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ABBREVIATIONS 

2D 2-dimensional 

3D 3-dimensional 

BED Biological effective dose 

CBCT Cone beam computed tomography 

CT Computed tomography 

CTV Clinical tumor volume 

DICOM Digital imaging and communications in medicine 

GTV Gross tumor volume 

IGRT Image guided radiotherapy 

IMRT Intensity modulated radiotherapy 

IQR Interquartile range 

ITV Internal target volume 

kV Kilovoltage 

Linac Linear accelerator 

MLC  Multi leaf collimator 

MR Magnetic resonance  

MRgRT Magnetic resonance-guided radiotherapy 

MRI Magnetic resonance image  

MV Megavoltage 

OAR Organ at risk 

PRV Planning organ at risk volume 

PTV Planning target volume 

ROI Region of interest  

RoM Range of movement 

SBRT Stereotactic body radiotherapy 

TPS Treatment planning system 

TRUFI True fast imaging with steady state precession  
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1 INTRODUCTION 

1.1 Image guided radiotherapy and stereotactic body radiotherapy 

Image guided radiotherapy (IGRT) is the current gold standard in radiotherapy. Imaging plays 

an important role throughout the entire treatment process of a patient, from the diagnosis of the 

lesions to be treated, through generation of treatment plans to imaging in the treatment room 

before or during treatment delivery. One of the major foundations of this development was the 

introduction of computed tomography (CT) in 1972 (Hounsfield 1973). In contrast to 

conventional methods at the time such as 2-dimensional (2D) simulator films, it provided an 

accurate visualization of internal anatomical structures and therefore a more exact localization 

of tumors and surrounding organs (Dobbs et al. 1983; Rockoff 1977). In addition, CT images 

offered information on the electron density of tissues and as a result enabled the calculation of 

dose distributions that were based on the patient-specific geometries and were able to take into 

account tissue inhomogeneities (Battista et al. 1980; Jelden et al. 1976). This also constituted 

the first steps towards 3-dimensional (3D) dose calculation and was one of the requirements for 

more complex planning techniques like intensity modulated radiation therapy (IMRT), which 

applies inverse optimization algorithms to generate the treatment plan (Dawson and Menard 

2010).  

Another step towards the current standards in IGRT was the development of cone beam 

computed tomography (CBCT), which combined a kilovoltage (kV) X-ray tube and a flat panel 

detector, both mounted on the linear accelerator for in-room volumetric imaging (Jaffray et al. 

1999). Compared to other on-line imaging modalities, which had previously been used, like 

megavoltage (MV) portal imaging, CBCT provided a better soft tissue contrast, allowing more 

accurate positioning of the patient for treatment delivery. It further enabled the detection of 

interfractional changes like weight loss, changes in tumor volume or in position of surrounding 

organs at risk (Dawson and Menard 2010). As a consequence, the impact of these changes could 

be assessed regularly and a possible need to adjust the treatment plan could be recognized. 

Current in-room imaging possibilities include MV CT imaging, orthogonal kV imaging and 

more recently magnetic resonance (MR) imaging in addition to CBCT imaging.  
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Image guided radiotherapy also played an important role in the transfer of intracranial 

stereotactic radiosurgery treatments to extracranial locations. Various definitions of stereotactic 

body radiotherapy (SBRT) can be found in previous reports, but all share some common 

features. They define SBRT as a radiotherapy treatment of extracranial target volumes with 

high doses in only a few fractions (Benedict et al. 2010; Guckenberger et al. 2020; Kirkbride 

and Cooper 2011). Furthermore, high precision is required throughout the whole treatment 

process for example by applying state-of-the-art imaging techniques.  

The concept of stereotactic radiosurgery was first introduced by Lars Leksell in the 1950s 

(Leksell 1951; Solberg et al. 2012). A stereotactic frame fixed to the patient’s skull was applied 

for exact localization of the treated lesions, which was adapted from neurosurgical treatments. 

This method was adjusted for extracranial tumor locations like liver or lung in the 1990s 

(Blomgren et al. 1995; Lax et al. 1994). A stereotactic body frame combined with abdominal 

compression was applied to achieve localization of the tumor with similar precision compared 

to intracranial stereotactic treatments. The introduction of CBCT for in-room imaging 

additionally increased precision of target localization in extracranial stereotactic body 

radiotherapy (SBRT) and therefore the possibility to reduce safety margins for future SBRT 

treatments was discussed (Guckenberger et al. 2006; Guckenberger et al. 2008).   

By now SBRT has become an important element in the treatment of various extracranial lesions 

such as lung and liver tumors, pancreatic and prostate cancer. For instance, SBRT is an effective 

treatment for liver metastases with high local control rates being reported (Katz et al. 2007; 

Rusthoven et al. 2009). Similarly, SBRT can achieve high local control rates in the treatment 

of pulmonary lesions (Guckenberger et al. 2009; Hof et al. 2003) and has become a standard 

treatment for inoperable early stage lung cancer (Daly 2022; Pollard et al. 2017; Regnery et al. 

2022b).  Additionally, many lesions show a clear dose-response relationship and require a high 

biological effective dose (BED) to achieve high local control rates. For pulmonary lesions, a 

higher local control and overall survival can be achieved by applying a BED greater than 

100 Gy compared to lower dose prescriptions.  In treatments of liver metastases, a BED greater 

than 100 Gy also leads to significantly improved local control and overall survival rates (Kok 

et al. 2020; Ohri et al. 2021; Su et al. 2021). Similarly, for the treatment of adrenal metastases 

a BED over 100 Gy is recommended to achieve high local control rates (Chen et al. 2020; 

Stumpf et al. 2021).  
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However, the dose that can be applied to the tumor is often limited due to surrounding organs 

at risk (OAR). SBRT treatments of pulmonary lesions which are close to the proximal bronchial 

tree are associated with a high risk of severe toxicity in the central airways or the esophagus 

(Haseltine et al. 2016; Lindberg et al. 2021; Timmerman et al. 2006). In some cases, these 

toxicities might even cause the death of the patient. In SBRT treatments of abdominal lesions 

either coverage of the planning target volume (PTV) or even the total prescribed dose needs to 

be reduced if gastrointestinal organs like stomach, small bowel or duodenum are situated in 

close proximity to the tumor (Miften et al. 2021). Radiation induced toxicities of these organs 

include nausea, vomiting, mucositis, ulceration or perforation (Kavanagh et al. 2010; Lo et al. 

2013; Michel et al. 2017; Thomas et al. 2014). The occurrence of adverse effects could be 

favored by uncertainties in the treatment process. In particular, interfractional changes in patient 

geometry like deformations of the target volume, differences in OAR positions relative to the 

treated lesion or differences in breathing phase prove to be a challenge in SBRT treatments. 

1.2 Magnetic resonance-guided radiotherapy 

The introduction of linear accelerators with integrated MR imaging (MR-linac) offers the 

possibility to reduce some uncertainties in the treatment process. MR imaging provides a better 

soft tissue contrast compared to conventional X-ray based systems for in-room imaging and no 

additional dose needs to be applied. This allows for precise delineation of target volumes and 

OARs based on MR images acquired before treatment. As a result, treatment plans can be 

adapted daily to the current patient geometry with the patient remaining on the treatment couch 

during adaptation. Previous studies found that plan adaptation led to significantly improved 

target volume coverage, while simultaneously reducing the dose to organs at risk. For adrenal 

metastases, Palacios et al. found that target volume coverage could be improved in around two 

thirds of adapted fractions (Palacios et al. 2018). At the same time, the dose to OARs could be 

significantly reduced to meet institutional constraints. Similar results were reported by Henke 

et al. in treatments of liver and other abdominal metastases (Henke et al. 2018a). Violations of 

OAR dose constraints when calculating the base plan on the daily patient anatomy, were 

identified as the main reason for adaptation in this study. Other research on magnetic resonance-

guided radiotherapy (MRgRT) treatments lesions situated in various locations in the thorax and 

abdomen also confirmed the need for adaptation in a large majority of fractions (Hoegen et al. 

2023; Mayinger et al. 2021; Nierer et al. 2022; Padgett et al. 2020; Regnery et al. 2022a; 



Introduction 

5 

Regnery et al. 2021; Weykamp et al. 2022). The main causes for adaptation also included 

improved target volume coverage and failure to meet OAR dose constraints.    

In addition, MR-linacs provide the possibility of continuous imaging during irradiation, which 

enables respiratory gated treatment delivery. When treating the patient without respiratory 

gating, tumor movement needs to be accounted for by defining an internal target volume (ITV), 

which includes differences in tumor positions and shape due to breathing (Landberg et al. 1999). 

However, the irradiated volume is relatively large when an ITV is used and it possibly overlaps 

with organs at risk. Therefore, either target volume coverage would have to be reduced or higher 

doses to OARs would have to be accepted compared to respiratory gated treatments 

(Spindeldreier et al. 2021). Furthermore, Cusumano et al. found that some movements induced 

by breathing e.g. baseline drifts might not be sufficiently compensated by the application of an 

ITV and respiratory gating could be more beneficial in treatments of these lesions (Cusumano 

et al. 2018).    

Overall, the combination of daily plan adaptation and motion management allows for a 

reduction of large PTV margins that were necessary to account for inter- and intrafractional 

uncertainties (Acharya et al. 2016; Corradini et al. 2019; Kashani and Olsen 2018). This could 

also reduce the dose to surrounding OARs and thereby the risk of complications as described 

in the previous chapter. 

1.2.1 Technical aspects of the 0.35 T MR-linac 

Although the concept of a hybrid device, combining a linear accelerator with MR imaging, was 

first discussed in 2000 (Lagendijk and Bakker 2000), implementation in clinical practice took 

until 2017, when first patients were treated with an MR-linac (PR Newswire 2017). Initially, 

two MR-linacs from different manufacturers were commercially available. The Elekta Unity 

combines a 1.5 T MR scanner with a 7 MV linac, while the ViewRay MRIdian (ViewRay, Inc., 

Cleveland, OH) integrates a 0.35 T MR scanner with a 6 MV linac. Both systems use different 

strategies to solve technical challenges arising from the integration of MR imaging with a linear 

accelerator. Since this research was performed on the ViewRay MRIdian, this system is 

described in more detail. 
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One of the technical challenges that had to be solved is the shielding of linac components such 

as the magnetron, from the magnetic field because proper functioning would be impaired 

otherwise (Klüter 2019). At the same time, RF noise generated by these linac components could 

cause problems with MR image quality. Therefore, shielding in the other direction is also 

required. The 0.35 T MR-linac manufactured by ViewRay solved these issues by arranging the 

linac components in six so-called buckets located on a ring gantry. These cylindric buckets are 

made of ferromagnetic material and have additional layers of carbon fiber and copper, which 

are used for RF shielding. The ring gantry is situated between the two halves of a split magnet 

(Figure 1). Both halves are thermally and mechanically connected to ensure stability of the 

magnetic field (Wen et al. 2018).  

 

Figure 1: (a) Image of 0.35 T MR-linac (ViewRay MRIdian) installed at Heidelberg University Hospital with 

opened cover on the right side. (b) View below the cover of the MR-linac. Ring gantry with buckets sitting between 

the halves of the split magnet.   

The bore has a diameter of 70 cm and a Field of View with a diameter of 50 cm (Klüter 2019). 

A True Fast Imaging with Steady State Precession (TRUFI) sequence with a T2/T1 weighted 

contrast is used for acquisition of 3D MR images as well as for 2D cine images acquired during 

irradiation. For volumetric MR images various image resolutions are available with in-plane 

voxel length and slice thicknesses between 1.5 and 3.0 mm. At Heidelberg University Hospital 

the sequences that are used most commonly have a resolution of 1.5 x 1.5 x 3.0 mm³ with an 

acquisition time around 25 seconds for images that are acquired with the patients holding their 
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breath. A resolution of 1.5 x 1.5 x 1.5 mm³ with acquisition times around three minutes is 

routinely used for images which are acquired with the patient breathing freely. Two-

dimensional cine MR images can be acquired during irradiation in up to three different planes 

with two to eight frames per second depending on the number of planes used for imaging. These 

cine images are used for automatic beam gating during treatment delivery.  

The linear accelerator delivers a photon beam with and energy of 6 MV and a dose rate of 

around 600 cGy/min (Klüter 2019). No flattening filter is used to flatten the beam profile. A 

double-stack, double-focused multi leaf collimator (MLC) with 138 tungsten alloy leaves is 

used to shape the treatment beam. The MLC allows field sizes of up to 27.4 x 24.1 cm², while 

the minimum field size is 0.2 x 0.415 cm². 

