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Assessment of positional reproducibility in the head and neck on a
1.5-T MR simulator for an offline MR-guided radiotherapy solution
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Background: Recently, a shuttle-based offline magnetic resonance-guided radiotherapy (MRgRT)
approach was proposed. This study aims to evaluate the positional reproducibility in the immobilized head
and neck using a 1.5-T MR-simulator (MR-sim) on healthy volunteers.

Methods: A total of 159 scans of 14 healthy volunteers were conducted on a 1.5-T MR-sim with
thermoplastic mask immobilization. MR images with isotropic 1.05' mm’ voxel size were rigidly registered
to the first scan based on fiducial, anatomical and gross positions. Mean and standard deviation of positional
displacements in translation and rotation were assessed. Systematic error and random errors of positioning
in the head and neck on the MR-sim were determined in the translation of, and in the rotation of roll, pitch
and yaw.

Results: The systematic error (Z) of translation in left-right (LR), anterior-posterior (AP) and superior-
inferior (SI) direction was 0.57, 0.22 and 0.26 mm for fiducial displacement, 0.28, 0.10 and 0.52 mm for
anatomical displacement, and 0.53, 0.22 and 0.49 mm for gross displacement, respectively. The random
error (0) in corresponding translation direction was 2.07, 0.54 and 1.32 mm for fiducial displacement, 1.34,
0.73 and 2.04 mm for anatomical displacement, and 2.24, 0.86 and 2.61 mm for gross displacement. The
systematic error and random error of rotation were generally smaller than 1°.

Conclusions: Our results suggested that high gross positional reproducibility (<1 mm translational and
<1° rotational systematic error) could be achieved on an MR-sim for the proposed offline MRgRT.
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Introduction

Magnetic resonance imaging (MRI) has attracted greater
interest in radiotherapy (RT) applications in recent years
(1-8). MRI introduces a number of benefits that may confer
an advantage over the conventional use of X-ray based
imaging methods in RT, such as non-ionizing radiation,
improved soft tissue contrast and multi-planar imaging
capability. In recent years, modified clinical wide-bore
MRI scanners, named MR-simulator (MR-sim), have been
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introduced for RT treatment planning purpose. MR-sims
enable the use of RT immobilization devices during MR scan
to ensure the identical patient positioning of MR scan to that
of RT treatment so as to greatly reduce the image registration
error to planning CT and thus improve delineation accuracy.
In addition, the recent development of the hybrid MR-
guided radiotherapy (MRgRT) modalities, such as MR-
LINAC (9-11) and MR-Cobalt 60 RT machine (12),
further extend the role of MRI in RT from treatment
planning to on-board patient positional verification and
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real-time treatment delivery guidance and monitoring.

Despite the great technical advantages of hybrid MRgRT
modalities capable of online simultaneous MR imaging and
radiation delivery, the high cost of machine and siting, the
complicated workflow, as well as the unproven clinical value,
all hamper the wide use of these MRgRT modalities in
normal clinical centers. A complementary approach by using
an MR-sim and a patient transfer system has been recently
proposed (13,14) as an offline MRgRT solution to greatly
reduce the extremely high cost of hybrid MRgRT system
while utilizing the superior image quality of MRI for RT
guidance. In this approach, a patient receives normal CT
and MR simulation scans for treatment planning. During
the treatment course, the patient is firstly positioned and
receives daily MRI scan on an MR-sim for each treatment
fraction. After that, the patient in his/her setup position
is transferred to the RT treatment machine via a shuttle-
based transfer system. Some commercially available such
shuttle systems like the MR-compatible air-bearing Zephyr
XL System (Diacor, Salt Lake City, Utah, USA) provide the
capability to effortlessly move the patient by a transfer sled
from an MR-sim to a treatment machine and minimize the
risk of patient positional change during transfer. The patient
positioning could be finally verified via laser alignment
and/or on-board imaging. Positional correction or re-
setup will be triggered on the treatment machine couch if
substantial positional difference between daily MRI, on-
board imaging and planning CT/MRI is found to exceed
the tolerance set for different treatment schemes. Although
this offline MRgRT solution is incapable of real-time MR
imaging during the radiation delivery, it is postulated that
its guidance performance might not be much compromised
compared to the hybrid MRgRT system for those relatively
stationary tumor sites during treatment such as brain tumor
and many head and neck tumors, as long as high patient
setup accuracy could be achieved on an MR-sim and the
patient positioning could be well maintained during patient
transfer.

