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MR-guided radiotherapy on hybrid MR-Linacs exploits the excellent soft-tissue contrast of
MRI to deliver daily adaptive precision radiotherapy. Geometric fidelity and long-term
stability of MRI components are essential, but their longitudinal performance under daily
exposure to scattered ionizing radiation is unknown. We report on longitudinal stability of
periodic MRI QA on eight clinical 1.5T MR-Linac systems. We provided measurement
instructions for periodic MRI QA and received data from seven different centers within the
Elekta MR-Linac consortium, which contributed data over acquisition periods ranging from
3–24months. We tested B0 and B1 homogeneity using a 37 cm diameter cylindrical
phantom, which was measured monthly in axial orientation, supplemented by quarterly
sagittal and coronal acquisitions. We report average, standard deviation and peak-to-peak
variation (99th-1st percentile) within a region of interest (ROI) of 35 cm diameter.
Dependence of B0 on the gantry angle and gradient non-linearity were tested
quarterly. We analyzed the longitudinal stability of selected metrics of the vendor-
provided periodic image quality tests. We found high temporal stability of B0 and B1

measurements and good agreement between different MR-Linac systems. For all
measurements, the standard deviation of B0 within the analyzed ROI was below 0.66/
0.33/0.33 ppm for axial/sagittal/coronal orientation. The average standard deviation of the
ratio between actual and nominal flip angle was 0.022/0.100/0.088 for axial/sagittal/
coronal orientation. Systems exhibited distinctively different gantry angle dependencies of
B0, with sensitivities of B0 to the gantry angle differing by factors of up to two between
systems. Gradient non-linearity analysis yielded average radii of 172 and 242mm for which
98% of the phantom markers had deviations below 1 and 2mm, respectively. All analyzed
periodic image quality tests were passed, but major events including a body coil
replacement and ramp down were apparent in the time series. Overall we found very
similar performance of the tested systems and our results could inform the implementation
of MR imaging QA for MR-Linacs. While we found differences of the gantry angle
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dependence of B0 between systems, the high temporal stability found for all tests is a
foundation for stereotactic radiotherapy and multi-center clinical trials involving
quantitative MRI.
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INTRODUCTION

Imaging plays an increasingly important role in modern radiation
therapy [1]. One of the major recent innovations has been the
introduction of onboard magnetic resonance imaging (MRI)
guidance in the form of hybrid MRI-Linear accelerator (Linac)
systems [2–5]. MR-Linacs enable online adaptive radiotherapy by
utilizing the superior soft tissue contrast of MRI in combination
with fast treatment plan adaptation to re-optimize the treatment
accounting for daily changes in anatomy, for example different
filling of hollow organs [6]. Furthermore, MR-Linacs allow for
seamless integration of functional MR imaging into treatment
workflows to assess response to therapy or adjust treatment dose
levels in biologically adaptive radiotherapy. For the discovery or
monitoring of useful imaging biomarkers stable MRI
performance is important, as well as low inter-system
variability [7]. The feasibility of quantitative MRI on the
Elekta 1.5T MR-Linac was demonstrated [8]. In addition,
recently, MR-guided radiotherapy (MRgRT) has been extended
beyond the field of oncology to non-invasively treat cardiac
disease, such as ventricular tachycardia [9]. Over the last few
years the number of MR-Linac installations has increased rapidly
across the globe. At the time of writing, more than 100 MR-Linac
systems are in clinical use world-wide.

Because the imaging performance of these systems plays a
critical role in the accuracy of the treatment delivery, an adequate
quality assurance (QA) program is essential. MR-Linac systems
enable recalculation of treatment plans based on MR images
acquired on the day of treatment only minutes before treatment
delivery. This use case results in increased requirements for
geometric fidelity which require modification of the protocols
currently used for diagnostic MRI [10, 11]. In addition, the
potential interactions of the Linac components with the MRI,
in particular between the rotatable metal gantry and the static
magnetic field, require a distinct set of QA measurements
compared to the set of measurements described by the
recently published guidelines on MRI for radiation therapy
planning (MR-sim) [12, 13]. An overview of relevant
measurements was provided, for instance, by Snyder et al. in
their report on commissioning, where they included also some
end-to-end tests [14]. In this longitudinal study we focus on
characterizing the MR imaging components, which are the static
magnetic field (B0 homogeneity), the integrated transmit body
coil (B1 homogeneity), the magnetic field gradients used for
spatial encoding (geometric fidelity) and the receive coils
(periodic image quality tests).

Since the clinical introduction of the 0.35T ViewRay MRIdian
MR-Linac in 2017, several papers have reported individual
acceptance and commission results [15–17]. The initial system
performance of the 1.5T Elekta Unity system was characterized

by the Elekta consortium, where a comprehensive commissioning
protocol was conducted on four Unity systems [18]. While that
study provided an overview of the system performance at baseline
and of the variability between MR-Linacs at different institutes,
data on the longitudinal stability of MR-Linac systems is scarce.
Some data on the long-term stability of the Linac components is
available [19], but to our knowledge no data on the longitudinal
stability of the MRI subsystem has yet been published.

