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A B S T R A C T   

Background and purpose: MRI-guided online adaptive treatments can account for interfractional variations, 
however intrafraction motion reduces treatment accuracy. Intrafraction plan adaptation methods, such as the 
Intrafraction Drift Correction (IDC) or sub-fractionation, are needed. IDC uses real-time automatic monitoring of 
the tumor position to initiate plan adaptations by repositioning segments. IDC is a fast adaptation method that 
occurs only when necessary and this method could enable margin reduction. This research provides a treatment 
planning evaluation and experimental validation of the IDC. 
Materials and methods: An in silico treatment planning evaluation was performed for 13 prostate patients mid- 
treatment without and with intrafraction plan adaptation (IDC and sub-fractionation). The adaptation 
methods were evaluated using dose volume histogram (DVH) metrics. To experimentally verify IDC a treatment 
was mimicked whereby a motion phantom containing an EBT3 film moved mid-treatment, followed by reposi
tioning of segments. In addition, the delivered treatment was irradiated on a diode array phantom for plan 
quality assurance purposes. 
Results: The planning study showed benefits for using intrafraction adaptation methods relative to no adaptation, 
where the IDC and sub-fractionation showed consistently improved target coverage with median target cover
ages of 100.0%. The experimental results verified the IDC with high minimum gamma passing rates of 99.1% and 
small mean dose deviations of maximum 0.3%. 
Conclusion: The straightforward and fast IDC technique showed DVH metrics consistent with the sub- 
fractionation method using segment weight re-optimization for prostate patients. The dosimetric and geo
metric accuracy was shown for a full IDC workflow using film and diode array dosimetry.   

1. Introduction 

Magnetic Resonance (MR)-guided online adaptive treatments enable 
better targeting of the tumor and give the opportunity to account for 
interfractional variations, which could potentially reduce toxicity in 
high-risk prostate patients [1–5]. Intra-fraction motion up to 1 cm in 
prostate patients was demonstrated using real-time imaging [6–10]. 
This intrafraction motion deteriorates treatment accuracy, especially 
when treatment times become longer when applying hypo-fractionation 
[11,12]. Consequently, there is a need for adaptation methods to ac
count for intrafractional changes to reduce risk of toxicity [9]. 

Recently, an intrafraction adaptation method, sub-fractionation, was 
introduced for prostate Stereotactic Body Radiation Therapy (SBRT) 
patients [13]. The daily dose is delivered in two sequential parts (sub- 

fractions), each adapted to the latest anatomy. Imaging and treatment 
planning are executed in parallel, enabling an efficient and effective 
workflow. Due to reduced intrafraction translational motion, margin 
reduction was feasible, leading to a Clinical Target Volume (CTV) to 
Planning Target Volume (PTV) margin reduction from 5 mm isotropic 
margins to implemented anisotropic margins of 2 mm (Left–Right (LR) 
and Superior-Inferior (SI)) and 3 mm (Anterior-Posterior(AP)) [13]. The 
sub-fractionation occurs exactly mid-treatment for each patient. How
ever, for some patients no intrafraction adaptation is needed, for others 
multiple adaptations per fraction are desired. Approximately 10% of the 
patients treated with sub-fractionation showed large intrafraction mo
tion, where the reduced margins were insufficient. Preferably, the 
intrafraction adaptation occurs only when necessary, instead of one 
adaptation mid-treatment for each patient, leading to a more efficient 
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workflow. Therefore, there is a need for patient-specific intrafraction 
adaptation methods guided by real-time imaging. 

A new method was recently introduced to continuously monitor the 
tumor position during treatment delivery [14,15]. The treatment plan 
can be adapted in one minute by repositioning the segments without 
optimization steps [16], denoted an Intrafraction Drift Correction (IDC). 
For upper abdomen patients an improved congruence to planned dose 
was shown using gating and IDC [17]. IDC is a valuable functionality for 
fast and patient-specific intrafraction adaptations, which could enable 
reduction of margins for prostate patients (or other treatment sites) as 
shown earlier with sub-fractionation. 

Even though IDC is a valuable functionality there was a need for a 
treament plannning and experimental validation of this novel method. 
Therefore, an in silico treatment planning evaluation without intra
fraction adaptation and with intrafraction adaptations, consisting of IDC 
and sub-fractionation using segment weight re-optimization as a 
benchmark, was simulated for 13 prostate SBRT patients for MR-based 
adaptive treatments. Additionally, the IDC was experimentally verified 
comparing measurements and calculations using film and diode array 
dosimetry. The goal of this research was to show a treatment planning 
evaluation and experimental validation of the IDC. 

