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Abstract 

Background Particle therapy makes a noteworthy contribution in the treatment of tumor diseases. In order to be 

able to irradiate from different angles, usually expensive, complex and large gantries are used. Instead rotating 

the beam via a gantry, the patient itself might be rotated. Here we present tolerance and compliance of volunteers 

for a fully-enclosed patient rotation system in a clinical magnetic resonance (MR)-scanner for potential use in MR-

guided radiotherapy, conducted within a prospective evaluation study.

Methods A patient rotation system was used to simulate and perform magnetic resonance imaging (MRI)-examina-

tions with 50 volunteers without an oncological question. For 20 participants, the MR-examination within the bore 

was simulated by introducing realistic MRI noise, whereas 30 participants received an examination with image acqui-

sition. Initially, body parameters and claustrophobia were assessed. The subjects were then rotated to different angles 

for simulation (0°, 45°, 90°, 180°) and imaging (0°, 70°, 90°, 110°). At each angle, anxiety and motion sickness were 

assessed using a 6-item State-Trait-Anxiety-Inventory (STAI-6) and a modified Motion Sickness Assessment Question-

naire (MSAQ). In addition, general areas of discomfort were evaluated.

Results Out of 50 subjects, three (6%) subjects terminated the study prematurely. One subject dropped out dur-

ing simulation due to nausea while rotating to 45°. During imaging, further two subjects dropped out due to shoul-

der pain from positioning at 90° and 110°, respectively. The average result for claustrophobia (0 = no claustrophobia 

to 4 = extreme claustrophobia) was none to light claustrophobia (average score: simulation 0.64 ± 0.33, imag-

ing 0.51 ± 0.39). The mean anxiety scores (0% = no anxiety to 100% = maximal anxiety) were 11.04% (simulation) 

and 15.82% (imaging). Mean motion sickness scores (0% = no motion sickness to 100% = maximal motion sickness) 

of 3.5% (simulation) and 6.76% (imaging) were obtained across all participants.

Conclusion Our study proves the feasibility of horizontal rotation in a fully-enclosed rotation system within an MR-scanner. 

Anxiety scores were low and motion sickness was only a minor influence. Both anxiety and motion sickness showed no angu-

lar dependency. Further optimizations with regard to immobilization in the rotation device may increase subject comfort.
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Background

Particle therapy with protons or heavier ions makes a 

noteworthy contribution in the treatment of tumour dis-

eases [1, 2]. Due to the physical nature of the dose depo-

sition, some indications can be successfully treated using 

single fixed horizontal or tilted beamlines, while for other 

indications, the use of rotating gantries is necessary. 

�ese structurally complex, large and costly systems ena-

ble irradiation from multiple different beam angles, up to 

360° rotation. In this respect, it has been hypothesized 

that gantries can be omitted by rotating the patient in 

front of fixed-beam nozzles [3, 4]. First partially-enclosed 

prototype devices for patient rotation have already been 

investigated in small scale to test feasibility and imag-

ing capabilities [5–9]. While imaging in particle therapy 

today usually is performed with x-ray-based systems, 

also the use of magnetic resonance imaging (MRI) has 

become increasingly important [10–12]. In photon radio-

therapy, integrated hybrid-systems combining MRI and 

linear accelerators are already well-established [13–18], 

and first concepts for combining particle therapy with 

MRI have been evaluated [19–21].

However, the use of patient rotation devices may be 

specifically challenging when combined with magnetic 

resonance (MR) imaging, as anxiety and claustropho-

bia are already of concern in conventional MRI [22–28] 

and might be even further enhanced with the use of par-

tially or fully-enclosed rotation systems. Also, the general 

patient well-being and comfort pose apparent obstacles 

in the implementation of these patient immobilization 

systems into clinical treatments. In this manuscript, a 

fully-enclosed patient rotation system was used to quan-

tify the compliance of volunteers to immobilization and 

rotation under MRI.

Materials and methods

Patient rotation system

A fully-enclosed patient rotation system (PRS) for the 

reproducible positioning of a previously immobilized 

patient for a diagnostic or radio-therapeutic procedure 

in supine, prone or any rotated position was developed. 

�e rotation system can be positioned in front of a hori-

zontal treatment beam or placed in an MRI or CT with 

bore diameters of at least 700 mm. A patient within the 

PRS can be rotated around its longitudinal axis in order 

to realize different imaging positions and beam entry 

angles, respectively. �e PRS consists of a polymethyl 

methacrylate tube (length: 2250 mm, inner diameter: 

500 mm). �e cylindrical, fully-enclosed design was cho-

sen so that no inhomogeneities are to be expected in 

the beam path, thus ensuring transmissivity without 

problematic boundaries, especially for potential irra-

diation with particles. An MR-imaging-coil can be easily 

integrated by placing thin conductors on the cylinder 

surface like suggested by Dietrich et  al. [29, 30]. �e 

tube rests on a wooden foundation and can be manually 

rotated, either with a geared handle or, after decoupling 

from the gear, fully manual (Fig. 1). �e foundation can 

be moved transversely on a base plate. �e base plates 

provide the fixation for the tables of the diagnostic and 

therapeutic modalities. For a more detailed, technical 

description of the system the reader is referred to Echner 

et al. [31].