Knowledge of the longitudinal stability of a system is essential,
as it provides the necessary information to assess the achievable
tolerances and set the frequency at which the specific QA
measurements need to be performed. Without information on
the long-term stability of MR-Linac systems in routine clinical
use, most institutes currently rely on the advised periodicity and
tolerances set by the vendor.

This paper reports on the longitudinal MRI QAmeasurements
conducted in seven institutes that have installed and clinically
implemented a 1.5T Elekta Unity MR-Linac system from 2018
onwards. A comprehensive QA program was conducted over a
period of two years to provide information on the temporal
stability of a range of quality control metrics. The results
presented in this report can either be used by individual
institutes who are setting up their QA program or by future
task groups that provide guidelines on MRgRT. In order to
reproduce the results shown in this paper, the scan protocols,
as well as the analysis code have been made publicly available as
detailed below.

MATERIALS AND METHODS

Study Design
To facilitate wide-spread adoption of the longitudinal QA
experiments, we aimed to include only tests that could be
carried out in clinical operation mode of the MR-Linac
systems, without the need for additional research agreements
with the system vendor or purchase of specialized QA phantoms.
This attempt was successful with the exception of the B0
homogeneity mapping, as it was not possible to set up a B0
mapping protocol of similar quality in clinical mode compared to
the B0 mapping clinical science key that was available to all but
one participating institute (MRL F).

Data Acquisition
Within the Elekta MR-Linac research consortium, we asked for
participation of institutes with installed 1.5T MR-Linac Systems
(Unity, Elekta AB, Stockholm). Participating sites were asked to
regularly perform MRI QA measurements and send the resulting
images and results of the vendor-provided Philips PIQT (periodic
image quality test) for longitudinal comparative analysis. Detailed
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instructions of measurement procedures and scan protocols
(i.e., examcards) as handed out to the participants are
provided in the Supplementary Material. The measurements
consisted of refinements of a subset of the measurements detailed
in [18]. Modifications were mainly aimed to shorten the
measurement time, thereby making the measurements suitable
for inclusion of periodic QA into busy clinical schedules. The
frequency of measurements was prescribed following a
consultation with specialists from all participating centers.
Table 1 provides an overview of the tests that we analyzed in
this work and the initially suggested measurement frequencies.
To understand the impact of hardware changes and allow for
correlation of test results and hardware failures, we asked all
centers to provide us with an overview of changes to the MRI
system throughout the data acquisition period.

All tests were conducted at gantry angle 0° with the exception
of the gantry-dependent B0 homogeneity test. Tests were grouped
by the used phantom into examcards, to minimize the required
time for phantom setup and settling of the phantom liquid. For B0
homogeneity, B1 homogeneity and the dependence of B0 on the
gantry angle, a large cylindrical “body” phantom (37 cm

diameter) provided by the vendor was used, which can be
placed in a cradle in the isocenter of the MR-Linac system,
along the three main axis of the system. Because of the size of
the phantom the radio-translucent anterior and posterior receive
coils have to be removed and the B0 and B1 measurements are
performed with the integrated body coil. Phantom setups for the
different measurements are shown in Figure 1. The posterior coil,
which is located below the treatment table and the anterior coil
shown in Figure 1C are only used for the measurements of the
PIQT phantom. Details of the sequence parameters are found in
Table 2. Data analysis for all tests was performed in Python 3.8+
with code available online (https://github.com/ErikvanderBijl/
MRI_QA).

B0 Homogeneity
In addition to a suggested monthly axial measurement
frequency, coronal and sagittal scans were performed every
3 months, see Table 1. For B0 mapping, phase images were
acquired with a slice-selective spoiled gradient echo sequence
with echo times TE1/TE2 = 5.4/6.9 ms. Echoes were acquired
in separate repetition time (TR) intervals to minimize echo

TABLE 1 | Measurements and their desired frequency according to the instructions as sent out to the participating centers. For each measurement and MR-Linac system
(A–H), the number of datasets is listed, which were suitable for analysis. For each MR-Linac system the data collection period is stated (between first and last
measurement). Measurements include B0 and B1 homogeneity, B0 dependency on gantry angle (GB0), gradient non-linearity (GNL) and periodic image quality test (PIQT).

Measurement Type Desired
frequency

A B C D E F G H

collection period (months) 16 41 7 18 20 21 11 14
B0 Transversal Monthly 8 1 2 3 13 20 10 10

Sagittal/Coronal 3 Monthly 6 6 2 3 3 6 4 5
B1 Transversal Monthly 7 17 2 3 13 19 9 9

Sagittal / Coronal 3 Monthly 6 6 2 3 7 7 4 6
GB0 transversal 3 Monthly 6 6 2 3 6 6 7 5
GNL Vendor Monthly 7 8 1 24 3 5 3 1

Reversed FE 3 Monthly 2 5 2 n/a 3 3 3 1
PIQT Vendor Weekly 15 128 38 138 38 54 n/a n/a

