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Editorial on the Research Topic 


Radiation therapy using MRI-Linac - the right way to start: a guide for physicians and physicists


Radiotherapy iss an important method of local-regional treatment of malignancies and has witnessed impressive advancements in recent years. The main aim of radiotherapy is to increase the outcome of patients while minimizing side effects. The emergence of a new cutting-edge hybrid technology - Magnetic Resonance Image-guided Linear Accelerators (MR-Linac) - is a revolutionary breakthrough technology in the field. This new technology combines real-time MR imaging of “the anatomy of the day”, prediction of the dose distribution, online adaptive optimization of the plan if needed, and continuous automatic cine-MR tracking of the target. As this technology has a significantly different workflow compared to conventional radiotherapy, it is crucial to understand the fundamentals of utilizing MR-Linac to reach the goal to obtain optimal patient outcomes. The following topics we would like to emphasize are the major important components of MR-Linac technology;



1 Exploiting the power of MR imaging during online adaptive radiotherapy

One of the key influences of MR-Linac is the ability to integrate high-quality real-time MR imaging into the MR-guided radiotherapy workflow. Physicians must notice the implication of this feature to visualize the exact location of tumors and critical structures immediately before the treatment, recontouring or editing tumors and neighboring normal organs and structures if needed, and tracking the tumors continuously during beam-on and stop the treatment automatically if the target is out of the boundaries.




2 Collaborative approach of the treatment team

The successful implementation of a new MR-Linac workflow requires close teamwork between physicians, Radiotherapy Technologists (RTTs), and Medical Physicists. Each team member has a valuable role in the different steps of the workflow. This collaborative approach aims to synergistically exploit the capabilities of MR-Linac (1).




3 Online adaptive radiotherapy: optimizing precision and personalization

Members of the team should collaborate to develop optimal personalized treatment plans based on the “anatomy of the day” imaging where needed. A recent analysis of 50 patients with localized prostate cancer who were treated with ultra-hypofractionation using MRgRT in a total of 250 fractions has shown that in 76% (190/250 fractions) of fractions, reoptimizisation is needed due to various reasons (2).




4 Continuous monitoring of the target during beam on

This new technology enables the real-time tracking of the tumors, ensuring the preplanned optimal target dose.

The goal of this Research Topic is to collect and summarise the growing knowledge from institutions using online MR-guided radiotherapy. To share the obstacles, solutions, learning curves, and innovations of this new treatment modality. Eleven top-notch manuscripts are published in this new Research Topicof Frontiers in Oncology – Radiation Oncology Journal.

The first manuscript of this Research Topic aimed to evaluate the geometrical differences and metabolic parameters (FDG-PET, DWI-MRI) as a tool for an individualized definition of the volume in need of dose escalation for squamous cell esophageal cancer (Li et al.). Second manuscript reports the dosimetric benefits of daily adaptation of SMART and the first clinical results in pancreatic tumors in 30 patients (Michalet et al.). Third manuscript assesses the quality of a new diffusion-weighted imaging (DWI) sequence implemented on an MR-Linac MRIdian system, evaluating and optimizing the acquisition parameters to explore the possibility of clinically implementing a DWI acquisition protocol in a 0.35-T MR-Linac (Nardini et al.). The fourth manuscript reported the use of MRgRT for pediatric patients over four years and describes important considerations in the selection and application of this technology in children (Hall et al.). The fifth manuscript quantitatively characterizes the dosimetric effects of long on-couch time in prostate cancer patients treatment (Gao et al.). Sixth manuscript reports the workflow and initial clinical experience of high-grade glioma radiotherapy on the 1.5 T MR-Linac (MRL), with a focus on the temporal variations of the tumor and feasibility of multi-parametric image (mpMRI) acquisition during routine treatment workflow. (Tseng et al.) The seventh manuscript documented the critical steps needed for the appropriate delivery of MRgART for lung tumors safely and effectively. (Bryant et al.). The eight manuscripts reported one of the largest cohorts of patients treated with online MRgRT of liver metastases focusing on oncological outcome, toxicity, patient-reported outcome measures (PROMs), and quality of life (Uder et al.). The ninth manuscript analyzed the role of MRgRT as a potential to become a widely utilized treatment platform and transform the radiation oncology treatment process just as earlier disruptive radiation therapy technologies have done (Ng et al.). Tenth manuscript, aimed to optimize patient selection for stereotactic ablative radiotherapy in patients with locally advanced pancreatic cancer after initial chemotherapy (Doppenberg et al.). The eleventh manuscript reported the outcome and toxicity of the first 200 patients with prostate cancer treated with MRI-Linac (Pridan et al.).

This editorial highlights the implications of recent research findings in this breakthrough technology. This Research Topic of the journal guide Physicians and Medical Physicists who are starting their voyage with this new technology and speed up their learning curve time in their new journey.
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Background and Purpose

This study aimed to evaluate the geometrical differences in and metabolic parameters of 18F-fluorodeoxyglucose positron emission tomography–computed tomography (18F-FDG PET-CT) and diffusion-weighted magnetic resonance imaging (DW-MRI) performed before and during radiotherapy (RT) for patients with esophageal cancer based on the three-dimensional CT (3DCT) medium and explore whether the high signal area derived from DW-MRI can be used as a tool for an individualized definition of the volume in need of dose escalation for esophageal squamous cancer.



Materials and Methods

Thirty-two patients with esophageal squamous cancer sequentially underwent repeated 3DCT, 18F-FDG PET-CT, and enhanced MRI before the initiation of RT and after the 15th fraction. All images were fused with 3DCT images through deformable registration. The gross tumor volume (GTV) was delineated based on PET Edge on the first and second PET-CT images and defined as GTVPETpre and GTVPETdur, respectively. GTVDWIpre and GTVDWIdur were delineated on the first and second DWI and corresponding T2-weighted MRI (T2W-MRI)-fused images. The maximum, mean, and peak standardized uptake values (SUVs; SUVmax, SUVmean, and SUVpeak, respectively); metabolic tumor volume (MTV); and total lesion glycolysis(TLG) and its relative changes were calculated automatically on PET. Similarly, the minimum and mean apparent diffusion coefficient (ADC; ADCmin and ADCmean) and its relative changes were measured manually using ADC maps.



Results

The volume of GTVCT exhibited a significant positive correlation with that of GTVPET and GTVDWI (both p < 0.001). Significant differences were observed in both ADCs and 18F-FDG PET metabolic parameters before and during RT (both p < 0.001). No significant correlation was observed between SUVs and ADCs before and during RT (p = 0.072–0.944) and between ∆ADCs and ∆SUVs (p = 0.238–0.854). The conformity index and degree of inclusion of GTVPETpre to GTVDWIpre were significantly higher than those of GTVPETdur to GTVDWIdur (both p < 0.001). The maximum diameter shrinkage rate (∆LDDWI) (24%) and the tumor volume shrinkage rate (VRRDWI) (60%) based on DW-MRI during RT were significantly greater than the corresponding PET-based ∆LDPET (14%) and VRRPET (41%) rates (p = 0.017 and 0.000, respectively).



Conclusion

Based on the medium of CT images, there are significant differences in spatial position, biometabolic characteristics, and the tumor shrinkage rate for GTVs derived from 18F-FDG PET-CT and DW-MRI before and during RT for esophageal squamous cancer. Further studies are needed to determine if DW-MRI will be used as tool for an individualized definition of the volume in need of dose escalation.





Keywords: esophageal squamous carcinoma, diffusion magnetic resonance imaging, positron emission tomography, gross target volume, standard uptake value (SUV), apparent diffusion coefficient (ADC)



Introduction

Radiotherapy—one of the main effective and relatively safe treatment modalities—is now fully integrated in the multidisciplinary treatment of esophageal cancer (EC). Currently, with substantial evidence, radiotherapy can be applied as a sole treatment or as part of a comprehensive treatment in combination with systemic treatments such as surgery, chemotherapy, targeted therapy, and, more recently, immunotherapy (1). Regional recurrence accounts for most radiation treatment failures in EC cases, with a local relapse rate of 40% (2). In particular, 90% of locoregional failures after definitive chemoradiotherapy (dCRT) occurred within the gross tumor volume (GTV) (3). Hence, there is an urgent need to escalate the radiation dose to the area at highest risk of recurrence to improve locoregional control. Currently, there is a growing interest in the delivery of intensity-modulated radiotherapy (IMRT)-based late course boost or simultaneously integrated boost techniques (4, 5), which could selectively deliver high radiation doses to radioresistant regions and a relatively low dose to subclinical tissues.

Currently, metabolic and functional imaging modalities such as 18F-fluorodeoxyglucose positron emission tomography–computed tomography (18F-FDG PET-CT) and diffusion-weighted magnetic resonance imaging (DW-MRI) are gaining increasing clinical significance in the management of patients undergoing radiotherapy since these allow visualization and quantification of treatment-induced changes on a molecular level before volumetric changes become apparent (6–8). It is well known that PET-based parameters such as standardized uptake value (SUV), metabolic tumor volume (MTV), and total lesion glycolysis (TLG) have been established and validated as prognostic biomarkers in EC (8, 9). Escalating the radiation dose to 64.8 Gy, which had been previously established, failed to improve survival or locoregional control (10). It is warranted to explore potential tools for an individualized definition of the volume in need of dose escalation. The current analysis demonstrates that high FDG uptake on initial PET-CT can identify tumor areas at high risk of relapse in EC (9, 11). Another study by Yu et al. (5) showed that the FDG hotspot within the residual area was completely within the GTV and remained stable during RT. They also reported that adaptive RT based on target volume reduction assessed on PET-CT could facilitate dose escalation up to 70 Gy, with a 1-year overall survival and local control of 69.2% and 77.4%, respectively. Therefore, it is feasible and safe to select boosting of high 18F-FDG uptake zones within the tumor based on FDG PET-CT for the definition of the volume in need of dose escalation.

However, repeated PET imaging has not been widely adopted regardless of its clinical benefit owing to radiation exposure and uncertain segmentation algorithms obtained during PET (12, 13). In contrast, considering patient acceptability, repeated MRI is generally well tolerated for response assessment (14). High-resolution MRI for target volume delineation and response assessment in EC is currently of immense clinical interest (15, 16). The apparent diffusion coefficient (ADC) map from DW-MRI is a quantitative measure for the motion of water molecules and inversely correlates with tissue density. Relevant studies have shown that lower ADC values were associated with a higher histological grade and aggressiveness (17). Furthermore, it has been recently recognized that relative ADC changes from baseline to interim DW-MRI scans can help identify pathologic response in EC patients (7). Hence, we could theoretically observe the feasibility of selective boosting of the high signal areas of EC based on DW-MRI for definition of the volume in need of dose escalation.

Currently, selective boosting of high 18F-FDG uptake zones based on FDG PET-CT within the tumor has been suggested for radioresistance (5, 9, 11). To date, CT imaging of the tumor extension remains the gold standard for target volume contouring and plan evaluation. Therefore, based on the medium of CT images, we evaluated the spatial position and functional parameters of 18F-FDG PET-CT and DW-MRI performed before and during radiotherapy in patients with esophageal squamous carcinoma. The aim of this study was to explore whether the high signal area derived from DW-MRI can be used as tool for an individualized definition of the volume in need of dose escalation for esophageal squamous cancer.



Materials and Methods


Patient Selection and Characteristics

After receiving approval from the local research ethics committee, a total of 35 patients with newly diagnosed, biopsy-proven, nonmetastatic esophageal squamous cancer suitable for concurrent chemoradiotherapy were recruited for this prospective study between November 2016 and May 2020. All patients scheduled to receive neoadjuvant or definitive chemoradiation for EC underwent 3DCT, 18F-FDG PET-CT, and MRI simulation scanning prior to the initiation of RT and after 15 fractions of RT. Written informed consent was obtained from every patient included in this study. Patients were excluded if either pre-RT 18F-FDG PET-CT or DW-MRI data were not available (n = 1), the volume of the tumor on baseline metabolic imaging was extremely small (≤1 cm3) (n = 1), or they did not complete RT (n = 1). Consequently, image data of 32 patients were available for analysis. Patient and treatment characteristics are presented in Table 1.


Table 1 | Patient and treatment characteristics.





Image Simulation and Acquisition

Each patient underwent contrast-enhanced CT using a 16-slice CT scanner (Philips Brilliance Bores CT, Cleveland, OH, USA), with a 3-mm slice thickness during free breathing. All patients were scanned in the supine position, followed by laser alignment. The 18F-FDG PET–CT examinations were performed within 2 weeks before the initiation of RT (PETpre) and after 15 fractions (median 27 Gy, 1.8 Gy per fraction) of RT (PETdur). Following CT, PETpre was performed from the proximal thigh to the base of the skull in 3D acquisition mode with 2–5 min per bed position, while PETdur was acquired from the skull base to the diaphragm. PET images were reconstructed using iterative 3D reconstruction.

Patients underwent MRI scanning with anatomical (T2-weighted) and functional (diffusion-weighted) MRI sequences at the same two time points as that for 18F-FDG PET-CT. MRI examinations were performed on a 3.0-T scanner equipped with a 32-tunnel body phased-array coil (Discovery MR 750, GE Medical Systems, Milwaukee, WI, USA). Patients were scanned in the supine position, with arms parallel to the body for both pre- and mid-RT scanning. Transverse DW images were obtained under free breathing conditions with the following scan parameters: repetition time (TR) 13,333 ms, echo time (TE) 64 ms, acquisition matrix 128 × 128 mm, field of view (FOV) 500 × 500 mm, slice thickness = 3.6 mm, and NEX 5. A diffusion-sensitive gradient b-value of 600 s/mm2 was applied for DWI. T2W-MRI adopts fast spin echo to scan cross and axial sections, with the following specific parameters: TR 12,000 ms, TE 84 ms, thickness and spacing 3 mm, FOV 500 × 500 mm, acquisition matrix 384 × 384, and NEX 1.8. Additionally, conventional T2W-MR images were obtained using pulse and respiratory gating techniques to trigger scanning exclusively during the end of expiration (18).



Image Registration and Target Delineation

The 18F-FDG PET-CT and MR images were registered to the planning CT using deformable image registration (DIR) in the software MIM Vista® (MIM Software Inc., version 6.8.3, Cleveland, OH, USA). The main role of DIR is to define spatial correspondence between two considered image sets. To ensure the accuracy and repeatability of the delineation of target volumes, all structures were delineated by the same experienced radiation oncologist according to the consensus guidelines. GTVs were manually contoured on the first and second planning CT images, referred to as GTVCTpre and GTVCTdur, with a mediastinal window (window width = 400 HU, window level = 40 HU) setting and by the following standards: the GTVs were defined as any enlargement of the esophagus over its standard dimensions, 5 mm for wall thickness and 10 mm for wall diameter. On the basis of the reconstructed 18F-FDG PET-CT image, given that no single absolute and relative methods of PET-based target volume delineation were validated, a gradient-based segmentation algorithm (PETEdge) was applied, which identified tumors on the basis of changes in intensity/activity concentration at the tumor borders (19). The GTVs based on the first and second PET-CT images were determined using thresholds of PETEdge and defined as GTVPETpre and GTVPETdur, respectively. All noncancerous regions within the GTVPET, including areas overlaid by the heart, bone, and great vessels, were corrected to be excluded manually with the help of the CT component of PET-CT. Similarly, GTVDWIpre and GTVDWIdur were delineated on the first and second DWI and corresponding T2-weighted MRI-fused images.



Functional Parameter Extraction

Images were analyzed and measured by two observers (a senior radiologist and an imaging physician in diagnostic PET/MRI) who were blinded to the histopathological results. Regions of interest (ROIs) were automatically drawn on the first and second PET based on PETEdge and were modified to exclude any overlap with the heart, bone, and great vessels on CT images of PET-CT. The maximum, mean, and peak standardized uptake values (SUVmax, SUVmean, and SUVpeak, respectively), MTV, and TLG were calculated automatically using the MIM software. TLG is defined as MTV from PET multiplied by SUVmean within that volume (20).

For ADC measurements, an ADC map in grayscale was automatically generated in DW-MRI using ADW 4.7 Workstation (GE Healthcare, Waukesha, WI, USA). The manifested largest and clearest sections of esophageal lesions were selected as the ROIs. Subsequently, ROIs on the DWI and corresponding T2-weighted MRI fused images were edited manually by two physicians in consensus to ensure that areas of hemorrhage, necrosis, edema, cystic change, and normal vessels were excluded. Finally, through the MIM software, the positions of ROIs on the ADC map were set to the same layers and locations prior to RT and after the 15th treatment cycle. The mean and minimum ADCs (ADCmean and ADCmin, respectively) of the lesion were automatically calculated. The relative changes in percent (∆%) of these 18F-FDG PET-CT and DW-MRI parameters (i.e., ∆ADCs, ∆SUVs, ∆MTV, and ∆TLG) between baseline scans and scans during RT were calculated.



Overlap Analysis

To quantify the overlap between PET-CT- and DW-MRI-based delineations before and during RT, the conformity index (CI) and degree of inclusion (DI) were calculated for GTVPETpre and GTVDWIpre and GTVPETdur and GTVDWIdur, respectively. The CI of volume A and B (CI[A, B]) was computed according to that described in a study by Struikmans et al. (21). A CI of 1 indicates 100% agreement between GTVs, and a CI of 0 indicates no overlap in delineation. The formula was as follows:

	

The definition of DI of volume A included in volume B (DI[A in B]) was the intersection between volume A and volume B divided by volume A (22). The DI was defined as follows:

	



Tumor Shrinkage Analysis

Based on the Response Evaluation Criteria in Solid Tumors version 1.1, measurements of tumor volume and tumor maximal diameters were performed on PET-CT or MR images prior to and during RT. Four diameters measured on the first and second PET and DWI images were defined as LDPETpre and LDPETdur and LDDWIpre and LDDWIdur, respectively. The percentage maximum diameter shrinkage rate (∆LD) was calculated using the following equation:

	

By the same method, the volume reduction rate (VRR) was calculated as follows:

	



Statistical Analysis

Statistical analysis was performed using SPSS 21.0 software (IBM Corp, Armonk, NY, USA). Data with skewed distribution are presented as medians with ranges. The Wilcoxon signed-rank test was used to compare the target volumes and relevant parameters. Spearman’s rank correlation analysis was performed to analyze the relativity between SUVs and ADCs. A p-value <0.05 indicated statistical significance.




Results


Correlation Analysis of GTVs and GTVCT

The volume of GTVCTpre was 26.34 (4.50–118.71) cm3, leading to a significantly positive correlation with both GTVPETpre (Figure 1A) and GTVDWIpre (Figure 1D) (r = 0.763 and r = 0.809, both p < 0.001). The volume of GTVCTdur was 16.74 (2.92–57.13) cm3 and exhibited a significant positive correlation with both GTVPETdur (Figure 1B) and GTVDWIdur (Figure 1E) (r = 0.826 and r = 0.703, both p< 0.001). Similarly, the relative changes in the volume of PET-CT and DW-MRI (∆GTVPET, ∆GTVDWI) before and during RT demonstrated a significantly positive correlation with that of CT (∆GTVCT) before and during RT (r = 0.616 and r = 0.716, both p < 0.001) (Figure 1).




Figure 1 | Scatter plots of correlation between the target volume delineated on18F-FDG PET–CT (GTVPET) and DW-MRI (GTVDWI) and on the corresponding CT (GTVCT) before and during radiotherapy. The best-fit line is shown as the solid line for each scatterplot. (A) GTVPETpre versus GTVCTpre; (B) GTVPETdur versus GTVCTdur; (C) ΔGTVPET versus ΔGTVCT; (D) GTVDWIpre versus GTVCTpre; (E) GTVDWIdur versus GTVCTdur; (F) ΔGTVDWI versus ΔGTVCT.





SUV and ADC Values

Table 2 summarizes the results of SUVs (SUVmax, SUVmean, and SUVpeak) and ADCs (ADCmean and ADCmin) performed before and during RT. The differences in SUVs (SUVmax, SUVmean, and SUVpeak), MTV, TLG, and ADCs (ADCmean and ADCmin) values as determined on 18F-FDG PET-CT and DW-MRI before and during RT were significant (both p < 0.001). A trend toward lower SUV and higher ADC was observed during the treatment process.


Table 2 | Comparison of tumor ADC and SUV values before and during radiotherapy.





Correlation of ADC and SUV Values

The tumor ADC and SUV values before and during RT showed negligible correlations (pre-RT: SUVmax vs. ADCmin r = −0.322, p = 0.072; SUVmax vs. ADCmean r = −0.217, p = 0.232; SUVmean vs. ADCmin r = −0.258, p = 0.153; SUVmean vs. ADCmean r = −0.256, p = 0.158; dur-RT: SUVmax vs. ADCmin r = −0.133, p = 0.496; SUVmax vs. ADCmean r = −0.133, p = 0.496; SUVmean vs. ADCmin r = −0.013, p = 0.944; SUVmean vs. ADCmean r = −0.121, p = 0.510). There was no correlation between ∆SUV values (∆SUVmax, ∆SUVmean, and ∆SUVpeak) and ∆ADC values (∆ADCmin and ∆ADCmean) (p = 0.238−0.854) (Table 3).


Table 3 | Correlation analysis of relative changes in SUV and ADC values before and during radiotherapy.





Associations of SUVs and ADCs With Clinical Prognostic Factors

Table 4 shows associations of SUVs and ADCs with clinical T-stage and longitudinal length of GTVs. The SUVs (SUVmax, SUVmean, and SUVpeak), MTV, and TLG pre-RT and its relative changes between pre-RT and after 15 fractions of RT were significantly higher in stages T3–4 than in stage T2 and in the group with a longitudinal length of GTVs ≥4 cm than <4 cm (p = 0.000−0.041). The ADCmin dur-RT and its relative changes between pre-RT and after 15 fractions of RT were significantly lower in the group with a longitudinal length of GTVs ≥4 cm than <4 cm, but these were not significantly associated with clinical T-stage (Table 4).


Table 4 | Associations of SUVs and ADCs with clinical T-stage and longitudinal length of GTVs.





Differences in Volumes, CI, and DI

The target volumes defined using PET-CT and DW-MRI before and during RT are listed in Table 5. The median volume variabilities between GTVPETpre and GTVDWIpre and between GTVPETdur and GTVDWIdur were significant (p =0.026 and 0.000, respectively). Significant differences were observed between the CI of GTVPETpre to GTVDWIpre (0.47 [0.20−0.77]) and GTVPETdur to GTVDWIdur (0.29 [0.11−0.48]) (Z = −4.750, p < 0.001). Meanwhile, the DI of GTVPETpre in GTVDWIpre (0.63 [0.24−2.60]) was significantly larger than that of GTVPETdur in GTVDWIdur (0.38 [0.11−0.92]) (Z = −4.675, p < 0.001).


Table 5 | Summary of the volume of GTVs contoured using PET-CT and DW-MRI before and during radiotherapy.





Tumor Maximum Diameter/Volume Shrinkage Rate

There was no significant difference between LDPETpre and LDDWIpre and between LDPETdur and LDDWIdur (median 2.85 cm [1.48−6.31] vs. 2.92 cm [1.89−5.33], median 2.36 cm [1.47−4.79] vs. 2.22 cm [1.35−3.47], Z = −1.169 and −1.187, p = 0.243 and 0.235, respectively). There was a significant positive correlation between LDPETpre and LDDWIpre and between VRRPET and VRRDWI (r = 0.631 and 0.547, p = 0.000 and 0.001, respectively). △LDDWI (24%) and VRRDWI (60%) based on DWI during RT were significantly greater than the corresponding PET-based △LDPET (14%) and VRRPET (41%) (Z = −2.393 and −3.758, p = 0.017 and 0.000, respectively) (Figure 2).




Figure 2 | A transversal diagram of gross target volumes on esophageal cancer with high uptake on 18F fluorodeoxyglucose positron emission tomography/computed tomography fused images. (A,a) Corresponding tumor on T2-weighted imaging (C,c) with a high signal on diffusion weighted magnetic resonance imaging (b=600 s/mm2) (B,b) and corresponding apparent diffusion coefficient map (D,d) with restricted diffusion at the location of the tumor before radiotherapy (A–D) and during radiotherapy (a–d).






Discussion

In this single-center prospective study, comparisons of the spatial overlap and functional markers derived from 18F-FDG PET-CT and DW-MRI before and during RT based on the medium of CT imaging were evaluated. The results of the current study show that it is feasible to select boosting of high 18F-FDG uptake zones within the GTV based on FDG PET-CT for definition of the volume in need of dose escalation (4, 5, 23). However, owing to exorbitant costs and physical burden to patients undergoing repeated PET procedures, MRI-guided Linear Accelerator (MRI-LINAC) with online MR-guided adaptive radiotherapy (MRgRT) in EC has been widely applied (24). Furthermore, ADC measurements on DW-MRI have potential for prediction of response to treatment in esophageal cancer patients, especially the relative ADC increase during and after treatment showed a trend towards a larger increase of ADC in good responders compared with poor responders (16). Hence, we aimed to explore whether the high signal area derived from DW-MRI can be used as tool for an individualized definition of the volume in need of dose escalation for EC. To our knowledge, this is the first prospective trial assessing the geometrical differences and metabolic parameters between two imaging modalities in the reirradiation treatment planning for esophageal squamous cancer.

Currently, the method of gradient-based algorithm (PETEdge) has been found to correspond better to pathological specimens than manual or relative threshold-based methods (19). However, no single PET-based segmentation algorithm has yet performed better than manual CT delineation alone (16), implying that PET-guided adaptive radiotherapy was insufficient for clinical decision-making. Till date, CT imaging remains the gold standard for GTV delineation and treatment planning evaluation. On this basis, our data suggest that the volume of GTVCT exhibited a significant positive correlation with that of GTVPET and GTVDWI.

Based on our analysis, the results showed that the differences in SUV and ADC values before and during RT were significant, consistent with the findings of more recent studies (25, 26). There is also clear evidence that higher SUV and lower ADC values are associated with a higher histological grade and aggressiveness (17, 27). With high cellular density and enhanced glucose metabolism, malignant tumors generally exhibit low ADCs and high SUVs. Several studies indicate that the change in tumor 18F-FDG uptake for EC seemed highly predictive for assessing response during and after treatment (7, 28). Another recent study by Aerts et al. (29) has demonstrated that the recurrent areas within the tumor after therapy largely corresponded with the high FDG uptake area of the pretreatment PET scan. As a result, selective boosting of high 18F-FDG uptake zones within the tumor for radioresistance has been suggested. However, part of the limitations of PET can be attributed to the fact that no consensus for the accurate segmentation algorithm is recommended. Meanwhile, DW-MRI is emerging as an advanced imaging technique with noninvasive, well-tolerated, and excellent soft-tissue contrast features for diagnosing EC. ADC value is the most common DWI-derived imaging biomarker with broad clinical applications. More importantly, recent exploratory studies have shown that changes in ADC appears to provide valuable information on the prediction and assessment of treatment response early after RT (7, 16, 17). Consequently, regions of restricted diffusion may serve as a surrogate for active tumor tissue. DW-MRI may be a technically and clinically available alternative to PET-CT for an individualized definition of the volume in need of dose escalation for EC.

Concerning the possible correlation between ADCs and SUVs for the prediction of survival or evaluation of response to treatment in EC, our current data suggest that the tumor ADCs and SUVs before and during RT showed negligible correlations. Similar to our findings, previous studies also found no significant correlations between pretreatment SUVs and ADCs (30–32). Our results also revealed that pretreatment SUVs, MTV, and TLG were significantly higher in tumor stage ≥ T3 than in tumor stage < T2, while ADCmin values has not yet been found to correlate with the clinical T-stage, indicating the effect of tumor load on 18F-FDG metabolism, consistent with the literature (8, 33). These results suggest that enhanced glucose metabolism as measured on FDG PET and restricted water diffusion as measured using ADC represent independent biological properties and refer to different aspects of tumor pathophysiology. This is likely owing to the variety of pathogenic mechanisms because of which elevated 18F-FDG uptake was detected in the sites of glucose metabolism and active inflammation, while no significant changes in cell density were detected in the activity of inflammatory cells (28, 33, 34). Additionally, necrosis and liquefaciens induced by radiation can impede movement of water molecules, leading to increased ADC values. Finally, it is likely that the timing and distribution of decreased glucose metabolism and cellular density are asynchronous and inconsistent.

In addition, we evaluated the difference in matching and inclusion relation between the GTVs derived from PET-CT and DW-MRI simulation before and during RT. Our results indicate that the CI of GTVPETpre to GTVDWIpre was significantly larger than that of GTVPETdur to GTVDWIdur. Meanwhile, a significant difference was observed between the DI of GTVPETpre in GTVDWIpre and GTVPETdur in GTVDWIdur. Our study results are also consistent with the findings of Popp et al. (34) and Houweling et al. (35), who showed that the GTV of restricted diffusion on ADC overlapped only partially with that of increased glucose uptake for reirradiation treatment planning, suggesting that there were great mismatches between the regions of residual high FDG uptake based on PET-CT and the areas of residual high signal based on DW-MRI. Moreover, given the data from our study, the rate of tumor maximum diameter/volume regression based on DW-MRI during RT is significantly faster than that based on PET-CT. This suggests that the regions of high cellularity may not cover the entire biologically active tumor, agreeing with earlier studies comparing DWI and PET in reirradiation of recurrent primary brain tumors (34, 35).

Some limitations of the current study must be considered. A potential disadvantage of EPI-DWI is that the technique is prone to artifact contamination caused by variations in magnetic susceptibility (36). To minimize this, the study excluded some cases with a small volume and severe image distortions. Additionally, The magnitude of the geometric distortion scales with magnetic field strength (37). Considering that the use of 3.0 T MRI was applied, the limitation of the geometric distortion caused by high field strength must be considered. Owing to the partial-volume and pseudo-diffusion effect caused by tumor vascular permeability and microcirculation perfusion, tumor shrinkage upon initiation of treatment may lead to underestimation of the FDG uptake observed on midtreatment imaging modalities and a consequent overestimation of the change in parameters such as the SUV. Further dosimetric investigations are necessary to evaluate whether it is safe to select boosting of the high signal areas within the tumor based on DW-MRI for definition of the volume in need of dose escalation.



Conclusions

The location of high residual FDG uptake based on 18F-FDG PET-CT yielded poorer spatial matching than that of high residual signal based on DW-MRI during RT. Furthermore, tumor ADC and SUV values may play complementary roles as imaging markers for the prediction of patterns of failure and for definition of the volume in need of dose escalation. In addition, the rate of tumor maximum diameter/volume regression based on DW-MRI during RT is significantly faster than that based on PET-CT. Based on the medium of CT images, the volume of GTVCT exhibited a significant positive correlation with that of GTVPET and GTVDWI. Under this premise, there are significant differences in spatial position, biometabolic characteristics, and the tumor shrinkage rate for GTVs derived from 18F-FDG PET-CT and DW-MRI before and during RT for esophageal squamous cancer. Further studies are needed to determine if DW-MRI will be used as tool for an individualized definition of the volume in need of dose escalation.
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Introduction

Stereotactic MR-guided adaptive radiotherapy (SMART) is an attractive modality of radiotherapy for pancreatic tumors. The objectives of this prospective registry study were to report the dosimetric benefits of daily adaptation of SMART and the first clinical results in pancreatic tumors.



Materials and Methods

All patients treated in our center with SMART for a pancreatic tumor were included. Patients were planned for five daily-adapted fractions on consecutive days. Endpoints were acute toxicities, late toxicities, impact of adaptive treatment on target volume coverage and organs at risk (OAR) sparing, local control (LC) rate, distant metastasis-free survival (DMFS), and overall survival (OS).



Results

Thirty consecutive patients were included between October 2019 and April 2021. The median dose prescription was 50 Gy. No patient presented grade > 2 acute toxicities. The most frequent grade 1–2 toxicities were asthenia (40%), abdominal pain (40%), and nausea (43%). Daily adaptation significantly improved planning target volume (PTV) and gross tumor volume (GTV) coverage and OAR sparing. With a median follow-up of 9.7 months, the median OS, 6-month OS, and 1-year OS were 14.1 months, 89% (95% CI: 70%–96%), and 75% (95% CI: 51%–88%), respectively, from SMART completion. LC at 6 months and 1 year was respectively 97% (95% CI: 79–99.5%) and 86% (95% CI: 61%–95%). There were no grade > 2 late toxicities. With a median follow-up of 10.64 months, locally advanced pancreatic cancer (LAPC) and borderline resectable pancreatic cancer (BRPC) patients (22 patients) had a median OS, 6-month OS, and 1-year OS from SMART completion of 14.1 months, 76% (95% CI: 51%–89%), and 70% (95% CI: 45%–85%), respectively. Nine patients underwent surgical resection (42.1% of patients with initial LAPC and 33.3% of patients with BRPC), with negative margins (R0). Resected patients had a significantly better OS as compared to unresected patients (p = 0.0219, hazard ratio (HR) = 5.78 (95% CI: 1.29–25.9)).



Conclusion

SMART for pancreatic tumors is feasible without limiting toxicities. Daily adaptation demonstrated a benefit for tumor coverage and OAR sparing. The severity of observed acute and late toxicities was low. OS and LC rates were promising. SMART achieved a high secondary resection rate in LAPC patients. Surgery after SMART seemed to be feasible and might increase OS in these patients.
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Introduction

Pancreatic adenocarcinoma (PA) is the 10th cause of cancer in Europe and the United States and the 4th cause of cancer mortality. The 5-year overall survival (OS) is 9% for all stages, mainly due to a frequent metastatic spread (1). Surgical resection is the only curative modality, but only 10% of these cancers are resectable at diagnosis. On the other hand, 30% are considered unresectable or locally advanced (2). In locally advanced pancreatic cancer (LAPC), chemoradiotherapy is a frequent option after induction chemotherapy, since the phase III trial GERCOR LAP 07 demonstrated a benefit in terms of local control (LC) and delayed chemotherapy reintroduction as compared to chemotherapy (gemcitabine) alone, despite no advantage in terms of OS (3). These results were later confirmed by other studies on chemoradiotherapy, as suggested by a meta-analysis (4).

Stereotactic body radiotherapy (SBRT) is an attractive modality of radiotherapy in this indication for three main reasons: 1) possibility to deliver higher biologically equivalent doses (BED) in these radioresistant tumors, 2) modality allowing better organ at risk (OAR) sparing, and 3) decreased number of fractions in these patients with limited life expectancy with consequential improved quality of life. Recent data suggest an excellent LC with this treatment modality (5, 6), but the proximity of OARs limits the use of this technique.

Stereotactic MR-guided adaptive radiotherapy (SMART) is a technique combining X-ray beam delivery, daily adaptive treatment planning, and gating/tracking possibility through continuous cine-MR images (7, 8). MRIdian Linac® is a radiotherapy device developed by ViewRay, coupling a 0.35-tesla MR-imaging system with a multileaf collimator-equipped linear accelerator (9). It is particularly adapted to pancreatic SBRT, improving the delineation accuracy thanks to better soft tissue MR contrast as compared to CT scan, sparing OARs by adaptation of treatment to the daily anatomy, and tracking the target with cine-MRI during irradiation. A retrospective study suggested an increase of OS with dose-escalated SMART in unresectable pancreatic cancers (10).

The objective of this study was to report the dosimetric benefits of daily adaptation of SMART and the first clinical results in pancreatic tumors.



Methods and Materials


Patient Selection

All patients treated with SMART for a pancreatic tumor at the Montpellier Cancer Institute from October 2019 to April 2021 were included.

Patients with non-metastatic unresectable pancreatic adenocarcinoma were first treated with induction chemotherapy and had stable or responsive disease. Metastatic pancreatic adenocarcinoma patients could be included in the study in case of metastatic complete or near-complete response to chemotherapy with a residual primary tumor. Primary tumors other than adenocarcinoma and metastatic lesions to the pancreas from other primaries could be included in the study. The indication of SMART had to be validated in a multidisciplinary tumor board. Histological confirmation was required. Other inclusion criteria were Eastern Cooperative Oncology Group (ECOG) performance status = 0 or 1, no previous abdominal radiotherapy, no MRI contraindication (presence of non-MRI compatible implanted cardiac devices, claustrophobia, psychiatric disorders, and metal objects), and no duodenal invasion on endoscopy.

This study was registered in the Health Data Hub (registration number: #1802) and was approved by our local research committee (2020/01). All patients signed an informed consent form before treatment.



Simulation

All patients underwent CT simulation directly followed by 0.35-T MRI simulation using the MRIdian® apparatus to ensure reproducibility of the anatomic configuration. MR and CT images were rigidly registered for target volume delineation, while only the MR images were used for OAR delineation. A 1.5-T MRI simulation in our radiology department was also required to allow better tumor visualization and improve gross tumor volume (GTV) delineation after registration with MRIdian® images. Patients in all simulation exams were injected with contrast agents unless contraindication. Patients were asked to fast for at least 3 to 4 h prior to all simulation exams (and every fraction). Patients were in a supine position with arms down at their sides, and immobilization was obtained with a Totim® device. Furthermore, for dose calculation, CT to MR image registration was performed using an elastic registration algorithm. During the CT simulation, MRI dummy surface coils with similar electron attenuation properties to real MRI coils were placed on the custom immobilization device. MR images were acquired with true fast imaging with steady-state free precession (TRUFISP) sequences (T1/T2 weighted, breath-hold technique (physiologic end-expiration), 17 to 25 s, 1.6 × 1.6 × 3 mm or 1.5 × 1.5 × 3 mm resolution, 45 × 45 × 24 to 54 × 47 × 43 maximum field of view).



Breath-Hold Procedure

All patients were simulated and treated with a breath-hold technique. All the patients benefited after the first medical consultation from a respiratory coaching session by a radiotherapy nurse. They received a document explaining the respiratory breath-hold procedure and the terms that were going to be used during simulation and treatment. Patients were asked to perform respiratory breath-hold exercises at home. Another respiratory coaching session was performed directly before the first simulation. Breath-hold was achieved by voice guidance by the radiotherapy technicians at simulation and treatment. No abdominal compression was used. No specific visual coaching system was used. The quality and reproducibility of breath-hold were checked by continuous cine-MR guidance during simulation and treatment. Breath-hold was performed in physiologic end-expiration.



Treatment Planning

The tumoral GTV (GTV T) was delineated using the data from CT and MRI. Suspect regional lymph nodes were also delineated if required (nodal GTV (GTV N)). An isotropic margin of 3 mm was used for the planning target volume (PTV) extension. OAR was delineated on MRIdian® simulation images. OAR dose constraints are listed in Table 1. Priority was given to OAR dose constraints. An optimization structure (PTV optimized or PTVopt) was created as follows: PTVopt = PTV − (digestive OAR + 5 mm). The median prescribed dose was 50 Gy (range 30–50) in 5 consecutive fractions. Actually, only one patient had a prescription of 30 Gy, two patients had a prescription of 35 Gy, 3 patients had a prescription of 40 Gy, and 24 patients had a prescription of 50 Gy. The reason for a different level of dose prescription is related to the characteristics of the patients and the tumors treated. Indeed, our reference dose level was 50 Gy in 5 fractions. However, we delivered lower dose levels for 3 patients who did not have pancreatic adenocarcinoma. One patient with a primary pancreatic neuroendocrine tumor with a single liver metastasis was treated with 30 Gy in 5 fractions because of the tumor size and metastatic status. Two patients with oligometastatic renal clear cell carcinoma were treated with 35 Gy and 40 Gy in 5 fractions due to the oligometastatic status outside the pancreas. One patient with metastatic pancreatic adenocarcinoma was treated with 35 Gy in 5 fractions. Finally, two patients with borderline resectable pancreatic cancer (BRPC) in whom pancreatic surgery was considered after SMART received 40 Gy in 5 fractions. In the end, only one of these two patients underwent surgery. Treatment planning was done using the ViewRay® Treatment Planning System (TPS), using a Monte Carlo algorithm, with normalization on D50 (100% of the prescribed dose covers 50% of the target volume), trying to ensure 95% PTVopt coverage within the 95% isodose and 99% GTV coverage with the 95% isodose. Treatment was delivered using step-and-shoot intensity-modulated radiation therapy (IMRT) with 6-MV photons and approximately 15–20 beams and 70–90 segments. No concomitant chemotherapy was administered during radiotherapy.


Table 1 | Organ at risk dose constraints.





Daily Adaptive Treatment Workflow

After daily TRUFISP image acquisition, patients were positioned to the pancreatic area. After rigid registration of the GTV, OAR contours were propagated on the daily MR image using deformable image registration. OAR contours not considered optimal were modified by the physician (especially digestive OAR contours). The initial plan was then evaluated by the physician and the physicist. If all dose constraints were met, no adaptation was required (non-adapted fractions). If a decrease in tumor coverage and/or unacceptable OAR dose constraints were observed, the initial plan was optimized on the integrated TPS (adapted fractions). The electron density map (transferred from the CT to MR images) and the skin contour were checked to ensure correct dose recalculation (11). Quality assurance of the newly optimized plan was performed by recalculating the plan with a secondary Monte Carlo algorithm before irradiation. Tracking was ensured by following a structure with good spontaneous contrast on MRIdian acquisition (usually the GTV itself) on sagittal images obtained by cine-MR. The beam was turned off when more than 5% of the tracked structure was outside the threshold of 3 mm from its initial position.