Study design

�e study with a total of 50 adult volunteer participants 

(33 m; 17 f ) was divided into two phases. �e first phase 

(subjects #1-20) consisted of a simulation of an MR-

acquisition, the second phase (subjects #21-50) of real 

MR-imaging. �e subjects were positioned either with 

their arms along the body (subjects #1-35) or overhead 

(subjects #36-50). All subjects could terminate the study 

at any time and without giving any reason. �e basic 

assumption was that less than 20% of the subjects would 

drop out of such a study with a fully-enclosed patient 

rotation system. Right after the informed consent inter-

view, a claustrophobia questionnaire (CLQ) after Radom-

sky et  al. [32] was filled out, and age, height, weight, 

shoulder width, hip circumference, and abdominal cir-

cumference were determined. �is served as a reference 

for claustrophobia. �e immobilisation technique, which 

was common in both phases, involved the use of vacuum 

mats. A first vacuum mat served as a base and ranged 

from the head up to and including the hips (Fig. 1). A sec-

ond vacuum mat was used to immobilise the front of the 

subject from the shoulders to the navel. Two 18-channel 

flex-coils (Body 18 long Tim coil 1.5T, Siemens Health-

ineers, Erlangen, Germany) were inserted between the 

subject and each of the vacuum mats in the front and 

back. A third vacuum mat immobilised the subject ante-

riorly from the navel to the knees. Subjects were immo-

bilised either in the rotation system or outside with the 

help of a mould for vacuum mats. If the immobilisation 

took place outside, the immobilized subject was pushed 

into the rotation system via the front opening of the PRS. 

During the simulation (phase 1), the immobilised sub-

jects were placed in a 1.5 Tesla Magnetom  Sola© (Sie-

mens Healthineers, Erlangen, Germany) in the PRS at 0°, 

45°, 90° and 180° rotation angles and MR-pulse-sequence 

audio sounds were played through the headphones. For 

each angle setting Gradient echo sequence (GRE), echo-

planar fast spin echo sequence and cine balanced steady-

state free precession (bSSFP) sequence audio sounds 

were played for a total playing time of 10 min. Rotational 

speeds were measured and recorded once for 5 subjects 

during simulation. For that, the time was stopped which 
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was necessary to rotate the subject from a 180° to 0° and 

an average speed was calculated. Anxiety was assessed 

using a 6-item State-Trait-Anxiety Inventory (STAI-6), 

for motion sickness a modified Motion Sickness Assess-

ment Questionnaire (MSAQ) was used. Motion sick-

ness was assessed directly after each rotation and anxiety 

after simulation or acquisition at the respective angle. 

For this purpose, the head of the subject in the capsule 

was approached and in direct conversation they had to 

state the extent to which they agreed with the questions 

of the questionnaires according to the metrics described 

in “Assessment and evaluation” section. Furthermore, any 

additional areas of complaint were assessed.

Image acquisition

For the imaging phase (subjects #21-50), the existing 

simulation setup was adapted to a scenario, which could 

be, in theory, used for an irradiation of the liver, pan-

creas, the retroperitoneal space or the lower thoracic or 

lumbar region. For this purpose, instead of playing back 

audio files, real MRI-acquisition was performed and the 

angles were adjusted accordingly to 0°, 70°, 90° and 110°. 

To further avoid a possible bias or misinterpretation of 

the tolerability of the measurement angles based on their 

running order, this order was randomised for every sub-

ject. For imaging, a T1 3D GRE (TE: 2.39 ms/4.77 ms; TR: 

6.9  ms; voxel size: 1 × 1 × 5   mm3; FOV: 500 × 500 × 320–

420   mm3; duration: 23  s), a spiral ultra-short echo GRE 

(0.05  ms; 3.5  ms; 1.7 × 1.7 × 3   mm3; 700 × 700 × 320–

420  mm3; 20 s) and a T2 CINE bSSFP (1.52 ms; 130.3 ms; 

1 × 1 × 7   mm3; 500 × 500 × 7   mm3; 92  s) sequence were 

performed. �e imaging field-of-view extended from 

the liver to the iliac crest. Anxiety was assessed directly 

after every scanned angle. Motion sickness was assessed 

directly after every rotation. After imaging had been 

performed at all angles, the imaging was repeated at 

all angles in the same running order without assessing 

anxiety or motion sickness. After that, the subjects were 

removed from the MRI and the PRS rotation system. 

To assess the quality of the immobilisation and position 

accuracy both inter- and intra-fractionally, the subjects 

were reintroduced into the system and the MRI a sec-

ond time and images at all angles were acquired for a 

third time. �e subject’s state of mind and condition were 

permanently monitored and ensured by non-standard-

ised questioning. Rotational speeds were measured and 

recorded once for eight subjects during imaging. �is 

measurement took place at the rotation between the last 

angular position of the first run and first angular position 

of the second run. �is was due to the fact that the run-

ning order of the angular positions was random. In total, 

10 position sets with 10 min imaging duration each were 

utilized. �us, the time the subject remained in the cap-

sule was 100 min, with a 10-min break after 70 min. �e 

recorded image data and survey results were stored in a 

database.

Fig. 1 Patient rotation system with subject in different positions during the study
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Assessment and evaluation

�e claustrophobia questionnaire (CLQ) was evaluated 

using the methodology published by Radomsky [32] and 

Napp et al. [33]. Here, the subjects had to assess their fear 

in 26 situations. �e scale for the individual items can 

range between 0 (no fear) and 4 (extreme fear) in whole-

number increments. �en the average claustrophobic 

fear score per statement and the relative level of agree-

ment in percent over all items combined is determined. 

