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ABSTRACT 
Background: As magnetic resonance imaging (MRI) becomes increasingly integrated into radiotherapy 
(RT) for enhanced treatment planning and adaptation, the inherent geometric distortion in acquired 
MR images pose a potential challenge to treatment accuracy. This study aimed to evaluate the geo
metric distortion levels in the clinical MRI protocols used across Danish RT centers and discuss influ
ence of specific sequence parameters. Based on the variety in geometric performance across centers, 
we assess if harmonization of MRI sequences is a relevant measure.
Materials and methods: Nine centers participated with 12 MRI scanners and MRI-Linacs (MRL). Using 
a travelling phantom approach, a reference MRI sequence was used to assess variation in baseline dis
tortion level between scanners. The phantom was also scanned with local clinical MRI sequences for 
brain, head/neck (H/N), abdomen, and pelvis. The influence of echo time, receiver bandwidth, image 
weighting, and 2D/3D acquisition was investigated.
Results: We found a large variation in geometric accuracy across 93 clinical sequences examined, 
exceeding the baseline variation found between MRI scanners (r¼ 0.22 mm), except for abdominal 
sequences where the variation was lower. Brain and abdominal sequences showed lowest distortion 
levels ([0.22, 2.26] mm), and a large variation in performance was found for H/N and pelvic sequences 
([0.19, 4.07] mm). Post hoc analyses revealed that distortion levels decreased with increasing band
width and a less clear increase in distortion levels with increasing echo time. 3D MRI sequences had 
lower distortion levels than 2D (median of 1.10 and 2.10 mm, respectively), and in DWI sequences, the 
echo-planar imaging read-out resulted in highest distortion levels.
Conclusion: There is a large variation in the geometric distortion levels of clinical MRI sequences 
across Danish RT centers, and between anatomical sites. The large variation observed makes harmon
ization of MRI sequences across institutions and adoption of practices from well-performing anatomical 
sites, a relevant measure within RT.
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Background

The role of magnetic resonance imaging (MRI) in radiother
apy (RT) is rapidly expanding with the introduction of MRI- 
only [1,2] and integrated MRI-Linac (MRL) workflows [3,4]. 
These have several benefits, including better soft-tissue con
spicuity allowing direct visualization of the tumor/normal tis
sue in (daily) treatment adaptation, online-gated treatments 
based on MRI-cinematic imaging, and acquisition of func
tional information for research, all without exposing the 
patient to imaging related ionizing radiation.

RT aims for precise treatment delivery by minimizing mar
gins to spare healthy tissue without compromising local con
trol. Therefore, the geometric accuracy of images used for 
planning and adapting RT is critical. Unfortunately, MRI is 
known to be less geometrically accurate compared to CT [5]. 
Geometric distortions are caused by MRI scanner-specific 
effects, such as gradient non-linearity, imperfectly shimmed 
main magnetic field, and eddy currents, and patient-specific 
effects such as magnetic susceptibility differences in tissues 
and chemical shifts of chemical compounds [6].
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MRI sequence settings influence the level of geometric 
distortion caused by these effects [7,8]. In general, the distor
tion level scale with the magnetic susceptibility differences, 
main field strength, and scales inversely with the receiver 
bandwidth (BW) [7,8]. Moreover, gradient recalled echo (GRE) 
and echo-planar imaging (EPI) sequences are more prone to 
these artifacts than spin-echo (SE) sequences, as spins are 
not realigned by a refocusing radiofrequency (RF) pulse in 
GRE, and due to the low effective receiver BW in EPI [9,10].