"To validate this offline MRgRT solution and verify its
clinical feasibility, investigation of positional repeatability
that could be achieved on an MR-sim is essential. Positional
repeatability is much dependent on many factors such
as the rigidity of patient couch (15), the fixability of
immobilization devices (16-18), the accuracy of laser and the
set-up skills of radiotherapist, but theoretically independent
of imaging technique. However, the different characteristics
of MR images from X-ray radiographic images might have
potential influence on image co-registration and thus affect
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the positional repeatability quantification. For example, the
positional repeatability derived from X-ray imaging might
majorly reflect the alignment of the bony structures since
soft tissues are not well visualized (19-21). In contrast, the
positional repeatability derived from MRI is postulated to
be more affected by various sequence-dependent soft tissue
contrasts (22-24). Meanwhile, an MR-sim also has different
configurations from the treatment machine. For example,
an MR-sim is typically equipped with a patient couch only
movable along superior-inferior (SI) direction on a fixed
anterior-posterior (AP) height, so has fewer degrees-of-
freedom compared to the CT-sim and treatment machines.
Therefore, although the positional uncertainty in the head
and neck has been extensively investigated using X-ray
based imaging (18,19,25-33), these results might not be
identical to the MR-derived positional repeatability on an
MR-sim.

In this pilot prospective study, we aim to assess the
positional reproducibility in the head and neck immobilized
with routinely used thermoplastic mask in RT in a group of
healthy volunteers on an RT-dedicated 1.5T MR-simulator.

Methods

This study was approved by the institutional research ethics
committee. A total of 14 healthy volunteers, aged between
24 and 40 years, were recruited for this study. Informed
consent was obtained from each subject.

Scan setup and data acquisition

MR images were acquired on a 1.5-Tesla MR-sim (Aera,
Siemens Healthineers, Erlangen, Germany) dedicated
for RT applications. All volunteers were lied on a MR-
compatible RT flat coach top (Diacor, Salt Lake City,
Utah, USA) overlaid on the MR-sim patient table, and
then immobilized using a customized head-and-neck and
shoulder thermoplastic mask (Orfit Industries, Belgium)
and a standard neck rest. Permanent lines were drawn on
the thermoplastic mask before the first scan session for
future positioning reference with the aid of a well-calibrated
3-dimensional external laser system (DORADOnova
MR3T, LAP GmbH Laser Applikationen, Luneburg,
Germany). MR-CT visible fiducial markers (PinPoint,
Beekley Medical, USA) were attached on the drawn lines
on the thermoplastic mask. After the alignment to the
drawn lines on the mask using the external laser, two
flexible 4-channel surface coils were wrapped around the
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Figure 1 Illustration of a subject positional verification setup and the acquired 3D high resolution MR images. (A) Demonstration of a

subject immobilized using thermoplastic mask aligned with the external laser system; (B) demonstration of a subject setup and the coil setting

on the MR-sim; (C-E) one representative slice of axial, sagittal and coronal view of the acquired 3D MR image from one of the subjects.

head without touching using two customized bi-lateral coil
holders (Orfit Industries, Belgium). An 18-channel flexible
body coil was positioned as close as possible to the subject
but without touching the subject by using two coil bridges
(Orfit Industries, Belgium) to cover the anterior neck and
chest for acquisition. Embedded spine coil array of the MR-
sim underneath the flat couch-top were used to cover the
posterior neck and chest for acquisition. A typical volunteer
setup that was immobilized and aligned with external laser
system is illustrated in Figure 1.