A result of 0% shows no anxiety, whereas 100% repre-

sents the maximum possible intensity for claustrophobic 

anxiety.

Anxiety was assessed with a 6-item State-Trait-Anxiety 

Inventory (STAI-6) according to the methodology pub-

lished by Marteau et al. [34]. Within the STAI-6, the sub-

jects have to answer 6 statements about their condition 

at time of assessment. �e scale for the individual items 

can range in whole-number increments between 0 (not 

at all true) and 4 (very true). �en the percentual level of 

agreement over all 6 items within a position was deter-

mined. A result of 0% shows no anxiety, whereas 100% 

represents the maximum possible intensity for anxiety.

�e assessment and evaluation of motion sickness was 

based on a modified 16-item Motion Sickness Assess-

ment Questionnaire (MSAQ) by Gianaros et al. [35]. �e 

modification of the MSAQ was an exclusion of all experi-

ence statements not affiliated to gastro-intestinal, central 

or peripheral symptoms. �e subjects had to answer 12 

statements about the presence and severity of symptoms 

at the time of the assessment. �e scale for the individual 

items can be in whole-number increments between 0 (no 

symptom) and 20 (extreme symptom intensity). �en 

the relative level of agreement in percent over all items 

within a rotation was determined.

Evaluation of the questionnaires was performed using 

an in-house developed Python script. Spearman cor-

relation coefficients were determined and Wilcoxon 

signed-rank tests and Mann–Whitney U tests were per-

formed. �e latter two involved the null hypothesis that 

there were no differences between the compared vari-

ables, and a p value below 0.05 was considered statisti-

cally significant. Additionally, the individual complaints 

were collected, grouped by body region and presented as 

a percentage of the total number of complaints submitted 

for a given angle position.

Results

For the study a diverse collective of subjects could be 

acquired. Figure  2 shows the body proportions of the 

subjects. Average scores on the CLQ per statement were 

0.64 ± 0.33 (16.75 ± 8.57%) for the simulation cohort and 

0.51 ± 0.39 (12.93 ± 10.18%) for the imaging cohort. For 

the combined cohorts the average CLQ-score per state-

ment was 0.56 ± 0.39 (14.5 ± 9.8%).

Fig. 2 Quantified body parameters of all subjects; red dots mark the dropouts
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STAI-6 anxiety at different rotation positions is shown 

in Fig.  3 and motion sickness at different rotations in 

Fig.  4. Some degree of motion sickness was present in 

75% (simulation) and 37% (imaging) of all subjects. �e 

further statistical evaluation of CLQ and STAI-6 is dis-

played in Table 1a, b. No statement could be made about 

monotonic correlation between claustrophobia and anxi-

ety with the used level of significance of 5% (p ≥ 0.108). 

Between the anxiety inventories for different angles pre-

sented in Table 1a, b, a moderate monotonic correlation, 

with a significance level of 10%, can be drawn between 

the measurement angles equal to and unequal to 0°. 

�e measurement angles other than 0° showed a strong 

monotonic correlation with a significance level of 5%. 

Both was valid for simulation and imaging. �e two-

sided Wilcoxon Signed-Rank Test displayed in Table  1c 

proved equality of anxiety between all angular positions 

to a level of significance of 5%. At a significance level of 

5%, the Man-Whitney U test (see Table  2) provided no 

Fig. 3 Normalised anxiety score for simulation and imaging cohort. Red dots mark the dropouts

Fig. 4 Normalised Fast motion sickness scores for simulation and imaging cohort. Red dots mark the dropouts. Patients with scores = 0 were 

excluded
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sufficient statistical evidence for a significant difference 

of motion sickness at different rotations.

�e rotation speeds at which the subjects were rotated 

were 38.6 ± 15.9°/s (simulation) and 58.1 ± 32.3°/s 

(imaging).

During simulation, one subject dropped out in the 

first run due to nausea when rotating to 45°, while dur-

ing imaging, two subjects dropped out in the first run at 

90° and 110° (3rd and 4th measurement angle, respec-

tively) due to pain from positioning. �e time remaining 

in the rotation system up to this point was 30 and 40 min, 

respectively. In total, out of 50 subjects, only 3 (6%) sub-

jects terminated the study prematurely.

In Fig.  5, all qualitatively recorded comfort-related 

complaint regions are listed. Main factors triggering 

complaints were pressure from the subjects’ own body 

weight on the shoulders and extremities, unpleasant folds 

present in the vacuum mats and a tightness caused by the 

immobilisation that exerted pressure on the blood circu-

lation and nerves.

Apart from the reported immobilization discomfort, 

the feedback of the subjects was positive in terms of fea-

sibility. �e setup time of up to 15–20 min was well tol-

erated. After setup completion, the reduction in comfort 

started, and discomfort and the subsequent occurrence 

of pain points increased.