The treatment beam is oriented perpendicular to the magnetic field (Klüter 2019). While 

uncharged photons are not affected by this assembly, the magnetic field does have an effect on 

secondary electrons generated inside the patient. Trajectories of these electrons are changed 

due to the Lorentz force which affects charged particles in a magnetic field. In homogeneous 

materials, a perpendicular magnetic field can lead to changes in the dose distribution like a 

reduced build-up distance as well as a small shift and increase of the penumbra (Raaymakers et 

al. 2004). In inhomogeneous materials with water-air or tissue-air boundaries, a dose increase 

can be observed at the surface boundaries (Raaijmakers et al. 2005). The trajectory of electrons 

is changed due to the Lorentz force and they are forced towards the tissue surface. This effect 

is called Electron Return Effect and it is dependent on magnetic field strength (Raaijmakers et 

al. 2008). Although the effect is less pronounced in a field strength of 0.35 T, it still has to be 

accounted for during plan optimization. The ViewRay treatment planning system (TPS) uses a 

fast Monte Carlo based dose calculation algorithm for this purpose (Klüter 2019). The KMC 

Monte Carlo implementation uses variance reduction techniques to reduce calculation times 

and thus enable IMRT dose calculation in a few minutes (Kawrakow 2001; Kawrakow and 

Fippel 2000; Wang et al. 2016). 
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1.2.2 Treatment Simulation and Planning 

Treatment simulation is usually performed one week prior to the first treatment on the MR-

linac. A 3D MR image is acquired in inspiration breath hold for moving lesions in the thorax 

or upper abdomen to reduce motion artefacts. Imaging of lesions with no or only limited 

mobility can be performed with the patient breathing freely. At least two MR images are 

acquired for each patient. In some cases, imaging is repeated multiple times to verify that the 

patient can tolerate remaining in the treatment position for a longer period of time. Additionally, 

a 2D cine is performed to check if the patient can reach the same breath-hold position repeatedly 

and if the treated lesion is suitable for respiratory beam gating. If the lesion is not visible on 

cine images, a surrogate structure with correlating movement pattern is selected. A CT image 

is acquired afterwards and deformably registered to the MR image, in order to provide the 

electron density information necessary for dose calculation.  

Organs at risk as well as the gross tumor volume (GTV) are contoured on one of the MR images 

acquired during simulation. The clinical tumor volume (CTV) contour is created by adding 

margin between two and five millimeters to the GTV, depending on the type of lesion treated. 

The CTV is subsequently expanded by three millimeters, creating the PTV contour. OAR 

tolerance doses as well as dose prescription to the PTV are determined by the physician. For 

inhomogeneous treatments, at least 95% of the PTV should receive the prescribed dose, while 

usually allowing inhomogeneities of up to 125%. Inhomogeneities of up to 154% of the 

prescribed dose are allowed for certain lesions that are located far away from any organs at risk. 

However, if organs at risk are close to or overlapping with the PTV, the coverage might need 

to be reduced below 95% in order to meet OAR dose constraints.  

An inverse optimization algorithm is used to create a step and shoot IMRT plan. Typically, 

multiple iterations are necessary until OAR dose constraints are met and PTV coverage and 

dose distribution of the plan are acceptable. The finalized plan is approved by the physician and 

a patient-specific quality assurance measurement is performed.  
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1.2.3 Adaptive Workflow 

Each adaptive treatment starts with the acquisition of a 3D MR image with the same sequence 

parameters that have been employed for treatment planning images. The GTV is then used as a 

reference structure to register the daily MR image (MRIA) to the image of the base plan. 

Subsequently, OARs are deformably transferred to MRIA, while GTV, CTV and PTV are 

transferred rigidly. OAR and target volume contours are reviewed and adjusted to the current 

anatomy. This step can be quite time consuming depending on the number and complexity of 

OARs to be recontoured. Therefore, recontouring of OARs is only performed in a certain area, 

termed PTVExpand, which encompasses the PTV expanded by 3 cm in lateral and anterior-

posterior direction and 1cm in cranio-caudal direction (Bohoudi et al. 2017).  

The base plan is then calculated on the daily MR image. If either OAR tolerance dose is violated 

or the PTV is insufficiently covered by the prescription isodose, the base plan is reoptimized 

until dose constraints are met. In those cases that already had a reduced PTV coverage in the 

base plan due to surrounding OARs, the aim of reoptimization is to achieve a dose coverage 

value that is comparable to the base plan. After the reoptimized plan is approved by the 

physician, a secondary dose calculation is performed as quality assurance. Until the beginning 

of 2023, an in house developed tool was used to additionally check certain plan parameters, 

which are not detected through secondary dose calculation, like the occurrence of gaps in OAR 

contours or number of small beam segments (Rippke et al. 2022). However, it is not possible 

to use this tool anymore due to an update of the treatment software, which does not allow export 

of any treatment information before the treatment session is finished. Therefore, a more time-

consuming visual inspection of the plan needs to be performed.  

A second pre-irradiation image is acquired (MRIpI) to verify patient position and make small 

adjustments if necessary. Since this step is not included in the adaptive workflow designed by 

the manufacturer, the adapted plan needs to be closed and reloaded again on the treatment 

console. Therefore, MR images for position verification immediately before irradiation are not 

necessarily acquired regularly at other sites. At rare intervals, treatment needs to be interrupted 

at this point and the adaptive workflow started from the beginning due to large displacements 

or deformations of OARs (Figure 2).  
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Figure 2: Axial slices of MRIA and MRIpI acquired during the same treatment fraction. The rectum (blue) is 

significantly closer to the CTV (orange) due to large changes in OAR volume from MRIA to MRIpI. Patient 

treatment was therefore interrupted after acquisition of MRIpI. 

Smaller changes in OAR position are usually accepted after visual inspection and do not lead 

to interruption of treatment. Subsequently, irradiation is started. Real-time structure tracking 

and beam gating are available during treatment delivery. The tracking structure is expanded by 

a certain margin to create the gating boundary. Only a certain percentage of the tracking 

structure is allowed outside the boundary until the beam turns off. Usually, the GTV is used as 

a tracking structure, a margin of 3 mm is applied and allowed percentage outside the boundary 

is 3%. An overview of the previously described workflow can be found in Figure 3. 

 

Figure 3: Overview of the adaptation workflow from acquisition of the first MR image to treatment delivery. 
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1.3 Aim 

The ability to compensate for interfractional changes is one major advantage of adaptive MR-

guided radiotherapy. The treatment plan can be adjusted to positional variations and 

deformations of target volumes and organs at risk for each fraction. However, patient geometry 

may also change during the adaptation process. In particular, gastrointestinal organs such as 

stomach, small bowel and duodenum might exhibit major positional shifts (Alam et al. 2022; 

Uchinami et al. 2023). Median displacements of up to 14 mm within a maximum time span of 

16.5 minutes were determined for these organs by Uchinami et al. (Uchinami et al. 2023). 

Although intrafractional organ movements of this magnitude could possibly lead to distinctly 

higher organ doses for OARs in close proximity to treated lesions, there is only a limited 

number of studies investigating the dosimetric impact of organ movement occurring during the 

adaptation process. For treatments of pancreatic cancer, violations of OAR dose constraints due 

to intrafractional changes were found in one-third to one half of evaluated fractions (Teoh et al. 

2022; Tyagi et al. 2021). In certain cases, the occurrence of intrafractional organ movement and 

resulting constraint violations could reduce or even negate the benefit gained from adaptation. 

Therefore, the following hypothesis will be tested in this study:  

“For some cases adaptation has no benefit” 

Since fewer fractions are delivered in SBRT treatments compared to normo-fractionated 

treatment schedules, OAR constraint violations in single fractions possibly have a greater 

impact and therefore become more relevant. Furthermore, previously performed studies suggest 

that tolerance doses are regularly not met due to intrafractional organ movement. As a 

consequence, these movements might have to be compensated by using a planning organ at risk 

volume (PRV), which includes possible locations the OAR might occupy during treatment 

(Landberg et al. 1999). In order to assess the impact of intrafractional changes and generate 

patient-specific PRVs to achieve more robust adaptation results, the extent of organ movement 

needs to be determined before the first adaptive treatment. MR images acquired during 

simulation might provide the opportunity to do so. No additional dose is delivered to the patient 

compared to X-ray based imaging methods and a larger number of images can be acquired to 

evaluate positional changes of OARs. As major shifts in organ position can occur within a short 

time frame (Mostafaei et al. 2018; Uchinami et al. 2023), it might be possible to determine at 

least the range of organ movement during adaptive treatments in advance using multiple 
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simulation MR images, although simulation sessions are considerably shorter. This leads to the 

second hypothesis to be investigated: 

“More robust adaptive treatments can be obtained by predicting the extent of intrafractional 

organ movement before the first treatment” 

However, the question arises whether compensation of intrafractional organ movement is 

necessary at all, or whether it could be more effective to reduce the time of adaptive treatments. 

Currently, the adaptation process in MRgRT takes quite long with reported adaptation times of 

one hour or more (Henke et al. 2018a; Michalet et al. 2022a; Regnery et al. 2022a; Regnery et 

al. 2021; Tyagi et al. 2021). One of the main reasons for these long adaptation times is the lack 

of automation, which could significantly shorten various processes during adaptation. In 

particular, manual recontouring of OARs and target volumes takes a lot of time during 

adaptation. Therefore, it is often discussed whether the prolonged adaptation times might have 

a negative impact on the adaptation result due to the effect of intrafractional changes (Benitez 

et al. 2024; Chin et al. 2020; Guckenberger et al. 2024; Sritharan and Tree 2022). As major 

shifts in organ position, which could affect the adaptation result, can occur within a time frame 

that is significantly shorter than current adaptation times, this might not actually be the case.  

This results in the third hypothesis to be tested: 

“Shorter adaptation times do not necessarily lead to more robust results” 

The following investigation focuses specifically on the adaptive treatment of abdominal lesions, 

as surrounding gastrointestinal organs exhibit large displacements and deformations. Therefore, 

in these treatments a larger impact of intrafractional changes was expected compared to other 

tumor locations.  
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2 MATERIALS AND METHODS 

2.1 Impact of plan adaptation and intrafractional changes on dose to organs at risk 

Parts of chapters 2.1.1 and 2.1.3 were included in a publication (Buchele et al. 2024), which 

has been submitted to Radiation Oncology and is currently under review. Since the focus of this 

publication was on intrafractional changes, only two of the three dose distribution variants 

described in this chapter (adapt and pre-irradiation) were included. The remaining methodology 

including patient selection, creation of dose distribution variants, dose parameters and statistical 

analysis described in these chapters is identical to the methodology described in the publication. 

2.1.1 Dose distribution variants 

The effect of adaptation on OAR dose and the impact of intrafractional changes were evaluated 

using three variants of dose distribution – predicted, adapted and pre-irradiation dose 

distribution. The adapted dose distribution was extracted from the plan that was created during 

adaptation by optimizing the base plan to the anatomy of the day. The predicted and pre-

irradiation dose distributions were not saved by the system automatically and therefore needed 

to be generated retrospectively.  The predicted dose distribution was generated by calculating 

the base plan on the first MR image acquired during adaptation (MRIA). Similarly, the pre-

irradiation dose distribution was created by propagating the adapted plan on the second 

MR image acquired immediately before irradiation (MRIpI). A schematic of the dose 

distribution variants and the plans and images used to create each variant can be found in   

Figure 4. 
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Figure 4: Overview over the three dose distribution variants created for analysis of changes in OAR dose and the 

respective plan and MR image used to generate each variant.  

OAR dose parameters were extracted from each of the three dose distribution variants. A self-

written script in MATLAB R2021a (The MathWorks, Inc., Natick, MA, USA) was used for 

this purpose since the dose parameters that were supposed to be evaluated could not be read out 

directly from the ViewRay TPS. Files in digital imaging and communications in medicine 

(DICOM) format which were previously exported from the TPS were used to reconstruct target 

volumes and OAR structures as well as the dose on the corresponding MR. Based on this 

reconstruction, dose parameters and minimal distances between OARs and GTV were 

calculated.  One dose parameter which was determined for serial organs was the near-point 

maximum dose. This parameter was defined as the dose to a volume of 0.5 cm³ (D0.5cc) for all 

serial OARs except the spinal cord, where near-point maximum dose was characterized as dose 

to a volume of 0.1 cm³ (D0.1cc). In case of parallel organs, the mean OAR dose (Dmean) was 

determined.  

In order to account for different fractionation schemes, all dose parameters, including dose 

differences, were assessed relative to the OAR tolerance dose of the respective dose 

fractionation. To differentiate between dose parameters of the three dose distribution variants, 

an index is used for each variant from this point on – “P” for predicted, “A” for adapted and 

“pI” for pre-irradiation dose distribution.  
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2.1.2 Explorative analysis of a limited number of patients with abdominal lesions  

Five patients treated for liver metastases between February and June 2020 with online adaptive 

MR-guided RT were included in this analysis. A total of 26 adapted fractions were available 

for analysis, which concluded in 97 observations for each dose distribution.  Lesions in close 

proximity to OARs as well as more lateral lesions farther away from OARs were selected. A 

dose of 50 Gy in five fractions was prescribed to the PTV for two patients. One patient received 

the same total dose in 10 fractions, allowing inhomogeneities up to 125% in all fractions. The 

other two patients received 45 Gy in three fractions with inhomogeneities up to 154%. A 

summary of fractionation schemes as well as respective OAR tolerance doses can be found in 

Table 1. 

OARs were recontoured in all axial slices containing the PTVExpand on MRIA and MRIpI. Organ 

contours outside these slices were deleted, except for the kidneys. As the mean dose was 

analyzed in this case, the complete OAR contour was maintained. For patient 2, the kidneys 

were excluded from analysis because they were located completely outside the axial slices 

defined by PTVExpand.  

