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ABSTRACT

We propose two methods to evaluate system-related distortion in magnetic resonance imaging (MRI)
in radiation therapy treatment planning (RTP) and demonstrate the importance of three-dimensional (3D)
distortion correction (DC) by quantitatively measuring the distortion magnitude. First, a small pin phantom
was scanned at multiple positions using an external laser guide for accurate phantom placement and
combined into one image encompassing a large area. Direct plane images were used for evaluating in-plane
distortion and multiplanar reconstruction images for through-plane distortion with no DC, two-dimensional
(2D) DC, and 3D DC. Second, a large grid sheet was scanned as the direct plane of the phantom placement.
The distortion magnitude was determined by measuring the displacement between the MRI and reference
coordinates. The measured distortions were compared between in- and through-plane when applying DC
and between the two methods. The small pin phantom method can be used to evaluate a wide range of
distortions, whereas data from the entire plane can be obtained with a single scan using the grid sheet
without a laser guide. The mean distortion magnitudes differed between the methods. Furthermore, the 3D
DC reduced in- and through-plane distortions. In conclusion, the small pin phantom method can be used
to evaluate a wide range of distortions by creating a combined image, whereas the grid sheet method
is simpler, accurate, repeatable, and does not require a special-order phantom or laser guide. As 3D DC
reduces both in- and through-plane distortions, it can be used to improve RTP quality.

Keywords: distortion, magnetic resonance imaging, radiation therapy treatment planning, system-related
distortion, distortion correction

Abbreviations:

MRI: magnetic resonance imaging

RTP: radiation therapy treatment planning
CT: computed tomography

2D: two-dimensional

3D: three-dimensional

DC: distortion correction

FOV: field-of-view

Received: February 15, 2021; accepted: May 14, 2021

Corresponding Author: Kuniyasu Okudaira, MS

Department of Radiological Technology, Nagoya University Hospital, 65 Tsurumai-cho, Shouwa-ku, Nagoya
466-8560, Japan

Phone: +81-52-744-2566, Fax: +81-52-744-2559, E-mail: okudaira@med.nagoya-u.ac.jp

29



Yutaka Kato et al

CP: control point
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INTRODUCTION

The use of magnetic resonance imaging (MRI) in radiation therapy treatment planning (RTP) is
increasing because of its superior soft-tissue contrast compared with that of computed tomography
(CT), and high spatial resolution comparable with that of CT afforded by recent technological
advances.!” In addition, radiation therapy can now yield more localized and customized ir-
radiation that maximizes the dose delivered to tumors while sparing adjacent healthy tissue (eg,
intensity-modulated radiation therapy or stereotactic radiation therapy). In RTP, precise geometric
information regarding the shape and location of the tumors and surrounding healthy tissues must
be obtained. Hence, more accurate spatial information is required for more precise targeting.

A dedicated system is preferred for MRI in RTP (Fig. 1) to achieve an examination environ-
ment different from that of diagnostic MRI. First, the patient must be placed in a position
identical to that used in radiation treatment. However, MRI beds are not necessarily compatible
with radiation treatment units because most MRI beds are concave with soft padding for ensuring
patient comfort over a long time period. Therefore, a rigid flat couch must be placed over the
standard receiver coil. In addition, the anterior receiver coil must not be in direct contact with
the patient to avoid changing their body surface shape. These measures increase the distance
from the receiver coil to the patient.*> Second, it is crucial to conduct the scan while fixing the

Fig. 1 Dedicated 3T MRI scanner (MAGNETOM Skyra, Siemens, Erlangen, Germany) with an external laser
control system (DORADOnova MR3T LAP GmbH Laser Applikationen, Luneburg, Germany) and flat table
overlay (Civco Medical Instruments Inc.) placed over a standard receiver coil
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patient’s position using a thermoplastic mask (ie, a shell). This ensures the reproducibility of the
patient’s position; accordingly, the optimal receiver coil used in diagnostic examinations is not
applicable for MRI in RTP.*® If either of these conditions is satisfied, then the signal-to-noise
ratio will be decreased. Therefore, adapting MRI examinations based on treatment position may
compromise image quality. Nevertheless, because precise target contouring requires higher spatial
resolution and thinner slices compared with diagnostic examinations, a 3T scanner is preferred
to achieve adequate signal-to-noise ratio.