Table 1 Statistical evaluation of STAI-6 and CLQ in different angles. All analyses excluded the dropouts per protocol

Simulation STAI 0° STAI 45° STAI 90° STAI 180°

(a) Spearman correlation coefficients of subjects during the simulation with p values (correlation/p value)

 CLQ  − 0.25/0.294  − 0.12/0.952  − 0.14/0.546  − 0.09/0.695

 STAI 0° 0.53/0.019 0.44/0.057 0.45/0.056

 STAI 45° 0.88/ < 0.001 0.64/0.003

 STAI 90° 0.73/ < 0.001

Imaging STAI 0° STAI 70° STAI 90° STAI 110°

(b) Spearman correlation coefficients of subjects during MRI with p values (correlation/p value)

 CLQ 0.31/0.108 0.22/0.257 0.13/0.505 0.04/0.810

 STAI 0° 0.67/ < 0.001 0.5/0.005 0.49/0.008

 STAI 70° 0.75/ < 0.001 0.75/ < 0.001

 STAI 90° 0.7/ < 0.001

Simulation STAI 45° STAI 90° STAI 180° Imaging STAI 70° STAI 90° STAI 110°

(c) p values of Wilcoxon signed-rank test (two-sided) for subjects during MRI

 STAI 0° 0.609 0.721 0.812 STAI 0° 0.319 0.600 0.513

 STAI 45° 0.395 0.674 STAI 70° 0.878 0.875

 STAI 90° 0.553 STAI 90° 0.727

Table 2 Statistical evaluation of motion sickness in different angles. All analyses excluded the dropouts per protocol

Simulation 45  90 90  180 180  0

(a) p values of motion sickness comparing different rotations for the simulation cohort (Mann–Whitney-U test)

 0  45 0.965 0.661 0.857

 45  90 0.643 0.786

 90  180 0.468

Imaging 0  90 0  110 70  90 70  110 90  110

(b) p values of motion sickness comparing different rotations for the imaging cohort (Mann–Whitney-U test)

 0  70 1.0 0.712 0.712 0.857 0.934

 0  90 1.0 0.951 0.844 0.685

 0  110 1.0 0.628 0.685

 70  90 0.389 0.607
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As an example of the acquired MR-images, Fig. 6 shows 

axial slices of the T1 GRE scan of one subject at the four 

different rotation angles.

Discussion

In this article, we present a study on the compliance of 

healthy subjects in a fully-enclosed patient rotation 

Fig. 5 Reported areas of discomfort for all participating subjects. Percentages mark the relative to the total amount of complaints filed 

for that angle. Filing multiple complaints was possible



Page 8 of 12Beyer et al. Radiation Oncology           (2024) 19:71 

system for MR-guided particle therapy. Only three of the 

50 participants aborted the study, thus confirming the 

basic assumption that less than 20% of the subjects would 

drop out of such a study with a fully-enclosed patient 

rotation system (p = 0.0057). Further, the study showed a 

good acceptance of the rotation system in realistic condi-

tions across all rotation angles for use on subject popu-

lations without a tendency to claustrophobic events. 

Anxiety and especially motion sickness were present but 

only occurred with negligible intensity. �e monotonic 

correlations involving claustrophobia can most likely be 

explained by randomness due to low correlation coef-

ficients and the subsequent monotony and high p val-

ues. �is is a strong evidence that claustrophobia is not 

linked to the different rotation positions. �e results of 

the Wilcoxon-signed rank test underline that anxiety is 

not related to specific angles, rather the overall duration 

and general positioning seem to influence the tolerance 

of the subjects. �e measurement results further showed 

no decrease in patient compliance for specific measure-

ment angles. �e compliance of the participants however 

depends on body parameters like shoulder width and 

body height, especially in relation to other sensitivities 

of the subjects. A connection between study dropout and 

increased anxiety or increased motion sickness cannot be 

drawn. �e dropouts showed levels of anxiety which are 

higher than the median of their individual cohort. �is 

was caused by low levels of comfort. �e other sensitivi-

ties showed almost exclusively uncomfortable feelings of 

different body regions, primarily the shoulder and upper 

Fig. 6 T1-GRE images of a subject at the same axial position in different rotation statesable
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extremities. We didn’t find any difference in overall com-

fort for different arm positioning (along the body or arms 

overhead), leading to the same complaints in both cases, 

caused by general tightness and burdening of the extrem-

ities with one’s own body weight.

�e presented results do not indicate any significant 

effects of motion sickness for this application of the rota-

tion system. However, the results showed that a higher 

motion sickness was reported in the simulations com-

pared to the imaging. While the simulations were con-

ducted in summer and the imaging part of the study took 

part in winter, this might have an impact on the overall 

motion sickness as the peripheral symptoms of motion 

sickness, expressed as warmth/heat and mischievousness 

were also asked for within the survey of motion sickness. 

�is might have influenced the corresponding results of 

motion sickness and shows an area for optimization of 

the rotation system.

Overall, our study indicates a positive assessment of 

the suitability of fully-closed patient rotation systems for 

future clinical applications. Advantages of these systems 

are the high homogeneity of the wall material around 

the patient to facilitate therapy planning while having 

360° access for beam delivery. Direct disadvantages, in 

contrast to partially-closed systems, apply only during 

immobilization of the patient, where the patient is not as 

accessible in a fully-closed system.

Regardless of the design, adjustments should be made 

to increase patient comfort and usability in follow-up 

studies. Our subjects complained about comfort and heat 

accumulation of the immobilization material on mul-

tiple occasions. Future studies should therefore focus 

on different immobilization materials than the vacuum 

matrasses used here.

