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ARTICLE INFO ABSTRACT

Background: Using magnetic resonance imaging (MRI) as the only imaging method for radiotherapy treatment
planning (RTP) is becoming more common as MRI-only RTP solutions have evolved. The geometric accuracy of
MR images is an essential factor of image quality when determining the suitability of MRI for RTP. The need is
therefore clear for clinically feasible quality assurance (QA) methods for the geometric accuracy measurement.
Materials and methods: This work evaluates long-term stability of geometric accuracy and the validity of a 2D
geometric accuracy QA method compared to a prototype 3D method and analysis software in routine QA. The
long-term follow-up measurements were conducted on one of the 1.5 T scanners over a period of 19 months
using both methods. Inter-scanner variability of geometric distortions was also evaluated in three 1.5 T and three
3T MRI scanners from a single vendor by using the prototype 3D QA method.

Results: The geometric accuracy of the magnetic resonance for radiotherapy (MR-RT) platform remained stable
within 2mm at distances of < 250 mm from isocenter. All scanners achieved good geometric accuracy with
mean geometric distortions of < 1 mm at < 150 mm and < 2mm at < 250 mm from the isocenter. Both mea-
surement methods provided relevant information about geometric distortions.

Conclusions: Geometric distortions are often considered a limitation of MRI-only RTP. Results indicate that
geometric accuracy of modern scanners remain within acceptable limits by default even after many years of
clinical use based on the 3D QA evaluation.
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1. Introduction imposes stricter requirements on geometric accuracy.

Both external and internal factors may lead to changes in the geo-

The use of magnetic resonance imaging (MRI) is becoming in-
creasingly common as the only imaging method for external radio-
therapy treatment planning (RTP) [1]. Recent studies have concluded
that for the pelvic region both target localization and dose calculation
accuracy of MRI-only based radiotherapy simulation is sufficient when
compared to conventional computed tomography (CT)-based RTP
[2—6]. This diminishes the need for CT in the RTP workflow. The use of
a single imaging modality eliminates the error in target delineation
caused by CT to MRI co-registration [7]. This is also more resource- and
cost-efficient than the traditional combination of CT and MRI [1].
Moreover, the exposure of healthy tissue to ionizing radiation is con-
sequently reduced. However, the use of MRI-only -based RTP workflow

metric performance of a scanner. External factors include any ferro-
magnetic objects near the MRI suite. Internal factors include the drift of
the static magnetic field or malfunction in gradient performance.
Therefore, it is valuable to know if the geometric accuracy of older,
same generation scanners is comparable to the accuracy of more re-
cently installed systems.

While the feasibility of MRI-only RTP has been demonstrated for
prostate and brain regions in recent studies [3,6-8], the adequacy of
routine quality assurance (QA) methods for geometric accuracy is a
concern in the use of MR images in RTP. Reproducibility of geometric
distortions have been studied on permanent magnet systems [9].
However, there is little information concerning changes in geometric
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distortion on modern superconducting systems over an extended period
of time. In addition, studies that evaluate the variation of system-in-
duced geometric distortion between individual MRI scanners used for
MRI-only RTP is limited [10,11]. It is now possible to purchase MRI-
only product sets for older scanners that were originally installed for
use in diagnostic imaging cases.

Compromises in geometric accuracy could also restrict the suc-
cessful application of MRI-only -based RTP to other anatomical sites of
the human body. Because there is growing interest in moving towards
MRI-only planning [12,13] the need for a universal and feasible geo-
metric accuracy QA method is emphasized.

Several studies evaluating three-dimensional (3D) geometric dis-
tortions have been conducted using various scanning methods and a
multitude of designated 3D phantoms [14-19]. The use of 3D phantoms
may be impractical for periodic clinical QA tests because of e.g. large
size and laborious positioning of the phantoms. This increases the time
and resources needed for the QA workflow. Thus, it is important to
compare more user-friendly and faster methods for routine geometric
accuracy QA that are sensitive enough to detect clinically meaningful
changes in performance.

