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Background and purpose: Magnetic resonance imaging (MRI)-Linac systems combine simultaneous MRI with ra-
diation delivery, allowing treatments to be guided by anatomically detailed, real-time images. However, MRI can
be degraded by geometric distortions that cause uncertainty between imaged and actual anatomy. In this work,
we develop and integrate a real-time distortion correction method that enables accurate real-time adaptive
radiotherapy.

Materials and methods: The method was based on the pre-treatment calculation of distortion and the rapid
correction of intrafraction images. A motion phantom was set up in an MRI-Linac at isocentre (Py), the edge (P;)
and just outside (P;) the imaging volume. The target was irradiated and tracked during real-time adaptive
radiotherapy with and without the distortion correction. The geometric tracking error and latency were derived
from the measurements of the beam and target positions in the EPID images.

Results: Without distortion correction, the mean geometric tracking error was 1.3 mm at P; and 3.1 mm at Ps.
When distortion correction was applied, the error was reduced to 1.0 mm at P; and 1.1 mm at P,. The corrected
error was similar to an error of 0.9 mm at Py where the target was unaffected by distortion indicating that this
method has accurately accounted for distortion during tracking. The latency was 319 + 12 ms without distortion
correction and 335 + 34 ms with distortion correction.

Conclusions: We have demonstrated a real-time distortion correction method that maintains accurate radiation
delivery to the target, even at treatment locations with large distortion.

1. Introduction combined with highly conformal and dynamic treatment modalities

such as IMRT or VMAT [6].

The introduction of MRI-Linacs into the modern radiation therapy
has taken image-guidance to a new level of precision. MRI provides the
ability to distinguish between malignant and healthy tissues and MRI-
Linacs can simultaneously acquire MRIs during radiation delivery [1].
MRI-Linacs enable real-time beam adaptation techniques such as beam
gating [2] and multi-leaf collimator (MLC) tracking [3,4] that account
for anatomic motion during radiation delivery. These techniques can
ensure the accurate delivery of radiation [5], but successful integration
requires precise real-time localisation of the target, particularly when

While MRI-guided radiotherapy has many advantages, one drawback
that can affect the accuracy of this localisation is geometric distortion
[7]. Geometric distortion can be caused by a number of system-related
factors, the most prevalent of which is gradient non-linearity (GNL).
MR images are reconstructed on the premise that the gradient magnetic
fields responsible for spatial encoding of the MR signal vary linearly
across the imaging field. In practice, a perfectly linear gradient field is
not achievable due to manufacturing and engineering limitations. Dis-
crepancies between the real and expected gradient fields will cause mis-

Abbreviations: DSV, diameter of spherical volume; EPID, electronic portal imaging device; GNL, gradient non-linearity; MLC, multi-leaf collimator; MRI, magnetic

resonance imaging; RMSE, root-mean-square error.
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mapping of pixels in the reconstructed image.

Existing methods to account for GNL distortion are well documented
in the literature [8,9]. One common method to characterise the GNL
field within the imaging volume is with polynomial functions such as
spherical harmonic expansions or spline models. Once an accurate
characterisation of the GNL field has been obtained, geometric distor-
tions can subsequently be corrected by using coordinate mapping and
intensity scaling. This image domain distortion correction method pro-
vides a fast distortion correction and has been widely adopted on most
commercial MR scanners through vendor supplied corrections. After the
vendor correction is applied, distortion is generally well managed at and
near the isocentre, but increases with off-axis distance [10-13].

