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ARTICLE INFO ABSTRACT

Keywords: Background and Purpose: Standard imaging protocols can guarantee the spatial integrity of magnetic resonance

Iﬂflplaﬂlts (MR) images utilized in radiotherapy. However, the presence of metallic implants can significantly compromise

I]\D/[‘;tift‘O“ this integrity. Our proposed method aims at characterizing the geometric distortions induced by both passive and
-Linac

active implants commonly encountered in planning images obtained from a low-field 0.35 T MR-linear accel-
erator (LINAC).

Materials and Methods: We designed a spatial integrity phantom defining 1276 control points and covering a field
of view of 20x20x20 cm®. This phantom was scanned in a water tank with and without different implants used in
hip and shoulder arthroplasty procedures as well as with active cardiac stimulators. The images were acquired
with the clinical planning sequence (balanced steady-state free-precession, resolution 1.5x1.5x1.5 mm?>). Spatial
integrity was assessed by the Euclidian distance between the control point detected on the image and their
theoretical locations. A first plane free of artefact (FPFA) was defined to evaluate the spatial integrity beyond the
larger banding artefact.

Results: In the region extending up to 20 mm from the largest banding artefacts, the tested passive and active
implants could cause distortions up to 2 mm and 3 mm, respectively. Beyond this region the spatial integrity was
recovered and the image could be considered as unaffected by the implants.

Conclusions: We characterized the impact of common implants on a low field MR-LINAC planning sequence.
These measurements could support the creation of extra margin while contouring organs at risk and target
volumes in the vicinity of implants.

MR-guided radiotherapy

1. Introduction on planning images delivered by a 0.35 T MR-linear accelerator

(LINAQ).

Magnetic Resonance Imaging (MRI) has become increasingly inte-
grated into radiotherapy (RT) procedures. It serves not only as an
additional modality for enhancing delineation but also as an important
tool for target tracking and online adaptive re-planning. However, MR
images are potentially subject to geometric distortions [1]. This is
particularly relevant as current online adaptive workflows use the MR
images of the day as the reference for registration [2,3]. MR image
reconstruction relies on spatial magnetic field variations to encode
spatial locations. Those pre-determined spatial variations are corrupted
by the presence of metallic implants. The aim of this work is to describe
the geometric distortions caused by the most common types of implants
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Perturbations of the pre-defined magnetic field distribution are
usually grouped into hardware and sample related distortions [4]. Ma-
chine dependent distortions include static field (By) inhomogeneities,
eddy-current and gradient non-linearity (GNL) [5]. A strategy to assess
spatial fidelity relies on the image analysis of a reference geometry as
suggested in early works of the AAPM NMR Task group 1 [6]. Phantom
measurements based on known geometrical patterns (cylindrical [7],
spherical [8] or grid markers [9]) quantify the effects of increased static
field (Bp) inhomogeneities and GNL on the geometry integrity. GNL
correction methods have been developed, as they constitute the main
source of hardware related distortions [10,11]. Similar works have been
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Fig. 1. a) Phantom in coronal orientation with an ICD (part reference P1) attached to the middle plane b) Phantom in transversal orientation with an ICD (part
reference P1) attached to the center of plane ¢) Phantom in coronal orientation with femoral stem and head implants attached on the left and right sides (setup parts:

13 +5and 12 + 4).

conducted on MR-LINAC systems as the gantry introduces further per-
turbations to the magnetic field [12,13].