Actual geometric distortions have previously been shown 
to be clinically relevant in RT, with levels up to 4 mm in the 
brain [11], and especially for non-centrally located targets 
such as liver metastases or breast, as geometric distortions 
generally increases with increasing distance to the MRI iso
center as magnetic gradient linearity becomes increasingly 
difficult to achieve. Several reports address tolerance levels 
to secure image quality and patient safety [6,10,12–14]. 
General tolerance levels for geometric uncertainties in RT 
and MRI simulation below 2 mm is recommended [10,12] 
and suggested to be lowered for MRI-guided RT to <1 mm 
close to target regions, as distortions can propagate directly 
into dosimetric errors [6]. A higher off-axis geometric accur
acy is also important in MRL workflows, where the lateral 
motion of the couch is not possible [3,15,16] or limited [17] 
on current MRL systems.

MRI sequences used in RT are typically based on local 
preferences (maybe adopted from radiology), guided by 
national or international guidelines for anatomical targets 
[18–22]. This results in a vast catalog of MRI sequences used 
across institutions. The lack of harmonization of sequences 
could potentially lead to large discrepancies in MRI quality, 
affecting treatment quality between centers. MRI accredit
ation programs may mitigate this, but so far exist only in 
radiology, where the focus is on high sensitivity rather than 
geometrical fidelity [23,24].

Previous studies of RT-specific MRI sequences have inves
tigated the overall image quality, contrast, or geometric dis
tortion for a limited number of sequences in single 
anatomies [25–28]. The current study evaluated the geomet
ric accuracy of target specific MRI protocols used across all 
RT centers in Denmark. The aim was to clarify if differences 
in geometric quality of MRI sequences across RT centers and 
anatomical regions exist, and to investigate if there is a clin
ically relevant potential for harmonization. Apart from deter
mining the geometric distortion, the specific objectives were 
to investigate the influence of common MRI sequence 
parameters on the distortion levels and discuss the findings 
in a clinically relevant context.

Methods

Eight RT and one radiological center, all collaborators in the 
National Interdisciplinary Network for Quality Assurance of 
MR Images in Radiotherapy (NIMBUS) [29], participated in 
this study, resulting in 12 MRI scanners included. Of those, 
three were MRLs, eight were designated RT MRI, and one 
was a diagnostic MRI scanner (Table 1). The diagnostic MRI 
scanner was included for comparison, as RT-MRI and 

diagnostic MRI have a different focus on geometric accuracy. 
The study was conducted with a travelling phantom 
approach, where the same team visited each center with the 
same phantom.

Phantom

Geometric distortions were measured using a large third 
party phantom (MagphanVR RT 820, The Phantom Laboratory, 
Salem, NY, USA). The phantom measured 35� 27 � 21 cm3 

and contained 513 spherical markers with a diameter of 
1 cm. The phantom was filled with a background solution 
with T1 and T2 values in the range of 175–225 ms at 0.35 T, 
350–400 ms at 1.5 T, and 500–550 ms at 3.0 T.[30]

The phantom consisted of two individual modules, which 
were assembled at each center introducing a small variation 
in the relative positioning of the two modules (see Section 
‘Distortion analysis tool’).

MRI acquisitions

MRI sequences
Each center selected clinical MRI protocols for two anatom
ical sites of their own choice (sequence parameters in Table 
S2, supplementary materials). The phantom was imaged with 
these sequences without any modifications to precisely repli
cate a clinical setup, and consisted of both 2D (axial, sagittal, 
and coronal) and 3D acquisitions.

To estimate the baseline variation in distortion levels 
between scanners, a reference 3D T1w GRE sequence was 
used in accordance with the literature [31–33]. The reference 
sequences were adjusted to account for field strength differ
ences (0.35, 1.5, 3 T) and vendor-specific restrictions (Table 
S1). The phantom was scanned with the reference sequence 
just prior to the clinical MRI sequences.