Accounting for geometric distortion, including the residual distor-
tion that exists after vendor correction, is essential for MRI-Linacs. First
and foremost, these MRIs are used to guide radiotherapy. Their geo-
metric integrity directly affects the accuracy of radiation delivery and
the overall quality of treatment [14,15]. In the example of MLC tracking,
MRIs are used to continuously modulate the radiation beam to maintain
beam-to-target alignment. The use of distorted images to guide MLC
tracking would cause the beam to be aligned with the distorted position
of the target rather than the actual position. Secondly, patient posi-
tioning on MRI-Linacs is more restricted than on conventional linacs due
to the size of the MRI bore. MRI-Linac patient couches have limited
degrees of freedom and limited ranges of motion [16]. It is not always
possible to locate the radiotherapy target at the isocentre and targets
will often be located off-axis. As a result, radiation will more likely be
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delivered to areas affected by geometric distortion.

In this study, we implement a real-time distortion correction method
on an MRI-Linac with MLC tracking to show that the effect of distortion
can be removed to achieve accurate tracking of a radiotherapy target.

2. Materials and methods

This study utilised an end-to-end implementation of real-time
distortion correction during adaptive radiotherapy with three main
steps (Fig. 1): (1) the characterisation of the GNL distortion on the MRI-
Linac, (2) integration of a fast distortion correction method with MLC
tracking and (3) experimental validation during real-time adaptive
radiotherapy using a motion phantom. The performance of our imple-
mentation was assessed by measuring the geometric accuracy of MLC
tracking with and without distortion correction and the effect of the
distortion correction method on tracking latency.

2.1. Experimental set-up

The method was implemented on the Australian MRI-Linac, a pro-
totype MRI-Linac (Agilent, UK) that combines a 6 MV beam with a
bespoke 1.0 T open-bore magnet and has been detailed in Liney et al.
[17]. The open-bore magnet features a 50 cm gap that allows a patient to
be set up perpendicular to the main magnetic field in addition to the
conventional parallel geometry along the bore. While the open-bore
magnet allows for greater flexibility in patient positioning, the gap in
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Fig. 1. The overall workflow for the implementation of real-time distortion correction (red arrows) with an existing MLC tracking workflow (green arrows).
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the magnet introduces some imaging limitations. The diameter of
spherical volume (DSV) which characterises the imaging volume is
smaller and less homogenous (300 mm, +4.05 ppm) than commercial
MRI scanners (500 mm, +1 ppm) and the split gradient coils make it
more challenging to generate linear gradient fields (up to 5 % GNL
within the DSV) [18].

For beam adaptation, the Australian MRI-Linac has a 120-leaf Mil-
lennium MLC (Varian, Palo Alto, CA, USA) which is modulated in real-
time to perform MLC tracking of radiation targets [19]. As shown in
Fig. 1, the MLC tracking algorithm takes the MLC leaf positions from an
existing radiotherapy plan and for each new MRI acquisition, recalcu-
lates new MLC leaf positions based on the updated target position to
maintain radiation beam-to-target alignment.

To test MLC tracking with real-time distortion correction, a Quasar
motion phantom (Modus Medical Devices, Ontario, Canada) was set up
at 3 positions on the Australian MRI-Linac: at isocentre (Pp), 165 mm
(P1) and 195 mm (P3) from isocentre as shown in Fig. 2. These positions
respectively represent a baseline with no distortion, a position at the
edge of the DSV with visible distortions and a position outside the DSV
with large distortions. Though the Australian MRI-Linac has not been
certified to irradiate targets further than 150 mm from isocentre (i.e.
outside the DSV), these locations were selected specifically to test the
distortion correction method as the geometric distortion is clearly
visible. From these initial positions, the target was moved in sinusoidally
along the superior-inferior (SI) axis with period 10 s and amplitude 20
mm.

2.2. Gradient field characterisation

As a bespoke system, the Australian MRI-Linac does not have vendor-
supplied distortion correction. The distortion of the MRI-Linac was
characterised using spherical harmonics with the method previously
described in Shan et al. [20]. A 20 cm x 20 cm x 30 cm grid phantom
with 3,718 markers was imaged using turbo spin echo sequences on the
MRI-Linac. These distorted images were segmented to give distorted
marker positions which were compared to the undistorted ground truth
positions from the construction specifications of the phantom. The
marker positions were fit to 8th-order spherical harmonics to charac-
terise the distortion field in the regions of interest [21].