In parallel, sample-induced distortions include chemical shift and
susceptibility artefacts. While the first one accounts for the constant
resonance frequency shift of 3.5 part per million (ppm) between fatty
acids and water protons, the second depends on the ability of a material
to be magnetized in an external magnetic field, i.e. its susceptibility y
[14]. In both cases, the resonance frequency offset increases with By and
results in a signal displacement in the reconstructed image that is pro-
portional to the pixel size (mm) divided by the pixel bandwidth
(sequence characteristic, Hz/pixel). Susceptibility artefacts have been
well characterized for simple geometries [15] and are expected around
9 ppm at air/tissue interfaces such as the nasal cavity [16]. Tissue
induced susceptibility effects are moderate compared to GNL and can be
efficiently corrected by active By shimming and By mapping [17]. As a
result, spatial integrity is well controlled and characterized for MR
systems used in RT. The guidelines for planning MR simulation [18] and
MR guided radiotherapy (MRgRT) [19] requesting distortions below 1
mm in a 10 cm radius (and accepting up to 2 mm within a 20 cm radius)
can be satisfied.

By contrast, metallic implants induce severe susceptibility artefacts.
Mitigation strategies aim therefore at making the spatial encoding
mechanism more resistant to offset resonances. These include adequate
sequence selection [18] and the use of large read-out bandwidth or
lower field systems, which are less prone to susceptibility artefacts [20].
Our 0.35 T MR-LINAC employs a balanced steady state free precession
(bSSFP) sequence [21] for planning purposes to compensate for SNR loss
at low-field. The off-resonance effects are expected to generate banding
artefacts (appearing as black fringes) in the bSSFP and to induce spatial
distortions confined to the implant vicinity [22]. Distortions caused by
metallic implants are strongly system and sequence dependent [23] and
not well documented in the context of low field MR-LINAC systems
despite the potentially large number of implant wearing patients who

could benefit from an online adaptive RT treatment. As an example, a
study investigated the feasibility of prostate treatment in the presence of
hip prostheses (1.5 T MR-LINAC [24]), another investigates the dosim-
etry impact of bilateral hip implants on photon treatments [25]. Besides
passive implants, a patient with an implantable cardioverter defibril-
lator (ICD) was treated on the 0.35 T MR- LINAC for ventricular
tachycardia [26] underlining the need for characterizations of distor-
tions induced by active implants.

This article does not address safety considerations covered in inter-
national standards such as the IEC6061 report or in the ISO10974. In this
work, we propose a systematic phantom based measurement of the
displacements caused by different types of passive and active implants
on our planning images (bSSFP sequence, 0.35 T MR-LINAC) in order to
derive a rule for the management of distortions in patients with passive
and active metal implants.

2. Materials and methods
2.1. Spatial integrity phantoms

A large field MR image distortion phantom (604-GS, CIRS, Norfolk,
USA) was used to characterize our system and benchmark our distortion
analysis software (details of the geometry are presented in Supplemen-
tary Figure S1.a). However, this phantom did not allow the insertion of
any external object such as hip prosthesis. Thus, a custom-made 3D
phantom was used to assess the spatial integrity in the presence of
medical implants. This phantom covers a field of view of 20x20x20 cm>
and is composed of eleven plates, each presenting 116 control points. A
control point is defined by a planar cross pattern (3.8 mm branches,
spacing 19.6 mm). The phantom is presented in Fig. 1a-b and the details
of the geometry is provided in Supplementary Figure S1.b. Additional
holders were 3D printed to attach the implants directly to the reference
grid. The custom phantom was immersed in a 30 L polypropylene tank
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Table 1
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Table 1a: Results for the single implant setups, implants are positioned as depicted in Fig. 1a and 1b. The first plan free of artefacts (FPFA) is defined as the closest
transversal plane free of banding artefacts. Table 1b: Results for the bilateral setup, implantable systems are positioned as depicted in Fig. 1c. The FPFA are defined as
the closest sagittal planes on the left and right sides free of banding artefacts. *The entire field of view is contaminated.