Philips MRCAT (magnetic resonance for calculating attenuation)
[20] was the first commercial solution for the synthetic CT (sCT) gen-
eration. The MRCAT algorithm generates sCT images from acquired T1-
weighted mDixon MR images. Therefore, the geometric uncertainties of
MR images are directly transferred to geometric uncertainties of the sCT
images used for RTP.

The main objective of this study is to evaluate the long-term stabi-
lity of geometric accuracy of a 1.5T Philips Ingenia MR-RT platform
(Koninklijke Philips N.V., Amsterdam, The Netherlands). The scanner
has been used routinely for MRI-only RTP scans since January 2016. By
February 2019, over 300 MRI-only RT plans for prostate cancer patients
have been generated using MRCAT method and used in clinical RT
treatment. The clinical feasibility of a routine, two-dimensional (2D)
geometric accuracy QA method, recommended by the vendor, is com-
pared to a similar prototype 3D QA method as a part of the QA program
of the MR-RT platform.

Another objective is to evaluate and compare the magnitude of
scanner-induced geometric distortion of three 1.5T and three 3.0T
Philips Ingenia MRI scanners. This includes the 1.5 T MR-RT platform,
and five other scanners that are currently in diagnostic use.

2. Materials and methods
2.1. Phantoms and MRI equipment

Two phantoms designated for the measurement of geometric accu-
racy were used. The Philips 2D geometric QA phantom is a part of the
commercial MRCAT solution. It consists of a single acrylic plate with a
well-defined array of marker capsules and a base for the phantom at-
tachment. The effective measurement area of the phantom is
500 mm x 450 mm. The capsules contain an oily solution to produce a
signal similar to fatty tissue. Milled laser ridges are located on the
phantom surface in transversal, sagittal and coronal plane directions to
speed up the alignment of the phantom.

A prototype Philips 3D geometric QA phantom was used for the 3D
QA measurements. The design of the 3D phantom resembles that of the
2D phantom, but it consists of seven identical acrylic plates that have a
larger array of capsules with a total number of 1932 measurement
points. This enables measurement of geometric distortions closer to the
edges of the magnet bore. The 3D phantom capsules cover a cylindrical
volume of 500 mm in diameter and 330 mm in length. Spacing between
the plates is 55 mm. In both phantoms, the capsules are spaced in a
25mm X 25 mm array. The phantoms are presented in Fig. 1.

The 1.5T MR-RT platform was used for the long-term geometric
accuracy monitoring.

During the monitoring period of 19months, 2D and 3D QA
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measurements were performed five times, roughly every three months
to evaluate the stability of geometric accuracy of the system and the
feasibility of the 2D QA method compared to the 3D QA method in
clinical QA.

For scanner dependent geometric accuracy comparison, 3D QA
measurements were performed once for three Philips Ingenia 1.5 T MRI
and three Philips Ingenia 3.0T MRI devices at Turku University
Hospital (Turku, Finland) and at Philips MR Therapy Oy facility
(Vantaa, Finland). The scanners were installed between the years 2011
and 2016.

2.2. Imaging

A flat patient couch top intended for use in RTP imaging was used
for positioning the phantom in all QA sessions instead of a standard
curved patient couch used in diagnostic imaging. Integrated dS T/R
System Body coil was used for acquisition in both 1.5 T and 3 T systems.
The manufacturer’s 3D gradient nonlinearity correction algorithm was
used in all measurements. Active shimming was not performed prior to
any of the QA scans. The essential imaging parameters of 2D and 3D QA
scan protocols are presented in Table 1.

During the 5th month (January 16th, 2017) of the 19-month mon-
itoring period, the MR-RT platform suffered an unintentional quench of
the static magnetic field due to human error during electricity work.
This did not cause any external damage to the system and gave an
additional opportunity to monitor the scanner performance before and
after a major technical failure and its possible effects on the geometric
accuracy.

2.2.1. 3D QA for geometric accuracy

The 3D QA scans were performed by positioning the central acrylic
plate to the isocenter. During the QA scan, the acrylic plates were im-
aged using a single large-stack 3D GRE sequence. The phantom was
stationary throughout the scanning procedure. Manual phantom posi-
tioning with scout images was used due to variable accuracy of the in-
bore laser systems. This improved the positioning consistency between
the diagnostic scanners.