22
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2.3. Integration of distortion correction into MLC tracking workflow

To enable distortion correction during real-time adaptive radio-
therapy, a fast image-domain based method of pixel re-mapping was
integrated with the MLC tracking workflow, shown in Fig. 1. Prior to
irradiation, a cineMRI image of the target, in this case a 30 mm sphere
attached to the Quasar motion phantom was acquired in the tracking
plane. DICOM metadata from this image (slice position, slice orientation
and image resolution) was used to calculate a 2D distortion correction
vector field based on the spherical harmonic coefficients.

The distortion vector field describes the in-plane distortion of each
pixel in the pre-treatment cineMRI. Subsequent cineMRI frames ac-
quired during real-time adaptive radiotherapy were rapidly corrected by
applying the reverse of the vector field to re-map each pixel from its
distorted position to its undistorted position. Bicubic interpolation was
used for sub-pixel positions. The distortion correction vector field
assumed the imaging plane remains static during irradiation and any
change to the imaging plane required the distortion correction vector
field to be recalculated.

2.4. Experimental verification of MLC tracking with distortion correction

MLC tracking of the target was performed with and without real-time
distortion correction following the workflow in Fig. 1. Sagittal cineMRIs
were acquired using the TRUFI sequence at 64 x 64 pixels (TR = 4.64
ms, TE = 2.31 ms, 610 Hz bandwidth, 300 mm field of view, 4.68 mm
pixel size, 7 mm slice thickness) and 128 x 128 pixels (TR = 3.86 ms, TE
=1.92 ms, 610 Hz bandwidth, 300 mm field of view, 2.34 mm pixel size,
7 mm slice thickness). On each cineMRI, the target position relative to its
starting position was calculated using template matching with the
template delineated from the distortion corrected pre-treatment image.
The change in position was then sent to a leaf-fitting algorithm that
calculated updated MLC positions. Radiation was delivered from a fixed
position along the LR axis in Fig. 2.

The geometric accuracy and latency of MLC tracking was evaluated
from images of the treatment beam acquired with an electronic portal
imaging device (EPID) using the method recommended by AAPM Task
Group 264 [22] and detailed in Liu et al. [19]. The EPID simultaneously
captured both the target centroid position and MLC aperture centroid

AP (cm)

-10

Sl (cm)

Fig. 2. (A) The motion phantom was set up in the gap of the open bore magnet, with the radiation beam parallel to the magnetic field and bore (along LR). The target
motion is along the SI axis. (B) The positions of the motion phantom where MLC tracking was performed relative to the DSV of the MRI-Linac. The dark blue spheres

indicate initial positions and light blue areas represent the ranges of motion.
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positions, which were automatically segmented using in-house software.
To remove latency as a source of error, sinusoids were fitted to both
centroid curves and the phase difference between the two was calculated
and subtracted. The latency-corrected root-mean-square error (RMSE)
caused by geometric distortion was defined as the difference between
the target centroid and the latency-adjusted MLC aperture centroid.

3. Results
3.1. Comparison of distortion corrected images

Fig. 3 shows corrected and uncorrected cineMRIs acquired during
MLC tracking at each position. As parts of the phantom were outside of
the DSV of the scanner, these images suffer from signal loss and banding
artefacts due to the reduced BO homogeneity of the magnetic field.
Despite this, the geometric integrity of the target remained intact after
distortion correction. The average normalised cross-correlation between
the target template (acquired pre-treatment) and each corrected cin-
eMRI was 0.98 at Py, 0.94 at P; and 0.89 at P,, indicating a high level of
accuracy in the template matching step.