Clinical Assessment, Dosimetric Evaluation, and Endpoints

The primary endpoint was acute toxicities. Secondary endpoints were late toxicities; the impact of the adaptive treatment on the target volume coverage and OAR sparing; the LC rate defined by the Response Evaluation Criteria in Solid Tumors (RECIST) criteria including local complete response (CR), local partial response (PR), and local stable disease (SD); the distant metastasis-free survival (DMFS) based on clinical, radiological, and biological assessment; and OS.

Follow-up started on the first day of SMART treatment until the death or latest news for each patient. Acute toxicities were defined as toxicities occurring during treatment until 3 months posttreatment. Late toxicities were defined as toxicities occurring after 3 months posttreatment.

All patients were assessed after treatment at 1 month and then every 3 months. The assessment consisted of clinical, radiological (CT scan, MRI, or PET scan), and biological (including tumoral markers carcinoembryonic antigen (CEA) and CA 19.9) evaluations at each visit. All toxicity events were reported according to the Common Terminology Criteria for Adverse Events (CTCAE) v5.0 at each clinical examination.

For each adapted fraction delivery, the predicted plan (initial plan on the daily image) and the delivered plan (new plan on the daily image) were compared a posteriori with the initial plan. PTV and GTV coverage (D2%, D95%, D98%, V100%, V95%, and V90%) values as well as OAR maximum dose and volumetric doses were recorded.



Statistical Analysis

For survival analysis, median follow-up was estimated using the Kaplan–Meier method. OS was defined as the time between the end of chemotherapy or SMART and death by any cause. Alive patients were censured at the date of the last follow-up. Progression-free survival (PFS) was defined as the time between the end of chemotherapy or SMART and local relapse, metastatic relapse, or death by any cause. DMFS was defined as the time between the end of chemotherapy or SMART and distant relapse or death by any cause. LC was defined as the absence of progression of the primary pancreatic tumor. A subgroup analysis of each of these parameters was realized for LAPC and BRPC and, among those, between resected and non-resected patients. Comparison of the survival curves between the resected patients and the non-resected patients was performed by the log-rank (Mantel–Cox) test with hazard ratio (HR) (Mantel–Haenszel) calculation.

For each adapted fraction delivery, the predicted plan (initial plan on the daily image) and the delivered plan (new plan on the daily image) were compared a posteriori by a paired Wilcoxon test. PTV and GTV coverage values as well as OAR maximum doses and volumetric doses were recorded. Statistical analyses were performed using Stata v16.0, RStudio, and GraphPad PRISM v9.




Results


Patient and Treatment Characteristics

Between October 2019 and April 2021, thirty consecutive patients treated with SMART for an unresectable pancreatic tumor were included in our prospective registry study. Median follow-up was 9.7 months (95% CI: 5.85–11.86) for the whole cohort and 10.64 months (95% CI: 5.85–11.86) for pancreatic adenocarcinoma patients. Patient and treatment characteristics are described in Table 2. The median age was 64.5 years (range 44–85). The proportion of men and women was well balanced. Borderline or locally advanced pancreatic adenocarcinomas represented 22 patients (77%). There were also 1 patient (3%) with resectable pancreatic adenocarcinoma but unfit for surgery, 3 patients (10%) with oligometastatic disease from pancreatic adenocarcinoma, 1 patient (3%) with pancreatic neuroendocrine tumor, and 2 patients (6%) with pancreatic metastasis from kidney tumors. Twenty-eight patients (94%) received chemotherapy before radiotherapy, mainly induction FOLFIRINOX regimen (73%) with a median of eight cycles (range 4–14). Four of these patients had to switch for FOLFOX, FOLFIRI, GEMCITABINE alone, or GEMCITABINE-ABRAXANE protocol because of tolerance issues. Serum CA 19.9 was initially available for 25 (83%) patients. The median value of serum CA 19.9 decreased from 321 (range, 6–1884) to 108 UI/ml (range, 6–802) between diagnosis and the start of SMART. Based on MRI or CT findings at diagnosis, 77% of patients were without nodal invasion. The average size of a pancreatic tumor before SMART was 31.5 mm (range 16–53). The tumor was mainly localized in the pancreas head (57%).


Table 2 | Baseline characteristics.





Initial Treatment Plans

All patients underwent five daily consecutive fractions. The prescribed dose was 50 Gy for 24 patients, 40 Gy for 3 patients, 35 Gy for 2 patient, and 30 Gy for one patient. The median fraction duration was 86 min (range 64–133). The median PTV was 67.4 cm3 (range 6.9–138.7). Table 3 presents the dosimetric data of initial plans.


Table 3 | Median (min–max) dosimetric data for initial plans.





Dosimetric Benefits of Adaptive Method

All fractions (150) were adapted because of a dosimetric benefit obtained either on PTV coverage or on OAR protection. Adaptation was performed because of stomach, duodenum, or jejunum Dmax violation on predicted plans, as follows:

	- 2 out of 5 fractions (40%) for a prescription dose of 30 Gy

	- 7 out of 10 fractions (70%) for a prescription dose of 35 Gy

	- 15 out of 15 fractions (100%) for a prescription dose of 40 Gy

	- 110 out of 120 fractions (91.67%) for a prescription dose of 50 Gy



The remaining fractions were adapted to improve target volume coverage.

The mean treatment duration of adapted fractions was 90 min, including patient preparation, positioning, image acquisition, image registration, OAR recontouring, plan adaptation, and treatment delivery. Average dosimetric data and comparison between predicted and adapted plans are available in Table 4. PTV coverage was significantly improved for adapted plans compared to predicted plans (mean PTV V95% increase of 2.2%, p < 0.01), as was the PTV optimized coverage (mean PTV V95% increase of 4.3%, p < 0.01). The adaptation of the plan also significantly improved dosimetric measures for OAR, except for the kidneys. Figure 1 shows an example of the benefit of adaptation on PTV coverage for a given fraction. Figure 2 shows a dosimetric comparison between predicted and adapted plans for target volumes coverage (GTV V100%, PTVopt V100%, and PTVopt V95%) (Figure 2A) and for OAR sparing (Dmax to the stomach, duodenum, and jejunum) (Figure 2B). The benefit of adaptive plans vs. predicted plans on target volumes is less obvious than on OARs because PTV coverage values on predicted plans are often in parallel with unacceptable OAR values (unacceptable plans that cannot be delivered to patients).


Table 4 | Average target volume and OAR dosimetric results for predicted and adapted plans.






Figure 1 | Typical SMART dosimetry showing planned, predicted, and adapted/delivered dosimetry. Comparison of dose distribution between planned, predicted, and adapted/delivered dosimetry on MR 0.35-T TRUFISP images for a prescription of 50 Gy in 5 fractions in LAPC. Isodose line 53.5 Gy in yellow, 47.5 Gy in green, 40 Gy in rose, 30 Gy in red, 25 Gy in blue, and 15 Gy in cyan. Small intestine in brown. LAPC, locally advanced pancreatic cancer; SMART, stereotactic MR-guided adaptive radiotherapy.






Figure 2 | Dosimetric comparison between predicted and adapted plans. (A) Target volumes coverage (GTV V100%, PTVopt, V100% and PTVopt V95%). (B) OAR sparing (Dmax to stomach, duodenum, and jejunum). The three images on the left part of the figures represent the 150 predicted fractions vs. 150 adapted fractions (5 fractions for 30 patients). Whiskers show minimal to maximal values, and boxes show the mean values with standard deviations. The three images on the right part of the figures represent the variation for each patient (one line represents one patient) from the predicted values (left) to the adapted values (right). In order to limit the number of lines (30 lines) and to make the figure readable, we have calculated and plotted the average values of the 5 predicted plans (left) and the average values of the 5 adapted plans (right). GTV, gross tumor volume; PTVopt, planning target volume optimized; OAR, organ at risk.





Toxicities

No patients presented grade > 2 acute toxicities, and 13 patients presented grade 1–2 acute toxicities (asthenia (grade 1: 40%), abdominal pain (grade 1: 40%), nausea/vomiting (grade 1: 23.3%, grade 2: 20%), and diarrhea (grade 1: 23.3%, grade 2: 3.3%).

After surgery, one patient presented a digestive fistula, and another one presented an abdominal aneurism, highly suggestive of immediate postoperative complications from head pancreatic surgery consecutive to the anastomosis and vascular reconstruction problems. Both underwent additional surgical procedures with complete resolution afterwards.

With a median follow-up of 9.7 months for the whole cohort (95% CI: 5.85–11.86), no grade > 2 late toxicities were observed. Toxicities between resected and non-resected patients were not significantly different. More details are available in Table 5.


Table 5 | SMART-related acute and late toxicities.





Survival Analysis


Whole Cohort

The median OS was 14.1 months. The 6-month OS from SMART completion was 89% (95% CI: 70%–96%). The 1-year OS from SMART completion was 75% (95% CI: 51%–88%) (Figure 3A).




Figure 3 | Survival date for the whole cohort. (A) OS for the whole cohort. (B) LC for the whole cohort. OS, overall survival; LC, local control.



LC at 6 months and 1 year was respectively 97% (95% CI: 79–99.5%) and 86% (95% CI: 61%–95%) (Figure 3B). Among 3 local relapses (10%), 2 were located on the field edge and 1 inside the field.



Locally Advanced Pancreatic Cancer and Borderline Resectable Pancreatic Cancer Patients

LAPC and BRPC patients had a median follow-up of 10.64 months (95% CI: 5.85–11.86) from SMART.

The median OS was 14.1 months. The 6-month OS from SMART completion was 76% (95% CI: 51%–89%). The 1-year OS from SMART completion was 70% (95% CI: 45%–85%) (Figure 4A). The median DMFS from SMART completion was 10.5 months. The 6-month DMFS from SMART completion was 73% (95% CI: 49%–87%). The 1-year DMFS from SMART completion was 34% (95% CI: 11%–58%) (Figure 4B).




Figure 4 | Survival data for LAPC and BRPC patients: comparison between resected and unresected patients. (A) OS from SMART completion. (B) DMFS from SMART completion. (C) OS from chemotherapy start. (D) DMFS from chemotherapy start. LAPC, locally advanced pancreatic cancer; BRPC, borderline resectable pancreatic cancer; OS, overall survival; SMART, stereotactic MR-guided adaptive radiotherapy; DMFS, distant metastasis-free survival.



The median OS and 1-year OS from initiation of induction chemotherapy were 19.1 months and 91% (95% CI: (68%–98%), respectively (Figure 4C).

The median DMFS and 1-year DMFS from initiation of induction chemotherapy were 16.3 months and 72% (95% CI: 49%–87%), respectively (Figure 4D).

The median serum CA 19.9 initially decreased with a nadir at 6 months (70 UI/ml range, 1.1–692) and increased at 1 year (147 UI/ml range, 9–792).

Primary adenocarcinoma patients considered with a responsive disease (CA 19.9 decrease and radiological assessment classified as stable, or in response according to RECIST 1.1 classification) and clinically fit were proposed for pancreatic surgery. For the selected patient, after agreement of the multidisciplinary staff, including trained surgeons, duodeno-pancreatectomy or spleno-pancreatectomy was realized, depending on initial tumor location. Consequently, nine patients (8 out of 19 patients (42.1%) with initial LAPC and one out of 3 patients (33.3%) with BRPC) were resected. Histologically, the average pathologic therapeutic effect was evaluated at 64% (range 10%–95%), mainly classified ypT2N0 (56%). There was no CR. All patients underwent complete surgery with negative margins (R0). Among them, 3 patients had a metastatic relapse, and one of them had also a local relapse on the field boundary. To date, all resected patients are still alive. Resected patients had a significantly better OS as compared to unresected patients (p = 0.0219, HR = 5.78 (95% CI: 1.29–25.9) (Figure 5A). DMFS was not significantly different between resected and unresected patients (Figure 5B).




Figure 5 | Survival data for LAPC and BRPC patients: comparison between resected (in blue) and unresected patients (in black). (A) OS from SMART completion. (B) DMFS from SMART completion. OS, overall survival, DMFS, distant metastasis-free survival.







Discussion

Management of pancreatic tumors remains a major challenge for surgeons, radiation oncologists, and medical oncologists due to the anatomical location of the pancreas in contact with vascular and digestive structures and because of the poor prognosis of pancreatic adenocarcinoma. Until now, surgical resection is the only curative modality of pancreatic adenocarcinoma, and the publication of adjuvant FOLFIRINOX results for resected patients has dramatically improved OS in this population with a median OS of 54.4 months (12). Unfortunately, only 10% of patients are resectable at diagnosis; 10% are considered borderline resectable and 30% unresectable or locally advanced (2). Unresected patients have a poor prognosis, with median OS of approximately 11 months (13). In a recent study on LAPC, the 3-year OS was 43% in the resected group vs. 6.5% in the unresected group (14). However, the better prognosis of resected patients may also reflect a better response to neoadjuvant treatment, since only good responders will ultimately undergo surgery. Thus, it seems important to try to improve induction treatments in order to increase the therapeutic response and make more patients resectable.

Radiotherapy remains a controversial treatment in LAPC since the LAP07 trial failed to prove a survival benefit in patients receiving fractionated radiochemotherapy after induction chemotherapy. Nevertheless, the reference protocols for induction chemotherapy, but especially the available radiotherapy techniques, have evolved considerably as compared to the treatments used in this clinical trial. SBRT uses an advanced technological approach to improve nearby OAR sparing while ensuring a correct coverage of the target volumes. Moreover, this treatment is delivered in a limited number of fractions, which improves the comfort and quality of life of patients. Finally, SBRT appears to be an attractive modality for the treatment of this radioresistant tumor type (15). A recent meta-analysis comparing SBRT and radiochemotherapy with conventional fractionation suggested a benefit in favor of SBRT, with 2-year OS of 26.9% vs. 13.7%. In addition, this study demonstrated also a benefit in terms of tolerance, with 5.6% acute grade 3/4 toxicities versus 37.7%, without differences of late grade 3/4 toxicities (16). Looking individually at the prospective studies evaluating SBRT in LAPC, the prescription dose varied from 15 Gy in 1 fraction to 45 Gy in 6 fractions (17–21). The proximity of digestive organs was the main issue of these studies with the rate of severe (grade > 2) gastrointestinal (GI) toxicities ranging from 5% up to 22%, especially for treatment in one fraction (19, 22–25). All of these trials used Linac or CyberKnife, with no possibility of daily adaptation, probably partially explaining the rate of GI toxicities (5, 6).

For this reason, adaptive radiotherapy seems to be a good solution to improve digestive organs sparing while keeping a high prescription dose, by daily adaptation of dosimetric plan to daily anatomy. With the development of MR-guided radiotherapy, new possibilities are offered for the treatment of LAPC. SMART is a technique allowing high prescription doses by 1) using good soft-tissue contrast of MRI for a precise delineation of target volumes and OAR, 2) using integrated TPS for daily adaptation of dosimetry, and 3) tracking of target volume using continuous cine-MR acquisitions (7, 8, 26).

Two series of SMART for the treatment of LAPC recently reported very encouraging results. The prescribed dose was 40 Gy (one patient), 45 Gy (4 patients), and 50 Gy (30 patients) in 5 fractions in the first study with a median follow-up of 10.3 months from SMART completion (27). In the second study, the prescribed dose was 50 Gy in 5 fractions for all patients with a median follow-up of 16 months from diagnosis and not SMART completion. The tolerance was excellent with only one (3%) acute grade 3 toxicity and one (3%) late grade 3 toxicity in the first study (27) and no late grade 3 toxicity and only 2 (4.6%) acute grade 3 toxicities in the second one (28). There were no grade > 3 toxicities in both studies. Our results are in accordance with their results, as we did not report any grade > 2 toxicities. The most frequent acute toxicities were asthenia (40%), abdominal pain (40%), and nausea/vomiting (43%), with no need for treatment interruption. Late tolerance was excellent too, with only grade 1 toxicities. Two patients had postoperative complications that resolved and can be considered unrelated to radiotherapy.

The benefits of adaptive treatment have already been demonstrated in other studies using SMART for different clinical indications. In lung tumors, the average gain per fraction for the PTV coverage (V100%) was 4.4% (29). For prostate reirradiation, we showed a benefit of adaptation on PTV coverage, without exceeding doses to OAR (30). In another study of different tumor localizations treated with SMART, 35/61 fractions were adapted because of OAR violation and led to better PTV coverage (7). In our study, we chose to prioritize OAR dose constraints. All patients had a daily adaptive treatment, usually for OAR dose constraints violation. Similarly, our adapted plans showed a significantly better PTV and PTV optimized coverage (an increase of mean PTV V95% of 2.2% and 4.3% respectively, p < 0.01). There was also a significant benefit of adaptation on stomach, duodenum, and small and large intestine dose constraints. In our experience, adaptive radiotherapy seems to be compulsory for the treatment of abdominal targets at this dose level (>40 Gy in 5 fractions).

In our study, the median OS calculated from SMART was 14.1 months in both the whole cohort and the BRPC and LAPC cohorts. In the other SMART series for LAPC and BRPC with the same dose prescription (50 Gy in 5 fractions), the median OS was 9.8 and 15.7 months (27, 28). The 1-year LC in our cohort was 86%, similar to respectively 87% and 84.3% in the studies of Chuong et al. and Hassanzadeh et al., confirming that SMART achieves a high LC rate in LAPC. LC is of particular importance for LAPC patients, as local progression is a frequent cause of morbidity and mortality (31). Indeed, Rudra et al. showed that increasing the BED10 over 70 Gy translated into OS benefit (2-year OS of 49% when BED10 > 70 Gy vs. 30% when BED10 < 70 Gy) (10). This suggests that LC plays a role in OS too. A recent review demonstrated the dose–response effect using SBRT for pancreatic cancers, from 70% 1-year LC for equivalent 24 Gy in 3 fractions to 86% for equivalent 30 to 36 Gy in 3 fractions, confirming the necessity to prescribe high doses in this population (32). This is also suggested by the results of other retrospective studies using non-MR Linac and non-adaptive techniques, where 1-year LC ranged from 48.5% to 78% for prescription of 1 fraction of 24 Gy to 5 fractions of 6.6 Gy (33–36).

However, the median DMFS and 1-year DMFS from initiation of induction chemotherapy in our study were 16.3 months and 72%, but only 10.5 months and 34% from SMART, showing the frequent and quick metastatic dissemination of these cancers.

Our study is the first to report a high rate of secondary resection after SMART. Indeed, nine patients (8 out of 19 patients (42.1%) with initial LAPC and one out of 3 patients (33.3%) with BRPC) were resected. In the studies published by the Washington University and Miami teams on SMART for pancreatic cancers, the resection rate was respectively 9% (28) and 14% (27). All our patients had an R0 resection, and the average pathologic therapeutic effect was 64%. Resected patients in our study had a significant increase in OS (HR = 5.78 (95% CI: 1.29–25.9); p = 0.0219). We report the feasibility of pancreatic surgery after SMART, provided that these high-risk surgeries are carried out by trained surgical teams with significant experience in these procedures. These results lead us to pursue our aggressive strategy in this situation, especially as some lesions that appeared inoperable on the post-SMART scan were finally able to benefit from an R0 resection and a probable therapeutic benefit. Indeed, we confirmed the imaging struggles to assess resectability after neoadjuvant treatment.

Our study presents some limits. First, the number of patients is limited and the study is monocentric, but we must consider that SMART is a new technique available in a few centers. Second, our study population is heterogeneous, with three patients presenting a neuroendocrine tumor or pancreatic metastases of another primary. We decided to keep these patients for dosimetric and toxicity analysis, as the treatment site and anatomical and dosimetric characteristics were similar, but a subgroup analysis on BRPCs and LAPCs regarding survival data had to be performed. Then, our follow-up is limited, and our results need to be confirmed with a longer follow-up.

In our study, OS from SMART completion was 14.1 months, highlighting the poor prognosis of this patient population, despite a good LC rate (86% at 1 year). This result highlights the need for intensification of therapy and personalization of treatment according to the characteristics of the disease. We believe that the use of radiomics could play a part in this therapeutic personalization. Cusumano et al. used a delta radiomics approach for patients treated with SMART for pancreatic cancer. They identified a feature capable to predict 1-year LC with an AUC of 0.78 (37). Patients with a poor prognosis may be offered intensified systemic therapy or dose-escalated radiation therapy.

The first published results of SMART in the treatment of pancreatic tumors seem encouraging, and our clinical results in a prospective registry confirm the safety data and seem to show therapeutic benefit for patients. However, we need more prospective, multicenter data to confirm these trends. The first encouraging results of the multicenter SMART pancreas study sponsored by ViewRay were presented at ASTRO 2021 and seem to confirm the interest in the technique. In France, the GABRINOX ART trial is ongoing (38). This trial is evaluating an intensified and sequential chemotherapy regimen (Gabrinox) comprising Gembrax (Gemcitabine-Abraxane) and Folfirinox (5FU, oxaliplatin, and irinotecan) in patients with LAPC, followed by SMART in non-progressive patients after induction chemotherapy. In the United States, a trial is evaluating a combination of SMART and concomitant chemotherapy by gemcitabine or capecitabine (39). We hope that the results of these trials will give us robust results confirming the benefit of this technique for patients with pancreatic tumors.



Conclusion

SMART for pancreatic tumors is feasible without limiting toxicities. Daily adaptation demonstrated a benefit for tumor coverage and OAR sparing. Acute and late toxicities were low. OS and LC rates were promising. SMART achieved a high secondary resection rate in LAPC patients. Surgery after SMART seemed to be feasible and might increase OS in these patients.
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Purpose

This study reports the workflow and initial clinical experience of high grade glioma (HGG) radiotherapy on the 1.5 T MR-Linac (MRL), with a focus on the temporal variations of the tumor and feasibility of multi-parametric image (mpMRI) acquisition during routine treatment workflow.



Materials and methods

Ten HGG patients treated with radiation within the first year of the MRL’s clinical operation, between October 2019 and August 2020, were identified from a prospective database. Workflow timings were recorded and online adaptive plans were generated using the Adapt-To-Position (ATP) workflow. Temporal variation within the FLAIR hyperintense region (FHR) was assessed by the relative FHR volumes (n = 281 contours) and migration distances (maximum linear displacement of the volume). Research mpMRIs were acquired on the MRL during radiation and changes in selected functional parameters were investigated within the FHR.



Results

All patients completed radiotherapy to a median dose of 60 Gy (range, 54-60 Gy) in 30 fractions (range, 30-33), receiving a total of 287 fractions on the MRL. The mean in-room time per fraction with or without post-beam research imaging was 42.9 minutes (range, 25.0–69.0 minutes) and 37.3 minutes (range, 24.0–51.0 minutes), respectively. Three patients (30%) required re-planning between fractions 9 to 12 due to progression of tumor and/or edema identified on daily MRL imaging. At the 10, 20, and 30-day post-first fraction time points 3, 3, and 4 patients, respectively, had a FHR volume that changed by at least 20% relative to the first fraction. Research mpMRIs were successfully acquired on the MRL. The median apparent diffusion coefficient (ADC) within the FHR and the volumes of FLAIR were significantly correlated when data from all patients and time points were pooled (R=0.68, p<.001).



Conclusion

We report the first clinical series of HGG patients treated with radiotherapy on the MRL. The ATP workflow and treatment times were clinically acceptable, and daily online MRL imaging triggered adaptive re-planning for selected patients. Acquisition of mpMRIs was feasible on the MRL during routine treatment workflow. Prospective clinical outcomes data is anticipated from the ongoing UNITED phase 2 trial to further refine the role of MR-guided adaptive radiotherapy.





Keywords: MR-Linac, glioma radiation, tumor dynamics, functional imaging, adapt-to-position



Introduction

The development of magnetic resonance imaging (MRI)-guided radiotherapy with an integrated high-field strength (1.5 Tesla) MRI-linear accelerator (MR-Linac) enables the daily acquisition of an MRI which allows for on-line soft tissue visualization. Therefore, alignment on the tumor itself is now possible as opposed to relying on a bony surrogate or implanted fiducial and, most importantly, the ability to adapt treatment in real time (1–3). Moreover, a high-field strength MR-Linac permits the acquisition of functional imaging such as diffusion, chemical exchange saturation transfer (CEST), perfusion, and other quantitative MRI (qMRI) biomarkers which introduces the possibility to further individualize treatment (4–10).

At the Sunnybrook Odette Cancer Centre (Toronto, Canada), as a founding member of the Elekta MR-Linac Consortium, our role was to develop the technology primarily for central nervous system tumors (11). Our focus was on the management of intracranial high grade gliomas (HGG) given that following maximal safe resection, radiotherapy with or without concurrent and adjuvant chemo is the standard of care (12–16). The motivation to study this population was based on the lack of any meaningful advances in radiotherapy margin design despite the integration of MRI into radiation planning for almost three decades. In order to determine if personalized margins would be beneficial, predicate work to determine tumor dynamics was undertaken by prospectively imaging patients during a 6-week course of therapy. Stewart et al. reported that inter-fraction volume changes and migration distances are indeed a factor to consider, and challenged the dogma that HGGs are static during a course of chemo-radiotherapy (17). Therefore, when clinical operations of the Unity MR-Linac (Elekta AB, Stockholm, Sweden) began at our institution, we started by treating patients with HGG based on standard margins and contouring practices (18), and evaluated the entire process including our in-house developed workflow, treatment toxicities, and imaging outcomes to inform future directions. In the present study, we report the clinical experience of an initial cohort of 10 HGG patients with an additional focus on the temporal variations of the tumor and the feasibility of acquiring research based multi-parametric images during routine treatment workflow.



Methods and materials

Ten HGG patients treated on our MR-Linac (MRL) between October 2019 and August 2020 within the first year of the MRL’s clinical operation were identified from a prospective database and retrospectively analyzed. All patients had histologically confirmed WHO Grade 3 or 4 glioma. The study was approved by the institutional ethics review board and all patients provided written consent to be enrolled on the MOMENTUM trial, an international prospective registry designed to facilitate evidence-based implementation of the first MRL and collect outcomes data (19).


MRL glioma adapt-to-position workflow

The patient workflow was categorized into offline and online components, and this is depicted in Figure 1. The offline (pre-treatment) component began with CT and MRI simulation scans. A CT overlay was placed on the CT simulation couch which mimicked the couch top of the MRL. An MR-safe Orfit (Orfit Industries NV, Belgium) base plate was affixed to the couch overlay and a 3-point mask was used for immobilization. A dummy coil, mimicking the true MRL anterior coil, was used to ensure that there were no collisions between the patient and the coil. The slice thickness for CT scanning was 1 mm. MRI simulation sequences included a post-gadolinium T1-weighted 3D sequence, a T1-weighted DIXON (fat sat), a T2-weighted fluid-attenuated inversion recovery (FLAIR), and a DWI sequence.




Figure 1 | Workflow for both the offline (upper figures) and online (lower figures) series of events in the treatment of the 10 glioma patients. The offline pre-treatment workflow involves initial simulations and treatment planning that leads to a reference plan. The online portion involves a daily MRI scan used to account for patient setup variations and the generation of a new daily online treatment plan as per the adapt-to-position workflow followed by physics quality assurance checks prior to and post treatment. The turquoise arrow indicates the online co-registration between the acquired daily MRI and the reference CT primary data set.



The CT and MRI data sets were imported into the Monaco treatment planning system (TPS) to generate a reference plan. The Monaco TPS uses a Monte Carlo dose calculation algorithm that models the effects of the magnetic field (20). The MRI data set was co-registered to the CT data set, and contouring was completed by the treating radiation oncologist. The gross tumor volume (GTV) was defined as the T1-weighted gadolinium-enhancing disease for Grade 4 tumors, or FLAIR hyperintense disease for Grade 3 tumors. The clinical target volume (CTV) consisted of a standard 1.5 cm or 1.0 cm expansion beyond the GTV for grade 4 and grade 3 disease, respectively, adjusted for anatomical barriers and routes of spread (18). The PTV expansion was 0.3 cm beyond the CTV. Planning was based on a pre-defined template in the Monaco TPS, which pre-loads the prescription dose, IMRT optimization parameters, beam arrangement (typically 9 beams), dosimetric criteria and reference dose. Treatment plans were calculated using the following parameters: 1% statistical uncertainty, a 3 mm dose grid in all directions, dose calculated to medium using the GPUMCD Monte Carlo algorithm, a minimum segment monitor unit of 2 MU and a minimum segment size setting of 4 cm2. A dose reference point was placed in the centre of the PTV, in order to perform an independent dose check during the online planning stage of the patient’s treatment. The reference treatment plan was sent for patient specific quality assurance (QA) measurement using the Arccheck-MR device (Sun Nuclear, Melbourne, Fl) prior to the start of treatment. Backup treatment plans for conventional Linacs were generated in case the MRL was not operational due to unexpected downtime or preventative maintenance.

The online workflow began with acquisition of daily pre-beam non-contrast enhanced MRI sequence (T1-weighted 3D volumetric scan), which was co-registered to the pre-treatment reference CT scan. The shift information was used to adjust the patient isocenter location prior to re-optimizing the daily treatment plan. This type of workflow, where the new daily online plan accounts only for rigid translational shifts of the patient, is referred to as the ATP workflow within the Monaco TPS. The Adapt-to-Shape (ATS) workflow, which was not applied to this initial cohort, describes a process by which the organs-at-risk (OAR) and target contours are deformed or re-contoured to reflect the anatomy of the day based on the online MRI, with which the plan is then re-optimized.

All workflow timings were recorded for each patient. During co-registration and planning, FLAIR and DWI MRI sequences were acquired. The new online plan was then reviewed and accepted by the radiation oncologist, or reviewed by the MRL radiation therapist after the first 5 fractions based on a set of pre-defined target coverage objectives and OAR tolerance thresholds, where the treating physician would be paged if tolerances were exceeded. Upon approval of the online plan, an independent dose check was performed using the RadCalc software (Lifeline Software, Tyler, TX), and the dose to a point in the center of the PTV validated. The dose difference between the Monaco TPS and the RadCalc software must be within 4% otherwise an investigation was warranted. For all 10 HGG patients, post treatment patient specific QA measurements were performed using the same criteria as the pre-treatment reference plan measurements.



FLAIR hyperintense region dynamics assessment

All T2-FLAIR images acquired on the MRL were imported into a research version of the Monaco TPS (Monaco Research v. 5.19.03d; Elekta AB, Stockholm, Sweden). The FLAIR hyperintense region (FHR) was then manually contoured by an attending radiation oncologist (H.C.), and verified by a second radiation oncologist (C.L.T.) at each time point. For each patient, the daily T2-FLAIR image sets from fraction 2 onwards were registered with six degree-of-freedom translational and rotational fusion using a mutual information registration algorithm to the respective 1st fraction T2-FLAIR image set. Following registration, all contours (total n = 281) for each patient were copied to the 1st fraction T2-FLAIR image set, and the RT structure set exported for further analysis. The volumes and migration distances of the contoured FHRs were then computed using the exported structure sets by a custom MATLAB script (MATLAB 2020a; The Mathworks Inc., Natick, Massachusetts). The migration distance was defined as the maximum linear distance in any direction that the contoured FHR volume departs from its respective first fraction volume (17).



Multi-parametric imaging acquisition and analysis

Research multi-parametric images were acquired on the MRL during radiation treatment, typically post beam-on. The microstructural and functional sequences included DWI, CEST, magnetization transfer (MT), and blood oxygenation level dependent (BOLD) resting-state fMRI. Additionally, variable flip angle and multi-echo sequences were acquired for T1 and T2 mapping, respectively. All sequences were obtained with whole-brain volumetric coverage, except for the single-slice CEST and three-slice MT scans. Each sequence was obtained at separate treatment fractions, with up to 1 week between repeated measurements for certain sequences. These sequences were not directly used for planning, but were prospectively acquired for research and development. The acquisition protocols are detailed in Supplementary Material.

ADC maps were fitted using the mono-exponential model logS(b)=logS0-b·ADC with b-values of [100,200,400,800] s/mm2 with a two-step weighted linear-least squares procedure (21, 22). CEST parameter maps were calculated as described previously (23). The T1 map was estimated from the variable flip angle data using the method described in Liberman et al. (24), incorporating uniform weighting of all flip angles and B1 inhomogeneity correction applied to the T1 map, except that the nominal flip angles were used for fitting. The T2 map was estimated from the multi-echo data using a mono-exponential model with linear least-squares fitting of the log-signal versus echo time.

The temporal behaviors of selected functional parameter values within the FHR were investigated. These parameters included ADC, T1, T2 and CEST asymmetry. For each patient, the medians of the functional parameter values within the FHR contour of the day were computed.

In order to determine the association between ADC values and FHR, the Pearson correlation coefficient between the median ADC and FHR using all treatment fractions was computed per patient. The hypothesis of a non-zero correlation coefficient was tested using a threshold adjusted for multiple comparisons (α=0.05/10=0.005). The correlation coefficient was also computed using the median ADC values and FHR for all patients and time points pooled together.

The FLAIR and diffusion-weighted images were co-registered to a reference MRL T1-weighted image and the FLAIR-to-reference transformation was then applied to the FLAIR contours. For greater concordance with the b-value range used in previous literature, the ADC maps were re-fitted from the co-registered DWI using b-values of [0,200,400,800] s/mm2. A region of low ADC was defined from the maps by taking the largest connected component of the set of voxels within the region of FLAIR hyperintensity having an ADC less than 1.25 μm2/ms (25). For those patients who exhibited progressive disease per RANO-HGG (26), the region of recurrent tumor was contoured on the first MRI scan at which progression occurred. The recurrent tumor was defined as the enhancing tumor for Grade 4 patients, and as the FHR for Grade 3 patients. For each patient, the T1-weighted image at recurrence was registered to the reference MRL T1-weighted image and the same transformation was applied to the contour of recurrent tumor. The overlap between low-ADC regions measured during radiotherapy and the region of recurrence was evaluated.

Overlap was quantified using the Dice score, as well as the sensitivity and positive predictive value (PPV) for the voxel-wise prediction of the region of recurrence by the low-ADC region. These metrics are given by the following equations:

	

	

	

Where A is the set of low-ADC voxels, R is the set of recurrence region voxels, | | denotes the number of voxels in a set, and A∩ R is the intersection of A and R. The sensitivity corresponds to the fraction of the recurrence region contained in the low-ADC region and the PPV with the fraction of the low-ADC region contained in the recurrence region.



Statistical analysis

Descriptive statistics were used to assess patient demographics, disease characteristics and treatment details. Categorical variables were expressed as counts and proportions, whereas continuous variables such as age and follow-up were expressed as median and range.

Time-to-death was calculated in months from the start date of radiation to date-of-death. Overall survival rates (OS) and progression-free-survival rates (PFS) were obtained using the Kaplan-Meier product-limit method. For OS, patients who were alive at time of analysis or who have become lost to follow-up were censored at their last follow-up date. PFS was defined as the time interval between the start date of radiation until date of disease progression (per RANO-HGG) (26) or death, whichever came first. If neither event had been observed, then the patient was censored at the date of last disease assessment. Statistical analysis was performed using open source statistical software R version 4.0.2 of R for Windows (The R Foundation for Statistical Computing, Vienna, Austria, 2022), and packages prodlim (v2019.11.13) and tableone (v0.12.0).




Results

All 10 HGG patients completed radiotherapy to a median dose of 60 Gy (range, 54 – 60 Gy) in 30 fractions (range, 30 – 33), receiving a total of 287 fractions on the MRL. Sixteen fractions were delivered with a conventional Linac as a result of either machine downtime or maintenance requirements. The mean in-room time per fraction was 37.3 minutes (range, 24.0 – 51.0 minutes) excluding post-beam research imaging, and 42.9 minutes (range, 25.0 – 69.0 minutes) when post-beam research imaging was performed. All patients met the independent dose check tolerance criterion. Nearly all (90%) received concurrent chemotherapy, and all patients received adjuvant chemotherapy. Patient, tumor, and treatment characteristics are summarized in Table 1, and treatment characteristics and clinical outcomes in Table 2. The median follow-up time was 25.1 months (range, 3.4 – 31.6 months). The 1-year and 2-year OS rates were 80.0% and 70.0%, respectively. The 1-year and 2-year PFS rates were 60.0% and 50.0%, respectively. No acute grade 3 or higher toxicities were observed.


Table 1 | Summary of patient, tumor and treatment characteristics.




Table 2 | Detailed patient treatment characteristics and clinical outcomes.



For all patients, contours from each daily MRI were analyzed for tumor dynamics (n = 281 contours). The FHR dynamics are summarized in Figure 2. At the 10, 20, and 30-day post-1st fraction time points 3, 3, and 4 patients, respectively, had a FHR volume that changed by at least 20% relative to the 1st MRL fraction. A relative increase in volume of more than 250% in the FHR was observed in one patient during chemoradiation who required re-planning. In this patient, the change was also associated with a FHR migration distance of more than 25 mm.




Figure 2 | FLAIR hyperintense region (FHR) dynamics as captured on the high-field MR-Linac. In both plots, the patients (n = 10) are delineated by the grey lines, and the black line the mean across all patients. (A) T2-FLAIR hyperintense volume relative to the first fraction. (B) The migration distance relative to the first fraction.



Three patients (30%) on temozolomide (TMZ) concurrent with 6 weeks of radiation required re-planning between fractions 9 to 12 due to progression of tumor and/or edema identified on daily MRL imaging. More specifically, Patient 1 was a young woman with a large right frontal GBM, IDH-wild type, who underwent subtotal resection. Progression of edema and associated mass effect was noted on daily MRL FLAIR imaging, and adaptive re-planning performed at fraction 12. The gadolinium-enhanced MRI at the time of re-planning confirmed increased rim enhancement with diffusion restriction concerning for high cellularity. Dexamethasone dosing was increased with improvement in headaches and nausea, and the patient was transitioned to the new adapted plan on the MRL at fraction 15. There was no treatment interruption. Patient 4 was a young man with a right frontal opercular astrocytoma, IDH mutant (non-canonical), WHO grade 4 and underwent subtotal resection. At fraction 9, increased edema with midline shift was observed on the daily MRL FLAIR imaging. The patient’s treatment was held for 2 days while he underwent re-planning and observation on high dose dexamethasone. He was transitioned to the new adapted plan on the MRL at fraction 10 given neurologic stability. Patient 10 was a young man with a left insula, primarily T2-weighted hyperintense astrocytoma, IDH mutant, WHO grade 4 who underwent subtotal resection. Interval increased FLAIR hyperintensity surrounding the lesion, with increased midline shift compared to the reference planning images, was observed requiring re-planning at fraction 12. His dexamethasone dosing was adjusted, and he continued radiation with the adapted re-plan started at fraction 15 without any treatment interruption.

The trends of functional imaging parameters (n = 550 image sequences) during MRL treatment are summarized in Figure 3. The correlation between the median ADC value within the FHR and the volume of FHR was statistically significant for 6 of 10 patients (p<.05). The magnitude of the correlation coefficient exceeded 0.60 for these 6 patients. The median ADC and FHR volume were also significantly correlated when the data from all patients and time points were pooled (R=0.68, p<.001).




Figure 3 | Quantitative imaging and FLAIR contours: (A) FLAIR volume and median functional parameter values plotted over time. Zoomed images are shown in (B) of the ADC maps for Patient 10 with corresponding FLAIR images with overlaid daily FLAIR contours (in black); the treatment fraction is shown in the lower-right corner of each FLAIR image. A plot of the ADC values vs FLAIR volumes is shown in (C), where each color represents a different patient. The correlation coefficients are shown in the bar plot; an asterisk indicates a statistically significant correlation. (D) Median CEST asymmetry with respect to treatment fraction computed over a single slice for the time points with available CEST imaging. Zoomed images are shown for Patient 2 (bottom panel) and Patient 9 (top panel) over time in (E) exhibiting decreasing and increasing asymmetry, respectively.



For each of the four patients who exhibited progressive disease during follow-up, the region of recurrence included most of the low-ADC region measured during treatment as illustrated in Figure 4. The positive predictive value, reflecting the fraction of the low-ADC region contained in the region of recurrence ranged from 43 – 94% over all patients/time points, and was greater than 68% by the final MRL fraction for all four patients. The sensitivity and Dice scores were lower (1 – 25% and 0.02-0.38, respectively) due to regions of recurrent tumor outside of the low-ADC region.




Figure 4 | Overlap between intra-treatment low-ADC regions and recurrent tumor: (A): The post-contrast T1-weighted image (T1c) of Patient 1 from a diagnostic scanner with the region of recurrence indicated by the red contour. Note that the recurrence region was taken as the enhancing tumor for the Grade 4 patients and the FLAIR hyperintensity for the Grade 3 patients. (B): The ADC map from the MR-Linac for Day 42 from first fraction of radiotherapy, corresponding to the last day of radiation for Patient 1, with the future recurrence region (red contour), FLAIR region (green contour), and low-ADC region (blue colorwash). The low-ADC region is mostly contained in the recurrence region. (C): The positive predictive value (PPV) over time for the voxel-wise prediction of the recurrence region by the low-ADC region. By the end of treatment, most of the low-ADC region is contained within the recurrence region for all patients.





Discussion

Daily MRI-guided radiation treatment delivery permits on-line visualization of tumor- and treatment-related temporal changes for HGG patients, which cannot be adequately identified on CT-guided radiation delivery systems. The present study is the first reported clinical series of HGG patients treated with radiotherapy on a high field strength MRL. The ATP workflow and treatment times were clinically acceptable and significant anatomic changes were noted in three of the ten patients which triggered adaptive re-planning. Our observations support the potential for this technology to improve outcomes.