In the long term, it cannot be relied upon that the MRI 

bore-diameters will further increase which would allow 

for larger rotation systems with improved patient com-

fort. Open MRIs would in that regard be beneficial for 

in-beam use because this would give room for elliptical 

shapes of rotation devices, which might give more room 

for extremities and people with wide bodies.

Based on literature, a distinction between popula-

tion-related differences and superiority or inferiority 

of the performed rotations and positions in the patient 

rotation system is not possible. �e studies of Napp 

et  al. [33] and Harris et  al. [23] performed only MR-

imaging without a rotation system. �e average CLQ 

scores of 0.60 ± 0.5 presented by Napp et  al. [33] for a 

study population without a tendency to claustropho-

bic events are comparable with our findings. Similarly 

to our procedure Harris et  al. [23] acquired the anxi-

ety inventories directly after the scan. �eir results of 

this general study of anxiety during MRI-examinations 

(CLQ scores 20.4 ± 18.3 male; 35.5 ± 23.0 female), 

showed greater discrepancy with our results. �e dis-

crepancy is caused, presumably, by their patient col-

lective being more prone to anxiety in general. �ese 

comparisons suggest that the main anxiety factor claus-

trophobia, during measurement, is not impacted nega-

tively by the MRI-rotation-system.

Whelan et al. [4] assessed anxiety and motion sickness 

of patients rotated within a gyroscope. �ey reported a 

mean CLQ score of 19 ± 20 (normalized values), corre-

sponding well with our results. Also, their mean STAI 

scores of 11.8 match our findings, which suggests that 

the narrower rotation system used in our work does 

not have an influencing effect on anxiety. Whelan et  al. 

[4] reported, however, a mean motion sickness score of 

13.7, which is increased compared to our results. �eir 

claim of a median motion sickness score of 0 is equal to 

our findings. �is suggests general consistency and indi-

cates that the used methodology for motion sickness 

assessment is sufficient. Rotation in a narrower rotation 

system, compared to an open gyroscope, has no negative 

impact to motion sickness. �e differences especially in 

the mean motion sickness are, probably, due to the fact 

that the collective of Whelan et al. [4] was slightly more 

prone to motion sickness in single individuals.

Buckley et al. [5] performed MR-imaging in a partially 

enclosed rotation system with increments of 45° over 

a 360° rotation with patients and subjects. Prior to and 

after imaging anxiety and motion sickness was assessed. 

�ere, 3 of the 20 subjects (15%) did not complete the 

study. �e dropout rate presented in our work was com-

parable, but slightly less. �e data collected by Buckley 

et  al. [5] showed also further similarities, although they 

didn’t record each individual rotation angle and only a 

before and after comparison is available. In their study 

55% of participants showed no motion sickness and also 

for the set-up presented, there are no discernible differ-

ences in the strength of the anxiety and motion sickness 

[5]. Nevertheless, it can be concluded that motion sick-

ness is negligible during patient rotation and in combi-

nation with MR-imaging no factor for additional anxiety 

based on the positioning in a fully-enclosed rotation sys-

tem is present.

Buckley et al. [5] reported also on sensitivities beyond 

anxiety or motion sickness. �e complaints reported 

there also targeted the extremities. However, this only 

applied to the arms and shoulders when the arm position 

was above the head. �is is a common problem among 

medical procedures and interventions, also outside of 

radiotherapy, which require the arm being out of cer-

tain areas around the body. �ey also reported isolated 

problems due to pressure on the thorax area which could 

not be observed within our study. �is underlines that 
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comfort is related to the immobilization technique as 

well as individual conditions.

Due to the voluntary nature of our study, participants 

with a tendency to claustrophobia, increased anxiety 

or panic attacks had the option of not responding to or 

dismissing the call for participation. �erefore, the par-

ticipants had no tendency towards claustrophobia and 

maybe increased anxiety. On the other hand, it can be 

assumed that cancer patients will show a higher tolerance 

during a medical intervention that might prolong their 

life or have pain-fighting effects. �is could therefore 

result in an increased acceptance of a rotation system 

and immobilization in a patient cohort. Although the lit-

erature on anxiety levels for radiation therapy procedures 

is sparse, some reports support this assumption. For a 

cohort of patients who underwent radiological inves-

tigations, Lo Re et  al. [36] found that patients with an 

oncological disease showed lower levels of anxiety than 

patients with no oncological diseases. A recent study of 

Moreira et  al. [37] found low anxiety levels in patients 

treated with a 1.5T MR-Linac. Antoni et  al. [38] evalu-

ated anxiety in breast cancer patients and reported that 

roughly a quarter of all patients showed clinically relevant 

levels of anxiety, but this number showed a tendency to 

decrease already after initial treatment planning. Overall, 

while only a follow-up study with patients can definitely 

answer the question if cancer patients will tolerate rota-

tion in a fully-enclosed rotation system, our results build 

an important foundation such a study.

In order to obtain more detailed information about 

areas in need of optimization, it is advised to conduct 

follow-up studies focusing on usability as well as improv-

ing comfort, also looking at detailed areas of discomfort 

at different body parts. Follow-up studies with different 

methods of patient immobilization in the rotation system 

shall also be advised, to limit the immobilization effort. 

As already pointed out, these should be conducted with 

volunteer patients rather than healthy volunteers in order 

to gain insights into collectives with additional comor-

bidities or higher anxiety levels. �e assessment, incor-

porating organ movement for different rotated patient 

positions into particle treatment planning will be impor-

tant for clinical introduction of patient rotation systems. 