2. Materials and methods 

2.1. Adaptation workflow and infrastructure 

During an interfraction adaptation scheme for prostate patients at 
University Medical Center (UMC) Utrecht treated on the 1.5 T MR linear 
accelerator (MR-linac), a T2-weighted offline MR-scan and reference 
plan were made. The contours were propagated from the T2-weighted 
reference MR-scan to the daily online Pre-treatment (Pre) scan. The 
contours were manually adapted where necessary. A treatment plan was 
optimized from fluence based on the daily adapted contours [2]. An 
extra Position Verification (PV1) MR-scan was acquired. An automatic 
match based on the tumor region was performed of the Pre and PV1 
scans, and modified if necessary. If the displacement was larger than 1 
mm, the pre-treatment plan was adapted with the Adapt-To-Position 
(ATP) method with the ’optimize weights from segments’ option, 
effectively shifting the dose distribution [2]. This workflow without 
intrafraction adaptation during beam-on is illustrated in Fig. 1. 

Since December 2021 the intrafraction sub-fractionation method was 
used in UMC Utrecht, dividing each fraction of 7.5 Gy into two sub- 

fractions of 3.625 Gy, for prostate SBRT treatments as described by 
Willigenburg et al. [13]. During radiation of the first sub-fraction, Po
sition Verification (PV2) imaging and treatment planning (ATP) 
including segment weight re-optimization was executed, enabling an 
efficient workflow with a treatment scheme of 10x3.625 Gy, illustrated 
in Fig. 1. 

Another technique, comprehensive Motion Monitoring (CMM) 
(Elekta AB, Stockholm, Sweden) enables continuous monitoring of the 
tumor position during treatment delivery. CMM imaging involves 2D 
balanced cine MR-scans (6 Hz, interleaved coronal/sagittal planes) 
[14,15]. The first sixty frames of the cine MR-scans are used for 
initialization of the 2D-3D registration template. The initial template 
registration to the corresponding planes of the 3D pre-scan is reviewed 
and if necessary adjusted. Next, all incoming cine MR images are 
registered to this template. When the tumor location shifts above a pre- 
defined limit, the plan can be adapted by repositioning the segments not 
yet delivered, denoted by IDC. This method uses Segment Aperture 
Morphing (SAM) to move the segments but does not include optimiza
tion. The created IDC treatment plan was checked and approved by the 
user in Monaco and the total workflow took only one minute from start 
of the procedure to plan delivery. 

This in silico study simulated the workflow without intrafraction 
plan adaptation and the IDC for patients who had been treated with the 
sub-fractionation workflow. IDC modifications were simulated for pa
tient shifts occurring exactly mid-treatment, consequently, CMM was 
not used. In the CMM simulation, illustrated in Fig. 1, an IDC was 
simulated mid-treatment regardless of the shift observed, corresponding 
to a 0 mm limit. 

2.2. Patient cohort 

Patient data were collected retrospectively under the FAST-ART 
protocol (IRB reference: 20–519/C). The patient cohort consisted of 
13 patients and was selected to include patients with extreme trans
lations and large intrafraction motion. The translations between PV1 
and PV2 MR-scans were (partly) documented for prostate SBRT patients 
who were treated between May and December 2022. To include the 
extreme translations, patients were selected with at least one of the five 
fractions with minimum or maximum translations in LR, SI, AP or 3D 
directions, resulting in five patients. Eight extra patients were added to 
cover the full range of translations. The 3D translation ranged from 0 to 
7.8 mm between PV1 and PV2 scans and from 1.2 to 15.8 mm between 
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Fig. 1. Workflow without intrafraction plan adaptation and with intrafraction plan adaptation, consisting of the sub-fractionation and Intrafraction Drift Correction 
(IDC) mid-treatment. The red colored adaptation steps between the methods are compared on the contours of the PV2 scan. Abbreviations: Adapt-To-Shape (ATS), 
Adapt-To-Position (ATP), Intrafraction Drift Correction (IDC), Pre-treatment (Pre) and Position Verification (PV). 
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Pre and PV2 scans, illustrated in Supplementary Material A. Some 
fractions showed negligible translation between Pre and PV2 scans, 
requiring no plan adaptation for the sub-fractionation method. These 
fractions were excluded from the analysis, leading to 55 fractions over 
13 patients. For most fractions, margins of 2 mm (LR and CC) and 3 mm 
(AP) between CTV and PTV were used. For 14 out of 55 fractions a larger 
isotropic margin of 5 mm was used due to larger shifts in earlier fractions 
of that patient. 

