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A B S T R A C T   

Recent advances in integrating 1.5 Tesla magnetic resonance (MR) imaging with a linear accelerator (MR-Linac) 
allow MR-guided stereotactic body radiotherapy (SBRT) for prostate cancer. Choosing an optimal strategy for 
daily online plan adaptation is particularly important for MR-guided radiotherapy. We analyzed deformable dose 
accumulation on scans from four patients and found that daily anatomy changes had little impact on the 
delivered dose, with the dose to the prostate within 0.5% and dose to the rectum/bladder mostly less than 0.5 Gy. 
These findings could help in the choice of an optimal strategy for online plan adaptation for MR-guided prostate 
SBRT.   

1. Introduction 

Magnetic resonance imaging (MRI) is increasingly recognized as the 
primary modality for staging prostate cancer and has been used for 
contouring targets and organs at risk (OARs) in radiotherapy [1–3]. 
Recent advances in the integration of MRI with a linear accelerator (MR- 
Linac) have enabled MR-guided radiotherapy (MRgRT) [4–6]. Inte-
grated MR-Linacs allow simultaneous MRI with radiation delivery, 
thereby providing superior visualization of the soft tissues during 
treatment and enabling real-time motion monitoring [7,8]. The 1.5 
Tesla MR-Linac system also permits online adaptation of treatment plans 
to account for daily soft-tissue deformation [4]. Several groups have 
reported using online plan adaptation with a 1.5 Tesla MR-Linac system 
for various treatment sites [9–11]. Recently Alongi et al. published a 
study describing MR-Linac for prostate stereotactic body radiotherapy 
(SBRT), focusing on clinical aspects such as tolerability, quality of life, 
and patient-reported outcomes [12]. However, no protocols have been 
established for prostate SBRT that include daily online plan adaptation 
with the 1.5 Tesla MR-Linac system, particularly for selecting an 
appropriate plan-adaptation strategy. Dose accumulation in daily 
adaptive plans for MR-Linac treatments has been studied [13,14], but 
these daily adaptive plans have yet to be used to select an optimal plan- 
adaptation strategy. In this short communication, we analyzed the 
deformable accumulated dose from daily adaptive plans to help in 

choosing an optimal online plan-adaptation strategy for MR-guided 
prostate SBRT. 

2. Methods and materials 

2.1. Patient selection 

Four patients with the following characteristics were identified for 
treatment with an Elekta Unity MR-Linac system (Elekta, Stockholm, 
Sweden): (1) intermediate-risk prostate cancer (stage T2c or less and 
Gleason 7 disease with prostate-specific antigen level < 10.0 ng/mL); (2) 
prostate volume < 50 cm3; (3) minimal obstructive urinary symptoms 
(an American Urological Association symptom score of 15 or less); and 
(4) no history of transurethral resection of the prostate or urethral sur-
gery. Suitability for MR-Linac treatment was considered first by the 
attending physician, and was subsequently evaluated by a multidisci-
plinary team of physicists, dosimetrists, therapists, and physicians. The 
evaluation focused on MR safety issues, fit feasibility within the MR- 
Linac body coil, and the patient’s ability to maintain a consistent posi-
tion for extended treatment times. Once a patient was deemed to be a 
good candidate for treatment on the MR-Linac, that patient was coun-
seled on the logistics and side effects of the treatment. This study was 
approved by the institutional review board of MD Anderson Cancer 
Center. 
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2.2. Simulation 

Before the simulation, a rectal spacer was placed between the rectum 
and the prostate of each patient to separate these two structures and 
thereby reduce the radiation dose to the rectum during treatment. Three 
gold fiducials were also placed during that procedure. Just before the 
treatment simulation, the patient was instructed to have a comfortably 
full bladder and an empty rectum (ensured by use of an enema). The 
simulation involved obtaining a CT scan on a Philips Brilliance 16-slice 
CT scanner, followed by an MR scan on the MR-Linac. The MR scan 
included the acquisition of 3D T1 and T2 weighted sequences via the 
same scanning protocol as that used for daily MR image acquisition. 

2.3. Treatment planning 

Treatment planning was done with the CT images by using the 
Monaco treatment planning system (Elekta, Inc. Maryland Heights, 
MO), according to institutional guidelines established by the Prostate 
Radiation Oncology Service that address planning constraints for targets 
and normal tissue structures. The clinical target volume (CTV) included 
the prostate and intraprostatic portion of the seminal vesicles (SVs). The 
planning target volume (PTV) was created by expanding the CTV by 5 
mm from the prostate in the lateral and superior-inferior directions and 
by 3 mm in the posterior direction. All CTVs and PTVs were drawn by a 
single physician. The dose was prescribed to cover at least 95% of the 
PTV, with the dose prescribed being 36.25 Gy for three patients (our 
standard clinical practice) and 40 Gy (for one patient participating in a 

clinical trial to evaluate dose escalation), delivered in 5 fractions every 
other day. The OAR dose constraints are listed in Supplementary Table 
S1. 