Each volunteer received a series of scans on the MR-
sim in an RT treatment position to simulate the HNC RT
treatment fractions. Among them, three volunteers received
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40, 38 and 32 fractions, respectively, within one month;
two volunteers received 6 and 7 fractions, respectively,
within 1 week, and the rest nine volunteers received 4
fractions within 1 day. In total, 159 imaging fractions
were conducted. Each volunteer was carefully positioned
and aligned for each scan session. The imaging protocol
consisted of a T'1-weighted Sampling Perfection with
Application optimized Contrasts using different flip angle
Evolution (SPACE) sequence [FOV =470 mm (LR, phase-
encoding direction) x470 mm (SI, frequency-encoding
direction) x269 mm (AP, slice-encoding direction), matrix
size =448 (LR)x448 (SI)x256 (AP), that yielded an isotropic
voxel size of 1.05x1.05x1.05 mm’; TR/TE =420/7.2 ms,
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echo train length (ETL) =40, iPAT factor (GRAPPA) =3,
slice-encoding partial Fourier factor =6/8, Bandwidth
=657 Hz/pixel, acquisition time =5 min 1 sec]. Receive Bl
field inhomogeneity correction technique, i.e., pre-scan
normalization, was applied to minimize the MR image
intensity non-uniformity. Console-integrated 3D geometric
distortion correction was also enabled to minimize MR
image distortion.

Data analysis

All acquired MR data were exported as DICOM images
and processed offline using 3D Slicer version 4.5.0 (http://
www.slicer.org). Three sets of image registration were
conducted using 6 degree-of-freedom (DOF) rigid body
registration based on normalized mutual information. The
first set of registration was named fiducial registration
to assess the alignment accuracy during subject setup. In
this procedure, the fiducial markers on the thermoplastic
mask were manually segmented on MR images, and
pair-wisely registered with respect to the first session
for each subject. The second registration set was named
anatomical registration to assess the anatomical motion
induced positional variation under the thermoplastic mask
excluding the effect of fiducial alignment uncertainty. In
this registration, the fiducial-registered MR images were
further rigidly registered with respect to the first session
based purely on anatomical information. Five percent
of anatomical image voxels were randomly sampled
for this registration. The third registration was named
gross registration to assess the gross subject positional
repeatability. In this registration, the fiducial markers
were manually removed from all original MR images
to completely avoid the chance of selecting fiducial
marker voxels in image registration. Then, head and neck
anatomies (5% voxels sampling) were pair-wisely registered
with respect to the first session for each subject. For all
three registrations, the output transformation matrices
were recorded to calculate the translation in left-right (LR),
AP and SI directions and the rotation in roll, pitch and
yaw directions. Translation to right, anterior and superior
direction and rotation to the clock-wise direction were
defined as positive.

Statistical method

Shapiro-Wilk test was used to test the normality of the
displacement distribution in the translation and rotation
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directions.

Systematic and random errors in translation and rotation
were calculated. In this study, the group mean error (M)
was defined as the mean of all mean displacements for
all subjects. The systematic error (X) was defined as the
standard deviation (SD) of the mean displacement in the
subject group. The random error (c) was defined by the
root mean square of the standard deviation of the position
displacement in all subjects.

Student #-test and analysis of variance (ANOVA) were
used to assess the inter-subject positional variation in the
translation and rotation directions from the abovementioned
three different registration strategies. A P value of 0.05 or
smaller was considered statistically significant.