3.2. Geometric accuracy of distortion-corrected MLC tracking

Fig. 4 shows traces of the target centroid and the MLC aperture
centroid during MLC tracking. At positions P; and P;, geometric
distortion caused the cineMRIs to expand and tracking the target
without distortion correction resulted in the MLC leaves over-
compensating for target motion at the peaks and troughs (most
evident at Py). With distortion correction applied, the MLC aperture
centroids accurate follow the target centroids as they do at Py where
distortion is negligible. The results have been corrected for latency to
remove this error contribution, leaving the residual as the geometric
accuracy.

The real-time distortion correction method reduced the geometric
error at P; and Py to a level similar to tracking a target at isocentre (Pp).
With 64 x 64 pixel images, the latency-corrected root-mean square error
(RMSE) was reduced from 1.2 mm to 0.8 mm at P; and from 2.8 mm to
0.9 mm at P5. This compares to a RMSE at Py of 1.0 mm. With 128 x 128
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pixel images, the RMSE was reduced from 1.3 mm to 1.2 mm at P; and
from 3.3 mm to 1.2 mm at Py. This compares to a RMSE at Py of 0.9 mm.
These results are shown in Fig. 5.

The maximum error was similarly reduced. With 64 x 64 pixel im-
ages, the maximum error was reduced from 2.6 mm to 1.84 mm at P;
and from 6.0 mm to 2.6 mm at P,. This compares to a maximum error at
Py of 2.1 mm. With 128 x 128 pixel images, the maximum error was
reduced from 3.4 mm to 2.9 mm at P; and from 6.4 mm to 2.7 mm at Ps.
This compares to a maximum error at Py of 2.7 mm.

3.3. Computation times and latency

The pre-treatment calculation of the distortion correction vector
field took ~ 250 ms for a 64 x 64 pixel images and ~ 850 ms for a 128 x
128 pixel images. Once the distortion correction vector field was
calculated pre-treatment, subsequent correction of distortion for each
cineMRI during real-time adaptive radiotherapy took < 10 ms. The end-
to-end latency was measured to be 319 + 12 ms for 64 x 64 pixel images
and 540 + 18 ms for 128 x 128 pixel images without distortion
correction applied. With distortion correction applied, the latency was
measured to be 335 + 34 ms and 545 + 18 ms respectively. Overall, the
impact of distortion correction on latency was found to be within the
uncertainty of measurement.

4. Discussion

In this work, we have developed a method of integrating fast
distortion correction into a MRI-guided MLC tracking workflow. While
the real-time distortion correction method requires an additional pre-
treatment step, these computations have been automated and inte-
grated into the workflow. We have shown that in cases where MR images
of the radiotherapy target are affected by geometric distortion, this
method successfully maintains tracking accuracy to the same level as
tracking a target unaffected by distortion. The increase in tracking la-
tency from the additional distortion correction step was less than the
uncertainty of latency measurement and similar to previous work on the
Australian MRI-Linac [19] and other systems in the literature [6,25].

A clinical implementation of the distortion correction method

Fig. 3. Corrected and uncorrected cin-
eMRIs at each position (distance d from
the isocenter) relative to the edge of the
300 mm DSV shown in yellow. Banding
artifacts and loss of signal at P; and P,
are expected for TRUFI acquisitions at
the edge of the DSV due to reduced BO
homogeneity. The uncorrected vs cor-
rected images have the uncorrected
image in red and the corrected image in
blue. The undistorted vs corrected im-
ages have the uncorrected image ac-
quired at Py in red and the corrected
image in blue.

Undistorted vs
corrected
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Fig. 4. Traces of target and MLC aperture centroids during MLC tracking with (in blue) and without (in red) real-time distortion correction. Traces are shown for
tracking with 64 x 64 pixel images and MLC apertures have been corrected for latency to remove it as a source of error.

presented here could improve real-time MR-guided adaptive radio-
therapy. Commercial MRI-Linac systems have not yet adopted MLC
tracking capabilities and currently manage intrafraction motion through
beam gating. Like MLC tracking, MR-guided beam gating can be nega-
tively affected by geometric distortion [26]. Both the initial position of
the target and the position of the target that triggers beam gating events
can both suffer from inaccuracies due to geometric distortion. Applying
a fast and accurate distortion correction for cineMRI would allow for
smaller margins for off-axis targets that are treated with real-time
adaptive radiotherapy. With the limitations on patient positioning
within an MRI-Linac bore, it would also allow off-axis targets that pre-
viously could not be treated due to their distance from isocenter to be
safely treated with real-time adaptation.