The correlation between OAR dose relative to the tolerance dose and the distance between OAR 

and PTV was evaluated for each dose distribution variant. Additionally, the dose differences 

between adapted and predicted as well as between pre-irradiation and adapted variant were 

calculated and assessed in respect to the distance between OAR and PTV.  
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Table 1 Summary of treatment characteristics of the preliminary analysis.  

Patient No. Dose Prescription OAR Evaluated 

Dose Parameter 

Tolerance Dose 

1 5 x 10 Gy Spinal Cord D0.1cc 27.0 

  Stomach D0.5cc 35.0 

  Small Bowel D0.5cc 35.0 

  Duodenum D0.5cc 35.0 

  Kidneys Dmean 10.0 

2 5 x 10 Gy Spinal Cord D0.1cc 27.0 

  Esophagus D0.5cc 34.0 

  Heart D0.5cc 29.0 

  Stomach D0.5cc 35.0 

  Small Bowel D0.5cc 35.0 

  Duodenum D0.5cc 35.0 

3 10 x 5 Gy Spinal Cord D0.1cc 35.0 

  Stomach D0.5cc 42.5 

  Small Bowel D0.5cc 43.5 

  Duodenum D0.5cc 43.5 

  Kidneys Dmean 12.0 

4 3 x 15 Gy Spinal Cord D0.1cc 21.6 

  Stomach D0.5cc 22.2 

  Small Bowel D0.5cc 25.2 

  Duodenum D0.5cc 22.2 

  Kidneys Dmean 8.5 

5 3 x 15 Gy Spinal Cord D0.1cc 21.6 

  Stomach D0.5cc 22.2 

  Small Bowel D0.5cc 25.2 

  Duodenum D0.5cc 22.2 

  Kidneys Dmean 8.5 

Overview over fractionation schemes, evaluated OARs and respective dose parameters as well as OAR tolerance 

doses for each patient. 
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2.1.3 Analysis of patients with abdominal lesions directly next to organs at risk 

The focus of this analysis was on patients with various abdominal lesions, where at least one 

OAR was in close proximity to the treated lesion. Close proximity was defined as the OAR 

overlapping with the PTV in the base plan or at least one treatment fraction. This patient 

selection was based on the results of the previous evaluation with five patients, which can be 

found in chapter 3.1.1. In total, twenty patients with 151 adapted fractions were analyzed, 

including two patients from the previous analysis. The selected patients received online 

adaptive MRgRT between February 2020 and June 2021. Treated lesions were located in the 

liver, adrenal gland, abdominal lymph nodes or the pancreas. Evaluated OARs included small 

bowel, stomach, duodenum and esophagus. Since for some patients multiple OARs were in 

close proximity to the PTV, a total of 189 observations were evaluated. An overview over tumor 

localization, fractionation schemes, OARs and respective tolerance dose for each patient is 

shown in Table 2. 

Identical to the adaptation workflow, recontouring of organs at risk was performed in the 

PTVExpand area because only near-point maximum dose was examined and all OARs which were 

included in the analysis were close to the PTV. On MRIA contours only had to be reviewed and 

adjusted, if necessary, since they were already segmented during adaptation. In contrast, 

contours needed to be newly segmented on MRIpI. 

For each dose distribution variant, the number of tolerance dose violations was determined in 

addition to the near-point maximum dose for the relevant OARs. McNemar mid-P test was 

performed in R (version 4.2.2.) using the ‘contingencytables’ package (Fagerland 2023) to 

evaluate if the occurrence of tolerance dose violations changed significantly between dose 

distribution variants (Fagerland et al. 2013).  

Furthermore, the time difference between acquisition of MRIA and MRIpI was calculated 

because this duration corresponded with the time necessary to adapt the treatment plan. A linear 

mixed regression analysis was used to explore the effect of adaptation time on the difference 

between adapted and pre-irradiation dose. The model was fit in R using the ‘lme4’ package 

(Bates et al. 2015) with adaptation time as a fixed effect. OAR nested within patient was 

included as a random intercept to account for repeated measurements:  

Dose Difference ~ Duration + (1 | Patient / OAR) 
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No obvious deviations from homoscedasticity or normality were detected in visual inspection 

of residual plots.  

Additionally, a linear mixed effects analysis was performed to evaluate the relationship between 

dose distribution variant and OAR dose. The dose distribution variant was entered as a fixed 

effect. As in the previous model, OAR nested within patient was included as a random intercept: 

Dose ~ Dose Distribution Variant + (1 | Patient / OAR) 

This analysis was performed three times, once with predicted and adapted dose distribution 

variant, once for adapted and pre-irradiation variant and again for predicted and pre-irradiation 

variant. As with the previous model no deviations from homoscedasticity or normality were 

detected.  

In addition, for each fraction the reason for changes to dose was determined. Those causes 

included OAR movement due to peristalsis, movement caused by large changes of stomach 

filling and incorrect matching from MRIpI to MRIA characterized by the OAR contour on MRIpI 

overlapping with the GTV. 
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Table 2: Summary of treatment characteristics for patients with abdominal lesions.  

Patient 

No. 

Total dose 

(Gy) 

No. of   

fractions 

OAR OAR tolerance dose 

(Gy) 

Tumor              

localization 

1 50 5 Stomach 35.0 Liver 

   Duodenum 35.0  

   Esophagus 34.0  

2 50 5 Small bowel 35.0 Adrenal gland 

3 50 5 Small bowel 35.0 Liver 

4 50 5 Duodenum 35.0 Liver 

5 50 5 Stomach 35.0 Liver 

6 50 5 Stomach 35.0 Adrenal gland 

7 50 5 Duodenum 35.0 Adrenal gland 

8 50 5 Small bowel 35.0 Pancreas 

9 50 10 Small bowel 43.5 Liver 

10 50 10 Small bowel 43.5 Liver 

11 50 10 Small bowel 43.5 Liver 

12 50 10 Duodenum 43.5 Liver 

13 50 10 Small bowel 43.5 Liver 

   Duodenum 43.5  

14 50 10 Small bowel 43.5 Liver 

15 50 10 Duodenum 43.5 Liver 

16 50 10 Small bowel 43.5 Adrenal gland 

   Stomach 42.5  

17 50 10 Small bowel 43.0 Liver 

18 40 8 Stomach 40.0 Adrenal gland 

   Small bowel 40.0  

19 35 7 Small bowel 37.0 Lymph Node 

Paracaval 

20 30 6 Stomach 37.0 Lymph Node  

Porta hepatis 

Overview over fractionation schemes, OARs, respective tolerance doses and tumor localization for each patient. 

Adapted from (Buchele et al. 2024) 
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2.2 Predictability of organ at risk movement during adaptation 

The methods used to determine organ at risk movement which are described in this chapter 

were also a part of the aforementioned publication (Buchele et al. 2024). Main focus of this part 

of the publication was the comparison between range of movement during simulation and 

adaptation as well as correlation between simulation duration and range of organ movement 

during simulation sessions. The following chapter was expanded to also evaluate different 

methods to determine range of movement during simulation sessions and analyze the 

correlation between intrafractional dose changes and organ movement. 

The purpose of this analysis was to determine the extent of OAR movement during simulation 

and compare it with organ movement during adaptation. Evaluation was performed on the same 

twenty patients described in the previous section.  

All suitable simulation MR images (MRISim) of a patient were included in this evaluation to 

determine the range of organ movement during simulation. Some images had to be excluded, 

because the breathing phase or patient position were significantly different from the other 

simulation images. In order to calculate the range of intrafractional OAR movement, both 

MR images acquired during an adaptive treatment fraction were used.  Figure 5 provides an 

overview of all MR images used for this analysis.  

The relevant OARs needed to be completely segmented on all MRISim, since the PTVExpand only 

existed on the MR image of the base plan and could not be used to determine the area in which 

OARs were contoured. Subsequently, all available simulation MR images were rigidly 

registered to the MR image of the base plan, using the visible tumor structure. On the basis of 

this registration, OAR contours were transferred to the MR image of the base plan.  

For the adapted fractions, MRIpI was registered to MRIA using a region of interest (ROI) based 

registration algorithm. Since the GTV contour was identical in both MR images, it was selected 

as the relevant ROI for registration. In analogy to the simulation images, the OAR contours 

from MRIpI (OARpI) were then transferred to MRIA, with the result that the OAR contoured on 

MRIA (OARA) and OARpI were present on the same MR image. RayStation® 11B (RaySearch 

Laboratories AB, Stockholm, Sweden) was used for previously described image registration 

and transfer of contours.  
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Figure 5: MR images acquired during simulation and adaptation. During simulation at least two images MRISim 1 

and MRISim 2 were acquired. For some patients up to m images were available (MRISim, m). At the start of each 

treatment fraction a MR image was acquired (MRIA). After adaptation and immediately before irradiation a second 

image was acquired (MRIpI). The duration between acquisition of the first and last simulation image is labelled 

tSimulation and the time between MRIA and MRIpI is labelled as tAdapt and corresponding fraction number. (Buchele 

et al. 2024)   

The following analysis of the extent of OAR movement was performed automatically using a 

MATLAB script specifically designed for this purpose. Comparable to the dosimetric analysis, 

this script used the exported DICOM files to reconstruct structures and dose on respective 

MR images. This was followed by the actual analysis of organ movement. In a first step, the 

region in which the evaluation of OAR movement was performed was defined. For this purpose, 

the mean distance of the OAR tolerance isodose to the PTV (dTD) was determined for each 

adapted plan as well as the base plan. This distance was chosen because only a certain part of 

the OAR close to the PTV was supposed to be evaluated, in which relevant dose changes 

leading to tolerance dose violations might occur. The in-plane length of three voxels was added 

to the mean distance (dTD+3V), so that the evaluated OAR contour was sufficiently large. The 

OAR was then cropped outside the area defined by isotropic expansion of the PTV by dTD+3V. 

In case of the adapted fractions, the OARA contour was continuously expanded by an isotropic 

margin until it completely enclosed OARpI. The margin resulting from this expansion was 
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identified as the range of the organ movement during adaptation (RoMAdapt). The steps of this 

analysis and resulting distances are visualized in Figure 6.  

To determine the range of organ movement during simulation (RoMSim), dTD calculated from 

the base plan was used to define the region outside which OAR contours were cropped. 

Subsequently, the OAR contour of the first simulation image was expanded until it completely 

enveloped the OAR contour from a following simulation MR image. If multiple simulation 

images were available, the range of movement (RoM) was determined between the OAR 

contours of the first and the last simulation image as well as between contours of successive 

simulation images. In a further analysis, not only movement towards, but also movement away 

from the PTV was included in determination of RoMSim. This was achieved by expanding OAR 

contours from MR images that were acquired later in the simulation session until they enclosed 

OAR contours from MR images acquired earlier in the same session. Since several RoM values 

were calculated when including more than two MRISim for analysis, the maximum RoM 

(RoMSim, max) value was determined and used for comparison with the intrafractional organ 

movement. 

 

Figure 6: Schematic of the method used to determine range of movement (RoM) of organs at risk including all 

contours and distances. (a) The mean distance of the OAR tolerance dose from the PTV was determined (dTD) and 

the in-plane length of three voxels added (dTD+3V). The OAR contour from MRIpI (OARpI) was transferred to MRIA, 

so the OAR from MRIA (OARA) and OARpI existed in the same image. (b)The OAR contours were cropped inside 

an area around the PTV expanded by dTD+3V. (c) OARA was expanded until it completely enveloped OARpI. The 

resulting margin used to expand OARA was called RoM. (Buchele et al. 2024)   

For each patient, the percentage of adapted fractions was calculated, in which the maximum 

range of organ movement during simulation was greater or equal to the extent of intrafractional 

organ movement. This calculation was repeated multiple times using different methods to 

determine RoMSim, max. In a first step, the RoMSim, max value was determined using only the OAR 
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contour of the first and last simulation image. This was followed by calculation of RoMSim, max 

values using all consecutive images including only movement towards the PTV. In a last step, 

movement away from the PTV was also included. These different methods to calculate 

RoMSim, max were established in order to decide, if the predictability of intrafractional OAR 

movement could be improved by acquisition of multiple MRISim and by including all OAR 

movement detected during simulation.  

In addition, a Pearson correlation analysis was used to investigate the correlation between the 

duration of simulation and the percentage of cases in which RoMSim is greater than or equal to 

RoMAdapt. The same type of analysis was employed to evaluate whether duration of simulation 

sessions had an effect on RoMSim, max values.  

Furthermore, a linear mixed effects model was fit to analyze the relationship between 

intrafractional changes in OAR dose and the organ movement during adaptation. The dose 

distribution variant was entered as a fixed effect. Identical to the previous mixed effects models, 

OAR nested within patient was added as a random intercept: 

Dose Difference ~ RoMAdapt + (1 | Patient / OAR) 

As with the other models no deviations from homoscedasticity or normality were detected. 

2.3 Ethics statement 

This study was conducted in accordance with the declaration of Helsinki and approved by the 

local ethics board (Ethikkommission der Medizinischen Fakultät Heidelberg, S-479/2021). 