Results
Translational and rotational displacement

Figure 2 shows the average translation in LR, AP and SI
and rotation in roll, pitch and yaw of all subjects derived
from the three registrations. Shapiro-Wilk test showed that
all displacements in translations and rotations followed the
normal distribution (P>0.05). Table I presented the average
displacements and standard deviation of translation in LR,
SI and AP and rotation in roll, pitch and yaw using three
registration methods. Averaged across the total 159 imaging
sessions, 18/159 (11.3%), 1/159 (0.6%), and 10/159 (6.3%)
in LR, and 4/159 (2.5%), 6/159 (3.8%) and 10/159 (6.3%)
in SI of all sessions had the displacement >1 mm from
fiducial, anatomical and gross registration, respectively.
No sessions had the displacement >1 mm in AP. The
displacement over 2 mm was only observed in SI once
(17159, 0.6%) from gross registration. Figure 3 shows the
box-plot of group’s inter-sessional translation and rotation.
Student #-test showed significant differences between LR
and AP (P=0.01), AP and SI (P<0.001), as well as LR and
SI (P=0.021) from anatomical registration; LR and AP
(P=0.014), and AP and SI (P<0.001) from gross registration;
and in all rotations (P<0.001) from three registration
methods except for roll and pitch from gross registration.
The group’s inter-methodological translation and rotation
box-plot are presented in Figure 4. Significant differences
were observed in translation (P<0.02) and rotation (P<0.004)
in all directions from three registration methods except for
the translation in LR between fiducial and anatomical/gross
registrations, rotation in pitch between gross and fiducial/
anatomical registrations, and rotation in yaw between gross
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Figure 2 Average translations in LR, AP and SI and rotations in roll, pitch and yaw of all subjects based on fiducial, anatomical and gross

registrations. Error bar represents the standard deviation.
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Table 1 Average displacements and standard deviation of translation in LR, SI and AP directions and rotation in roll, pitch and yaw directions

using three registration methods

3D translation 3D rotation
Registration methods
LR AP Sl Roll Pitch Yaw
Fiducial registration (mm)
Mean 0.14 0.27 0.21 0.08 0.00 -0.03
SD 0.81 0.32 0.34 0.20 0.00 0.16
Anatomical registration (mm)
Mean -0.17 -0.08 -0.31 -0.12 0.00 0.21
SD 0.38 0.19 0.65 0.24 0.00 0.42
Gross registration (mm)
Mean 0.01 0.17 -0.07 -0.02 0.00 0.21
SD 0.73 0.34 0.73 0.13 0.00 0.41
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Figure 3 Box-plot of group’s inter-sessional translations and rotations based on fiducial (left), anatomical (middle) and gross (right)

registrations.

and anatomical registrations.

Systematic and random error

The calculated systematic and random errors are
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summarized in Table 2. The systematic error (X) of
translation in LR, AP and SI was 0.57, 0.22 and 0.26 mm
for fiducial displacement, 0.28, 0.10 and 0.52 mm for
anatomical displacement, and 0.53, 0.22 and 0.49 mm for
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gross displacement, respectively. The systematic error
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Figure 4 Box-plot of group’s inter-methodological translation and rotation displacements.

Table 2 Calculated systematic and random errors in 3D translation and rotation using three registration methods

3D translation 3D rotation
Registration methods
LR (mm) AP (mm) S| (mm) Roll (°) Pitch (°) Yaw (°)
Fiducial registration
Group mean error M -0.08 0.11 0.21 -0.01 0.00 -0.01
Systematic error 0.57 0.22 0.26 0.15 0.00 0.17
Random error o 2.07 0.54 1.32 0.50 0.02 0.88
Anatomical registration
Group mean error M -0.03 -0.08 0.03 0.00 0.00 0.13
Systematic error 0.28 0.10 0.52 0.17 0.00 0.33
Random error o 1.34 0.73 2.04 0.67 0.02 1.10
Gross registration
Group mean error M -0.10 0.03 0.25 0.00 0.00 0.13
Systematic error X 0.53 0.22 0.49 0.10 0.00 0.27
Random error o 2.24 0.86 2.61 0.44 0.02 0.95
(2) of rotation in roll, pitch and yaw was 0.15°, 0.00° and for gross displacement, respectively. The group random
0.17° for fiducial displacement, 0.17°, 0.00° and 0.33° error (o) in corresponding translation direction was 2.07,

for anatomical displacement, and 0.10°, 0.00° and 0.27° 0.54 and 1.32 mm for fiducial displacement, 1.34, 0.73
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and 2.04 mm for anatomical displacement, and 2.24, 0.86
and 2.61 mm for gross displacement. The group random
error (o) in corresponding rotation was 0.50°, 0.02° and
0.88° for fiducial displacement, 0.67°, 0.02° and 1.10° for
anatomical displacement, and 0.44°, 0.02° and 0.95° for
gross displacement, respectively.