Description Partreference  Phantom Mean whole FOV (mm)  p95whole FOV (mm)  Max whole FOV (mm)  FPFA position (mm)
orientation
1.a) Unilateral implant configuration
None none coronal 0.626 1.075 1.640 0
transversal 0.690 1.086 1.777 0
Light stainless steel femoral head 4 coronal 0.782 1.363 3.391 100
transversal 1.108 2.026 3.493 100
Heavy Stainless steel femoral head 5 coronal 0.809 1.442 3.389 100
transversal 1.049 1.696 2.417 100
carbon distal plate 6 coronal 0.643 1.076 1.612 0
transversal 0.695 1.082 1.621 0
Ti femoral stem part 7 coronal 0.626 1.057 1.594 20
transversal ~ 0.679 1.082 2.723 20
Ti humeral stem part 8 coronal 0.630 1.087 1.623 0
transversal 0.696 1.097 1.650 20
Shoulder cap. 9 coronal 0.626 1.040 1.858 20
transversal 0.679 1.048 3.819 20
Titanium 1 (femoral head) 10 coronal 0.641 1.066 1.778 20
transversal 0.682 1.086 1.601 20
Titanium 2 (femoral head) 11 coronal 0.615 1.070 1.504 0
transversal 0.679 1.068 1.377 20
Total hip 7 +16 coronal 0.643 1.070 2.694 20
transversal ~ 0.685 1.078 1.815 20
P1 1 coronal 1.698 3.086 5.805 200*
transversal 1.465 2.651 5.918 200
P2 2 coronal 1.563 2.718 5.868 200*
transversal 1.394 2.472 4.740 160
P3 3 coronal 0.784 1.463 5.527 120
transversal 0.876 1.488 1.934 120
1.b) Bilateral implant configuration
None none coronal 0.570 1.165 1.813 0
0
bilateral femoral heads: stainless steel 5 left coronal 0.666 1.460 5.785 80
4 right 0
bilateral femoral stem part: stainless steel + Ti 13 left coronal 0.590 1.202 5.704 40
12 right 20
bilateral fem. stem Ti + (Ti and CrCo heads) 7 + 16 left coronal 0.594 1.169 5.823 20
12 + 15 right 20
femoral stem Ti + head CoCr 7 + 17 left coronal 0.623 1.299 4.151 20
femoral stem Ti + head stainless steel 12 + 5 right 80
femoral stem + head stainless steel 13 + 5 left coronal 0.729 1.617 5.878 100
femoral stem Ti + head stainless steel 12 + 4 right 80

(40x30x32.5 c¢m®). The CIRS and custom phantoms were filled with
distilled water.

2.2. Implants

This study included passive implants used in hip and shoulder
arthroplasty procedures such as femoral and humeral stem parts;
femoral and glenoid heads; acetabular part, made of different materials:
cobalt-chrome (CoCr), titanium (Ti) and stainless steel. In addition,
three active implants (two ICDs and one pacemaker) were investigated.
Among those, one ICD was not MR conditional.

The implants were attached to the reference grid at the center of the
phantom outer plane (single implant setup, Fig. 1a-b). Since our custom
phantom is a stack of 2D plates, two acquisitions were performed with
the reference patterns covering the coronal and transverse planes,
respectively (Fig. 1a-b). The list of investigated configurations is pre-
sented in Table la.

Patients presenting with bilateral hip prosthesis are not rare [27]. To
further characterize this situation, a setup with one implant attached on
each side of the grid (set in the coronal orientation, Fig. 1c) was also
analyzed. The induced artefacts are known to be additive and the setup
was used to characterize different elements (femoral stem part, femoral
heads and spacer) simultaneously. The list of bilateral implant combi-
nations is reported in Table 1b. A detailed implant description with their

positioning is provided in Supplementary Table S8.
2.3. Data acquisition

All images were acquired using a clinical planning protocol on a 0.35
T MR-LINAC (MRIdian, ViewRay, inc. Denver, USA). The imaging pro-
tocol chosen used a bSSFP sequence (repetition time TR = 3.37 ms, echo
time TE = 1.4 ms, FOV = 450x300x360 mmg, resolution 1.5x1.5x1.5
mm?, bandwidth 538 Hz/pixel) with a slice partial Fourier acquisition
(factor 7/8, head-feet direction) and no parallel imaging. The gantry
position was fixed at 330° and the shimming was set in “tune-up” mode
(i.e. without any setup specific magnetic field optimization) in order to
replicate our treatment simulation conditions. The manufacturer offered
different variations of the aforementioned bSSFP. However, they all
shared a high receiver bandwidth (>500 Hz/pixel) and the image
orientation (transverse) which are known to be critical parameters in
terms of geometric accuracy [22,28]. A detailed analysis of the clinical
planning protocols is provided in Supplementary Table S6. A pair of
torso coils (6 channels, radiation transparent surface coils) was used for
all the measurements.

