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A B S T R A C T

Background and purpose: When using an immobilization mask, a magnetic resonance imaging (MRI) head receive
coil cannot be used and patients may experience discomfort during the examination. We therefore wish to assess
the added value of an immobilization mask during all MRI scans intended for cranial stereotactic radiotherapy
(SRT) planning.
Materials and methods: An MRI was acquired with and without a thermoplastic immobilization mask in ten
patients eligible for SRT. A planning computed tomography (CT) scan was also made, to which the two MRIs
were independently registered. Additionally, the MRI without immobilization was registered to the MRI in mask.
On each sequence, gross tumour volume (GTV), the right eye, brain stem and chiasm were delineated. The
absolute differences in centre-of-gravity coordinates and Dice coefficients of the volumes of the delineated
structures between the two MRIs were compared.
Results: Differences in GTV volume between the two MRIs were low, with median Dice coefficients between 0.88
and 0.91. Similarly, the median absolute differences in centre-of-gravity coordinates between the GTVs, organs
at risk and landmarks delineated on the two MRIs were within 0.5 mm. The 95% confidence intervals of the
median absolute differences in the three GTV coordinates was within 1 mm, which corresponds to the target
volume safety margin used to account for possible errors during the SRT treatment chain.
Conclusions: The effect of scanning a patient without the immobilization mask falls within acceptable bounds of
error for the geometrical accuracy of the SRT treatment chain. Consequently, placing the head in treatment
position during all MRI scans for patients undergoing radiotherapy of brain metastasis is deemed unnecessary.

1. Introduction

Radiation therapy (RT) is a corner stone in the treatment for brain
metastases. High quality imaging is necessary for RT treatment plan-
ning, in order to assure that the target volume is adequately identified
and delineated. Currently, two imaging modalities are used in the RT
workflow of brain metastases, computed tomography (CT) and mag-
netic resonance imaging (MRI). The CT scan provides electron density
information necessary for dose calculations in the currently commer-
cially available treatment planning systems. The MRI is used for ana-
tomical information (especially tumour extent) and is usually acquired
shortly before RT delivery as progression and shifting of the lesions over
time has been shown to occur in patients with brain metastasis [1]. A

contrast-enhanced T1-weighted sequence is the recommended MRI si-
mulation reference image for intracranial stereotactic radiotherapy
(SRT) [2]. For delineation purposes, the two image modalities are
usually rigidly registered to each other. The accuracy of this registration
directly affects the location and size of the target volume and organs at
risk (OAR).

During radiation delivery for brain tumours the head of the patient
is immobilized in a custom-made thermoplastic mask and head rest.
This is done in order to guarantee the reproducibility of the patient’s
head position between the planning CT and the treatment sessions, as
well as to minimize patient’s head motion during the sessions them-
selves (intrafraction motion) [3–6]. In some clinics the MRI examina-
tion, prior to RT, is also performed with the patient immobilized in the
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thermoplastic mask, with the goal of minimizing the registration error
with the planning CT [2,5]. Reducing registration errors is crucial
especially for an SRT workflow, where target volume safety margins as
small as 1 mm or even 0 mm are adopted [6,7]. Moreover, using im-
mobilization equipment during examination reduces possible motion
artefacts in MR images.

However, using this immobilization mask during the MRI ex-
amination comes with two disadvantages. Firstly, patients may ex-
perience discomfort while wearing the mask for 30–45 min [8–10].
Despite the material being light and breathing, it may cause feelings of
claustrophobia, especially while in an MRI scanner. Secondly, generic
flexible MRI receive coils are required to create a setup that combines
immobilization and imaging coils because a multi-channel receive head
coil does not allow space and fixation for either a head rest or a ther-
moplastic face mask [11]. Therefore, this type of coils does not allow
acquisition of images, such as fluid-attenuated inversion recovery
(FLAIR), which require high signal-to-noise ratios and/or depend on
acceleration to keep the scan time within an acceptable range [12,13].
Moreover, the flexible coil setup results in more non-uniform receive
sensitivity and reduced signal-to-noise ratio compared to a head coil
which limits the image quality [2]. For these reasons, it would be de-
sirable to acquire the treatment planning MRIs without the im-
mobilization mask.

In an MR-only RT workflow, the generated synthetic CT (sCT) is also
used for dose calculations and at the linac for patient position ver-
ification [14]. Therefore, the MRI sequence used to generate the sCT
needs to be acquired in treatment position, i.e. with an immobilization
mask, in order to have the same patient’s head position on the sCT and
at the linac. However, the rest of the planning MRI sequences are ac-
quired without immobilization to enable use of the dedicated MR re-
ceive head coil which can be used for scan acceleration and improved
signal-to-noise ratio.