Influence of MRI sequence parameters
The influence of sequence parameters settings on distortion 
levels was studied retrospectively using DICOM [34] header 
information for the individual clinical sequences. Specifically, 
the influence of receiver bandwidth per pixel (pBW), echo 
time (TE), image weighting (T1w, T2w, DWI), and 2D vs. 3D 
acquisition was investigated. The pBW was normalized to 
field strength (B0) to see the field independent effect. For EPI 
sequences, the effective pBW in the phase-encoding direc
tion was calculated using BWPE ¼

1
tES�ETL (where tES is the echo 

spacing and ETL is the echo train length), instead of the BW 
in frequency-encoding direction, as magnetic field inhomo
geneity artifacts are seen predominantly here [35,36]. Theil- 
Sen robust linear regression [37] was used to investigate the 
influence of sequence parameters on distortion level to limit 
the sensitivity to outliers. Differences in median distortion 
level between T1w/T2w and 2D/3D MRI sequences were 
tested using a Wilcoxon rank sum test (a¼ 5%)
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Geometric distortion analysis

Distortion analysis tool
Distortion analysis of the MR images was performed with an 
in-house developed tool using MATLAB (MATLAB R2022b, 
The Mathworks Inc., Natick, MA, USA). Overall the tool was 
based on two steps: In step one, the spherical markers in the 
phantom in the MR images were localized using Spherical 
Hough transformation [38]. In step two, the positions of the 
spherical markers were compared to reference positions 
found in CT images.

Rigid transformation of the positions of central spherical 
markers in the CT reference dataset (details in Section 
‘Reference position dataset’) to the position in the MR 
images was used to account for phantom positioning differ
ences. The spherical markers nearest the MRI isocenter con
sidered the least affected by geometric distortion, were used 
for this [39]. To account for phantom module assembly 
uncertainty, the positions of the spherical markers in the two 
modules of the phantom were transformed individually. The 
Euclidian distance between MRI and reference positions of all 
the identified spherical markers was reported as the magni
tude distortion.

The distortion analysis tool was compared to commer
cially available software (Sm�ari, The Phantom Laboratory, 
Salem, NY, USA) using the reference MRI sequence. This com
mercial software, however, required scans with large FOV 
and was therefore not compatible with most of the clinical 
MRI sequences.

Reference position dataset
A reference position dataset of the phantom was generated 
from CT scans (Siemens SOMATOM go.Open Pro, Siemens 
Healthcare, Erlangen, Germany), acquired at 130 kV, 432 mA, 
FOV of 492� 492 � 268 mm3, and an exposure time of 
1250 ms.

The reference position dataset was generated from five 
CT scans, where the phantom was reassembled before 
each scan. A rigid transformation was performed on the 
CT scans to account for phantom positioning. To include 
the reassembly uncertainty, the median position was found 
for each marker in the phantom as the reference position 
dataset.

Reported distortions
Distortions were reported as the 95th percentile maximum dis
tortion (limiting outliers) within spherical volumes with diame
ters of 10 cm (DSV10), 20 cm (DSV20), 30 cm (DSV30), and with 
a spherical volume with the maximum diameter possible 
within the FOV (DSVmax, [30, 35, 40] cm for brain, H/N, abdo
men, pelvis, and the reference sequence, respectively).

Results

MRI acquisitions resulted in data from 12 MRI scanners. The 
entire data set from one scanner (MRI8) was corrupted and 
could not be analyzed (Table 1). Furthermore, baseline data 
acquired with the reference sequence from another scanner 
(MRI5) was excluded due to presumed faulty setup of the 
sequence parameters. This resulted in baseline geometric dis
tortion data from 10 scanners and distortion data on 93 clin
ical sequences from 11 scanners (sequence parameters listed 
in Table S2). The clinical MRI protocols included brain 
(n¼ 15), head and neck (H/N, n¼ 21), liver and abdomen 
(abdomen, n¼ 20), prostate and rectum (pelvis, n¼ 37).

A comparison of the in-house developed analysis tool and 
the commercially available software showed in general lower 
distortion level for the commercial software based on the 
reference sequence data from four scanners. The maximum 
distortion differed with around 0.6 mm, but the same overall 
tendency was seen (Figure S3).