2.3. Treatment planning 

An in-house template for prostate patients with seven IMRT beams 
was used in Monaco (v5.51.10). As part of the sub-fractionation work
flow, an ATP step was used, whereby the segments were modified based 
on translations between Pre and PV2 MR-scans. Afterwards the weights 
were modified to optimize the dose shift to this new target position. The 
sub-fractionation treatment plan was calculated based on the Pre scan 
anatomy. To simulate the IDC process, ATP was used, only using adapt 
segments, and no further segment weight optimization. SAM was used to 
account for the new projection of the target position, but did not account 
for change of radiological target depth, SSD or off-axis position. The plan 
used for IDC analysis was based on a new, synthetic anatomy, where 
only the tumor was shifted according to the shift between Pre and PV2 
scans, illustrated in Fig. 2. To compare DVH metrics without and with 
intrafraction plan adaptations on the same anatomy, the treatment plans 
were recalculated on the PV2 MR-scan. Contours were deformably 
propagated from Pre to PV2 scans, and within a margin of 2.5 cm in LR 
and AP directions, and 1.5 cm in SI direction outside the CTV contours 
were manually adapted where necessary. The treatment plans were 
calculated on a dose grid of 3 mm and a statistical uncertainty of 3% per 
control point. 

2.4. DVH metrics 

For a comparison between the adaptation methods, DVH metrics 

were used in Monaco with an interpolated grid of 1 mm. The clinical 
goals and acceptable limits of the sub-fractionation template are shown 
in Table 1. During plan optimization the aim was to reach the clinical 
goals, however with the acceptable limits the plan was still accepted 
without an extra check of the physician. Differences between sub- 
fractionation and IDC treatment plans were tested for significance 
using a two-tailed Wilcoxon signed-ranked test. Rejection of the null 
hypothesis (no difference between IDC and sub-fractionation DVH 
metrics) was set to p<0.01 due to the Bonferroni correction [18]. 

2.5. Film dosimetry 

To experimentally validate the IDC procedure, its dosimetric and 
geometric accuracy was verified using the QUASAR MRI4D motion 
phantom (IBA QUASAR, Modus Medical Devices Inc., London ON, 
Canada), denoted as QUASAR phantom, containing EBT3 film (Ashland, 
Inc., Wilmington, United States). A treatment was mimicked using an 
IDC mid-treatment, illustrated in Fig. 3. A treatment of 14 beams, based 
on a rescaled lung SBRT template, was used in Monaco (v6.2.0.0) with a 
prescription dose of 7.5 Gy to match the dosimetric range of EBT3 film. 
The QUASAR phantom comprised an external body and two internal 
cylinders. The central cylinder contained EBT3 film (LOT 01042103) 
and was attached to a motor for movement during the treatment. The 
asymmetrical Gross Tumor Volume (GTV) with high dose gradients 

Fig. 2. Schematic illustration of the treatment planning without intrafraction plan adaptation and with intrafraction plan adaptation consisting of the sub- 
fractionation and the Intrafraction Drift Correction (IDC). 

Table 1 
DVH metrics for the treatment planning evaluation. V95% represents 95% of the 
prescription dose (3.625 Gy).  

Structure Clinical goals Acceptable limits 

CTV V95% > 99.0% V95% > 98.9% 
PTV V95% > 99.0% V95% > 96.0% 
Rectum D1cm3 < 38.0 Gy 
Bladder D5cm3 < 37.0 Gy 
Sphincter Dmean < 20.0 Gy  
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along the SI axis allowed clear registration of measured and calculated 
dose distributions and was useful for identifying possible errors in the 
displacement of the IDC plan. CMM software uses a tracking structure to 
identify displacements during the treatment. A rectangle around a part 
of an MR-visible sphere was used as the tracking structure, illustrated in 
Fig. 3. To mimic an IDC, the cylinder was moved 1 cm inferiorly mid- 
treatment, between beam 7 and 8. CMM software identified the 
displacement of the tracking structure and since the defined tolerance 
was exceeded, delivery was automatically paused. The segments were 
moved according to the shift, and the final seven beams were delivered 
with the IDC treatment plan. Treatment plans were recalculated on a 
fine dose grid of 1 mm with a statistical uncertainty of 0.5% per control 
point. The total calculated dose was created by summing the original 
plan dose distributions for the first seven beams and the IDC plan dose 
distribution shifted 1 cm superiorly for the final seven beams. Measured 
and calculated dose was compared, investigating dose differences, 
global γ values (2%/2 mm) [19] calculated with the CalcGamma func
tion [20], and dose profiles. 