2.4. Data evaluation

The spatial integrity was analyzed by an in-house program using a
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Distortionsin FPFA, phantom in coronal orientation

None Light Heavy Carbon Ti femoral Ti humeral Shoulder Titanium 1 Titanium 2 Full hip.
Stainless Stainless distal plate stem part stem part cap (femoral  (femoral
steel steel head) head)
femoral  femoral
head head

Emean MWp95 M max

Distortionsin FPFA, phantom in transversal orientation

None Light Heavy Carbon Ti femoral Ti humeral Shoulder Titanium 1 Titanium 2 Full hip.
Stainless Stainless distal plate stem part stem part cap (femoral (femoral
steel steel head) head)
femoral  femoral
head head

B mean Mp95 M max

Distortionsin FPFA, bilateral configuration

None left Noneright stainless stainless  femoral femoral fem.stem fem.stem fem.stem fem.stem fem. stem+ fem. stem
steel steel steam part steam part Ti +Ti head Ti +CrCo Ti+ Ti +CrCo head Ti + head
femoral femoral stainless Ti (13) right (7+16) left head stainless head (12  stainless  stainless
head (4) head(5) steel (12) (12+15) steel head +5)right steel (13+5)steel (12+4)
left right left right (7+17) left left right

Emean HEp95 M max

Fig. 2. Mean, 95th percentile and maximum distortions in the transverse first plane free of artefacts (FPFA) with the phantom in the coronal orientation (2a) and in
the transversal orientation (2b). The results for the bilateral setups are reported for sagittal FPFA with implants on the left and right sides separately in 2c.
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Fig. 3. a. 2D-distortion map interpolated from marker displacements, no marker is displayed for outliers. Dark red areas correspond to distortions > 2 mm for passive
implants and > 3 mm for active implants a) ICD (part reference P1), iso-center coronal view, phantom in the coronal orientation, FPFA* is defined as the last
transverse plan as the whole FOV is contaminated b) ICD (part reference P1), transversal view closest to the implant, phantom in the transversal orientation c-d)
Setup parts 7 + 17 (Ti + CoCr) on the left, 12 + 5 (Ti + stainless steel) on the right, transversal and coronal views. FPFA are reported for sagittal planes in the
bilateral setup. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

template matching method to detect marker locations. Those locations
were compared with the theoretical grid geometry. Spatial integrity
measurements using similar phantoms have been described by several
groups [12,29]. Our method implemented the crucial steps reported in
those works: Procrustes registration of the theoretical grid [30], sub-
volume up-sampling and template similarity measure. The normalized
cross correlation (NCC) was used together with a connected component
approach to estimate the position of the similarity maximum. A
threshold on the NCC was fixed to 0.65 to discard points in regions with
banding artefacts or larger air bubbles while preserving distorted re-
gions. This value is in line with previous work (0.75 is used in [12] for
images with a 1.5 mm resolution). A detailed description including
validation results is presented in the Supplementary Material.

The same method was used to analyze the spatial integrity in the
presence of implants.