Geometric distortion of clinical MRI sequences

The baseline geometric distortion levels were in general low, 
and the standard deviation (r) for all scanners ranged 
between 0.21 mm and 0.27 mm when evaluated at different 
DSVs, describing the smallest observable difference between 
scanners (Figure 1). Baseline distortion levels were compar
able between 1.5 T and 3 T scanners, and higher for the 
0.35 T scanners. The diagnostic MRI scanner were comparable 
with the other 3 T MRI scanners.

The minimum distortion levels of clinical MRI sequences 
(excluding DWI) were below 0.3 mm–1.2 mm (DSV10 – 
DSVmax), and comparable between the anatomical sites 
(Figure 2). On the other hand, the maximum distortion levels 
differed greatly between anatomical sites with H/N and 

Table 1. MRI/MRL scanners and hardware specifications.

Center Name MRI scanner B0 [T] Bore size [cm] Gradient amplitude [mT/m] Gradient slew rate [T/m/s]

1 MRI1 Philips Ingenia 3.0 70 45 220
2 MRI2 Philips Ingenia 3.0 70 45 220
3 MRI3 Philips Ingenia 1.5 70 45 200
4 MRI4 Philips Ingenia 1.5 70 45 200

MRL1 Elekta Unity 1.5 70 15 65
5 MRI5 Siemens MAGNETOM Aera 1.5 70 45 200
6 MRI6 Siemens MAGNETOM Vida 3.0 70 60 200

MRL2 ViewRay MRIdian 0.35 70 18 200
7 MRI7 Siemens MAGNETOM Sola 1.5 70 45 200

MRL3 ViewRay MRIdian 0.35 70 18 200
8 MRI8 Philips Ingenia 1.5 70 45 200
9 MRI Rad Philips Ingenia 3.0 T 70 45 220
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pelvis generally showing higher mean and maximum distor
tion levels than brain and abdominal MRI sequences (Figure 
2 and Figures S1 and S2, supplementary material), and there
fore a larger range of distortion levels. The distortion levels 
were a factor of 2–3 higher for the DWI sequences (Figure 2). 
Individual sequence distortions are listed in Table S3 (supple
mentary materials).

The standard deviation of the distortion levels within simi
lar sequences for the different anatomical sites ranged 
between [0.16, 0.98] (listed at the top in Figure 2(b)) mm for 
non-DWI sequences (DSVmax). Abdominal sequences per
formed consistently better that the other anatomical sites 
and the variation seen in sequences were at the same level 
as variation between scanners, indicating no real difference 
in geometric distortion level (rabdomen ¼ [0.17, 0.28] and 
rbaseline ¼ 0.27 for DSVmax). For the other anatomical sites, 
the variation exceeded the baseline variation indicating real 
differences in geometric distortion level between sequences.

An example of the effect of severe image distortion in a 
dose plan of the phantom is shown in Figure 3, where a tar
get is distorted in a pelvic 2D T2w SE MRI sequence from 
the dataset (ID 92, Table S2 and S3). In the coronal and sagit
tal plane, the PTV does not cover the target.

Influence of MRI sequence parameters

Regardless of sequence type, distortion levels decreased with 
pBW (Figure 4(a,e)). Distortion levels also increased with 

increasing TE, except for 2D acquisitions, where no change 
or a slight decrease in distortion (DSV30) was observed as TE 
increased (Figure 4(b,d,f)). As regards DWI sequences, the 
read-out type had a strong influence on distortion level: 
Spin-Echo based-EPI (SE-EPI) read-out showed much higher 
distortion levels compared to Turbo Spin Echo (TSE) and GRE 
based-EPI (GRE-EPI) read-out, which used segmented readout 
with multiple shots (Siemens trade name, RESOLVE).

No significant difference (p¼ .48) in distortion level was 
found between T1w/T2w sequences (Figure 5), but a clear 
difference was observed for 2D (DWI excluded) vs. 3D 
(p< .001, Figure 5) with median levels of 2.10 mm vs. 
1.10 mm and maximum level of 4.07 mm vs. 1.60 mm 
(DSV30).