2.6. Diode array dosimetry 

The treatment delivered to the QUASAR phantom was irradiated on 
the Delta4 Phantom + MR (ScandiDos AB, Uppsala, Sweden), denoted as 
Delta4 phantom, for plan quality assurance (QA) purposes [21]. The 
Delta4 phantom remained in the original position for the first seven 
beams and the phantom was shifted 1 cm inferiorly for the final seven 
beams. As default, the treatment plans were calculated on a dose grid of 
3 mm and a statistical uncertainty of 3% per control point for the 
original plan and a dose grid of 3 mm and a statistical uncertainty of 2% 
per calculation for the IDC plan. The total calculated dose was created by 
summing the original plan dose distributions for the first seven beams 
and the interpolated IDC plan dose distribution shifted 1 cm superiorly 
for the final seven beams. Measured and calculated dose was compared 
using global γ passing rates (3%/3 mm). 

CMM coronal viewSchematic coronal view

GTV - original
GTV - shifted
Cylinder - original
Cylinder - shifted
Tracking - original
Tracking - shifted

Beams eye view

Legend

AP

SI

LR

Fig. 3. Overview experimental verification of the Intrafraction Drift Correction (IDC). The beams eye view including Gross Target Volume (GTV), schematic coronal 
view and Comprehensive Motion Monitoring (CMM) in the coronal view are illustrated using original and shifted structures. 

Fig. 4. DVH metrics without intrafraction plan adaptation and with intrafraction plan adaptation consisting of sub-fractionation and the Intrafraction Drift 
Correction (IDC). Margin reductions were implemented for the PTV structure, only for 14 out of 55 fractions a larger isotropic margin of 5 mm was used due to larger 
shifts in earlier fractions of that patient. It should be noted that if no intrafraction adaptation was available, 5 mm isotropic margins rather than reduced margins 
would have been used. 
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3. Results 

3.1. In-silico treatment planning evaluation 

The median CTV coverage [and ranges] without intrafraction 
adaptation (98.5% [69.3% 100%]) was much lower compared to CTV 
coverage of sub-fractionation (100.0% [99.3% 100.0%]) and IDC 
(100.0% [98.6% 100.0%]), illustrated in Fig. 4. It should be noted that if 
no intrafraction adaptation was available, 5 mm isotropic margins 
rather than reduced margins would have been used. The IDC technique 
showed DVH metrics consistent with the sub-fractionation method mid- 
treatment. In general, the IDC showed a significantly better coverage of 
the PTV, however higher doses were shown for rectum and bladder. The 
median [and ranges] percentage differences between IDC and sub- 
fractionation were 0.0% [-1.2% 0.4%], 0.7% [-2.0% 3.3%], 1.5% 
[-2.6% 5.9%], 1.8% [-2.3% 7.9%] and 1.5% [-9.0% 8.8%], for CTV, 
PTV, rectum, bladder and sphincter, respectively. Significant differences 
were found for the PTV (p<0.01), rectum (p<0.01) and bladder metrics 
(p<0.01). No significant differences were found for CTV (p = 0.06) and 
sphincter metrics (p = 0.03). The sub-fractionation method failed the 
acceptable limits for four and one fraction(s) out of 55 fractions for the 
PTV and bladder metrics, respectively. The IDC method failed the 
acceptable limits for one, two, four and three fraction(s), for the CTV, 
PTV, rectum and bladder metrics, respectively. Nevertheless, the dose 
differences were clinically irrelevant, as the IDC showed a slightly 
higher PTV coverage but also higher organs at risk (OARs) doses and the 
few fractions that do not meet the acceptable limits were only slightly 
outside the tolerances. No trend was shown between 3D translations and 
larger dose differences between IDC and sub-fractionation outcomes, 

illustrated in Supplementary Material B. 