We are already in the process of analyzing the acquired 

data in that sense and will conduct treatment planning 

studies accordingly.

Furthermore, an accurate quantification of the posi-

tioning qualities and the positional reproducibility using 

a rotational device will be a necessary prerequisite for 

the clinical introduction of such systems. �e questions 

regarding the differential impact of rotation on particle 

dose deposition in various anatomical states are of high 

significance and have to be addressed in future studies 

to ensure safe and effective clinical deployment. �ere-

fore, it is imperative for subsequent research to explore 

the nuanced effects of rotation on different patient 

populations when adequate reproducibility and posi-

tion quality of such systems is achieved. Efficient ways 

of treatment planning will need to be developed in order 

to deal with different internal anatomy following rota-

tion of a patient, most likely by use of deformable image 

registration and dose accumulation. Also, with chang-

ing internal anatomy following rotation, optimal angles 

might be different from currently used gantry angles for 

specific indications, and this will also need to be evalu-

ated in future studies using real patient data. Projects are 

currently ongoing at our institution in order to find solu-

tions for these challenges, with the aim of being able to 

use the rotation device for clinical particle beam treat-

ments eventually.

Lastly, the integration of necessary MR-equipment 

within the rotation system should be increased. For 

example, the coils required for the MR-measurement 

could be directly integrated within the rotation system 

as a transmit- and receive-coil, as already simulated, con-

ceptualized and tested by Dietrich et  al. [29, 30]. �is 

would make additional receiving coils directly around the 

patient obsolete and lead to easier positioning and immo-

bilization of the patient.

Conclusion

A fully-enclosed patient rotation system was used to 

quantify the compliance of subjects to immobiliza-

tion and rotation under MRI. Claustrophobia as well as 

anxiety was found to be negligible. Anxiety was inde-

pendent to angular position. Motion sickness was negli-

gible as well and equal between all rotations performed. 

Enhancement of patient comfort was identified as one of 

the primary areas of concern and future studies should 

focus on patients with oncological diagnosis.

Abbreviations

CINE  Steady-state free precession (SSFP) gradient echo-imaging

CLQ  Claustrophobia questionnaire

CT  Computer tomography

FOV  Field-of-view

GRE  Gradient echo sequence

HASTE  Half-Fourier acquisition single-shot turbo spin echo imaging

IQR  Interquartile range

MR/MRI  Magnetic resonance/magnetic resonance imaging

MRgPT  MR-guided-particle therapy

MRgRT  MR-guided-radiotherapy

MSAQ  Motion Sickness Assessment Questionnaire

PRS  Patient rotation system

STAI-6  6-Item state-trait-anxiety inventory

TE  Echo time

TR  Repetition time

Acknowledgements

Not applicable.



Page 11 of 12Beyer et al. Radiation Oncology           (2024) 19:71  

Author contributions

CB—study design, data acquisition, analysis and interpretation of data, manu-

script writing; KMP—study design, manuscript editing and revision; SD—data 

analysis and interpretation, manuscript editing and revision; GE—study 

design; FD—data acquisition; TW—study design, supervision; KS—study 

design, manuscript editing and revision; JHR—study design, supervision; OJ—

study design, supervision; TH—study design, supervision; JD—study design, 

supervision, manuscript editing and revision; SK—study design, data analysis 

and interpretation, supervision, manuscript editing and revision. All authors 

read and approved the final manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. This work was 

kindly sponsored by the German Federal Ministry of Education and Research 

within the funding program “Bildgeführte Diagnostik und Therapie—Neue 

Wege in der Intervention” (ARTEMIS, 13GW0436A). For the publication fee 

we acknowledge financial support by Deutsche Forschungsgemeinschaft 

within the funding programme “Open Access Publikationskosten” as well as by 

Heidelberg University.

Availability of data and materials

The datasets generated and/or analyzed during the current study are not pub-

licly available due General Data Protection Regulation (GDPR) but are available 

from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

The author declares that participants participated voluntary and gave written 

consent for participation. The study has received approval by the Ethics Com-

mittee of the Medical Faculty Heidelberg (study number S-903/2021).

Consent for publication

The author declares that volunteers gave written consent that personal 

images could be processed and published in this study.

Competing interests

JHR reports research grants from IntraOP Medical (COSMOPOLITAN trial) and 

Varian Medical Systems (AIM-C1 trial) as well as speaker fees from ViewRay Inc., 

Pfizer Inc. and Sanofi Aventis and travel reimbursement from VARIAN Medical 

Systems outside the submitted work. JD received grants from View Ray Inc., 

CRI—The Clinical Research Institute GmbH, Accuray Incorporated, Accuray 

International Sàrl, RaySearch Laboratories AB, Vision RT limited, Astellas 

Pharma GmbH, Astra Zeneca GmbH, Solution Akademie GmbH, Ergomed PLC 

Surrey Research Park, Merck Serono GmbH, Siemens Healthcare GmbH, Quin-

tiles GmbH, Pharmaceutical Research Associates GmbH, Boehringer Ingelheim 

Pharma GmbH Co, PTW-Freiburg Pychlau GmbH, Nanobiotix A.A. and IntraOP 

Medical outside the submitted work.