Written consent from patients was not necessary in case of this study.  
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3 RESULTS 

3.1 Impact of intrafractional changes on dose to organs at risk  

3.1.1 Explorative analysis of a limited number of patients with abdominal lesions  

Correlation between the minimal distance between OAR and PTV on MRIA and the difference 

between predicted and adapted OAR dose as well as between adapted and pre-irradiation OAR 

dose was evaluated (Figure 7). Minimal distance on MRIA was selected for this analysis because 

two of the three evaluated dose distributions were based on MRIA. 

 

Figure 7: Dose differences relative to OAR tolerance dose plotted over minimal distance between OAR and PTV 

in MRIA. (a) Difference between adapted and predicted OAR dose. (b) Difference between pre-irradiation and 

adapted OAR dose.  

Dose differences caused by intrafractional changes were smaller with increasing initial distance 

between PTV and OAR (Figure 7 (b)). For distances of up to three centimeters, greater 

variations in dose differences were found with large positive and negative differences of up to 

80% of the tolerance dose. Changes of OAR dose with an absolute value over 10% occurred in 

13 observations in this distance range, while only one case was detected for distances larger 

than three centimeters. Three centimeters was chosen to split observations since this distance 

corresponded to the in-plane margin expansion of the PTVExpand. 

Dose differences between predicted and adapted OAR dose showed a similar pattern, with 

higher variations occurring when the distance between OAR and PTV was smaller (Figure 

7 (a)). However, in contrast to the differences between adapt and pre-irradiation variant, there 

were distinctly more outliers for distances over three centimeters. In this distance range, 

changes to OAR dose over 10% could be found in sixteen observations. This number was 
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similar to that of observations with a distance smaller three centimeters, with 18 observations 

showing dose changes larger than 10%. Furthermore, the magnitude of outlier values was 

comparable in both distance ranges, with dose differences relative to the tolerance dose of up 

to 60%. However, outliers in the distance range larger than three centimeters were mainly 

positive, while they were more evenly distributed between positive and negative values for 

distances smaller than three centimeters.   

 

Figure 8: OAR dose relative to tolerance dose plotted over minimal distance between OAR and PTV in MRIA for 

predict (a), adapt (b) and pre-irradiation (c) dose distribution variant. Datapoints violating the OAR tolerance dose 

are plotted in orange, while those meeting the tolerance dose are plotted in blue.  

To evaluate the effect of dose changes on the occurrence of OAR tolerance dose violations, the 

OAR dose of each dose distribution variant was determined and correlation with the minimal 

distance between OAR and PTV was examined. The results are illustrated in Figure 8. The 

number of dose constraint violations was reduced from nine violations in the predicted to two 

violations in the adapted dose distribution variant. Both violations in the adapted variant were 

caused by incorrect contouring during the original adaptation workflow, once for the heart and 

once for the right kidney. As a result, the violation of OAR dose could not be detected, and 

dose could not be sufficiently reduced. Furthermore, OAR dose values were generally higher 

in the adapted than in the predicted variant if OARs were located farther away from the PTV. 

However, no violations occurred at these distances.  
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The number of violations increased again, though, from two in the adapted variant to eight in 

the pre-irradiation variant. In all of these cases, the OAR was less than a centimeter away from 

the PTV. OARs that violated the tolerance dose in the pre-irradiation dose distribution variant, 

were below the tolerance dose in the adapted variant with the exception of one observation, 

indicating that they were caused by intrafractional changes.  

3.1.2 Analysis of patients with abdominal lesions directly next to organs at risk 

Results describing differences in OAR dose between adapted and pre-irradiation dose 

distribution variant as well as analysis of tolerance dose violations in these variants were part 

of the publication (Buchele et al. 2024). 

An overview over OAR dose relative to the tolerance dose for each dose distribution variant 

can be found in Figure 9. OAR dose increased from predicted to adapted variant in 116 of 189 

(61.4%) observations and an increase from adapted to pre-irradiation OAR dose could be 

observed in 118 of 189 cases (62.4%). To investigate whether the observed changes in OAR 

dose were significant, linear mixed effect models were fit considering different constellations 

of dose distribution variants. An analysis of predicted and adapted variants showed that the 

effect of plan adaptation was statistically non-significant (p = 0.744, 95% Confidence Interval 

(CI) = [-2%, 3%]), even though the model’s total explanatory power was substantial (R² = 0.37). 

In contrast, the linear mixed effects model using adapted and pre-irradiation dose distribution 

showed an increase in OAR dose of 4.4% from adapted to pre-irradiation dose. This increase 

was statistically significant (p < 0.001, 95% CI = [2%, 7%]) and the model’s total explanatory 

power was substantial (R² = 0.28). Similarly, a significant increase in OAR dose of 4.3% 

between predicted and pre-irradiation was found (p < 0.001, 95% CI = [1%, 7%]). As with the 

other models, this model’s explanatory power was substantial (R² = 0.37). 

Additionally, the occurrence of tolerance dose violations in each dose distribution variant as 

well as changes in the number of violations between variants were analyzed. In the predicted 

variant OAR tolerance dose was violated in 42 of 189 cases (22.2%). Tolerance dose violations 

varied between 0.33% and 66.74% (median: 8.24% mm, interquartile range (IQR): 14.36%). 

The number of violations could be decreased to twelve (6.3%) in the adapted plan with tolerance 

dose violations ranging between 0.32% and 11.16% (median: 2.21%, IQR: 2.32%). McNemar’s 

test showed that the occurrence of dose constraint violations changed significantly between 
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predicted and adapted dose distribution (p < 0.05). However, in the pre-irradiation variant the 

number of tolerance dose violations increased again to 60 cases (31.7%). For this variant, 

tolerance dose violations between 0.04% and 41.9% (median: 5.9%, IQR: 6.99%) were 

determined. As for predicted and adapted dose distribution variant, the number of OAR dose 

violations differed significantly in adapted and pre-irradiation variant (McNemar’s test, 

p < 0.05). 

 

Figure 9: OAR dose relative to tolerance dose for predict (a), adapt (b) and pre-irradiation (c) dose distribution 

variant, plotted separately for each patient and organ at risk. Violations of OAR dose are plotted in orange, while 

datapoints meeting the OAR tolerance dose are plotted in blue. Adapted from (Buchele et al. 2024) and expanded 

to also include OAR dose in the predicted variant. 

If tolerance dose violations were regarded separately for each type of OAR, most violations 

could be observed in the small bowel with 28/100 dose violations in the predicted, 7/100 in the 

adapted and 34/100 in the pre-irradiation variant. For the duodenum, there were fewer 

violations in predicted and adapted dose distribution variants with 7/45 and 5/45 violations, 

respectively, but distinctly more observations violated the tolerance dose in the pre-irradiation 

variant (18/45 violations). Distinctly less violations were detected in the stomach with 7/39 

violations in the predicted, no violations in the adapted and 5/39 violations in the pre-irradiation 
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dose distribution variant. No violations occurred in the esophagus in either the predicted or the 

adapted variant, but 3/5 violations were found in the pre-irradiation variant.  

Additionally, the occurrence of tolerance dose violations in pre-irradiation dose distribution 

variant varied strongly between the evaluated patients. Even though the total number of 

violations was the highest for duodenum, tolerance dose of this OAR was not violated for some 

patients in any fraction, while for other patients, tolerance dose violations occurred in multiple 

fractions.  

Table 3: Compliance with dose variants in the three dose distribution variants.  

Compliance with dose constraints 

✔: Constraint met    ✖: Constraint violated 

Percentage of all 

observations 

Total number of 

observations 

Predict Adapt Pre-Irradiation   

✔ ✔ ✔ 53,4% 101 

✔ ✖ ✔ 3,2% 6 

✖ ✔ ✖ 7,4% 14 

✖ ✖ ✖ 1,1% 2 

No change (Predict = pre-Irradiation) ∑ 65,1%  ∑ 123 

Predict Adapt Pre-Irradiation    

✖ ✔ ✔ 12,7% 24 

✖ ✖ ✔ 0,5% 1 

Better compliance with dose constraints ∑ 13,2% ∑ 25 

Predict Adapt Pre-Irradiation   

✔ ✔ ✖ 19,6% 37 

✔ ✖ ✖ 2,1% 4 

Worse compliance with dose constraints ∑ 21,7% ∑ 41 

Table depicting compliance of the OAR dose in predict, adapt and pre-irradiation dose variant with OAR tolerance 

dose. The number of observations and percentage of total observations fitting each combination of dose constraint 

compliance is shown. 



Results 

29 

Table 3 provides an overview of different combinations of OAR tolerance dose violations in 

dose distribution variants and the frequency with which each combination occurs. In 63.0% of 

cases adaptation had no effect on violation of the OAR tolerance dose, which meant that the 

status of dose violation was the same in predicted and pre-irradiation dose distribution. For 

most of these cases, OAR tolerance dose was met in all variants (51.9%). In 7.4% of cases OAR 

dose could be reduced below the tolerance dose, but this effect was negated due to 

intrafractional changes. Additionally, in 21.2% of observations, violations occurred in the pre-

irradiation dose distribution, even though the tolerance dose was met in the adapted as well as 

in the predicted variant. Adaptation was necessary due to OAR tolerance dose violations in the 

predicted dose distribution variant in 22.2% of cases and in a majority of these cases (20.6% of 

all cases) could indeed be reduced below the tolerance dose. However, due to intrafractional 

changes pre-irradiation dose was violated again in 7.4% of cases.  

Analysis of the cause of intrafractional changes showed that differences in OAR dose were 

induced by organ movement due to peristalsis in 170 of 189 observations. Large variations in 

stomach filling led to changes between adapted and pre-irradiation OAR dose in 13 

observations. In some of these cases not only the stomach was affected, but the duodenum was 

largely displaced by the stomach emptying into the duodenum. In another six observations 

matching from MRIpI to MRA was incorrect. As a consequence, OAR contours on MRIpI were 

situated inside the GTV, even though they were not part of the GTV on MRIA.  

 

Figure 10: Difference of pre-irradiation and adapted OAR dose plotted over the duration of the adaptation process. 
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The median time between MRIA and MRIpI over all patients was 58.1 minutes. Adaptation times 

varied between 36.0 and 109.2 minutes. A scatterplot with dose difference relative to tolerance 

dose plotted over the duration of adaptation is depicted in Figure 10. No pattern could be 

determined in this scatterplot. The fitted linear mixed effects model further showed that the 

effect of adaptation time on dose change is statistically non-significant (p = 0.535, 

95% CI = [- 0.1%, 0,3%]). Random effects variances were 0 for this model and therefore no 

conditional R² is available. The marginal R² value related to the fixed effects was near zero 

(0.0021).  
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3.2 Predictability of organ at risk movement during adaptation 

Results on range of organ movement during adaptation were also included in the publication 

(Buchele et al. 2024). For range of movement during simulation sessions only those methods 

evaluating organ movement towards the PTV were a part of the publication. Also incorporated 

in the publication were results of the analysis of agreement between RoMSim, max and RoMAdapt 

as well as results of the correlation analysis between RoMSim, max and duration of simulation.  

The duration of simulation sessions was between 1.6 and 27.9 minutes. Four simulation 

MR images were acquired for most patients (8/20), followed by two MR images (7/20). For the 

other patients either three (3/20), six (1/20) or seven simulation MR images (1/20) were 

available for analysis. For those patients with two simulation images, only one RoMSim value 

could be determined.  

The range of maximum OAR movement during simulation sessions varied between 4.5 mm 

and 15.0 mm (median: 7.5 mm, interquartile range (IQR): 3.7 mm, n: 25), when all images 

were included in the determination of RoMSim and movements towards and away from the 

PTV were considered. Slightly lower variations were determined for RoMAdapt values 

(median: 6.0 mm, IQR: 3.0 mm, n: 187) with values ranging from 1.5 mm to 22.8 mm. 

However, there were more outliers in RoMAdapt with values of up to 22.8 mm and the extent 

of variations differed considerably between patients. Some patients showed large variations 

between lowest and highest RoMAdapt value, for example patient 13 with values between 

1.5 mm and 19.6 mm. In other patients, e.g. patient 5, RoMAdapt values only varied slightly 

between 4.5 mm and 7.5 mm. RoMAdapt could not be determined in two adapted fractions of 

patient 10 because the OAR was outside the area defined by dTD+3V. Characteristics of the 

evaluated simulation sessions and the range of RoMSim and RoMAdapt for each patient can be 

found in Table 4. 

. 
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Table 4: Overview over simulation image characteristics, OARs and results of RoM analysis.   

Patient 

No. 