3.2. Experimental verification IDC 

Experimental verification of the IDC showed good agreement be
tween measurements and calculations based on the dose deviation, γ 
values and differences in dose profiles, illustrated in Fig. 5. The mean (±
standard deviation) dose differences were − 0.3% ± 1.2% and 0.1% ±
1.1%, for threshold doses of 10% and 80% of the maximum dose. γ 
passing rates were 99.6% and 99.1%, for the same threshold doses. On 
the Delta4 phantom the total delivered dose of the IDC workflow showed 
a γ passing rate of 99.6%. 

4. Discussion 

The in silico planning study showed the benefits of intrafraction 
adaptation methods, where the IDC technique showed DVH metrics 
consistent with the sub-fractionation mid-treatment. The experimental 
results verified the IDC methods, showing a good agreement between 
the measured and calculated IDC dose with high γ passing rates and 
small dose deviations. 

For the in silico evaluation, the situation was mimicked where the 
treatment was adapted mid-treatment. Our in silico planning study 
showed the benefits of intrafraction adaptation methods. Grimbergen 
et al. also reported the dosimetric benefits for the first patients treated 
with gating and IDC [17]. They showed a better congruence to the 
planned dose regarding target coverage and OARs sparing. The sub- 
fractionation method takes approximately five minutes, therefore only 
one adaptation is feasible while maintaining an efficient workflow. 
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Fig. 5. Dose deviations, γ values and dose profiles for the experimental verification of the intrafraction drift correction.  
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However, for some patients multiple adaptations might be desired, 
which is feasible with the IDC. The selected patient group covered the 
full range of translations, results indicated that the full range of trans
lations can be adequately addressed with IDC. The IDC showed a better 
coverage of the PTV and higher doses for the rectum and bladder 
compared to the sub-fractionation method. This finding contradicts 
research illustrating lower coverage of the PTV for adapt segments 
compared to adapt segments and weights [22]. In our research no 
weight optimization was used for the IDC and weights were optimized 
for the sub-fractionation adaptation method. Resulting in slightly higher 
OAR doses and a higher PTV coverage for IDC. However, as the DVH 
metrics are consistent for IDC and sub-fractionation for an adaptation 
mid-treatment, the use of IDC could also enable margin reduction for 
Unity treatments, as shown with sub-fractionation [13]. The option to 
perform multiple intrafraction adaptations could allow for yet further 
reduction of margins. However, a new anatomy was created for the IDC 
plan with a shifted tumor corresponding to the shift between Pre and 
PV2 scans. These shifts were deduced from the registration between 3D 
scans. In the realistic IDC scenario, the shifts are determined according 
to the 2D cine MR-scans including 2D-3D conversions. Both the higher 
spatial uncertainty of the 2D cine MR-scans and the 2D-3D conversions, 
could lead to higher uncertainties in the determined tumor shift [14,15]. 

A good agreement between the total measured and calculated IDC 
treatment was shown with film and diode array dosimetry. Similar γ 
passing rates for relative dosimetry, ranging from 94.5% to 99.9% were 
shown for single fraction ATS procedures [23], compared to a γ passing 
rate of an IDC adaptation of 99.6% for absolute dosimetry without 
rescaling for threshold doses of 10% of the maximum dose. This in
dicates accurate outcomes of the experimental verification of the IDC 
procedure. Uijtewaal et al. measured the dose of a simulated treatment 
with prostate motion with and without IDCs using both film dosimetry 
and multiple plastic scintillation detectors [24]. Applying IDCs showed a 
better congruence with the planned dose compared to no adaptations 
with maximum dose differences of -5% and -18%, respectively. In our 
research, the total dose was determined by calculating the total planned 
dose including adaptations. Treatment plans of the diode array mea
surements could be improved by decreasing the grid size and statistical 
uncertainty. 