The Procrustes transformation was estimated in absence of
implantable device and applied on the acquisitions with implants to
avoid the grid registration being affected by the artefacts. For each
setup, we report the distortion mean, maximum and 95th percentile
(p95, as a more robust estimate of the maximum) values. To characterize
the spatial integrity recovery close to banding artefacts, a first plane free
of artefact (FPFA) was defined as a surrogate for the closest uncon-
taminated region. Artefacts were expected to extend mostly in the By
direction and to cause larger distortions along the frequency encoding
direction (left-right in our case) [28]. In the single implant case, planes
orthogonal to By were investigated to replicate the worst-case scenario.
For the bilateral setup, FPFA are reported among sagittal planes
(Fig. 3c). Its position can be interpreted in the transverse plane as the
closest uncontaminated region with respect to our grid spacing of 19.6
mm.

3. Results
3.1. Spatial integrity with one implant

Table 1a summarizes the mean, maximum and p95 distortions (mm)
across the custom phantom in both orientations (coronal and trans-
versal) for 12 implantable systems. The mean distortion was found to be
below 0.7 mm for the majority of systems with the exception of active
devices and stainless-steel implants. The position of the FPFA reflects the
extension of the fringes of the artefacts depending on the implant. For
titanium pieces, only the plane directly in contact with the implant is
affected and the artefact fringe does not extend more than 20 mm away
from the implants end in the By direction. On the contrary, this value
increases to 100 mm in the presence of stainless steel pieces. Active
devices corrupt the whole field of view (Fig. la-b). Beyond the last
artefact fringe the mean distortion over passive implants configurations
is 0.69 + 0.11 mm and the p95 1.01 + 0.24 mm which is in agreement
with the vendor constraints. With active implants those values increase
to 1.19 + 0.35 mm and 2.00 £ 0.39 mm, respectively (Fig. 2a-b). The
restoration of spatial integrity is visually confirmed in the interpolated
distortion maps as proposed in Fig. 3a-b. Fig. 4a and 4b illustrate how
the measured distortion per plane is modulated by the fraction of dis-
carded points, the distance to the iso-center (located 100 mm away from
the implant) and the phantom orientation.

3.2. Spatial integrity with two implants

Table 1b reports the mean and maximum distortions measured on
the custom phantom set in coronal orientation with implantable systems
attached on both left and right sides. The results are reported for each
side separately. The analysis of the FPFA position illustrates the influ-
ence of the material on the fringe extension. For every combination of
passive implants the vendor constraints were respected in the FPFA
(Fig. 2¢). The artefacts are greater for stainless steel pieces (up to 100
mm) and smaller for Ti and CoCr implants (20 mm). The bilateral setup
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also verifies the additive nature of the contamination patterns with the
FPFA position determined by the worst material in the assembly. For
example, pieces 12 + 5 (Ti + stainless steel) on the right contaminates
the image up to 80 mm while the assembly on the left 7 + 17 (Ti + CrCo)
degrades the image only up to 20 mm (Fig. 3c-d and 4c).

4. Discussion

In this study; we quantified the distortions caused by the presence of
common active and passive implants on our bSSFP planning sequence at
0.35 T. We report the position of the first orthogonal phantom plane free
of artefacts together with the spatial distortions measured in this plane.
We chose a phantom design based on stacked planes to cover a large
volume (20x20x20 cm®) while benefiting from the in-plane accuracy of
the manufacturing tools. The average measured distortions over all
control points (maximum distance from the iso-center: 16 cm) without
implants were respectively 0.63 mm (maximum 1.64 mm) and 0.69 mm
(maximum 1.78 mm) for the phantom planes positioned in the coronal
or transversal directions. A 3D grid as implemented in the CIRS 604-GS
phantom could yield more accurate results but is difficult to produce
with a large grid thickness. The 3D printed design proposed by Jafar

et al. [29] uses 2 mm vertices, which are insufficient for a 1.5 mm im-
aging resolution. The distortions measured using the CIRS 604-GS
phantom and its commercial software were on average 0.61 mm
within a 16 cm radius (maximum 1.589 mm within the 15.5-16 cm
spherical band) for our system. In view of these results, the proposed
custom-made phantom together with our template matching method are
adapted to measure spatial integrity. Not all low field MR-LINAC ver-
sions benefit from the gantry dependent shimming optimization that
improves By homogeneity over gantry positions [31]. In this study, we
used our simulation reference gantry angle. A summary of related spatial
integrity publications is provided in Table 2 for comparison.