In this study we assess the accuracy of the registration of (1) the
treatment planning MRI with and without an immobilization mask with
the planning CT (CT-based workflow) and (2) of the treatment planning
MRI without immobilization to the MRI in mask (MR-only workflow),
to establish the added value of a mask during the MRI examination.

2. Material and methods

2.1. Patient selection

Ten patients who were referred to the radiotherapy department for
SRT of one or two brain tumours were prospectively included. Approval
for this study was obtained from the local medical research ethics
committee (study number #17/906).

2.2. Imaging

For each patient, the following imaging was performed: 1) a plan-
ning CT, 2) a contrast-enhanced T1 3D MRI scan with patient im-
mobilized in a custom made 3-point thermoplastic mask (Civco Medical
Solutions, Kalona, Iowa, USA) combined with an individual head sup-
port (mask MR), and 3) a contrast-enhanced T1 3D MRI scan without
immobilization mask (no-mask MR) [15]. With the immobilization
masks a T1 3D, T2 3D FLAIR, diffusion weighted imaging (DWI) spec-
tral presaturation with inversion recovery (SPIR), contrast enhanced T2
turbo spin echo (TSE) and T1 3D were acquired according to the de-
partment clinical protocol, without the immobilization mask only a
contrast enhanced T1 3D MRI scan was acquired to limit the patient
burden. This sequence was chosen for the purpose of the study because
it is used to define the target volume and for matching to the planning
CT according to the department clinical practice.

The CT scans were helically acquired, on the same day of the MRI,
on a Brilliance Big bore scanner (Philips Medical Systems, Best, The
Netherlands) with fixed tube potential of 120 kV, 1 mm slice thickness

with in-plane resolution varying between 0.7 and 1.0 mm2. MRI ac-
quisition was performed on a 1.5 T Philips Ingenia scanner (Philips
Medical Systems, Best, The Netherlands) using either surface coils (Flex
M coils) for the mask MR [16] or a multi-channel Head coil (no-mask
MR). MRI scan parameters can be found in Supplementary Table 1. The
two MRIs, without and with immobilization mask, were acquired
during the same scan session, first the image with immobilization mask
and then the no-mask image. Between scans, the patient had to stand up
from the table to remove the mask and the receive coils, and to mount
the posterior part of the head coil to the table. The average time be-
tween the acquisition of the two sequences was 11 min (range:
10–14 min). Patients were given a single dose of gadolinium contrast
agent before undergoing the two MRI examinations. Only the contrast
enhanced T1 weighted sequence was repeated with the immobilization
mask because this sequence is used to define the target volume in line
with the recommendations of Paulson [2] and to minimize the patient
burden. In Fig. 1 the setup used to acquire the two MRI scans is de-
picted.

2.3. Image processing

The two MRIs were independently registered to the planning CT
(CT-based workflow) and the MRI without immobilization to the MRI in
mask (MR-only workflow) by a normalized mutual information algo-
rithm [17] which was restricted to rigid registration according to the
department clinical protocol. The clipbox for the registration, which
was manually placed for each patient, included the whole patient’s
skull. Fully automated registration was used without manual adjust-
ments in order to exclude possible subjective errors.

In a previous study [14], the geometrical accuracy of the imaging
protocol was already assessed. For this purpose the B0 inhomogeneity
was used according to the method described by Eggers et al. [18]. The
high readout bandwidth of the 3D T1w sequence together with the
1.5 T field strength resulted in an average distortion smaller than 1 mm.

The gross tumour volume (GTV) was delineated by three radiation
oncologists on both mask MR and no-mask MR scans for each patient.
Multiple observers were asked to delineate the target volume to filter
out possible delineation uncertainties. Moreover, three OARs were de-
lineated by one radiation oncologist: the brain stem, chiasm and right
eye. The eye, brain stem and chiasm were considered because these are
important OAR for cranial RT. The choice for left or right eye was ar-
bitrary.

Finally, eight well-defined point-based landmarks were marked by a
trained radiation therapy technologist on both scans: 1) the most dorsal
point of the cavernous sinus, 2) the most lateral/ventral point of the left
ventricle, 3) the most lateral/dorsal point of the right ventricle, 4) optic
chiasm, 5) pituitary stalk, 6) external acoustic meatus, 7) attachment of
cerebellar tentorium to falx cerebri, 8) sella turcica. For one patient
landmarks 1–6 were identified seven times in order to assess the intra-
observer error.