Author details
1 Department of Radiation Oncology, Heidelberg University Hospital, Im 

Neuenheimer Feld 400, 69120 Heidelberg, Germany. 2 Heidelberg Institute 

of Radiation Oncology (HIRO) and National Center for Radiation Research 

in Oncology (NCRO), Heidelberg, Germany. 3 National Center for Tumor Dis-

eases (NCT), Heidelberg, Germany. 4 Department of Medical Physics in Radia-

tion Oncology, German Cancer Research Center (DKFZ), Heidelberg, Germany. 
5 Clinical Cooperation Unit Radiation Oncology, German Cancer Research 

Center (DKFZ), Heidelberg, Germany. 6 Department of Radiation Oncology, 

Heidelberg Ion-Beam Therapy Center (HIT), Heidelberg University Hospital, 

Heidelberg, Germany. 

Received: 12 October 2023   Accepted: 24 May 2024

References

 1. Schaub L, Harrabi SB, Debus J. Particle therapy in the future of precision 

therapy. BJR. 2020;93(1114):20200183.

 2. Eichkorn T, König L, Held T, Naumann P, Harrabi S, Ellerbrock M, et al. 

Carbon ion radiation therapy: one decade of research and clinical experi-

ence at Heidelberg ion beam therapy center. Int J Radiat Oncol Biol Phys. 

2021;111(3):597–609.

 3. Yan S, Lu HM, Flanz J, Adams J, Trofimov A, Bortfeld T. Reassessment of the 

necessity of the proton gantry: analysis of beam orientations from 4332 

treatments at the Massachusetts General Hospital Proton Center over the 

past 10 years. Int J Radiat Oncol Biol Phys. 2016;95(1):224–33.

 4. Whelan B, Welgampola M, McGarvie L, Makhija K, Turner RM, Holloway L, 

et al. Patient reported outcomes of slow, single arc rotation: Do we need 

rotating gantries? J Med Imaging Radiat Oncol. 2018;62(4):553–61.

 5. Buckley JG, Smith AB, Sidhom M, Rai R, Liney GP, Dowling JA, et al. 

Measurements of human tolerance to horizontal rotation within an MRI 

scanner: towards gantry-free radiation therapy. J Med Imag Radiat Oncol. 

2021;65(1):112–9.

 6. Buckley JG, Dong B, Liney GP. Imaging performance of a high-field 

in-line magnetic resonance imaging linear accelerator with a patient 

rotation system for fixed-gantry radiotherapy. Phys Imaging Radiat Oncol. 

2020;16:130–3.

 7. Buckley JG, Rai R, Liney GP, Dowling JA, Holloway LC, Metcalfe PE, et al. 

Anatomical deformation due to horizontal rotation: towards gantry-free 

radiation therapy. Phys Med Biol. 2019;64(17):175014.

 8. Buckley JG, Dowling JA, Sidhom M, Liney GP, Rai R, Metcalfe PE, et al. Pel-

vic organ motion and dosimetric implications during horizontal patient 

rotation for prostate radiation therapy. Med Phys. 2021;48(1):397–413.

 9. Whelan B, Liney GP, Dowling JA, Rai R, Holloway L, McGarvie L, et al. An 

MRI-compatible patient rotation system—design, construction, and first 

organ deformation results. Med Phys. 2017;44(2):581–8.

 10. Dorsch S, Paul K, Beyer C, Karger CP, Jäkel O, Debus J, et al. Quality 

assurance and temporal stability of a 1.5 T MRI scanner for MR-guided 

photon and particle therapy. Zeitschrift für Medizinische Physik. 

2023;S0939388923000466.

 11. Noel CE, Parikh PJ, Spencer CR, Green OL, Hu Y, Mutic S, et al. Comparison 

of onboard low-field magnetic resonance imaging versus onboard com-

puted tomography for anatomy visualization in radiotherapy. Acta Oncol. 

2015;54(9):1474–82.

 12. Oborn BM, Dowdell S, Metcalfe PE, Crozier S, Mohan R, Keall PJ. Proton 

beam deflection in MRI fields: Implications for MRI-guided proton 

therapy: Beam delivery in MRI-guided proton beam therapy. Med Phys. 

2015;42(5):2113–24.

 13. Mutic S, Dempsey JF. The ViewRay system: magnetic resonance-guided 

and controlled radiotherapy. Semin Radiat Oncol. 2014;24(3):196–9.

 14. Klüter S. Technical design and concept of a 0.35 T MR-Linac. Clin Transl 

Radiat Oncol. 2019;18:98–101.

 15. Paulson ES, Ahunbay E, Chen X, Mickevicius NJ, Chen GP, Schultz C, et al. 

4D-MRI driven MR-guided online adaptive radiotherapy for abdominal 

stereotactic body radiation therapy on a high field MR-Linac: imple-

mentation and initial clinical experience. Clin Transl Radiat Oncol. 

2020;23:72–9.

 16. Kairn T. Patient rotation during linac-based photon electron radiotherapy. 

J Med Imaging Radiat Oncol. 2018;62(4):548–52.

 17. Bostel T, Nicolay NH, Grossmann JG, Mohr A, Delorme S, Echner G, et al. 

MR-guidance—a clinical study to evaluate a shuttle-based MR-linac con-

nection to provide MR-guided radiotherapy. Radiat Oncol. 2014;9(1):12.