All patients in this study completed radiotherapy as planned with over 96% of fractions delivered on the MRL. Remaining fractions were delivered on conventional Linacs due to machine maintenance or downtime. Despite early concerns of claustrophobia or discomfort as a result of prolonged treatment times on the MRL, no patient discontinued treatment. The tissue-air interface effects have been elucidated in prior planning and in-vivo studies suggesting the potential for increased skin and/or air sinus toxicities, but no unexplained toxicities were observed in this cohort (27, 28). Clinically, the treatments were well tolerated with only 2 patients reporting grade 2 acute headaches, nausea and/or fatigue, and 1 patient reporting acute grade 1 symptoms. No acute grade 3 or higher toxicities were observed in this series.

Whether or not tumor- and/or treatment-related temporal changes within the target volume during radiotherapy occur, and if they can lead to geographical misses and compromise patient outcomes, has been an unanswered question. In GBM patients undergoing concurrent chemoradiation over 6 to 6.5 weeks, studies have shown meaningful changes in target dynamics which can occur early in the treatment course (17, 29). Stewart et al. reported a migration distance greater than 5 mm in 46% and 54% of patients for the GTV and CTV, respectively, at fraction 10. Morphologic changes were observed wherein 40% of patients demonstrated a decreased GTV yet with a migration distance of > 5 mm. These data suggest that the majority of target changes occur between time of planning and fraction 10 (17). Bernchou et al. showed similar findings, noting a median maximum distance of > 5 mm between the GTVs at fractions 10, 20, and 30, compared to the original planning GTV (29). These studies provide support for treatment and evaluation of HGG patients with daily MRI guidance with adaptive re-planning as a strategy to account for tumor dynamics. Inter-fraction dynamics may be of critical importance in trials evaluating the safety of CTV margin reduction, as opposed to treatments based on current and historical practices of including 1.5 to 3.0 cm of normal brain tissue in the radiotherapy volume (29).

The present study demonstrated that FHR dynamics can be captured on the MRL, and at least 30% of patients in the study cohort at some point during the treatment course showed a change in FHR volume by 20% or more relative to the 1st fraction. Since gadolinium was not routinely given during the ATP treatment workflow, GTV dynamics could not be assessed in a similar fashion as the prior report by Stewart et al. (17) Importantly, findings noted on daily MRL FLAIR imaging triggered adaptive re-planning in three (30%) patients between fractions 9 to 12, which also led to adjustment in clinical management with respect to steroid dosing as the patients were symptomatic. The relatively early timing of the observed changes was in line with the prior prospective imaging studies. Furthermore, large inter-patient variability in FLAIR hyperintensity dynamics can be observed during the treatment course, and very few patients’ temporal dynamics were closely approximated by that of the mean relative change across the cohort. In one patient (Patient 10), a rapid change in the relative volume of the FHR by nearly 100% was observed between fractions 10 to 20. Hence, the data highlights the benefit of per-fraction daily MR imaging on the MRL in this patient population.

Recent reports from our institution demonstrated feasibility of CEST MRI and DWI acquisition on the MRL for CNS tumors (21, 23), and the current study reporting our initial clinical experience confirms successful acquisition of other multi-parametric image sequences including MT and BOLD resting-state fMRI during routine treatment workflow. ADC parameter changes could be reliably tracked during radiotherapy, and correlation was observed between the median ADC and FHR volumes across all patients and time points. GBM is known to extend beyond the T1-weighted contrast-enhancing region on MRI, and outcomes have been correlated with FLAIR abnormalities (30–32). Studies have established an inverse relationship between ADC and glioma cellularity (33–35), therefore, high ADC regions may indicate less cellular tumor within the FHR; however, it is acknowledged that as ADC is not specific to tumor cellularity, elevated ADC may also represent regions of increased edema (36). Therefore, the mixed positive and negative correlation observed between the median ADC and FHR volumes in this series may reflect a combination of tumor cellularity/density and the presence of edema, but a larger sample size is needed to better characterize in future studies. Similarly, association between ADC changes and survival outcomes in HGG have been previously reported (25, 37, 38). This was the first clinical series with daily FLAIR imaging throughout the entire course of radiation as part of the standard treatment workflow. In those patients who developed progressive or recurrent disease, the PPV (corresponding to the fraction of the low-ADC region contained within the region of recurrence) was greater than 68% by the final MRL fraction. Low sensitivity, nonetheless, was observed indicating that tumor recurrence was not confined to only areas of low-ADC. These preliminary findings underscore the importance of further evaluation pending mature clinical outcomes data to better define the role of multi-parametric functional imaging.

The most common pattern of recurrence for HGG post radiation is within or adjacent to the original tumor bed (39, 40). Although the dominant pattern of failure is within the GTV, causes of marginal failures may include positional mis-registration between the volume intended to receive the prescription dose and the actual treated volume, anatomical deformations, and unrecognized tumor progression due to lack of MR guidance at time of treatment delivery. These potential errors could compound over several weeks of treatment. Azoulay et al. reported a 5-fraction course of stereotactic radiation concurrent with TMZ in GBM patients using a 5 mm CTV margin as opposed to the standard 1.5 – 2.0 cm CTV margin approach, which represented a novel approach (41). With a reported marginal failure rate of 11%, the data lent support for possible CTV margin reduction. Patients on this study were treated with standard margins and the intent of the MRL adaptive radiotherapy was to reduce the normal tissue irradiated by compensating for tumor dynamics. An ATP treatment workflow for HGG patients on the MRL enables improved image guidance over that of conventional cone-beam CT-based Linac, but discernment of tumor progression remains challenging in the absence of intravenous contrast. Our ongoing MRL adaptive radiotherapy trial known as UNITED (UNIty-Based MR-Linac Guided AdapTive RadiothErapy for High GraDe Glioma: A phase 2 Trial, NCT04726397), investigates adaptive ATS MRI-guided radiation treatment. The trial is fundamentally based on applying a reduced CTV margin of 5 mm with the option of encompassing adjacent FLAIR signal as a part of the CTV as a personalized approach, and weekly fully re-contoured and re-optimized ATS treatment plans using the on-line gadolinium enhanced T1-weighted MRI sequence. Therefore, personalized adapted treatment plans are generated which assures safety of this strategy with the primary endpoint being the patterns of failure.

Our first report of treating HGG patients on the MRL is encouraging with no unexpected grade 3 or higher acute toxicities, and three out of the ten patients were re-planned due to significant changes that would have otherwise resulted in geographical miss. A notable strength of the study is the rigorous follow-up of all patients on the MOMENTUM registry study, with prospective collection of clinical outcomes data including toxicities. Unlike prior studies using a sampling of time points during treatment, temporal variations and functional parameter values from quantitative imaging were successfully evaluated on daily online imaging. Nevertheless, we acknowledge several limitations. The sample size is small and the cohort comprises mixed tumor histological and molecular diagnoses and, therefore, conclusions cannot yet be drawn regarding oncological outcomes. Selection bias could have been present in those patients selected for treatment on the MRL versus those who were ineligible due to contraindications to MRI or other reasons. Finally, significant variability was observed in the temporal trends of the median functional parameter values across the cohort, which can be attributed to the small number of patients and the mixed WHO tumor types and grades. However, we established the feasibility of multi-parametric imaging acquisition on the MRL which will be used in future work to determine if these functional maps can lead to more precise targets for dose escalation or de-escalation.

In conclusion, we report the first clinical series of HGG patients treated with radiotherapy on the Unity 1.5 T high field strength MRL. The ATP workflow and treatment times were clinically acceptable, and daily online MRL imaging triggered adaptive re-planning for selected patients. Acquisition of multi-parametric imaging sequences was feasible on the MRL during routine treatment workflow. ADC parameter changes could be reliably tracked during radiotherapy. Prospective clinical outcomes data based on personalized adapted treatment plans is anticipated from the ongoing UNITED phase 2 trial to further refine the role of MR-guided adaptive radiotherapy on the MRL.
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Purpose

This study aims to assess the quality of a new diffusion-weighted imaging (DWI) sequence implemented on an MR-Linac MRIdian system, evaluating and optimizing the acquisition parameters to explore the possibility of clinically implementing a DWI acquisition protocol in a 0.35-T MR-Linac.



Materials and methods

All the performed analyses have been carried out on two types of phantoms: a homogeneous 24-cm diameter polymethylmethacrylate (PMMA) sphere (SP) and a homemade phantom (HMP) constating in a PMMA cylinder filled with distilled water with empty sockets into which five cylindrical vials filled with five different concentrations of methylcellulose water solutions have been inserted. SP was used to evaluate the dependence of diffusion gradient inhomogeneity artifacts on gantry position. Four diffusion sequences with b-values of 500 s/mm2 and 3 averages have been acquired: three with diffusion gradients in the three main directions (phase direction, read direction, slice direction) and one with the diffusion gradients switched off. The dependence of diffusion image uniformity and SNR on the number of averages in the MR sequences was also investigated to determine the optimal number of averages. Finally, the ADC values of HMP have been computed and then compared between images acquired in the scanners at 0.35 and 1.5 T.



Results

In order to acquire high-quality artifact-free DWI images, the “slice” gradient direction has been identified to be the optimal one and 0° to be the best gradient angle. Both the SNR ratio and the uniformity increase with the number of averages. A threshold value of 80 for SNR and 85% for uniformity was adopted to choose the best number of averages. By making a compromise between time and quality and limiting the number of b-values, it is possible to reduce the acquisition time to 78 s. The Passing–Bablok test showed that the two methods, with 0.35 and 1.5 T scanners, led to similar results.



Conclusion

The quality of the DWI has been accurately evaluated in relation to different sequence parameters, and optimal parameters have been identified to select a clinical protocol for the acquisition of ADC maps sustainable in the workflow of a hybrid radiotherapy system with a 0.35-T MRI scanner.
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Introduction

Magnetic resonance (MR) diffusion-weighted imaging (DWI) is a very versatile technique widely used for the diagnosis of many types of malignancy (1–5). DWI signal is sensitive to the Brownian incoherent motion of water molecules due to thermal kinetic energy and to multiple-scale microscopic physiological motions, by applying diffusion-sensitizing gradients (6). It provides a quantitative measurement of the diffusivity of water molecules by means of the apparent diffusion coefficient (ADC). Moreover, DWI is also a very valued technique for assessing the response to chemo and radiotherapy of many different types of tumor because of its sensitivity to early detection of response to therapy, even in conjunction with other MR-based imaging biomarkers (7–9). Furthermore, DWI is also used in radiotherapy for the prediction of toxicity in healthy tissues and for the construction of normal tissue complication probability models (10). Also, radiomics analyses showed promising results when applied to DW images: the extracted features have been used to train predictive models in many recent studies (11–13). In the era of magnetic resonance-guided radiotherapy (MRgRT), DWI is a perfect candidate to be included in an adaptive radiotherapy protocol (14), providing quantitative information to better adapt the daily dose distribution, considering not only the anatomical variation but also the quantitative ADC variation of the target’s tissue. Such an upgrade would greatly increase the value of the treatment in terms of personalization of the therapy. Nevertheless, DWI is still not implemented to clinically support MRgRT: in fact, up to date, few studies have been carried out on low-field MR systems to assess the reliability of DWI sequences (15–17). It is known that there are many sources of biases that influence the precision of DW images and, consequently, the reliability of the ADC estimation even in high-field MR systems devoted to medical imaging. Many of these depend on the MR system and on the acquisition sequence. The main ones are as follows:

	• the signal-to-noise ratio (SNR), which decreases as the b-value increases (i.e., when the intensity of the diffusion gradients increases, producing a loss of phase coherence of the spins in the transverse plane and therefore a loss of SNR) (18);

	• the image distortions, which strongly depend on the echo-planar readout of the most common DWI sequences and which are strongly affected by local non-uniformities of the static field (19);

	• the gradient fields linearity along the three orthogonal spatial directions, which generates different effective b-values and image distortions (20).



Many optimization and correction strategies, as well as QA protocols, have been defined to monitor these effects and control the uncertainty of ADC measurements and possible related biases on high-field clinical MR systems (21–25). The same should be done for MR-Linacs, taking into account the peculiarities of these hybrid systems. In fact, the MR-Linac system is extremely complex: the integration of a linear accelerator and a magnetic resonance scanner in a single Faraday cage leads to several difficulties in obtaining good-quality images (26). The Linac is arranged on a circular crown arranged between two superconducting magnets that generate the field (27). Particular attention must be paid to the static field uniformity during the acquisition of images. In fact, field uniformity can be significantly affected by the movement of the ferromagnetic structure of the Linac, and image quality can be therefore dependent on the position of the Linac gantry head. For these reasons, it is necessary to characterize the MR-Linac system and optimize the DWI acquisition sequence considering the construction characteristics of the hybrid systems under examination, to obtain the desired results in terms of image quality (22). This work must be carried out by means of phantom measurements before translating the results onto the patient and also to separate the sources of uncertainty that depend on the patient (movement, breath, physiological microscopic motions, etc.) from those that depend on the MR system and on the acquisition sequence. Given this background, this study aims to assess the quality of a new DWI sequence implemented on an MR-Linac MRIdian system, evaluating and optimizing the acquisition parameters to explore the possibility of clinically implementing a DWI acquisition protocol in a 0.35-T MR-Linac.



Materials and methods


Sequences

All measurements were conducted in a 0.35-T MR-Linac system (MRIdian, ViewRay Inc., Mountain View, CA, USA). Since the DWI sequence is still not available clinically, all the measurements were performed in the MRI mode, disconnecting the MR scanner from the Linac and using the onboard scanner software (Syngo MR B19 DHHS, Siemens). In this modality, the MR software allowed the acquisition of DWI sequences with different types of fields of view (FOV), square or rectangular, and a slice thickness ranging from 6 to 10 mm. All the sequences used a twice-refocused spin echo (TRSE) diffusion scheme (28) with a ratio between the repetition time (TR) and echo time (TE) of 2000/5.4 and a bandwidth of 298 Hz/px. The possible choices of b-values for such sequences ranged continuously from 0 to 900 s/mm2. Moreover, an acquisition matrix of 128 × 109 pixels (pixel dimension is 2.734 × 2.734 mm2) was used. All images were acquired using anterior and posterior surface torso coil, considering the phantoms described in the following section.



Phantoms

All the analyses in this work were carried out on two types of phantoms. The first was a homogeneous 24-cm diameter polymethylmethacrylate (PMMA) sphere containing a 2-mM aqueous solution of nickel chloride hexahydrate salt (NiCl2*6H2O) (Siemens Healthcare GmbH, Germany). The second was a homemade phantom (HMP) and consisted of a PMMA cylinder (183 mm diameter and 150 mm height) filled with distilled water with empty sockets into which five cylindrical vials (23 mm diameter and 100 mm height) filled with different concentrations (30, 20, 10, 5, and 1 w/w %.) of methylcellulose water solutions have been inserted.



Diffusion gradient homogeneity

A preliminary analysis was performed to study the dependence of diffusion gradient inhomogeneity artifacts on gantry position in order to determine the best gantry angle (BGA) for DWI. For this particular analysis, SP was used and four diffusion sequences with b-values of 500 s/mm2 and 3 averages were acquired: three with diffusion gradients in the three main directions (phase direction, read direction, slice direction) and one with the diffusion gradients switched off. Measurements were repeated at four different gantry head angles of 0°, 90°, 180°, and 270°. All images were exported in DICOM format and analyzed with ImageJ software (29) (ver. 1.53f51). Image quality was evaluated by measuring the following:

	• uniformity (U) calculated as:



U (%) = 1 − ((Pmax − Pmin)/(Pmax + Pmin)) * 100

	• where Pmax and Pmin are the values of the maximum and minimum of the diffusion signal within the SP, the largest radius of the sphere concentric to the SP that did not include artifacts (rMAX). The latter was determined by performing visual analysis.





Analysis of the number of averages

The dependence of diffusion image uniformity and SNR on the number of averages in the MR sequences was investigated in order to determine the best average number (BAN). This analysis was repeated for the images obtained according to four different b-values, i.e., 0, 300, 500, and 800 s/mm2, and for sequences with 1, 5, 10, and 15 averages. All measurements were carried out with the gantry head positioned at 0°. The uniformity was calculated as described before, while SNR was calculated according to AAPM guidelines (30) as follows:

	

where S is the mean value of the signal and N is the standard deviation of the background.

Secondly, an analysis of the geometric distortion as a function of the number of averages was carried out by appropriately measuring the outer diameter of the HMP in the anterior–posterior (AP) and right–left (RL) directions using images acquired with the b-value 500 s/mm2. Values have been compared to the real dimension of the phantom in order to evaluate the geometric distortion. In addition, an analysis of the dependence of the calculated ADC values on the number of averages used was carried out. Diffusion sequences were acquired on the HMP with four b-values (0, 300, 500, and 800 s/mm2), and the corresponding ADC maps were calculated using the single exponential fit of the MRIAnalysisPak plugin available on ImageJ software (29, 31). The distributions of the ADC values for the different methylcellulose concentrations were plotted using OriginPro “Version 2018b” (OriginLab Corporation, Northampton, MA, USA) and compared according to the number of averages in terms of mean value and standard deviation. Once the optimal parameters for the realization of a sequence applicable in clinical practice were established, diffusion images were acquired and the relative ADC maps of the HMP were calculated. These values were compared with those obtained by scanning the same HMP in a 1.5-T tomograph GE Signa HDxt (GE Healthcare, Waukesha, WI, USA) using a standard clinical sequence for diffusion imaging and the same b-values. The comparison was evaluated through statistical analysis using Passing–Bablok regression.



Other analysis

The dependence of uniformity and SNR as a function of slice thickness was investigated acquiring five different diffusion sequences (BGA, BAN, 500 s/mm2), and slice thickness was set to 6 (minimum value allowed in the MRI protocol system for such a particular sequence), 7, 8, 9, and 10 mm, respectively.




Results


Diffusion gradient homogeneity

Figure 1 shows the DWI acquisitions at different gantry angles. Both for the images acquired with the gradients turned off and the gradients turned on in the “slice” direction, there is an almost total absence of artifacts except for the 90° angle that presents a barely perceptible artifact in the center of the sphere. With regard to the images acquired with the gradients turned on in the “read” and “phase” directions, the copious presence of inhomogeneous gradient artifacts can be noted in all gantry angles. These visual considerations are reinforced by the data in Table 1 which shows the results of the computed uniformity (U) and the rMAX value at different gantry angles for the SP DWI. In this table, we can see that the uniformity reaches its maximum values (93.2, 84.8, 91.4, and 88.0 with gantry angle at 0°, 90°, 180°, and 270°, respectively) with the gradients off and with the gradients on in the “slice” direction (90.3, 76.3, 90.0, and 83.8 with gantry angle at 0°, 90°, 180°, and 270°, respectively). For the images acquired with the gradients in the “read” and “phase” directions, the uniformity has almost always the lowest values. Concerning the rMAX value, expressed in millimeters, Table 1 reports its value related to the images with the gradients off and in those with the gradients turned on in the “slice” direction; the maximum value is reached at 120 mm (the SP has in fact a diameter of 240 mm). On the other hand, for images acquired with the gradients in the “read” and “phase” directions, rMAX minimum values are between 0 and 73 mm. The worst situation was observed with the gantry angle at 180° where rMAX for the “read” and “phase” gradients are zero because of the evident artifacts that cross the image right in the middle of the FOV. The overall result of this analysis identifies “slice” as the optimal gradient direction and 0° as the best gradient angle, to acquire high-quality artifact-free DWI images.




Figure 1 | Diffusion images of the spherical phantom obtained for different gantry head positions (0, 90, 180, 270 degrees) and with different diffusion gradients (turned OFF, b-value 500 s/mm2 "read", "phase" and "slice" direction).




Table 1 | Values of uniformity (U) and maximum radius of artifact-free ROI for the images in Figure 1.





Analysis of the number of averages

Figure 2 depicts the SNR (panel A) and the uniformity (panel B) as a function of the number of averages when varying the b-values. Both the SNR ratio and the uniformity increase with the number of averages. For the b-value 0 s/mm2, SNR has the minimum value of 100 (1 average) and assumes the maximum value (118) at 10 averages. For the b-value 300 s/mm2, SNR varies continuously from 64 (1 average) to 117 (15 averages). Similarly, for the b-value 500 s/mm2, SNR varies continuously from 74 (1 average) to 112 (15 averages). The b-value 800 s/mm2 shows obviously lower values than the others, ranging from a minimum of 29 (1 average) to a maximum of 93 for 15 averages, reaching a value of 86 for 10 averages. For the lowest b-values (0 and 300 s/mm2), we find a high value of uniformity and SNR (as observed with 15 averages) even using few averages (1 or 5), while for the highest ones (500 and 800 s/mm2), optimal values are reached starting from 10 averages. On the basis of these considerations, a threshold value of 80 for SNR and 85% for uniformity was adopted to choose the best BAN, which is dependent on the b-value: a smaller number of averages (3) can be used for the lowest b-values and a larger number of averages (10) must be used for the highest b-values. Table 2 reports the times taken by the sequences for the acquisition of a single slice and for a stack of 6 slices, according to the number of averages. The time reported is relative to the acquisition of an image with only one b-value; to obtain the total duration of a sequence used to generate an ADC map, the times necessary to obtain all the single b-values involved must be added together.




Figure 2 | Development of SNR (A) and Uniformity (B) as the number of averages increases for different b-values. The solid blue line is for 0 s/mm2 (gradients off), orange for 300 s/mm2, grey for 500 s/mm2 and yellow for 800 s/mm2. All the gradients have been set to slice direction.




Table 2 | Time required to collect images with 1 (first column) or 6 (second column) slices varying the number of averages of the sequence.



Figure 3 shows the section of the HMP used to calculate the two diameters in the AP (in yellow) and RL (in red) directions. Table 3 shows the results of the measurements and the deviations from the expected value (Δ) as a function of the number of averages. It can be seen that the distance from the expected value is always below 1 mm except for the values for images with only one mean. In this case, in fact, there is a difference of 2.9 mm for the AP direction and 1.36 mm for the RL direction.




Figure 3 | Section of the HMP used to calculate the two diameters in the AP (in yellow) and RL (in red) directions.




Table 3 | Value of the diameter measurements in the two directions (AP second column and RL third column) expressed in millimetres.



In the fourth and fifth columns, differences with the expected values are shown. All images are acquired using the TRSE sequences with TR/TE = 2000/5.4 and a b-value of 500 s/mm2 in the slice direction.

Gaussian fits of the distributions of the ADC values of the different concentrations of methylcellulose in the HMP obtained for different numbers of averages are shown in Figure 4. The ADC values are given in 10−3 mm2/s, and we can see in solid black line the values obtained for 1 average, in red those for 5 averages, in blue those for 10 averages, and in green those for 15 averages.




Figure 4 | Gaussian fits of the distributions of the ADC values of the different concentrations of methylcellulose in the HMP obtained for different numbers of averages.



In Table 4, we can see the parameters of the Gaussian fits for ADC value distribution. Mean value (xm) and standard deviation (σ) are reported in 10−3 mm2/s for all methylcellulose concentrations and for all numbers of averages considered in the analysis. It can be seen that the value of the ADCs remains constant except for the values obtained for 1 average which are significantly lower. On the other hand, the standard deviation decreases its value as the number of averages increases except for the 1% concentration which shows similar but slightly higher values from 5 to 10 averages.


Table 4 | Parameters of Gaussian fits for ADC value distributions for all methylcellulose concentrations and all averages analyzed.



Table 5 reports the SNR and uniformity values as a function of the slice thickness: both values do not vary significantly. The increase in slice thickness results in an increase in SNR (from 93.8 to 96.1) and uniformity (from 89% to 92%).


Table 5 | SNR and uniformity as a function of the slice thickness.



As shown in Figure 5, DWI was then acquired on HMP, and the corresponding ADC map was calculated using two b-values (0 and 800 s/mm2), with the number of averages set to 3 and 10, respectively, while slice thickness was maintained to 6 mm. These settings allow to acquire a single slice in 26 s and a stack of 6 slices, which would give a volume of 350 × 294 × 36 mm3, in 78 s (3 averages in 21 s for b-value at 0 s/mm2 and 10 averages in 57 s for b-value at 800 s/mm2). All sequences were acquired at the BGA.




Figure 5 | Images of the HMP acquired using diffusion sequences with b-values set to 0 s/mm2, 3 averages (a) and 800 s/mm2, 10 averages (b). In panel “c” is reported the calculated ADC map. In panel “a” are also reported the values of the concentrations of methylcellulose solution below the relative vial.



Figure 6 reports the boxplots of the ADC coefficient values computed from the images acquired on the scanner at 0.35 T (cyan box) and on a diagnostic scanner at 1.5 T (orange box), for the various concentrations of the methylcellulose solutions present in the HMP.




Figure 6 | Distributions of the values of the ADC coefficients calculated from the images acquired on the scanner at 0.35 T (cyan box) in comparison with those acquired with a homologous sequence on a diagnostic scanner at 1.5 T (orange box) for the various concentrations of the methylcellulose solutions present in the HMP.



Figure 7 reports the Passing–Bablok regression for comparison of ADC values of methylcellulose concentrations for 1.5 and 0.35 T scanners: the comparison showed a slope value of 1.01 (95% CI: 0.96 to 1.05) and an intercept value of −0.03 (95% CI: −0.11 to 0.04).




Figure 7 | Passing-Bablok regression for comparison of ADC values of Methylcellulose concentrations for 1.5 T and 0.35 T scanners.



In Table 6, the ADC mean values and relative standard deviations for the various concentrations of methylcellulose and distilled water are reported. As it would be desirable, no significant differences between the ADC coefficient distributions obtained on the two different scanners have been noticed: the most significative variation is 0.03 10−3 mm2/s for 10% of methylcellulose concentration, while it shows no difference for the 1% concentration. The agreement between couples of relative ADC mean values can be appreciated by reading the p-values in the fifth column which are all above the significance level. In Table 7, we summarize the optimal acquisition parameters for our center.


Table 6 | Mean values of ADC (10−3 mm2/s) obtained for different methylcellulose concentrations and distilled water.




Table 7 | Acquisition parameters for ADC measurements.






Discussion

In this study, the quality of DWI was evaluated in relation to different sequence parameters to identify the optimal parameters and create a clinical protocol for the acquisition of ADC maps sustainable in the workflow of a hybrid radiotherapy system with a 0.35-T MRI scanner. Initially, the dependence of the image quality on the position gantry angle was studied, observing the use of diffusion gradients in the “read” and “phase” directions which produced images with a large number of artifacts; however, they could not be used for the calculation of ADC maps. As regards the “slice” direction, good-quality images were obtained for most of the gantry angles investigated in this study (except for 90°). A similar behavior was also found in Pieniazek et al. (32) who used a 0.2-T MR scanner and only slice direction due to system limitations. In previous studies investigating the DWI acquisition on a 0.35-T MR-Linac system, there is no mention of the gradients’ direction and the gantry angle used (33, 34). Although is not clearly visible in Figure 1, the quantitative analysis in Table 1 shows the differences in acquisitions with diffusion gradients in the “slice” direction for the four gantry angles (0°, 90°, 180°, and 270°) that led to the choice of 0° as the best gantry angle. Based on these findings, a clinical protocol will be designed using 0° as the best gantry angle and slice as the diffusion gradient direction. Regarding the analysis of the number of averages, it was confirmed that there was also an increase in both SNR and uniformity when the number of averages is increased: based on this, the different numbers of averages depending on the b-value acquired were considered. By making a compromise between time and quality and limiting the number of b-values used for the calculation of the ADC maps to 2, it is possible to reduce the acquisition time to 78 s. This time reduction can be considered a satisfactory result since the duration of the typical diagnostic scanner sequences ranges from 40 s to 3–4 min depending on the need (35) and patient compliance (36). Our results in terms of stability analysis of ADC values as a function of averages are in line with those reported in a previous experience recently published (37, 38). Since the results obtained for the variation of SNR and uniformity showed insignificance to minor deviations when varying slice thickness, we did not find it useful to proceed with an analysis of the stability of ADC coefficient values as a function of slice thickness. The optimal sequence designed was finally tested acquiring DWI on the HMP and calculating ADC values. Such maps were compared with those obtained with acquisitions on a 1.5-T diagnostic scanner on the same phantom, obtaining good agreement which is desirable. As can be seen in Figure 6, there is a certain difference in the standard deviations of the values obtained using the two different scanners: a probable explanation can be found in the inhomogeneity of the methylcellulose solutions since some vials contain more inhomogeneous solution than the others due to small lumps or small air bubbles. These are detected, when present, by the higher resolution of a 1.5-T scanner leading to a higher standard deviation. This is a limitation of this study and can be overcome by using a different polymer in the solution [like polyvinylphenol (PVP)] to make it more homogenous. As far as the authors know, this represents one of the first studies on diffusion sequences carried out on a 0.35-T system using a phantom. A comparable study was proposed by Lewis et al., who investigated the geometric distortion as a function of gantry angles (38). The substantial differences mainly involved two aspects: the first merely concerns the parameters used for the sequence. Lewis et al. used an EPI diffusion scheme and made no mention of using particular gradient directions. The other aspect concerns the phantom: Lewis et al. made use of a commercial NIST phantom for DWI, while our measurements were carried out using a homemade phantom that is easily replicable and cheap. Lewis et al. found a difference in ADC values when comparing the scanners at 0.35 T with those at 1.5 and 3 T, while in our study, there is a good agreement in ADC values calculated with images acquired in the 0.35- and 1.5-T scanners as shown by the Passing–Bablok regression analysis. A possible reason for this discordance lies in the different diffusion schemes used and probably in the choice of the different b-values chosen for the sequences. In addition, a similar study was published on an MR-Linac system with a static magnetic field at 1.5 T by Kooreman et al. (39). In this multicenter study (6 MR-Linac system scanners), the spatial dependence of the ADCs was evaluated using a cylindrical phantom. Similar to the present work, Kooreman et al. also found images affected by artifacts for acquisitions with diffusion gradients that were not in the z-direction (our “slice” direction). Although they found the presence of these artifacts, they did not render the images unusable but only forced them to define a confidence zone around the isocenter (7 cm radius) for the calculation of ADC values. In our case, however, if we had to calculate the same kind of confidence zone, we would have found a null surface. This study obviously has all the limitations of a single-center study. This calls for a multicenter evaluation study, involving other MR-Linac systems with a static magnetic field at 0.35 T, to characterize the gradient inhomogeneities in a machine-independent manner to understand their nature and make the necessary corrections.

In conclusion, the present study identified the optimal parameters to obtain high-quality diffusion-weighted MR images on a 0.35-T MR-Linac system.
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Purpose/Objectives

Magnetic resonance-guided radiotherapy (MRgRT) is increasingly used in a variety of adult cancers. To date, published experience regarding the use of MRgRT in pediatric patients is limited to two case reports. We report on the use of MRgRT for pediatric patients at our institution during a four-year period and describe important considerations in the selection and application of this technology in children.



Materials/Methods

All patients treated with MRgRT since inception at our institution between 4/2018 and 4/2022 were retrospectively reviewed. We also evaluated all pediatric patients treated at our institution during the same period who received either imaging or treatment using our magnetic resonance-guided linear accelerator (MR Linac). We summarize four clinical cases where MRgRT was selected for treatment in our clinic, including disease outcomes and toxicities and describe our experience using the MR Linac for imaging before and during treatment for image fusion and tumor assessments.



Results

Between 4/2018 and 4/2022, 535 patients received MRgRT at our center, including 405 (75.7%) with stereotactic ablative radiotherapy (SABR). During this period, 347 distinct radiotherapy courses were delivered to pediatric patients, including 217 (62.5%) with proton therapy. Four pediatric patients received MRgRT. One received SABR for lung metastasis with daily adaptive replanning and a second was treated for liver metastasis using a non-adaptive workflow. Two patients received fractionated MRgRT for an ALK-rearranged non-small cell lung cancer and neuroblastoma. No Grade 2 or higher toxicities were observed or reported during MRgRT or subsequent follow-up. Twelve patients underwent MR imaging without contrast during treatment for brain tumors to assess for tumor/cystic changes. Two patients treated with other modalities underwent MR simulation for target volume delineation and organ at risk sparing due to anatomic changes during treatment or unexpected delays in obtaining diagnostic MR appointments.



Conclusions

In four pediatric patients treated with MRgRT, treatment was well tolerated with no severe acute effects. At our center, most pediatric patients are treated with proton therapy, but the cases selected for MRgRT demonstrated significant organ at risk sparing compared to alternative modalities. In particular, MRgRT may provide advantages for thoracic/abdominal/pelvic targets using gated delivery and adaptive replanning, but selected patients treated with fractionated radiotherapy may also benefit MRgRT through superior organ at risk sparing.





Keywords: stereotactic body radiation therapy, SBRT, SABR, MR Linac, motion management, anesthesia, proton therapy, adaptive replanning



Introduction

Magnetic resonance-guided radiotherapy (MRgRT) provides enhanced soft tissue visualization compared to computed tomography (CT) and the potential for an online adaptive workflow, which may enable safer dose escalation for tumors adjacent to dose-limiting organs at risk (OAR) without increasing toxicity. Additional benefits include improvements in daily setup accuracy, the ability to reduce planning target volume (PTV) margins for some disease sites, use of continuous cine tumor motion tracking and beam gating, and application of respiratory breath-hold techniques to abrogate tumor motion. In adults, MRgRT has been applied in stereotactic ablative radiotherapy (SABR) for inoperable pancreatic carcinoma and oligometastatic lesions in the abdomen, pelvis, liver, and adrenal glands with favorable early outcomes (1, 2).

In children (defined as < 21 years of age in this study), MRgRT may provide similar opportunities to improve the therapeutic ratio with a potentially greater emphasis on reducing late adverse effects of radiotherapy. In 2020, a survey of twelve current and future users of MRgRT systems in International Society of Paediatric Oncology (SIOP) and Children’s Oncology Group (COG) radiotherapy centers examined the potential benefits of MRgRT in pediatric patients (3). While the survey identified several clinical scenarios and tumor sites where MRgRT was expected to improve clinical outcomes and toxicities, experience with MRgRT in children remains limited. To date, the published experience for the use of MRgRT in pediatric patients is limited to two case reports (4, 5), which is likely influenced by the low number of MRgRT facilities and prioritization of other modalities, such as proton therapy (PT), in this population. The purpose of this investigation is to report on the use of MRgRT for treatment and imaging purposes at our institution during a four-year period, discuss potential applications for this technology at a large center with varied radiotherapy modalities, and describe lessons learned from treating pediatric patients with MRgRT.



Materials and methods

After obtaining institutional review board (IRB) approval, we retrospectively reviewed all patients treated with MRgRT on the MRIdian (ViewRay, Oakwood Village, OH) linear accelerator (MR Linac) at a single institution between 4/2018 and 4/2022. We also reviewed all pediatric and young adult patients (< 21 years of age) treated at our institution during the same time interval and identified all who received either imaging or treatment using the MR Linac.

All patients underwent simulation and treatment in the supine position. Every simulation comprised both a 0.35 T balanced steady-state free precession sequence (TrueFISP) MR scan acquired over 17-25 seconds on the MR Linac followed by a CT simulation. Patients treated with conventional fractionation using a non-adaptive workflow were simulated arms up or arms down based on the disease site and at the discretion of the radiation oncologist. For abdominal and thoracic tumors undergoing SABR, simulation was performed either with both arms down or one arm raised above the head for comfort and reproducibility; this was important particularly for patients undergoing daily online adaptive replanning and treatment in breath hold. For SABR, our treatment planning and delivery approach were previously described (6). Fiducial markers and oral/intravenous contrast were not used given that gross disease and OARs were well visualized during simulation and treatment. Target volume and OAR delineation and treatment planning were performed on the MR simulation scan. When appropriate, and based on the disease site treated, a clinical target volume (CTV) was added surrounding the gross tumor volume (GTV) at the discretion of the radiation oncologist. The PTV margin consisted of an isotropic 3 mm expansion of GTV or CTV (if present).

Prior to each daily treatment, GTV was used to define the tracking region of interest in the sagittal plane. Continuous cine imaging and real-time tumor tracking were applied, and treatment was automatically held if > 3-5% of the tracking region of interest was displaced by > 3 mm from its original location (e.g. outside of the tracking boundary). In SABR cases, mid-inspiration breath hold was preferred over deep inspiration breath hold respiratory gating and free breathing to improve treatment efficiency and decrease the time the patient was required to be in the MR Linac. On-table adaptive replanning was performed in SABR cases where OAR anatomy was expected to change from day to day and dose constraints would be exceeded. The target volumes and critical OARs within 2 cm of the PTV were recontoured every day and replanning was performed if deemed medically necessary based on predicted dose from the initial plan recalculated on the anatomy of the day. The highest priority for all delivered treatments was to ensure that OAR constraints were met, even if target coverage was compromised. During planning, treatment plans were optimized to deliver 95% of the prescription dose to 100% of the PTV. In the event that organ at risk constraints could not be met with this dose coverage, OAR constraint priorities were met and undercoverage was accepted. During daily online adaptive replanning, we employed an isotoxicity planning approach, where treatment plans were normalized to the nearest OAR dose constraint, typically for the nearest gastrointestinal (GI) OAR. Pretreatment patient-specific quality assurance was performed before delivery of the first planned fraction in all cases and was performed prior to each daily fraction in all plans that underwent online adaptive replanning.

Clinical and radiographic data from baseline and routine follow-up, including patient and tumor characteristics, treatment details, acute and chronic toxicities, and disease response, were collected (by MDH, RH, and KVW) and entered into a coded electronic database. Electronic medical records were also reviewed from the primary pediatric oncology teams for assessment of toxicities. Patients were seen 3 months after MRgRT and then every 3-4 months for routine care in our clinic. Treatment response was evaluated with Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 criteria. Early and late toxicities were prospectively recorded weekly during MRgRT and then at each radiation oncology follow-up visit using Common Terminology Criteria for Adverse Events (CTCAE) version 5. Acute toxicity was defined as any toxicity occurring during or within 90 days after completing MRgRT.

Descriptive statistics were used to illustrate patient allocation between various treatment modalities in our department and patient-specific outcomes. Local control (LC) was defined as the absence of in-field treatment failure. Overall survival (OS) was determined by the time to death from any cause with censorship at the date of last follow-up. The data presented here comprise all follow-up data up to the close-out date of September 5, 2022.



Results

Between 4/2018 and 4/2022, 535 patients received MRgRT in at our center. Of this total, 405 patients (75.7%) received SABR, defined as doses ≥ 6 Gy delivered in ≤ 10 fractions. Within the SABR cohort, 370 patients were treated with ablative dosing using 5 or fewer fractions while 35 received 6-8 fractions. The two reasons patients did not receive ≤ 5 fractions were if insurance did not approve five-fraction SABR (in this event, patients most often received 40-50 Gy in 6 fractions) or if the radiation oncologist selected a more gently fractionated ablative regimen, such as 60 Gy in 8 fractions for central lung tumors. The most common sites treated in this cohort using SABR were inoperable pancreatic cancer (26.5%), lymph node metastases (16.1%), hepatobiliary tumors (10.3%), and adrenal metastases (9.0%). In this dataset, 69 MRgRT patients (12.9%) received conventional fractionation, most commonly for lung and GI tumor sites treated with definitive intent.

During this four-year period, 347 distinct courses of external beam radiotherapy were delivered to pediatric and young adult patients who were < 21 years of age. This included 28 patients treated with cranial stereotactic radiosurgery (8.1%) and 29 who received total body irradiation as part of the conditioning regimen for hematopoietic cell transplantation. As a result, a total of 290 courses of fractionated external beam radiotherapy were delivered during this interval, including 217 (74.8%) with proton therapy.

In this same period, four pediatric patients received MRgRT. One patient with metastatic Ewing sarcoma received SABR for a lung metastasis in the left lower lobe abutting the diaphragm. For this patient daily adaptive replanning was adopted to meet OAR constraints to the adjacent stomach. For this patient daily adaptive replanning was adopted to meet OAR constraints to the adjacent stomach. A second patient received non-adaptive SABR for a single liver metastasis with gated beam delivery. Two patients received MRgRT to 30 Gy in 10 fractions for metastatic ALK-rearranged non-small cell lung cancer and neuroblastoma. Fourteen other patients had imaging alone performed on the MR Linac for either image fusion or quality assurance during treatment. Twelve underwent MR imaging without contrast for brain tumors to assess for tumor/cystic changes during treatment. Two additional patients who were subsequently treated using other radiotherapy modalities underwent MR simulation for target volume delineation and organ at risk sparing due to observed anatomic changes or unexpected delays in obtaining diagnostic MR appointments.

Below, we describe four clinical cases from this cohort that illustrate the potential clinical applications for MRgRT in pediatric cancer patients. In addition, we illustrate one example patient in which the MR Linac was used for image fusion and offline adaptive replanning in a patient treated with proton therapy.



