). For MR simulation and before each treatment fraction, a clinical bSSFP MRI was acquired on a 0.35-T MR-Linac system (ViewRay MRIdian, ViewRay Inc., Cleveland, OH, USA) using the same immobilization device. Additionally, a urethra-specific T2-weighted 3D half-Fourier acquisition single-shot turbo spin-echo (3D HASTE) was acquired at simulation (HASTE 1) and at the end of the final treatment fraction (HASTE 2). Urethra imaging was only acquired at two timepoints due to clinical time constraint. 3D HASTE sequence parameters are as follows: repetition time (TR) = 1,800 ms, echo time (TE) = 246 ms, voxel size 1.5 mm isotropic, FOV = 227 × 400 mm2, number of slices = 40, number of averages = 6, and acquisition time = 8:06 min. A more detailed explanation of 3D HASTE sequence optimization can be found in Pham et al. (22).

The simulation clinical bSSFP MRI serves as the primary treatment planning image (planning MRI). An attending physician contoured the prostate gland as the clinical target volume (CTV) and all critical structures on the planning MRI in MIM Software (Cleveland, OH, USA). Due to high MRI prostate visualization and MRgRT daily/real-time image guidance, the planning target volume (PTV) was constructed by isotropically expanding the CTV by 2 mm. Two radiation oncologists (RO1 and RO2) independently contoured the prostatic urethras on both HASTE 1 and HASTE 2 for all patients. Prostatic urethra contours were cropped to be within the PTV. HASTE 1 and 2 were rigidly registered in MIM Software using box-based assisted alignment on the prostate. Afterward, a medical physicist checked the registration and manual translational/rotational adjustments were made if necessary. Urethral interobserver and interfractional geometric variation was evaluated using the 95th percentile Hausdorff distance (HD95), mean distance agreement (MDA), center-of-mass shift (COMS), and DICE coefficient. A DICE coefficient score of >0.70 reflects a good spatial and volumetric agreement between observers or no geometrical change between imaging fractions (17). Additionally, HASTE 1 and 2 bladder volumes were estimated, and the association between bladder volume change and urethral motion was assessed using regression analysis. Due to HASTE images’ limited FOV, complete bladder volume could not be measured, and as a result, a surrogate area index (Area = A × B) was used, in which the long axis (A) and the perpendicular short axis (B) of the bladder in the central sagittal plane were measured.

Furthermore, each RO qualitatively scored the urethra visibility of each image on a 4-point scale: 1 = no conspicuity; 2 = some conspicuity, the urethra can be identified, but not very clear; 3 = good conspicuity, the urethra can be identified clearly; and 4 = excellent conspicuity. RO1 and RO2’s urethra visibility scores were compared using the Wilcoxon signed-rank test with a significance level of 0.05.

For dosimetric analysis, HASTE 1 and HASTE 2 were rigidly registered to their respective clinical bSSFP MRI. Both RO’s urethra contours were transferred separately from HASTE images for treatment planning and dose estimation. For each RO, an MRgRT treatment plan was generated on the planning MRI using clinical contours and their respective HASTE 1 urethra contours. MRgRT plans were prescribed to deliver 40 Gy to 95% of PTV [5 fractions (Fx); 8 Gy/Fx]. Each plan was optimized to meet clinical constraints (Table 1), including a urethral hotspot limiting constraint (V42Gy ≤ 0.03 cc). Urethral hotspot limitation constraint was prioritized over urethral sparing to maintain treatment efficacy and reduce the risk of disease recurrence. The dose was calculated on the planning MRI with deformably registered electron density information from simulation CT using the MRgRT treatment planning system. Afterward, the final fraction urethral dose was estimated by performing a forward calculation of the initial plan onto the final fraction patient setup bSSFP MRI. Urethral constraint, mean dose, D0.03cc, V42Gy, and PTV mean dose change between simulation and final fraction were evaluated. Simulation and final fraction dose parameters were compared using paired t-test with a significance level of 0.05.


Table 1 | Clinical constraints for prostate patients.





Results

The average time between simulation and final fraction imaging was 21.4 ± 4.6 days. RO1’s and RO2’s average qualitative urethra visibility scores were 1.8 ± 0.7 and 3.2 ± 0.7, respectively. RO2 scored urethra visibility significantly greater than RO1 (p < 0.05). The average HD95, MDA, COMS, and DICE between RO1 and RO2’s urethra contours were 2.85 ± 1.34 mm, 1.02 ± 0.36 mm, 3.16 ± 1.61 mm, and 0.58 ± 0.15.