The 3D QA scan images were analyzed using vendor’s designated
command prompt-based QA analysis and program. The analysis pro-
gram identified the location of a single marker by calculating the pixel
intensity-weighted centre of gravity over a predefined 3D ROI covering
the marker and generated a marker coordinate file [21]. During dis-
tortion evaluation, marker coordinates determined from the 3D QA
scan images were compared to reference marker positions included in
the QA software. This produced the 3D distortion information. Global
offsets resulting from positioning error compared to reference were also
detected by the analysis software and subtracted from the final distor-
tion results. It is possible that in the very peripheries of the magnet
bore, where the most severe distortions are present, the detection al-
gorithm may underestimate the true maximum distortion as some of the
fiducial markers cannot be reliably detected. This can be either due to
poor signal or aliasing of two or more fiducial markers. Total distortions
at these locations can be estimated to be > 12 mm.

Determination of the average geometrical distortion at different
distances from the isocenter was performed by defining four individual
ranges of interest: 100-150 mm, 150-200 mm, 200-250 mm and
250-290 mm from the isocenter. The data points in the range of
0-100 mm from the isocenter were ignored, as the distortions in the
center of FOV are the smallest.

Mean total distortion and standard deviation values for every range
were calculated for each scanner. A scatter plot of the total geometric
distortion as a function of the above described data points was also
generated for all ranges of interest. When comparing the measured QA
data to an ideal reference, the mechanical inaccuracies of the 3D
phantom are reflected in the distortion results.

The 2D geometric accuracy QA method evaluates only in-plane
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Fig. 1. a) The 2D geometric QA phantom. b) The 3D geometric QA phantom.

Table 1

The MRI sequences and parameters. Bracketed values were used with 3 T devices.
Sequence Name® TE (ms) TR (ms) Flip angle (°) Acq. Matrix Voxel size (mm) Slice thickness, gap (mm) Image stacks, slices BW/px (Hz)
T;-w 3D GRE 3D geometric fidelity QA 3.4 6.7 15 512 1.09 x 1.09 x 1.00 2, —1 1, 400 431 (862)
T;-w 3D GRE 2D geometric fidelity QA 3.4 6.7 15 512 1.09 x 1.09 x 1.00 2, —1 7, 25 217

Table 2

The results for 3D QA method measurements. a) Mean 3D geometric distortions per distance range and QA session for the 1.5T MR-RT platform. b) Mean 3D
geometric distortions per distance range for the 1.5T and 3 T scanners. ¢c) Mean through-plane distortions per distance range for the 1.5 T and 3 T scanners. In all
tables, p represents the mean, o is represents the standard deviation and 95% max. is the 95th percentile of the distortion per given distance interval.

a)

Scan date  Distance from isocenter [mm]

100-150 150-200 200-250 250-290

p[mm] o [mm] 95% max. [mm] p[mm] o[mm] 95% max. [mm] p[mm] o[mm] 95% max. [mm] p[mm] o[mm] 95% max. [mm]

0 months 0.58 0.23 0.99 0.93 0.49 1.91 1.42 0.60 2.52 291 1.06 4.83
4 months 0.48 0.22 0.86 0.83 0.41 1.65 1.35 0.55 2.32 2.76 1.00 4.71
6 months 0.63 0.23 0.97 0.99 0.42 1.66 1.46 0.55 2.38 291 0.96 4.71
12months  0.66 0.24 1.03 1.03 0.43 1.73 1.51 0.56 2.45 2.94 0.98 4.84
15months  0.67 0.24 1.05 1.04 0.43 1.81 1.53 0.59 2.55 2.86 1.02 4.62
b)

Scanner Distance from isocenter [mm]

100-150 150-200 200-250 250-290

p [mm] o [mm] 95% max. [mm] p[mm] o[mm] 95% max. [mm] p[mm] o [mm] 95% max. [mm] p[mm] o [mm] 95% max. [mm]