FIGURE 1 | Phantom setups used in this study. (A) Philips Body phantom used for B0 and B1 mapping in axial orientation, placed in the phantom holder. In this
setup the posterior coil is removed. The phantom can be positioned in sagittal orientation or coronal (lying on top of the phantom holder). (B) Vendor-provided phantom
with seven slabs with markers used for geometric distortion measurements. This phantom is placed directly on top of the treatment couch following the vendor-provided
instructions. (C) Periodic Image Quality Test (PIQT) phantom in vendor-provided phantom holder. The anterior receive coil is placed directly on top of the phantom
holder.
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spacing and the amount of resulting phase wrapping. A
vendor-provided reconstruction of the B0 map was used.
For each measurement, we report mean and standard
deviation within a cylindrical ROI of diameter 35 cm in
five slices centered around the isocenter and display their
evolution over time. The size of the ROI was chosen slightly
smaller than the phantom to avoid partial volume effects and
sensitivity to small differences in positioning. Slice positions
were chosen to cover the whole phantom and number of slices
was limited to keep measurement time short. Additionally,
the range from 1st to 99th percentile and the average absolute
value (abs) of the B0 off-resonance within the ROI are
calculated. For each of the aforementioned properties
mean and standard deviation are calculated for each MR-
Linac system (intra-site) and overall (inter-site).
Furthermore, to assess spatial constancy of the B0

homogeneity, for each phantom orientation, we provide
maps of mean and standard deviation per voxel calculated
over all datasets averaged over the five slices acquired.

B1 Homogeneity
B1 homogeneity was measured with a slice-selective spin echo
sequence using the double flip angle method [20]. Two images
were acquired with flip angles of 60° and 120° and otherwise
identical imaging parameters. Based on the associated magnitude
images M60 and M120, the ratio between the actual and nominal
flip angles, which is a measure of the local strength of the transmit
RF field B1 was calculated as B1 � (3/π)arccos(M120/(2M60)).
This measure can be understood as a relative strength: a value of
1.0 corresponds to the case where actual and nominal flip angle
match. Values above and below one correspond to the actual flip
angle being larger and smaller than the nominal flip angle,
respectively. The proposed schedule and analysis was similar
to the B0 measurements: We report average and standard
deviation within a 35 cm diameter circular ROI through the
isocenter and display their evolution over time. Additionally,
1st and 99th percentile were reported and intra- and inter-site
mean and standard deviation were calculated. We obtained maps
of the voxel-wise average and standard deviation of B1 calculated
across all tested MR-Linac systems.

Gantry-Dependent B0 Homogeneity
The gantry-angle dependency of B0 was tested every 3 months
using the same body phantom setup in transverse orientation.
The Linac was positioned at 13 different gantry angles in 30°

increments from −180° to 180° and for each position, phase
images were acquired without re-shimming, using a slice-
selective spoiled gradient echo sequence with TE = 15.7 ms.
This echo time is particularly well-suited for intuitive
interpretation of the phase images, as a phase difference of 2π
(corresponding to one phase wrap) equals a field difference of
1 ppm for a 1.5T system. Phase images were unwrapped [21] and
maps of the difference in B0 relative to a gantry angle of 0° were
calculated. We report the difference between 99th and 1st
percentile within a circular ROI of 35 cm diameter through
the isocenter for each measurement and compare the B0
gantry angle dependencies of different MR-Linac systems.

Geometric Fidelity
The geometric fidelity test evaluates whether the vendor-provided
correction adequately corrects the image distortions due to spatial
non-linearity of the MR imaging gradients. We asked
participating sites to perform this experiment every 3 months.
To characterize the split gradient system of the UnityMR-Linac, a
large (500 × 375 × 330 mm3) 3D geometric QA phantom (Philips,
Best, Netherlands) is used, which is provided with each Unity
system. This phantom consists of 7 slabs with a total of 1,932
markers aligned to a rectangular grid with grid spacings of 25 ×
25 × 55 mm3. Participating centers were asked to follow the
automated geometric fidelity QA procedure provided by the
system vendor and subsequently acquire an identical image
with reversed frequency encoding (FE) direction to disentangle
gradient non-linearity and B0 inhomogeneity. The frequency
encoding was applied along the vertical (posterior-anterior)
axis. On the Unity system the polarity of the frequency
encoding gradient is denoted by the fat shift direction
parameter, corresponding to the direction that MR signal from
protons in fat would be dislocated, compared to signal originating
from protons bound in water. The fat shift direction is posterior
(FSP) in the protocol run in the automated QA procedure and
anterior (FSA) for the additional scan.

TABLE 2 | Sequence parameters for the protocols used in this study. For each measurement series, sequence type, frequency (readout) and phase encoding direction are
stated. In-plane recon voxel size is stated if it differs from the acquisition voxel size. Additionally echo time (TE), repetition time (TR), flip angle, readout bandwidth (BW) and
number of signal averages (NSA) are listed. B0 and B1measurements were acquired with identical timing for sagittal and coronal orientation. Increasing the flip angle for B1 led
to a BW increment of 12.2 Hz/px. GNL measurements were repeated with opposed readout polarity, leading to anterior (A) instead of posterior (P) fat shift.