2.4. Data collection and statistical analysis

The image quality difference between mask MR and no-mask MR
scans was qualitatively evaluated: a radiation oncologist blindly com-
pared the two MRI scans (using the same window/level settings) and
stated which had superior image quality for visualizations of the OARs
and the GTV. This subjective measure was chosen to assess image
quality because the authors feel that this is more clinically relevant
measure than other objective measures, i.e. signal-to-noise ratio.

The quality of the registration was quantitatively assessed by
looking at the difference in centre-of-gravity coordinates and volumes
of the delineated/mark structures on the two MRI scans for the two
considered situations, CT-based and MR-only workflow.

For the calculations, the coordinates in the three orthogonal direc-
tions of the landmarks and the centre of gravity of the GTV (median of
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three observers) and OAR were considered. The centre-of-gravity co-
ordinates were automatically calculated by in-house developed soft-
ware [17]. Furthermore, the volumes of the delineated GTV and OARs
were automatically calculated by the same software.

Absolute differences between the mask MR and no-mask MR scans
were calculated by subtracting the coordinates and volumes of the se-
lected regions of interest between the two scans. Additionally, the
vectors of the differences in coordinates of the regions of interest were
calculated. Individual differences between the two scans were visua-
lized with boxplots for all outcomes, and a Bland Altman plot was made
to show the differences in GTV volume relative to mean GTV volume.
Finally, differences in GTV delineation between the mask and no-mask
MR were compared by calculating the Dice coefficient for each patient,
and determining its median and interquartile range (IQR) for the CT-
based and MR-only workflows.

Differences on group level were determined with related-samples
Wilcoxon signed rank tests, resulting in median differences over all
patients. With these, it was tested whether there was a significant dif-
ference between the coordinates of the mask and no-mask MR

delineated structures, and what the 95% confidence interval (CI) of the
found difference was. The tests were performed separately for each
coordinate in the three orthogonal directions, as well as for the differ-
ence in volume of the GTV and OARs.

Intra-observer concordance of the landmarks coordinates was as-
sessed by the intraclass correlation coefficient (ICC). The GTV inter-
observer variance was determined by calculating the range in volume
and coordinate differences between observations within patients.
Statistical analyses were performed in R 3.5.1 open-source software
with the ‘irr’ package [19].

3. Results

Baseline characteristics of the 10 patients are shown in Table 1.

3.1. Image quality

The no-mask MR image quality was found to be superior in 9 of the
10 cases. Examples of MR images with delineated GTV are shown in

Fig. 1. Setup of MRI scans with and without mask (top row) and the obtained images (bottom rows), with delineated GTV (red), right eye (light blue), brain stem
(green), chiasm (orange). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

S.H.J. Nagtegaal, et al. Physics and Imaging in Radiation Oncology 13 (2020) 7–13

9



Fig. 1. It can be observed that omitting the mask results in a patient’s
head rotation around the left-right-axis with respect to the scan with
the mask.

3.2. Coordinates of GTV and OARs

Differences in coordinates of the GTV and OAR are shown in Fig. 2,
and those of the individual landmarks are shown in Fig. 3.

For the CT-based workflow, the related-samples Wilcoxon signed
rank tests found significant differences between mask MR and no-mask
MR of the following parameters: y-coordinate (corresponding to the
anterior-posterior direction) of the GTV for all three observers, x-co-
ordinate of the GTV in one observer, and y-coordinate of the OARs.
However, the 95% CI of the found median differences in coordinates
was within 1 mm for all regions of interest in all observers (see
Supplementary Fig. 1 for a graphical representation of the median
differences and their confidence intervals).

For the MR-only workflow, significant differences were found only
in the x-coordinate of the GTV in one observer, and in the y-coordinate
of the OARs. Other coordinates for GTV and OARs did not significantly
differ between the mask and no-mask MRI.

3.3. Volumes of GTV and OARs

Boxplots of the differences in volumes of GTV and OAR between
mask MR and no-mask MR (mask MR minus no-mask MR) are shown in
Fig. 4. Bland Altman plots of the GTV volume differences between mask
MR and no-mask MR are shown in Supplementary Fig. 2.

The median Dice coefficients for differences in GTV delineation
between mask and no-mask MR ranged between 0.88 and 0.90 for the
CT-based workflow, and 0.88 and 0.91 for the MR-only (see also

Table 1
Baseline characteristics of included patients.