Pretreatment quality assurance (QA) included a secondary verifica-
tion of monitor units (MU) using RadCalc (Version 6.3, Lifeline Software 
Inc., Austin TX) and an IMRT QA measurement using ArcCheck MR (Sun 
Nuclear Corporation, Melbourne FL). We also performed an offline plan 
adaptation test using the MR images acquired during MR simulation. 
This test was used to check the end-to-end plan-adaptation workflow 
and determine the MR sequence for plan adaptation. 

2.4. Online plan adaptation and treatment delivery 

Patient setup on the MR-Linac couch was based on an index value 
recorded at simulation to determine the patient’s longitudinal position. 
No external lasers were present inside the MR-Linac room; rather, 
therapists relied on an internal sagittal laser and leveling marks on the 
patients’ skin to determine the lateral position and minimize body 
rotation. A T2-weighted MR image was acquired for plan adaptation. 
This MR image was then rigidly registered to the reference CT to 
determine the shift of the treatment isocenter. Then, the isocenter and 
all contours on the reference CT were shifted to a new location on the CT 
scan based on the registration, and the original treatment plan was re- 
optimized to meet the dosimetric criteria set forth in the reference 
plan. This plan adaptation approach, known as “Adapt to Position” 
(ATP), was used for all fractions delivered to all four patients. 

All adaptive plans had an independent MU check using RadCalc 

Fig. 1. Illustration of dose accumulation in adapt-to-position (ATP) plans. “Dose C1” is the fraction dose of one ATP plan. (A) Direct summation of fraction doses of 
all ATP plans creates the summed ATP dose, representing the planned delivered dose. (B) To generate the accumulated deformed dose, the “Dose C1” is first shifted to 
the corresponding daily MR space “MR D1” by using the isoshift obtained during treatment. Then rigid registration (RR) between “CT sim” and “MR sim” and 
deformable image registration (DIR) between “MR D1” and “MR sim” are combined to deform “Dose M1” to “CT sim” space for accumulation, creating the accu-
mulated deformed dose. 
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before beam delivery. While the beam was on, motion was monitored in 
real-time by using three orthogonal cine MR images centered at the 
prostate. After treatment, an IMRT QA measurement of the adaptive 
plan was obtained for a further quality check. 

2.5. Dose accumulation and evaluation 

After treatment was finished for each patient, we evaluated the 
accumulated dose of the adaptive plans as follows. Because the ATP plan 
dose was calculated on the reference CT, the fraction dose of each ATP 
plan was added together to create a summed ATP plan, which repre-
sented the planned delivered dose. In parallel evaluations, we shifted 
each ATP plan to the corresponding MR image, and deformed the frac-
tion dose back to the reference CT image for accumulation by using an 
in-house deformable registration tool [15,16]. The dose deformation 
was based on the deformable registration between the daily MR scan and 
the simulation MR scan (Fig. 1). The accumulated deformed dose 
approximated the actual delivered dose by accounting for daily 
anatomic variations and was compared with the summed ATP dose to 
evaluate the accuracy of the ATP approach. 

3. Results 

3.1. Adaptive plan and treatment delivery 

All MR-Linac treatments were successfully delivered. The average 
treatment time per fraction was 38.3 ± 8.6 min (range 26–65 min) and 
included patient setup, MR acquisition, online plan adaptation, and 
beam delivery (Supplementary Table S2). The adaptive plans achieved 
all of the dosimetric goals set in the reference plans and were consistent 
with reference plan. Fig. 2 shows one example of the adaptive plan dose 
overlaid on the daily MR image and compared with the reference plan 
dose. We observed that the location of the rectal spacer and the patient 
anatomy could change slightly from fraction to fraction. Although real- 
time motion monitoring visualized the motion of the prostate and the 
extent of bladder filling during treatment, the prostate was in all frac-
tions within the prescribed isodose line, while the bladder filling 
increased the bladder volume towards the opposite side of the prostate. 