Measurement Acquisition
voxel size

(recon) [mm]

Type Fat shift
(readout)

Phase
enc.

TE [ms] TR [ms] Flip
angle [°]

BW [Hz/px] NSA

B0 2 × 2 × 5 (1.76) GE P RL 5.4/6.9 65 20 432.6 4
Gantry B0 3 × 3 × 5 (1.76) GE L AP 15.66 80 30 63.1 1
B1 2 × 2 × 5 (1.76) SE P RL 10 1,000 60/120 240.5 1
GNL 1.5 × 1.5 × 2 (1.1) GE P/A RL 3.4 6.69 15 430.8 1
PIQT 0.98 × 0.98 × 5 SE P RL 30/100 1,000 90 218.0 1

0.98 × 0.98 × 5 GE P RL 15 200 30 217.0 2
0.98 × 0.98 × 10 SE L AP 50/

100/150
1,000 90 218.0 1
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The high intensity (99.5th percentile) voxels of the acquired
magnitude images after Gaussian filtering were extracted from
the dataset. These voxels were clustered and detected marker
positions were assigned to the centers of mass of these clusters.
Phantom setup inaccuracies were accounted for by using a rigid
registration of the central detected marker positions to the central
expected marker positions; more details can be found in [22].
Longitudinal stability was assessed for the radii for which 98% of
the corrected marker positions were within 1 and 2 mm. The
choice of 98% was made to reduce the sensitivity of this test to
noise at the edge of the images identified as markers.

For datasets that were acquired in the same session with both
FE directions, marker positions prior to setup corrections were

compared along the three main directions. Furthermore, the radii
with deviations were calculated for the average marker positions
over the two scans and compared to the radii without correction
for the two scans with opposite FE directions.

General Image Quality Tests
The vendor-provided PIQT phantom–a multi-purpose phantom
with 20 cm diameter, similar to the ACR phantom [11]–was used
for weekly image scaling and SNR tests. Here we report on the
longitudinal stability of central frequency, flood field uniformity
[NEMA int. uniformity, NEMA S/N (B)], spatial linearity
(NEMA perc. Diff), spatial resolution (horizontal and vertical
pixel size) and slice profile (FWHM). These measurements are

FIGURE 2 | Average B0 inhomogeneity (off-resonance) within a circular ROI of diameter 35 cm in parts per million (ppm). Each time point corresponds to one
measurement, where the standard deviation is indicated by a pair of horizontal lines. Different MR-Linac systems are distinguished by color. For each orientation, the
mean and standard deviation of the off-resonance frequency across all measurements is spatially mapped. The standard deviation between different measurements (and
MR-Linac systems) is much smaller than the variation across the ROI, confirming the high longitudinal reproducibility of the B0 measurements.
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performed by a vendor-provided analysis script based on a dual-
echo spin echo sequence using the radio-translucent anterior and
posterior receive coils. Mean and standard deviation per system
were calculated.

RESULTS

Response and Overview of Datasets
We received longitudinal data from seven institutes acquired
on eight different MR-Linac systems. A summary of the
datasets available for analysis is provided in Table 1. We
noticed that the requested QA frequencies were not adhered
to by all institutions and received confirmation that due to
COVID regulations research scans were not possible at all
desired times. However, from some centers we received data
throughout the first 2 years of clinical operation of their MR-
Linac system.

B0 Homogeneity
Figure 2 displays the results of the B0 homogeneity analysis.
Overall, excellent agreement between the different MR-Linac
systems is found and measurements are stable over time.
Within the circular ROI of diameter 35 cm, we found an
average resonance frequency offset of (−0.63 ± 0.10) ppm
across all measurements for axial phantom orientation,
(0.29 ± 0.24) ppm for sagittal phantom orientation and
(0.30 ± 0.06) ppm for coronal phantom orientation. For all
measurements, the standard deviation within the analyzed
ROI was below 0.66, 0.33, and 0.33 ppm for axial, sagittal
and coronal orientation, respectively. Average peak-to-peak
values (difference between 99th and 1st percentile) across all
MR-Linac systems were (2.16 ± 0.29) ppm, (1.29 ± 0.13) ppm
and (1.30 ± 0.22) ppm for transverse, sagittal and coronal
orientation. The values for the average absolute off-resonance
(abs) within the ROI were (0.64 ± 0.09) ppm, (0.30 ± 0.02)
ppm, and (0.32 ± 0.06) ppm. These are in line with the vendor’s
specification of root mean square values of <0.17 ppm for a
spherical diameter of 30 cm, given the phantom-induced field
distortions and the different metric. For a maximal FOV of
50 cm × 50 cm × 45 cm, a root mean square value of < 2 ppm is
specified. Detailed results for each orientation and MR-Linac
system can be found in Table 3.