Clinical cases and outcomes


Case 1. Lung metastasis near the diaphragm

The patient is an 18-year-old female with recurrent Stage IV Ewing sarcoma with three oligoprogressive lung metastases. Prior therapy included systemic chemotherapy with vincristine, doxorubicin and cyclophosphamide (VDC) alternating with ifosfamide and etoposide (IE) according to Children’s Oncology Group (COG) study AEWS1031. She also received surgery and postoperative radiotherapy for a primary tumor in the sacrum and comprehensive metastatic site radiotherapy, including whole lung irradiation to 15 Gy in 10 fractions. The patient relapsed 18 months following completion of primary treatment with metastatic disease in the lungs and recurrence of the primary tumor in the Lumbar spine. She received vincristine, irinotecan, and temozolomide (VIT) chemotherapy with partial response. After chemotherapy, three residual lung metastases remained. Due to prior whole lung irradiation, stereotactic ablative radiotherapy was recommended to 35 Gy in 5 fractions (7, 8).

The patient underwent four-dimensional CT simulation for radiation treatment planning. Two metastases were peripherally located, including one in the anterior left lower lobe (LLL) as illustrated in Figure 1. On CT simulation, tumor excursion was < 8 mm for these lesions. Based on the scoring system proposed by Seravalli and colleagues for the use of MRgRT in pediatric patients, these two lesions were assessed to have a modest potential benefit with MRgRT (3). Based on modest benefit in terms of reduction of total lung dose, these two lesions were treated with SABR using volumetric-modulated arc therapy (VMAT) stereotactic delivery.




Figure 1 | A patient with metastatic Ewing sarcoma with two left lower lobe lesions where two SABR plans resulted in dose overlap within the stomach. Isodose lines: Yellow = 40 Gy, Blue = 33 Gy, Green = 20 Gy, Purple = 10 Gy all over 5 fractions (A). A significant change in stomach anatomy was observed during daily cine imaging between simulation (B) and each treatment fraction (C). Online adaptive replanning was performed to enable the plan of the day to meet dose constraints for the stomach; in this example, the predicted dose on the anatomy of the day would have exposed 5.96 cc of the stomach to ≥ 32 Gy, while the re-optimized plan improved GTV/PTV coverage and met dose constraints.



In comparison, the third lung metastasis was in the posterior LLL and was near the heart, esophagus, and stomach. This lesion had a maximal tumor excursion of 15 mm during breathing with abdominal compression. Based on proximity to radiosensitive OARs and tumor motion > 10 mm, a strong benefit from MRgRT was predicted. MR simulation was performed with the left (ipsilateral) arm above the head to enable left-sided beams during treatment; the right arm was positioned at the patient’s side. This third metastatic lesion was treated with MRgRT in mid-inspiration breath hold with daily online adaptive replanning. OAR dose objectives were set to keep the stomach D0.03cc < 32 Gy. This constraint included the dose contribution from SABR to the anterior LLL delivered using VMAT. Figure 1 illustrates the large magnitude interfraction change observed in the stomach between simulation and the 5th treatment fraction and the resulting dose constraint violation to the stomach based on the anatomy of the day. Online adaptive replanning was performed for all 5 fractions due to predicted dose constraint violations to the stomach.

No adverse toxicities were observed during or after SABR to these metastatic lesions through 11 months of follow-up. The patient had a radiographic complete response of all three treated lesions on last imaging 10 months after SABR. The patient developed further disease progression at the site of the primary tumor and was treated with chemotherapy and palliative reirradiation 3 months after SABR. At last follow-up, she had active disease at other non-lung sites and continued palliative chemotherapy.



Case 2. Liver metastasis

The patient is a 7-year-old female with a history of rhabdomyosarcoma who presented with a solitary site of metastatic disease in the caudate lobe of the liver. The patient was diagnosed at age 5 with a primary tumor in the distal lower extremity with biopsy-proven popliteal nodal involvement. The patient received systemic chemotherapy according to COG ARST0431 with vincristine and irinotecan (VI), followed by VDC alternating with IE, and then vincristine, dactinomycin, and cyclophosphamide (VAC) alternating with VI. Local therapy included surgery for the primary tumor in the distal calf followed by adjuvant radiotherapy due to nodal involvement. At relapse, she presented with a solitary site of metastatic disease in segment IV of the liver. She received VIT chemotherapy with partial response and no new evidence of metastatic disease. She was referred for consideration of consolidative radiotherapy.

Based on the tumor location and the anticipated tumor excursion during breathing, SABR using MRgRT was recommended. During MR simulation, both arms were placed at the patient’s side for comfort and treatment compliance. On CT simulation, the estimated tumor excursion during breathing was between 15 to 20 mm. The patient was treated with SABR to 40 Gy in 5 fractions using MRgRT for margin reduction and improved soft tissue visualization. Figure 2 illustrates that the 0.35 T MRI clearly distinguished tumor from the normal liver without contrast. The patient was planned for treatment with gated delivery in mid-inspiration breath hold using continuous cine MR imaging for tumor tracking in the sagittal plane at 4 frames per second. No internal target volume (ITV) expansion was added. During treatment, the patient proved largely unable to adhere to mid-inspiration breath hold as instructed by the radiation therapists. The patient was coached during treatment with suboptimal compliance. Treatment was still delivered on MRgRT with gated beam delivery when the tumor was in position. The patient tolerated MRgRT with no adverse effects during treatment apart from poor compliance.




Figure 2 | A patient with metastatic rhabdomyosarcoma with a solitary liver metastasis who received SABR using MRgRT. Continuous cine imaging and gated delivery during mid-inspiration breath hold enabled treatment with PTV expansion of 3 mm. No ITV was used.



At three months, the treated lesion in the caudate lobe of the liver demonstrated a complete radiographic response on imaging. However, 6 additional lesions were identified in the liver in addition to disease in the pancreatic head. Additional salvage therapies, included pazopanib and nivolumab, were given. The patient died with disease 7 months after completion of SABR. No adverse events were observed or reported during this follow up interval. Final CT-based imaging performed within one week of the patient’s death demonstrated no clear evidence of disease recurrence in the caudate lobe of the liver.



Case 3. Metastatic neuroblastoma of the mandible

The patient is a 7-year-old male with high-risk neuroblastoma with a painful metastasis involving the right mandible. He was initially diagnosed with Stage IV disease and received high-risk chemotherapy according to COG ANBL0532. He received consolidative proton therapy to 21.6 Gy RBE in 12 fractions to the abdomen and a metastasis in the left temporal bone of the skull that remained positive on functional imaging before high dose chemotherapy with stem cell rescue. At first recurrence, he developed metastatic disease in multiple bones and was treated with salvage chemotherapy and dinutuximab. He was referred for radiotherapy for a painful mass involving the mandible. Based on limited volume disease, palliative radiotherapy to 30 Gy in 10 fractions was recommended. Based on the scoring system by Seravalli and colleagues, we estimated that MRgRT would provide limited potential benefit in terms of tumor control for this dose regimen but anticipated a modest benefit may be derived from sparing the oral cavity compared to conventional linear accelerator (3).

The patient underwent MR and CT simulation with a thermoplastic mask and moldcare pillow. Figure 3 demonstrates that the MR Linac significantly improved soft tissue visualization and permitted differentiation between the tumor and the adjacent masseter and pterygoid muscles. As a result, MRgRT enabled more precise target volume delineation than would be feasible with CT-based planning, where GTV would have been overestimated. The patient was treated with a 3D conformal MRgRT plan using 9 fields that delivered a mean dose of 18.5 and 17.5 Gy to the ipsilateral parotid and submandibular glands, 9.0 Gy to the oral cavity, and < 5 Gy to the contralateral parotid and submandibular glands. The MRgRT plan enabled significant reduction in OAR dosing, particularly to the oral cavity, compared to 3D conformal plan on a conventional linear accelerator. Due to the treatment planning process for MRgRT, the MR Linac 3D conformal plan was similar in quality to an IMRT plan without excess cost to the healthcare system. At follow up visits at 3 and 6 months, the patient denied xerostomia, dysgeusia, oral mucositis, and pain, which are commonly experienced by patients following palliative radiotherapy to this region.




Figure 3 | In a patient with metastatic neuroblastoma involving the mandible, the MR simulation (A) provided superior visualization of the tumor relative to the adjacent masseter and pterygoid muscles compared to CT (B). The patient was treated with a 3D conformal MRgRT plan (C), which provided favorable sparing of the oral cavity and the ipsilateral and contralateral salivary glands with similar plan quality to IMRT.





Case 4. Metastatic non-small cell lung adenocarcinoma in a lifelong non-smoker

The patient is a 19-year-old non-smoker with Stage IV ALK-rearranged non-small cell lung cancer, who presented with right neck and chest pain and Horner’s syndrome. Imaging demonstrated a 10 cm soft tissue mass abutting the right mediastinum and displacing the right heart border, multiple pleural-based soft tissue masses, enlarged mediastinal and right supraclavicular nodes, and bone metastases in C5, C7, T1, T3, and T4 with involvement of the neural foramina at T3-T4. Due to pain, she was referred for radiotherapy and received 30 Gy in 10 fractions with MRgRT using step-and-shoot IMRT. Figure 4 depicts the MRgRT plan, which delivered a mean dose of 7.77 Gy to the heart, 7.92 Gy to the lungs, and 16.78 Gy to the esophagus. The volume of esophagus receiving prescription dose was 18%.




Figure 4 | A patient with Stage IV ALK-rearranged non-small cell lung cancer and a 10 cm primary tumor received 30 Gy in 10 fractions with MRgRT. Continuous cine imaging and gated delivery during mid-inspiration breath hold enabled treatment with PTV expansion of 3mm.  No ITV was used.



Following treatment, the patient developed Grade 1 esophagitis, managed with dietary changes and increased fluid intake. No pain medications were needed. She initiated alectinib for systemic therapy. At two months following radiotherapy, a partial response was documented on imaging with a 50% volumetric reduction in the dominant mass. Last clinic and imaging follow up was 2 years and 3 months following MRgRT, when the patient had no clear evidence of residual tumors in the lung and sclerotic bone lesions, consistent with treated tumor.



Weekly imaging on the MR Linac and offline adaptive replanning in a craniopharyngioma patient receiving proton therapy

The patient is a 10-year-old male with craniopharyngioma who received intensity-modulated proton therapy to 54 Gy RBE in 30 fractions. Proton therapy was recommended based on the favorable prognosis and significant reduction in total integral dose and hippocampus and temporal lobe sparing. Weekly on-treatment MR imaging was obtained on the MR Linac to evaluate changes in the tumor/cyst and the need for offline adaptive replanning. Figure 5 demonstrates the CT simulation and the MR acquired on the MR Linac during week 1 of proton therapy (22 days following simulation), which demonstrated that the tumor/cyst had increased in size and now abutted the original CTV contour. Offline adaptive replanning was performed. The patient received two additional fractions using the initial proton therapy plan and then began the new plan three days after MR imaging.




Figure 5 | In a patient with craniopharyngioma, an on-treatment MR acquired using the MR Linac (right) 22 days after CT simulation (left) demonstrated increased size of the tumor/cyst. This MR image set was used to perform offline adaptive replanning.



In our center, weekly MR is feasible on the MR Linac either before or after proton therapy and eliminates the need for a separate appointment in radiology for a diagnostic MRI without contrast. This is a more efficient use of patient time and cancer center resources, given that the weekly appointments on the MR Linac last approximately 10 minutes and are more easily coordinated with proton therapy treatment times. This provides significant time savings for the patient and family compared to an appointment in radiology and still permits excellent tumor differentiation for adaptive replanning (9).




Discussion

MRgRT is a relatively new modality in radiation oncology, which is growing in utilization as more systems are brought online. Early results suggest that MRgRT may lead to clinical benefits in selected adults across several disease sites, including inoperable pancreatic cancer treated with SABR with survival rates that compared favorably to historical controls (1) and prostate SABR with improved toxicity rates compared to cone-beam CT-based delivery (10). The current experience for pediatric cancers, however, remains particularly limited (4, 5). To our knowledge, this is the largest published experience of MRgRT in pediatric and young adult patients, amounting to only four patients during the first four years of utilization at our institution.

The MOMENTUM academic industrial collaborative group recently reported early outcomes of MRgRT patients treated on a prospective registry between February, 2019 and October, 2020. In this first report, 943 adult patients (age 21-93) were treated at 7 institutions in Europe, Canada, and the United States, and 415 (44.0%) had acute toxicity data at 3-month follow-up. The observed rate of grade 3 toxicity was 4% in patients treated for a wide range of indications including prostate cancer, oligometastatic lymph nodes, brain tumors, and rectal cancer; the majority of patients received ≤ 5 fractions (11). While clinical experience with MRgRT is growing in adult tumors, greater effort and planning is needed to bridge the gap on clinical development in pediatrics.

Due to the rarity and diversity of pediatric tumors, multi-institutional collaboration by all centers treating pediatric patients with MRgRT is a significant unmet need. To this end, a pediatric MRgRT working group of twelve members across SIOPE and COG-affiliated radiotherapy departments, including three ViewRay MRIdian and nine Elekta Unity (Elekta, Crawley, UK) users, was established in June, 2021 (3). Given the small number of pediatric patients who will receive MRgRT at each center, enrolling all patients into a registry and prospectively tracking outcomes will be important to build clinical expertise.

While the experience presented here only adds five scenarios where the MR Linac was applied in clinic, we observed three important findings. First, MRgRT can be applied in varied clinical scenarios, but the same advantages identified in adult patients also exist in children, including improved soft tissue visualization, gated delivery plus real-time tumor tracking, and online adaptive replanning to meet critical OAR constraints. Cases 1 and 2 in this report describe tumors treated with SABR that were characterized by significant motion and proximity to luminal GI OARs where gated delivery and online adaptive replanning enabled superior target coverage without an ITV. Second, patient selection must be carefully considered both for MRgRT utilization and based on the relative benefits of other available modalities in the department. At our center, SABR, most commonly with online adaptive replanning, comprises approximately 75% of MRgRT cases. Given that each treatment fraction generally lasts 50-60 minutes with online adaptive replanning, limited slots remain for treatment of patients with more modest benefits from MRgRT. This is also illustrated in Case 1 of this report. While the metastatic lesion near the stomach received MR-guided SABR, two other lesions with more limited respiratory excursion and without the need for online adaptive replanning were treated with CBCT-based SABR. Further, most pediatric patients at our center receive proton therapy for curative intent tumors in order to reduce late effects following treatment. If proton therapy were not accessible to patients at our center, the utilization of MRgRT may have been different than observed here, but the authors find that MRgRT is unlikely to replace proton therapy in the vast majority of cases at our institution. At our institution, patient selection is largely driven by the treating physician. Cases 3 and 4 present two patients who could have received equally efficacious treatment without MRgRT but may have potentially benefited from OAR sparing and resulting reduction in acute toxicities with this approach.

Many challenges with MRgRT utilization are similar in adults and children. One potential barrier is longer treatment times, particularly when using an online adaptive workflow. Patients should be selected who will be able to hold still for the requisite amount of time to complete treatment. Careful patient positioning and immobilization at simulation should also be enacted to improve patient comfort and compliance. Future improvements, including automatic contouring and planning capabilities may reduce treatment times and minimize this challenge with MRgRT (12). Similarly, technological improvements in MRgRT such as volumetric arc delivery may also reduce delivery times and improve plan quality (13). Real-time respiratory gating is currently available only in a subset of MRgRT units, which may reduce plan quality and the ability to deliver ablative dosing for some tumor locations. In the future, the integration of respiratory gating capabilities in all MRgRT systems may enable greater utilization in abdominal and pelvic tumors near GI OARs. Patient selection is critical to identify patients who will gain the most from MRgRT. Clinicians should consider the importance of (1) soft tissue visualization, (2) respiratory motion management, and (3) proximity to OARs and the ability to spare them using MRgRT with or without online adaptive replanning compared to other radiotherapy modalities.

Other barriers to the use of MRgRT in pediatric patients are more exclusive to children. For example, pediatric patients more commonly use anesthesia during radiotherapy than adults. Potential users should consider anesthesia needs if planning to treat such patients with MRgRT, including the use of MR-compatible anesthesia and patient monitoring equipment within the vault. Supportive care resources, such as an audiovisual entertainment system and a certified child life specialist can also assist with treatment compliance and emotional adjustment for patients who will undergo MRgRT (14, 15). Finally, staff should ensure that all equipment and devices used are compatible with MRgRT. For example, the patient treated in Case 3 had to be re-simulated prior to treatment because metallic paint was applied to the thermoplastic mask to create a superhero image at the request of the patient. Figure 6 illustrates both the decorated mask and the new one that was ultimately used for treatment. Metallic paint can induce heating in the MR Linac vault and could potentially result in skin burns. This case example provides and important opportunity to stress the importance of MR safety education and awareness in developing a MRgRT program.




Figure 6 | This image illustrates a mask used to treat a pediatric patient for metastatic neuroblastoma that has been decorated with paint that contained metallic components. All devices used during MRgRT must be MR compatible. In this case, the patient was re-simulated before treatment with an unpainted mask.



We acknowledge several limitations in this published work. First, due to its retrospective design and the patient population treated, the duration of follow-up was generally short and was often limited due to death from disease. Retrospective studies can potentially underreport treatment-related toxicities. We strived to mitigate this limitation by prospectively evaluating toxicities at each patient visit during and after treatment as a matter of routine care. In addition, our study period included several years during the COVID-19 pandemic. While this reality certainly altered healthcare delivery, patient follow-up arguably was not adversely impacted by the pandemic, due in large part to the incorporation of telehealth conferences with patients during follow-up. Distance from our facility and appointments with other physicians represent common barriers for patients to attend follow-up clinic in person. In contrast to disruption, the typically short courses delivered on MRgRT may have been more practical for patients compared to longer courses of radiation that may have been given without MR Linac and follow-up was maintained or may have been arguably improved with patients using telehealth services to make some of their appointments in our clinic. Second, patient-reported outcomes are important measures of treatment tolerance and toxicity and were not collected in this analysis. The future prospective pediatric MRgRT registry should consider including such metrics to better understand patient quality-of-life following MRgRT. Finally, the small incidence of pediatric tumors overall and the scarcity of pediatric patients who will receive MRgRT will lead to limited patient numbers and considerable heterogeneity in clinical outcomes. This underscores the importance of prospective registries to build clinical knowledge and technical skill in the application of MRgRT in new patient populations, including children.

In summary, we report four clinical cases treated with MRgRT at a single institution and an example patient where MR Linac was used for mid-treatment imaging and offline adaptive replanning during treatment. The four patients treated with MRgRT tolerated treatment well and without any Grade 2 or higher toxicities following treatment. Our manuscript adds to the body of literature on the use of MRgRT in pediatric patients, illustrates several clinical scenarios where MRgRT may be used, and describes several lessons learned that are pertinent to future users of this novel radiotherapy treatment strategy.
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Introduction

Stereotactic body radiotherapy (SBRT) is used to treat liver metastases with the intention of ablation. High local control rates were shown. Magnetic resonance imaging guided radiotherapy (MRgRT) provides the opportunity of a marker-less liver SBRT treatment due to the high soft tissue contrast. We report herein on one of the largest cohorts of patients treated with online MRgRT of liver metastases focusing on oncological outcome, toxicity, patient reported outcome measures (PROMs), quality of life.



Material and methods

Patients treated for liver metastases with online MR-guided SBRT at a 1,5 T MR-Linac (Unity, Elekta, Crawley, UK) between March 2019 and December 2021 were included in this prospective study. UK SABR guidelines were used for organs at risk constraints. Oncological endpoints such as survival parameters (overall survival, progression-free survival) and local control as well as patient reported acceptance and quality of life data (EORTC QLQ-C30 questionnaire) were assessed. For toxicity scoring the Common Toxicity Criteria Version 5 were used.



Results

A total of 51 patients with 74 metastases were treated with a median of five fractions. The median applied BED GTV D98 was 84,1 Gy. Median follow-up was 15 months. Local control of the irradiated liver metastasis after 12 months was 89,6%, local control of the liver was 40,3%. Overall survival (OS) after 12 months was 85.1%. Progression free survival (PFS) after 12 months was 22,4%. Local control of the irradiated liver lesion was 100% after three years when a BED ≥100 Gy was reached. The number of treated lesions did not impact local control neither of the treated or of the hepatic control. Patient acceptance of online MRgSBRT was high. There were no acute grade ≥ 3 toxicities. Quality of life data showed no significant difference comparing baseline and follow-up data.



Conclusion

Online MR guided radiotherapy is a noninvasive, well-tolerated and effective treatment for liver metastases. Further prospective trials with the goal to define patients who actually benefit most from an online adaptive workflow are currently ongoing.
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Introduction

With the advent of oligometastatic disease as a third disease state between “metastatic” and “non-metastatic”, there is in growing interest in effective local treatment options such as microwave ablation, surgery or radiofrequency ablation (1, 2). Stereotactic body radiotherapy (SBRT) in particular has recently been shown to prolong overall survival in patients with oligometastatic disease (3, 4). However using SBRT in the abdominal compartment and in specifically in the liver is challenging due to the very limited soft tissue contrast of cone-beam computed tomography (CBCT) based linear accelerators. For this reason fiducial markers are often used as surrogate markers. Recently online adaptive magnetic resonance tomography guided radiotherapy (MRgRT) was introduced into the clinical routine (5–9). MRgRT provides higher soft tissue contrast of MR imaging than cone-beam computed tomography (CBCT). It also allows online plan adaptation for each radiotherapy fraction (10). Especially for treatment of tumors in the abdomen the better soft tissue contrast of MR imaging allows to visualize tumors and organs at risk (OAR) at the timepoint of treatment (11). MRgRT also offers the opportunity of a marker-less SBRT without the possible complications due to the invasive fiducial placement potentially increasing patient acceptance compared to invasive procedures (12). In this study we report the largest cohorts of patients treated with online MRgRT of liver metastases focusing on oncological outcome, toxicity, patient reported outcome measures (PROMs) and quality of life.



Materials and methods


Patient selection

In this study consecutive patients with liver metastases receiving online MR-guided SBRT with a fraction size above 5 Gy at a 1,5 T MR-Linac (Unity, Elekta, Crawley, UK) were included. The MR-01 study (NCT04172753) is a prospective phase 2 basket trial primarily assessing the feasibility of online adaptive MR guided radiotherapy but also oncological endpoints such as survival parameters and patient-reported outcomes (PROMs). Written informed consent of all patients was provided. Prior to radiotherapy therapeutic alternatives were debated in a multidisciplinary tumor board. The institutional review board of the medical faculty Tübingen (IRB 659/2017BO1) approved the study.



Treatment planning and radiotherapy workflow

Detailed report of the treatment planning and online workflow has been published (11). For treatment simulation and for every fraction patients had to feast for 3 hours. Patients received a four dimensional CT simulation scan in treatment position with indexed patient positioning aids. On the same day an MR simulation scan was performed on the 1.5T MR-Linac. Three MR simulation scans were performed: A triggered T2 (voxel size 2 mm × 2 mm × 2.4 mm, TE 206 ms, TR 2100 ms) and T2 spair (voxel size 2 mm × 2 mm × 2.4 mm, TE 248 ms, TR 2100 ms), both in exhale position and non– triggered T2 (voxel size 2 mm × 2 mm × 2.4 mm, TE 206 ms, TR 2100 ms).

For delineation and treatment planning Monaco ® V.5.4 was used. Combining information of all available images an internal target volume was created. Information of the 4D CT as well as the cine MR images was used to determine the respiratory motion of the metastases. To account for intrafractional variablity a planning target volume (PTV) margin of three to six millimeters was added on the discretion of the treating physician. UK SABR guidelines were used for organs at risk constraints (10, 13). In case OARs constraints could not be met the encompassing dose to the PTV was lowered. BED was calculated as reported previously (12).

Depending on target localisation eight to eleven individual beam angles have been used, avoiding high-density couch structures. Plan calculation was done on the exhale phase of the four dimensional planning CT.

The workflow for SBRT application was as the following: a free breathing T2 scan (voxel size 2 mm × 2 mm × 2.4 mm, TE 206 ms, TR 2100 ms) was performed after patient positioning. A rigid registration of the daily MR to the planning CT to the was performed in the online treatment system (Monaco ®, Elekta AB, Stockholm, Sweden) by the attending physician. Adaptation was done by the “adapt to position” workflow to account for internal shifts and a new plan was optimized online (14). After evaluation of the adapted plan by the treating physician and after a secondary dose calculation as an online quality assurance (QA)-check, plan was approved and the treatment was initiated. Cine MR imaging with a predefined structure (usually the PTV) at a frequency of 5 Hz was performed during beam on to ensure target coverage. For QA another free breathing T2 scan was acquired post-treatment. Additional images such as diffusion weighted imaging for research purposes could be taken hereafter (15).

Beam on time and in room time (in minutes) were assessed by radiotherapy therapists. For scoring acute and late toxicity Common Toxicity Criteria Version 5 have been used. During follow- up patients were contacted by phone or seen in person. In general, the first follow-up was three months after radiotherapy and included an MRI using contrast agent, blood test, PROMs and assessment of toxicity. Afterwards follow up was repeated every 3 month.

Prior to radiotherapy blood work with liver function tests and a clinical assessment for cirrhotic liver disease (Child-Pugh score) was done. Time to event data was calculated according to the Kaplan-Meier method. For group comparisons the log-rank test was performed. Local control was calculated from the day of the last radiotherapy fraction until the first report of disease progression on imaging or histological confirmation of disease recurrence or persistence. Progression-free survival was calculated from the last radiotherapy fraction until local or distant disease progression or death of any cause. Overall survival was calculated from the last radiotherapy fraction until death of any cause. Statistics were performed using SPSS, Version 28, IBM, Armonk, New York, and Graphpad Prism 5. A p-value of less than 0.05 was considered statistically significant.

Patient reported acceptance of online MRgSBRT was assessed by a previously published questionnaire (13, 14). For radiation induced liver disease (RILD) the definition of Lawrence et al. was used (16).




Results


Patient and treatment characteristics

Between March 2019 and December 2021 a total of 51 consecutive patients have been treated with online MR-guided SBRT for liver metastases. Patient characteristics are shown in Table 1.


Table 1 | Patient and treatment characteristics.



Median patient age was 67 years (range 42 – 90 years). Of the 51 patients, 24 patients (47%) had received liver directed local treatment prior to SBRT and 42 (82,4%) of the patients had received chemotherapy. In 45 patients a single lesion was treated, 12 patients received treatment of more than one liver lesion using separate treatment plans.

Dosimetric parameters are summarized in Table 2.


Table 2 | Dosimetric parameters. GTV-Gross tumor volume, IQR-Inter quartile range.



A median of five fractions were applied (range three to eight fractions). Median beam-on time was 7,4 min (4 -12 range). The median in room time was 35,56 min (22,2 – 44,8).

The median applied BED GTV D98 was 84,1 Gy (26,7 – 135,5 Gy). The median applied BED ITV D98 was 81,4 Gy (29,1 – 132,9 Gy).

There were no acute grade ≥ 3 toxicities. No change in Child-Pugh Score was observed during follow-up.



Oncological outcome

Median follow-up was 15 months (3 – 39 months). Median chemotherapy-free interval after completion of SBRT was 4.9 months (0 – 24 months) after SBRT.

Local control of the irradiated liver metastasis after 12 months was 89,6%; after 24 months 67,7% and after 36 months 67,7% (Figure 1A). Local control of the liver, outside of the irradiated liver lesion was 40,3% after 12 months, 16,8% after 24 months and 8,4% after 36 months as shown in Figure 1B. Overall survival after 12 months, 24 months and 36 months were 85.1%, 76.2% and 66.7%. Median OS was not reached (Figure 1C). Progression free survival (PFS) after 12 months was 22,4% and 4.7% after 24 months. Median PFS was 5 months (Figure 1D).




Figure 1 | (A): Local control of the irradiated liver lesion, (B): Local control rate of the liver, (C): Overall survival, (D): Progression free survival.



No difference in local control regarding the irradiated lesion was observed between metastasis originating from colorectal vs non-colorectal primary sites (p=0.64), Supplementary figure 1.

Local control of the irradiated liver lesion was 100% after three years when a BED ≥100 Gy was reached and 85.7%, 53.6% and 53.6% after 12, 24 and 36 months respectively, when a BED < 100 Gy was applied (p=0,02) as shown in Figure 2A. The number of treated lesions did not impact local control neither of the treated lesions (66,7% vs 66,7% after 24 months) or of the hepatic control (16,7% vs 16,7% after 24 months) as shown in Figures 2B, C. Local control when a single lesion was treated was 77,4% after 12 months (24 months: 37,1%, 36 months: 37,1%). After treatment of multiple liver lesions local control was 55,0% after 12 months (24 months: 55,0%, 36 months: 55,0%).




Figure 2 | (A): Local control of the irradiated liver lesion based on BED, (B): Local control of the irradiated liver lesion based on number of treated lesions, (C): Local control of the liver based on number of treated lesions.



Patient acceptance of online MRgSBRT was high as shown in Figure 3.




Figure 3 | Patient acceptance of various aspects of online MRgSBRT. RT (radiotherapy).



Quality of life data assessed by the EORTC QLQ-C30 questionnaire is shown in Figures 4A, B.




Figure 4 | Mean values and 95% confidence intervals for EORTC QLQ-C30 data for global health status and function subscales (A) and symptom subscales (B). (EORTC QLQ-C30, European Organisation for Research and Treatment of Cancer core questionnaire).



Quality of life data was available before the start of radiotherapy (26 patients), at last radiotherapy (29 patients), at three months follow-up (20 patients) and at six months follow-up (19 patients). All comparisons between baseline and “last radiotherapy fraction”, “3 months follow-up” and “6 months follow-up” showed no significant difference, apart from “appetite loss” being significantly lower at six months follow-up compared with baseline (11.5 vs. 1.8, p=0.04).




Discussion

With the “introduction” of the oligometastatic disease state as a third state between non-metastastic and diffusely metastatic and the associated paradigm shift towards local metastases directed therapies there is growing need for effective and non-invasive local treatments for patients presenting with oligometastases (3, 4).

The present study reports the largest cohort of liver metastases treated on a 1.5 T MR-Linac. We had previously published data on the feasibility of the online workflow and the imaging quality with an excellent visibility of the majority of the lesions treated (11). As in our previous report patient acceptance of the treatment was excellent and no treatment had to be discontinued due to patient request. This is reassuring as there had been concerns initially whether patients could manage to remain still in an MRI with arms above head for the duration of treatment. Data on treatment outcomes after online-MR guided radiotherapy for liver metastases is still sparse.

A selection of studies on MR guided stereotactic body radiotherapy of liver metastases is shown in Table 3.


Table 3 | Studies on MR guided stereotactic body radiotherapy of liver metastases reporting local control and survival data. (OS – Overall survival, LC – local control, PFS – progression free survival).



For instance Weykamp and colleagues report a one year local control rate of 88% in twenty patients treated for liver tumors (18 metastases, two HCCs) on a 0.35 T MR-Linac (17). Van Dams et al. also report data of a mixed cohort (n=20) of eight patients with primary and 12 patients with secondary liver tumors (18). In that study, one and two year local were 94.7% and 79.6%, respectively. Ugurluer et al. reported an intra- and extrahepatic progression-free survival of 89.7% and 73.5% after one year in 21 oligometastatic patients and a 1-year overall survival of 93.3% (19). Yoon et al. retrospectively analyzed SBRT of Primary and metastatic tumors and reported a local control after 1 year of 87% an after 2 years 71%. In case of lesions treated with BED >=100 a local control after 2 years of 96% was shown (20).

While the actual adaptive workflow in the treatment with adaptive radiotherapy is the same independent of the underlying histology, the indication for treatment, comorbidities, competing risks and radiosensitivity are different between primary and secondary liver tumors. We have therefore opted to report outcomes for liver metastases exclusively. With a one year and three local control rate of approximately 90% and 70% respectively our results are favorable in particular since lower local control rates have been reported for liver metastases compared with primary liver tumors before (21). Local control rates for liver metastases after treatment on cone-beam CT based linear accelerators vary in the literature (22–24). Using MR guidance we were able to omit the placement of fiducial markers and facilitate a fully non-invasive workflow. Furthermore as in our previous report, we were able to visualize almost all tumors and therefore ensure adequate tumor coverage (11). When interpreting our results it has to be considered that most patients were heavily pretreated systemically and often have had other local liver directed treatments before being referred for radiotherapy. We observed the strong impact of the biological effective dose on the local control of the treated metastases with 100% local control in lesions that were treated with a BED of 100 Gy or more. This is in line with results from previous reports (18, 25). The question may arise while patients are treated with a BED of less than 100 Gy. The decision to prescribe a BED below or higher than 100 Gy is always driven by the present clinical scenario. Patients with oligometastatic disease are more likely to receive higher doses potentially accepting a higher likelihood for normal tissue complications than patients to were treated for oligoprogressive disease when the sole goal of treatment is to prolong the interval without systemic treatment or maintenance of the systemic treatment that is well-tolerated (26). Very few reports have longitudinally assessed quality of life and symptom scores in patients who have received stereotactic radiotherapy for liver metastases (27). In our cohort using the EORTC QLQ-C30 questionnaire we observed widely stable scores for quality of life and symptom scales holding true comparing both the time from baseline to the last fraction of radiotherapy and also during a six-month follow-up. This can likely be explained by the precise treatment and the median chemotherapy free interval of five months observed over all patients. The strength of our study lies in its sample size and prospective character assuring stringent follow-up using regular imaging studies and the standardized assessment of quality of life and toxicity. Despite including only patients who were treated for metastases, there is a heterogeneity in terms of the underlying primary tumors which is a limitation. When we conducted this trial the 1.5 Tesla MR-Linac did not support a gated treatment. Using a gated workflow tumors can be irradiated in a predefined position during the respiratory cycle resulting in the smallest possible volume to be treated at the price of a longer treatment time per fraction (17). However, motion management strategies have recently been announced also for the 1.5 Tesla MR-Linac.



Conclusion

Online MR guided radiotherapy is a noninvasive, well-tolerated and effective treatment for liver metastases. Further prospective trials with the goal to define patients who actually benefit most from an online adaptive workflow are currently ongoing (28).
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Objective

To quantitatively characterize the dosimetric effects of long on-couch time in prostate cancer patients treated with adaptive ultra-hypofractionated radiotherapy (UHF-RT) on 1.5-Tesla magnetic resonance (MR)-linac.



Materials and methods

Seventeen patients consecutively treated with UHF-RT on a 1.5-T MR-linac were recruited. A 36.25 Gy dose in five fractions was delivered every other day with a boost of 40 Gy to the whole prostate. We collected data for the following stages: pre-MR, position verification-MR (PV-MR) in the Adapt-To-Shape (ATS) workflow, and 3D-MR during the beam-on phase (Bn-MR) and at the end of RT (post-MR). The target and organ-at-risk contours in the PV-MR, Bn-MR, and post-MR stages were projected from the pre-MR data by deformable image registration and manually adapted by the physician, followed by dose recalculation for the ATS plan.



Results

Overall, 290 MR scans were collected (85 pre-MR, 85 PV-MR, 49 Bn-MR and 71 post-MR scans). With a median on-couch time of 49 minutes, the mean planning target volume (PTV)-V95% of all scans was 97.83 ± 0.13%. The corresponding mean clinical target volume (CTV)-V100% was 99.93 ± 0.30%, 99.32 ± 1.20%, 98.59 ± 1.84%, and 98.69 ± 1.85%. With excellent prostate-V100% dose coverage, the main reason for lower CTV-V100% was slight underdosing of seminal vesicles (SVs). The median V29 Gy change in the rectal wall was -1% (-20%–17%). The V29 Gy of the rectal wall increased by >15% was observed in one scan. A slight increase in the high dose of bladder wall was noted due to gradual bladder growth during the workflow.



Conclusions

This 3D-MR–based dosimetry analysis demonstrated clinically acceptable estimated dose coverage of target volumes during the beam-on period with adaptive ATS workflow on 1.5-T MR-linac, albeit with a relatively long on-couch time. The 3-mm CTV-PTV margin was adequate for prostate irradiation but occasionally insufficient for SVs. More attention should be paid to restricting high-dose RT to the rectal wall when optimizing the ATS plan.
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Introduction

External beam radiotherapy (EBRT) is one of the recommended treatment modality for localized prostate cancer (PCa). With the evolution of RT technique and radiobiological progress, the EBRT course had decreased from nearly 2 months with conventional fractionation to within 1–2 weeks with ultra-hypofractionated RT (UHF-RT). Although the PACE-B trial (administration of 36.25 Gy in five fractions over 1–2 weeks) did not demonstrate any difference in acute toxicities (1), another randomized controlled trial, HYPO-RT-PC (administration of 42.7 Gy in seven fractions over 2.5 weeks) identified more severe urinary side-effects at 1 year in the UHF-RT group (2).

Inter- and intra-fractional variability of target volumes and organs at risk (OARs) deformation and shifting called into question the safety of further dose escalation and UHF-RT for PCa. Contrary to the commonly used volumetric modulated arc therapy (VMAT), and intra-fractional motion monitoring or repeated static imaging in the PACE-B trial, the majority (80%) of patients in the HYPO-RT-PC trial were treated by 3-dimensional conformal radiotherapy and position control was not feasible during fraction delivery (2). Even with cone-beam CT (CBCT) registration, the prostate target coverage was only 61.9-62%, which means online adaptive RT is needed for approximately one-third of the treatment fractions (3, 4). In addition, the resolution of CBCT images was generally low for prostate registration (4). Moreover, a fiducial marker or electromagnetic transponder insertion can improve the registration accuracy (4), but is inconvenient to patients due to invasiveness, potential pain, bleeding, and marker shifting. Furthermore, neither of the above-mentioned registration steps could compensate for the prostate (5–7) and seminal vesicle (SV) (8) deformations, nor the OARs (mainly bladder and rectum) motion.

Magnetic resonance (MR)-guided radiotherapy (MRgRT) is a milestone in the progress of RT technique. It not only affords improved soft-tissue resolution for registration but also brings online adaptive RT into clinical practice. With the integration of 1.5-Tesla MR into 7-MV linac, the Elekta 1.5-T MR-linac provided online Adapt-To-Position (ATP) and Adapt-to-Shape (ATS) workflows. The ATS workflow can meet all the above requirements of PCa UHF-RT by online target editing and optimizing plan from fluence optimization (9). Furthermore, real-time 2D cine MR can be used to monitor the motion, and 3D high-resolution magnetic resonance imaging (MRI) can be acquired during the beam-on period. Both these approaches allow for motion control and help to achieve high-precision RT delivery (10). However, the current online adaptive procedure is time-consuming, which makes many researchers concerned about the accuracy of the delivered dose, especially the dosimetric effects on the target and OARs due to intra-fractional motion.

De Muinck Keizer et al. firstly reported prostate intra-fraction motions during each ATS session and dose reconstruction using cine MR dynamics, which was determined with a previously validated soft-tissue contrast–based tracking algorithm (11, 12). For each fraction, the treatment delivery record was generated by proportionally splitting the plan into 11s intervals based on the delivered monitor units (13), which could possibly affect the actual delivered dose. Hence, the purpose of this study was to estimate the delivered dose for targets and OARs by dosimetry analysis based on high resolution 3D-MR aquisitions, including pre-, position verification (PV-), beam-on (Bn-), and post-3D-MR scans, of each adaptive RT session for PCa patients treated on 1.5-T MR-linac.



Materials and methods


Patient eligibility

A prospective observational study with regular follow-up was initiated for PCa in 2019 to investigate the feasibility, tolerability, and toxicity profiles of UHF-RT on 1.5-T MR-linac (NCT05183074, ChiCTR2000033382). The risk group was defined per the National Comprehensive Cancer Network (NCCN) v.1.2019 edition. For this study, dosimetry data were collected from 17 consecutive patients with localized low-, intermediate- to selective high-risk PCa (Table S1).



Target volume delineation and reference plan

Simulation CT (slice thickness = 3 mm) and MR scans (Contrast enhanced T1-weighted imaging, Fast spin echo T2-weighted imaging and diffusion weighted imaging, slice thickness = 3 mm) were acquired and registered for contouring and reference planning. About 1 hour before simulation and each RT session, the patients were instructed to empty the rectum and bladder and asked to drink 300 to 500 ml of water in 15 to 20 minutes to ensure slow filling of the bladder, in consideration of the long on-couch time of the ATS workflow. Target delineation was defined as per EORTC-ACROP contouring guidelines (14). The clinical target volume (CTV) was defined as the whole prostate for low-risk disease (N = 1) and the whole prostate with a 3-mm margin (0 mm posteriorly) for patients (N = 16) with a potential extraprostatic extension (EPE) rate of 20% or higher per the Partin tables. The proximal 1 cm SVs were included for patients with an SV involvement rate of 15% or higher (N = 11), and the whole SV was included for patients with minimal T3b (N = 1). The planning target volume (PTV) was derived from the CTV plus a uniform 3-mm margin. For intermediate- to high-risk disease (N = 16), a simultaneous boost of CTV 40 was defined as prostate with contraction of 1 mm. Rectal wall and bladder wall were defined as the 3 mm-inner rings of the rectum and bladder, respectively.

The prescription doses of PTV and CTV 40 were 36.25 Gy and 40 Gy, respectively, in five fractions delivered every other day, with a total course of 10 to 12 days. The target volume dose prescription and OARs constraints for UHF-RT are listed in Table S2. Then a reference plan was generated using the Monaco (v5.40, Elekta AB, Stockholm, Sweden) planning system, with 7 to 10 beams and less than 80 segments (<120 segments was acceptable for complicated plans).