To achieve low latencies, the distortion correction method relied on
the speed of image domain corrections. For large distortions, k-space
domain corrections have been shown to produce distortion corrected
images with higher image quality [8]. This is because pixel re-mapping
in the image domain method cannot fully take into account pixels that
become warped, enlarged, compressed or change shape. For patient

anatomy with more complex structures and more varied contrast, k-
space domain distortion corrections could produce more accurate target
tracking. At present, the computation time for iterative k-space domain
corrections can be several orders of magnitude greater than image
domain corrections which limits its use in a real-time beam adaptation
workflow. However, machine learning-based image reconstruction
techniques that combine k-space domain distortion correction and
image reconstruction into a single step can provide the highest image
quality correction without any additional computation time [27].

One limitation of this work is that the distortion correction applied is
a 2D correction that only corrects in-plane distortion. The geometry of
these proof-of-concept experiments has the imaging plane orthogonal to
the radiation beam and the target motion restricted to the imaging
plane. However, there are situations where the radiation beam is at an
angle that is not orthogonal to the imaging plane and 3D corrections are
required to account for through-plane distortions. This could be solved
by extending the method presented in this work from 2D to 3D by using
a 3D distortion correction vector field and 3D voxel-remapping. How-
ever, if the through-plane distortion causes the target to distort out of the
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Fig. 5. The distribution of residual errors between target and MLC aperture centroid positions compared to tracking at isocenter where distortion is minimal. Box
plots represent the median, 25% and 75% points with the whiskers representing three standard deviations from the mean.

imaging plane, the correlation of target template matching could be
degraded or the target could be entirely unseen. In this case, true 3D
imaging with 3D distortion correction would be needed.

Though 3D distortion correction methods exist in the literature and
have been used for radiotherapy, these methods generally are applied to
pre-treatment images acquired as either 3D or 4D volumes that cover a
single breathing cycle [28-30]. To achieve real-time 3D distortion
correction during intrafraction imaging, true 3D cineMRI techniques are
needed. Techniques such as simultaneous multi-slice imaging will
become increasingly available on MRI-Linacs with the rapid progress in
accelerated imaging techniques [31] and accelerated image recon-
struction [32,33] and will enable a true 3D distortion correction that can
account for a target distorting onto a different imaging plane.

These accelerated imaging techniques will also improve the overall
accuracy of MLC tracking. For fast moving targets such as those in the
abdomen, the tracking errors caused by geometric distortion are small
compared to the tracking errors caused by system latency [19,25].
Therefore, while the image domain distortion correction method does
not measurably increase the computation time, minimizing system la-
tency though accelerated imaging or integrating motion prediction al-
gorithms to mitigate tracking latency [34,35] should still be prioritised.
After latency, the next largest source of error is the resolution limits of
the cineMRIs. This can be seen at the peak positions of Fig. 4B, where the
tracking errors occur as a result of the target appearing in between two
pixels. Other sources of error include the imperfect GNL distortion
correction at the edge of DSV, distortion caused by BO inhomogeneity
[23], template matching uncertainty, EPID segmentation uncertainty
and the precision of the physical motion of the MLC leaves [24].

In summary, we have demonstrated a method to correct for geo-
metric distortion during real-time adaptive radiotherapy accurately and
without affecting end-to-end latency. We have shown that even in the
presence of large distortions, the accuracy of MLC tracking was not
degraded. A clinical implementation of this method would increase
safety and confidence in performing real-time MR-guided radiotherapy
particularly for targets that cannot be positioned at isocenter.
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