3.2. Dose accumulation 

The accumulated deformed dose was consistent with the summed 
ATP dose in comparisons of their dose-volume histograms (Supple-
mentary Fig. S1). Using the mean dose for evaluation (Supplementary 

Fig. 2. Illustration of an online adaptive plan created during patient treatment. (a) The reference plan overlaid on the CT image. (b) The adaptive plan for the 5th 
fraction of the treatment overlaid on the daily MR image. (c) The dose-volume histogram (DVH) comparison between the reference plan (dashed lines) and the 
adaptive plan (solid lines). 
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Table S3), the difference in prostate dose was within 0.5% for all four 
patients. The rectum and bladder mean doses were low and the absolute 
dose difference was small (<0.5 Gy), with the exception of one patient 
who received a higher rectum dose (actual 15.1 Gy vs. planned 11.2 Gy) 
and another who received a higher bladder dose (actual 10.3 Gy vs. 
planned 8.5 Gy). The rectal spacer effectively pushed the rectum away 
from the high-dose region so that the rectum did not receive a sub-
stantial dose, and daily anatomic variations of the rectum had little 
dosimetric effect. The dose to the SVs exhibited the largest differences 
between fractions (Supplementary Table S3). The accumulated 
deformed dose met the clinical criteria for the target and all OARs. 

4. Discussion 

We presented our clinical experience with prostate SBRT delivered 
with a 1.5 Tesla MR-Linac. The major advantage of this type of treatment 
is the excellent soft-tissue visualization enabled by MRI during treat-
ment. Use of a rectal spacer in combination with the MR images greatly 
enhanced our confidence in simultaneously delivering high doses to the 
target and sparing the rectum. Also, the use of motion monitoring helped 
to understand the intrafraction changes in bladder volume and assured 
us that these changes had minimal dosimetric effects. 

All four patients tolerated the treatment well, without any grade 2 or 
higher gastrointestinal (GI) or genitourinary (GU) toxicity (per the 
modified Radiation Therapy Oncology Group assessment system) during 
treatment. At a median follow-up interval of 5 months, all four patients 
were doing well, with no GI or GU toxicity and no evidence of recur-
rence. We do acknowledge that this follow-up interval has been very 
short and additional follow-up will be needed to assess the long-term 
effects of the treatment. 

The overall time spent for each fraction delivered with a 1.5 Tesla 
MR-Linac was comparable to that for prostate SBRT on regular linacs 
[17]. However, interruptions to the integrated workflow of the MR- 
Linac can considerably extend the time needed for delivery of a frac-
tion. Moreover, a 1.5 Tesla MR-Linac also provides diffusion and 
perfusion MRI sequences, which are not available on a 0.35 Tesla MR- 
Linac [18]. Although a 0.35 Tesla MR-Linac provides gated dose de-
livery for motion management, which is not currently available in the 
1.5 Tesla MR-Linac system, prostate SBRT does not benefit from this 
functionality because intra-fraction prostate motion may not occur 
frequently. 

Dose accumulation calculated from daily adaptive plans has been 
recognized as an important tool for evaluating treatment effects with the 
MR-Linac, particularly with regard to the overall dosimetric conse-
quences to OARs [12–14]. However, this tool has not yet been used to 
inform the choice of a plan adaptation strategy, either prospectively and 
retrospectively. In addition to the ATP workflow, the 1.5 Tesla MR-Linac 
system also offers an “Adapt to Shape” (ATS) workflow, which includes 
contour deformation from the reference CT to the daily MR image, with 
plan reoptimization based on the updated anatomy from the MR image. 
The advantage of ATS is in the use of daily assessments of anatomic 
changes for adaptive planning, which could create more accurate plans. 
However, the ATS approach requires additional time for contouring 
verification, which often is substantial. To evaluate whether the ATS 
approach is needed, we compared accumulated deformed dose with the 
summed ATP dose to evaluate the dosimetric impact from anatomic 
variations, thereby avoiding the need to recontour targets and OARs for 
the evaluation [19]. Our accumulated dose study showed that the ATP 
plan dose was close to the estimated actual delivered dose, implying that 
daily changes in anatomy have little effect on the treatment. 

Notably, one of the challenges in this study is the accuracy of dose 
deformation, which relies on the accuracy of the deformable registration 
algorithm. Significant anatomic changes can affect the accuracy of 
deformable registration, as has been seen in contour propagation during 
online plan adaptation [14,20]. In this study, we used an in-house 
deformable registration tool [16] that has been validated for MR 

image registration, and the registration results were visually checked for 
accuracy. 

In conclusion, we found that ATP is feasible for prostate SBRT in 
terms of the need to balance treatment time and dose accuracy. How-
ever, we also found that the SVs could move between fractions, which 
would mean that the ATP approach may not be good enough for prostate 
SBRT if the SVs are included as a treatment target. 
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