B1 Homogeneity
Results of the B1 flip angle accuracy test are displayed in Figure 3
and show a very high level of agreement between different
systems and stability over time. The average ratio between
actual and nominal flip angle within a circular ROI of
diameter 35 cm was 1.03 ± 0.004 across all measurements for
axial phantom orientation, 0.90 ± 0.008 for sagittal phantom
orientation and 0.93 ± 0.011 for coronal phantom orientation.
Within the analyzed ROI, the maximum standard deviation was
0.022, 0.100, and 0.088 for axial, sagittal and coronal orientations.
The average peak-to-peak ranges within the ROI across all MR-
Linac systems were 0.06 ± 0.010, 0.34 ± 0.018, and 0.31 ± 0.013 forT
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transverse, sagittal and coronal orientation. Detailed results for
each orientation and MR-Linac system are provided in Table 4.

Gantry-Dependent B0 Homogeneity
Figure 4 shows the dependency of the main magnetic field
homogeneity on the gantry angle. Measurements are grouped
by MR-Linac system into different subplots and are highly
reproducible on each individual MR-Linac system. Large
differences are found, however, between MR-Linac systems,
which leads to some MR-Linac systems showing a stronger
dependence of B0 on the gantry angle. At the opposite gantry
positions of the reference at 0°, the effects of the Linac rotation are
twice as strong on MR-Linac B compared to MR-Linac C.

Geometric Fidelity
We detected a median 1,743 of the 1,932 markers on the image
sets provided, where the points farthest from the isocenter were
most challenging to detect. Setup uncertainties were small (0.3 ±
0.3, −0.9 ± 0.3, −0.5 ± 2.0) mm in LR, AP, and CC directions
respectively. The maximum absolute Euler angles for rotational
setup errors were αmax = 0.15°, βmax = 0.26°, and γmax = 0.24°

across all datasets. The average radii for which 98% of the markers
had deviations below 1 or 2 mm were 172 and 242 mm. In
Figure 5A the longitudinal results for all different MR-Linacs
are shown. The systems show stable performance of the geometric
fidelity over time and only limited differences are observed
between MR-Linac systems. In Figures 5B–D all 52 datasets

FIGURE 3 | Average longitudinal flip angle accuracy within a circular ROI of diameter 35 cm through the isocenter. Each time point corresponds to one
measurement, where the standard deviation across the ROI is indicated by a pair of horizontal lines. Different MR-Linac systems are distinguished by color. For each
orientation, the mean and standard deviation of the flip-angle accuracy across all measurements is spatially mapped. The standard deviation between different
measurements (and MR-Linac systems) is much smaller than the variation across the ROI, confirming the high longitudinal reproducibility of the B1 map.
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are plotted for three axial slices with increasing distance from the
isocenter, where the average deviation of each marker from its
reference position is color-coded. The dashed lines show the
average radii for all institutions within which distortions are
below 1 and 2 mm, respectively.

A total of 16 paired measurements with the FE directions
swapped from AP to PA were analyzed in order to separate B0
effects from gradient induced distortion. Average differences in
marker positions were found to be LR: 0.0 ± 0.8, AP: 0.4 ± 2.9, CC:
0.0 ± 0.3 mm, with deviations increasing with distance to the
isocenter. The differences along the frequency encoding direction
(AP) were stable over time and of the same magnitude for all
systems. Finding the largest differences in marker positions along
the frequency encoding direction is expected, because off-
resonance leads to a dislocation along this axis [23]. When
assessing the distortions based on the average positions of the
markers between the FSP and FSA scans, we found that the radii
within which distortions were below 1 and 2 mm increased by a
median of 5 and 9 mm, respectively.

General Image Quality Tests
In Figure 6 the results for the longitudinal analysis of the PIQT
data are shown. In addition to the reported central frequency, we
selected a subset of all checks and indicators that represent the
four main categories checked in the PIQT tests: flood field
uniformity, spatial linearity, spatial resolution and slice profile,
as can be seen in Figures 6A–E. Field drift is required to be within
1 ppm/day. For system F, a phase of extensive hardware changes
between May and August 2021 resulted in a breach of this norm
Figure 6A, this replacement is also apparent in Figure 6C. The
PIQT results also indicate stable performance of the systems well
within the vendor-set bounds on the different indicators. For
system D, the body coil was swapped in June 2021.

DISCUSSION

MR-Linacs represent the latest evolution in image guided
radiation oncology. Only a few years after its initial
introduction, this new technology is rapidly making its way

into mainstream clinical use with the number of worldwide
installations increasing rapidly. While the initial system
characterization during the commissioning phase has been
extensively reported in numerous scientific articles, little has
been published on the longitudinal stability of these systems.

To the best of our knowledge, this paper presents the first
multi-institutional data set that reports on the long-term QA
results of the onboard MRI of the 1.5T Elekta Unity MR-Linac.
The study was conducted across seven institutes, which are
members of the Elekta MR-Linac research consortium as early
adopters of this new technology. These data give valuable insight
into 1) the variation between installations, 2) the stability over
time, and 3) whether the tolerances as set by the vendor are
representative of the actual, long term, performance.