Online ATS workflow and image acquisition

The image acquisition procedure is listed in Figure 1. During each fraction, an initial (pre-MR) scan was acquired after set-up using a T2-weighted 3D sequence with a duration of 6 minutes for the first 12 patients and that of 2 minutes thereafter. After rigidly registering the pre-MR data to simulation CT or previous pre-MR image, contours were automatically deformed to the pre-MR image and manually adapted by the physician, followed by full plan re-optimization in the Monaco system starting from fluence optimization (9). The pseudo-CT is generated using the bulk electron density assignment strategy, that is, the inside of each region of interest (ROI) on the MR image is filled with the mean relative electron density of the corresponding ROI on the reference CT image according to the user-specified layer order. Before the end of plan reoptimization, a PV-MR scan was acquired. If the CTV was still within the PTV on the PV scan and the rectum did not move ventrally, the ATS plan was accepted and treatment delivery with real-time cine MR was started.




Figure 1 | Pre-treatment and clinical workflow. Simulation MRI, MRI acquired for reference plan; usually scanned 1 to 2 weeks before treatment; Pre-MRI, MRI acquired each treatment day for adaptive plan optimization; OARs, Organs at risk; PV-MR, Position verification-MR.



For the first seven patients, 2D cine MR images were continuously collected during the “beam-on” period, owing to concerns about unexpected target and OAR moving. The delivery will be interrupted if the prostate moved out of the PTV or the rectum moved ventrally. From the eighth patient, if the position of all the organs was stable, 2D cine MR monitoring was stopped and a Bn-MR scan was acquired using a T2-weighted 3D sequence with a duration of 2 minutes. Directly after RT delivery, another post-MR T2-weighted 3D sequence scan was acquired. The procedure was well tolerated for the majority of sessions; however, no post-MR scan was acquired in three sessions for two patients because of their bladders being excessively full. An extended workflow was used in three sessions because of rectum motion, in another three sessions because of an overfilled bladder, and in one session because of SVs moving out of CTV (one with another ATP and six with another ATS workflow).



Image fusion and re-planning on each MR scan for dose calculation

By image registration and propagation of anatomical contours, the targets and OARs of the ATS plan for each session were transferred to the corresponding PV-, Bn-, and post-MR scans, respectively. The same radiation oncologist edited the targets and OARs manually to ensure contouring consistency if necessary. A senior radiation oncologist reviewed all the contours. The dose distribution for the online ATS plans was recalculated on each pseudo-CT scan derived from each MR scan by using the “original segments” mode. The dose metrics were evaluated for the adapted ROIs. For each fraction, the volumes of the clinical targets and OARs, as well as the re-computed doses on different MR scans were compared with the corresponding parameters of the online ATS plan, instead of comparing the cumulative dose of five fractions with that of the original ATS plan.



Statistical analysis

SPSS 25.0 (IBM Corp., Armonk, NY, USA) was used for statistical analysis. Continuous variables are presented as the mean ± SD, median (range), 95% confidence interval (CI), or frequencies with percentages depending on their distribution. Generalized estimating equation was used to compare the variables on different scans for each fraction. Differences were defined as significant when the p-value was <0.05.




Results


Patients’ characteristics

Patients’ (N=17) characteristics are shown in Table S1. The median patient age was 75 (58–87) years. The baseline prostate-specific antigen (PSA) level was ≤10 ng/ml in five (29.4%) patients, 10–20 ng/ml in five (29.4%) patients, and ≥20 ng/ml in seven (41.2%) patients. Per the NCCN risk grouping, there were 2 (11.8%), 12 (70.6%), and 3 (17.6%) patients with low-, intermediate-, and high-risk diseases, respectively. The median prostate volume was 42.48 (28.86–64.14) cc.



MRI for analysis

In total, 290 1.5-Tesla high-resolution MRIs from 85 fractions of 17 consecutive patients were used for dosimetry analysis, including 85 pre-, 85 PV-, 49 Bn-, and 71 post-MR scans, respectively. Beam-on 3D-MR scans were collected from 49 fractions of 10 patients because for one session, we observed rectum gas bubbles and used continuous 2D cine MR for monitoring. Post-MR scans were not acquired for three sessions of two patients because of their bladders being too full, and the remaining 11 post-scans of five patients failed to transmit to the Monaco system. An example of the dose distributions on each MR scans after re-planning was shown in Figure 2.




Figure 2 | The dose distributions on each MRI scans. (A): The representative DVH plot with four plans and the dose metrics on each MRI scans after re-planning in one fraction. (B–G): The representative dose distributions of three planes of ATS plan on Pre-MR (B–D) and Beam-on MR scan (E–G).





Target dose coverage

The median on-couch time was 49 (24–78) minutes. Comparison of the target and OARs volumes and volume differences relative to those in the corresponding ATS plan (based on pre-MR scans) are shown in Table S3. For each fraction, the target volume differences of the prostate and CTV on different scans were less than 3.0 cc, indicating good consistency of target contouring.

The planning targets of all fractions, calculated by the daily ATS plan dose in PV-, Bn- and post-MR scans were shown in the Figure S1. The mean PTV-V95% (V34.4Gy) of all scans was 97.83 ± 0.13% (Figure S1B). On 27/290 (9.3%) scans, the PTV-V95% was less than 95% (Figure S1B). Furthermore, the mean CTV-V100% (V36.25Gy) of all scans was 99.21 ± 0.09%, and that of the ATS plan and PV-MR, Bn-MR, and post-MR phases, respectively, was 99.93 ± 0.30%, 99.32 ± 1.20%, 98.59 ± 1.84%, and 98.69 ± 1.85% (all p < 0.001; Figure 3A). Interestingly, the average CTV-V100% (V36.25Gy) of each phase was all covered by 98% of the prescribe dose during treatment. With excellent dose coverage of prostate-V100% (V36.25Gy) (Figure 3C), the main reason for lower CTV-V100% (V36.25Gy) was slight underdosing of SVs (Figure 3E).




Figure 3 | Boxplot of V100% and V95% values to the CTV (A, B), Prostate (C, D) and SVs (E, F), calculated by the daily ATS plan dose on the PV-, Bn- and post-MR scan for each session and patient. Individual data points are shown as dots. The mean ± SD are shown as the error bars.



The V95% of CTV (Figure 3B), the prostate (Figure 3D), and SVs (Figure 3F) were shown in Figure 3. Among the 31 scans on which the SV-V36.25Gy was less than 95%, the SVs-V100% (SV-V36.25Gy) was between “=90%” and 95% on 6.3% (13/206) scans, between “=85%” and 90% on 2.4% (5/206) scans, between “=75%” and 85% on 1.9% scans (4/206), between “=60%” and 75% on 3.9% scans (8/206) and only 41% on one scan, respectively (Figure S1A). The corresponding SVs-V95% (SV-V34.4Gy) was between “=90%” and 95% on 0.5% (1/206) scans, between “=85%” and 90% on 3.0% (6/206) scans, between “=75%” and 85% on 1.0% (2/206) scans, and less than 75% on one scan (Figure S1B). Furthermore, SV-V34.4Gy of less than 95% was found in 6 fractions of 3 patients.

As shown in Figure 4, we also summed the CTV-D99% (Figure 4A) and CTV-D95% (Figure 4B) values of five fractions on a per-patient basis for pre-, PV-, Bn-, and post-MR scans, respectively. Although there were 12 patients with SV underdose, the sum of CTV-D95% on each MR scan was higher than the prescription dose (36.25 Gy) for all 17 patients (Figure 4B).




Figure 4 | Per-patient D99% (A) and D95% (B) values to the clinical target volume (CTV) summed by five fractions of pre- (ATS plan), PV-, Bn- and post-MR scans. No beam-on scans were acquired for the first 7 patients due to concerns about unexpected target and OAR moving.





OARs

The volumes of the rectum fluctuated during treatment, with mean variation of 1.59 cc, 2.37 cc, and 1.37 cc on the PV-MR, Bn-MR and post-MR scans, respectively (Table S3). In comparison to the values of ATS plan, the estimated delivered dose to the rectal wall during the whole workflow also varied (Table 1), with a mean variation V38Gy of 0.23 ± 0.28 cc on PV-MR, 0.41 ± 0.51 cc on Bn-MR, and 0.39 ± 0.52 cc on post-MR, and a mean variation V36Gy of 0.27 ± 0.57 cc on PV-MR, 0.39 ± 0.71 cc on Bn-MR, and 0.30 ± 0.68 cc on post-MR. There is no statistical difference between mean V29 Gy or V18.1 Gy in the rectal wall of ATS plan and that of PV-MR, Bn-MR, and post-MR phases, respectively (p = 0.882, 1.000 and 0.587 for V29 Gy; p = 0.221, 1.000 and 0.363 for V18.1 Gy). The changes in the V29Gy and V18.1Gy of the rectal wall in comparison with the ATS plans are shown in Figures 5A, B. The median V29 Gy change in the rectal wall was -1% (-20%–17%). An increase of >15% in V29Gy was only observed in one scan (1/205, 0.5%). No fraction showed an increase of >15% in the V18.1Gy of the rectal wall. The V29Gy of the rectal wall (Figure 5A) showed an increase of 5%–15% in 21.2% (18/85), 16.3% (8/49), and 18.3% (13/71) of the PV-, Bn-, and post-MR scans, respectively, and the corresponding values for an increase of 5%–15% in V18.1Gy (Figure 5B) were 23.5% (20/85), 16.3% (8/49), and 19.7% (14/71), respectively.


Table 1 | Dose metrics for the original ATS plan and re-computed plans on PV-MR, beam-on MR and post-MR scans.






Figure 5 | Histogram of changes in volume receiving 29 Gy (A, V29 Gy) or 18.1 Gy (B, V18.1 Gy) dose for rectal wall and 18.1 Gy (C) dose (V18.1 Gy) for bladder wall among PV-, Bn- and post-MR scans compared to ATS plans.



In contrast, the bladder volume gradually increased with time, with mean variation of 83.96 cc, 136.75 cc, and 140.36 cc, respectively (Table S3). As the volume of the bladder increased, the bladder volume receiving high dose increased slightly. The mean V37Gy of the ATS plan and PV-MR, Bn-MR, and post-MR phases was 2.44 ± 1.15 cc, 2.86 ± 1.50 cc, 3.09 ± 1.34 cc, 3.27 ± 1.85 cc, respectively (Table 1). The mean variation V18.1Gy was -0.03 ± 0.12 cc on PV-MR, -0.06 ± 0.03 cc on Bn-MR, and -0.05 ± 0.03 cc on post-MR, respectively, due to gradual growth of the bladder over the workflow. A V18.1Gy increase of 10% was only observed in one scan (1/205, 0.5%), while an increase of >5% was only observed in 4.7% (4/85), 0%, and 4.2% (3/71) of the PV-, Bn- and post-MR scans, respectively (Figure 5C).

The dose metrics are summarized in Table 1. The Dmax of the colon and intestine and the V14.5Gy of femur L/R were also evaluated.




Discussion

To our knowledge, this is the first study assessing the delivered dose to targets and OARs of online adaptive UHF-RT for PCa patients based on high resolution 3D beam-on and post-treatment MRIs on a 1.5 T MR-linac. Our study demonstrated clinically acceptable estimated dose coverage of target volumes during the beam-on period with an adaptive ATS workflow, with a slight increase of rectal wall volume receiving high dose and a gradual reduction of the bladder dose. The 3-mm CTV-PTV margin applied in our study has been shown to be sufficient for the prostate and may be insufficient for a small portion of SVs.

The potential effects of inaccurate delivery of radiotherapy doses due to inter- and intra-fractions on treatment efficacy and/or toxicity of normal tissues has long been a concern associated with radical radiotherapy. Several strategies have been adopted to decrease these potential effects, with CBCT w/o fiducial markers being the most widely used approach. Peng et al. observed target underdosing in approximately one-third of the treatment fractions with CBCT using prostate alignment, with the Prostate-V100% decreasing by >15% in 4.3% of the fractions and by 3%–15% in 18.0% of the fractions (3). CBCT with insertion of fiducial markers or Calypso with electromagnetic transponder tracking will improve the treatment accuracy to levels comparable to those of MRgRT (4, 7, 15), but the invasiveness of the insertion procedures has made them difficult to be widely used in clinical practice. Moreover, none of the non-adaptive radiotherapies can offset the prostate volume changes during the treatment course (16), which would be more significant with extreme hypo-fractionation schedules, and could be associated with the prostate continuous swelling during the whole course observed by Gunlaugsson et al. (17). With the online ATS workflow, we re-contoured and re-optimized the plan for each session. The mean dose coverage of Prostate-V100% was 99.66 ± 0.06%, and the Prostate-V100% did not decrease by >10% on any scan in our study, demonstrating greater accuracy of dose delivery of adaptive RT.

The adaptive workflow provided by MRgRT offers the potential to characterize and track anatomy variations, and ultimately realize real-time plan adaptation. This could offer the opportunity for reducing CTV-PTV margins, and particularly suitable to prostate reirradiation with the need to deliver high doses in a small volume with maximum sparing of pelvic OARs (18, 19). Although both ATP and ATS workflow available for adaptation, the study investigating dosimetry analysis of 100 fractions of 20 PCa patients by our team showed that the ATP strategy could only meet the clinical requirements (relatively lower dose requirements with PTV-V90% achieving prescribed dose as goal) for 23 (23%) fractions, compared with 100 (100%) fractions by ATS strategy (20). Furthermore, some data also showed that only the optimization from fluence and segment could fit all requirements for prostate cancer (9).

The online adaptive workflow solved the problems with the inter-fraction motion, but accentuated the intra-fraction motion, especially with the obvious long on-couch time. Usually, 30–40 and 50–60 minutes were needed with the 2-minute and 6-minute MR scans (12, 21), respectively. Intra-fraction prostate motion assessed by Calypso electromagnetic beacons (22, 23), fluoroscopy (24) or 4D ultrasound (25) has previously been characterized as different categories, while more recent studies focusing on MRgRT which have monitored prostate motion over longer time periods have concluded differently (12).

Although the prostate motion was reported as different categories intra-fractionally with a larger range, it seems different as per studies aiming for adaptive RT in the MRgRT era. With a median of 49 (24–78) min of on-couch time in our study, we did observe a slight CTV dose reduction with time (Figures 3A, B). Similar findings had been reported by other studies based on dose reconstruction algorithms using beam-on 2D-cine MR (26) or cine MR dynamics (11), both of which adopted moderate fractionation schedules (60 Gy/20 fr or 62 Gy/20 fr). Menten et al. analyzed prostate intra-fraction motion and extrapolated the dose changes by processing MR-linac treatment log files and online 2D-cine MR, and concluded that the mean CTV-D98% decreased by 1.1 Gy ± 1.6 Gy (26). The UMC Utrecht constructed a soft tissue tracking algorithm with cine MR dynamics, with a mean processing time of 10.7 ± 2.5 s per dynamic (11). By extracting the treatment log files and assigning them to the appropriate cine MR dynamic volumes, they deduced that the CTV-D99% underwent a dose reduction of 2.2% ± 2.9% (11). Although a slight dose reduction was observed during the beam-on period in comparison with the ATS plan, the estimated dose delivered is still clinically acceptable. Research on prostate intra-fraction motion also demonstrated that the 95% CI of translation was within clinically applied margins of 5 mm by using cine MR dynamics (12), which was smaller than the data reported previously in the CBCT era (6–9 mm) (1, 2, 27). The main reasons for the small prostate motion and relatively stable dose coverage are as follows: first, the patients had been positioned on the couch for a relatively long time (27 minutes in de Muinck Keizer’s study (12) and 33 minutes in our study) before cine MR and treatment delivery in these adaptive MRgRT series, compared to usually less than 5 minutes in studies investigating motion with CBCT and VMAT. It was reported previously that the prostate intra-fraction motion reached saturation after approximately 30 min of on-couch time (12), which could probably explain the non-significant beam-on dose reduction with long on-couch time. Second, we advised patients to drink water more slowly during preparation to avoid quick bladder volume changes during on-couch, which could also account for the dose findings of acceptable target coverage.

Although a 3-mm margin from CTV to PTV seems to be adequate for the prostate, with prostate V36.25Gy ≥ 95% for the 99% (204/206) scan (Figure 3C), it is not the case for SVs. The underdose (less than 95% of SVs-V100%) of SVs was observed on 31 scans collected from 18 fractions of 8 patients, which indicated that the intra-fractional SVs motion was a general problem. However, we also noticed that except for two patients, the SV-V95% (SV-V34.4Gy) of the remaining 10 patients reached more than 95%, which indicated that the significant SV motion caused by long on-couch time is also patient-specific. Furthermore, one patient had some urine leakage after delivery due to too full bladder for two sessions, which caused worse underdose of SVs on Bn-scan compared with Post-scan (Figures 3, 4A, Patient. #10 and Figure S2). The prostate and SVs have been shown to reveal independent motion characteristics, and SVs’ movement has been shown to correlate more with the movement of the bladder and rectum (28). The slow filling of the bladder and adequate preparation of the rectum in our study could mitigate the prostate motion due to bladder volume changes, but might not compensate for all SV motion. The maximal range (3.6-7.2 mm) of SV motion has been reported to occur in the superior-inferior dimension (8, 28, 29), and the range increases with treatment time (29). An intra-fractional SVs motion analysis of 15 PCa patients reported that the 5-mm margins provided 95% intra-fractional SV coverage in over 90% of fractions (8). De Muinck Keizer also reported that intra-fraction coverage probability of 99% can be achieved with 5 mm isometric expansion for the left and right SV on MR-linac (30).

The rectum volumes slightly fluctuated during the ATS workflow, although we asked all patients to empty the rectum with an enema before each session. The estimated delivered dose to the rectal wall was clinically acceptable (Table 1), which were similar or a little bit higher than the dose metrics of ATS plan (Table S2). Nevertheless, a rectal wall V29Gy increase of >15% was only observed on one post-MR scan and a V18.1Gy increase of >15% was not observed on any fractions (Figures 5A, B). In comparison with the data obtained using conventionally fractionated RT with CBCT, which reported 5.6% fractions of the rectum-V45Gy increased by >15% (3), the online adaptive UHF-RT is safe for the rectum and delivers a more accurate dose. Moreover, during the treatment, gas pockets in the rectum were observed on 12.9% (11/85) of the scans, which were also reported in some studies (4, 10). The gas bubbles always occurred between the acquisition of the PV scan and the start of the cine MR acquisition and remained in place during dose delivery in most cases (11.8%, 10/85 scans). Only in one fraction, a gas bubble was observed on Bn-scan but disappeared on the post-scan. Nevertheless, the V36.25Gy of CTV, prostate, and SVs for this patient were all 100% on each scan. Thus, continuous monitoring of target and rectum motion by cine MR is quite important for accurate dose delivery. Simultaneously, the continuous bladder volume increase caused a slight increase in bladder wall-mean variation V37Gy (0.52 ± 0.58 cc) in a comparison with the ATS plan, and a reduction in bladder wall-mean variation V18.1Gy (-0.05 ± 0.03 cc) conversely. The clinical findings also confirmed the estimated dose delivered to normal tissues. The rates of worst acute RTOG grade 2 or more severe genitourinary and gastrointestinal toxicities were 25% and 0% (unpublished data), as reported in our preliminary results.

This study had several limitations. The sample size was still small with only 17 patients. However, we collected dosimetry data on the PV-, Bn-, and post-MR scans, providing comprehensive data that can indicate the dose changes in all organs. Furthermore, it was still difficult to conclude the estimated delivered dose during the beam-on period by using the PV-, Bn-, and post-MR scans. In our study, we included 10 patients with beam-on 3D MR and recalculated the dose based on the beam-on 3D MR, which can provide a more accurate 3D representation of the prostate volume and position compared to that used by dose reconstruction approaches based on cine MR that collected MR images on certain slices. There are merits to using large field-of-view, high-resolution 3D MR acquisitions for dose estimation, however, the slow acquisition of 3D-MR images (approximately 3 min needed for the 2-min T2 MR), the low temporal resolution of the MR datasets, collecting data at certain time point instead of whole beam-on period and reliance on a bulk electron density assignment strategy would be a concern for the dose inaccuracy, and maybe tempo-wise less accurate than using continuous cine-MR dynamics (11, 12). Nevertheless, using similar high-resolution 3D-MR acquisitions with the adaptive ATS plan, our estimated dose should be reliable. In addition, we stopped the cine MR acquisition and collected beam-on 3D MR only when the target and rectum were stable on cine MR, therefore biasing the results towards good agreement with the planned doses. However, it seems that due to the low incidence of such cases, the impact of this limitation in practice is minimal. Furthermore, the dosimetry results demonstrated the reliability of our methods, which involved monitoring motion by cine MR and pausing delivery if necessary.

In conclusion, our study investigating the dose on beam-on 3D-MR scans for each session demonstrated that clinically acceptable estimated dose coverage of target volumes was achieved during the beam-on period with an adaptive ATS workflow on a 1.5-T MR-linac, despite the relatively long on-couch time. The 3-mm CTV-PTV margin applied in our study is sufficient for the prostate and may be inadequate for a very small portion of SVs. More attention should be paid to restricting the rectal wall high dose when optimizing the ATS plan.
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Supplementary Figure 1 | Overviews of planning targets of all fractions, calculated by the daily ATS plan dose in PV-, Bn- and post-MR scans. 100% prescription dose (A) and 95% prescription dose (B). Individual data points are shown as dots. The mean ± SD are shown as the error bars.

Supplementary Figure 2 | Per-patient SVs-V100% (A) and SVs-V95% (B) mean values to the clinical target volume (CTV) summed by five fractions of pre- (ATS plan), PV-, Bn- and post-MR scans. Scar bars present the standard deviation (SD). No beam-on scans were acquired for the first 7 patients due to concerns about unexpected target and OAR moving. No SVs irradiation for Patient. #6, #7, #15 to #17.
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Advances in radiotherapy technologies have enabled more precise target guidance, improved treatment verification, and greater control and versatility in radiation delivery. Amongst the recent novel technologies, Magnetic Resonance Imaging (MRI) guided radiotherapy (MRgRT) may hold the greatest potential to improve the therapeutic gains of image-guided delivery of radiation dose. The ability of the MRI linear accelerator (LINAC) to image tumors and organs with on-table MRI, to manage organ motion and dose delivery in real-time, and to adapt the radiotherapy plan on the day of treatment while the patient is on the table are major advances relative to current conventional radiation treatments. These advanced techniques demand efficient coordination and communication between members of the treatment team. MRgRT could fundamentally transform the radiotherapy delivery process within radiation oncology centers through the reorganization of the patient and treatment team workflow process. However, the MRgRT technology currently is limited by accessibility due to the cost of capital investment and the time and personnel allocation needed for each fractional treatment and the unclear clinical benefit compared to conventional radiotherapy platforms. As the technology evolves and becomes more widely available, we present the case that MRgRT has the potential to become a widely utilized treatment platform and transform the radiation oncology treatment process just as earlier disruptive radiation therapy technologies have done.
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1 Introduction

The development of a linear accelerator (LINAC) system with an integrated Magnetic Resonance Imaging (MRI) scanner is a major advance in image guided radiation technology (1, 2). Previously, image guided radiation therapy would rely on on-board portal film imaging or planar kV radiographs or cone-beam computed tomography (CT) scanning during patient setup for image verification before radiation dose delivery. With the integration of an on-board MR scanner within the LINAC radiation therapy system, real time image guidance throughout tumor and organ motion and during radiation delivery became feasible.

In the field of external beam photon radiation oncology, several earlier technical and technological improvements - including intensity-modulated radiotherapy (IMRT), volumetric arc radiotherapy (VMAT) and stereotactic radiotherapy (SRT) - have been implemented in daily clinical practice. A point of crucial interest with these new technologies has been the faculty to control, verify, and eventually modify the treatment planning and delivery process with high accuracy and precision. This power to achieve a more homogeneous better target volume coverage is coupled with the ability to significantly reduce the volume of healthy tissue irradiated to high doses (3).

These great efforts to push the boundaries of a safe and effective radiotherapy plan have raised a central question - “how can we know during treatment delivery whether what we have so carefully measured and calculated in the planning process is the actually delivered treatment?” In fact, the central challenge of precision radiotherapy remains the intra-fraction variability of the target, i.e., controlling for the individual physiological body movements at the precise moment of dose delivery.

To address this key challenge, several solutions have been brought forth, leading to the revolutionary concepts of tumor tracking and adaptive radiotherapy (ART). Real time motion management and ART reduces the uncertainties related to imaging, treatment planning, and treatment delivery due to daily organ variability and motion, tumor delineation (including microscopic disease) and inter- and intra- fraction setup error and variability. Historically, the generation of significant planning target volume (PTV) margins around the target was introduced to compensate for these uncertainties, with the drawback of irradiating more healthy tissue and increasing the toxicity to organs at risk (OaRs) (4). The development of 4-dimensional CT (4D-CT) allowed tracking of the tumor through the study and control of respiratory motion (5). 4D-CT was a major advance allowing the radiation oncologist and treatment team to reduce PTV margins related to motion during the respiratory cycle. However, organ motion control and verification remain complex problems requiring different solutions. Target uncertainty not only depends on breathing but it is also associated with motion/changes in other organs such as bowel peristalsis, bladder filling, and day-to-day anatomic variation. Hence, 4D-CT can neither resolve the issue of correct target definition nor account for inter- and intra-fractional anatomic changes.

In this era of highly customized and personalized therapy, a broader concept of adaptive image-guided and biology-guided RT has arisen (6–8). The field of image-guided radiation therapy interfaces thus intersects with the fields of radiomics and bioinformatics, including machine learning and artificial intelligence (AI) (9). We summarize three seminal applications of adaptive image-guided RT: i) therapy guidance (target and OaRs definition); ii) treatment plan verification (inter-fraction management); and iii) real-time delivery control (intra-fraction management).



1.1 Therapy guidance

The starting point of the care pathway in RT is represented by target volume and OaRs definition within the individual patient. The clinical team must accurately evaluate the area to be treated with a curative radiation dose and its relative anatomic relationships with the surrounding healthy tissue, to plan for a dose delivery that spares normal tissue as much as possible from irradiation. Kilovoltage CT imaging acquired at simulation is the standard basis for the construction of the treatment plan. It allows for morphological mapping of the anatomy based upon the distribution of differing electronic densities of various tissues. Today, highly sophisticated and complementary imaging modalities, such as MRI and positron emission tomography (PET) are merged with the CT simulation images. Fusion with these additional imaging modalities lead to a better morphological and structural definition of the area being treated as well as the integration of metabolic and functional information (10–12). Fusion occurs in the planning phase but lack of advanced on-board imaging within the standard linear accelerator precludes a precise application for each dose delivered.



1.2 Treatment verification

Another critical aspect of radiation delivery which relies upon image guidance is treatment verification and the possibility of real-time re-planning in case of anatomical variations related to disease response or to human physiology that may occur during the course of RT. In the past, the best available on board imaging technique was 2D radiological imaging obtained using low contrast MV or kV x-rays which permitted visualization of bony landmarks or suitably positioned radiopaque markers to verify target coverage (13).

Daily transabdominal ultrasonic spatial localization of the prostate is an example of a non-invasive approach that avoided radio-opaque fiducial markers implantation’s expense, discomfort, and risks (14). The introduction of cone beam CT (CBCT) technology has permitted volumetric visualization of the anatomical treatment field, improving accuracy in management of inter-fraction variations. In some clinical sites such as brain, abdomen and pelvis, however, CBCT imaging does not allow sufficient definition of the soft tissue, often burdened by significant artifacts from the presence of air and scattered photons that limit imaging accuracy of cone beam CT reconstruction algorithms (15).

Surface matching algorithms are another approach that has recently been used for guiding radiotherapy treatments. Surface matching, however, does not contain direction information about the location of the target volume or organs at risk that are not immediately correlated to the surface markers.

These treatment verification strategies were developed for treatment courses where a radiotherapy treatment was planned once. Every effort would be exerted to provide reproducible geometries and additional margins would be introduced during planning to assure that the treatment would not miss the target. Fractionation schemes were selected to permit normal tissue included in the high dose volume to not exceed established acute or long-term tolerances.

As technologies improved to precisely deliver highly conformal intensity modulated treatments and technologies emerged to assess the relationships of target organs to organs at risk, it was realized that a radiation plan generated from a remotely acquired imaging study may not reflect the optimal treatment plan on the day of delivery. The ability to acquire imaging, plan treatment, and deliver treatment using real-time image guidance, which an MR-guided linear accelerator is capable of, breaks through multiple barriers to providing better care.



1.3 Delivery control

A major goal of image guided radiotherapy is the possibility to see in real time what happens at the treatment site during the delivery phase and to intervene/adjust if there is a significant shift on the target. This challenge is the latest frontier of adaptive guided-RT application, and reinforces the need for technologies which can address intra-fraction motion management and pave the way for safe dose escalation and de-escalation therapy (6).

A current standard for accounting for real time tumor and organ motion is four-dimensional computed tomography (4D-CT). 4D-CT utilizes a set of CT images acquired throughout different phases of the patient’s respiratory cycle and combines them with tracking of external respiratory markers during patient setup and delivery. The uncertainties associated with 4D-CT are accounted for by the expansion of internal target volume (ITV) and planning target volume (PTV) margins, theoretically compensating for intra-fractional tumor and organ motion. The individual breathing cycle is studied during simulation and dose delivery is planned consistently.

However, 4D-CT is inherently limited by the daily reproducibility of the breathing cycles and does not control for changes in daily tumor and organ motion (16). In other words, 4D-CT informs a plan to improve delivery control and motion management through images acquired during CT simulation, but it cannot represent real-time, daily motion management. Ultimately, representative delivery control is possible only with real-time motion visualization through on-board intra-fraction imaging, target structure tracking, and gated treatment delivery.

We present the case that MRgRT is the most promising disruptive radiation oncology technology to overcome the challenges of intra-fraction motion. Through improving upon contemporary image-guided radiation technology, MRgRT is transforming the radiotherapy delivery process within radiation oncology centers, reorganizing patient flow and how treatment team members interact. In this review, we describe some of the advantages that MRgRT provides and the remaining major barriers to its routine adoption. We summarize the original data in disease sites where MRgRT has already had an impact. Finally, we introduce some emerging developments involving MRgRT.




2 MRI-Linac systems and other platforms

In recent years, several radiotherapy platforms have become commercially available in clinical radiation oncology to meet the challenges of adaptive image-guided RT. Similar to the earlier technical advances described above, these newer technologies are starting off as resource intensive approaches with specialized clinical applications. With continuous stepwise improvements, the reduced toxicity and other clinical advantages made possible by IMRT, VMAT, and stereotactic RT overcame the initial barriers of cost and resource investment (6, 17). It is expected that over time, incremental improvements and broader indications will enable these newer technologies to be widely disseminated into standard radiation oncology practice.

There are currently two main MRgRT platforms commercially available – the ViewRay MRIdian system (Viewray Inc., Oakwood, OH) which uses a 0.35 Tesla MRI scanner and the Elekta Unity (Elekta AB, Stockholm, Sweden) system which uses a 1.5 Tesla MRI scanner. The ViewRay system initially used cobalt-60 as its radiation source and received FDA approval in 2012 (18). ViewRay then developed a platform where the MRI scanner was integrated within a linear accelerator, receiving FDA clearance in 2017 (19). The Elekta Unity system was approved in 2019 by the FDA as the second MRI-linear accelerator system (20).

More recently, other hybrid linear accelerator systems with adaptive capabilities have also gained FDA clearance and are treating patients in the clinic. Varian’s Ethos system (Varian, Palo Alto, CA), FDA cleared in 2020, enables adaptive radiotherapy utilizing on-board fan-beam CT imaging (21). The most recent is the Reflexion system (RefleXion, Hayward, CA), a radiotherapy system that the FDA approved in 2021 with future plans to utilize an on-board PET scanner as the integrated imaging modality used for guidance while treating patients on a linear accelerator (22). The Ethos and the Reflexion systems join the earlier Cyberknife system (Accuray, Sunnyvale, CA) and Radixact system (Accuray, Sunnyvale, CA) as non-MRgRT based adaptive radiotherapy systems. All these radiotherapy technologies revolve around the idea that future radiation oncology practices will leverage the ability to acquire imaging while the patient is on the table to account for motion management and adapt treatment planning on the day of delivery. The Viewray MRIdian has the faculty of real time intrafraction modulation of dose delivery by imaging during treatment delivery, and the Elekta Unity scanner introduced support for motion management during radiation delivery in October of 2022.



Table 1
 summarizes the features of some of the most common commercially available IGRT platforms that have received FDA regulatory clearance for radiation delivery in patients.


Table 1 | 
Commercially available radiotherapy platforms specializing in adaptive image-guided and biology-guided radiation therapy.





3 Main differences between the MRI-Linac-based systems

Between the two widely utilized MRI-Linac systems, there are key differences in design and treatment features. We summarize them here and in 
Table 2
:


Table 2 | 
Comparison of the MRIdian and Unity MRI-Linac radiotherapy platforms.





3.1 Construction

MRIdian: The split superconductor 0.35 Tesla magnet design allows for a smaller source-to-axis distance (SAD). The integration of the linear accelerator and the magnet allows for robust integration of imaging registration with treatment planning capabilities.

Unity: A single magnet design with the LINAC components placed outside the 1.5 Tesla MR scanner. Due to its greater magnet field strength with this design allows for greater imaging capability compared to a lower-field imaging system.



3.2 Treatment delivery

MRIdian: The MRIdian utilizes coplanar static IMRT fields and can deliver radiation dose at a 650MU/min dose rate. The gantry rotation speed is 0.5 rpm with no collimator rotation.

Unity: The Unity utilizes coplanar static IMRT fields and can deliver radiation dose at a 500MU/min dose rate. The gantry rotation speed is 6.0 rpm gantry with no collimator rotation.



3.3 Imaging

MRIdian: The MRIdian utilizes a balanced steady state free precession (SSFP) MRI pulse sequence for planning, setup, and treatment delivery. Other MRI pulse sequences, such as T2/T1 and DWI sequences, can only be used as registered images alongside the balanced SSFP sequence.

Unity: The Unity has a broad range of pulse sequences available for planning and treatment. MR imaging is available during the treatment. Up to recently, if the clinical team chooses to image with the MRI host during treatment, they would lose the ability to track the target during delivery. Very recently, Elekta has introduced a motion management package that overcomes this limitation.



3.4 Gating

MRIdian: The MRIdian is able to automatically gate on one sagittal slice delineated from the 3D volumetric scan at 8 frames per second. Its newer A3I features allow for tracking capabilities on all three planes (sagittal, coronal, and axial) simultaneously or on multiple planes in the same orientation. The beam will automatically gate itself once the target migrates too far beyond the defined boundary expansion.

Unity: The Unity has the ability to track targets in real time on three planes (sagittal, coronal and axial). If the target moves outside the pre-specified envelope, the treatment beam will be automatically gated by the machine (currently pending FDA approval, CE Marked in the European Union).




4 Advantages of the MRI-Linac Technology

To address the challenges posed by image guided radiation therapy at the present, we will review three key advances in adaptive image-guided RT made possible by the MRI-Linac technology: 1) imaging for therapy guidance (
Figure 1
); 2) adaptive treatment planning for inter-fractional management (
Figure 2
); and 3) real time imaging and gating for intra-fractional management (
Figure 3
).




Figure 1 | 
An example of clinical MRI-Linac images utilized for therapy guidance. The panel on the left shows a patient receiving prone breast irradiation with an MRI image in the axial plane. The same patient with a sagittal plane image. The red contour depicts the lumpectomy surgical cavity which serves as the clinical target volume.







Figure 2 | 
An example of clinical MRI-Linac images utilized for inter-fractional management. Comparison of anatomy seen on the day of simulation (upper left panel) and days of treatment (panels labeled Fractions 1 to 5 respectively) for a pancreatic cancer patient treated at our institution. In each panel, the target volume, stomach, and bowel anatomy are contoured.







Figure 3 | 
An example of clinical MRI-Linac images utilized for intra-fractional management. The panel on the left shows a patient receiving pancreatic radiotherapy while imaged with a deep inspiratory breathe hold. The panel of the right shows the same patient breathing freely. The red contour depicts the tracking contour and the yellow contour depicts the treatment envelope boundary.





4.1 MRgRT: Imaging for therapy guidance

MR imaging is an imaging technique based on nuclear magnetic resonance which maps the spatial concentration of signal bearing spins of the tissue environment. The imaging is also dependent on differing signal intensities between the tissues. These properties permit MR images to have higher resolution relative to CT imaging, even without the administration of contrast. A range of possible MR pulse sequences that can be used clinically can allow the acquisition of different forms of images, most commonly T1-weighted, T2-weighted or proton density based imaging sequences, each characterized by a different signal intensity that creates contrast between the various tissues. In T1-weighted images, fluid is hypointense and fat is hyperintense while in T2-weighted images the fluid is hyperintense and the fat is mildly hypointense (23). The features of T1- and T2-weighted imaging are often used in RT for the anatomical definition of the target and the OaRs due to their signal contrast in soft tissue (24). There is further promise that combining different MR pulse sequences, such as combining different functional spin echo-based and/or gradient echo-based sequences, can allow MR imaging to obtain different functional information that could help characterize the tumor microenvironment. These sequences could include fluid-attenuation inversion recovery (FLAIR), short tau inversion recovery (STIR), diffusion-weighted imaging (DWI) and dynamic contrast-enhanced (DCE) (25). As MR image voxels can measure quantitative properties over time, they allow measurements of parameters that are indicators of tumor cell density (with DWI), vascularity (with perfusion), stiffness/stroma (with elastography) and hypoxia (with relaxometry), biologic factors that are known to drive radiosensitivity and radioresistance (26, 27). Overall, MR imaging is more versatile and can potentially unlock addition clinical information complementary to conventional CT imaging.



4.2 MRgRT: Adaptive treatment planning for inter-fractional management

The anatomic changes that occur from the time of simulation to when daily treatments are initiated, and in between daily treatments have been a problem in treatment verification, often necessitating wider target margins to ensure the target received full dose radiation delivery. This is often counterbalanced by limiting the total prescription dose and coverage to limit the risk of toxicity. The current standard 4D-CT involving CT imaging, sometimes with the placement of fiducial markers, at the simulation and in the treatment room throughout the respiratory cycle before delivery was a major advance in the field, but there remained the persistent issue of adjusting for these day-to-day positional changes in the tumor target and OaRs (28). For example, several studies of abdominal tumors and organs showed that the daily variation of the pancreas position could exceed 1 cm in each direction (29, 30).

Adaptive radiation treatment planning (ART) is an approach that allows for daily adjustments of the radiation treatment plan based on re-determining spatial parameters for the treatment targets and nearby tissues. While this can be occasionally done on acquired images with the patient off the table, a significant step forward would be performing the same tasks while the patient is on the treatment table. Conventional linear accelerators are not capable of such an approach.

The advent of the hybrid MRI-Linac systems make routine clinical implementation of on table ART possible. The MRI-Linac systems feature full integration of the treatment planning software with the radiation delivery unit and also feature newer rapid dose calculation algorithms. Adaptive re-planning of radiation treatments with MRI guidance have now been shown to be feasible and to offer comparable plan qualities to their respective reference treatment plans (31). The ability to acquire an updated MRI scan while the patient is on the treatment table, to adjust for anatomic changes prior to radiation delivery, and to adapt the treatment plan could allow for tighter margins on treatment volumes and enable dose escalation with favorable toxicity when compared to non-adaptive radiation planning, but prospective clinical data will be necessary to establish these benefits.



4.3 MRgRT: Real time imaging and gating for intra-fractional management

As discussed above, current motion management strategies such as 4D-CT are passive, utilizing patterned or expected motion to determine additional safety margins such as an ITV. An improved intra-fractional management strategy would be active, such as beam gating, whereby a pre-specified target is monitored in motion and the beam is turned on only when that target is within a pre-defined window.

For beam gating, the hybrid MRI-Linac systems have the distinct advantage of real-time imaging of soft tissues (32). This major technical advance enables the clinical team to visualize with high accuracy the target during overall treatment course and provides the ability to monitor in real time the physiologic moments of internal organs that impact on intra-fraction reproducibility of dose delivery.

With recent upgrades on the Unity, both MRI-Linac systems are now capable of automatic, active intra-fractional beam gating. With the MRIdian system, two-dimensional cine MRI images are acquired in the sagittal plane (can also be done in the axial and coronal planes) at 8 frames per second. A gating tracking target is contoured during a breath-hold MR scan, and a gating envelope is generated off a margin expansion from that contoured gating target. As radiation treatment is being delivered, if a pre-specified volume (for example, 5%) of the gating target is outside the gating envelope, the beam is automatically turned off. If the total volume of the gating target falls within the gating envelope by a defined threshold, the beam automatically turns on. Later in this review, we will describe several disease sites where automatic real-time gating may have powerful clinical applications.

MRgRT permits the clinical team to set threshold boundaries on the maximum safe displacement of the treatment target (33). In turn, real time intra-fractional imaging and active gating provide the possibility of reducing treatment margins, of increasing target dose, and of sparing dose to organs at risk (OARs) (34). The approach is applicable to many clinical scenarios including thoracic, abdominal and pelvic disease. In those anatomic regions, the proximity and movement of OaRs limit target dose, and dose escalation may improve oncologic outcomes and dose avoidance may reduce toxicity (35).