Duration  

Simulation  

(min) 

No. of 

MRISim 

OAR Range  

RoMSim 

(mm) 

Median  

RoMAdapt 

(mm) 

Range  

RoMAdapt 

(mm) 

1 27.0 7 Stomach 4.5 – 10.5 7.5 3.0 – 7.5 

  7 Duodenum 3.0 – 6.0 4.5 3.0 – 7.5 

  7 Esophagus 4.5 – 7.5 6.0 3.0 – 6.0 

2 11.2 2 Small bowel 12.0* 7.5 4.5 – 10.5 

3 19.2 4 Small bowel 4.5 – 9.0 9.0 7.5 – 13.5 

4 26.9 4 Duodenum 1.5 – 6.0 4.5 1.5 – 13.5 

5 27.6 4 Stomach 4.5 – 7.5 6.0 4.5 – 7.5 

6 15.2 4 Stomach 4.5 – 15.0 3.0 1.5 – 7.5 

7 17.1 3 Duodenum 3.0 – 4.5 4.5 3.0 – 10.5 

8 8.0 2 Small bowel 7.5* 9.0 3.0 – 10.5 

9 18.6 4 Small bowel 4.9 – 11.4 6.5 4.9 – 9.8 

10 28.7 3 Small bowel 4.5 – 7.5 4.5 4.5 – 7.5 

11 10.1 4 Small bowel 4.9 – 8.2 10.6 6.5 – 22.8 

12 16.2 4 Duodenum 4.5 – 12.0 6.0 4.5 – 9.0 

13 5.4 2 Small bowel 6.0* 8.3 4.5 – 13.5 

  2 Duodenum 7.5* 5.3 1.5 – 19.6 

14 1.6 2 Small bowel 6.0* 8.3 4.5 – 12.0 

15 13.5 2 Duodenum 4.5* 4.5 3.0 – 7.5 

16 27.9 6 Small bowel 3.0 – 10.5 10.5 3.0 – 15.0 

  6 Stomach 3.0 – 6.0 4.5 1.5 – 9.0 

17 22.2 3 Small bowel 3.0 – 7.5 5.3 3.0 – 9.0 

18 8.5 2 Stomach 4.5* 3.8 3.0 – 7.5 

  2 Small bowel 4.5* 3.8 3.0 – 4.5 

19 22.8 4 Small bowel 6.0 – 9.0 6.0 3.0 – 13.5 

20 7.5 2 Stomach 7.5* 6.8 3.0 – 9.0 

Characteristics of analyzed simulation sessions and range of RoM values determined for simulation and adaptation 

for each patient. Adapted from (Buchele et al. 2024). *No range could be determined since only two images were 

available for analysis.  
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Figure 11 depicts RoMSim, max values determined with different methods plotted over the 

duration of simulation for each evaluated OAR. Large range of OAR movement up to 7.5 mm 

was determined even for short simulation times below 6 minutes. Similar values could be found 

for simulation times longer than 25 minutes. Furthermore, Pearson correlation analysis found 

no significant correlation between duration of the simulation session and RoMSim, max value for 

either method to determine RoMSim, max (p > 0.05), which signifies that for the evaluated 

patients, shorter simulation time did not lead to lower RoMSim, max values.  

 

Figure 11: RoMSim, max values plotted over duration of the simulation session. Different methods were applied to 

calculate RoMSim, max. (i) Using only the first and last MRISim and considering only movement towards the PTV 

(ii) Using all MRISim and considering only movement towards the PTV. (iii) Using all MRISim and including 

movement towards and away from the PTV. 

RoMAdapt values were equal or smaller than RoMSim, max in 104 of 187 observations (55.6%), 

when only the first and last MR image acquired during simulation were used to determine 

RoMSim, max. By including all images acquired during simulation, this could be increased 

significantly to 126 observations (67.3%).  If in addition to movement towards the PTV, OAR 

movement away from the PTV was included in determination of RoMSim, max, the number of 

fractions with RoMAdapt smaller or equal to RoMSim, max could be further increased to 

144 observations (77.0%). However, the number of observations where RoMSim, max was 

distinctly higher than RoMAdapt increased when using this method. 
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Figure 12 illustrates these findings. A frequency distribution of the differences between 

RoMAdapt and RoMSim, max using the three different methods to identify RoMSim, max is depicted. 

A negative value signifies that RoMSim, max was larger than RoMAdapt for this specific 

observation. Both frequency distributions of those methods that included all MRISim to 

determine RoMSim are shifted in a negative direction compared to the method using only the 

first and last simulation image. However, RoMAdapt is overestimated by 4.95 mm or more with 

an even higher frequency in case OAR movement towards and away from the PTV was 

included to determine RoMSim, max. All negative difference values smaller than -9.9 mm can be 

attributed to patient 6 for whom a high RoMSim, max value of 15 mm was determined. 

 

Figure 12: Frequency distribution of differences between RoMAdapt and RoMSim, max
 using different methods to 

define RoMSim, max. Range of movement during simulation was determined using the first and last MRISim (i) and 

using all MRISim (ii), in both cases only including movement towards the PTV (termed forwards). The third method 

(iii) used all simulation images, while additionally considering movement away from the PTV (termed backwards). 

Bin size was 1.65 mm, since differences are a multiple of image voxel size and voxel sizes were between 1.48 mm 

and 1.63 mm.  

Furthermore, the correlation between duration of simulation sessions and the percentage of 

fractions, where RoMSim, max is greater or equal to RoMAdapt was analyzed (Figure 13). There 

was no significant correlation if RoMSim, max was calculated using the first and last MRISim 

(Pearson correlation coefficient: 0.22, p > 0.05). Both other methods to determine RoMSim, max 

showed a significant correlation, though. Correlation coefficients were 0.52 (p < 0.05) for the 

method using all MRISim and forwards movement, and 0.53 (p < 0.05) using all MRISim and 

forwards as well as backwards motion of OARs. This implies that RoMSim, max coincided better 
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with RoMAdapt if simulation sessions were longer and if multiple images were acquired during 

simulation.  

 

Figure 13: For each patient, the percentage of fractions with RoMSim, max equal or larger than RoMAdapt was plotted 

over duration of the simulation session. Multiple OARs in one patient were combined to one datapoint. Different 

methods were used to calculate RoMSim, max. (i) Determination of RoMSim, max using only the first and last MRISim 

and considering only movement towards the PTV (ii) Determination of RoMSim, max by including all MRISim and 

considering only movement towards the PTV. (iii) Determination of RoMSim, max using all MRISim and including 

movement towards and away from the PTV.  

To further evaluate the effect of simulation time on agreement between RoMSim, max and 

RoMAdapt, observations were separated by duration of the simulation. The median duration of 

simulation sessions of all patients was 17.1 minutes and therefore this value was chosen to split 

observations. For those patients with simulations sessions longer than 17.1 minutes, RoMSim 

was equal or larger than RoMAdapt in 89.7% of observations when using all images and only 

forward movement to determine RoMSim. The same percentage was found, when movement 

away from the PTV was additionally considered for the definition of RoMSim. For simulation 

sessions below 17.1 minutes, RoMSim coincided with RoMAdapt in only 56.0% of observations 

using all simulation MR images and only motion toward the PTV. In contrast to simulation 

times over 17.1 minutes, the percentage of observations increased distinctly to 66.3% by 

including movement away from the PTV for determination of the maximum RoMSim value. 
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Additionally, the effect of organ movement on the difference between adapted and pre-

irradiation OAR dose was investigated. A linear mixed effects model was fit to analyze the 

data. The results showed dose differences increased by 2.2% on average for each millimeter 

that RoMAdapt was higher (p < 0.001, 95% CI = [(2%, 3%)]). Marginal R² related to the fixed 

effects was 0.2. No conditional R² was available since the estimated variance of random effects 

was 0. The determined organ movement was higher than 3 mm in most cases. Only seven 

observations had smaller RoMAdapt values, which were all associated with a lower pre-

irradiation OAR dose compared to the adapted dose distribution. RoMAdapt values of 0 meant 

that the pre-irradiation OAR contour was smaller than the adapted contour in the evaluated area 

therefore farther away from the PTV. Visual inspection of those cases with RoMAdapt values of 

1.5 mm showed that only a small difference in OAR contours were present at the edge of the 

evaluated area and farther away from the PTV. Positive dose changes occurred above organ 

movement of 3 mm, and motion over 4.5 mm was already associated with a possible increase 

in OAR dose over 10%. However, for organ movement up to 12 mm not only positive but also 

negative dose changes were observed.  

 

Figure 14: Difference between pre-irradiation and adapted OAR dose relative to the tolerance dose plotted over 

respective RoMAdapt values for each observation.  
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4 DISCUSSION 

Based on the previously presented results, the three hypotheses defined in the introduction will 

be examined. In a first step, theses hypotheses will be evaluated separately and afterwards a 

joint conclusion will be presented. 

Some parts of the following discussion, which involve the effects of intrafractional dose 

changes and the predictability of organ movement during adaptation by using simulation MR 

images, were covered in the previously mentioned publication (Buchele et al. 2024). This 

includes possible implications for OAR dose constraints, the possibility of creating PRVs, as 

well as the possible effects of a shortened adaptation time.  

4.1 Hypothesis - “For some cases, adaptation has no benefit” 

Evaluation of dose changes in organs at risk caused by adaptation as well as dosimetric changes 

occurring during the adaptation process mainly support the hypothesis that in some cases, 

adaptation has no benefit for the patient. In the preliminary analysis with five patients, organs 

with some distance to the PTV presented with higher dose after plan adaptation. For the 

evaluated patient plans, no optimization objective was used on OARs that were not directly 

next to the PTV, since the manufacturer initially recommended to use as few objectives as 

possible. Therefore, after the introduction of MR-guided adaptive treatment in Heidelberg, most 

patient plans only included objectives for the PTV, a general normal tissue objective and an 

additional objective for OARs directly next to the PTV. As a result, different beam angles were 

used preferentially in the adapted plan compared to the base plan, which caused a higher dose 

in OARs in some adapted fractions.   

Moreover, an increase in OAR dose in adapted fractions could also be found for organs close 

to the PTV. In the analysis of patients with OARs close to the PTV an increase between 

predicted and adapted OAR dose was found in a majority of cases. One possible reason for this 

increase might be a different relative position of the OAR closer to the PTV compared to the 

base plan. In order to achieve a good PTV coverage, OAR dose needed to be increased when 

reoptimizing the base plan during adaptation. Furthermore, optimization objectives might have 

been less effective if the OAR was situated farther away from the PTV compared to the base 

plan. Usually, dose thresholds of these optimization objectives are defined in the base plan. As 
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a result, they might not prevent an increase from predicted to adapted OAR dose during 

reoptimization if the predicted OAR dose was already lower than the objective’s dose threshold 

and no adjustments to the threshold were made. An overview over changes that might occur 

due to plan adaptation is shown in Figure 15 including reduction of OAR dose due to a tolerance 

dose violation, increase in OAR dose due to a missing optimization objective and 

aforementioned change of OAR position relative to the PTV. 

 

Figure 15: Overview of changes in OAR dose that might occur due to adaptation. The upper row shows the 

predicted dose distribution variant and the lower row corresponding adapted dose distribution variant. Images (a) 

and (d) show dose reduction in the stomach close to the PTV since the tolerance dose was violated in the predicted 

variant. Images (b) an (d) show that dose in the small bowel needed to be increased in order to achieve a good 

PTV coverage. This was necessary since relative position of small bowel and treated lesion changed compared to 

the base plan. Images (c) and (f) depict an increase in spinal cord dose from predicted to adapted variants due to a 

missing optimization objective.    

Additionally, the benefit gained by adaptation was mitigated in a significant fraction of patient 

treatments due to intrafractional changes. Intrafractional organ movement could lead to an 

increase in organ dose and a subsequent violation of tolerance doses in OARs close to the PTV. 

This was first detected in the preliminary analysis with five patients, where an increase in the 

number of violations from the adapted to the pre-irradiation dose distribution variant was 

observed. All of these violations occurred in OARs that were located less than 1 cm away from 

the PTV. As a result of these findings, the second evaluation with twenty patients was focused 

on dose changes in organs directly next to the target volume. In this analysis, a significant 

increase in overall OAR dose was found between adapted and pre-irradiation dose distribution. 

As a consequence, the number of tolerance dose violations also increased significantly between 
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both variants, which was similar to the preliminary analysis. However, the increase in OAR 

dose did probably not lead to constraint violations in all cases, because intrafractional changes 

in OAR position were not large enough to cause a violation. In other cases, the OAR was 

initially far away from the PTV, so even larger changes in OAR position did not lead to a dose 

constraint violation (Figure 16).  

 

Figure 16: Example of one fraction where small bowel dose increased from adapted (a) to pre-irradiation (b) dose 

distribution variant due to OAR moving closer to the PTV. However, OAR tolerance dose was not violated since 

the OAR was still far enough from the PTV. Small bowel is depicted in brown, stomach in pink, GTV in green 

and PTV in red.   

Furthermore, an analysis of the reasons for main anatomical differences revealed that not all 

dose constraint violations could be attributed to organ movement like peristalsis or gastric 

contraction. Some were caused by incorrect matching of MRIpI to MRIA, which led to the OAR 

contour overlapping with the GTV contour even though it was not a part of the GTV. In other 

cases, intrafractional dose changes could be attributed to the stomach being filled at the start of 

adaptation and emptying during the adaptation process. 

Although there was no significant change of OAR dose between predicted and adapted dose 

distribution variants, the number of tolerance dose violations could be decreased significantly. 

Some violations still occurred in the adapted plan because OAR dose could not be reduced 

below the tolerance dose due to an unfavorable anatomy of the day. Thus, a higher OAR dose 

was accepted for single fractions of patient treatment. Another reason for dose violations in the 

adapted plan was slightly incorrect recontouring of OARs during the adaptive workflow that 
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went undetected. Therefore, OAR dose was violated in dose distribution variants with 

recontoured organs, even though tolerance dose seemed to be met during the initial adaptation. 