Standards to estimate artefact contamination from passive implants
such as the ASTM F2119 recommend the use of a paramagnetic solution
(CuSO04, NiCly) to shorten T1 and reduce scan time. In our experiment,
distilled water yields good contrast. In addition, dielectric effects that
might occur while imaging large water tanks are not a concern at 0.35 T
[32]. Similarly, with a relative susceptibility to water of —0.03 ppm, the
use of acrylic prevent any further susceptibility artefacts originating
from the phantom itself.

Metal artefacts depend on numerous factors such as material, shape
and orientation with respect to By, design (active vs passive) and field
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Table 2

Summary of related publications reporting hardware and sample induced
distortion for different MR based treatment delivery systems.

Publication Systems Reported distortions Comments
Ginn et al. 0.35 T MR- mean/maximum: Hardware related
[12] cobalt 60 0.37/1.15mm at 10 cm distortions
radius
0.49/1.88 mm at 17.5
cm radius
Nejad- 0.35 T MR- 100 % of the points Hardware related
Davarani LINAC with less than distortions
et al. [40] 1 mm distortion in the
10 cm radius and 96 %
above 2 mm within the
20 cm radius.
Marasini 0.35 T MR- Distortion reported in Hardware related
etal. [41] LINAC an extended field of distortion assessed
view (mean 0.8 mm in with different
the phantoms.
300-400 mm region).
Marasini 0.35 T MR- The mean distortion in This work
et al. [42] LINAC the central transverse demonstrate how
plan can be reduced geometry accuracy
from 0.33 to 0.18 mm can be further
using a deformation improved by using
vector field determined  separately-measured
using the quasar MRID deformation vector
phantom. fields.
Lewis et al. 0.35 T MR- Simple length Field strength
[43] LINAC, measurements on the influence on various
1.5Tand3T ACR and Insight imaging quality
diagnostic phantom at different parameters including
systems field strength with geometry accuracy.
similar results. The
authors note a lower
spatial resolution at
low field.
Roberts et al. 1.5 T MR- a multi-institutional Hardware related
[44] LINAC study reports a distortions in a multi-
maximum (99th institutional study
percentile) using the vendor QA
displacement of 0.7 mm  tool based on a spin
within a 7.5 cm radius echo (SE) sequence
and
2 mm within a 17.5 cm
radius
Stanescu 1.5 T MR- Composit distortion in Hardware related
et al. [45] LINAC the liver of mean 0.4, distortions measured
maximum 1.4 mm in a with a Quasar MRID
cohort of 16 patients phantom and sample
related distortion
estimated from
susceptibility maps
and finite difference
method
Neylon et al. 0.35 T MR- Maximum mean Sample induced
[46] LINAC distortion of 2.01 mm distortion at different

at the bone/tissue
interface using
landmarks on CT and
MRI

material interfaces in a
10 patient cohort.

strength. Therefore, the reported results cannot be transferred to higher
field strengths. Koff et al. [33] evaluated the influence of cylindrical
samples made of stainless-steel, CoCr, Ti and ultra-high molecular
weight polyethylene on a reference geometry. Another method analyses
the registration of reference grids to an artefacts free MR scan [34].
Those studies focus on a 2D turbo spin echo revealing different artefact
patterns but conceptualize the presence of 3 regions: non-recoverable
area, distorted but recoverable and unaffected area. We use a similar
strategy by distinguishing planes with and without banding artefacts, as
we are mostly interested in the unaffected area for RT planning. In a
clinical context, susceptibility artefacts caused by hip prosthesis can be
assessed by By map techniques. Our system does not enable By mapping
sequence in clinical mode and it was therefore not investigated in this
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work. Moreover the problem of phase unwrapping introduces additional
uncertainties in distortion quantification [24], an inevitable trade-off
when no reference geometry is available as in in-vivo cases.