Compared to conventional on-board imaging of a CT-based linear accelerator, MRgRT does not use ionizing radiation to obtain real-time images. This is a great advantage in terms of patient protection, but it has fostered a new argument relative to the effect on human body of long exposure to radiofrequency energy emitted by a MR scanner (28). This energy causes heating of the body in a proportional way to the square of the magnetic field strength and it may be a future challenge to understand its potential implications, particularly for individuals with implanted devices that may be more susceptible to localized heating (36).




5 Limitations of the MRI-LINAC technology


5.1 Capital costs

The most immediate barrier to wide implementation of the MRI-LINAC technology in radiation oncology centers are the capital costs associated with acquiring and maintaining the system. The current estimates are that initial acquisition price would be greater than $7.5 million for a MRI-Linac (37, 38). In addition, the annual maintenance costs are estimated to be greater than $500,000 per year.

Further initial expenses include construction and installation costs for a dedicated vault for a MRI-Linac with the necessary shielding and increased needed capacity for a superconducting magnet with helium, estimated to be greater than $14,000 per square meter (37).



5.2 Duration of treatment and throughput

A second major limitation is the time allocation needed for MRgRT treatments. A typical MRI-guided treatment requires daily patient checks to ensure MRI-capability. The patient then has to be set up according to simulation with appropriate MR coils placement. An MRI sequence is needed to be acquired for patient setup verification with physician approval. Finally, a tracking contour and a tracking cine has to be generated for treatment verification. In summary, the dedicated time to apply a real time treatment management workflow is a process that requires around 30-60 minutes for each treatment session (19, 39, 40). Two prospective phase I trials that included adaptive treatments in the thorax and in the abdomen on the MRI-Linac failed to meet their initially allotted fixed time constraint endpoints (41, 42).

For an adaptive treatment, further time must be allocated for each treatment. While the patient is on the table, the MRI image acquired is then utilized to predict the coverage and OAR doses from the pre-set treatment plan. If the predicted dosimetry is considered inadequate, the physician can re-contour the target volumes and the proximate OaRs. The treatment planning team with the physician, therapists, dosimetrist, and physicist at the planning console then creates a day of treatment plan. An optimized plan created on the day of treatment is approved and then delivered. The dedicated time for patients receiving an MRgRT treatment with ART would be around 90-120 minutes with all clinical team members present at the console and completing their individual tasks in close coordination (40) (
Figure 4
). There is further time complexity involved in the latency between the image acquisition and consequent action decision (43). Several algorithms have been proposed to mitigate this issue. Recently, Jöhl and colleagues elaborated a linear methods approach to predict the target displacement and proposed that hereafter artificial neural networks could be implemented (43, 44).




Figure 4 | 
A representative example of the care pathway implemented during a MRgRT treatment. Each blue box represents a distinct task that a clinical treatment team member must complete before triggering the next task to be done, demonstrated by the arrow diagram.




Given these time and resources allocated for MRgRT, the patient throughput with this technology is slower than that of a conventional linear accelerator (37, 39). Implementing a MRgRT program requires high quality imaging and an efficient workflow process to acquire the MRI scan, adapt the radiation plan, perform quality assurance, and deliver the radiation while the patient is set up for treatment. Wider practical applicability of MRgRT will be limited by the intense utilization of personnel and time to safely and properly deliver adaptive treatments, but exciting future developments are expected in the coming years which we will describe later.



5.3 Lack of non-coplanar beam delivery and other delivery limitations

While treatment delivery is more versatile in terms of intra-fractional and inter-fractional management with the MRI-Linac system, radiation delivery is also limited by the hybrid integration of the MR scanner within the linear accelerator. For example, it currently is not possible to deliver arc therapy or non-coplanar beam therapy with a MRI-Linac system (27). The current MRI-Linac systems also cannot deliver electron beam therapy (27).

Other delivery limitations are due to the design of the current MRI-Linac systems. When a patient is lying within the treatment bore, the ability to shift the table position or to rotate the couch is limited. Finally the size of the MRI bore limits its use to patients with an appropriate body habitus.



5.4 Contraindications to MR imaging

The MRI technology also has other established practical limitations and patient contraindications. Claustrophobia in MRI scanners are common in the general population. Some studies estimate that 10-15% of patients would require some level of sedation to be able to be able to complete an MRI scan (45). Hospitals and clinics have established safety policies and standards in place for MRI safety, and the clinical team must maintain vigilance to ensure that the patient does not have MRI-incompatible material in their body or on their person (46). Implanted medical devices such as pacemakers and defibrillators have to be interrogated before and after approaching an MRI scanner (47).




6 Disease sites and clinical applications

Despite the challenges just described that counterbalance wide adoption of MRgRT, acquisition of the technology and its utilization in the clinic has been steadily increasing. We will describe several disease sites where current clinical evidence justify their utilization and reinforce their unrealized potential.



6.1 Prostate cancer

MRI is routinely employed for prostate cancer diagnosis, staging, and management (48, 49), enabling identification of malignant portions within the prostate, as well as enhanced discrimination of the adjacent bowel, rectum and bladder (50). MRI is used as an adjunct imaging modality to CT-based radiotherapy planning to further delineate soft tissues (51). Additionally, MRI can aid with sparing the neurovascular structures associated with erectile dysfunction (52). However, static imaging acquired prior to treatment fails to capture changes in target volumes after the initial planning, as well physiological movement of internal organs (53–55). In contrast, MRgRT allows monitoring of both tumor changes and daily positional changes of internal organs for each treatment to achieve a more accurate estimation of a treatment plan’s dose distribution (i.e. inter-fraction adaptive planning), as well as real-time motion monitoring during treatment (i.e. intra-fraction gating) (56).

Adaptive planning utilizes day-of-treatment imaging and re-contouring of target volumes and/or organs at risk based on changes in their size or relative position. This can improve the therapeutic index in rapidly changing tumors, or in regions where there are dramatic changes in organ position during each fraction, such as the rectum for prostate treatment. Gating refers to synchronizing the radiation beam with a predetermined parameter. In respiratory gating, radiation is delivered within a specified range of respiratory motion so that the beam is turned off when there are deviations outside set inspiratory and expiratory parameters. An inherent benefit of MR is that there is no additional radiation exposure as a consequence of real-time imaging, and thus can be performed continuously during treatment delivery. In MR-guided therapy where real-time imaging is employed, gating of the target volume within a user-specified boundary is typically performed, in which the beam is only on if the PTV falls within the pre-defined boundary (see 
Figure 5
).




Figure 5 | 
An example of real time imaging during a prostate MRgRT treatment. The blue contour depicts the prostate target tracking contour. The red contour depicts the gated treatment envelope boundary.




In prostate radiotherapy, image gating is useful to account for organ movement resulting from bowel gas, stool passage and bladder filling as well as contracting of the muscles of the pelvic floor (57). Adaptive planning and gating are complementary techniques, in which adaptive planning corrects for inter-fraction anatomic variation and gating accounts for real-time, intra-fraction physiologic motion. Other potential roles for the MR-Linac in prostate cancer treatment include its applications for dominant lesion boosting and prostate re-irradiation (58, 59). Furthermore, intra-fractional motion management with MRgRT now enables enhanced ability to observe intra-fraction prostate motion during prostate SBRT (60, 61).



6.2 Lung cancer

Recent advances in lung cancer radiation therapy include stereotactic body radiation therapy (SBRT) for early-stage disease and IMRT for locally advanced cases (62). In either clinical situation, precise dose delivery is paramount to maximize local control and avoid toxicity.

While SBRT and IMRT have improved the therapeutic ratio, challenges still exist. In patients treated with SBRT, chest wall toxicity, including rib fracture, has been reported in the range of 6-46% (63). Tumors abutting central mediastinal structures are even more problematic. Haseltine reported 12% grade >3 toxicity in central or ultra-central tumors which rose to 30.7% when the tumor was <1cm from the proximal bronchial tree (64). Toxicities of concurrent chemo-radiation therapy (CRT) in locally advanced disease are similarly well described. In a meta-analysis of radiation toxicities in non-small cell lung cancer, Or and colleagues reported Grade >3 esophagitis and pneumonitis 22% and 11%, respectively, when concurrent chemotherapy was employed (65).

Management of tumor motion offers the potential to improve tumor control and reduce toxicity. Seppenwoolde and colleagues reported average amplitude of tumor motion was the greatest in the cranial-caudal direction for tumors located in the lower lobe and not attached to rigid structures (such as chest wall and vertebrae) compared to upper lobe and attached to rigid structures [12 ± 6 mm (SD) versus 2 ± 2 mm (SD)] (66).

Giaj-Levra and colleagues have suggested improved dose to cardiac structures resulting this motion management (67). Some have expressed concern over magnetic-field induced deviation of electron trajectories, creating hot or cold spots in relation to air-tissue interfaces. However, Raajimakers illustrated that with multiple and opposing beams, this concern is mitigated (68). Bainbridge and colleagues came to similar conclusions in a dosimetric study examining 10 plans in patients with locally advanced NSCLC and also suggested superior dose distributions could be achieved when MRI treatment employed smaller PTV margins which can be more easily achieved with real time tumor visualization (69).



6.3 Liver malignancies

Over the past four decades, the accumulated data collected from liver resections for patients with metastatic cancer demonstrated that the risk-benefit profile for hepatic resection shifted in favor of benefit (with long-term curative potential) for selected patients with primary colorectal tumors (70–72). This finding led to the proposed clinical state of oligometastases, whereby the anatomy and physiology may limit or concentrate metastases to a single or a limited number of organs that should be amenable to a curative therapeutic strategy (73). Interestingly, recent results from the randomized phase II SABR-COMET trial corroborated the idea that aggressive treatment of oligometastatic disease may improve overall survival (74). Although surgery remains the gold standard for patients diagnosed with primary or secondary liver tumors, not all patients are deemed to be surgical candidates. For nonsurgical candidates, radiofrequency ablation (RFA), trans-arterial chemoembolization (TACE), cryotherapy, trans-arterial radioembolization (TARE), and radiotherapy are frequently utilized alternative local treatment options, where the proper treatment selection relies on a multidisciplinary approach (75). The use of SBRT has increasingly been used in the management of liver metastasis and hepatic malignancies where many studies have reported their 2-year local control rates of ≥ 90%, comparable to other locoregional therapies (76). The control rates and survival for primary and secondary malignancies have somewhat shown to correlate with radiation dose (for example, cholangiocarcinoma [BED10 ≤ 80.5 Gy vs > 80.5 Gy], liver metastases [BED10 ≤ 100 Gy vs > 100Gy] (77, 78). Unfortunately, the liver, stomach, duodenum, bowel, and kidneys are radiosensitive organs and the radiation doses to these organs must be constrained (and the target dose reduced by proxy) to limit treatment related toxicities while treating liver lesions to ablative doses (79).

The use of stereotactic MR guided online adaptive radiation therapy for the treatment of primary and secondary liver malignancies represents a promising approach to improve the therapeutic ratio. This technique allows for better visualization of soft tissue, real-time tumor tracking, motion management (during the breathing cycle) via deep inspiration breath holding techniques (to allow for smaller target volumes), and adaptive planning (to improve target dosing while limiting dose to radiosensitive organs [that move with the respiratory cycle and change their juxtaposition daily] in line with recommended dose constraint guidelines) (74, 80). Although the normal organ constraints come from retrospective series, CT based planning (that assumes mobile structures remain in the same position throughout treatment), and animal studies, some have posited that radiation toxicity risks may be overestimated, the dose constraints too conservative, and the tumor unnecessarily underdosed (to meet the dose constraints) in patients treated with MRI guided adaptive radiotherapy (81). Thus, through a combination of raising the tolerance for normal organs at risk and reducing the margins delivered through MRI guidance, the overall dose to the tumor could be substantially increased or improved (82).

Recent and ongoing studies are working towards validating this hypothesis. In a phase I trial of MRI guided online adaptive radiation therapy (50Gy in 5 fractions, BED10 = 100Gy) for abdominal malignancies (20 patients with oligometastatic or unresectable primary liver cancers), Henke et al. demonstrated that adaptive planning allows for PTV dose escalation and/or simultaneous normal organ sparing compared to a non-adaptive SBRT approach (42, 83). Similarly, Rogowski et al. reported their early clinical experience of online adaptive MRI guided radiation therapy for liver tumors (84). Their retrospective series included treated patients with cholangiocarcinoma and various metastases (neuroendocrine tumors, colorectal carcinoma, sarcomas, and gastrointestinal stromal tumors). The median prescribed dose of BED10 = 84.4 Gy was delivered in 3 to 5 fractions. Adaptive planning was performed in 98% of fractions to improve PTV coverage and to reduce organ at risk constraint violations. After a median follow up of five months neither local failures nor ≥ grade 2 toxicities were observed. Ugurluer et al. reported their early experience in 21 patients with oligometastatic liver disease (85). The median dose delivered was 50 Gy in 5 fractions with 93 out of 111 fractions requiring re-optimization. All patients had either complete or partial response at their irradiated sites with an estimated 1-year overall survival of 93.3%. No ≥ grade 3 acute or late toxicities were observed. Padgett et al. reported their experience of 10 patients treated with MRI guided online adaptive SBRT for liver tumors (86). With a prescription dose range between 27-50 gray in 3-5 fractions and the daily utilization of adaptive planning, they observed significantly reduced PTV coverage for 32 out of 47 (68%) fractions and organ at risk constraint violations in 5 out of 23 (22%) fractions prior re-optimization. They concluded that online adaptive MR guided SBRT of liver tumors using daily re-optimization resulted in better target conformality, coverage, and organ at risk sparing compared with non-adaptive SBRT. Finally, in a prospective phase I trial van Dams et al. reported their outcomes after MRI-guided SBRT treatment of 20 patients with a mix of primary (8) and secondary (12) liver tumors (87). With a median follow-up of 18.9 months, they reported a 2-year local control rate of 79.6% utilizing a median dose of 54Gy in 3 fractions. Interestingly, they observed a local control difference between single vs multiple lesions and a BED10 < 100Gy vs BED10 ≥ 100Gy.

The ongoing MAESTRO randomized controlled phase 2 trial is testing the non-inferiority of MRI guided adaptive radiation versus ITV-based SBRT for hepatic metastases for hepatobiliary and gastrointestinal ≥ grade 3 toxicities (88). The secondary outcomes include local regional and distant tumor control, progression free-survival, overall survival, and the possibility of increase of BED using MRI guided radiotherapy if the BED is limited with ITV base SBRT. The results of this trial will further define whether MRI guided adaptive radiotherapy provides for an improved therapeutic ratio as compared to standard ITV-based SBRT for liver lesions.



6.4 Pancreatic cancer

The role of radiation therapy for pancreatic ductal adenocarcinoma (PDAC) remains unclear. Recently reported clinical trials have not shown any significant improvement in overall survival in the localized setting (89, 90). It has been hypothesized that one of the reasons for the limited efficacy seen in the recent trials with pancreatic radiotherapy has been the delivery of non-ablative radiation doses to the pancreatic tumor target. A role for radiation dose escalation in PDAC is supported by other studies which use higher ablative doses, showing improved local control and potentially survival (91–93).

The major challenge in pancreatic radiotherapy is delivering significant radiation doses to the pancreatic target without causing significant toxicity. In particular, the stomach, the duodenum, bowel, and other nearby radiosensitive organs often receive significant collateral radiation doses. The significant toxicities attributable to pancreatic radiation treatments highlight the limitations of conventional techniques (94–97). Applying MRgRT shows great promise in overcoming the clinical challenges of organ motion and daily anatomic changes particular to pancreatic radiotherapy.

Stereotactic MR-guided on-table Adaptive Radiation Therapy (SMART) is an MRgRT application designed to account for inter-fractional anatomic changes. It utilizes the MRI scans acquired both before and continuously during treatment delivery to account for intra-fractional motion management to deliver ablative radiation doses. A retrospective study of 5-fraction SMART in locally advanced PDAC showed promising efficacy and safety (92). More recently, a multi-institutional prospective Phase 2 trial of SMART in localized pancreatic cancer completed accrual and presented early results, showing promising efficacy and toxicity outcomes (98). Pancreatic cancer treatment may be one of the most apparent direct applications of MRgRT with several Phase 3 clinical trials in the development phase that plan to test whether ablative pancreatic radiotherapy may improve overall survival in the locally advanced PDAC setting. There is eager anticipation to gather further prospective clinical data on the role of ablative pancreatic radiotherapy made feasible by adaptive image guided radiotherapy.



6.5 Breast cancer

In early-stage breast cancer management, there is significant momentum towards de-escalating intensity of treatment. Local recurrence rates in early stage disease have decreased over time and are reported to be less than 5% over 10 years of follow up in recent clinical trials (99–101). Nevertheless, fear of recurrence after treatment and long-term toxicities associated with treatment remain primary issues in survivorship, and local and distal breast cancer recurrence risk remains a concern for patients even 20 years or more after treatment for early stage breast cancer (102).

De-escalation in breast radiotherapy has emphasized treating smaller target volumes and prioritizing avoiding the nearby heart and lungs, based on the improvements in image-guided radiotherapy technologies. Several large Phase 3 trials have demonstrated good efficacy and toxicity of external beam partial breast irradiation (PBI) when compared with whole breast radiotherapy (99, 101). For external beam PBI, a current standard is daily CT-based image guidance. The capability of on-table MRI guidance, adaptive planning, and delivery with the prone technique has several particular potential advantages over CT-based imaging.

MR imaging is superior in delineating soft tissue contrast in the breast, allowing for more accurate surgical cavity and target volume delineation. Intra-fractional MR-guided imaging and decreased chest wall excursion with the prone breast setup can further account for organ motion and decrease targeting uncertainty (103). MRI guidance would potentially allow CTV and PTV margins to be reduced. With potentially smaller treatment volumes, MRgRT may decrease toxicities associated with breast radiotherapy (104).

The versatility of daily adaptive imaging, contouring, planning, and radiation delivery process can help mitigate the challenges of daily setup uncertainties for breast radiotherapy. The surgical cavity can be difficult to delineate even with surgical clip or marker placement within the surgical bed, a practice not universally followed by breast surgeons. When surgical clips are placed to mark the cavity, they can migrate from their initial position within the breast over time. It is known that the surgical cavity can change over the time it takes to deliver a course of breast radiotherapy (105). Significant topological and volume changes in the breast can occur during the course of radiation treatment (106). Nearby organs at risk can also change in relative position on a day-by-day basis. Of particularly clinical concern, cardiac positioning can vary considerably relative to the bony anatomy and other anatomic landmarks used for patient positioning (107). Even with prone positioning, the left anterior descending coronary artery can receive significant radiation dose if daily imaging guidance is not utilized (108). For those patients where positional setup uncertainty is significant, similar to the standard for PBI, it is recommended that more frequent image-guidance be utilized during breast radiotherapy, such as daily cone-beam CTs (109). A technique of combining MRgRT with prone breast irradiation, which we coin Precision Prone Irradiation (PPI) enables greater flexibility and potentially more accurate treatment delivery (110).

As explained above, CT-based breast treatment planning often requires frequent or daily cone beam CT imaging for setup verification. For patients with high aversion to the radiation exposure from daily CT scans or tattoo marking, MRgRT offers the opportunity to potentially bypass the CT simulation, permanent skin tattooing, or regular cone beam CT image verifications which have become standard. The potential promise of smaller radiation treatment volumes through the PPI technique and the significance of any such advantages will have to be established through prospective clinical trials.



6.6 Central nervous system tumors

In the CNS, for both primary parenchymal brain tumors and for brain metastases, identifying post-planning changes in target volumes that have occurred since their delineation permits more accurate delineation of target volumes at the time that treatment is actually being delivered. Changes in the position of both target volumes and normal tissues at risk of injury from irradiation have been documented to be increasingly likely to occur with longer elapsed time since a dedicated planning study (111, 112).

For patients with intrinsic brain tumors where the operative bed is part of the target volume, the gradual resolution of mass effect after craniotomy will present a very different substrate for contouring (and planning) depending on when the imaging for planning irradiation is performed. Changes resulting from the craniotomy may continue to occur during a several month period after surgery is performed—during the time that fractionated radiotherapy will be delivered.

Unfortunately, the competing capabilities of a hybrid MR-Linac hinder both the imaging and treatment delivery capabilities relative to dedicated machines. Specialized imaging assessments such as chemical exchange saturation transfer imaging and diffusion weighted imaging have been performed on a 1.5T MRI-Linac (113, 114). Many specialized pulse sequences have not yet been demonstrated on an MRI-Linac, and lower field strength scanners may never be able to perform many specialized sequences.

Also, it may not be cost-effective to use the MRI capabilities of a MRI-Linac to perform specialized assessments when treatment throughput is an important criterion of successful implementation of this technology. Magnetic resonance fingerprinting, still in its relative infancy, allows the simultaneous measurement of multiple tissue properties in a single, time-efficient manner, and may permit serial assessments of responses to radiation treatment to be gathered during the re-planning guided by anatomic information (115, 116). It remains to be confirmed if serial short acquisitions during daily treatment can provide oncologically important information to help with guiding treatment recommendations for patients with CNS malignancies.

It may be argued that for radiosurgical treatments, the short duration of treatment delivery (1-5 sessions) will prevent significant shifts in the location and conformation of target volumes and contiguously located critical normal tissues. A single adaptation on the first day of treatment may be all that is needed, but it is also possible that changes in the target volumes consequent to the treatments already delivered will require changes in one or more additional fractions (117). There is no prospectively acquired data from daily MR imaging during a course of hypofractionated radiosurgery that might adapt current treatment recommendations for brain metastasis or benign tumor (meningioma, schwannoma, etc.) treatments, where a single treatment plan generated and checked before the start of therapy is used for all delivered fractions.

Investigators at Sunnybrook Medical Center in Toronto have conducted a prospective study of sequential MRI scans on a 1.5T MR-LINAC that were done on the first day, 11th day, and 21st day of partial brain radiotherapy in a 6 week course of treatment. Both the locations and sizes of the target volume locations were evaluated. The gross target volume decreased over the course of therapy in most patients with a median volume decrease from 18.4 cm3 on day 1 to 14.7 cm3 on day 11, and 13.7 cm3 on day 21. The intracranial position of the target volume changed during the course of therapy as well. Migrations of >0.5 cm in the target volumes were seen in 54% of patients by the beginning of the 3rd week of radiotherapy (day 11 imaging), and 58% of patients by the beginning of the 5th week of radiotherapy (day 21 imaging) (118). The large margins used for radiotherapy of malignant gliomas may lower the probability of a complete geographic miss, but being able to decrease target volume margins while avoiding geographic misses would potentially benefit many patients receiving partial brain radiotherapy by exposing less brain to high-dose irradiation.

Over a multiple-week course of radiation therapy, as is commonly delivered for an intrinsic low- or high-grade glioma, or for a pituitary neuroendocrine tumor, craniopharyngioma, or meningioma located close to the anterior visual pathways, there also may be changes in the locations of the target volume and normal tissues at risk for morbidity when compared to an MRI scan performed 1-2 weeks or more prior to initiation of radiotherapy. Indeed, for craniopharyngioma treatments, it is advised to have an MRI scan done part-way through treatment to ensure that there has been no change in the target volume that would necessitate re-planning to reflect the new anatomic realities (119). Finally, there are relatively mobile targets within the CNS (optic nerve sheath meningioma) where a patient’s eye position on the treatment planning MRI and simulation CT scan may not be matched for any of the 5+ weeks of daily radiotherapy. Having a daily confirmation of the position of the target would perhaps improve the therapeutic ratio for this particular tumor.

MRgRT may be particularly valuable for soft-tissue imaging in the presence of surgically implanted devices such as spinal fixation hardware in patients who have had surgical stabilization of their spines and require irradiation for control of metastatic cancer. The low field strength permits visualization of the bony and soft-tissue anatomy in the area where the radiation is required. Conventional 1.5 or 3T imaging introduces artifact from the surgical stabilization devices, and the presence of artifact from the hardware also degrades CT imaging so that the spinal cord’s exact position may only be determined by a CT myelogram (120). Dosimetric studies suggest a potential impact for the MRI-Linac in spinal irradiation or re-irradiation (121–123).




7 Future developments

In this section, we will highlight what are some of the most exciting and evident developments emerging in MRgRT. As we described above, adaptive MRgRT treatment currently require significant time dedicated by the clinical team members. One development which has emerged in the past year is an upgrade to the MRI-Linac system that allows for parallel workflow processes in the treatment planning process. These upgrades should allow multiple users to work on the plan simultaneously, thereby reducing the total time needed for adapted fractions. Two other potential high impact developments that we will describe in more detail are the intense ongoing research in generating synthetic CT (sCT) images and in radiomics.



7.1 Synthetic CT

The workflow for treatment on a MRI-Linac is a two-step process: one based on MR imaging acquisition and other based on CT imaging acquisition. The disadvantage of the MRI simulation is the lack of electronic density tissue information that are fundamental in RT planning to calculate the dose distribution. These essential data are typically derived from CT based on Hounsfield Units (HU) and cannot be obtained directly from MR images. Moreover, this crucial aspect is necessary both to start treatment planning and during treatment to evaluate adaptive re-planning. To overcome this limit, several solutions have been proposed to convert MR intensities in HU, generating synthetic-CT images (
Figure 6
) (124).




Figure 6 | 
An example of a generated synthetic-CT (sCT) for prostate radiotherapy. The left panel shows an axial MR image acquired with a MRI-Linac during a MRI simulation. The right panel shows the corresponding sCT generated based on that MRI image by converting MR intensities into Hounsfield Units.




Three main domains summarize these solutions: bulk density, atlas-based, and machine learning (ML) methods. Bulk density is the least sophisticated and time consuming method. It consists of grouping structures with similar density and attributing a homogeneous electronic value without taking into account the tissue heterogeneity. The atlas-based methods require co-registration of CT with MR images based on library collections. Although it is possible to evaluate tissue heterogeneity, the co-registration and the different position/anatomy of the patient is an important limitation of the method. Finally, ML and deep learning approaches are the most promising and most recently investigated methods that allow fast and accurate sCT (125). In 2017, Han proposed a novel deep convolutional neural network method for sCT generation, showing that it is able to produce accurate sCT in real time and opening the way for future developments (126). The main DL architectures used for sCT generation are the U-Net and the Generative Adversarial Networks (GAN) (127). A narrow restriction is represented by the ability of these models to adequately respond to considerable anatomical variations. While the central nervous system is easily reproducible and predictable, anatomic regions such as the head and neck, the pelvis, and the abdomen are examples of extreme variability due to physiological changes. Today, the search for a standardized, reliable, and applicable model for various anatomical and clinical scenarios remains a great challenge.



7.2 Radiomics

Radiomics is often defined as the application of quantitative imaging analysis to convert images to higher dimensional data and the subsequent mining of these data for improved decision support when integrated with clinical data (128). Radiomics analysis could potentially predict tumor response based not just on morphological criteria, according to Response Evaluation Criteria in Solid Tumor (RECIST), but also through integration of biological and functional data to implement predictive-prognostic models of survival (129–131). In this field, MRI has potential beyond other imaging modalities (e.g. CT and PET) by providing morphological and functional data together (132, 133). In particular, dynamic-contrast enhanced (DCE) images can describe vascularization and apparent diffusion coefficients (ADC) derived by diffusion weighted imaging (DWI) can quantify cellularity, applications with great potential if contrast is administered before MRgRT treatments. These biologically relevant data have a potential key role to predict treatment response while taking into account the ability to quantitatively describe cell metabolism and death. Furthermore, combination with morphological and structural data could lead to an accurate description of the tumor microenvironment (134). The versatility of the MRI-Linac technology opens the possibility to collect this biologic data while imaging and treating the patient.

The availability of repeat MRI imaging during treatment also opens the possibility of another promising treatment response analysis: delta radiomics. The rationale behind delta radiomics is that the combined analysis of images acquired before, during and after treatment can provide a more complete description of tumor behavior, including sensitivity of the individual patient to a specific treatment (135). Considering the clinical impact of immunotherapy and precision medicine, a current challenge is the ability to evaluate changes in the microenvironment induced by the immune response or targeted therapy, which may be possible by combining multiparametric MR images (136–138).




8 Conclusion

MRgRT is a transformative radiotherapy technology that is having significant impact in clinical radiation oncology. This novel technology allows the clinical team to improve on three staples of the radiation treatment process: therapy guidance, treatment verification, and delivery control. In inter-fractional and intra-fractional management, MRgRT offers several advantages over current standard radiotherapy technologies. However, these advantages are counterbalanced by increased costs, increased resource and time allocation, and other practical limitations. This pattern is similar to previous disruptive radiotherapy technologies where further refinements and clearer clinical roles enabled widespread adoption. The utilization and capabilities of the MRI-Linac are already expanding in a wide range of clinical disease sites. Future advances will smoothen the MRgRT treatment planning and delivery process. Advances in MR imaging, radiomics, and advances in artificial learning/machine learning will further leverage this technology’s clinical potential. We expect the utilization of the MRgRT platform to grow and reshape the radiation oncology clinic in the coming decades.
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The treatment of central and ultracentral lung tumors with radiotherapy remains an ongoing clinical challenge. The risk of Grade 5 toxicity with ablative radiotherapy doses to these high-risk regions is significant as shown in recent prospective studies. Magnetic resonance (MR) image-guided adaptive radiotherapy (MRgART) is a new technology and may allow the delivery of ablative radiotherapy to these high-risk regions safely. MRgART is able to achieve this by utilizing small treatment margins, real-time gating/tracking and on-table plan adaptation to maintain dose to the tumor but limit dose to critical structures. The process of MRgART is complex and has nuances and challenges for the treatment of lung tumors. We outline the critical steps needed for appropriate delivery of MRgART for lung tumors safely and effectively.




Keywords: lung, MRI, radiation, adaptive, radiotherapy, MRI guidance, MR-guided radiation therapy, image-guided RT



1 Introduction

Despite the widespread use of stereotactic body radiation therapy (SBRT) and image guided radiotherapy (IGRT) for the treatment of primary and metastatic lung tumors (1–6), central (7, 8) and ultra-central lesions (9, 10) remain a therapeutic challenge for safe delivery of ablative radiation doses using conventional linear accelerators. Specifically, ablative doses near central structures, such as the esophagus, proximal bronchial tree, and great vessels have generated concerning toxicity signals in prior randomized controlled trials, even with slightly lower doses per fraction (9) (Figure 1). Indeed, in the recently reported Nordic-HILUS trial, delivery of 56 Gy in eight fractions to lesions adjacent to these central structures resulted in a grade 5 toxicity rate of 15.4% (9). The toxicity in the Nordic-HILUS trial may be secondary to significant hot spots (150% of prescription), heterogeneity in organs at risk (OAR) segmentation, and not delineating the walls of critical organs (i.e. mainstem bronchi) (12). Although there is no consensus for defining ultracentral lung tumors, our institution has adapted the Nordic-HILUS trial’s definition of ≤ 1cm from the proximal bronchial tree. The highest risk patients are those with tumors within 1 cm of the trachea and mainstem bronchi (Group A in the Nordic-HILUS trial) as they had the highest risk of death from treatment.




Figure 1 | There is no consensus definition of ultracentral lung tumors. The Nordic-HILUS trial defines ultracentral targets as ≤ 1cm from the proximal bronchial tree, which is also used at our institution. These close tumors may lead to high dose to critical organs such as proximal airways and the esophagus. This is a TRUFI sequence on the MRIdian system showing an ultracentral tumor with doses approaching critical organs such as the esophagus and trachea (11).



Respiratory and cardiac motion during radiotherapy necessitates adequate motion management strategies to account for tumor movement (13–15). An example includes the use of an internal target volume (ITV) approach that results in larger treatment volumes (16). These larger volumes may increase overlap with critical OAR which may increase the rate and severity of potential toxicities. This necessitates a trade-off between toxicity and potential for local control in high-risk locations (17). These are critical considerations in the central/ultracentral locations due to the movement of OAR or slight changes in set up that alter the airway position in relation to the tumor (Figure 2). With standard IGRT, imaging and beam delivery are typically not simultaneous and must be delicately balanced for the optimization of dose placement, which represents a significant daily challenge for many clinicians (18). However, the advent of magnetic resonance (MR) image-guided adaptive radiotherapy (MRgART) has demonstrated promise in mitigating many of these impediments, leading to the best of both worlds: ensuring adequate ablative dose, while at the same time minimizing OAR doses to unprecedented levels (19, 20).




Figure 2 | In these ultracentral locations, there may a shift of anatomy secondary to setup uncertainty and movement of nearby critical organs (i.e., esophagus), which may lead to an unacceptably high dose to these critical organs. (A) shows a patient with an ultracentral lung cancer at MR-simulation. (B) shows a shift of the esophagus and trachea relative to the tumor before contours are adapted (changed to the anatomy of the day).



In this paper, we will review the workflow that our institution uses to perform MRgART for central and ultracentral lung tumors. This workflow incorporates the MRIdian (ViewRay Technologies Inc, Oakwood Village, Ohio), a 0.35T MR linear accelerator (MRL), that has a unique real-time tracking feature. This is important because the motion management enabled by this feature underpins this process.



2 Patient selection

Radiotherapy always requires careful patient selection, however, due to the functional design and geometry of MRgRT systems, proper patient selection requires additional considerations prior to simulation. The key aspects include (1) body habitus and (2) presence of claustrophobia, given the narrow bore (70 cm diameter) of both commercially available MRL systems (21, 22). While there are no current effective strategies to deal with body habitus, many patients can tolerate MRgRT with low-dose anxiolytics. The (3) presence of MR-incompatible devices and implants must also be considered and every institution utilizing MRgRT should implement an effective MRI safety screening protocol. Patients must also be able to (4) lie flat and (5) hold their breath for at least 25 seconds for the simulation scan, in addition to longer time intervals for treatment delivery, particularly when respiratory gating is used for motion management. Treatment times are significantly longer when using an adaptive workflow, and therefore, patients must also (6) be able to extend their arm(s) cranially for extended periods of time, which can be more than 60 to 90 minutes.



3 Simulation

When scheduling for simulation (SIM), care must be taken to schedule both an MR simulation for target delineation, as well as a computed tomography (CT) simulation to acquire electron density data. These scans are preferably performed in immediate succession during the same patient visit to obtain the most accurate image registration for subsequent dose calculations. Patients are taken to the MRL and placed in a supine position between the flexible body coils, with their arms up on an MR-safe wing board. Although having both arms cranially extended is ideal to ensure the maximum number of possible beam angles, patients with limited mobility and/or other range of motion limitations may be simulated with one arm up (ipsilateral to the tumor), or in the worst case, with both arms by their side. No further immobilization is typically required. During simulation, a 25-second 3D balanced fast imaging with steady-state free precession (TRUFI) sequence (23) is obtained while the patient performs a deep inspiratory breath hold (DIBH). A representative sagittal slice containing the primary tumor is identified. This region of interest (ROI) is then contoured on three consecutive sagittal slices to create a tracking structure. A 3 mm isotropic expansion of the tracking structure is then created to form a “boundary structure” (i.e., gating envelope) for real time gating during treatment delivery at our institution. The gating boundary structure should be completely encompassed by the planning target volume (PTV) to ensure appropriate dosimetric coverage. A 25-30-second cine sequence is obtained while the patient is performing cycling of breath hold and free breathing maneuvers to ensure appropriate tracking and duty cycle for treatment delivery. A percentage excursion threshold of the tracking structure (i.e., primary tumor) outside of the boundary structure is typically set at <5% to trigger beam on at our center. Other institutions utilize a <5-20% trigger for beam on as long as the PTV margin is bigger than the boundary structure—for example if the gating structure is the ROI (most commonly the tumor) expanded by 3 mm and the PTV margin is say 5 mm (20). The patient is subsequently marked at the laser sites and taken to the CT simulator after MR sim.

The patient is then placed in an identical supine position as they were the MR-Linac at the CT simulator, complete with dummy coils, and undergoes a deep inspiratory breath hold scan (DIBH). It should be noted that this contrasts with a 4D CT scan that is typically done for conventional SBRT when using an ITV approach. Some centers utilize a shallow breath hold technique or a mid-respiratory cycle approach. Our center uses DIBH if it is tolerated by the patient. If this is not tolerated, we will often use a free breathing approach. There has also been increased interest across centers to utilize 2-3 L of nasal oxygen during treatment to improve tolerability and gating duty cycle for treatment. We currently use this intermittently as needed.



4 Contouring

A static breath hold MRI is used to contour the gross tumor volume (GTV) because MR guidance can utilize real-time gating. Although the MR is the primary data set for contouring, the CT can be valuable to help delineate tumor spiculations and OAR (e.g., airways). Therefore, the appropriate fusion of the CT and MR images is critical for appropriate tumor and OAR delineation. The GTV is isotropically expanded by 3 mm to create the nominal planning target volume (PTV) and is equivalent to our boundary structure.

A key aspect of contouring these structures is appropriate contouring of OAR. Most importantly, this means including the walls for tubular critical structures such as the esophagus and proximal bronchial tree. The contour of these OAR should not be only the air within these structures, as this may lead to incidental hot spots within the walls during initial planning or adaptation. The proximal bronchial tree includes the distal 1/3 of the trachea, mainstem bronchi and lobar bronchi until segmental bifurcation occurs. For simplicity, we often include the entire trachea as part of the proximal bronchial tree contour. The entire course of the esophagus should be contoured through the thorax. Again, it is critical that the wall of the esophagus is included in this contour. The great vessels are often underappreciated in contouring these cases. It is important to include the walls of these vessels to ensure hot spots are not being placed there. Although we include great vessels as part of our contours (aorta, superior vena cava and pulmonary artery), we will also contour out the brachiocephalic vessels and the azygous vein if within 2-3 cm of the target (Figure 3).




Figure 3 | The OAReval structure is generated by taking the PTV and expanding 2 cm sup/inf and 3 cm radially. Central and ultracentral structures should be contoured to ensure inclusion of the wall of critical structures such as the esophagus and airways (i.e., trachea, mainstem). The focus of adaptive recontouring will be on OAR within the OAReval structure. However, it is critical to ensure an appropriate spinal cord contour is present. At our institution, we recommend contouring all great vessels (Aorta, SVC, etc.). However, we also include the brachiocephalic and azygous if they fall within the OAReval to ensure that they do not receive doses above 105% of the prescription.



The PTV is then expanded by 2 cm sup/inf and 3 cm radially to create an “OAR eval” structure, within which the OAR will be recontoured daily for adaptive treatment. OAR that require contours within this ring are any critical structures that include the lungs, spinal cord, chest wall, heart, esophagus, proximal bronchial tree (PBT) (7), and the brachial plexus if indicated, as they are in conventional lung SBRT plans. Additionally, the great vessels (i.e., aorta, superior vena cava, and pulmonary artery) are typically contoured separately to extend at least 2 cm beyond both the cranial and caudal extent and, in addition, 3 cm beyond the radial extent of the PTV (Figure 3). At our institution, we are not typically recontouring the GTV daily for these patients. However, if there is a change in tumor volume secondary to necrosis/edema, this may necessitate adjusting the GTV contour and recreating the PTV (with the same 3 mm isotropic expansion). Of note, there are some centers that recontour the GTV daily with each fraction.

Central OAR that may trigger adaptation, including the PBT, great vessels, and esophagus are combined into a single structure and expanded by 3 mm to create an avoidance structure (OAR+3mm). This avoidance structure is then subtracted from the nominal PTV to generate a PTVopti structure that drives the optimizer and can be modified by the daily adaptation process. The Boolean logic on the structures that are expected to change daily is saved as rules that can be easily applied during adaptation. Since all structures must have placeholders prior to daily adaptations, the appropriate density control structures are always added. At our institution, we use densWater, densAir, and densOther structures as needed (Figure 4).




Figure 4 | Secondary to changes in position to critical OAR, adaptive planning is pursued to decrease doses to critical OAR while maintaining high dose to the tumor. To develop an adaptive plan, a PTVopti (PTVoptimization) is generated for the optimizer to re-plan based on the anatomy of the day. The PTV at our institution is a 3 mm expansion from the GTV (A). The PTVopti is generated by taking the critical OAR and expanding them by 3 mm—we then take the PTV minus the OAR+3mm to generate the PTVopti (B). This allows for appropriate fall off dose toward critical OAR.





5 Planning

Our institutional practice is typically to treat the central and ultracentral lesions to either 50 Gy in 5-10 fractions, 60 Gy in 8 fractions, or 60 Gy in 15 fractions, depending on the histology and anatomic location. The most common dose and fractionation is 60 Gy in 8 fractions. Our goals are to ensure we approach a biological effective dose (BED) of at least 100 Gy for these regions while respecting OAR tolerances (24). We limit the Dmax (single voxel, 2 mm isotropically) within these tumors to 120-125% of the prescription dose. For critical OAR such as the great vessels and the PBT when delivering 60 Gy in 8 fractions, we try to limit the Dmax to 105% of the prescription. To be conservative, we try to limit the esophagus to 40 Gy Dmax over 8 fractions (Figure 1). Previous studies have shown that D1cc<40 Gy to the esophagus has a low risk of toxicity with 8 fraction treatment (11). The importance of low esophageal dose in central and ultracentral tumors is critical as esophagus may be associated with significant motion between fractions (Figure 2). These dose constraints are consistent (and may be more conservative in some instances) than those used in the SUNSET trial (NCT03306680). These plans typically have approximately 15-18 beams and 50 segments although there can be significant variance depending on lesion size, OAR locations, and if stricter OAR constraints are utilized by the physician due to increased concern of toxicity.