Figures 1–4 show four prostate patients’ (Patients A–D) HASTE 1 and 2 with RO1 and RO2 contours. Patients A–D showed ok–good interobserver contour agreement (DICE > 0.60). Patients A and B showed minimal urethral interfractional change (DICE > 0.62), while patients C and D showed significant urethral interfractional change (DICE < 0.54). The combined RO average HD95, MDA, COMS, and DICE between simulation and final fraction urethra contours for all patients were 3.26 ± 1.54 mm, 1.29 ± 0.54 mm, 3.34 ± 2.01 mm, and 0.49 ± 0.18, respectively. No correlation between urethral motion and the bladder volume surrogate was observed (R2 < 0.1).




Figure 1 | Patient A’s (A) simulation (HASTE 1) and (B) final fraction (HASTE 2) urethra images (red arrows pointing to the urethra). (C) Interobserver urethra contour agreement between RO1 (purple) and RO2 (green) for HASTE 1. (D) Interobserver urethra contour agreement between RO1 (blue) and RO2 (pink) for HASTE 2. Planning target volume (PTV) is contoured in orange. Interfractional urethra changes for (E) RO1 and (F) RO2 on fused (checkerboard layout) HASTE 1 and 2 images.






Figure 2 | Patient B’s (A) simulation (HASTE 1) and (B) final fraction (HASTE 2) urethra images (red arrows pointing to the urethra). (C) Interobserver urethra contour agreement between RO1 (purple) and RO2 (green) for HASTE 1. (D) Interobserver urethra contour agreement between RO1 (blue) and RO2 (pink) for HASTE 2. Planning target volume (PTV) is contoured in orange. Interfractional urethra changes for (E) RO1 and (F) RO2 on fused (checkerboard layout) HASTE 1 and 2 images.






Figure 3 | Patient C’s (A) simulation (HASTE 1) and (B) final fraction (HASTE 2) urethra images (red arrows pointing to the urethra). (C) Interobserver urethra contour agreement between RO1 (purple) and RO2 (green) for HASTE 1. (D) Interobserver urethra contour agreement between RO1 (blue) and RO2 (pink) for HASTE 2. Planning target volume (PTV) is contoured in orange. Interfractional urethra changes for (E) RO1 and (F) RO2 on fused (checkerboard layout) HASTE 1 and 2 images.






Figure 4 | Patient D’s (A) simulation (HASTE 1) and (B) final fraction (HASTE 2) urethra images (red arrows pointing to the urethra). (C) Interobserver urethra contour agreement between RO1 (purple) and RO2 (green) for HASTE 1. (D) Interobserver urethra contour agreement between RO1 (blue) and RO2 (pink) for HASTE 2. Planning target volume (PTV) is contoured in orange. Interfractional urethra changes for (E) RO1 and (F) RO2 on fused (checkerboard layout) HASTE 1 and 2 images.



All patient simulation MRgRT plans met all clinical constraints, including urethral hotspot constraints. The combined RO average simulation urethral mean dose, D0.03cc, V42Gy, and PTV mean dose were 40.69 ± 0.37 Gy, 41.83 ± 0.21 Gy, 0.02 ± 0.01 cc, and 41.29 ± 0.22 Gy, respectively. However, for RO1 and RO2, 23/26 (88%) and 21/26 (81%) patients’ final fraction estimated urethral dose did not meet V42Gy ≤0.03 cc. The combined RO average final fraction urethral mean dose, D0.03cc, V42Gy, and PTV mean dose were 41.10 ± 0.68 Gy, 42.62 ± 0.72 Gy, 0.50 ± 0.58 cc, and 40.84 ± 0.65 Gy, respectively. The final fraction urethral dose parameters were significantly greater than the simulation (p < 0.05), whereas the PTV dose parameters were significantly less (p < 0.05). The combined RO average urethral mean dose, D0.03cc, V42Gy, and PTV mean dose change were 0.41 ± 0.60 Gy, 0.79 ± 0.74 Gy, 0.48 ± 0.58 cc, and −0.45 ± 0.71, respectively. Overall, dose parameters and urethral constraint change were consistent for both ROs.