The periodicity of the tests (Table 1) was determined based on
a consensus meeting with all the participants in order to find the
right balance between obtaining a comprehensive data set and
considering practical limitations, such as availability of
phantoms, machine time, and staffing. In setting the
periodicity of each of the measurements, the expected stability
(based on theoretical grounds) and the duration of the
measurement were weighed against each other. In order to
minimize the additional workload, the test protocol largely
consisted of tests that were already part of the vendor
suggested QA program, such as the Philips PIQT and
geometric fidelity tests. These tests were supplemented with
tests on B0/B1 homogeneity and additional gradient linearity
tests with reversed readout polarity. Additional tests using
third party phantoms, such as ACR measurements, were not
included in this analysis to enable participation by as many
institutes as possible and to enable curation of a homogeneous
data set. In many countries, for example in the United States, MR
imaging QA is a requirement for reimbursement and fixed test
frequencies are prescribed for diagnostic MR scanners. For MR
simulators and MR-Linac systems, however, country specific
rules might not yet be in place or differ from the latest
recommendations [13] of AAPM Task Group 284. We hope
that our work can contribute to standardization and
homogenization of requirements for MR imaging QA on MR-
Linac systems.

TABLE 4 | B1 homogeneity results. Each row corresponds to a different MR-Linac system (A–H). We report on mean, standard deviation and peak-to-peak difference (99th-
1st percentile) of the ratio between actual and nominal flip angle within an ROI of 35 cm diameter for each MR-Linac system and phantom orientation. Across all
measurements for the respective MR-Linac system, average ± standard deviation are reported.

B1 Transversal Sagittal Coronal

Mean STD 99th-1st Mean STD 99th-1st Mean STD 99th-1st

A 1.03 ± 0.002 0.020 ± 0.001 0.08 ± 0.005 0.90 ± 0.003 0.09 ± 0.007 0.35 ± 0.039 0.94 ± 0.006 0.08 ± 0.004 0.32 ± 0.018
B 1.03 ± 0.003 0.016 ± 0.001 0.07 ± 0.002 0.91 ± 0.002 0.09 ± 0.001 0.35 ± 0.005 0.94 ± 0.001 0.08 ± 0.001 0.31 ± 0.005
C 1.03 ± 0.002 0.014 ± 0.001 0.06 ± 0.001 0.92 ± 0.002 0.09 ± 0.001 0.33 ± 0.003 0.92 ± 0.001 0.08 ± 0.0002 0.31 ± 0.001
D 1.02 ± 0.006 0.015 ± 0.001 0.06 ± 0.002 0.89 ± 0.012 0.09 ± 0.004 0.33 ± 0.014 0.93 ± 0.005 0.08 ± 0.004 0.32 ± 0.015
E 1.03 ± 0.003 0.021 ± 0.0005 0.08 ± 0.002 0.90 ± 0.001 0.09 ± 0.003 0.36 ± 0.017 0.94 ± 0.002 0.08 ± 0.001 0.31 ± 0.008
F 1.03 ± 0.003 0.013 ± 0.0005 0.06 ± 0.002 0.90 ± 0.006 0.09 ± 0.004 0.34 ± 0.013 0.93 ± 0.012 0.08 ± 0.006 0.31 ± 0.016
G 1.03 ± 0.002 0.014 ± 0.001 0.06 ± 0.001 0.91 ± 0.001 0.09 ± 0.0004 0.33 ± 0.002 0.92 ± 0.002 0.08 ± 0.001 0.32 ± 0.007
H 1.03 ± 0.003 0.017 ± 0.001 0.07 ± 0.002 0.90 ± 0.003 0.09 ± 0.001 0.34 ± 0.004 0.94 ± 0.001 0.08 ± 0.001 0.31 ± 0.003
Overall 1.03 ± 0.004 0.016 ± 0.003 0.06 ± 0.010 0.90 ± 0.008 0.09 ± 0.004 0.34 ± 0.018 0.93 ± 0.011 0.08 ± 0.003 0.31 ± 0.013

The bottom row displays average ± standard deviation across all available measurements.
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B0 and B1 homogeneity were stable over time: For the systems
included in this study variations within the 35 cm diameter ROI
were much larger than longitudinal variations. In addition, the
spatial pattern of inhomogeneities was very comparable between
different systems. These results are very encouraging and suggest
that MR-Linac systems are suitable for multi-center quantitative
MR imaging (qMRI) studies [7], in particular T1/T2 mapping [24]
and MR fingerprinting [25, 26] which rely on accurate flip angles.
They also highlight, however, that the characteristic spatial
variations of both B0 and B1 fields need to be taken into
account, when calculating qMRI parameters. While we
successfully characterized the various MRI subsystems, such as
the imaging gradients, B0 and B1 fields, additional qMRI specific
system QA is advised when setting up (multi-center) qMRI
studies, like suggested by existing qMRI guidelines [27, 28].