 18. Corradini S, Alongi F, Andratschke N, Belka C, Boldrini L, Cellini F, et al. 

MR-guidance in clinical reality: current treatment challenges and future 

perspectives. Radiat Oncol. 2019;14(1):92.

 19. Hoffmann A, Oborn B, Moteabbed M, Yan S, Bortfeld T, Knopf A, et al. 

MR-guided proton therapy: a review and a preview. Radiat Oncol. 

2020;15(1):129.

 20. Schellhammer SM, Hoffmann AL, Gantz S, Smeets J, Van Der Kraaij 

E, Quets S, et al. Integrating a low-field open MR scanner with a 

static proton research beam line: proof of concept. Phys Med Biol. 

2018;63(23):23LT01.

 21. Gantz S, Hietschold V, Hoffmann AL. Characterization of magnetic inter-

ference and image artefacts during simultaneous in-beam MR imaging 

and proton pencil beam scanning. Phys Med Biol. 2020;65(21):215014.

 22. Dewey M, Schink T, Dewey CF. Claustrophobia during magnetic 

resonance imaging: cohort study in over 55,000 patients. J Magn Reson 

Imaging. 2007;26(5):1322–7.



Page 12 of 12Beyer et al. Radiation Oncology           (2024) 19:71 

 23. Harris LM, Cumming SR, Menzies RG. Predicting anxiety in magnetic 

resonance imaging scans. Int J Behav Med. 2004;11(1):1–7.

 24. Dantendorfer K, Wimberger D, Katschnig H, Imhoff H. Claustrophobia in 

MRI scanners. Lancet. 1991;338(8769):761–2.

 25. Munn Z, Pearson A, Jordan Z, Murphy F, Pilkington D, Anderson A. Patient 

anxiety and satisfaction in a magnetic resonance imaging department: 

initial results from an action research study. J Med Imaging Radiat Sci. 

2015;46(1):23–9.

 26. Enders J, Zimmermann E, Rief M, Martus P, Klingebiel R, Asbach P, et al. 

Reduction of claustrophobia with short-bore versus open magnetic reso-

nance imaging: a randomized controlled trial, Laks J, editor. PLoS ONE. 

2011;6(8):e23494.

 27. Everts R, Muri R, Leibundgut K, Siegwart V, Wiest R, Steinlin M. Fear and 

discomfort of children and adolescents during MRI: ethical consideration 

on research MRIs in children. Pediatr Res. 2022;91(4):720–3.

 28. Tetar S, Bruynzeel A, Bakker R, Jeulink M, Slotman BJ, Oei S, et al. Patient-

reported outcome measurements on the tolerance of magnetic reso-

nance imaging-guided radiation therapy. Cureus. 2018;10(2):e2236.

 29. Dietrich K, Klüter S, Knowles Benjamin R, Debus J, Ladd ME, Platt T. 

Comparison of birdcage resonator designs for clinical MR-guided radio-

therapy. Proc Int Soc Mag Reson Med. 2021;29:4013.

 30. Dietrich KA, Klüter S, Debus J, Dinkel F, Echner G, Ladd ME, et al. Construc-

tion of a Tx/Rx body coil on a rotatable patient capsule for MR-guided 

particle therapy. Proc Intl Soc Mag Reson Med. 2022;30:1094.

 31. Echner G, Dinkel F, Beyer C, Jäkel O. PO-1913 Development and test of a 

patient immobilization and rotation device for imaging and radiotherapy. 

Radiother Oncol. 2023;182:S1663-4.

 32. Radomsky AS, Rachman S, Thordarson DS, McIsaac HK, Teachman BA. The 

claustrophobia questionnaire. J Anxiety Disord. 2001;15(4):287–97.

 33. Napp AE, Enders J, Roehle R, Diederichs G, Rief M, Zimmermann E, et al. 

Analysis and prediction of claustrophobia during mr imaging with the 

claustrophobia questionnaire: an observational prospective 18-month 

single-center study of 6500 patients. Radiology. 2017;283(1):148–57.

 34. Marteau TM, Bekker H. The development of a six-item short-form of the 

state scale of the Spielberger State—Trait Anxiety Inventory (STAI). Br J 

Clin Psychol. 1992;31(3):301–6.

 35. Gianaros PJ, Muth ER, Mordkoff JT, Levine ME, Stern RM. A questionnaire 

for the assessment of the multiple dimensions of motion sickness. Aviat 

Space Environ Med. 2001;72(2):115–9.

 36. Lo Re G, De Luca R, Muscarneri F, Dorangricchia P, Picone D, Vernuccio F, 

et al. Relationship between anxiety level and radiological investigation. 

Comparison among different diagnostic imaging exams in a prospective 

single-center study. Radiol Med. 2016;121(10):763–8.

 37. Moreira A, Li W, Berlin A, Carpino-Rocca C, Chung P, Conroy L, et al. 

Prospective evaluation of patient-reported anxiety and experiences with 

adaptive radiation therapy on an MR-linac. Tech Innov Patient Support 

Radiat Oncol. 2024;29:100240.

 38. Antoni D, Vigneron C, Clavier JB, Guihard S, Velten M, Noel G. Anxiety 

during radiation therapy: a prospective randomized controlled trial 

evaluating a specific one-on-one procedure announcement provided by 

a radiation therapist. Cancers. 2021;13(11):2572.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-

lished maps and institutional affiliations.