Discussion

As geometric accuracy is a cornerstone of RT, the evolving role 
of MRI in RT demands special attention by the RT community 
to ensure acceptable levels of distortion, and sufficient consist
ency between centers. This study investigated the geometric 
accuracy of MRI sequences used in RT across nine centers.

The baseline geometric distortion between the 11 investi
gated MRI scanners ranged between 0.27 (DSV10, MRI2) and 
2.01 (DSV40, MRL2) mm with a mean standard deviation of 
0.23 mm, indicating the smallest measurable difference in dis
tortion level across scanners. The highest distortion level in clin
ical MRI sequences was 5.02 (MRI2, H/N) and 10.89 (MRI4, 

Figure 1. Baseline geometric distortions. The 95th percentile maximum distortion within a spherical volume with a diameter of 10 cm (DSV10, blue), 20 cm 
(DSV20, red), 30 cm (DSV30, yellow), and 40 cm (DSV40, purple) around MRI isocenter are shown. Scanners are grouped in field strength. r denotes the standard 
deviation across all scanners.
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pelvis) mm for anatomical and DWI sequences, respectively 
(DSVmax). The variation between similar sequence types used 
in brain, H/N, and pelvis was larger than the baseline variation 

between scanners, indicating a difference in distortion level due 
to sequence setup. The sequences used for brain and abdomen 
had better geometric accuracy than those used for H/N and 

Figure 2. Magnitude distortion (in mm) within a spherical volume with top) a diameter of 10 cm (DSV10) and bottom) with a maximum diameter Determined by 
the field-of-view (FOV) of the MRI sequence (DSVmax) for all clinical MRI sequences investigated. DSVmax for (brain, head/neck (H/N), abdomen, pelvis) ¼ [30, 30, 
40, 35] cm. The MRI sequences are divided into anatomical sites (brain, H/N, abdomen, pelvis) and sequence weightings representative for that anatomical site 
(e.g., T1w) on the x-axis. Marker color specifies MRI system and marker type specifies MRI sequence types (gradient-recalled echo (GRE), spin-echo (SE), and echo- 
planar imaging (EPI)). r denotes standard deviation within a sequence group.
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pelvis. We also found that 2D MRI sequences had a higher dis
tortion level than 3D MRI sequences. Generally the distortion 
level decreased with increasing bandwidth (pBW), whereas for 
increasing TE the distortion levels increased slightly (3D and 
DWI) but decreased for 2D. For DWI, the majority of SE-EPI 
based sequences had noticeably larger distortion levels than 
other DWI sequences.

Overall the baseline distortion levels of all scanners were 
lower than the recommended tolerance levels [12,14] and 
comparable between 1.5 T and 3 T. The distortion levels for 
the two 0.35 T scanners (MRL2 and MRL3) were larger. This 
could reflect sub-optimal implementation of the reference 
sequence, which is further supported by the low distortion 
levels for the clinical MRI sequences on these systems.

The in-house developed distortion analysis tool enabled 
analysis of MRI sequences with small FOV. The tool reported 
larger distortions compared to the commercial software, but 
similar overall trend with increasing distance to isocenter 
(Figure S3), when compared with the reference sequence. 
However, the tool agreed better with previously reported 

distortion levels across scanners [8,14,40], also for the specific 
phantom and scanner used in this study [41].