However, the major limitation regarding the use of MRI in RTP has been identified as the
deterioration in spatial accuracy caused by distortion. The 3T scanner is generally associated with
large distortions caused by several factors,” and geometric distortions are further enhanced in
modern scanners that use a shorter bore magnet and a faster and stronger gradient system. MRI
is typically affected by system- and patient-related distortions that alter the accurate representation
of anatomical structures. System-related distortions are generated by static magnetic field (Bo)
inhomogeneity and gradient nonlinearity that are inherent to the scanner. In contrast, patient-
related distortions are caused by magnetic susceptibility and chemical shift.!“!" Furthermore, the
gradient nonlinearity is sequence independent, whereas the others (B, inhomogeneity, magnetic
susceptibility, and chemical shift) are sequence dependent.'” Although minor distortions in MRI
generally result in few consequences on routine clinical examination results, geometric distor-
tions can be a serious problem in RTP for cases that require high geometric accuracy, and the
unavoidable distortion can affect the anatomical coordinate system, thereby undermining the
quality of the implemented RTP.'? Therefore, magnetic resonance images must be corrected to
reduce distortions to a degree that can be tolerated in RTP (eg, a spatial accuracy of up to 2
mm is required for radiation therapy'®), or the tolerated area for each sequence and scanner
must be determined.

A considerable number of published studies have addressed the mechanism of distortion and
offered methods that can be used to correct the resulting artifacts.'** Two reports have com-
prehensively summarized the effects of distortion in MRI for radiation therapy.'®!" Additionally,
previous studies have provided detailed characterizations of geometric distortion and reported
the performance of vendor-specific two-dimensional (2D) and three-dimensional (3D) geometric
distortion correction (DC) over a large field-of-view (FOV).?'?2 However, as these studies used
special-order, large, dedicated phantoms that are not currently available commercially, the results
are difficult to reproduce in many facilities. The aim of the present study were as follows: (1)
to propose two methods for evaluating system-related geometric distortions over a large FOV
without using special dedicated phantoms, (2) to quantitatively evaluate geometric distortions
using vendor-specific DC, and (3) to demonstrate the importance of 3D DC application in RTP.

MATERIALS AND METHODS

Phantom scans were performed on a 3T scanner (MAGNETOM Skyra, Siemens, Erlangen,
Germany) using a body coil. Images were obtained based on the following three sequences: 2D
T,-weighted fast spin-echo, 3D T,-weighted fast spin-echo, and 3D T,-weighted gradient echo.
The scan parameters used for the sequences are summarized in Table 1.
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Table 1 Pulse sequences and parameters

Parameter 2D T,-weighted 3D T,-weighted 3D Ti-weighted
Type Fast spin echo Fast spin echo Gradient echo
Repetition time (ms) 6000 2500 1570

Echo time (ms) 98 340 2.29

Flip angle (degree) 90/150 Variable 15
Field-of-view (mm) 500 500 500
Matrix size 512 x 512 512 x 512 512 x 512
Spatial resolution (mm) 0.98 x 0.98 x 2.0 0.98 x 098 x 1.0 0.98 x 098 x 1.0
Band width (Hz/Pixel) 200 698 200