3 T scanner #1 0.84 0.32 1.47 1.25 0.49 2.14 1.79 0.73 3.03 2.89 1.78 5.47
3 T scanner #2 0.74 0.26 1.20 1.11 0.37 1.73 1.62 0.49 2.44 3.56 3.13 7.66
3 T scanner #3 0.83 0.28 1.28 1.27 0.40 1.98 1.81 0.54 2.74 3.50 2.93 7.09
1.5 T scanner #1 0.67 0.26 1.16 1.05 0.38 1.76 1.57 0.55 2.43 2.76 1.11 5.07
1.5 T scanner #2 0.61 0.23 0.99 0.95 0.33 1.50 1.43 0.48 2.18 2.66 1.19 4.73
1.5 T MR-RT average 0.60 0.23 0.98 0.96 0.44 1.75 1.45 0.57 2.44 2.88 1.00 4.74
)

Scanner Distance from isocenter [mm]

100-150 150-200 200-250 250-290

p [mm] o [mm] 95% max. [mm] p[mm] o[mm] 95% max. [mm] p[mm] o [mm] 95% max. [mm] p[mm] o [mm] 95% max. [mm]

3 T scanner #1 0.55 0.38 1.35 0.81 0.55 1.85 1.21 0.83 2.65 1.44 1.21 3.20
3 T scanner #2 0.33 0.23 0.76 0.47 0.33 1.08 0.88 0.50 1.66 1.85 3.01 6.00
3 T scanner #3 0.30 0.20 0.64 0.50 0.34 1.06 0.95 0.52 1.80 1.86 2.78 4.44
1.5 T scanner #1 0.47 0.32 1.04 0.67 0.45 1.48 1.02 0.62 2.05 1.24 0.77 2.51
1.5 T scanner #2 0.29 0.20 0.65 0.40 0.29 0.96 0.69 0.44 1.49 0.98 0.73 2.21
1.5 T MR-RT average 0.34 0.23 0.74 0.53 0.38 1.24 0.90 0.57 1.82 1.16 0.70 2.24
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distortions (i.e. xy-plane) compared to real 3D measurement of the 3D
QA method. Estimating the contribution of the through-plane distortion
(i.e. parallel to z-axis) to the total geometric distortion is essential when
factoring the interchangeability of the two methods. Therefore,
through-plane distortions with respective averages and standard de-
viations were calculated separately.

2.2.2. 2D QA for geometric accuracy

The feasibility of the 2D geometric QA phantom as a part of the
current MRCAT geometric QA method was evaluated by comparing it
qualitatively to the 3D QA method. The areas of interest were the edge
regions of the field-of-view (FOV) and the magnitude of distortion at
greater radial distances from the magnet isocenter. The 2D geometric
accuracy data were acquired by scanning the 2D phantom using spe-
cifically designed manufacturer’s QA protocol for geometric accuracy.
The QA measurements were conducted on a 1.5 T Philips Ingenia MR-
RT platform with an external laser positioning system (ELPS) (LAP
GmbH Laser Applikationen, Lueneburg, Germany) for RT positioning.
The 2D QA scan protocol consisted of multiple identical T;-weighted
gradient-echo (GRE) sequences. During the automated QA scan, a series
of images was acquired at seven different distances from the magnet’s
isocenter: z = 0 mm, = 60 mm, = 130 mm and * 200 mm.

The analysis of the 2D QA images was performed automatically by
the software during the QA protocol. The calculated magnitude of in-
plane distortions can then be evaluated qualitatively by observing
distortion isocontour lines of 1 mm, 2mm, 3mm and 5mm in trans-
verse images of the center slices at aforementioned distances from the
isocenter. During the analysis, the volumetric 3D image stack is pro-
jected onto 2D plane along the z-axis. As a result, the through-plane
distortion cannot be evaluated.

The reproducibility of the 2D QA measurement and assessment of
error sources, i.e. noise and phantom positioning was tested in one of
the QA sessions by repeating the 2D QA measurement three times
without repositioning the phantom between the scans. After this the
phantom was repositioned and the QA scan was repeated once more.

