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Short synopsis

Magnetic Resonance Imaging (MRI) is increasingly becoming an essential component in radiation therapy (RT)
planning and with it, characterization of the geometric distortion latent in MR imaging. Current methods available
for performing distortion measurements are often performed as offline calculations. In this work, we have devel-
oped a prototype that can accommodate any type of grid-like phantom and provides an on-the-scanner software
solution for the analysis of spatial distortion MR images. The prototype takes a prior CT scan and a newly acquired
MR dataset as inputs and generates a qualitative visualization and quantitative evaluation for the spatial distortion
in the MRI volume. The prototype was assessed using three grid-like phantoms with good success.

Introduction

The characterization of distortion in MRI is not a new
phenomenon. In fact, our understanding of the topic goes
back almost 30 years, when MRI was being used for stereo-
tactic radiation therapy [1-5]. In that era of radiation
treatment planning, the MR image was often fused to the
computed tomography (CT) image via image registration.
Since the images were co-registered, the MR image was
primarily used to delineate the cancer, which could not be
seen on the CT image. In this scenario, the spatial fidelity
of the MRI was of less importance since the CT image was
the primary dataset being used to position the patient

and perform the necessary dose calculations. Fast-forward
30 years, and the use of MRI for radiotherapy remains
very much the same at many centers, with the MRI being
used for delineation via image registration. But a lot has
changed in three decades: Radiation oncology has trended
toward treatments that are depositing much more radia-
tion dose in far fewer fractions. In this new paradigm,

the precision and accuracy of radiation treatments have
increased. The drive for more precision targeting has

led to the development of MR-only radiation treatment
workflows, and systems that combine MRI and linear accel-
eration, known as MR-Linacs [6—8]. Because of this trend,
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we have seen increased attention being paid to methods
of spatial distortion correction and to various ways of
characterizing the residual distortion [9-13]. A lot of work
has been done to understand the effect of MRI distortion
for specific treatment sites [14-20].

Thus, MRI is increasingly being used in radiation
therapy procedures, and measuring residual geometric
distortion has become even more vital. Even though MRI
can provide superior soft-tissue contrast than CT imaging,
MRI suffers spatial distortion deviating from isocenter
due to the nonlinearity of magnetic gradients. This spatial
distortion increases with increasing distance from the
isocenter. Although vendor-supplied correction algorithms
can help mitigate the spatial distortion, there is still a need
to monitor any potential distortion that might jeopardize
the safety and accuracy of the MR imaging that is being
incorporated into radiation treatment planning. In this
regard, proper software and (grid-like) phantoms are
indispensable for performing an accurate distortion mea-
surement and quality-control monitoring. However, in the
current marketplace, phantoms and software used for
distortion measurements are often expensive and require
subscriptions for software, which may hinder smaller
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(1A) User interface of the distortion
measurement prototype with qualitative
visualization; (1B) user interface with
quantitative evaluation; (1C) backend
pipeline of the distortion measurement
prototype; (1D) the user interface matches
the work and description in (1C), and was
created with the intent of a user friendly
design, with a straightforward step-by-step
workflow.

Preprocessing Preprocessing
¢ Optional Cropping ¢ Iso-center Locating
¢ Optional Segmentation

Fixed Image + + Moving Image

Rigid Registration

T . . ¢ Manual and Automatic
Identification of Gridpoints

E ROI Selection I
E  Provide Global or Regional Distortion Analysis :

Reference Image + + Presumed Distorted Image

Extraction of Gridpoints
« |Identify Centroids of Gridpoints

Visual Comparison of Distortion
¢ Coordinate Pairs Superimposed on CT or MR

Distortion Measurement

¢ Calculate Spatial Deviations between Matched Pairs

 Plot Calculated Distortion against Distance from MR's Iso-Center
¢ Report Statistics of Distortion Measurement
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(2A) Anthropomorphic skull phantom with a grid spacing of 15 mm and grid diameter of 3 mm (Model 603A, CIRS Inc.); (2B) generic
large-field 2D phantom with a grid spacing of 30 mm and grid diameter of 5 mm (Siemens Healthcare); and (2C) generic large-bore 3D
phantom with a grid spacing of 20 mm and grid diameter of 3 mm (Model 604, CIRS Inc.).