Figures 5, 6 show both ROs’ patients’ A–D calculated (simulation) and estimated (final fraction) dose and urethra V42Gy. Patient A demonstrated minimal geometric urethral change and, as a result, little urethral dose change. Alternatively, Patient B showed minimal geometric urethral change but significant urethral dose changes due to other anatomical changes such as differential bladder filling. Patient C exhibited significant geometric urethral change, resulting in the urethra moving into hotspot regions. Patient D showed significant geometric urethral change but little dose change, demonstrating the importance of hotspot location and robustness of each MRgRT IMRT plan.




Figure 5 | RO1’s calculated and estimated dose and urethral V42Gy for patient A–D’s simulation (A–D) and final fraction (E–H) bSSFP. RO1 simulation/final HASTE urethra contour—purple/blue. Orange contour—PTV. Red—105% (42 Gy) isodose region, yellow—95% (38 Gy) isodose region.






Figure 6 | RO2’s calculated and estimated dose and urethral V42Gy for patient A–D’s simulation (A–D) and final fraction (E–H) bSSFP. RO2 simulation/final HASTE urethra contour—purple/blue. Orange contour—PTV. Red—105% (42 Gy) isodose region, yellow—95% (38 Gy) isodose region.





Discussion

This study evaluated prostate cancer patients’ interfractional urethral geometric and dosimetric changes. Significant geometric and spatial urethral changes between simulation and the final fraction were noticed, indicating the potential need for daily urethral imaging to achieve better urethra protection by limiting urethral hotspots in MRgRT treatment planning and delivery. Our study reveals that the efficacy of urethral hotspot-limiting constraints depends on interfractional urethral geometric and anatomic changes as more than 80% of patients had a failing final fraction urethra V42Gy constraint. In other words, interfractional urethral geometric changes can result in a significant volume of the urethra moving into planned hotspot regions as shown in Figures 5, 6. Additionally, interfractional anatomical changes such as the bladder filling variation and prostate swelling can significantly alter the planned dose distribution and result in a higher urethral dose (23). Currently, there is no well-established dosimetric constraint for the urethra. Prostate cancer patients were prescribed a 5Fx × 8-Gy SBRT schedule to the PTV, which is a higher dose than the more common, lower dose 5Fx × 7.25Gy schedule. In principle, a lower prescription dose may have a lower likelihood of GU toxicity; however, urethral hotspots remain a concern for the 5Fx × 7.25Gy schedule as the CTV, containing the urethra, is still prescribed to receive 40 Gy (3). The MRgART workflow with onboard urethral imaging may be valuable to account for the daily urethral change as shown in this study, and if necessary, treatment reoptimization may be utilized to replan and reduce daily urethral hotspots and, as a result, GU toxicity.

This study had several limitations. First, there is a lack of urethra ground truth to reference, and as a result, interfractional urethral geometric and dosimetric changes are reported as relative changes. Currently, there is no gold-standard ground truth for urethra localization at the time of treatment. Nonetheless, the much improved soft-tissue contrast with the urethral-specific MRI makes us more confident in urethra localization. Second, urethra qualitative visibility with our current MRI sequence varied considerably between patients and between observers. Interpatient urethral visibility variance may be due to varying amounts of residual urine in the prostatic urethra, surrounding fat and motion/ghosting artifacts, as well as nearby prostatic hyperplasia compressing the prostatic urethra (16). Interobserver urethral visibility variance can also be due to different observer experiences. Further MRI sequence and imaging protocol optimization is necessary to achieve more robust urethral visualization. Third, the reported urethral MRI sequence took 7–8 min, which may be impractical for the already time-intensive MRgART workflow. The long urethral scan time can increase the chance of unwanted patient motion and anatomical changes. Therefore, future work will explore MR sequence acceleration strategies. Lastly, due to long urethral imaging times and clinical time constraints, urethra images were only acquired at simulation and at the final fraction, which limits the accuracy of the reported urethral interfractional geometric and dosimetric changes or variations. Despite this, a total of 26 prostate cancer patients were recruited, and the reported results of the entire cohort can be used to estimate urethral interfractional variations.



Conclusion

Interfractional urethral geometric or anatomical changes can result in clinically significant urethral dose change for prostate cancer patients treated with urethral hotspot-limiting MRgRT plans, potentially contributing to an increased urethral dose. The MRgART workflow with onboard urethral imaging may be used to reduce daily urethral hotspots and, as a result, GU toxicity.
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