2D: two-dimensional
3D: three-dimensional

Small Pin Phantom Method

For the first attempt, we used a 220-mm-diameter phantom (90-401 type; Nikko Fines
Industries Co., Ltd., Tokyo, Japan), with 10-mm-diameter pins placed at 20-mm intervals (Fig.
2a). These pins are made of acrylic, and the surrounding area is filled with polyvinyl alcohol
components. This is a well-known phantom used in various performance evaluations and has
already been established at many domestic institutions. As the phantom cannot acquire an image
encompassing a large area in a single scan, the phantom was scanned at multiple positions with
an 80-mm overlap (eg, three different positions along the x-axis by three different positions along
the z-axis in the coronal phantom placement; Fig. 3) to encompass the maximum 500-mm FOV
of the scanner. To evaluate the three axes, coronal, sagittal, and axial scans were performed in
each of the phantom placements parallel to the x-z, y-z, and x-y planes, using identical FOV
settings. For accurate alignment of the phantom, we used a well-calibrated 3D external laser
control system (DORADOnova MR3T LAP GmbH Laser Applikationen, Luneburg, Germany).
Images of multiple positions were further combined on the scanner console into a single large
image that encompassed a wide range of FOVs. In the orthogonal plane of the phantom place-
ment, multiplanar reconstruction was performed and then combined. Direct plane images were
used for evaluating in-plane distortions (eg, coronal scan for coronal phantom placement), and
multiplanar reconstruction images were used for evaluating through-plane distortions (eg, sagittal
and axial scans for coronal phantom placement). All images were reconstructed without DC,
and vendor-specific 2D and 3D DCs were applied by retrospective reconstruction. The spatial
coordinates of each pin, which were calculated theoretically from the nominal design specifica-
tions, were adopted as the reference coordinates (RCs).

Grid Sheet Phantom Method

To facilitate the procedure, a larger phantom was prepared using a polystyrene resin grid sheet
(LGP-15-11, HOSEI Co., Ltd., Osaka, Japan) to encompass a large FOV with a single scan.
The external dimensions were 380 x 380 mm, the distance between the grid intersections was
15 mm, and the cell size was 14.5 x 14.5 x 11.0 mm (Fig. 2b). The sheet contained 27 grid
crosses along the vertical and horizontal axes, producing 729 measurement points. Such sheets are
typically used for building ventilation and can be purchased commercially. To compare the small
pin phantom method with the in-plane distortion, the grid sheet was placed parallel to each plane
in a water tank (400 x 400 x 400 mm), and the surrounding area was filled with the minimum
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amount of tap water required to avoid radio-frequency field (B;) inhomogeneity.” Because the
copper sulfate solution used in most MRI-phantoms is costly, and owing to domestic regulations
on drainage, we used tap water, which is the easiest to prepare and replace. Each direct plane
image was obtained for the three sequences, both with and without DC. Subsequently, the RC
of the grid sheet was acquired using a CT scanner (SOMATOM Confidence RT Pro, Siemens,
Erlangen, Germany) because construction errors might occur when using the nominal design
specifications of the sheet. The voxel size of the CT data set was 1.07 x 1.07 x 1.00 mm.
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Fig. 2 Photographs of phantoms and schematic illustrations
Fig. 2a: Pin phantom.
Fig. 2b: Grid sheet phantom.
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Fig. 3 Flowchart of the small pin phantom method
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Image Analysis

To quantitatively determine the amount of distortion, the coordinates as a control point (CP)
were determined using an in-house MATLAB program (MathWorks, Inc., Natick, MA, USA).
The first step was to derive binary images using thresholds and identify the CPs using a cross-
filter. The next step was to determine the final coordinates by visually inspecting and manually
modifying all CPs. The analysis excluded some CPs that could not be detected automatically
because of severe distortion or signal loss. Furthermore, the distance from the magnetic isocenter
to each CP was measured, and the measured distributions were compared with the location of
the corresponding RC data. The distortion was calculated using the following formula:

Distortion = \/(XMRI — Xire)? + (Yuri — Yre)? + (Zugi — Zrc)?

The final geometric distortion was calculated as the mean distortion magnitude within the
identical area at 20-mm intervals from the magnetic isocenter up to 240 mm. The measured
distortions were evaluated for differences between the following: (1) the in- and through-planes
when applying DC, (2) both evaluation methods, and (3) sequences.