One of the biggest advantages of the IDC is the patient-specific 
approach. Since the adaptation method takes less than one minute it is 
feasible to perform multiple adaptations per fraction. Especially with 
hypo-fractionation schemes a longer delivery time could lead to more 
intra-fraction motion and consequently the need for more adaptations 
per fraction. However, hypo-fractionation leads to a lower cost burden 
for the health care system and increased patient convenience [25,26]. 
The Hermes trial tests the two-fraction treatment capabilities of the MR- 
linac for prostate patients [12,27]. Our research focused on IDC and sub- 
fractionation, however other intrafraction adaptation techniques or in
terruptions, such as respiratory and exception gating could be used 
[17,28]. The intrafraction adaptation methods should be verified 
experimentally using dedicated QA methods in real-time. Ongoing 
research shows the feasibility of deformable image registration and dose 
accumulation in real-time using cine MR-scans and linac logfiles, 
including determination of the accumulation error [9,10,29–32]. 

In conclusion, the in silico planning study showed the target 
coverage benefits of intrafraction adaptation methods, where the 
straightforward and fast IDC technique showed DVH metrics consistent 
with the sub-fractionation method using segment weight re- 
optimization mid-treatment. The dosimetric and geometric accuracy 
was shown for a full workflow of the IDC using film and diode array 
dosimetry. 

CRediT authorship contribution statement 

Madelon van den Dobbelsteen: Conceptualization, Methodology, 
Software, Validation, Formal analysis, Investigation, Data curation, 

Writing – original draft, Writing – review & editing, Visualization. Sara 
L. Hackett: Conceptualization, Methodology, Validation, Writing – re
view & editing, Supervision. Bram van Asselen: Conceptualization, 
Methodology, Validation, Writing – review & editing, Supervision. Stijn 
Oolbekkink: Investigation, Writing – review & editing. Bas W. Raay
makers: Conceptualization, Methodology, Validation, Writing – review 
& editing, Supervision, Funding acquisition. Johannes C.J. de Boer: 
Conceptualization, Methodology, Validation, Writing – review & edit
ing, Supervision. 

Declaration of competing interest 

The authors declare the following financial interests/personal re
lationships which may be considered as potential competing interests: 
The authors acknowledge funding by the Dutch Research Council 
(NWO) through Project No. 18495 (ADEQUATE). 

Appendix A. Supplementary data 

Supplementary data associated with this article can be found, in the 
online version, at https://doi.org/10.1016/j.phro.2024.100580. 

References 

[1] Lagendijk JJ, Raaymakers BW, Raaijmakers AJ, Overweg J, Brown KJ, Kerkhof EM, 
et al. MRI/linac integration. Radiat Oncol 2008;86:25–9. https://doi.org/10.1016/ 
j.radonc.2007.10.034. 

[2] Winkel D, Bol GH, Kroon PS, van Asselen B, Hackett SS, Werensteijn-Honingh AM, 
et al. Adaptive radiotherapy: the Elekta Unity MR-linac concept. Clin Transl Radiat 
Oncol 2019;18:54–9. https://doi.org/10.1016/j.ctro.2019.04.001. 

[3] Kishan AU, Ma TM, Lamb JM, Casado M, Wilhalme H, Low DA, et al. Magnetic 
resonance imaging–guided vs computed tomography–guided stereotactic body 
radiotherapy for prostate cancer: The MIRAGE randomized clinical trial. JAMA 
Oncol 2023;9:365–73. https://doi.org/10.1001/jamaoncol.2022.6558. 

[4] Christiansen RL, Dysager L, Hansen CR, Jensen HR, Schytte T, Nyborg CJ, et al. 
Online adaptive radiotherapy potentially reduces toxicity for high-risk prostate 
cancer treatment. Radiat Oncol 2022;167:165–71. https://doi.org/10.1016/j. 
radonc.2021.12.013. 

[5] Tetar SU, Bruynzeel AM, Verweij L, Bohoudi O, Slotman BJ, Rosario T, et al. 
Magnetic resonance imaging-guided radiotherapy for intermediate-and high-risk 
prostate cancer: trade-off between planning target volume margin and online plan 
adaption. Phys Imaging Radiat Oncol 2022;23:92–6. https://doi.org/10.1016/j. 
phro.2022.06.013. 

[6] de Muinck Keizer DM, Kerkmeijer LG, Maspero M, Andreychenko A, van Zyp JvdV, 
Van den Berg CA, et al. Soft-tissue prostate intrafraction motion tracking in 3D 
cine-MR for MR-guided radiotherapy. Phys Med Biol 2019;64:235008. https://doi. 
org/10.1088/1361-6560/ab5539. 