Patients (n = 10)

Mean age in years (range) 64 (42–83)
Sex (male) 4

Lesion
Meningioma 2
Brain metastasis 8

Number of lesions
1 6
2 4

Location
Right hemisphere
Frontal 3
Parietal 3
Temporal 1
Occipital 2

Left hemisphere
Frontal 1
Occipital 1

Falx cerebri 1
Tentorium 1
Cerebellar peduncle 1

Mean weight in kg (range) 75 (60–95)

Fig. 2. Boxplots of differences of the centre-of-gravity of GTV and OAR coordinates between mask MR and no mask MR images in the three orthogonal directions,
plus their vector lengths (x = right-left, y = anterior-posterior, z = cranio-caudal). The two outliers with more than 2 mm difference are due to intra-observer
variation: in both cases an extra CT slice was delineation on one MRI sequence with respect to the other sequence.
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Table 2). For the OARs, the median Dice coefficients were 0.94 for both
the right eye and the brain stem. The chiasma had the poorest median
Dice, with 0.81 and 0.76 for the CT-based and MR-only workflows,
respectively.

For the CT-based workflow, significant differences in GTV volume
was found in two observers. The observed median differences were
0.3 cc (95%CI 0.2–0.4) and 0.7 cc (95%CI 0.3–0.9). Comparable results
were found for the MRI-only workflow, with significant differences of
0.3 cc (95%CI 0.2–0.5) and 0.7 cc (95%CI 0.4–1.0) for the same two
observers. In all cases the volume found in the no-mask MRI was larger
than in the mask MRI (Supplementary Fig. 3). For the OARs, no dif-
ferences were found in either workflow.

3.4. Intra-observer and inter-observer error

The intra-observer variability was negligible, with an ICC of 0.999
(95% CI 0.999–1.000, p < 0.01). The range of inter-observer variance
was 0.3–1.9 cc for volumes and 0.3–1.5 mm for coordinates in the CT-
based workflow. For the MRI-only workflow, these were 0.3–3.7 cc and
0.3–1.6 mm.

4. Discussion

In this study, the differences in registration between the treatment
planning MRI scan acquired with and without immobilization mask,
both independently rigidly registered to the planning CT (CT-based
workflow) and between the MRI without immobilization and the MRI in
mask (MR-only workflow) for brain tumours was examined. For all
considered regions of interest (landmarks, OARs and GTV), the median
absolute difference of the centre-of-gravity coordinates between the
two MRIs was found to be less than 1 mm. Similarly, the median dif-
ferences in GTV volumes ranged from 0.3 to 0.7 cc, which was close to
the minimum interobserver variability, and considerably smaller than
the maximum interobserver variability (3.7 cc). The Dice coefficients
showed a similar favourable result, ranging from 0.88 to 0.91 for the
GTV.

This implies that the effect of omitting an immobilization mask
during MRI scanning on the overall geometrical accuracy of the RT
treatment chain falls within acceptable bounds of error for the geo-
metrical accuracy of SRT delivery. This finding is valid for brain tu-
mours and does not apply to the head and neck area.

Fig. 3. Boxplots of differences of the landmarks coordinates between mask MR and no mask MR images in the three orthogonal directions, plus their vector lengths
(x = right-left, y = anterior-posterior, z = cranio-caudal).
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In the whole RT treatment procedure, several possible sources of
error can be identified, each of which adds an error to the final treat-
ment delivery accuracy [7]. Safety margins applied during intracranial
SRT to the target volume, which are necessary to accommodate all
treatment chain uncertainties, are usually in the order of 1–2 mm. In
this work, we have shown that for both OARs and GTV the median
absolute coordinate difference of the centre-of-gravity between the
mask and no-mask MR scan is within 0.5 mm. For the anatomical
landmarks this difference was slightly higher, but still within 1 mm, for
which there are two possible explanations. Firstly, the accuracy of the
determination of point-based landmarks is more affected by the re-
solution of the image as well as the accuracy of the manual detection
(i.e. by eye) compared to the accuracy of volume delineation. Secondly,
the centre-of-gravity approach leads to an averaged location point,
whereas the point-based method is confined to discrete location points
within the image resolution, which in this study was 1 mm.

The validation of image registration is impeded by the lack of a
“gold standard” criterion for registration accuracy tests, as discussed by
Speight et al. [20]. As a consequence, the validation process is highly
user-dependent and relies on the skills of the user.