In a majority of those cases where OAR dose could be sufficiently reduced through adaptation 

it also remained below the tolerance dose in the pre-irradiation version. In addition, the 

magnitude of dose violations in the pre-irradiation variant was lower compared to violations in 

the predicted variant, which indicates that adaptation had at least some effect on OAR dose by 

preventing doses that were distinctly higher than the tolerance dose. Furthermore, in a majority 

of cases no change regarding OAR tolerance dose violations was found, meaning that OAR 

tolerance dose was met in all dose distribution variants. This suggests that adaptation was 

performed to increase PTV coverage in these cases while OAR dose could be maintained below 

the tolerance dose threshold. 

Most research on the benefit of adaptive MR-guided radiotherapy is focused on organs close to 

the PTV since violations of OAR tolerance dose primarily occur in high dose areas. Therefore, 

only few data are available on the effects of adaptation on dose to organs with some distance to 

the PTV. Regnery at al. found increased OAR dose in organs with some distance to the PTV in 

the accumulated dose compared to the base plan (Regnery et al. 2023). Especially in the spinal 

cord, significant dose increases of up to 9 Gy (equivalent dose in 2 Gy fraction) were found. 

This supports the findings of the analysis with a limited number of patients and further indicates 

that the increase in OAR dose found in single fractions could be relevant for the whole patient 

treatment.  

The benefit of adaptation to reduce the number of OAR tolerance dose violations has already 

been described extensively in previous studies for various abdominal lesions, which is in 

accordance with the results of this study. Henke et al. reported that in treatments of abdominal 

lesions the number of tolerance dose violations, which were the main reason for adapting the 

treatment plan, could be reduced to zero in the adapted plan (Henke et al. 2018a). For the 

treatment of adrenal metastases, Palacios et al. showed that OAR sparing could be reduced 

significantly, while reducing the percentage of tolerance dose violations from 27% to 4% in 

stomach, from 13% to 0% in the bowel and from 3% to 0% in the duodenum (Palacios et al. 

2018). Other studies on MR-guided radiotherapy treatments of adrenal metastases (Hoegen et 

al. 2023), liver metastases (Weykamp et al. 2022), lymphatic oligometastases (Regnery et al. 

2022a) and pancreatic cancer (Bohoudi et al. 2019; Michalet et al. 2022b) further confirmed 

these findings.  
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However, results on the effect of adaptation on overall OAR doses differ distinctly depending 

on the study. Some studies found a significantly lower overall OAR dose in organs close to the 

PTV after plan adaptation in addition to the reduced number of tolerance dose violation. For 

treatments of the pancreas, Nierer et al. determined a reduction of OAR doses in more than 75% 

of evaluated cases with a median reduction of 87% (Nierer et al. 2022). In the same study, 

median and mean dose increased in bowel, duodenum and stomach were found for lesions 

located in the liver, though. Regnery et al. also reported higher doses in OARs close to the PTV 

in some patients, when accumulating the doses of adapted plans (Regnery et al. 2023). In this 

study (chapter 3.1.2) a higher dose after adaptation was found in most cases, but overall, no 

statistically significant changes between predicted and adapted OAR dose was found. 

Research on intrafractional changes during MR-guided radiotherapy is limited so far and a 

varying impact on the adaptation result is reported. Most studies agree, though, that 

intrafractional organ movement could lead to an increase in OAR dose and as a consequence to 

violations of the respective tolerance dose. An increase in OAR tolerance dose violations due 

to intrafractional changes was observed in studies by Henke et al. and Teoh et al. (Henke et al. 

2018b; Teoh et al. 2022). However, the observed number of tolerance dose violations caused 

by intrafractional changes was still smaller than in the predicted dose distribution. Additionally, 

Henke et al. only found violations in small bowel and duodenum, but none in the stomach. For 

small bowel, a significant increase in organ dose by 4.88 Gy due to intrafractional motion was 

also reported by Wittman et al., while no significant increase was determined for duodenum, 

stomach and large bowel (Wittman et al. 2021). In contrast to the previously presented studies, 

tolerance dose violations were found for all organs at risk in this analysis including duodenum 

and stomach, although the number of violations for the stomach were distinctly smaller than 

for the other OARs. Furthermore, the determined number of violations in the pre-irradiation 

dose distribution is similar to those reported by Teoh et al. with 37%. Distinctly less violations 

occurred in the predicted dose distribution with 21.7% in this study compared to 73% found by 

Teoh et al. A higher number of tolerance dose violations for small bowel and a combined 

structure for stomach and duodenum caused by intrafractional organ movement was determined 

by Tyagi at al. (Tyagi et al. 2021). OAR doses were determined propagating the adapted plan 

on MR images at the start of adaptation, before irradiation and after treatment delivery. For the 

stomach and duodenum structure 21/50 and 27/50 violations were determined on MR images 

before and after treatment delivery, respectively, while no violations occurred on the first MR 
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image. Small bowel violated the tolerance dose in 26/50 cases on both images, again with no 

violations occurring on the image acquired at the start of adaptation. However, comparison to 

the aforementioned studies proved to be difficult, since in some cases different volume 

constraints were used to determine the near-maximum point dose. For instance, Tyagi et al used 

a volume of 0.035 cm³ in contrast to a volume of 0.5 cm³ used in this study. Additionally, no 

exact information on the location of OARs relative to the PTV is available in most studies, 

which might affect the observed impact of intrafractional movement on tolerance dose 

violations.  

The previously presented results as well as already existing studies show that there are some 

cases where adaptation has no dosimetric benefit for organs at risk. A higher dose after 

adaptation was observed in OARs close to the PTV as well as in those farther away, which was 

also confirmed by previously published studies. As a consequence of these findings, 

optimization objectives have been introduced for some OARs that are located with some 

distance to the PTV, although it was against the initial recommendation of the manufacturer to 

use as few optimization objectives as possible. One major limitation of this practice is, though, 

that organs are only recontoured inside the PTVExpand area during adaptation. Therefore, 

optimization objectives mainly work for those OARs with some distance to the PTV, that show 

limited mobility and do not require much recontouring, e.g. the spinal cord.  

For OARs close to the PTV, it might not always be possible to reduce or even maintain the 

same organ dose as in the base plan through adaptation. Since the anatomy of the day differs 

considerably from the location of OARs and PTV relative to each other in the base plan in some 

cases, an increase in OAR dose might be necessary in order to achieve an optimal PTV 

coverage. Even though tolerance doses are typically met in the scenarios described above, an 

increase in OAR dose might become relevant, when the patient is supposed to receive a 

radiotherapy treatment again. Re-irradiation has continuously become more relevant in 

radiotherapy and an increasing number of patients receives radiotherapy treatments more than 

once (Andratschke et al. 2022; Nieder et al. 2013). If higher organ doses in adapted plans are 

not considered in repeated treatments of a patient, it might subsequently lead to violations of 

tolerance doses and, as a consequence, toxicities in affected OARs might occur. In the future, 

dose accumulation strategies for adapted treatments might be available and facilitate the 

detectability of higher organ doses. Although there is some research on dose accumulation 
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strategies in MR-guided radiotherapy (McDonald et al. 2022; Regnery et al. 2023), there are no 

commercial solutions available so far and dose accumulation is not routinely performed. 

Additionally, intrafractional changes can also lead to higher doses in OARs close to the PTV 

and a subsequent violation of respective tolerance doses. While the majority of intrafractional 

OAR dose changes was caused by organ movement including peristalsis and stomach 

contractions, some of these changes originated from incorrect matching of MRIpI to MRIA. This 

led to the OAR contour overlapping with the GTV contour even though it was not a part of the 

GTV. One possible reason might be the limitation of the treatment couch to only move in 

translational directions. As a consequence, the patient position cannot be corrected adequately 

if the patient is rotated and correction only in translational directions might lead to incorrect 

matching of MR images. These cases might be prevented in the future by putting a special focus 

on OARs close to the PTV when matching MRIpI to MRIA, especially if rotations in patient 

position are detected. Currently, the main focus of matching is the visible GTV structure and 

as a result slightly incorrect matching leading to an overlap of GTV and OAR might not be 

detected in every case. Furthermore, in some cases dose changes could be attributed to the 

stomach being filled at the start of adaptation and emptying during the adaptation process. As 

a result, large displacements of the stomach as well as the duodenum were observed. Although 

all patients were given instructions to arrive to treatment with an empty stomach, a full stomach 

could still be found in some patients. In the future, these cases might be prevented by 

consequently treating patients with target volumes close to the stomach or duodenum only with 

an empty stomach. If treatment is not possible otherwise due to low patient compliance, special 

care should be taken when reviewing the MR image immediately before treatment in order to 

detect displacements of OARs caused by the stomach emptying during the adaptation process. 

Since pre-irradiation dose distributions are not routinely created, a possibly higher OAR dose 

should be documented and considered for re-irradiation scenarios comparable to higher doses 

due to adaptation.  

Even though adaptation seems to have no dosimetric benefit for OARs in some patients and 

organ tolerance doses are regularly violated as a consequence of intrafractional changes, OAR 

toxicities in MR-guided radiotherapy are relatively low. At Heidelberg University Hospital no 

≥ 3 grade toxicities of gastrointestinal OARs were reported in adaptive MRgRT treatments of 

abdominal lesions (Hoegen et al. 2023; Regnery et al. 2022a; Weykamp et al. 2023). Similarly, 

only a limited number of higher grade or no toxicities at all were observed at other sites in 
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studies on adaptive MR-guided treatments of pancreas (Bordeau et al. 2022; Eijkelenkamp et 

al. 2023; Rudra et al. 2019), adrenal metastases (Michalet et al. 2022a; Schneiders et al. 2023), 

liver tumors (Rogowski et al. 2021) or other  abdominal malignancies (Henke et al. 2018a). As 

an example, Bordeau et al. did not find any higher grade (≥ 3) acute toxicities of the 

gastrointestinal tract in treatments of pancreatic tumors with a dose of 50 Gy in 5 fractions and 

only a small percentage of patients developed higher grade late toxicities (Bordeau et al. 2022). 

Furthermore, in patients treated for adrenal metastases with 35 – 50 Gy in three to five fractions, 

no severe acute and late toxicities (grade ≥ 3) were observed by Michalet et al., either (Michalet 

et al. 2022a).  

Although these treatments were probably also affected by intrafractional changes in OARs and 

tolerance dose violations, the low occurrence of severe toxicities indicate that actual organ 

tolerance doses could be higher than previously presumed. Retrospective observational studies 

on conventional linear accelerators without daily plan adaptation and beam gating were often 

used to determine OAR tolerance doses in stereotactic treatments (Benedict et al. 2010; Hanna 

et al. 2018; Holyoake et al. 2021). These tolerance doses were then adopted for adaptive MR-

guided radiotherapy treatments due to the initial lack of specific constraints. In order to define 

specific organ tolerance doses for adaptive MRgRT, prospective studies are necessary in the 

future. Higher tolerance doses might also be beneficial for target volume coverage, since the 

coverage needs to be reduced frequently in current treatments to prevent dose violations of 

OARs directly next to the PTV. In this case, however, intrafractional changes could become 

more relevant, as higher OAR dose would be permitted. A further escalation of tumor doses 

could additionally increase the significance of intrafractional organ movement, even if OAR 

toxicity seems to be low for current dose prescription schemes. Some dose escalation trials for 

abdominal lesions are already in progress. In a study on adaptive MR-guided radiotherapy 

treatments for locally advanced pancreatic cancer a dose of 50 Gy is applied in five fractions 

and the occurrence of severe gastrointestinal toxicities (grade ≥ 3) is evaluated (Parikh et al. 

2018). Furthermore, dose escalation in treatments of primary or secondary liver metastases is 

assessed in the phase II RASTAF trial. A dose of 50 Gy in five fractions is prescribed to lesions 

close to OARs, while higher doses of 60 Gy in six fractions are reserved for lesions far from 

any OARs (Rouffiac Thouant and Rederstorff 2020).  
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In order to mitigate the dosimetric impact of intrafractional changes and achieve a more robust 

adaptation result through application of patient-specific PRVs, OAR movement needs to be 

known before the first adaptive movement. One possibility to determine the extent of 

intrafraction organ movement using simulation MR images is discussed in the following 

chapter.  
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4.2 Hypothesis – “More robust adaptive treatments can be obtained by predicting the 

extent of intrafractional organ movement before the first treatment” 

The analysis of the range of organ movement during simulation and adaptation indicates that 

the extent of intrafraction organ movement could in fact be determined before the first treatment 

fraction.  In three thirds of the evaluated cases, there was a good agreement between range of 

movement during simulation and adaptation. Agreement between the maximum organ 

movement during simulation and adaptation was particularly high if several MR images were 

acquired during simulation and if simulation sessions lasted longer than 17 minutes. For some 

patients, coincidence between RoMSim and RoMAdapt could be further improved by including 

movement away from the PTV in addition to movement towards the PTV. At the same time 

this led to overestimation of the range of movement during adaptation in a larger number of 

cases. However, most cases in which RoMAdapt was largely overestimated by RoMSim could be 

attributed to one single patient. This patient had a full stomach at the start of the simulation 

session, which was continuously emptying during simulation and therefore caused large 

displacements of organs at risk. 