[7] de Muinck Keizer D, Kerkmeijer L, Willigenburg T, van Lier A, den Hartogh M, Van 
Zyp JVDV, et al. Prostate intrafraction motion during the preparation and delivery 
of MR-guided radiotherapy sessions on a 1.5 T MR-Linac. Radiat Oncol 2020;151: 
88–94. https://doi.org/10.1016/j.radonc.2020.06.044. 

[8] Huang E, Dong L, Chandra A, Kuban DA, Rosen II, Evans A, et al. Intrafraction 
prostate motion during IMRT for prostate cancer. Int J Radiat Oncol Biol Phys 
2002;53:261–8. https://doi.org/10.1016/S0360-3016(02)02738-4. 

[9] Kontaxis C, de Muinck Keizer DM, Kerkmeijer LG, Willigenburg T, den 
Hartogh MD, de Groot-van Breugel EN, et al. Delivered dose quantification in 
prostate radiotherapy using online 3D cine imaging and treatment log files on a 
combined 1.5 T magnetic resonance imaging and linear accelerator system. Phys 
Imaging Radiat Oncol 2020;15:23–9. https://doi.org/10.1016/j. 
phro.2020.06.005. 

[10] Menten MJ, Mohajer JK, Nilawar R, Bertholet J, Dunlop A, Pathmanathan AU, 
et al. Automatic reconstruction of the delivered dose of the day using MR-linac 
treatment log files and online MR imaging. Radiat Oncol 2020;145:88–94. https:// 
doi.org/10.1016/j.radonc.2019.12.010. 

[11] Tocco BR, Kishan AU, Ma TM, Kerkmeijer LG, Tree AC. MR-guided radiotherapy 
for prostate cancer. Front Oncol 2020;10:616291. https://doi.org/10.3389/ 
fonc.2020.616291. 

[12] Westley R, Hall E, Tree A. HERMES: delivery of a speedy prostate cancer treatment. 
Clin Oncol 2022;34:426–9. https://doi.org/10.1016/j.clon.2022.01.003. 

[13] Willigenburg T, Zachiu C, Bol GH, de Groot-van Beugel EN, Lagendijk JJ, 
Raaymakers BW, et al. Clinical application of a sub-fractionation workflow for 
intrafraction re-planning during prostate radiotherapy treatment on a 1.5 Tesla 
MR-Linac: a practical method to mitigate intrafraction motion. Radiat Oncol 2022; 
176:25–30. https://doi.org/10.1016/j.radonc.2022.09.004. 

[14] Keiper TD, Tai A, Chen X, Paulson E, Lathuilière F, Bériault S, et al. Feasibility of 
real-time motion tracking using cine MRI during MR-guided radiation therapy for 
abdominal targets. Med Phys 2020;47:3554–66. https://doi.org/10.1002/ 
mp.14230. 

M. van den Dobbelsteen et al.                                                                                                                                                                                                                

https://doi.org/10.1016/j.phro.2024.100580
https://doi.org/10.1016/j.radonc.2007.10.034
https://doi.org/10.1016/j.radonc.2007.10.034
https://doi.org/10.1016/j.ctro.2019.04.001
https://doi.org/10.1001/jamaoncol.2022.6558
https://doi.org/10.1016/j.radonc.2021.12.013
https://doi.org/10.1016/j.radonc.2021.12.013
https://doi.org/10.1016/j.phro.2022.06.013
https://doi.org/10.1016/j.phro.2022.06.013
https://doi.org/10.1088/1361-6560/ab5539
https://doi.org/10.1088/1361-6560/ab5539
https://doi.org/10.1016/j.radonc.2020.06.044
https://doi.org/10.1016/S0360-3016(02)02738-4
https://doi.org/10.1016/j.phro.2020.06.005
https://doi.org/10.1016/j.phro.2020.06.005
https://doi.org/10.1016/j.radonc.2019.12.010
https://doi.org/10.1016/j.radonc.2019.12.010
https://doi.org/10.3389/fonc.2020.616291
https://doi.org/10.3389/fonc.2020.616291
https://doi.org/10.1016/j.clon.2022.01.003
https://doi.org/10.1016/j.radonc.2022.09.004
https://doi.org/10.1002/mp.14230
https://doi.org/10.1002/mp.14230


Physics and Imaging in Radiation Oncology 30 (2024) 100580

7

[15] Jassar H, Tai A, Chen X, Keiper TD, Paulson E, Lathuilière F, et al. Real-time motion 
monitoring using orthogonal cine MRI during MR-guided adaptive radiation 
therapy for abdominal tumors on 1.5 T MR-Linac. Med Phys 2023;50:3103–16. 
https://doi.org/10.1002/mp.16342. 