When omitting an immobilization device during MRI examination
for brain tumors, more attention should be paid to the quality of the
image registration. The registration algorithm should also be able to
accurately account for rotation differences between the two scans. The
anatomical landmarks for registration verification should not be chosen

near air-tissue interfaces because of the possible MRI susceptibility ar-
tefacts which can cause geometric distortions to the image. Moreover,
these landmarks should be chosen to facilitate the assessment of all
possible rotations of the patient’s anatomy in the three orthogonal di-
rections. Furthermore, correct positioning of all MRI sequences should
be validated separately to the planning CT, to assess possible intra-scan
motion. An extra registration might be deemed necessary.

When the patient is scanned without an immobilization mask the
patient’s head has a different inclination than on the planning CT taken
with a mask (see Fig. 1), which could affect the delineated structures for
MRI with low resolution. In this work, the different inclination did not
greatly influence the delineated volumes; an absolute GTV difference of
0.4 cc was found between the two scans, which was in the same order of
magnitude as the inter-observer variation in GTV delineation
(0.3–3.7 cc).

We foresee two benefits of scanning without an immobilisation
device. Firstly, the patient comfort during the MRI sessions will be
improved. Secondly, omission of the immobilization mask allows the
use of a multi-channel head coil which results in higher image quality
and/or reduced scan times. The image quality improvement was also
observed in this study, although it was not formally tested. On the other
hand, intra-fraction patient motion could affect the images during
scanning without the immobilization mask.

When considering an MR-only workflow without online plan
adaptation the same immobilization for the patient’s head used during
treatment delivery should be employed during one sequence of the
planning MRI to ensure the same patient position. In fact, the synthetic-
CT generated from the planning MR [14] is used for patient position
verification at the treatment unit as well. Based on the results of this
work it is safe to acquire the rest of the MR protocol without im-
mobilization mask allowing the use of the head coil.

One limitation of this study was the sample size and a non-normal
distribution of the variables, meaning that a formal test for equivalence,
like the two-one-sided t-tests procedure, could not be performed.
Instead, the related-samples Wilcoxon signed rank test was performed,
and the confidence interval of the median of the absolute coordinate
difference was used to assess whether there were any relevant differ-
ences between the mask and no-mask MR. Another limitation is the

Fig. 4. Boxplots of differences in volumes of GTV and OAR between mask MR and no mask MR images (mask MR minus no-mask MR).

Table 2
Median Dice coefficients for the differences between mask MR and no-mask
MR.

Median Dice (IQR)
CT-based

Median Dice (IQR)
MR-only

GTV – observer 1 0.88 (0.85–0.92) 0.88 (0.86–0.92)
GTV – observer 1 0.90 (0.88–0.94) 0.91 (0.89–0.94)
GTV – observer 1 0.89 (0.88–0.92) 0.88 (0.87–0.93)
Right eye 0.94 (0.92–0.95) 0.94 (0.92–0.95)
Brain stem 0.94 (0.94–0.95) 0.94 (0.94–0.95)
Chiasma 0.81 (0.78–0.84) 0.76 (0.69–0.80)
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relatively large interobserver variability in GTV delineation in two
cases. This is likely due to the relative inexperience of one of the ob-
servers.

In our study only the contrast-enhanced T1 weighted sequences was
considered because this is the only sequence that was without the mask.
Prior to that a T1 3D, T2 3D FLAIR, DWI SPIR, contrast enhanced T2
TSE and contrast-enhanced T1 3D were acquired according to the de-
partment clinical protocol with the mask on. It was chosen to repeat
only one sequence without the mask because 1) the contrast-enhanced
T1w scan is used to define the target volume and for matching to the
planning CT according to the department clinical practice and 2) in line
with the recommendations collected by Paulson et al. [2] to minimize
the patient burden. Another consideration is the fact that patients were
given a single dose of contrast agent before undergoing the two MRI
scans. However, as the total duration between contrast injection and
the last scan was less than 30 min, we do not expect this to affect the
quality of the scans based on earlier reports [21,22].

In conclusion, this study has shown that the effect of omitting the
immobilization mask during MRI imaging on the registration with the
planning CT or with the MRI in mask falls within acceptable bounds of
error for the geometrical accuracy of SRT delivery. Therefore, head
immobilization with a thermoplastic mask during MRI scanning for
radiotherapy treatment planning is not necessary resulting in increased
patient comfort and allowing the use of multi-channel head coils.
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