In addition to standard dose constraints for OAR dependent on the dose/fractionation and the anatomy of the day, additional pre-defined metrics are used as thresholds to trigger daily adaptation. While every effort is taken to obtain the optimal plan, the option of daily online adaptation allows for some additional flexibility in accepting suboptimal plans a priori with the understanding that online adaptation allows for incremental optimization based on the anatomy of the day. The goal of treatment is isotoxic dose delivery to tumor, i.e., ensuring a maximum cumulative BED during a course of treatment while minimizing toxicity.

It is a good strategy to have a standardized plan labeling strategy for the final approved base plan and each adaptive plan to minimize confusion. For example, there could be up to nine total plans for a patient if they are being treated with 60 Gy in 8 fractions. At our institution, the final approved base plan is appended with the suffix notation of “_A0.” Adaptive plans will thus be labeled in iterative succession with the trailing integers representing the fraction number. It is not necessary to use this labeling system but utilizing a standardized system that is understood by all users will help minimize errors in proper plan identification.



6 Technical considerations

Although MRgART has many advantages, including tighter margins, real-time gating, and adaptive replanning, significant challenges remain to overcome central and ultracentral lung lesion treatment limitations. This includes the low proton density of the lung and artifacts secondary to air-tissue interfaces in addition to both cardiac and respiratory motion (25).

At this point, treatment planning for lung malignancies requires a CT scan in the same respiratory phase as the planning MRI (see above for simulation). MRI-only planning with a “synthetic CT” is hard to implement in lung where the density can vary significantly (i.e., between 0.02 to 0.3 g/cm3) depending on the patient characteristics and respiratory state (26). While MRI-based segmentation could differentiate between air, lung, tissue and bone, a CT is needed to estimate the lung density, which in turn affects the tumor coverage and the normal lung dose (27). The bulk lung density assignment is definitely not dosimetrically appropriate and it remains to be seen if machine learning approaches could eventually become reliable in determining the actual lung density (28). As of now, the thorax is not a region that is believed to be feasible initially with MRI-only planning techniques (29).

Deformable image registration in MRIdian is usually sufficiently accurate to properly align the soft tissue/tumor, lung, and airways between the MRI and CT datasets. To achieve a more accurate deformable registration, the MR and CT scans should be done in the same setup and in a relatively short time from each other, preferably with MR sim being done first with CT reproducing its setup shortly after. Unlike in the abdomen, manual replacement of air density with tissue or vv. is virtually never required. The standard motion management strategy is a combination of breath hold with real time tumor gating technique with either fixed gantry angle 3D or step-and-shoot intensity-modulated RT (IMRT) beam delivery. The intrafractional MR cine of the MRIdian provides sufficient real time tumor motion visibility to accurately gate the tumor directly without relying on any indirect techniques despite magnetic interference of nearby electrical motors. This method results in the least amount of normal tissue irradiation compared to other motion-management techniques, but it is also the slowest (30, 31).



7 Daily adaptive workflow

At our institution, the steps of the MRgART workflow outlined below are embedded in formal checklists that are followed during both the initial planning and adaptive treatment phases. We encourage any new center looking to develop and implement an MRgART program to develop similar checklists to ensure each step in the adaptive processes is followed in a consistent manner.


7.1 Positioning

Daily online adaptation is performed while the patient is positioned on the table reproducing the simulation set up. A new 3D MR scan of the day is obtained with the field of view including the entirety of the target with a superior/inferior margin and the entirety of corresponding patient anatomy. Positional adjustments are limited to 3D translations only. The translational shifts are based on manual primary tumor alignment and approved by the physician. An external contour corresponding to the new patient scan/position is automatically generated. It serves as a guide for the system to determine if the shifts can be executed safely. Once confirmed, the shifts are executed. The target volumes are always rigidly translated and aligned from the simulation MR to the daily volumetric MR scan frame of reference. The OAR also need to be segmented on the daily MR. At our institution, we found that rigid registration has been the most consistent starting point in the thorax as compared to deformable registration. The electron density map from a simulation CT deformably registered to the daily MR is examined and necessary overrides, if any, could be performed using the pre-defined density control structures.



7.2 Adaptive re-contouring

The tracking structure, which is usually based on the GTV, is then evaluated, and modified if necessary by a properly trained radiation therapist. To save time, the OAR are typically edited only within the bounds of the focused OAReval ring. However, the spinal cord is always segmented, and dose verified even if it lies outside the OAReval structure. Although the rigidly translated lung contours do not need to be perfect on the daily MR, they should reasonably approximate the daily anatomy to ensure that lung dose is appropriately accounted for. At our institution, adaptive OAR contouring is a team effort, initially completed by the radiation therapist or radiation oncologist trainee, followed by a thorough review by an attending physician with experience in adaptive radiotherapy.

GTV volume edits are usually not required because plan contours are aligned to the target on the daily MR image and there are typically minimal geometric changes of the target over the course of treatment to justify edits to the GTV (i.e., the original GTV is able to encompass the target). However, GTV edits are necessary if target geometry has changed enough where the original contour no longer appropriately delineates the tumor edges or if an interface with an abutting OAR evolves over the course of treatment as such so that the GTV now overlaps with the OAR. We realize there are institutions that do edit the GTV daily for adaptive treatment. In our practice, we have found that with SBRT (8 fractions or less) there is minimal change in the tumor volume over a treatment course that necessitates daily GTV edits (exceptions do exist). If edits are made to the GTV then the PTV volumes must be regenerated as stated above. After the attending physician is satisfied with the segmentation effort, the OAR contours are cleaned up according to the pre-determined software protocol (these settings are user defined and we use them to remove holes, smooth out edges, and remove disconnected contours). Pre-set Boolean rules are then applied to generate the new PTVopti. The nominal PTV remains unchanged during this process, unless the GTV was modified. A useful check of the adaptive process is to watch the PTVopti change with application of the rules.



7.3 Dose Prediction

A prior plan, which can be the base plan or a previous adapted plan, is recalculated on the daily imaging dataset taking the isocenter shift into account. The target and recontoured OAR metrics achieved by either the base plan or a prior adapted plan on the daily MR anatomy scan are then evaluated. If any target coverage or OAR constraint violations occur, a decision is made to either pursue a simple weight optimization (i.e., changing the relative distribution of monitor units [MUs] between the beamlets without changing their shape or number) or to immediately proceed to a full re-optimization, whereby the beamlets will change based upon whether the cost function is modified. The beam angles never change. After reoptimization, the new plan may still require manual reoptimization to meet any of the critical metrics, including target coverage or OAR constraint(s).

The original plan generated on the always remains available for treatment should it be chosen after reoptimization. Once an optimal plan is chosen based on the DVH metrics snapshot, the crucial last step is to review the isodose lines through the target level and within 2 cm superiorly and inferiorly. This is a good practice since even if the pre-defined DVH metrics are all met, unexpected hot spots away from the target or lack of coverage conformality could be easily visualized and further corrected by replanning if necessary (Figure 5).




Figure 5 | Although all the constraints for adaptive replanning may be met, a critical last step is to evaluate the isodose lines. This may be secondary to contouring errors that could be overlapping into an inappropriate location. Additionally, a lack of conformality to the plan may lead to the prescription isodose line not following the target. In this figure, all the constraints are met but the plan lacks appropriate conformality and another iteration of adaptive re-planning may be warranted.



At the end of the planning process patient-specific dosimetric quality assurance must be performed as with any inversely planned treatment. It must rely on independent dose recalculation since a pre-treatment measurement is obviously not possible with a patient on the table. To that end, the MRIdian system has a second Monte Carlo calculation engine that relies on a code completely different from the main one. The two dose distributions are compared by gamma-analysis (32). The gamma analysis is performed with 2% (local normalization) dose-error threshold, 2 mm distance-to-agreement threshold, and 10% of the maximum dose analysis cut off threshold. While 95% passing rate with 3%/2mm dose-error/distance to agreement threshold should be considered acceptable (33), in our experience 100% agreement with more stringent 2%/2mm criteria is typically achieved. Also, the total MUs for the daily online adapted plan are compared to the original plan and recorded prior to treatment delivery.



7.4 Dose delivery

A MR-compatible monitor is installed on the far wall of the vault where the bore axis intersects it, as a visual aid for coaching the patient to keep their breath held at the needed respiratory position. The monitor replicates the pertinent portions of the operator console screen, most importantly the moving tracking structure and the stationary gating envelope. The patient can see the monitor in a mirror thus receiving feedback on their efforts to hold the breath in the optimal position as instructed by the therapists.

If the anatomy at simulation was not representative (e.g., underinflated lungs) or an optimal plan was not achievable, causing the new online daily adapted plan to be clearly superior, it may be saved as the new default base plan for future fractions. If keeping the tracking structure within the boundary structure proves challenging, the team may elect to liberalize the voxel excursion percentage to above 5% to achieve a practical duty cycle depending on PTV margins and the clinical context.



7.5 After the treatment course

Patients must be closely monitored for toxicity. Per our institutional experience, the approach has been associated with excellent primary tumor control and minimal toxicity with presentations and manuscripts pending (Figure 6). However, these patients remain at risk for regional (i.e., lymph node) failure and should be followed closely with serial CT scans.




Figure 6 | This patient with an ultracentral tumor was treated with 60 Gy in 8 fractions with daily adaptive therapy. This tumor was adjacent to the trachea and esophagus at the start of treatment (A). Follow-up at approximately 6 months (B), there has been significant tumor regression for this patient. This patient experienced mild gastroesophageal reflux disease at baseline that was managed with proton pump inhibitor therapy without any other toxicities noted.






8 Conclusion

MRgART allows for ablative doses to be delivered safely to central and ultracentral lung lesions, to achieve improved local control while minimizing toxicity. However, the proper use of this technique is required to ensure that OAR remain protected from ablative doses. In this guide, we have reviewed our institution’s MRgART workflow that allows us to achieve the necessary target coverage while respecting the OAR’ tolerances. This appears to be a practical and consistent interim approach with MRgART, as we await the results of the prospective LUNG STAAR trial (NCT04917224).
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Background

We present our experience with MR-guided stereotactic body radiotherapy (SBRT) for 200 consecutive patients with prostate cancer with minimum 3-month follow-up.



Methods

Treatment planning included fusion of the 0.35-Tesla planning MRI with multiparametric MRI and PET-PSMA for Group Grade (GG) 2 or higher and contour review with an expert MRI radiologist. No fiducials or rectal spacers were used. Prescription dose was 36.25 Gy in 5 fractions over 2 weeks to the entire prostate with 3-mm margins. Daily plan was adapted if tumor and organs at risk (OAR) doses differed significantly from the original plan. The prostate was monitored during treatment that was automatically interrupted if the target moved out of the PTV range.



Results

Mean age was 72 years. Clinical stage was T1c, 85.5%; T2, 13%; and T3, 1.5%. In addition, 20% were GG1, 50% were GG2, 14.5% were GG3, 13% were GG4, and one patient was GG5. PSA ranged from 1 to 77 (median, 6.2). Median prostate volume was 57cc, and 888/1000 (88%) fractions required plan adaptation. The most common acute GU toxicity was Grade I, 31%; dysuria and acute gastrointestinal toxicity were rare. Three patients required temporary catheterization. Prostate size of over 100cc was associated with acute fatigue, urinary hesitance, and catheter insertion. Prostate Specific Antigen (PSA) decreased in 99% of patients, and one patient had regional recurrence.



Conclusion

MR-guided prostate SBRT shows low acute toxicity and excellent short-term outcomes. Real-time MRI ensures accurate positioning and SBRT delivery.





Keywords: prostate cancer, MRI-Linac, SBRT, radiation therapy, MRgRT




1 Introduction

Prostate cancer (PC) is the second most frequent cancer in men worldwide, usually in men age 50 and older. Every year, 1,400,000 new patients are diagnosed with PC and 375,000 patients die (1). The majority (91%) of PCs are diagnosed at a local or regional stage, for which the 5-year survival rate approaches 100%. The 5-year survival for disease diagnosed at metastatic stage is 30% and the 10-year survival rate for all stages combined is 98% (2). Early PC treatment options include active follow-up (active supervision/surveillance), surgery (prostate gland removal), and radiation therapy (RT; external beam radiation or brachytherapy) (3). RT is a key modality in the treatment of patients with low-, intermediate-, and high-risk PC. This non-invasive technique can be offered to many patients with PC with minimal side effects in the modern radiation era (4).

The most commonly available RT technique is external beam RT (5). The fundamental problem in treating localized PC is to provide a curative dose of radiation to the prostate while reducing the exposure to healthy surrounding organs such as the bladder, rectum, and femoral heads (5). This issue is largely overcome with modern radiation techniques, which include three-dimensional (3D) conformal radiotherapy, intensity-modulated RT, and volumetric modulated arc therapy combined with image guidance have allowed delivery of larger radiation doses with lower toxicity (6). Androgen deprivation therapy (ADT) is usually kept for clinically localized, unfavorable intermediate to high-risk PC (3)

Since August 2019, a gantry-based MR-guided linear accelerator (MRgRT) is in use at our institution (ViewRay MRIdian). This device integrates full 3D MRI target identification and radiation dose replanning before every treatment (7, 8). In our study, we collected the clinical and treatment data for the first 200 patients with PC treated with MRgRT in our institution, as well as their outcome measures. This will be one of the first reports and the largest series as of today regarding PC treated on an MR-Linac.



2 Materials and methods

This descriptive study reports 200 consecutive patients with localized PC who were treated with MRI-Linac at our institution between August 2019 and July 2021. The study was approved by the local Institutional Review Board (IRB). Inclusion criteria were histologically proven PC, localized PC by imaging, and at least 3-month follow-up. Patients treated for local recurrence following former prostatectomy or prior radiation or who had received previous pelvic RT for any cause were excluded from this analysis.

Patients underwent MRI simulation on the MRI linear accelerator (supine position, both arms on the chest, two glycerin suppositories 4 h prior to simulation and 400 cc water PO 45 min prior to scanning and before each fraction) followed by CT-based simulation in the same position. The treatment planning included fusion with pre-treatment imaging [MRI and/or positron emission tomography - prostate-specific membrane antigen (PET-PSMA)] and contouring target volume [prostate contouring target volume (CTV)] and OARs—rectum, bladder, and femoral heads, on the MR simulation imaging. The urethra was not contoured. All contours underwent an expert radiologist review prior to planning (SA). Prescription dose was 36.25 Gy in 5 fractions delivered over 2 weeks (alternate days) to the entire prostate with 3-mm margins (PTV); no regional nodes were treated. Doses to target volume and OAR were evaluated using institutional constrains as shown in Table 1. One patient received GTV boost to 40 Gy. On each fraction, MRI was performed, the OARs and prostate were re-contoured accordingly, and plan was adapted if tumor and OAR doses were significantly worse than the simulation-based plan or did not match the constrains see Figure 2. During radiation, the prostate was monitored with real-time (four frames/s) single-frame MRI, and treatment was automatically interrupted if the target volume moved out of the PTV range by 5%.


Table 1 | Target volume and organs at-risk constrains for treatment plans.



Treating physicians monitored patients’ side effects both throughout and after the course of treatment. Gastrointestinal (GI) (diarrhea, proctitis, tenesmus, rectum numbness, hemorrhoids, encopresis, incontinence, pain), urinal (dysuria, increased frequency of urination, nocturia, urinary jet strength, urgency, and nonspecific urination complains) and general side effects (fatigue) were monitored during radiation and physician reported in every follow-up visit thereafter. Side effects were rated according to CTCAE (version 5) (9). In addition, patients’ PSA levels were tracked at baseline and every 3–6 months.


2.1 Data analysis

The primary endpoint was to evaluate GI and urinary side effects. Secondary endpoint was a short-term treatment outcome. Associations between patients’ characteristics, treatment characteristics, and side effects were evaluated by Mann–Whitney test, Spearman correlation, and Chi-square test, as appropriate. A linear mixed model for repeated measure analysis was used to evaluate individual PSA levels throughout the study follow-up within the non-ADT population. In addition, four linear mixed models with adjustments for potential confounders were used. The first model adjusts for patients’ age and interaction with time (i.e., age × time); the second model adjusts for prostate size and interaction with time (i.e., prostate size × time); the third model adjusts for International Society of Urological Pathology (ISUP) and interaction with time (i.e., ISUP × time); and the fourth model adjusts for ISUP, interaction with time (i.e., ISUP × time), prostate size, and interaction with time (i.e., prostate size × time). To avoid multicollinearity, we verified that there are no correlations between these independent variables that were included in each of the models; therefore, in the last model, age and its interaction with time were not included with all the rest of the independent variables (i.e., prostate size, prostate size × time, ISUP, and ISUP × time). All of these adjustments were defined as fixed effects in all models.

Level of significance used for all analyses was two tailed and set at p < 0.05. The SPSS statistical package (version 28, SSPS Inc., Chicago, IL) was used for all statistical analyses.




3 Results



3.1 Patients and treatment characteristics

With median follow-up of 16.4 months (range, 3–35.9 months), our first 200 consecutive patients were evaluated. Table 2 summarizes patient and treatment characteristics. Clinical stage was I, 85.5% (n = 171); II, 13.0% (n = 26); and III, 1.5% (n = 3). The average percentage of positive biopsy cores was 40.8%, and 64 (32.0%) of the patients had involvement of ≥50.0% cores. ISUP 1 accounted for 20.5% (n = 41) of patients, 50.0% (n = 100) had ISUP 2, 14.5% (n = 29) ISUP 3, 13.0% (n = 26) ISUP 4, and only 0.5% (n = 1) with ISUP 5 (three patients had missing data). Over 25% had prostate volume of 67.8cc and 23 (11.5%) had prostate larger than 80cc. Prostate size was not associated with ISUP. In this cohort, 92.0% (N = 184) had a diagnostic multiparametric MRI (1.5 or 3 Tesla) prior to radiation, and the majority (91.6%) had PIRADS 4/5 lesions, 6% had PIRADS 3, 1.8% PIRADS 2, and 0.6% PIRADS 1. MRI showed suspected extracapsular extension in 19.5% (n = 39), neuro-vascular bundle (NVB) involvement in 9.5% (n = 19), and seminal vesicles involvement in 4.3%. PET-PSMA was available for 79.0% (n = 158) of the patients before RT.


Table 2 | Patients’ characteristics.



Mean treatment time (from closing doors to end of treatment: re-sim, contour check, plan evaluation, optimization and re-calculation when appropriate, on-board QA, actual treatment time) was approximately 50 min. In addition, 888/1000 (88.8%) daily treatments required plan adaptation. No correlation was found between adaptation required and time interval between simulation and RT. There was no association between age, PSA level at diagnosis, prostate volume, and body mass index (BMI) to number of adaptations.



3.2 Toxicity

We analyzed two groups of side effects: acute side effects (during and up to 30 days following the end of radiation) and subacute side effect (30–90 days following radiation). During radiation period, 0.5% (n = 1) reported fatigue, whereas 9.0% (n = 18) reported on fatigue later in the follow-up visit. The most common genitourinary (GU) symptom reported was mild dysuria (grade I) by 31.0% (n = 62) of patients, subsiding to 11% (n = 22) by 3 months. In addition, 20.5% (n = 41) reported increased nocturia (grade I) and increased frequency (grade I), subsiding to 13.0% (n = 26) and 3.0% (n = 6), respectively, by 3-month follow-up. In addition, 2.5% (n = 5) reported urgency grade I in the subacute period. Three patients (1.5%) needed a catheter insertion (grade II) (9) during radiation treatment: in one patient after 1 fraction and in two patients following 3 fractions. All catheters were removed successfully 1, 7, and 10 days following RT. Prostate mean volume for patients with catheter was significantly higher, 105 cc (85, 89, and 141 cc) vs. 65.7 cc (p = 0.029). Catheter insertion was not associated with age, PSA level at diagnosis, or BMI.

Patients older than 75 years reported higher incidence of acute nocturia (p = 0.004). Larger prostate size was associated with acute fatigue 107.6 cc vs. 53.7 cc (p = 0.037) and with acute/subacute sensation of urinary hesitance of 89.0 and 109.4cc, vs. 53.3 and 52.6 cc, respectively (p = 0.0006 and p = 0.014). In addition, BMI was significantly higher among those who reported subacute penile pain [34.5 kg/m (2)], compared to those who did not (26.9 kg/m (2); p = 0.005).

The reported GI side effects were minor (Table 3). Maximal grade was II in this cohort. No patient reported constipation, encopresis, nausea, or any other abdominal/GI-associated symptoms.


Table 3 | Acute and subacute gastrointestinal toxicity.



ADT, received by 28.6% of our cohort, was not associated with acute or subacute GU or GI side effects.



3.3 Outcome

Pre-treatment PSA ranged from 1.4 to 72.0 ng/ml (Table 2) and was ≥10 ng/ml in 34 patients (17.0%). Only 28.6% (N = 57) received ADT in this cohort.

In the non-ADT group (71.4%, N = 142), mean baseline PSA was 7.4 ng/ml and decreased with time (p<0.001) (Figure 1). PSA decline rate was 1.0 ng/ml per 3 months on average. PSA reduction was not associated with either age, prostate size, or ISUP.




Figure 1 | PSA during the study follow-up in non-ADT patients.






Figure 2 | Prostate plan in axial (A), sagittal (B), and coronal (C) views. Green, 50% isodose line; red, 95% isodose line; yellow, 105% isodose line. (D) DVH: pink, CTV; red, PTV; yellow, bladder; brown, rectum; cyan, femoral heads.



The PSA nadir in our non-ADT cohort has not been reached due to the short follow-up period; however, 6% were below 0.2 ng/ml and 41% had PSA level of <1 ng/ml at the last follow-up.

Of the 200 patients treated, 184 (92.0%) were available for follow-up of at least 6 months (3–35.9 months) following RT. One patient died because of cardiac arrest, and one (0.5%) had an isolated regional recurrence (isolated ileac lymph node) 7 months following MRgRT, treated with comprehensive pelvic irradiation, and is free of disease at the time of this analysis. A total of 192 patients (96.0%) were NED (no evidence of disease) when performing the analysis. There were missing data for seven (3.5%) patients.




4 Discussion

To the best of our knowledge, this study describes the largest series of patients with PC treated with MRgRT, reporting side effects and short-term outcomes. MRgRT with daily online plan adaption is a novel strategy for administering stereotactic body radiotherapy (SBRT) for PC but requires longer treatment time and multi-professional personnel efforts (10).

In this consecutive cohort, we found low rates of GI toxicity, and, although 31% experienced GU side effects, they were transient and mostly grade I by nature. A short-term follow-up demonstrated excellent local control and reduction in the PSA level. By using adaptive planning, real-time tracking, and particularly the use of only 3-mm CTV to PTV margins, the dose to the rectum and bladder is lower, leading to these results as described by others as well (11–13). Most CT-based prostate SBRT series use larger margins (14–16). The Magnetic resonance imaging-guided stereotactic body radiotherapy for prostate cancer (MIRAGE) study used 2-mm margins for MR-guided treatment and 4-mm margins for CT-guided treatment (13).



4.1 Acute side effects

In our series, 31% and 6.5% experienced grade I (mostly mild dysuria) or grade II GU toxicity, respectively, and three patients needed catheter insertion. For GI toxicity, very few patients experienced any side effects, with mostly grade I reported. Our excellent toxicity profile is lower when compared with other studies reporting acute GU and GI toxicity with MRgRT (11, 12).

In the early pioneer reported series of MRgRT, Alongi et al. and Tetar et al. reported very low GI and GU toxicity in their series, demonstrating the feasibility and safety of this extreme hypofractionated RT protocol (17, 18). In a study by Bruyzeel (11) et al., their group described meticulous patient-reported outcome measure and clinician reported outcome measure outcomes of 104 patients with the same radiation protocol of 36.25 Gy in 5 fractions using MRgRT, reporting ≥ grade II of any acute GU side effects of 23.8% and 5% GI. Ugurluer et al. in their series of 50 patients with a similar RT protocol reported 28% of grade I GU toxicity and 36% of grade II (12). Only 6% experienced grade I GI toxicity. The low rates of GI toxicity and the moderately low rates of GU toxicity are consistent in all studies. All these groups used 3 mm around the GTV for PTV delineation and same OAR constrains with daily adaptation. The MIRAGE study, a randomized phase 3, compared MRgRT vs. CT-based SBRT in PC with 40 Gy in 5 fractions (13). Two-millimeter margins were used for the non-adaptive MRgRT and 4-mm margins for CT-based treatment. In their study, they report significantly lower incidence of acute GI and GU side effects in the group treated with MRgRT (13).

In series using similar but non-MRgRT SBRT protocols of 36.25–40 Gy, higher acute side effects were reported. In the series of 309 patients with real-time tracking of implanted fiducials by Meier et al., 59% experienced grade I GU toxicity and 26% grade II, with 55% and 8.1% GI toxicity, respectively (19). These results resemble the findings in the study reported by Brand et al. In their study of 874 patients, half received conventional fractionated/moderately hypofractionated RT compared to SBRT (14). In 415 patients in the SBRT arm (36.25 Gy, 5 fractions), they reported that 57% of the patients experienced grade I GU toxicity and 21% grade II with 2% grade III and two patients with grade IV (14). For GI toxicity, 53% grade I and 10% grade II with one patient experience grade III.

Three patients needed catheter insertion during radiation in our series (1.5%), reported as grade II by CTACE Vr. 5. In our cohort, the urethra was not delineated and was not accounted for during dose calculation. We identified high prostate volume as risk factor for urinary retention in these patients. In the 104 patients, Bruynzeel et al. reported that the treatment was delivered to the prostate with simultaneous integrated relative sparing of the urethra, and no patient needed a catheter insertion (11). One patient (2%) in the study by Ugurluer et al. needed a catheter during RT (12). In a non-MRgRT prostate SBRT series, the need for catheterization was 1% in the acute phase period (19). Urethral sparing techniques may reduce urinary symptoms as reported from brachytherapy series (15, 20); however, daily urethral catheter insertions were uncomfortable and may increase urinary tract discomfort. In addition, urethral sparing based on catheter-free MRI can be observer-dependent, time-consuming, risk-underdosing tumor close to the urethra and produce heterogeneity in the target volume (16). There are no reliable urethral contouring guidelines, and it is not consistently delineated in most series (19). Of note, the low rates of GI toxicity are comparable to the reports of external beam RT using rectal spacers, showing less than 5% grade II GI toxicity (21). Another advantage of the MRgRT is the avoidance of the need for implanted fiducials, i.e., gold markers.

Overall, the incidence of side effects was low, and the treatment was well tolerated in prior reports of prostate SBRT treated by MRgRT, leading to worldwide acceptance of extreme hypofractionated protocols for localized PC, following the road for shorter radiation protocols as HYPRO and CHHip trials (11–13, 22, 23).

With median follow-up of 16.4 months, only one patient (0.5%) experienced regional recurrence of isolated ileac lymph node and was salvaged by comprehensive pelvic irradiation. This low rate of regional recurrence, although very early, is anticipated, as most of the patients were in the low-risk group (ISUP 1 + 2, 70.5%). PSA level as a surrogate for distant metastatic disease and overall survival is well established in definitive radiation to the prostate gland (24, 25). There is a range of possible PSA level measurements in the literature as a cut-point value for nadir determination, and as reported, 41% of our cohort reached a PSA level lower than 1 ng/ml (24). Because the nadir of PSA level was not yet achieved in our series, with our reported mean decrease rate of 1 ng/ml every 3 months, a longer follow-up is necessary for evaluating this outcome.

We acknowledge the limitation of this study as this cohort is a single institution series, retrospective in nature, with a relatively short follow-up time. However, this is the largest study evaluating short-term toxicity and outcome of patients with localized PC treated with MRgRT with an ultra-hypofractionated scheme. In this homogenous group, disease baseline imaging data were very updated with 92% undergoing diagnostic prostate MRI prior to RT and PET-PSMA available for 79% of the patients. A total of 97% of the patient were available for follow-up.




5 Conclusions

MRgRT for localized PC with ultra-hypofractionated dose protocol of 36.25 Gy demonstrated low rates of acute and subacute GI and GU toxicity with excellent short-term outcomes. We anticipate that future research will add to our understanding of the tolerability and clinical outcomes of this novel technology method.
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Background

The role of stereotactic ablative radiation therapy (SABR) as local treatment option after chemotherapy for locally advanced pancreatic cancer (LAPC) is evolving. However adequate patient selection criteria for SABR in patients with LAPC are lacking.





Methods

A prospective institutional database collected data of patients with LAPC treated with chemotherapy, mainly FOLFIRINOX, followed by SABR, which was delivered using magnetic resonance guided radiotherapy, 40 Gy in 5 fractions within two weeks. Primary endpoint was overall survival (OS). Cox regression analyses were performed to identify predictors for OS.





Results

Overall, 74 patients were included, median age 66 years, 45.9% had a KPS score of ≥90. Median OS was 19.6 months from diagnosis and 12.1 months from start of SABR. Local control was 90% at one year. Multivariable Cox regression analyses identified KPS ≥90, age <70, and absence of pain prior to SABR as independent favorable predictors for OS. The rate of grade ≥3 fatigue and late gastro-intestinal toxicity was 2.7%.





Conclusions

SABR is a well-tolerated treatment in patients with unresectable LAPC following chemotherapy, with better outcomes when applied in patients with higher performance score, age <70 years and absence of pain. Future randomized trials will have to confirm these findings.
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Background

Pancreatic ductal adenocarcinoma has a dismal prognosis. At diagnosis, approximately half of the patients have metastasized disease and at least one third of all patients is diagnosed with a non-metastatic, locally unresectable tumor: locally advanced pancreatic cancer (LAPC) (1). A small percentage of patients with LAPC may become eligible for resection following induction chemotherapy, however 85% remains locally unresectable (2). Treatment of these patients focusses on local control, prolongation of life and preservation of quality of life, in which single or multi-regimen systemic chemotherapy plays an important role (3, 4). Based on extrapolation from randomized controlled trials (RCTs) in patients with metastatic PDAC, the current National Comprehensive Cancer Network (NCCN) guideline for LAPC recommends (modified) FOLFIRINOX (a combination of leucovorin, fluorouracil, irinotecan and oxaliplatin) for patients with a good performance score (PS) and a combination of gemcitabine and nab paclitaxel for patients with a poorer Karnofsky performance score (KPS) (5, 6). Patients who do not develop metastases during their systemic treatment may benefit from radiotherapy to delay local progression. A review that reports on overall survival (OS) in patients with LAPC treated with FOLFIRINOX, describes that almost two-third of patients received subsequent radiotherapy or chemoradiotherapy (7). Stereotactic ablative body radiation therapy (SABR) has a number of advantages over conventional radiotherapy and is nowadays recognized as a standard-of-care option in the treatment of LAPC in several guidelines (5, 8–10). SABR allows high-precision high-dose delivery in only few fractions whilst avoiding surrounding radio-sensitive organs at risk (OARs) (11). As a result, SABR causes limited radiation induced toxicity and thus allows quick resumption of systemic therapy, if indicated (11, 12). However, international consensus regarding the role and timing of SABR in the treatment of LAPC is lacking, as well as patient selection criteria. In order to establish such patient selection parameters for SABR, this study analyzed outcomes in LAPC patients treated with upfront chemotherapy followed by SABR.





Materials and methods




Study design

Clinical and outcome data of patients with unresectable LAPC after chemotherapy followed by SABR between June 2016 and March 2022 were selected from a prospectively maintained, ethics committee approved, institutional database.





Study procedures

Patients were referred to the department of Radiation Oncology after a diagnosis of unresectable LAPC by consensus of a multidisciplinary tumor board. Patient characteristics prior to SABR collected in the database were age, gender, patient fitness scored as KPS (13), location of the tumor within the pancreas, use and duration of chemotherapy.

At our center SABR is delivered in the form of magnetic-resonance guided radiotherapy (MRgRT) aiming for a total dose of 40Gy in 5 fractions with dose escalation within the tumor. The objectives for target coverage were a V95% of the GTV ≥90% and a D2% up to 125% of the prescribed dose. Simulation imaging consisted of an Magnetic Resonance (MR)- and Computerized Tomography (CT) scan, both in supine position in shallow inspiration breath-hold. The gross tumor volume (GTV) is delineated on the simulation MR scan aided by diagnostic imaging in collaboration with a gastro-intestinal intervention radiologist. The GTV includes the tumor in the pancreas and any adjacent suspicious lymph nodes. No additional margin for microscopic tumor extension was applied for SABR. The planning target volume (PTV) was generated by the addition of a 3 mm margin around the GTV. The duodenum, stomach, bowel, liver, kidneys, and spinal cord were contoured as OARs. Maximum dose limits to the OARs (duodenum, bowel and stomach) were prioritized over target coverage (14). Radiation was delivered using respiratory gating during subsequent breath-hold periods in shallow inspiration. In addition to auditory feedback provided during treatment, gating of the tumor is augmented by visual feedback which is performed with the aid of an in-room MR compatible monitor, showing the actual tumor motion on a sagittal cine-MR. Daily adaptive planning is our standard approach for MRgRT of pancreatic cancer patients, which consists of MR imaging and recontouring of the target volume and relevant organs at risk within 2 cm distance, followed by online radiation plan re-optimization. As described for the pretreatment planning, organs-at-risk constraints are prioritized above target coverage for each fraction. Detailed information about the high-dose OAR constraints and the adaptive workflow used for daily plan adaptation in this patient group, is described in our earlier work (14). Patients received dietary instructions as treatment was delivered after 2 hours fasting. It was standard to prescribe prophylactic ondansetron prior to each fraction.





Outcomes

Primary end point was overall survival (OS) defined as 1) time between date of diagnosis and date of death (of any cause) and 2) time between start date of SABR and date of death (of any cause). The secondary end points were local control rates according to RECIST criteria and toxicity (i.e. pain, nausea, diarrhea, fatigue) using the NCI-CTCAE toxicity criteria (version 5.0) (15, 16). Toxicity outcomes were collected both prior to and after SABR to assess the effect of SABR on these measures. The toxicity of all separate symptoms was corrected for the baseline absence or presence and severity. An increase as well as new occurrence of toxicity was noted as toxicity caused by SABR. Outcomes were collected at 6 weeks after SABR for ‘acute’ toxicity and during follow-up for ‘late’ toxicity.





Statistical aspects/analyses

Data were analyzed using IBM SPSS Statistics for Windows version 26.0 (IBM Corp., Orchard Road Armonk, New York, NY). Categorical data are presented as percentages and frequencies. Normally distributed continuous data are presented as means and standard deviations (SDs). Primary analyses consisted of OS assessment using Kaplan-Meier estimations from the date of diagnosis and start date of treatment with SABR until the date of death or last moment of follow-up. As data was prospectively collected from start of SABR, stratified Kaplan-Meier analyses were performed among subgroups on OS from start of MRgRT. Continuous variables were divided in subgroups based on the median. Subgroups consisted of high versus low age (≤70 years versus >70 years), high versus low KPS (<90 versus ≥90), absence of pain prior to SABR (pain versus no pain), GTV >37 cc and ≤37cc, interval between the end of chemotherapy and start of SABR (≤6 weeks versus >6 weeks after the last cycle of chemotherapy), and number of chemotherapy cycles (1-4 versus 5-8 versus >8 cycles).

Univariable and multivariable Cox proportional hazard analyses were performed to identify predictors for OS after SABR. Variables in these analyses included all aforementioned variables (see Kaplan-Meier analyses). Variables that were associated with OS at univariable analysis (p<0.2) were included in one single multivariable Cox proportional hazard model. Results of the Cox proportional hazard analyses are presented in hazard ratios (HR) with corresponding 95% confidence intervals (CI). A p-value lower than 0.05 was considered statistically significant. Backward selection was performed until the multivariable model comprised only significant parameters (i.e., p<0.05).






Results




Patient characteristics

Overall, 74 patients with unresectable LAPC who were initially treated with chemotherapy and subsequently with SABR were included. Median age was 66 years (range 36-81 years), 51.4% of patients were female. About half of patients had a KPS <90 (54.1%). Most patients had primary pancreatic head cancer (67.6%). The majority (87.8%) of patients received FOLFIRINOX, median number of cycles prior to SABR was 4. SABR was delivered with a median dose of 40 Gy (IQR 40-40) in 5 fractions within two weeks overall treatment time. In a single patient, treatment was stopped after 4 fractions because of grade 3 fatigue. In 4 patients an upfront decision was made to deliver 5 fractions of 7 Gy because of local ingrowth in the stomach or bowel (n=2) and because of tumor size (n=2). The delivered mean D2% (dose maximum) was 121% of the prescribed dose and mean GTV dose was 111% of the prescribed dose. Twenty-two patients received chemotherapy after treatment with SABR, mainly FOLFIRINOX (72.7%), ranging from 1 to 12 cycles. Patient characteristics are shown in Table 1.


Table 1 | Baseline characteristics in patients with localized PDAC treated with chemotherapy and SABR.







Survival outcomes

Median follow-up time was 17.8 months from diagnosis and 10.5 months from SABR, no patients were lost to follow-up. A total of 63/74 (86.5%) patients died and 10 patients were censored for the survival analyses, only a single patient died following a non-pancreatic cancer related cause. Median OS from diagnosis was 19.6 months (95%CI 15.9-23.2 months) and 12.1 months (95%CI 9.3-14.8 months) from start of SABR (Figure 1). Kaplan-Meier analyses in separate subgroups revealed a better survival after start of SABR for patients with KPS ≥90 (17.3 versus 6.7 months, p<0.001), age ≤70 (15.4 versus 6.7 months p<0.001, >4 cycles of chemotherapy (13.2 versus 6.0 months, p<0.001), and absence of pain at the time of SABR (15.4 versus 7.6 months, p=0.010). Other tested variables did not affect OS in the Kaplan-Meier analyses, in particular also the time interval between induction chemotherapy and SABR was not significant (See supplementary file).




Figure 1 | Overall survival from diagnosis (A) and start of SABR (B) in 74 patients with LAPC following chemotherapy.







Cox proportional hazard analyses

Univariable Cox regression analyses revealed that age ≤70, KPS≥90, absence of pain prior to SABR, Type of chemotherapeutic regimen, >4 cycles of chemotherapy, and <6 weeks interval between last cycle of chemotherapy and date of the first fraction, (p<0.2) (Table 2). These variables were therefore included in the multivariable model. This model revealed that age ≤70 (HR 0.42, p=0.007), KPS ≥90 (HR 0.49, p=0.026), and absence of pain prior to SABR (HR 0.40, p=0.001) were independently associated with improved OS. Results are shown in Table 2. In order to identify (un-)favorable patient groups, a cumulative score of the number of favorable predictive factors (KPS ≥90, age ≤70 and absence of pain) was generated, thus ranging from 0 to 3. Kaplan-Meier analysis showed a division between patients having no or one favorable factor versus more than one (Figure 2). An unfavorable (0-1 factor) and a favorable (2-3 factors) group were thus identified. Median survival from SABR for the unfavorable group was 6.6 months (N=31; 95%CI 5.9 – 7.3 months) versus 17.3 months (N=43; 95%CI 13.8 – 20.9 months) for the favorable group (Figure 3).


Table 2 | Univariable and multivariable Cox regression analyses on predictors for overall survival in patients with localized PDAC treated with chemotherapy and SABR.






Figure 2 | Overall survival of patients with 0 to 3 favorable predictors for survival from start of SABR in 74 patients with LAPC after chemotherapy.






Figure 3 | Overall survival from diagnosis (A) and start of SABR (B) for patients with <1 favorable predictor versus patients with 2 and 3 favorable predictors.







Progression of disease and local control rates

Six patients experienced a local recurrence. The actuarial local control rate at one year was 90.8%. Isolated loco-regional progression was observed in three patients (4.1%); the other three patients had a simultaneous diagnosis of distant metastases. Distant metastases without local recurrence were observed in 52 patients (70.3%), in the liver in 21 patients, peritoneum in 25 patients, and lungs in 17 patients. Sixteen patients had distant metastases in more than 1 site.





Pain response

Prior to SABR, the distribution of abdominal pain was as follows: no pain in 51.4%, grade ≤2 in 47.2% and grade 3 in 1.4% of patients. Relief of pain was observed in 30 of 36 patients (83.3%) with pre-existing pain, either complete disappearance of complaints or allowing reduction of pain medication.

Pain indication prior to initial chemotherapy had a similar contribution compared to pain indicated prior to SABR: no pain in 45%, grade ≤2 in 53%, grade 3 in 0.0% and missing in 2% of patients.





Toxicity

The only acute grade 3 toxicity that was observed was fatigue in two patients (2.7%); no grade 3 nausea, vomiting or diarrhea was seen. A transient increase or occurrence of abdominal pain was observed in 13/74 patients (17.6%) during or in the first weeks after treatment. This increase in pain did not exceed grade 2. Two patients (2.7%) experienced late grade 3 toxicity including one patient with gastrointestinal bleeding (1.4%) and one patient with suspicion of gastrointestinal obstruction (1.4%). No patient experienced late grade 3 pain, nausea, fatigue, or diarrhea.