Discussion

In this prospective study, we quantitatively assessed the
positional repeatability in the head and neck on a group of
healthy volunteers using a 1.5-T MR-sim with RT routinely
used thermoplastic mask immobilization for a recently
proposed offline MTgRT solution. In particular, we
comprehensively evaluated the positioning error introduced
by thermoplastic mask immobilization, anatomical motion
and the resultant gross subject positional repeatability.

In general, high accuracy of setup alignment was
achieved on the MR-sim as revealed by the sub-millimeter
translational systematic error of fiducial registration. The
random error ¢ of translational fiducial registration was
largest in LR and smallest in AP. Since the scan on the MR-
sim could only be conducted on a fixed height in AP, the
AP alignment during setup on the MR-sim was no longer
needed. Considering the thickness (~1 mm) of the drawn
line for alignment on the mask and the smallest moving
increment of 1 mm of the MRI couch, the random error
of fiducial registration in SI (1.32 mm) was reasonable.
The relatively large random error of fiducial registration
in LR (2.07 mm) might attribute to the thermoplastic
mask deformability as well as the slightly loose LR fixation
of the MRI couch on its sliding track. In this aspect,
the mechanical fixation in LR of the MR-sim should be
further improved. The anatomical registration mainly
revealed the anatomy motion under the thermoplastic
mask immobilization independent of fiducial alignment
during setup. In general, the translational systematic error
of anatomical registration was smaller than 1 mm as well.
Compared with fiducial registration, the random error in
LR (1.34 mm) of anatomical registration was smaller, while
in SI (2.04 mm) was larger, indicating the relatively large
anatomical mobility in this direction. By taking into account
of both effects of fiducial alignment accuracy and anatomy
mobility under the thermoplastic mask immobilization,
the gross registration revealed the overall positional
repeatability that could be achieved on the MR-sim.
The random error was worst in SI (2.61 mm), best in AP
(0.86 mm) and in-between in LR (2.24 mm). The systematic
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error of gross registration still well remained within 1 mm,
indicating the high overall positional accuracy achieved on
the MR-sim.

Setup uncertainties in head and neck have been
assessed in many studies using X-ray based radiographic
image guided radiation therapy (IGRT). Gupta er al. (31)
reported the 3-dimensional systematic and random errors
in conventional head and neck RT using electronic portal
imaging were 0.96, 0.98 and 1.20 mm and 1.97, 1.94 and
2.48 mm in LR, AP and SI direction respectively. Xu
et al. (25) reported for head and neck tumors, the inter-
fractional setup errors on LR, AP and SI using CBCT were
1.2+0.9, 1.2+1.1 and 1.0+0.8 mm, respectively; Qi et al. 29)
reported that the inter-session displacements of setup error
in LR, AP, and SI for three CT-based IGRT systems were
0.5+1.5, 0.3+1.7 and -0.3+2.0 mm (KV cone beam CT,
KVCBCT); 0.2+1.9, 0.0+1.7, and -0.2+2.4 mm (MV fan
beam CT, MVFBCT); and 0.0+1.8, 0.8+3.0, and 0.5+1.7 mm
(MV cone beam CT, MVCBCT). The random errors for
KVCBCT, MVFBCT, and MVCBCT were 1.4-1.6, 1.7,
and 2.0-2.1 mm.

It is of value to illustrate the characteristics of MR-
derived gross positional repeatability in this study by
comparing to those derived from CT-based studies. In our
study, the systematic errors of gross positional repeatability
were well below 1 mm in translation and 0.1 degree in
rotation, indicating the high accuracy of head and neck
positioning with thermoplastic mask immobilization on the
MR-sim. Meanwhile, there was no trend of translational and
rotational drift between multiple scan sessions to introduce
increase in systematic errors. In addition, systematic errors
were generally smaller than the random errors, which was
also consistent with those CT studies. However, our result
showed a similar setup error in LR and SI, but a smaller
setup error in AP compared to those CT-based studies.