Brain and abdominal sequences had better geometric 
accuracy than H/N and pelvic sequences. A plausible explan
ation for this is that brain and abdominal sequences more 
frequently were 3D MRI acquisitions, and furthermore all 
abdominal sequences were default MRL sequences that pre
sumably have been optimized for high geometric accuracy, 
since they are used more directly for treatment planning. On 
the other hand the MRL sequences in general had large 
voxel sizes (>1 mm), introducing some uncertainty in the 
estimations. In 3D MRI acquisitions, 3D distortion correction 
including through-slice distortion correction was applied, 
resulting in lower distortion levels than its 2D counterpart in 
agreement with the literature [40,42,43]. Recently, 3D distor
tion correction has become available for multi-slice 2D 
sequences without slice-gap, and has reduced distortion lev
els for 2D sequences [44–46]. In this study, 3D distortion cor
rection for 2D sequences was not available, and the resulting 
higher distortion levels for the 2D sequences underlines the 

Figure 3. A Stereotactic dose plan for graphical illustration of the effect of image created in the treatment planning system pinnacle (Philips Healthcare, The 
Netherlands) on a CT reference dataset (top), where an off-axis sphere was delineated as a gross tumor volume (GTV, red) in the axial, sagittal and coronal plane. A 
planning target volume (PTV, cyan) was created by a 2 mm isotropic margin expansion of the GTV. The goal of the single arc volumetric modulated arc therapy 
(VMAT) dose plan was to cover the PTV by 30 Gy conformally while keeping steep dose gradients outside the target. One of the acquired pelvic MRI sequences (2D 
T2w SE, ID 92) (bottom) with a high distortion level was registered to the CT based on the central spheres. Iso-dose curves of 30 Gy (dark blue) and 20 Gy 
(magenta) are shown on CT images (top). the coverage of the PTV was compromised due to the distortions. Image distortion in the cranio-caudal direction are evi
dent in this image data set, as also seen by the outer shape of the phantom.
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need for 3D distortion correction options. Another point to 
note is that although 3D sequences have better geometry, 
they are inherently slower, and may not provide the optimal 
T2-contrast in feasible scan times [47].

The variation in geometric accuracy within the H/N and 
pelvis for similar sequence types was noticeable. For pelvic 
2D T2w SE sequences, the range of distortion level was [0.81, 
4.37] mm (DSVmax, Table S3 ID68 and ID88, respectively). A 
closer look reveals that the best performing sequence was 
acquired in the axial plane whereas the worst performing 
sequence was acquired in the coronal plane. The difference 
in distortion level might be due to the difference in the per
formance of gradient coils in the different directions, how
ever these sequences are from different MRI systems. The 
influence of orientation was also observed for H/N where 
two similar 2D T2w SE (T2w mDIXON TSE sequences, ID40 
and ID53) showed distortion levels of 1.26 mm and 3.57 mm 
in axial and coronal acquisitions, respectively. For T2w 
sequences, acquisition durations were comparable for 2D 
and 3D sequences (Figure S4(a)), so well performing sequen
ces with clinical feasible acquisition times are feasible. The 
large effect of distortion in non-axial planes were seen in a 
hypothetical example in Figure 3, where it resulted in areas 

of targets outside the PTV. This implies image distortions 
could have dosimetric consequences.

We retrospectively analyzed the influence of certain 
parameters known to play a role for the geometric distortion 
levels [7,8,10]. The aim was to identify which parameters 
contribute to the distortion level based on a set of real clin
ical sequences. As expected, we found a decrease in distor
tion level with increasing pBW. However, since the phantom 
used in this study did not contain materials with large differ
ences in magnetic susceptibility, unlike in air/tissue interfaces 
in patients, only scanner-specific main field inhomogeneity 
was presumably reflected in the measured effect of pBW. 
Distortions due to main field inhomogeneity also scale with 
field strength (at constant BW), resulting in 3 T scanners 
being more prone to this source of distortion [48], which 
again might not have be reflected with this phantom, and 
might be more pronounced in patients. Patient-induced dis
tortions were not assessed in this study, but the magnitude 
of patient-induced distortion in RT has previously been 
reported elsewhere to be in the range of a maximum 0.3– 
1.5 mm (1.0–3 T) [39,49,50]. Worth noting is also that 
although increasing pBW may lead to lower distortions, it 
also implies reduced sampling time, leading to a reduction 