Discussion

The role of radiotherapy in the treatment of LAPC is under debate in the current international guidelines. Two randomized trials in patients with LAPC comparing gemcitabine monotherapy with gemcitabine plus conventionally fractionated radiotherapy (CFRT) reported contradictory results with respect to OS (17, 18). Both trials were conducted in an era in which gemcitabine-based systemic therapy was predominantly administered, whereas currently FOLFIRINOX is, like in 88% of our (fitter) patients (5, 7). Gemcitabine-based regimens, with or without conventional radiation, have long been the standard of care, resulting in a median OS of 9–11 months in patients with LAPC (18, 19). The use of FOLFIRINOX chemotherapy has improved survival; however, the prognosis for patients with locally advanced pancreatic cancer remains poor, with a median OS of 12–14 months (18, 20). As current systemic treatment becomes more efficient, optimization of local control is increasingly important. With no randomized studies available to compare the efficacy and toxicity of CFRT and SABR in LAPC patients, an extensive systematic review and meta-analysis was performed recently by Tchelebi et al. (21) This study suggest that SABR may offer a modest improvement in 2-year OS (26.9% vs 13.7%) in combination with a favorable acute toxicity profile (5.6% vs 37.7%).

A retrospective cohort demonstrated improved loco-regional control in patients with LAPC who could be treated with a simultaneous integrated boost up to a biologically effective dose (BED10) of more than 70 Gy (22). This dose-escalation was only feasible in a quarter of the patients in whom the tumor was at more than 1 cm distance from the closest gastrointestinal mucosa. With local radiation dose-escalation in mind, the application of SABR may be a more promising approach. A systematic literature review of SABR for LAPC including more than 1000 patients showed a local control rate at one year of 72.3% (12). Although recent series suggest that further dose-escalation, e.g. using MR-guided radiotherapy as performed in this series, may allow for BED10 of more than 100 Gy10, we observed a local control rate of 90% with a BED10 of 72 Gy10 in five fractions (23, 24). Two similar retrospective studies included 149 and 62 patients also observed a high local control rates of respectively 86.0% and 87.9% at one year after SABR, and warrant the need for prospective evaluation (25, 26). The potential advantages and workflow of SABR performed as non-invasive MR-guided radiotherapy are outside the scope of this paper, but have been described previously (27, 28).

The findings of the present study should be interpreted in light of some limitations. First, a heterogeneous study population was included with possible selection bias due to the non-randomized single-arm design of this study. Differences in indication (primary LAPC and inoperable PC), use of chemotherapeutic regimen, and number of cycles of induction chemotherapy existed, however the present study did not find a prognostic relevance for the latter parameters. In addition, patients with higher age, larger tumors, and worse KPS were included, thus providing the possibility to compare outcomes in these subgroups. Moreover, by including a heterogeneous group treated with to a very similar/homogenous treatment with regard to dose, number of fractions and chemotherapeutic regimen, more can be concluded about the different clinical parameters. Second, it is desirable to find objective, rather than subjective, parameters to be incorporated in prediction models. However, in the present study absence of pain appeared to be a better predictive factor for survival compared to GTV (regardless incorporation of GTV as a continuous or categorized variable). No significant correlation was found between pain and GTV, hereafter both variables were included in the statistical analysis. Third, we were not able to include the value serum CA19-9 in our regression model due to a high proportion of invalid CA19-9 values. Given that CA19-9 levels and its reduction influence OS in PDAC, it would be interesting to find out if CA19-9 impacts survival and should be incorporated in patient selection for SABR (29, 30). Especially given that a high proportion of patients in the present study developed distant metastasis. Last, we were not able to compare these findings to a similar group treated with systemic therapy only, which is yet to be evaluated by a new, but still pending trial in unresectable LAPC comparing standard of care versus standard of care with SABR in unresectable PDAC (LAPSTAR), as well as pending trials comparing (m)FOLFIRINOX with or without additional SABR in the treatment of LAPC (NCT01827553 and NCT04986930).

The present study analyzed the outcomes in patients with LAPC, uniformly treated with initial chemotherapy followed by ablative SABR. Consistent with prior publications, SABR was well tolerated with low rates of acute and late toxicity, (<3%). The OS of 19.6 months is encouraging, but also underscores the need for clear clinical parameters to identify patients who may benefit from local ablative therapy following chemotherapy. The prognostic factors found, i.e. good performance, age younger than 70 years, and absence of pain, showing a substantial and relevant impact on survival in LAPC patients with almost one year median survival difference between the favorable and unfavorable groups. One issue to be addressed is the question whether the unfavorable group should be treated with SABR. The positive response to pain in 83% of patients, confirms the palliative effect of radiotherapy in prior studies, but palliative conventional RT may be sufficient (31, 32).





Conclusion

The impact of clinical parameters on survival of patients with LAPC after chemotherapy is considerable and should be taken into account in the selection for subsequent SABR. The value of SABR as local ablative therapy following chemotherapy should be investigated in randomized controlled trials, and patient performance status, age, and absence of pain should be taken into account in the design of such trial.
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On July 27, 2023, with the passing of Dr. Frank J Lagerwaard, the profession of radiation oncology lost an outstanding clinician and a brilliant researcher.

Frank spent his childhood years in Rotterdam, Holland. He had graduated from St. Laurens College in 1981 and had earned his medical degree from the Erasmus University in Rotterdam in 1986. For a year between 1989-1990, Frank had worked at Militair Hospitaal Dr. A. Mathijsen as a Radiology Resident and had been a resident of Internal Medicine at the Ignatius Hospital until 1993. He stayed at the Daniel Den Hoed Cancer Center, Rotterdam to complete his radiation oncology training between 1993-2002 and his work resulted in a thesis that earned Lagerwaard a Doctor of Philosophy degree. After 2002, Lagerwaard started to work at the VU University Medical Center (VUMC).

Frank specialized in the treatment of CNS, lung, and pancreatic cancer. After 2006, he was involved in the development of the MR Linac program at VUMC. Many scholars are indebted to Lagerwaard for his pioneering work on ablative MR-guided adaptive radiotherapy. He had welcomed many departments within VUMC to share their initial experiences with this cutting edge technology.

Dr. Lagerwaard impact on the field was profound and far-reaching. He was a brilliant researcher, as is evident from the numerous condolences we have received from colleagues all around the world. Each of these contain a personal story of how Frank had positively contributed to their individual careers, professional organizations, and personal lives. His colleagues will always remember this bright, irreverent, kind, and warm-hearted scientist. His contributions and his positive influence on the lives of many will be forever lasting. There can be no nobler legacy.
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Parameters ASUV o AADCrean ASUVpeai AMTV ATLG AADC i AADC mean

ASUVmax r-value 1 0.894 0.833 0.154 0.622 -0.196 -0.087
p-value <0.001 <0.001 0.399 <0.001 0.238 0.635
ASUVimean r-value 1 0.870 0.236 0.715 -0.179 -0.035
p-value <0.001 0.193 <0.001 0.327 0.848
ASUVpeak r-value 1 0.316 0.784 -0.139 -0.034
p-value 0.078 <0.001 0.448 0.854
AMTV r-value 1 0.739 -0.253 -0.238
p-value <0.001 0.163 0.190
ATLG r-value 1 -0.286 -0.163
p-value 0.112 0.372
AADCmin r-value 1 0.179
p-value 0.327
AADCmean r-value 1
p-value

SUVimax, maximum standardized uptake value; SUVmean, mean standardized uptake value; SUVpear, peak standardized uptake value; MTV, metabolic tumor volume; TLG, total lesion
glycolysis; ADC,,, the minimum apparent diffusion coefficient; ADC, .., the mean apparent diffusion coefficient.
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Characteristic

Age, years, median (range) 66 (36-81)
Female sex, n (%) 38 (51)
Performance score (KPS), n (%)
KPS <90 40 (54)
KPS 90-100 34 (46)

Tumor location, n (%)

Head 50 (68)
Body-tail 24 (32)
GTV, cc, median (range) 36.8 (7-117)

Radiation dose, Gy, median (IQR)(range) 40 (40-40)(32-40)

Number of fractions* 5

Induction chemotherapy, n (%) 74 (100)
FOLFIRINOX 65 (88)
Gemcitabine based 9(12)

Number of cycles of induction chemotherapy, median 4 (4-8)

(IQR) 38 (51)
1-4, n (%) 23 (31)
5-8, 1 (%) 13 (18)
>8, n (%)

Chemotherapy post SABR, 7 (%) 22 (30)
FOLFIRINOX 16 (22)
Gemcitabine based 6 (8)

Number of cycles chemotherapy post SABR,

1-4, n (%) 12 (50)
5-8, n (%) 6(27)
>8, n (%) 4(18)

* A single patient stopped after 4 fractions because of grade 3 fatigue.
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Parameters Clinical T-stage Longitudinal length of GTVs
cT2 (n=11) >cT3 (n = 21) p-value <4 cm (n=15) >4 cm (n=17) p-value
Preradiotherapy PET(DWI)
SUVnax 7.67 [3.02-15.67] 16.89 [10.75-22.94] 0.001 10.75 [3.02-19.91] 17.23 [11.7-22.94] 0.000
SUVmean 4.02 [1.32-8.83] 9.21 [6.33-12.75] 0.000 5.8 [1.32-12.75] 9.45 [5.33-12.63] 0.002
SUVpeak 5.86 [3.57-11.31 12.65 [8.69-19.34] 0.000 7.16 [3.57-11.31] 13.73 [9.54-19.34] 0.000
MTV 7.99 [1.07-14.67] 18.86 [2.11-90.50] 0.000 8.26 [1.07-14.67] 19.21 [8.52-90.50] 0.000
TLG 24.89 [4.49-72.94] 144.86 [26.9-833.1] 0.000 26.90 [4.49-88.8] 196.71 [82.3-833.1] 0.000
ADC i 0.55 [0.30-1.04] 0.39 [0.31-0.63] 0.074 0.57 [0.30-1.04] 0.46 [0.31-0.63] 0.079
ADCrean 1.31[0.92-1.52] 1.27 [1.07-1.83] 0.706 1.3[1.07-1.83] 1.3 [0.92-1.64] 0.584
Dur-radiotherapy PET(DWI)
SUVmax 4.91 [1.74-13.69] 10.46 [3.76-13.75] 0.025 6.68 [1.74-13.69] 10.46 [3.76-13.75] 0.011
SUV ean 3.31[2.14-8.04] 5.10 [2.43-7.33] 0.088 3.43 [2.14-8.04] 5.14 [2.43-7.33] 0.076
SUVpeak 3.07 [2.03-6.53] 7.56 [3.20-11.10] 0.000 3.33[2.03-6.53] 7.79 [3.2-11.10] 0.000
MTV 4.45 [1.74-15.55] 10.85 [2.13-54.38] 0.077 4.74 [1.74-15.55] 11.81 [2.13-54.38] 0.012
TLG 24.44 [9.72-45.56] 53.84 [10.18-285.20] 0.006 24.44 [9.72-45.56] 62.41 [14.1-285.20] 0.001
ADCmin 0.92 [0.27-2.09] 0.67 [0.22-1.19] 0.131 1.03[0.27-2.09] 0.67 [0.22-1.19] 0.010
ADCnean 2.42 [1.66-4.24] 2.23[1.13-2.73] 0.126 2.37 [1.66-4.24] 223 [1.18-2.78] 0.355
Relative change from preradiotherapy PET(DWI)to dur-radiotherapy PET(DWI)
ASUVpmax 1.69 [-5.21-11.56] 6.74 [0.21-15.45] 0.010 1.97 [-5.21-15.45] 6.77 [0.87-14.13] 0.013
ASUVpnean 0.44 [-2.63-4.07] 2.90 [-0.33-9.7] 0.002 0.71 [-2.63-9.7] 3.08 [-0.33-7.02] 0.005
ASUVpeak 3.11 [0.75-4.78] 5.36 [0.03-10.53] 0.004 3.47 [0.75-5.36] 5.72 [0.03-10.53] 0.003
AMTV -0.20 [-5.10-5.18) 7.84 [-4.45-62.51] 0.005 1.81[-5.1-5.18 9.48 [-4.45-62.51] 0.001
ATLG 9.56 [-12.44-48.7] 88.96 [4.06-721.10] 0.000 16.72 [-12.44-48.70] 123.98 [4.06-721.10] 0.000
AADC i 0.34 [-0.40-1.19] 0.30 [-0.37-0.56] 0.525 0.38 [-0.40-1.19] 0.20 [-0.37-0.56] 0.041
/A\ADCpean 0.99 [0.23-2.51 0.75 [0.21-1.42] 0.132 0.99[0.23-2.51 0.87 [0.21-1.46] 0.45

SUVimax maximum standardized uptake value; SUV mean mean standardized uptake value; SUVpeak, peak standardized uptake value; MTV, metabolic tumor volume; TLG, total lesion
glycolysis; ADC i, the minimum apparent diffusion coefficient; ADCmean, the mean apparent diffusion coefficient.
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Age (years), median (range)

BMI (kg/m?), median (range)

Prostate size (cc), median (range)

PSA at diagnosis (ng/ml)*,**, median (range)
Treatment period (days), median (range)

Androgen deprivation therapy, n (%)

BMI, body mass index; PSA, prostate specific antigen.
*Available for 180 patients up to 4 months prior to RT.
**PSA at diagnosis includes ADT group and non-ADT group.

72.0 (53.0-90.0)
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Side-effect

Hemorrhoids, n (%)
Anal pain, n (%)
Tenesmus, n (%)
Incontinence, n (%)
Proctitis, n (%)

Diarrhea, n (%)

5(2.5)

5(2.5)

5(2.5)

2(1.0)

1(05)
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Structure Dosimetric index Accepted criteria (Gy)

(volume)
PTV 295% 34.4
| Rezes Max point dose 380
‘ i <10 cc 36.25
<3.0 cc 34.43
<10 cc 32.62
Bladder Max point dose 394
<0.1 cc 38.0
<10 cc 36.25
<15.0 cc 32.62

Femoral heads <10 cc 30.0
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ITV volume (cc) 234 0,5 2014 4,5 278 233
PTV volume (cc) 48,9 3,0 260,5 13,0 71,7 58,7
Liver volume (cc) 14328 852,7 3011,1 » 1129,1 » 1633,3 504,2 ‘
Liver minus GTV volume (cc) 1451,1 873,6 3056,7 1156,6 16429 486,3
Mean dose liver minus GTV (Gy) 7,1 0,6 12,9 4,8 9,9 5,1
Mean dose GTV (Gy) 47,1 22,2 62,1 40,5 53,1 12,7
Maximum dose GTV (Gy) 50,3 26,4 67,8 42,2 57,7 15,5
GTV D98% (Gy) 43,7 19,3 557 38,6 49,8 11,2
GTV, Gross Tumor Volume; ITV, Internal Target Volume; PTV, Planning Target Volume; IQR, inter-quartile range. 7
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Number Percent
Patient characteristics
Age (year), median (range) 67 (47-76)
Sex
Female 6 18.8
Male 26 81.3
ECOG PS
0-1 32 100.0
2 0 0.0
Pathology
Squamous cell carcinoma 32 100.0
Adenocarcinoma 0 0.0
Site®
Upper thoracic (Ul 20-25 cm) 12 375
Middle thoracic (Ul 25-30 cm) " 34.4
Lower thoracic (Ul 30-40 cm) 9 281
Stage®
Il 3 9.3
A 4 12.5
1113} 23 719
IVA 3 9.3
Treatment characteristics
Aim
Definitive chemoradiation 28 87.5
Neoadjuvant chemoradiation 4 125
Chemotherapy regimen
5-Fluorouracil+cisplatin 30 93.8
5-Fluorouracil monotherapy 2 6.2
RT modality
IMRT 32 100.0
3D-CRT 0 0.0
Total dose (Gy), median (range) 60 (41.4-60)
Fraction dose (Gy), median (range) 20 (1.8-2.0
Fractions of RT completed before midradiotherapy 15 100.00
PET/DWI (fractions)
Dose of RT completed before midradiotherapy 30 (27.30)

PET/DWI (Gy), median (range)

ECOG, PS Eastern Cooperative Oncology Group performance status; Ul, upper incisor;
RT, radiotherapy; IMRT, intensity-modulated radiotherapy; 3D-CRT, 3-dimensional

conformal radiiotherapy.

“American Joint Committee on Cancer classification 2017.

bCiinical tumor-node-metastasis (¢TNM) stage according to 8th edition TNM classification.
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Primary or Patients  Patients with  Patients with  Median = Median

secondary tumors (n) liver metas- primary Dose fraction
tases (n) tumors (n)
Van Dams 2022 | Primary liver tumors, 20 12 8 54 Gy 3(1-5) 2 year: 1 year: 94,7%
etal. liver metastases (11,5-60) 50,7% 2 year: 79,6%
Ugurluer 2021 Liver metastases 21 21 0 50 Gy (40- 5(3-8) 1 year: 1 year:
etal. 60) 93% 89,7%,
2 year: 2 year: 64,6%
93% (intrahepatic
PFS)
Yoonetal 2021  Primary and metastatic 106 46 60 40 Gy (24-  5(3-5) 1 year: 1 year: 87%
tumors (abdomen, 60) 79%2 2 year: 71%
pelvis) year:
57%
Weykamp 2021 Liver metastases, HCC 20 18 2 50 Gy (45- 8(3-12) 1 year: 1 year: 88,1%
etal. 60) 84%
Rosenberg 2019 Primary liver tumors, 26 18 8 50 Gy 5 2 year: 21,2 months:
etal. liver metastases 60% 80,4%
Henke 2017 Primary liver tumors, 20 5 10 50 Gy 5 1 year: 15 months:
etal. liver metastases, other 75% 90%
abdominal sites






OPS/images/fonc.2021.772428/M2.jpg
DI(A in B) = *—=





OPS/images/fonc.2023.1039901/crossmark.jpg
©

2

i

|





OPS/images/fonc.2021.772428/M3.jpg
LDpee — LDas

hur)|
o X 100%

AI_D;‘





OPS/images/fonc.2023.1039901/fonc-13-1039901-g001.jpg
Pre-treatment

1 Workflow

inica

Cl

Simulation MRI Reference plan

Simulation CT } %

Rigid Registration
Contour deformation/propagation

Online plan
re-optimization

Pre-MRI

Position verification-MRI
(PV-MRI)

Target/OARs
dose check

2D Cine-MR imaging monitoring

— Plan approval —| Radiotherapy Delivery

Beam-on MRI
(Bn-MRI)

END

Post-MRI






OPS/images/fonc.2022.1095633/fonc-12-1095633-g002.jpg
Local control

Local control

100%

80%

60%

40%

20%

0%

100%
80%
60%
40%
20%

0%

p=0,0206
12 24 36
Time (months)
p=0,6442
12 24 36

Time (months)

—— BED<100
—— BEDz100

100%
80%
60%

40%

Local control

20%

0%

12 24
Time (months)

p=0,9788

36

== 1 lesion

== multiple lesions





OPS/images/fonc.2022.1095633/fonc-12-1095633-g003.jpg
| found the treatment position comfortable - first RT

- last RT
| found the treamtent bed comfortable- first RT
- last RT
| found it easy to stay still and maintain the treatment position - first RT
- last RT
| wanted to come out of the machine during my treatment - first RT
- last RT
| felt calm during my treatment - first RT
- last RT
| needed more detailed information before my treatment - first RT
- last RT
| found the noise in the room easy to tolerate - first RT
- last RT
| found the lighting in the room easy to tolerate - first RT
- last RT
| found the time taken for the treamtent easy to tolerate - first RT
- last RT
| felt dizzy during my treatment - first RT
- last RT
| felt dizzy immediatly after my treatment - first RT
- last RT
| felt hot during my treatment - first RT
- last RT
| felt tingling sensations during my treatment - first RT
- last RT
| experienced a metallic taste during my treatment - first RT
- last RT
| needed more communication from staff during my treatment - first RT
- last RT
| forced myself to manage the situation - first RT
- last RT
| found listening to the music helpful whilst having my treatment - first RT
- last RT
| understand the procedure - first RT
- last RT

m fully disagree rather disagree

=
X

10%

20%

30% 40% 50% 60% 70% 80% 90% 100%

rather agree

m fully agree agree M no answer
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Patients

Sex
Male 32 (62,7)
Female 19 (37,3)
Median age (range) 67 (42 - 90)
Irradiated metastases 74

Treated metastases

n=1 45 (78,9)
n>1 12 (21,1)

Number of hepatic metastasis prior to RT

n=1 31 (54,4)

n>1 26 (45,6)

maximum 4

median 1,7
Indication

Oligometastatic disease 43 (75,4)

Oligoprogression 14 (24,6)

Extrahepatic tumour

Yes 26 (45,6)
No 31 (54,4)
Median fractions (range) 5(3-8)

Primary tumor

Cholangiocarcinoma 7 (13,7)
Colorectal 23 (45,1)
Breast 2(3,9)
Choroidal melanoma 4(7.8)
Other* 15 (29.4)

Chemotherapy prior to RT

Yes 42 (82,4)
No 9 (17,6)

Previous liver directed therapy (treated lesion)

No 39 (68,4)
Yes 18 (31,6)
Surgery 13
TACE 0
RFA 1
SIRT 0
Chemosaturation 4

Previous hepatic therapy (other lesions)

No 33 (57,9)
Yes 24 (42,1)
Surgery 17
TACE 0
RFA 4
Radiotherapy 2
SIRT 2
Chemosaturation 3

Liver cirrhosis prior to RT

No 51 (89,5)

Child Pugh A 5(8,8)

Child Pugh B 1(1,8)

Child Pugh C 0(0)
Median chemotherapy-free time after RT 4,9 (0 - 24) months
(range)

Median in room time (range) 35,7 (22,2 - 44,8)
minutes
Median beam on time (range) 7,4 (4 - 12) minutes

*Esophageal cancer (n=2), gastrointestinal stromal tumor (GIST, n=2), pancreas
(adenocarcinoma) (n=2), n=1 for esophagus, adenoidcystic carcinoma of the head
and neck, renal cell carcinoma, epipharyngeal cancer, ovarial cancer, yolk sac tumor,
neuroendocrine tumor (NET) of the pancreas, NET of the small bowel,
adenocarcinoma of unknown primary site.

TACE (Transcatheter arterial chemoembolization), RFA (Radiofrequency ablation),
SIRT (Selective internal radiation therapy).
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ATS Plan PV Beam-on Post

Dl i (MeanSD) (Mean+SD) (Mean=SD) (Mean+SD)

Target coverage

CTV4000
Vioow o Gy) 95.90+0.26 93.46+0.44 92.14£0.58 91.70+0.61
Vizsay (cc) 4.26+538 4.55+5.68 3.58+4.45 434561
PTV
Vi00% (36:25Gy) 95.27+1.67 92.60+3.14 91.53+3.23 91.47+3.80
Vosx (344 Gy) 99.27+0.75 97.69+2.03 97.04£2.29 96.87+2.57
OAR metrics
Rectal wall
Dinax 38.35£1.09 38.71£2.22 38774227 38.71£2.59
Vs 6y (e 0.050.08 0.28+0.49 036+0.56 0.40+0.80
Vis 6y o) 0.59£0.39 0.86+1.00 0.94+1.03 0.92+1.15
Vao gy 1645+4.99 1525+6.96 1633+6.44 15.47+8.26
Visi gy 34.92+6.72 33.32+8.61 35.127.29 34.20+8.91
Bladder wall
Viray (cc) 2442115 2.86+1.50 3.09+1.34 3274185
Visi oy 23.80+8.98 20.53£9.41 19.49+8.05 18.847.43
Intestine Dyins 232230 1.81£1.86 1.75+1.92 1934223
Colon Dinax 5.10£437 3.87+3.19 4.11£332 3.78+3.00
Femur L Vias ay 0.942.57 0.99:2.67 1414328 1.10+2.85

Femur R Visey 073148 0.731.30 0.631.22 071+1.60
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Averages AP diameter (mm)

1 180.1
5 183.21
10 183.25
15 183.77

RL diameter (mm)

181.64
182.94
182.82
183.51

AAP (mm)

2.90
-0.21
-0.25
-0.77

ARL (mm)

1.36
0.06
0.18
-0.51

In the fourth and fifth column the difference with the expected value. All images are acquired using TRSE sequences with TR/TE = 2000/5.4 and a b-value of 500 s/mm? in slice direction.
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Methylcellulose % 1 average 5 averages 10 averages 15 averages

30 % 0.88 = 0.02 090 + 0.01 0.89 +0.01 091 + 0.01
o 0.41 + 0.03 022 +0.01 0.10 +0.01 0.10 + 0.01
20 X 1.22 £ 0.02 1.31 £0.01 1.32 £ 0.01 1.33 £ 0.01
o 0.40 + 0.02 0.19 + 0.01 0.11 +0.01 0.11 + 0.01
10 Xy 1.48 + 0.02 1.52 £ 0.01 1.52 +0.01 151 + 0.01
o 0.42 + 0.03 0.14 + 0.01 0.12 +0.01 0.10 + 0.01
5 Ko 1.66 + 0.02 1.73 +0.01 1.74 +0.01 1.73 + 0.01
o 0.50 + 0.03 0.12 £ 0.01 0.12 £ 0.01 0.10 + 0.01
1 X 191+ 0.02 1.99 +0.01 1.99 +0.01 1.99 + 0.01
c 0.44 £ 0.03 0.18 + 0.01 0.19 +0.01 0.15 + 0.01

Mean values and standard deviations are reported in 10> mm?s.
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Slice thickness (mm) SNR U (%)

6 93.8 89
7 94.1 89
8 94.7 90
9 95.4 91
10 96.1 92

Values are calculated on the images of the SP acquired with a sequence at BGA, with
gradient in the “slice” direction and a b-value of 500 s/mm’.
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% Methylcellulose Scanner Mean ADC Value St.Dev.

30 LS'T 091 0.10
035T 0.90 0.11
20 1,5:E 131 0.19
035T 1.30 0.10
10 155 155 0.29
035T 1.52 0.08
5 15T 175 0.16
035T 173 0.07
1 15T 2.00 0.13
035T 2.00 0.11
Distilled water LS 2.09 0.03
035 T 2.08 0.13

Results are reported for both scanners used to acquire images: 1.5 T diagnostic scanner and 0.35 T MRIdian integrated scanner.
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Gantry angle

180

Gradient

OFF

b500 read
b500 phase
b500 slice
OFF

b500 read
b500 phase
b500 slice
OFF

b500 read
b500 phase
b500 slice
OFF

b500 read
b500 phase
b500 slice

U (%)

93.2
0.0
0.0

90.3

84.8
0.0
0.0

76.3

91.4
0.0
0.0

90.0

88.0
0.0

39.4

83.8

vax (mm)

120
48
42
120
120
31
20
31
120
0
0
120
120
83
73
120

Values are calculated and measured for different gantry angles and different diffusion gradient directions (gradients OFF, b-value of 500 s/mm? “read,” phase,” and “slice” directions,

3 averages).
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Topic Parameters

Diffusion scheme TRSE

Diffusion gradient direction Slice

TR/TE 2000/5.4

Gantry angle 0

Number of averages At least 3 (b-value-dependent)
Max b-values 800 s/mm”*

Slice thickness 6 mm (lower possible)
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Univariable Multivariable

Backward selection

95%Cl p-value 95%Cl p-value

Sex (male) 36 (49) 0.77 0.46-1.28 0.310
Age <70 years 48 (65) 0.39 0.22-0.68 0.001 0.39 0.21-0.73 0.003 0.001
KPS 90-100 34 (46) 0.42 0.25-0.70 <0.001 0.44 0.24-0.81 0.008 0.003
Absence of pain* 38 (51) 0.52 0.32-0.87 0.012 0.40 0.23-0.70 0.001 0.003
Tumor location (head) 49 (66) 0.76 0.45-1.30 0.320
Tumor Volume (GTV) >37cc 36 (49) 1.33 0.78-2.28 0.297
Type of Chemotherapy*A 65 (88) 175 0.84-3.64 0.138 1.36 0.73-2.33 0.460 Removed step 1
7 of cycles chemotherapy* 3851 0076 Removed step 3

1-4 cycles (reference) 0.54 0.31-0.96 0.54 0.29-0.99

5-8 cycl 2331 0.56 0.26-1.22 0054 1.06 0.47-2.40 0:102

il 13 (18) g e 0.145 ! b

>8 cycles

Longer interval chemo-SABR® 24 (32) 1.44 0.84-2.48 0.183 1.31 0.73-2.33 0.366 Removed step 2

HR, hazard ratio; Cl, confidence interval; KPS, Karnofsky performance score; GTV, Gross tumor Volume; cc.

*Prior to SABR.

AFOLFIRINOX (reference) (n=65) versus Gemcitabine based chemotherapy (n=9).

#Interval between last cycle of chemotherapy and date of first fraction is 26 weeks.

Bold values in the univariable column mean that they were considered significant to be incorporated in the multivariable analysis. The bold values in the multivariable column mean that they are significant.
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CTCAE v5.0  Acute toxicity (0-90 days)

Late toxicity (90 days-1 year)

Abdominal pain
go

o]

g2

g3

Ongoing
Nausea/Vomiting
g0

gl

g2

g3

Ongoing
Gastritis/enteritis
go

gl

g2

g3

Ongoing
Gastroduodenal ulcer
g0

gl

g2

g3

Ongoing
Digestive fistula
go

gl

g2

g3

Ongoing
Diarrhea

go

gl

g2

g3

Ongoing

18 (60%)
12 (40%)
0
0
0

17 (66.7%)
7 (23.3%)
6 (20%)
0
0

29 (96.7%)
1(3.3%)
0
0
0

30 (100%)
0

0
0
0

30 (100%)
0

0
0
0

22 (63.3%)
7 (23.3%)
1 (3.3%)
0
0

13 (43.3%)
8 (26.7%)
1 (3.3%)
0
7 (23.3%)

19 (63.3%)
2(6.7%)
2 (6.7%)

0
7 (23.3%)

23 (66.7%)
0
0
0

7 (23.3%)

23 (66.7%)
0
0
0

7 (23.3%)

23 (66.7%)
0
0
0

7 (23.3%)

16 (53.3%)
4(13.3%)
3 (10%)
0
7 (23.3%)

SMART, stereotactic MR-guided adaptive radiotherapy; CTCAE, Common Terminology

Criteria for Adverse Events.
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Organ Dose constraints (5 fractions)
Esophagus Dmax < 35 Gy
Vigsay <5 cm?®
Stomach Dmax < 32 Gy
Vigay < 10 cm®
Duodenum Dmax < 32 Gy
Vigay < 5 cm®
Small intestine Dmax < 32 Gy
Vigsay <5 cm®
Large intestine Dmax < 32 Gy

Liver
Kidneys

Spinal cord
Heart

Vasay < 5 cm®

V < 1say > 700 cm®

V< 17556y > 200 cm®

Vigay < 33%

V < 1456y > 130 cm® (if single kidney)
Dmax < 25 Gy

Dmax < 30 Gy

Vaagy < 15 cm®
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Sex

Women

Men

Median age (range)
Pathology

Pancreatic adenocarcinoma (PA)
Pancreatic neuroendocrine tumor
Metastasis from kidney tumor
Stage among PA
Resectable

Borderline

Locally advanced

Local relapse

Metastatic

Previous treatment
Chemotherapy

Pancreatic surgery

CAR-T cells

None

ECOG score

0

1

2

3

Chemotherapy regimen for PA
FOLFIRINOX
GEMCITABINE-ABRAXANE
FOLFOX

GEMCITABINE

FOLFIRI

Several protocols*
Localization

Head

Body/tail

Unknown

Lymph node involvement®
Yes

No

Median CA 19.9 at diagnosis (range)
Median CA 19.9 before SMART (range)
Average size of pancreatic tumor (range)

15 (50%)
15 (50%)
64.5 years (44-85)

27 (90%)
1 (3.33%)
2 (6.67%)

1 (3.33%)
3 (10%)
19 (63.33%)
1 (3.33%)
3 (10%)

28 (93.33%)
3 (10%)
1 (3.33%)
1 (3.33%)

11 (36.67%)
17 (66.67%)
2 (6.67%)
0 (0%)

22 (73.33%)
2 (6.67%)
4 (13.33%)
2 (6.67%)
1 (3.33%)
4 (13.33%)

16 (57.17%)
12 (42.86%)
2

7 (23.33%)
23 (76.67%)
321 Ul/ml (6-1,884)
108 U/l (6-802)
31.5 mm (16-53)

ECOG, Eastern Cooperative Oncology Group; SMART, stereotactic MR-guided adaptive

radiotherapy.

*Because of tolerance issues with FOLFIRINOX.

°On CT/MRI/PET.
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Total dose (Gy)

Total treatment duration (days)
Fraction dose (Gy)
Median PTV (cm?)
Fraction duration (min)
PTVopt

V100% (%)
VO5% (%)
V80% (%)
D98% (Gy)
D95% (Gy)
D2% (Gy)

PTV

V100% (%)
VO5% (%)
V80% (%)
D98% (Gy)
D95% (Gy)
D2% (Gy)

GTV

V100% (%)
VO5% (%)
V80% (%)
D98% (Gy)
D95% (Gy)
D2% (Gy)
Kidney

Vigay (6m°%)
Spinal cord
Dmax (Gy)
Stomach
Dmax (Gy)
Visay €m?)
Duodenum
Dmax (Gy)
Visay cm®)
Small intestine
Dmax (Gy)
Vigsay (cm®)
Large intestine
Dmax (Gy)
Vasay em®)

50 (24 patients)
40 (3 patients)
35 (2 patient)
30 (1 patient)

6(6-14)
10 (6 - 10)
68.6 (6.9 - 138.7)
89.8 (64 - 133)

58.1 (40.5 - 83.1)
90.6 (68.9 - 99.9)
99.6 (92.9 - 100)
419 (28.5 - 47.8)
44,6 (29.1 - 48.6)
53 (32.2 - 55.2)

50 (33.8 - 78.5)
78.9 (57.5 - 98.5)
90.9 (72.7 - 99.9)
235 (12.6 - 84.4)
20.3 (15.2 - 48.6)
53 (32.1 - 55.1)

61.7 (40.5 - 93.3)
89.8 (65.1 — 100)
96.1 (7.9 - 100)
32.9 (17.8 - 49.2)
38.6 (22.3 - 49.6)
53 (32.3 - 55.9)

2.5(0-16.6)
18 (7.61 - 22.9)

29.5 (0.9 - 32.8)
9.8 (0-30.5)

29.4 (20.4 - 33.4)
42(09-11.4)

27.6 (2.8 - 34)
3.1(0-9.1)

27.8 (5.9 -32.9)
1.8(0-25)

PTV, planning target volume; GTV, gross tumor volume; PTVopt, PTV optimized.
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Target Predicted plan [stan- Adapted plan [stan-  p-Value

volume / OAR dard deviation] dard deviation]

PTVopt

V100% 53.7% [14.5%) 60.2% [14.4%) <0.01
V95% 84% [9.1%] 88.3% [9.4%] <0.01
V80% 95.4% [4.8%] 98.4% [2.2%] <0.01
D98% 34.7 Gy [7.3 Gy] 40.1 Gy [6 Gy] <0.01
D95% 38.9 Gy [6.4 Gy] 42.3 Gy [4.9 Gy] <0.01
D2% 50.7 Gy [6.3 Gy] 50.6 Gy [6 Gy] 0.31

PTV

V100% 47% [12.6%] 51.7% [13%] <0.01
V5% 74.4% [10.6%) 76.6% [12%) <0.01
V80% 87.9% [8.1%] 88.6% [8.2%) 0.22
D98% 25.4 Gy [8.5 Gy] 26.2 Gy [9.8 Gy] 0.5

D95% 30.4 Gy [8.8 Gy 31.4 Gy [10.1 Gy] 0.35
D2% 50.7 Gy [6.3 Gy] 50.3 Gy [6.5 Gy] 0.2

GTV

V100% 60% [15.9%] 65.1% [14.3%) <0.01
V95% 85.9% [9.9%] 86.8% [10.4%] 0.15
V80% 93.7% [6.4% 93.8% [6.8%] 0.72
D98% 32.7 Gy [8.9 Gy] 33 Gy [10.9 Gy] 0.93
D95% 37.2 Gy [8.4 Gy] 37.4 Gy [9.9 Gy 0.65
D2% 50.9 Gy [6.3 Gy] 50.8 Gy [6 Gy] 0.60
Kidney

Vigay 4.2 cm® [4.6%] 4.7 cm® [5.1%) <0.01
Spinal cord

Dmax 17.2 Gy [3.7 Gy] 17.5 Gy [3.2 Gy 0.25
Stomach

Visay 15.2 cm® [11.2 cm? 12.1 cm® [8.8 cm) <0.01
Dmax 352Gy [11.8 Gy] 27.2 Gy [6.6 Gy <0.01
Duodenum

Vigay 6.6 cm® [5.7 cm?] 4.5 cm®[3 cm?) <0.01
Dmax 35.4 Gy [10.1 Gy] 28.1 Gy [3.52 Gy] <0.01
Small intestine

Vig.say 3.8cm®[5.1 cm? 2.4 cmP®[2.7 cm? <0.01
Dmax 29.5 Gy [10.9 Gy] 25 Gy [6.2 Gy] <0.01
Large intestine

Vasay 1cm®[1.9 cm? 0.4 cm®[0.8 cm?] <0.01
Dmax 24.7 Gy [10.3 Gy] 23.1 Gy [7.3 Gy] <0.01

OAR, organ at risk; PTV, planning target volume; GTV, gross tumor volume; PTVopt, PTV
optimized.
Bold values are statistically significant differences (p< 0.05).
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Characteristics

Median age, years (range)
Gender
Male
Female
WHO Tumor Classification
GBM, IDH-wild type
Astrocytoma, IDH-wild type, grade 3
Astrocytoma, IDH-mutant, grade 4
Astrocytoma, IDH-mutant, grade 3
Oligodendroglioma, IDH-mutant, 1p/19q co-deleted
MGMT Promoter Methylation
Unmethylated
Unknown
Surgery
Gross Total Resection
Subtotal Resection
Biopsy
Median no. days from surgery to start of radiation (range)
Fractionation Scheme
60 Gy/30 fractions
59.4 Gy/33 fractions
54 Gy/30 fractions
Median % fractions completed on MRL (range)

Mean in-room time in minutes per fraction* (range)

Mean in-room time in minutes per fraction including post-beam research imaging (range)

Radiation Re-plan During Treatment
Yes
No

Chemotherapy

Concurrent TMZ
Adjuvant TMZ

GBM, Glioblastoma; MRL, high-field MR-Linac; TMZ, Temozolomide.

“Excluding post-beam research imaging.

n=10

40.0 (29.0 - 69.0)

3 (30.0%)
7 (70.0%)

4 (40.0%)
2 (20.0%)
2 (20.0%)
1 (10.0%)
1 (10.0%)

4 (40.0%)
6 (60.0%)

1 (10.0%)
8 (80.0%)
1 (10.0%)

23.5 (120 - 39.0)

7 (70.0%)
1 (10.0%)
2 (20.0%)

96.8 (70.0 - 100.0)
37.3 (24.0 - 51.0)
42.9 (25.0 - 69.0)

3 (30.0%)
7 (70.0)

9 (90.0%)
10 (100.0%)
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Patient Diagnosis
1 GBM, IDH wild type
2 GBM, IDH wild type
3 GBM, IDH wild type
4 Astrocytoma, IDH

mutant, WHO Grade 4

5 Astrocytoma, IDH
mutant, WHO Grade 3
6 Oligodendroglioma, IDH

mutant, 1p/19q co-
deleted, WHO Grade 3

7 Astrocytoma, IDH wild
type, WHO Grade 3

8 GBM, IDH wild type

9 Astrocytoma, IDH wild

type, WHO Grade 3

10 Astrocytoma, IDH
mutant, WHO Grade 4

Age Surgery RT Dose Chemo

32

65

62

29

69

42

57

38

34

STR

GTR

STR

STR

STR

STR

Biopsy

STR

STR

STR

(Gy)/No.

of Fx

60/30

60/30

60/30

60/30

60/30

59.4/33

60/30

60/30

54/30

54/30

(TMZ)

Conc and
Adj

Conc and
Adj
Conc and
Adj
Conc and
Adj

Conc and
Adj
Adj

Conc and
Adj
Conc and
Adj
Conc and
Adj
Conc and
Adj

Re-plan During RT (Fx No. of Fx on
No. at transition to re- delivered on Toxicity
MRL

plan; Reason)

Yes (15; tumor and edema
progression)

No
No

Yes (10; edema with midline
shift)

No

Yes (15; edema)

27

29

30

21

30

32

30

30

29

29

Acute

Grade 2
headaches,
nausea,
fatigue

None

None

Grade 2
headaches,
nausea,

fatigue

None

None

None

None

None

Grade 1
headaches,
nausea,
fatigue

Oncologic
Outcomes

Died

Died
Died

Stable Disease

Stable Disease

Stable Disease

Progressed
Stable Disease
Progressed

Stable Disease

RT, Radiation; Fx, Fractions; TMZ, Temozolomide; MRL, high-field MR-Linac; GBM, Glioblastoma; STR, Subtotal resection; GTR, Gross total resection; Conc, Concurrent; Adj, Adjuvant.
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