centres with limited resources. Most of the current soft-
ware also requires the user to perform this type of analysis
offline. Because of these limitations, we sought to provide
a flexible solution where the user can bring their own
“grid-like” phantoms (which could be 3D-printed in-house)
and perform the analysis directly on the scanner, within
the software ecosystem of the console. In this work, we
developed a novel online distortion measurement proto-
type that can either be housed in the scanner’s ecosystem,
allowing an “on-the-fly” distortion assessment on the MR
console, or operate offline on a personal computer (PC)
for standalone analysis.

Methods

The distortion measurement prototype was developed

on the syngo.via Frontier platform (Siemens Healthcare,
Erlangen, Germany). It can be integrated into the inline
syngo.via MRI ecosystem from Siemens Healthcare, or it
can operate offline as standalone software available on

a Windows® system. The prototype requires a CT image of
the phantom as a reference image. Acquired MR images
are compared against the reference, and the software
computes the distortion as a function of distance from
isocentre. The prototype’s user interface and backend pro-
cessing pipeline are described in Figure 1, and the methods
for extracting grid points are based on the approaches
proposed by Stanescu et al. [21]. Three different types of
distortion phantoms containing orthogonal grids of rods
were used in this study to demonstrate the efficacy and
versatility of the prototype. As shown in Figure 2, these
phantoms include an anthropomorphic skull phantom
(Model 603A, CIRS Inc., Norfolk, VA, USA), a generic large-
field 2D phantom (Siemens Healthcare; note that LAP have
a commercialized THETIS phantom developed on the basis
of the prototype 2D phantom from Siemens Healthcare),
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and a generic large-bore 3D phantom (Model 604, CIRS
Inc., Norfolk, VA, USA). To summarize the distortion, the
prototype uses the extracted grid points from both CT and
MR to provide not only an intuitive visual comparison but
also a quantitative evaluation, including their calculated
distortion deviations against the distance to isocenter with
statistical information (i.e., minimum, maximum, and
mean residual distortion). Lastly, the results can be saved
locally by exporting the displayed data as a comma-
separated values (CSV) file. The export file contains both
scanner-specific information (field strength, gradient type,
scanner make, etc.) and coordinates from the MR and

CT datasets used for statistical analysis, which could be
imported into quality assurance tracking programs.

Results

Figures 3, 4, and 5 show the distortion assessments
produced by the prototype for, respectively, the CIRS skull
phantom, the 2D large-field phantom from Siemens
Healthcare, and the CIRS large-bore phantom. Panel A in
each of the figures shows the results of the automatic rigid
image registration displayed at the slice near the isocenter.
The CT (blue) and MRI (red) datasets are well matched.
Panel B in each figure is the 3D rendering of the represen-
tations of the grid points' coordinate pairs (MRI: magenta,
CT: green), providing an overall visualization of the spatial
distortion for users. Panels C and D display the calculated
coordinates positioned at the center of the grid points

of the MR and CT images. Panels C and D also exhibit the
qualitative spatial distortion between the acquired MR
image compared to the reference CT image. Panel E
summarizes a quantitative evaluation of the distortion
measurement from MR for each phantom, including a
distortion plot and statistical information.
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Discussion

The software prototype’ requires, at a minimum, a refer-
ence CT image and a single MR image. By design, the
software can analyze most types of grid-like phantoms,

as demonstrated in this work. This allows users to 3D-print
their own phantom for custom use cases. The rigid image

"Work in progress. The application is currently under development and is not for
sale in the U.S. and in other countries. Its future availability cannot be ensured.
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registration is the first step to ensure the accuracy of
distortion measurements since a potential inaccuracy

in co-registration between two modalities will bring addi-
tional spatial deviations. In the prototype, we perform

a manual registration followed by an auto-registration
step to minimize the spatial discrepancy. Otherwise, the
auto-registration might prioritize the minimization of the
spatial variation resulting from the geometric distortion.