[16] Fast M, van de Schoot A, van de Lindt T, Carbaat C, van der Heide U, Sonke JJ. 
Tumor trailing for liver SBRT on the MR-Linac. Int J Radiat Oncol Biol Phys 2019; 
103:468–78. https://doi.org/10.1016/j.ijrobp.2018.09.011. 

[17] Grimbergen G, Hackett SL, van Ommen F, van Lier AL, Borman PT, Meijers LT, 
et al. Gating and intrafraction drift correction on a 1.5 T MR-Linac: clinical 
dosimetric benefits for upper abdominal tumors. Radiat Oncol 2023;189:109932. 
https://doi.org/10.1016/j.radonc.2023.109932. 

[18] Armstrong RA. When to use the Bonferroni correction. Ophthalmic Physiol Opt 
2014;34:502–8. https://doi.org/10.1111/opo.12131. 

[19] Low DA, Harms WB, Mutic S, Purdy JA. A technique for the quantitative evaluation 
of dose distributions. Med Phys 1998;25:656–61. https://doi.org/10.1118/ 
1.598248. 

[20] Geurts M. CalcGamma. GitHub; 2018. URL: https://github.com/mwgeu 
rts/gamma. 

[21] De Vries J, Seravalli E, Houweling A, Woodings SJ, van Rooij R, Wolthaus JW, 
et al. Characterization of a prototype MR-compatible Delta4 QA system in a 1.5 
tesla MR-linac. Phys Med Biol 2018;63:02NT02. https://doi.org/10.1088/1361- 
6560/aa9d26. 

[22] Winkel D, Bol GH, Werensteijn-Honingh AM, Kiekebosch IH, van Asselen B, 
Intven MP, et al. Evaluation of plan adaptation strategies for stereotactic 
radiotherapy of lymph node oligometastases using online magnetic resonance 
image guidance. Phys Imaging Radiat Oncol 2019;9:58–64. https://doi.org/ 
10.1016/j.phro.2019.02.003. 

[23] van den Dobbelsteen M, Hackett SL, van Asselen B, Oolbekkink S, Wolthaus JW, de 
Vries JW, et al. Experimental validation of multi-fraction online adaptations in 
magnetic resonance guided radiotherapy. Phys Imaging Radiat Oncol 2023;28: 
100507. https://doi.org/10.1016/j.phro.2023.100507. 

[24] Uijtewaal P, Borman P, Cote B, LeChasseur Y, Therriault-Proulx F, Flores R, et al. 
Performance characterization of a novel hybrid dosimetry insert for simultaneous 

spatial, temporal, and motion-included dosimetry for MR-linac. Med Phys 2024;51: 
2983–97. https://doi.org/10.1002/mp.16870. 

[25] Koontz BF, Bossi A, Cozzarini C, Wiegel T, D’Amico A. A systematic review of 
hypofractionation for primary management of prostate cancer. Eur Urol 2015;68: 
683–91. https://doi.org/10.1016/j.eururo.2014.08.009. 

[26] Palacios MA, Verheijen S, Schneiders FL, Bohoudi O, Slotman BJ, Lagerwaard FJ, 
et al. Same-day consultation, simulation and lung stereotactic ablative 
radiotherapy delivery on a magnetic resonance-linac. Phys Imaging Radiat Oncol 
2022;24:76–81. https://doi.org/10.1016/j.phro.2022.09.010. 

[27] Westley RL, Biscombe K, Dunlop A, Mitchell A, Oelfke U, Nill S, et al. Interim 
toxicity analysis from the randomized HERMES trial of 2-and 5-fraction magnetic 
resonance imaging-guided adaptive prostate radiation therapy. Int J Radiat Oncol 
Biol Phys 2024;118:682–7. https://doi.org/10.1016/j.ijrobp.2023.09.032. 

[28] Lombardo E, Dhont J, Page D, Garibaldi C, Künzel LA, Hurkmans C, et al. Real-time 
motion management in MRI-guided radiotherapy: current status and AI-enabled 
prospects. Radiat Oncol 2023;190:109970. https://doi.org/10.1016/j. 
radonc.2023.109970. 
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