3. Results
3.1. 3D geometric QA

The results in Tables 2(a)-(b) and respective Fig. 2(a)-(b) show that
the geometric performance of the 1.5 T MR-RT platform remained very
stable throughout the 19-month monitoring period. When comparing
geometric accuracy of the 1.5 T MR-RT platform to two diagnostic 1.5 T

a)
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scanners, the results are almost identical. This was expected, as the only
major technical difference between the scanners was the ELPS of the
MR-RT platform.

Tested 1.5 T scanners generally performed better than 3 T scanners
at distances ranging from 100 mm to 250 mm from the isocenter. At
greater distances, the advantage begins to diminish as the data points
near the edges of magnet bore demonstrate. As a result, the deviation of
results with all the devices increases, because the valid data points are
located across the FOV.

Scatter plot examples of 3D QA results are presented in supple-
mentary Fig. 1. The results in Table 2(c) show the contribution of
through-plane distortion to the total distortion.

3.2. 2D geometric QA

The MR-RT platform’s 2D QA results reflect the results of the 3D QA
measurements in Fig. 2(b), showing stable geometric performance
throughout the monitoring period. Excerpts from the results are illu-
strated in Fig. 3 and in supplementary Figs. 2 and 3. The 2D QA images
clearly show the decrease of the effective axial FOV as the distance from
the isocenter grows, and the rapid increase in magnitude of geometric
distortions. At transverse slice distances ranging from 0 to = 130 mm,
the distortions were limited to < 3 mm in all measurements across the
phantom.

4. Discussion

The 3D QA scans were performed successfully and distortions at
different distances could be determined for all scanners. Examination of
the results shows that even the older 1.5T and 3T scanners reached
similar performance in comparison to newer scanners of the same
hardware generation. This indicates that the geometric accuracy of the
scanners remains stable after several years of regular use. Furthermore,
it seems that the unintentional quench of the magnetic field did not
cause changes to the geometric performance of the 1.5T MR-RT plat-
form.

Comparison between scanners shows that 1.5T scanners are geo-
metrically as accurate as 3 T scanners when the distance from the iso-
center is less than 250 mm, as the differences are in the order of sub-
millimeters. The increase in distortion magnitude as a function of dis-
tance from isocenter is also expected even when the manufacturer’s
gradient non-linearity correction algorithm is used.

In addition, some residual distortion remains from static field in-
homogeneity, non-corrected gradient distortion and patient-induced

b)
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Fig. 2. a) Evolution of 1.5 T MR-RT platform’s mean 3D geometric distortion including respective standard deviations. An unintended quenching of the magnetic
field occurred during the 7th month of the long-term monitoring period. b) The 3D QA results for mean total distortion including respective standard deviations for

five diagnostic MRI scanners.
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6 months

100 mm

19 months

100 mm

Fig. 3. Examples of analyzed images acquired with the 2D QA test protocol during the 19-month monitoring period. The lines illustrate the magnitude of maximum
geometric distortion inside the defined area at a transverse distance of —130 mm from the magnet’s isocenter.

distortion [11,22]. Patient-induced distortion is the most significant
source of scanner-independent distortion that cannot be evaluated
using phantoms. Our results also contain the mechanical inaccuracies of
the 3D phantom, because calibration or a CT verification was not used
for the 3D QA phantom.

The feasibility evaluation of the 2D QA method compared to the 3D
method proved valuable in a clinical context. Based on our experience
the 2D QA method is a repeatable and user-friendly way to measure
distortions in routine clinical use due to a simpler design with only a
single acrylic plate. Random error may be caused because of the pos-
sible misalignment of the base. However, geometric distortion mea-
surements done using a large FOV 3D phantom have been demonstrated
to be insensitive to small positioning uncertainties when the distortion
measurement is based on deformable registration to a reference image
[27]. In our study, these uncertainties are corrected by the analysis
software when global offsets are subtracted.