Using the CIRS 603A,
we present
(3A) the results of rigid
registration displayed
at the slice near the
isocenter (MR: red,
CT: blue);
(3B) 3D rendering of the
representations of the
grid points’ coordinate
pairs (MR: magenta,
CT: green);
(3C) coordinate pairs
superimposed on MR
image;
(3D) coordinate pairs
superimposed on
CT image; and
(3E) distortion plot
against the distance
from the isocenter.
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Once the proper registration is visually verified, the the points might be misidentified due to imaging artifacts.
extraction method can effectively detect the grid points This issue can be easily addressed by acquiring CT and

for either MR (Figs. 3-5C) or CT (Figs. 3-5D) in each phan- MR images with more homogenous intensity, finer

tom, despite differences in contrast between MR and CT. contrast, and higher resolution. Lastly, for the distortion
The distortion can then be inspected slice by slice in an plot, the 2D large-field phantom and the 3D large-bore
orthogonal view or a perspective 3D view. Sometimes, phantom suggest a trend of increasing spatial distortion

n Using the 2D large-field
phantom from Siemens
Healthcare, we present
(4A) the results of rigid
registration displayed
at the slice near the
isocenter (MR: red,

CT: blue);

(4B) 3D rendering of the
representations of the
grid points’ coordinate
pairs (MR: magenta,
CT: green);

(4C) coordinate pairs
superimposed on MR
image;

(4D) coordinate pairs
superimposed on CT
image; and

(4E) distortion plot
against the distance
from the isocenter.

Detected Geometric Distortion Against

Distortion Plot

a2 Percentage of Gridpoints Detected: ~96.76%
Mean: 3.83 mm
Standard Deviation: 1.81 mm
Min: 0.33 mm
Percentile — 25%: 2.59 mm
Median: 3.72 mm
Percentile — 75%: 5.02 mm
Percentile = 95%: 7.01 mm
Max: 7.66 mm
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with increasing distance from the isocenter, which corre- Please note that THETIS 3D MR Distortion Phantom test
sponds to our expectations. On the other hand, the skull protocols are available on the MAGNETOM World Website
phantom did not show a similar upward trend because of in order to run QA tests: https://www.magnetomworld.
the smaller field of view. In summary, achieving accurate siemens-healthineers.com/clinical-corner/protocols/

spatial distortion measurements using our prototype relies mr-in-rt/thetis-3d-mr-distortion-phantom-test
on high-quality images, which can be achieved using
optimized CT and MR protocols.

Detected Geometric Distortion Against

Percentage of Gridpoints Detected: ~107%
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Percentile - 25%: 0.89 mm

Median: 1.63 mm

Percentile — 75%: 3.63 mm

Percentile — 95%: 8.04 mm

Max: 9.99 mm
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H Using the CIRS large-bore

phantom, we present
(5A) the results of rigid
registration displayed

at the slice near the
isocenter (MR: red,

CT: blue);

(5B) 3D rendering of the
representations of the
grid points’ coordinate
pairs (MR: magenta,

CT: green);

(5C) coordinate pairs
superimposed on MR
image;

(5D) coordinate pairs
superimposed on CT
image; and

(5E) distortion plot
against the distance from
the isocenter.
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Conclusion

This work develops a novel online software prototype
which can provide automatic vivid visualization and quanti-
tative evaluation of spatial distortion for both small and
large grid-like phantoms.

Summary of main findings

The novelty of this work is the software prototype’, which
may be used as a standalone solution or run directly on

the MR console. It can also be incorporated into the MR
ecosystem, thus providing an online solution that users can
easily access for routine quality assurance of MR images for
radiation treatment planning.

"Work in progress. The application is currently under development and is not for
sale in the U.S. and in other countries. Its future availability cannot be ensured.
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