RESULTS

Figure 4 shows the representative combined images obtained from multiple positions of the
coronal phantom placement using the small pin phantom method with no DC, 2D DC, and 3D
DC. The combined image from the pin phantom theoretically yielded a maximum of 422 CPs
on the entire plane. Both directions (x- and z-axes) in the upper row exhibited in-plane distor-
tions, whereas the slice direction (z-axis) in the lower row exhibited through-plane distortions.
Different degrees of distortion were identified among the DC types. Although the 2D and 3D DC
performances did not differ in terms of in-plane distortions, a significant difference was observed
in terms of through-plane distortions. Figure 5 shows the representative direct plane images of
the coronal phantom placement using the grid sheet method with no DC, 2D DC, and the cor-
responding CT image. Although the small pin phantom method required multiple scans, we were
able to obtain an entire plane image in a single scan using the grid sheet method. Figure 6 shows
the changes in mean distortion magnitude with distance from the magnetic isocenter in three
sequences for both in- and through-plane distortions using the small pin phantom method. The
mean distortion magnitude increased with increasing distance from the magnetic isocenter, except
at a distance of 240 mm. The 3D DC reduced in-plane and through-plane distortions. Figure 7
shows comparison of the two methods with and without DC for the mean in-plane distortion
magnitudes. The mean distortion magnitudes obtained via the two methods were inconsistent,
particularly around the edge of the FOV. The maximums, means, and standard deviations of the
distortion magnitudes when applying DC in the grid sheet phantom method are summarized in
Table 2. Figure 8 shows a comparison of the different sequences when applying DC for the mean
distortion magnitudes. In all cases, we found that distortion varied depending on the sequence.
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2D DC 3D DC

In-plane (z-axis)

Through-plane (z-axis)

In-plane (x-axis)

Fig. 4 Representative combined images of multiple positions of coronal phantom placement using the small
pin phantom method with no DC, 2D DC, and 3D DC

Upper row: Direct coronal plane of axial images.

Lower row: Multiplanar reconstructed coronal plane of axial images.

2D: two-dimensional

3D: three-dimensional

DC: distortion correction

2D DC Gold standard (CT)

In-plane (z-axis)

In-plane (x-axis)

Fig. 5 Representative direct plane images of coronal phantom placement using the grid sheet method with no
DC, 2D DC, and the corresponding CT image

DC: distortion correction

2D: two-dimensional

CT: computed tomography
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Table 2 Distortion magnitudes when applying distortion correction using the grid sheet phantom method

. 2D T:-weighted FSE 3D T:-weighted FSE 3D Ti-weighted GRE
Distance from " . .
isocenter (mm) Mean * Maximum Mean =* Maximum Mean =+ Maximum

SD (mm) (mm) SD (mm) (mm) SD (mm) (mm)
0-20 0.55 = 0.26 0.98 0.33 £ 0.18 0.72 0.52 £ 0.24 0.97
20-40 0.47 £ 0.23 0.90 0.43 £ 0.20 0.88 0.49 + 0.21 1.11
40-60 0.55 £ 0.27 1.47 0.50 £ 0.24 1.05 0.49 + 0.26 1.18
60-80 0.62 £ 0.32 1.39 0.52 + 0.27 1.24 0.55 = 0.31 1.35
80-100 0.66 £ 0.34 1.82 0.56 = 0.27 1.21 0.57 = 0.31 1.39
100-120 0.74 £ 0.34 1.65 0.60 = 0.31 1.64 0.68 + 0.33 1.66
120-140 0.88 + 0.39 2.09 0.77 £ 0.34 1.87 0.81 £ 0.40 1.93
140-160 0.99 + 0.45 2.08 0.81 = 0.39 2.24 0.99 + 048 2.65
160-180 1.23 + 0.66 3.75 097 £ 0.54 2.75 1.21 = 0.74 4.24
180-200 1.53 + 1.05 5.89 1.19 = 0.75 3.77 148 + 1.14 6.23
200-220 1.73 £ 1.19 5.93 1.34 + 0.86 4.34 1.80 + 1.28 6.71
220-240 224 + 1.17 5.45 1.51 + 0.78 3.55 2.67 = 1.81 7.15