In addition, particularly large amplitudes of OAR movement during adapted fractions led to a 

lower agreement between RoMSim and RoMAdapt, since they could not be predicted in most 

patients regardless of the method used to determine RoMSim. Some organs at risk showed large 

organ movement in single fractions with maximum values of up to 22.8 mm found in 

small bowel, 19.6 mm in duodenum and 9.0 mm in stomach, although the detected range of 

organ movement during simulation was distinctly smaller.  

Calculated RoMAdapt values are comparable to displacements found in previous studies applying 

different methods to calculate OAR positional changes, which indicates that the proposed 

margin-based method is indeed suitable to determine positional changes of OARs. Alam et al. 

found maximum deformations of 22.6 mm for a combined structure of stomach and duodenum 

and 37.8 mm for small bowel in MR-guided treatments of locally advanced pancreatic cancer 

(Alam et al. 2022). The reported small bowel displacement was possibly higher than the 

maximum RoMAdapt value found in this study because a larger part of OAR contours was used 

to determine displacements and therefore large positional changes in small bowel position did 

not necessarily occur near the treated lesion.  
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Uchinami et al. determined an organ-specific margin for compensation of OAR movement 

using data of multiple CT images acquired for treatment planning (Uchinami et al. 2023). The 

applied method was similar to the one used to calculate RoM values. Median organ-specific 

margins were 10 mm, 8 mm and 14 mm for stomach, duodenum and intestine, respectively. 

Since organ-specific median margins were determined in contrast to patient-specific RoM 

values in this study, a direct comparison was difficult. However, the median patient-specific 

RoM values range between 3.0 mm and 7.5 mm for the stomach, between 4.5 mm and 6.0 mm 

for the duodenum and between 3.8 and 10.6 for small bowel and therefore appear to be lower 

than the values determined by Uchinami et al. As in the previous study by Alam et al, the entire 

organ structure was used to determine the margins, though, which might have led to higher 

margins compared to the RoMAdapt values. In addition, only 2 mm step sizes were used to 

approximate the appropriate margin, which was also slightly higher than the voxel-wise 

expansion step sizes in this study, which was 1.5 mm for most of the evaluated patients. Other 

research found organ movements up to 34 mm in the stomach and duodenum and up to 48 mm 

in the intestine. However, a comparison with the RoMAdapt values proves to be difficult because 

either organ movement due to peristalsis was not considered separately from other movements 

like respiration (Zhang et al. 2023) or organ movements were calculated separately for each 

spatial direction with no overall movement vector being defined (Mostafaei et al. 2018). 

Overall, the results of the organ movement analysis show that it can be possible to determine 

the extent of organ movement before the first adaptive treatment. For some patients with 

especially large OAR movement during adaptation, agreement between RoMSim, max and 

RoMAdapt values might be improved, though, by instructing the patient to arrive to every 

appointment with an empty stomach and by carefully monitoring gastric filling on acquired MR 

images. Similar to the dosimetric analysis, the results of the RoM evaluation were negatively 

influenced in some cases by a full stomach which emptied during simulation or adaptation since 

this could cause large displacements of the stomach and other gastrointestinal OARs. This 

particularly presents an issue if the levels of stomach content differ considerably between 

simulation and adaptation. Furthermore, especially large organ movements during adaptation 

of up to 23 mm could not be detected in all cases. One possible explanation might be that the 

movement amplitudes of OARs were just considerably larger during adaptation compared to 

simulation. Different amounts of gas can be found inside stomach and small bowel over the 
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course of a day (Mostafaei et al. 2018). If simulation and adaptation were performed at different 

times of the day this might explain the varying motility of these OARs.  

Maximum organ movements during simulation, which were too small compared to those 

detected during adaptation, might be caused by too short simulation times or insufficient 

number of simulation images. Since the focus of patient selection for this retrospective analysis 

was on the position of OARs relative to the PTV, the duration of the simulation session and 

number of simulation images varied greatly between patients. Therefore, further studies are 

necessary to verify these results and to better identify possible causes for a lack of agreement 

between organ movement during simulation and adaptation. 

Patient-specific margins for organs at risk could be applied in adaptive treatments to achieve 

more robust results and reduce the effect of intrafractional changes. The proposed method for 

establishing range of organ movement could be used for this purpose. As it is margin-based, 

isotropic margins could be derived directly from the RoM values determined from simulation 

images. A majority of organ movements during adaptation would be covered by this margin, if 

the aforementioned requirements for a reliable determination of RoMSim, max were met. Isotropic 

margins could be advantageous because they are a straightforward method to create planning 

organ at risk volumes and therefore can be easily integrated into everyday clinical practice. 

However, isotropic margins might also lead to heavily impaired target volume coverage in case 

OARs are close to the PTV and large margins are necessary to compensate for organ movement. 

There are also some areas inside the PRV structure which might be rarely or even never 

occupied by the OAR. This is supported by the fact that the extent of organ movement in some 

fractions is distinctly higher compared to other fractions. By using a single isotropic margin to 

cover the maximum organ movement in all adapted fractions, the organ movement would be 

overestimated in a significant proportion of the adapted fractions, which in turn would lead to 

an unnecessary reduction of target volume coverage.   

Previously, some studies explored the possibility of more complex PRV structures with either 

patient-specific margins based on coverage probability (Hysing et al. 2006; Hysing et al. 2011) 

or organ-specific margins based on statistical models (Nakamura et al. 2021). These approaches 

could be used to create more complex PRV structures with data from simulation MR images. 

These PRVs could be able to compensate for intrafractional organ movement in an equal way 

as isotropic margins, while they encompass a smaller volume and therefore have a smaller 

impact on target volume coverage. The use of simulation MR images would further offer the 
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advantage of no additional radiation dose being applied and as a consequence the number of 

images that could be acquired to determine the PRV would not be limited. 

In summary, results from this analysis suggest that it is possible to determine maximum OAR 

movement before the first treatment for most patients. The maximum organ movement detected 

in simulation MR images could be directly used to define isotropic margins for OARs. Further 

studies need to show if simulation images could also be used to create more complex and 

smaller PRV volumes compared to those created with isotropic margins. By applying these 

patient-specific PRVs in adaptive treatments, more robust results could be obtained. However, 

the analyzed data was gained from adaptation sessions that took up two hours. This raises the 

question whether the impact of intrafractional changes might be significantly less pronounced 

for shorter adaptation times, which will be further discussed in the following chapter.   
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4.3 Hypothesis – “Shorter adaptation times do not necessarily lead to more robust 

results”     

As already mentioned in the introduction, the possibility to reduce adaptation times in order to 

mitigate the effect of intrafractional organ at risk movement and receive a more robust 

adaptation result has previously been discussed (Benitez et al. 2024; Chin et al. 2020; 

Guckenberger et al. 2024; Sritharan and Tree 2022). However, the previously presented results 

indicate that it might not be sufficient to just achieve shorter adaptation times.  

No correlation was found between the duration of adaptation and intrafractional dose changes. 

For the evaluated adaptation times between 36 and 110 minutes, a longer duration did not lead 

to higher differences between adapted and pre-irradiation dose. Additionally, the extent of 

organ movement for time spans below 36 minutes was analyzed using simulation MR images. 

Evaluated simulation sessions ranged between 1.5 and 29 minutes and even for short durations 

below six minutes organ movement up of to 7.5 mm was detected. This extent of OAR 

movement was associated with dose changes of more than 20% of the respective tolerance dose, 

which was shown in a correlation analysis between range of OAR movement during adaptation 

and intrafractional dose changes.  

Gastrointestinal motion velocities of up to 2 mm/min were found by Liu et al., supporting the 

assumption that large positional variations might occur in a short time span (Liu et al. 2021). 

Furthermore, a planning study of SBRT treatments of pancreatic cancer showed that short term 

displacements of gastrointestinal OARs within a median timeframe of 12 minutes could lead to 

a significant increase in organ dose and subsequent tolerance dose violation (Uchinami et al. 

2023). However, treatment times of adaptive MRgRT less than 12 minutes appear to be 

unachievable at the moment. Evaluated adaptation times were consistent with previously 

published data for abdominal malignancies. Henke et al. reported median adaptation times of 

79.0 minutes with a range from 36 to 160 minutes (Henke et al. 2018a). Similar results were 

found by Tyagi et al. in treatments of pancreatic cancer with a median adaptation time of 

75.5 minutes (49 – 132 minutes) (Tyagi et al. 2021), for various abdominal lesions by Garcia 

Schüler et al. with a mean of 61 minutes (36 – 110 minutes)(Garcia Schüler et al. 2021) and for 

adrenal gland metastases by Michalet et al. with a median of 78 minutes (Michalet et al. 2022a). 

Slightly higher median or mean treatment times determined in these studies were probably due 
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to the inclusion of patient positioning and treatment delivery in total treatment times, which 

were not part of the analyzed adaptation times between MRIA and MRIpI.     

Even though current treatment times in MR-guided radiotherapy of abdominal lesions are quite 

long, shorter durations can probably be achieved. The patients evaluated in this analysis were 

treated up to one year after the introduction of adaptive radiotherapy at Heidelberg University 

Hospital. During this time, the personnel working at the MR-linac was able to gain more 

experience, especially regarding OAR recontouring and plan reoptimization, which in turn also 

led to less time spent for each step. Additionally, changes in the planning technique were 

introduced since then, leading to more robust plans for reoptimization. As a result, less time-

consuming adjustments to the plan are necessary for a majority of plans. Since an upgrade of 

the treatment delivery software, it is also possible to perform contouring during the adaptation 

workflow in parallel on up to three workstations, which has shortened the duration of this part 

of the workflow. In the future the inclusion of automation in the adaptive workflow, e.g. 

automatic contouring of OARs, might further reduce on-table times of patients.  

However, large positional changes in gastrointestinal organs close to the PTV leading to higher 

organ doses might occur, even if treatment times could be reduced well below ten minutes. 

Near real-time re-planning would be necessary to mitigate adverse effects of intrafractional 

organ movement. Even though the possibility of real-time re-planning has been previously 

explored (Kontaxis et al. 2015; Kontaxis et al. 2017), use in clinical routine is still not possible 

mainly due to limitations of the necessary computational power (Fast et al. 2024). In conclusion, 

it is not sufficient to just reduce adaptation times in order to achieve more robust adaptation 

results. Intrafractional changes still need to be considered even if adaptation times will be 

significantly reduced in the future.   
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4.4 Limitations of this analysis 

There are some limitations to the presented results. One limitation of the dosimetric analysis is 

the lack of information on the benefit of adaptation and the impact of intrafractional changes 

on target volumes. OAR tolerance dose was met in all dose distribution variants in more than 

half of the analyzed cases and therefore the primary intention of adapting the base plan was 

either increasing target volume coverage or reducing hotspots. Since target volumes were not 

evaluated, no conclusion can be drawn whether target volumes did indeed benefit from plan 

adaptation or if dosimetric benefits for target volumes were also negated by intrafractional 

changes.  

Furthermore, separate statistical analysis of organs at risk to determine possible differences 

between organ types was not possible since the number of patients included was too small. 

Retrospective manual recontouring of OARs and generation of dose distribution variants was 

very time consuming and as result the number of patients was limited to twenty. A larger patient 

collective is needed in a further analysis in order to evaluate differences between 

gastrointestinal OARs concerning intrafractional changes and subsequent effects on dose.  

For the evaluation of organ range of movement, the mean distance of the organ tolerance 

isodose from the PTV was used to determine the relevant area for analysis. However, the mean 

distance of the tolerance dose is only known after treatment planning has been finalized. If RoM 

values are needed before treatment planning in order to create PRVs, a different parameter 

might be necessary to define the area in which organ movement is evaluated. Another possible 

solution could be the use of organ-specific mean distances of the tolerance isodose calculated 

from multiple patients with the same relevant OAR and comparable treated lesions.   

Furthermore, all evaluations were performed with data from MR images acquired at one 

specific point in time. It is to be expected that displacements of gastrointestinal OARs might 

happen any time during treatment and result in changes in OAR position relative to the PTV 

and subsequent changes in dose. Although only a snapshot of the adaptive treatment is 

considered in the presented evaluations, the results indicate that intrafractional changes might 

in fact have a relevant influence on the adaptation result. 
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4.5 Conclusion 

The statement "You see what you treat." is closely associated with MR-guided radiotherapy. 

The excellent soft tissue contrast of MR imaging allows for exact localization of tumors and 

surrounding organs for each treatment fraction and plans can be adjusted accordingly. However, 

the MR image used for plan adaptation is only a snapshot of the patient's anatomy at the time 

of image acquisition. This study has shown that the position of organs at risk relative to the 

target volume can change considerably during adaptation, which was one of the main reasons 

the benefit of adaptation was mitigated or even completely negated in some cases, at least 

concerning OAR dose. In addition, intrafractional organ movement will possibly still remain 

relevant even if adaptation times can be shortened in the foreseeable future through improved 

automation in the adaptive workflow. 

The use of patient-specific PRVs generated with the help of simulation images could reduce 

the effects of intrafractional changes and lead to more robust adaptation results, but application 

of isotropic margins to create these PRVs can lead to heavily impaired PTV coverage. At the 

same time, most methods for generating non-isotropic margins are quite complex and therefore 

might not be easily implemented in routine clinical practice. Even if the PRV concepts are not 

implemented in clinical routine in the near future, the proposed method for determining 

maximum range of organ movement based on simulation MR images might still be useful. It 

could be applied in the clinical workflow to evaluate in which cases a special focus should be 

placed on OAR position relative to the PTV when assessing pre-irradiation MR. This step could 

be facilitated further by manufacturers integrated the option to acquire a second MR image into 

their adaptive workflow because it would require considerably less time compared to the current 

workflow.  