Figure 4. Influence of MRI sequence parameters on geometric distortion. (a) Magnitude distortion as a function of pixel bandwidth (pBW/B0) for 2D sequences. (b) 
Magnitude distortion as a function of echo time (TE). (c,d) same plots for 3D sequences. (e,f) Same plots for diffusion-weighted (DWI) sequences. Blue: distortion 
within a spherical volume with a diameter of 10 cm (DSV10). orange: distortion within DSV20. Yellow: distortion within DSV30. TSE: turbo spin-echo, GRE-EPI: echo 
planar imaging gradient-recalled echo (Siemens resolve sequence), SE-EPI: echo planar imaging spin echo. Dashed lines show trend lines.
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in the signal-to-noise ratio (SNR) [8] which could hamper 
lesion conspicuity. The effects of TE were small, when com
pared for all sequence types. Previous studies, where one 
sequence parameter is changed systematically, showed an 
effect of reducing distortion levels when reducing TE for GRE 
sequences [7]. Since the majority of included clinical sequen
ces investigated were SE based, it might explain the vague 
relation observed, as the refocusing radiofrequency realign 
the spins, and thereby reduce distortions due to field 
inhomogeneity. TE may however be confounded by many 
other factors not investigated in this study, due to the com
plex interactions between several sequence parameter.

As the role of DWI is evolving, ranging from aiding target 
delineation and dose-painting [51], to prediction and 
response assessment [52–54], the geometric integrity of the 
images should be considered in relation to the specific pur
pose. As EPI based DWI is especially prone to susceptibility- 
induced distortion in the phase-encoding direction (due to 
the low effective BW) it is important to choose the phase- 
encoding direction carefully to avoid the large distortions 
close to the target due to susceptibility differences from e.g., 
the air in the pelvis [10,55]. We found that for DWI sequen
ces, the read-out method has a large effect, as EPI shows 
severe distortions (up to 12 mm for DSVmax), whereas other 
fast imaging sequences (e.g., turbo SE (TSE)) greatly reduced 
the observed distortions. Therefore, it should be considered 
to use TSE based DWI sequences for RT, as also suggested 
by AAMP Task Group 284 [10]. TSE however is slower and 
the SNR is reduced due to long readout time. An alternative 
is the split echo diffusion weighted sequence (SPLICE) 
[56,57], or multi-shot/read-segmented EPI sequences, where 
the effective BW in phase-encoding direction is higher, and 
the distortion due to inhomogeneities therefore can be 
diminished [55]. Kooreman et al. [58,59] reported a clear 
effect of the gradient non-linearity of the gradient system on 
the derived apparent diffusion coefficient (ADC) values, but 

the influence of susceptibility-induced distortions on ADC 
values is unknown.

In this multicenter study we focused on geometric accur
acy exclusively, although other image quality parameters, 
such as resolution, scan time, a contrast to noise level, nor
mal tissue and tumor conspicuity etc. [25,26,28], may be just 
as important when selecting an MRI sequence for RT. 
However, the strength of this study is the large catalogue of 
clinical sequences investigated, ensuring clinical relevance. 
Within each of the investigated anatomies, there is room for 
improvement regarding geometrical accuracy, without losing 
other important image quality features and within clinical 
feasible scan times. To our knowledge, a study with this aim 
and of this size has not been published before. We hope 
that these results can guide attempts for harmonization of 
MRI sequences between centers nationally, potentially also 
internationally through collaborative networks in the RT com
munity. Based on these findings, NIMBUS invites the Danish 
Multidisciplinary Cancer Groups (dmcg.dk) to discuss possible 
strategies for improving MRI sequences.

In conclusion, a large variation in performance within ana
tomical sites was found, indicating that a nationwide 
improvement of MRI sequences may be relevant. 
Harmonization of different types of clinical MRI sequences 
across centers could mitigate the large variation in sequence 
performance that was found and heighten the overall quality 
of MR images used for RT on a national basis and in multi
center trials.
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