A number of factors may attribute to these differences.
Firstly, our study was based on a group of healthy
volunteers rather than real HNC patients. For healthy
volunteers, much smaller inter-sessional anatomic change,
such as weight loss, can be presumed. Meanwhile, healthy
volunteers should have better keeping-still and motion
control capability compared to real patients. These both
account for the smaller setup error revealed in our study.

Secondly, the MR-sim couch is only movable in SI at
a fixed AP height while modern RT machines are usually
equipped with a 6-degree-of-freedom patient couch. This
might partially explain the smaller AP displacement in our
study. It is observed that the gross translational random
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error of LR translation (2.61 mm) in our study was slightly
larger than the reported values by using radiographic
images, partially attributed to the slightly loose LR fixation
of the MRI couch.

Thirdly, different image characteristics between X-ray
based imaging and MRI and their influences on image
registration should be considered. Positional verification
in the current RT practice relies heavily on bony
structure registration using the X-ray based images. The
influence of soft tissue anatomies on image registration
for positional verification is very small as they are usually
poorly visualized on X-ray based images. In contrast, MRI
provides much better soft-tissue contrast, in particular
for target tumors and adjacent critical tissues. MR image
registration procedure utilized both soft tissue and hard
tissue anatomies. As such, smaller registration errors and
uncertainties could be postulated (21), and the results might
more accurately reveal the true inter-sessional positioning
repeatability. It is also worth noting that high-resolution
isotropic voxel-size MR images were acquired in this study
to minimize registration bias, uncertainty and error.

This study has limitations. First, this study only
included a small number of healthy volunteers. Positional
variability might be underestimated in healthy volunteer
data in the absence of inter-fractional anatomical variation
due to patient weight loss, tumor shrink, and other tissue
deformations during treatment. The small number of
subjects limited the statistical power of the analysis.
Meanwhile, three subjects accounted for 69.1% (110/159)
of all scan sessions. These highly skewed data, although
helpful to more accurately assess the inter-sessional
variability, might adversely introduce the bias in the result of
inter-subject variability. Second, to acquire isotropic high-
resolution 3D images, the MR scan time (~5 min) was much
longer than the positional verification imaging protocol
in the common RT practice. To translate it into positional
verification practice of the proposed offline MRgRT
approach, smaller image volume and/or larger voxel size
should be adopted to greatly reduce the scan time. Last but
not least, the residual MR image geometric distortion after
applying geometric distortion was not accounted for and
its potential influence on positional repeatability was not
investigated.

Future research work is warranted for applying offline
MRgRT in practice. First, in addition to the gross positional
repeatability assessed on the MR-sim, the positional
variation due to the patient transfer procedure should
be rigorously investigated as well. Otherwise, the high
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positional repeatability achieved on the MR-sim could not
be guaranteed on the treatment machine couch. Secondly,
the gross positional repeatability did not sufficiently and
faithfully reveal the regional and localized positional
repeatability of different soft tissues due to their variability
in mobility and deformability. MRI provides the possibility
for MRgRT to build positional verification protocol based
directly on target tumor and/or soft tissues instead of bony
structure surrogates. Therefore, optimized patient setup,
positional verification and correction strategies need to be
further explored for this purpose. Thirdly, the influences
of different MRI pulse sequences and different imaging
parameters are to be evaluated for positional verification.
Furthermore, multi-modality imaging registration
uncertainty should also be rigorously determined
particularly for MR guided radiosurgery applications in
which high precision is critically required. Last but not
least, regular quality assurance of MR imaging (34) on an
MR-sim is yet to be developed and established.

Conclusions

In this pilot study, we measured the systematic and random
errors of positional reproducibility in the head and neck
with immobilization using a 1.5-T MR-sim. Our results
suggested that high gross positional reproducibility
(<1 mm translational and <1° rotational systematic error)
could be achieved on an MR-sim for the newly proposed
offline MRgRT solution.
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