2D: two-dimensional
3D: three-dimensional
FSE: fast spin-echo
GRE: gradient-echo
SD: standard deviation
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DISCUSSION

For a complete mapping of the geometric distortion in MRI, it is ideal to define the CP in
three dimensions. However, in most previous reports,'**?? the 3D phantoms used for encompass-
ing a large volume are heavy, cumbersome, and not acquirable because of their special production
requirements. Therefore, to encompass a large FOV, we proposed two methods in this study: (1)
an existing phantom (albeit small), and (2) a phantom that can be easily prepared using com-
mercially available materials. In addition, the geometric distortion was evaluated quantitatively by
applying a vendor-specific DC. The use of 3D DC significantly improved the geometric accuracy;
furthermore, using the grid sheet method, we showed that geometric distortion can be measured
in a simple, time-efficient, and cost-efficient manner.

Despite using 2D phantoms in this study, we were able to evaluate the in-plane distortion by
directly imaging along the plane of the phantom placement, whereas through-plane distortions
could be evaluated by multiplanar reconstruction imaging from the orthogonal plane scan of
the phantom placement. Using the small pin phantom method, the combined image could be
used to evaluate a wide range of distortions, despite the small phantom size. Although applying
the existing phantom was advantageous, scanning had to be performed several times with the
phantom positioned at different locations to obtain all data in the entire plane in a large FOV; this
process was time consuming. Additional errors can be easily introduced during the repositioning
process. In the present study, the problem of misalignment was resolved using an external laser
guide. However, not all MRI systems for radiation therapy provide an external laser guide. In
contrast, the grid sheet phantom method can be used to obtain the data of an entire plane at
once, rendering the process more time-efficient. Moreover, the non-requirement for an external
laser guide is advantageous as it allows the method to be applied to any scanner. Conversely,
preparing the phantom before performing the scan is a labor-intensive process; it requires the
removal of air bubbles that can introduce artifacts,’® a wait of approximately 30 min before
scanning to allow the water to settle, or an adjustment of the minimum required amount of water
to maintain a homogeneous radio-frequency pulse while mitigating the standing wave effect.”
Although costly, the use of copper sulfate solutions to fill the area around the grid sheet can
mitigate B, inhomogeneity.

In the quantitative measurements, the system-related geometric distortion varied according to
the distance from the magnetic isocenter, measurement method, and sequence. In the small pin
phantom method, although the mean distortion magnitude decreased at the 240-mm position
(Fig. 6), this was considered to be an error attributable to fewer CPs because some CPs at the
edge of the FOV could not be identified because of signal loss due to severe distortion. The
3D DC significantly improved spatial accuracy not only in the in-plane, but also in the through-
plane direction, which means that 3D DCs are indispensable for correcting 3D volume spatial
distortions. In addition, the degree of distortion depended on the sequence in the presence of
DC (Fig. 8). A previous study showed that the distortion magnitude and patterns varied among
MRI sequence protocols and scanners.'” In the present study, the fewer distortions observed in
the 3D T»-weighted fast spin-echo image might be attributed to a high bandwidth,” whereas the
significant distortions of the 2D T,-weighted fast spin-echo images for the through-plane (Fig.
8b) might be due to poor resolution in the slice directions, where slice thickness was 2 mm.
For treatment planning, although 3D DCs should be applied, utilizing DC algorithms does not
completely remove distortions. A previous study showed that spatial disposition can significantly
affect treatment planning.* The authors demonstrated that spatial accuracy should be less than
1.5 mm (target: >20 mm) and less than 1.0 mm (target: <20 mm). It is essential to determine
the distance from the magnetic isocenter to ensure the accuracy of RTP in each sequence and
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the scanner used in RTP. Even when imaging a relatively small volume, patients are not always
centered on the magnetic isocenter and shifts of a few centimeters can easily occur, or the RTP
target may not always be at the center of the patient. Therefore, a larger volume should be
mapped accurately to provide sufficient geometric information.