Further, radiotherapy patients often carry implants and
patient-specific B0 mapping [29, 30] would be required to fully
ensure correct MR imaging performance, while patient-specific
B1 mapping could be required for sensitive qMRI studies. An
interesting result of this work is that the standard deviation of B0
is considerably larger in axial orientation. Using the same
phantom, we measured similar asymmetry on a diagnostic MR
scanner. This would suggest that this finding is not characteristic
for the MR-Linac system, but could be explained by the
interactions of the phantom with the static magnetic field. A
spherical phantom would be preferable for measuring B0
homogeneity, but we could not guarantee the availability of an
identical spherical test object at each site. Regarding the B1
mapping we found lower relative flip angles for sagittal and
coronal phantom orientation, in particular with increasing

FIGURE 4 | Gantry angle dependence of B0 measured as difference to gantry angle 0°. The sub-plots display the peak-to-peak values (between 99th and 1st
percentile) of the absolute B0 difference within a circular ROI of 35 cm diameter. Measurements of the same MR-Linac system are grouped (A–H). The average gantry
angle dependencies for all MR-Linac systems are displayed in the last subplot. While the gantry angle dependency of B0 for each MR-Linac system is stable over time,
characteristic differences between MR-Linac systems are observed.
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distance from isocenter in head-foot direction. This finding is
consistent across installations and could be explained by the
characteristics of the transmit coil and the interactions of the
phantom with the B1 field.

For the gantry dependent B0 measurements, peak-to-peak
amplitudes were constant over time for each MR-Linac

system, while distinctively different characteristics were
observed between systems. These results highlight again the
longitudinal stability of the tested MR-Linac system, but
suggest that for MR imaging experiments that are sensitive to
small changes in B0, re-shimming should be performed after the
gantry angle is changed. Further, our results suggest that imaging

FIGURE 5 |Geometric fidelity results for all measurements with fat shift in posterior direction (n = 47). (A) longitudinal geometric fidelity of different MR-Linacs coded
by color. Lines between data points serve as guide to the eye. Squares represent the radii within which deviations are below 1 mm and circles correspond to deviations
below 2 mm. Average radii across all measurements are indicated by dashed lines. (B–D) Datasets are plotted superimposed after correcting for setup inaccuracies
using the color coding of distortions that is displayed in the bottom left insert.
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FIGURE 6 | Longitudinal behavior of selected PIQTmeasurements over time. Solid lines represent the moving average calculated across 4 successive time points.
(A) Central Frequency was stable with field drifts below 1 ppm/day except for MR-Linac F for which a quench had occurred in May 2020. All other tests were passed,
respectively within the tolerances: (B) Flood Field Uniformity, (C) Spatial Linearity, (D) Spatial Resolution along vertical and horizontal axes and (E) Slice profile (between
the 4.75 and 5.2 mm).
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during gantry rotation could be susceptible to effects related to B0,
which has been previously described in literature [31] and also
might have implications for qMRI techniques acquired during
treatment delivery [32]. Jackson et al. found that imaging while
rotating the gantry did not impact clinical imaging, but could
affect EPI-based imaging techniques [33]. A tight integration
between the Linac and MR components in MR-guided
radiotherapy systems could overcome these challenges by
automatically applying gantry-angle specific shim settings. The
shimming process during installation is a two-step approach.
First, the MRI is shimmed (using the regular shim trays) at a fixed
gantry angle (G = 0°). Once the magnet is shimmed at gantry
angle G = 0°, measurements are conducted to test the influence of
the moving gantry on the B0 homogeneity. Based on these
measurements at installation, additional shims are placed on
the gantry (further away from isocenter) to mitigate the effect
that the gantry angle has on B0, which could explain the observed
characteristic differences between MR-Linac systems in this
study [18].

Apart from limiting the effects of B0 inhomogeneity, the most
important determinant for geometric fidelity is the vendor-
provided correction for gradient non-linearity. It is essential
for the use of MR images in radiotherapy treatment planning
and whenever possible a 3D distortion correction should be
applied [34]. In our study we found that geometric fidelity was
very stable for all systems and radii within which 98% of the
markers were within 2 mm of the expected positions showed
good inter-system agreement. For the analogous 1 mm deviation
one system (MRL E) performed better, but this could be related to
the non-zero manufacturing tolerances of the phantom itself. The
effect appears exacerbated in Figure 5 due to the discretized
nature of the distribution of distances of marker positions on the
grid from the isocenter. Our results support that for the
assessment of longitudinal stability a single acquisition with
constant frequency encoding direction is sufficient. Our results
also demonstrate that geometric fidelity on first generation 1.5T
MR-Linac systems is on par with current diagnostic MR systems
and we did not observe any indication of decline throughout
clinical use. The good agreement between institutes is
encouraging for multi-center studies involving stereotactic
radiotherapy [35] and for qMRI techniques that are sensitive
to spatial gradient non-linearity, such as diffusion-weighted MRI
[36]. However, post-processing might be required to account for
distortions related to long-term eddy currents generated from the
diffusion-weighting gradients [32].