Furthermore, the dosimetric impact of intrafractional organ movement could be assessed more 

easily if a fast estimation of OAR dose on pre-irradiation MR images was possible. This would 

require integration of accurate auto-contouring of OARs in combination with fast dose 

prediction in the treatment software. Although a lot of research has been conducted on auto-

contouring based on MR images and it could be of great advantage during adaptation, it has not 

yet been integrated into the ViewRay MRIdian adaptation workflow. 
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In addition, tracking or even beam gating of relevant OARs during irradiation using cine 

imaging could be considered in the future. So far, beam gating is mainly focused on target 

volumes and it first needs to be evaluated whether beam gating of OARs is feasible in clinical 

practice. Furthermore, cine imaging is currently limited to a few 2D slices. A future 

implementation of 2D cine imaging with more slices than currently available or even the 

introduction of 3D cine imaging on MR-linacs could further facilitate beam gating of organ at 

risk structures.   

Although only lower grade toxicities of organs at risk are currently reported in adaptive MR-

guided radiotherapy, intrafractional organ movement and subsequent higher OAR doses might 

need to be considered in the future, particularly for re-irradiation scenarios and dose escalation 

trials. Dose accumulation of treatment fractions could give a better approximation of the dose 

which was actually applied to OARs in adaptive treatments. However, dose accumulation 

currently has to be carried out manually, which prevents it from being performed routinely. The 

same applies to the creation of pre-irradiation dose distributions. Since they are not 

automatically generated by the treatment system and their creation is currently time-consuming, 

pre-irradiation dose is usually not reviewed retrospectively. As with previously described 

functionalities, routine review of accumulated dose as well as pre-irradiation OAR dose could 

be achieved by integrating these features into the manufacturer’s software.  

Although prospective tools will presumably make it easier to recognize intrafractional changes 

and react accordingly, it is uncertain how long it will take to introduce them into the clinical 

routine. Therefore, it is essential that everyone involved in MR-guided radiotherapy treatments 

is aware of the fact that what can be seen on one MR image acquired at the start of a treatment 

session does not necessarily correspond to what is actually being treated. Even though 

adaptation can be used to react to changes between treatment fractions, the acquired MR images 

remain a snapshot and changes can occur at any time during treatment, thereby mitigating 

patient benefit of adaptive MR-guided radiotherapy. 
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5 SUMMARY 

Magnetic resonance (MR)-guided radiotherapy enables daily adaptation of a patient’s treatment 

plan to the current patient anatomy. Previous reports have already shown the resulting 

advantages, especially good sparing of organs at risk while simultaneously achieving optimal 

target volume coverage. However, patient geometry can change during the adaptation process, 

which takes significantly longer than conventional radiotherapy treatments. So far, there is 

limited research on the effects of these intrafractional changes. In particular, gastrointestinal 

organs at risk might exhibit large shifts and deformations, which could also have a negative 

impact on the benefits gained by adaptive radiotherapy. In order to evaluate the impact of 

intrafractional organ movement and allow for patient-specific compensation, it is necessary to 

determine the extent of organ movement before the first adaptive treatment. Simulation MR-

images acquired for treatment planning could offer this possibility, as they do not require 

additional dose to the patient and therefore a large number can be acquired to determine organ 

movement. However, adaptation currently takes a very long time with reported adaptation times 

of one hour or more. This raises the question of whether a more robust result could be achieved 

with shorter adaptation times. As a result, the following hypotheses will be investigated: 

1) “In some cases, adaptation has no benefit" 

2) “More robust adaptive treatments can be obtained by predicting the extent of 

intrafractional organ movement before the first treatment” 

3) “Shorter adaptation times do not necessarily lead to more robust results”     

Patients who received adaptive MR-guided radiotherapy for the treatment of abdominal lesions 

were retrospectively analyzed. The main focus of this study was on lesions located in close 

proximity to organs at risk. Dose differences in organs at risk caused by adaptation as well as 

by intrafractional changes were determined. Furthermore, the range of organ movement during 

simulation and adaptation was determined for each patient and agreement between both values 

was examined. In addition, the duration of adaptation and simulation sessions was determined 

in order to establish a possible correlation between the extent of organ movements and the 

magnitude of dose differences. 

The evaluation of dose differences shows that the number of violations of organ at risk tolerance 

dose could be significantly reduced by adaptation. However, an increase in organ dose was also 

observed in the majority of patients as a result of adaptation, while respective tolerance dose 
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was still met. Possible causes for this increase are either a lack of optimization objective for 

organs at risk with some distance to the PTV or the possibility to increase organ dose in order 

to optimize target volume coverage while still not violating tolerance doses. Additionally, the 

number of tolerance dose violations increased again as a result of intrafractional changes, and 

it was even higher than it would have been without plan adaptation. Using simulation MR-

images, the extent of risk organ movement can already be determined before the first treatment, 

though, which opens up the possibility of compensating for intrafractional changes. With the 

method presented in this study, there was an agreement between the range of organ at risk 

movement during adaptation and simulation in over 75% of analyzed cases. Acquisition of 

multiple simulation images and a longer simulation duration led to better overall agreement. In 

addition, there was no correlation between adaptation time and the magnitude of dose change 

for the adaptation times examined in this study. This signifies that a longer duration does not 

lead to a greater dose difference. Furthermore, evaluation of simulation images showed large 

organ at risk movement in a short time span of only five minutes and no correlation between 

the extent of organ movement and the duration of simulation sessions could be found. 

Overall, these results demonstrate that adaptation has no benefit in some cases, at least when 

considering the dosimetric advantage for organs at risk. In particular, intrafractional organ 

movement leads to violations of organ at risk tolerance dose. However, the extent of these organ 

movements can be determined in advance with the help of the simulation images. As a result, 

a special focus can be put on those organs at risk with a high mobility and it opens up the 

possibility to compensate for them. Major changes in the position of gastrointestinal organs at 

risk can occur within a very short time span. Therefore, it does not appear to be sufficient to 

simply shorten the adaptation time in order to achieve a more robust adaptation result.  
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6 ZUSAMMENFASSUNG 

Die Magnetresonanz (MR)-gestützte Strahlentherapie ermöglich eine tägliche Adaption des 

Bestrahlungsplans an die aktuelle Patientengeometrie. Die entstehenden Vorteile, insbesondere 

eine gute Risikoorganschonung bei gleichzeitig möglichst optimaler Auslastung von 

Zielvolumina, wurde bereits vielfach belegt. Allerdings kann sich die Patientengeometrie 

während der Adaption, welche deutlich länger dauert als herkömmliche Strahlentherapie-

behandlungen, ändern. Bislang wurden die Auswirkungen dieser intrafraktionellen Änderungen 

wenig untersucht. Vor allem gastrointestinale Risikoorgane weisen teilweise große 

Verschiebungen und Deformationen auf, welche sich auch negativ auf den Nutzen der 

adaptiven Therapie auswirken könnte. Um intrafraktionelle Organbewegungen erkennen und 

für jeden Patienten individuell kompensieren zu können, ist es notwendig, diese bereits vor der 

ersten adaptiven Behandlung zu erkennen. Für die Bestrahlungsplanung aufgenommenen MR-

Simulationsbilder könnten die Möglichkeit dazu bieten, da sie ohne zusätzliche Dosis 

auskommen und somit eine große Anzahl aufgenommen werden kann, um die Organbewegung 

zu bestimmen. Die Adaption dauert aktuell jedoch sehr lange und es wird häufig eine Dauer 

von einer Stunde oder mehr berichtet. Dies wirft die Frage auf, ob durch kürzere 

Adaptionszeiten ein robusteres Ergebnis erzielt werden kann. Daraus ergeben sich die 

folgenden Hypothesen, welche in dieser Studie untersucht werden sollen:  

1) „In einigen Fällen hat die Adaption keinen Nutzen“ 

2) „Robustere adaptive Behandlungen können erzielt werden, indem das Ausmaß von 

Organbewegungen vor der ersten Behandlung ermittelt wird“ 

3) „Kürzere Adaptionszeiten führen nicht unbedingt zu robusteren Ergebnissen“     

Dazu wurden retrospektiv Patienten untersucht, welche eine adaptive MR-geführte 

Strahlentherapie zur Behandlung von abdominellen Läsionen erhielten. Der Hauptfokus war 

dabei auf Läsionen, welche in unmittelbarer Nähe zu Risikoorganen lagen. Es wurden die 

Dosisunterschiede in Risikoorganen bestimmt, welche sich durch Adaption sowie durch 

intrafraktionelle Änderungen ergaben. Außerdem wurde das Ausmaß der Organbewegungen 

bei Simulation und Adaption für jeden Patienten bestimmt und auf eine mögliche 

Übereinstimmung untersucht. Zudem wurde die Dauer von Adaption und Simulation ermittelt, 

um einen möglichen Zusammenhang zum Ausmaß der Organbewegungen und der Höhe von 

Dosisunterschieden festzustellen.  
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Die Untersuchung der Dosisunterschiede zeigt, dass die Anzahl der Fraktionen, bei denen die 

Toleranzdosis der Risikoorgane nicht eingehalten werden konnte, durch Adaption deutlich 

reduziert werden konnte. Allerdings konnte bei einem Großteil der Patienten auch ein Anstieg 

der Organdosis unterhalb der Toleranzdosis durch die Adaption beobachtet werden. Mögliche 

Ursachen dafür sind entweder eine fehlende Optimierungsvorgabe oder die Möglichkeit eine 

höhere Risikoorgandosis unterhalb der Toleranzdosis zuzulassen, um das Zielvolumen optimal 

auszulasten. Durch intrafraktionelle Änderungen stieg die Anzahl der nichteingehaltenen 

Risikoorganvorgaben wieder an, sodass kurz vor Bestrahlung mehr Vorgaben nicht eingehalten 

wurden, als wenn der Grundplan bestrahlt worden wäre. Zudem konnte insgesamt ein statistisch 

signifikanter Anstieg der Risikoorgandosis durch intrafraktionelle Änderungen festgestellt 

werden. Allerdings kann das Ausmaß der Risikoorganbewegung bereits vor der ersten 

Behandlung mit Hilfe von MR-Simulationsbildern bestimmt werden, wodurch die Möglichkeit 

eröffnet wird, diese zu kompensieren. Mit der in dieser Studie vorgestellten Methode, liegt die 

Übereinstimmung des Ausmaßes der Risikoorganbewegung bei Adaption und Simulation bei 

über 75%. Dabei führen die Aufnahme mehrerer Simulationsbilder und eine längere 

Simulationsdauer insgesamt zu einer besseren Übereinstimmung. Darüber hinaus liegt für die 

untersuchten Adaptionszeiten keine Korrelation zwischen Adaptionsdauer und Höhe der 

Dosisänderung vor, was bedeutet, dass eine längere Dauer nicht zu einer größeren Änderung 

führt. Zudem zeigt die Analyse der Simulationsbilder, dass große Risikoorganbewegungen 

bereits innerhalb von fünf Minuten auftreten können. Auch für die kürzeren Zeiten der 

Simulationssitzungen konnte keine Korrelation mit dem Ausmaß der Organbewegung 

festgestellt werden. 

Insgesamt folgt aus diesen Ergebnissen, dass die Adaption in einigen Fällen keinen Nutzen hat, 

wenn man den dosimetrischen Vorteil in Risikoorganen betrachtet. Insbesondere 

intrafraktionelle Organbewegungen führen dazu, dass die Toleranzdosis in Risikoorganen 

überschritten wird. Das Ausmaß dieser Organbewegungen kann jedoch mit Hilfe der 

Simulationsbilder bereits im Voraus bestimmt werden. Dies bietet die Möglichkeit, bei der 

Behandlung einen speziellen Fokus auf Risikoorgane mit großer Beweglichkeit zu legen und 

diese möglicherweise zu kompensieren. Zudem können große Lageveränderungen von 

gastrointestinalen Risikoorganen bereits innerhalb sehr kurzer Zeit auftreten. Daher erscheint 

es nicht ausreichend, nur die Adaptionsdauer zu verkürzen, um ein robusteres 

Adaptionsergebnis zu erhalten.      
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Parts of the dosimetric analysis with twenty patients with abdominal lesions directly next to 

organs at risk and the predictability analysis of organ at risk movement during adaptation will 

be published in:  

Buchele, C., Renkamp, C. K., Regnery, S., Behnisch, R., Rippke, C., Schlüter, F., Hoegen-

Saßmannshausen, P., Debus, J., Hörner-Rieber, J., Alber, M. and Klüter, S. (2024). 

Intrafraction organ movement in adaptive MR-guided radiotherapy of abdominal 

lesions – dosimetric impact and how to detect its extent in advance. Submitted to 

Radiation Oncology. Revised manuscript currently under review. 

It has been submitted to Radiation Oncology and is currently under review. The publication is 

mainly based on the evaluation of differences in organ at risk dose caused by intrafractional 
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creative commons attribution 4.0 license, which allows use and adaptation of the paper 
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