We identified differences in the mean distortion magnitude between the two methods, par-
ticularly around the edge of the FOV (Fig. 7). These differences might have been caused by
the properties of the CPs that were also related to the abovementioned CP identification error.
A previous study demonstrated that the evaluation accuracy increased with increasing numbers
of measurement points.'” In the present study, although some CPs could not be measured, the
combined image using the small pin phantom method yielded a maximum of 422 CPs on the
entire plane, whereas the grid sheet comprised 729 CPs. The spacing of the measurement points
was 20 and 15 mm for the pin phantom and grid sheet methods, respectively. Because finer
measurement points resulted in higher accuracy, the number of CPs must be sufficiently large
to understand the accurate spatial variation of distortion in a large FOV. In addition, in the
small pin phantom method, the theoretical coordinates were adopted from the nominal design
specifications, which may have some construction errors. Therefore, in the grid sheet method, the
RC was obtained from the corresponding CT data, which may have been the result of different
distortion magnitudes between the two methods. Within the range of <1 mm, differences in the
distortion magnitudes were errors because the in-plane resolution (0.98 x 0.98 mm) could be
regarded as the lower measurement limit. Based on these considerations, it can be concluded that
the grid sheet method provides more accurate geometric information. Therefore, because the grid
sheet method without an external laser guide is both cost and time-efficient and provides good
accuracy, it can be used for multiple measurements, such as for assessment of reproducibility
and comparisons between sequences Or scanners.

Our study has a few limitations. First, this study focused on system-related distortions. How-
ever, we did not eliminate object-induced distortions (ie, magnetic susceptibility of the phantom
material) because the magnetic susceptibility-induced distortions had a smaller magnitude than
the system-related distortions.!® If necessary, the reversed read gradient polarity technique'’* can
be used to exclude susceptibility-induced effects. In addition, the total geometric distortion in
clinical examinations is imaged as the sum of system- and patient-related distortion. Patient-related
distortions typically occur because of magnetic susceptibility and chemical shift effects due to
complex anatomical structures, such as the presence of air cavities.!® Because these artifacts are
not negligible in 3T scanners and depend on the sequence parameter, it may be ideal to perform
evaluations with the phantom mimicking the patient’s shape and anatomical location, such as those
developed by Kamomae et al*® to obtain more accurate RTP in each patient. Recently, ultrashort
echo time sequence has been proposed? to visualize previously invisible tissues with very short
T,, such as cortical bone, tendons, and ligaments. This sequence has been increasingly used in
MRI-only simulation because of its ability to reduce susceptibility artifacts and allow conversions
from MRI voxel intensities to Hounsfield units.?®?* Future research is required to evaluate the
geometric distortion using the ultrashort echo time sequence. Second, full 3D volume data were
not analyzed because we measured the CPs only in the plane of the three directions. However,
our results provided sufficient information regarding the difference in DC performance between
in- and through-plane distortions, demonstrating the effectiveness of 3D DCs in MRI for RTP.
If necessary, full 3D volume data can be obtained by stacking multiple grid sheets without
purchasing a special-order dedicated phantom.
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CONCLUSION

We proposed two quantitative methods for evaluating system-related geometric distortions.

Using the small pin phantom method, a wide range of distortions was evaluated by creating
a combined image from multiple scans. We revealed that the grid sheet phantom method is a
simpler, more accurate, and repeatable method that does not require a special-order phantom or
any external laser guide. As 3D DC reduced both in- and through-plane distortions, it can be
used to improve the quality of RTP.
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