The selected PIQT metrics, such as f0, SNR, spatial resolution,
and slice profile, show some variation over time, but remain for
the most part within the specifications set by the vendor. These
specifications are similar to those found on diagnostic MRI
scanners, for which the PIQT is also part of the standard QA
program. A jump in f0 was observed for MRL F, which coincided
with a period of extensive maintenance including ramp down and
recalibrations. This finding coincided with a sharp increase in the
spatial linearity metric. We indicated major MRI-related events
on the Unity systems with horizontal lines on the PIQT plot.

The B0 homogeneity results presented for the eight
installations in this paper are similar to the results presented

in [18] with peak-to-peak values in the order of 500 nT. The
geometric fidelity results were slightly different to those reported
in [18], with slightly smaller displacement values within a 35 cm
diameter spherical value (DSV) observed in this paper. The main
reason for this is most likely the fact that the B0 contribution has
not been removed in the analysis presented here (not all centers
were able to acquire the required additional polarity scan). The
added effect of B0 inhomogeneity may therefore slightly bias the
results presented in Figure 5. While this is not an issue for long
term consistency tests, it is advisable to separate the effects of
gradient non-linearity and B0 for commissioning purposes. The
gradient non-linearities are extremely stable over time, which is in
line with reports from diagnostic scanners [25, 37, 38].
Mechanically the gradients are not expected to move, unless as
part of servicing or corrective maintenance. Since the gradient
non-linearities are determined by the physical design of the
gradient, these are not expected to vary over time, unless the
GNL correction, which is applied during the image
reconstruction process, is altered, for example as part of a re-
calibration. Scaling of the gradient amplitude related to gradient
amplifiers, however, is more likely to vary over time, but would
result in an overall scaling of the image, and can thus be detected
with smaller phantoms, such as the PIQT phantom. This check is
part of the recommended daily QA on the Elekta Unity system.

Even though the periodicity was agreed on by all the
participating centers and more centers planned to participate
in this study, the eventual number of data sets that were received
was less than initially planned. Part of this was due to the fact that
some measurements were additional to the standard QA
programs of the institutes and had to be conducted in
research time. Due to COVID-19 many of the participating
institutes had to temporarily stop all non-essential activities,
including research. Nevertheless the amount of data that was
collected provides a large amount of information on the stability
of many aspects of the MRI subsystem. With the amount of data
at hand an in-depth benchmark comparison between the eight
MRI systems is possible. In this paper, however, the main focus
was to investigate the longitudinal stability. Further analysis on
the variability across different systems may be a topic of future
research. One limitation of this study is that information on the
clinical duty cycle and number of delivered treatment fractions
was not collected and could not be retrieved retrospectively.
Different treatment fractionation schemes and treated tumor
types between centers make comparisons challenging.
Furthermore, working hour arrangements and the pause of
MR-Linac treatments during the COVID-19 pandemic differed
across countries. Another limitation of this study is related to the
design choice that only phantoms available at each Unity MR-
Linac site were used. This results, for example, in a B1 field
distribution that is dependent on the orientation of the cylindrical
shaped Philips large Body phantom (Figure 2). This could be
minimized by using a spherical oil-filled phantom. Furthermore,
techniques using non-selective excitation would minimize the
impact of the slice profile on B0 and B1 maps. Third-party
phantoms for assessment of gradient non-linearity are
available, which have potentially smaller manufacturing
tolerances regarding the marker positions. While we requested
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all experiments to be carried out at gantry angle 0°, this
information is not stored in the MR Dicom files or PIQT logs
and it is not possible to verify this retrospectively.

Another important aspect of MR imaging in MR-guided
radiotherapy are potential performance changes with heating
of the gradient coils, which is not assessed by the set of tests
that were analyzed in this study. While this might not play a big
role in a standard MR-guided treatment workflow, heavy-duty
cycle sequences, such as diffusion-weighted EPI used in
functional imaging could lead to gradient heating. Another
possible source is continuous fast gradient echo imaging to
monitor motion during treatment delivery, in particular for
longer hypo-fractionated treatments. We included a test for
ghosting and stability, which is an MR-Linac adapted version
of the FBIRN test for fMRI [39, 40], in the supplemental material.
This test could allow for a qualitative assessment of field and
gradient drifts during heavy-duty cycle imaging, but was not
included in this report as we received less regular data than for the
other tests and no robust automated quantitative analysis was
available for longitudinal analysis.

Information on the longitudinal stability of the MR subsystem
of MR-Linacs, which rely heavily on their imaging performance is
essential. Our results suggest extremely similar performance
between the eight tested Elekta Unity MR-Linac systems. The
data therefore provides valuable information for institutes
implementing this type of system, and can help to determine
the required periodicity for their specific QA program. The results
presented in this paper can however not be generalized to other
MR-Linac system designs. Further, we only analyzed data
acquired over a period of up to 2 years, which does not allow
for conclusions regarding the potential effects on MR imaging
electronics from long-term accumulation of total dose due to
scattered ionizing radiation. Also, the stability of the Linac
components is not considered in this paper. As the
(corrective) maintenance of the Linac subsystem (e.g.,

dismantling/replacing ferromagnetic parts on the gantry ring)
may influence the MRI, this could have an influence on the
eventual MRI QA program as well.
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