A limitation of the 2D phantom-based QA method is that it does not
evaluate through-plane (z-directional) distortion. Due to the nature of
electromagnetic fields, however, the distortions in longitudinal direc-
tion would also manifest itself simultaneously with in-plane distortions.
Thus, any 3D distortion is also detectable using 2D measurements. The
detection sensitivity of distortions in 2D is inferior to the true quanti-
tative 3D measurement, but for clinical QA purposes it is sufficient. The
2D QA method can therefore be used to verify geometric stability, once
sufficient geometric accuracy has been demonstrated with a quantita-
tive 3D QA measurement.

However, the 2D QA phantom setup is designed in such a way that
repeatable orientation and scanning the phantom in sagittal and cor-
onal directions is possible. The 2D QA protocol and analysis tool should
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therefore be developed so that automatic measurements in sagittal and
coronal directions could be routinely performed. The 3D measurements
are useful in more thorough QA sessions performed by physicists or
technicians. Furthermore, the availability of lightweight, large FOV 3D
distortion phantoms has been improving [28].

The results presented in this study are in line with the earlier re-
search in which the scanner-induced geometric distortion of 1.5 T and
3T devices were measured using various methods [10,16,18,22,23]. In
the majority of these studies, imaging was performed using GRE-based
sequences which further improves the comparability of our results to
earlier research in the field. Differences between GRE and TSE-based
sequences have also been shown to be small [10,17]. In general, the
geometric accuracy of large FOV is important only for sequences that
are used for the sCT generation. Our results are in good agreement with
studies that investigate the feasibility of MRI-only RTP for brain and
prostate regions [3,5-8]. Geometric accuracy is within 1 mm when
volume of the head (radius < 150 mm) is considered and typically
within 2 mm, when dimensions of the pelvic area (radius < 250 mm)
are considered.

Establishing QA action limits for scanner-induced geometric dis-
tortion can be done based on the clinical RTP requirements, or previous
research of the scanner-induced distortion effects in MRI-only RTP.
Using stereotactic techniques commonly requires that the total spatial
uncertainty from all sources should be < 1 mm. Therefore, geometric
distortions <0.5 mm should be the minimum requirement for stereo-
tactic RTP targets < 20 mm in diameter [11]. Based on our results these
conditions can be met in the vicinity of the isocenter.

For pelvic region, geometric distortions of <2mm at a radius <
250 mm could be considered adequate as a general guideline. This
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requirement can be justified by evaluating previous feasibility research
of MRI-only dose calculation accuracy. A mean body outline error of
<2mm around the planning area resulted in mean dose differences
of < 1% on the planning target volume (PTV) and organs-at-risk (OAR)
areas compared to the CT-based RTP [5,24-26].

The results in this study demonstrate sufficient geometric accuracy
for MRI-only RTP in all tested scanners and it seems that purchasing an
RT option would a viable solution for older scanners due to the de-
monstrated stability of geometric accuracy. However, the geometric
performance of every intended MR-RT platform should always be tested
individually. Regular QA measurements of geometric accuracy are to be
recommended, but our results indicate that stability is not an issue if the
scanner performance is normal. Normal performance can be verified
through regular American College of Radiology (ACR) phantom QA
testing [29], for example.

In this study, it has been assumed that the same system induced
distortions apply for the relevant MRI sequences used for RT.
Effectively, this implies that the same receiver bandwidth must be used
between the sequences. For sequence types that are more prone to
distortions, additional assessments should be performed. It is also worth
emphasizing that the analysis only measured the scanner-induced dis-
tortion including the mechanical inaccuracies of the phantom and
evaluated the geometric performance of the tested MRI systems in
general from QA perspective. Further studies are required to confirm
the findings with systems from other manufacturers and to extend our
results to those.

It can be concluded that based on the results of the investigated
modern scanners, the long-term changes in magnetic field in-
homogeneities and geometric accuracy of MR images are not severe. In
addition, scanner-dependent variation of geometric accuracy was found
to be minor, which could enable sites with existing current-generation
scanners to acquire just RT options. Comparison between 2D phantom
and 3D phantom-based QA results suggests that with improvements, the
used 2D phantom QA method would be sufficient for clinical QA and
stability monitoring in clinical MR-RT workflow.
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