The distance of the FPFA from the implant (Table 1) reflects the
expected influence of the material for passive implants. The larger
contaminations are reported for stainless steel followed by CoCr and Ti.
The pattern of contamination is complex, however the average and
maximum distortions in the FPFA yield a concise metric to assess spatial
integrity recovery. This is confirmed by the visual analysis of the
distortion maps in Fig. 3. Our grid spacing (19.6 mm) is a limiting factor,
therefore only the area located 20 mm beyond the last fringe can be
safely considered as unaffected by the implant. The Fig. 4 reports iso-
lated maximum distortions up to 6 mm for the worst cases (active im-
plants Fig. 4a-b and stainless steel Fig. 4c) only in the vicinity of the
implants. In the intermediate area separating the last artefact fringe and
the closest control point of the FPFA, the p95 over the whole FOV
(Table 1) can be considered as a reasonable distortion upper bound and
remains below 2 mm. In the presence of active implants, 3 mm is a safer
value. According to Scheffler et al. [35], the bSSFP sequence tolerates
off-resonance effects up to approximately + 3n/4TR before signal loss
that corresponds to a + 0.62 mm distortion for our sequence. This
further supports 2 mm as a reasonable upper bound assuming that B,
homogeneity is restored beyond the last black fringe. These measure-
ments can further support the creation of extra margins while contour-
ing OARs and target volumes near the implants. Patients with hip
implants presenting at our institution for prostate cancer treatment are
not rare considering the percentage of the Swiss population undergoing
hip arthroplasty after the age of 60 (>20 %) [36]. Van Lier investigated
the impact on contours of unilateral hip implants by the mean of By maps
and did not report any variations bigger than 1 mm except for the skin
contour (1.7 mm) [27]. One of the main limitations of this study is the
inability to cover all types of implants. The reported results could also
potentially be improved by using active shimming which is currently
only available in MR offline mode and therefore not applicable during
patient MR simulation. In addition, sequences reducing metal artefacts
available on diagnostic MR systems (Slice Encoding for Metal Artifact
Correction SEMAC, multiacquisition variable-resonance image combi-
nation MAVRIC) [22] could possibly be ported on low-field MR-LINACs.
A variation of the bSSFP sequence has been proposed to reduce metal
artefacts and could potentially enlarge the unaffected area [37] at the
cost of extra acquisition time. Further work could investigate the impact
on the real-time CINE images used for gating. Recently an Al-based
geometric correction method has also been proposed [38] as well as a
real-time geometric distortion correction based on phantom measure-
ments [39], however the diversity of implantable devices might restrain
this type of correction strategy to routine cases.

We proposed a method to describe the geometric distortions caused
by common types of implants on planning images delivered by a 0.35 T
MR-LINAC. We conclude that the region located 20 mm beyond the
largest banding artefact can be considered as unaffected by the tested
passive implants while the closer region might experience geometric
distortion up to 2 mm. The active implants considered in this study
further compromised spatial integrity and exhibited deviations up to 3
mm in this 20 mm region. We believe that these measurements could
support the creation of an extra margin while contouring OARs and
target volumes in the vicinity of implants. From an imaging point of
view, implants should not be a systematic exclusion criteria for low field
MR-LINAC treatments as long as the unaffected image area enables safe
contouring.

CRediT authorship contribution statement

Bertrand Pouymayou: Conceptualization, Supervision, Investiga-
tion, Software, Visualization. Yoel Perez-Haas: Investigation, Software,
Visualization. Florin Allemann: Resources. Ardan M. Saguner: Re-
sources. Nicolaus Andratschke: Resources, Writing — review & editing.



B. Pouymayou et al.

Matthias Guckenberger: Resources, Writing — review & editing. Ste-
phanie Tanadini-Lang: Conceptualization, Supervision, Writing — re-
view & editing. Lotte Wilke: Conceptualization, Supervision, Writing —
review & editing.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
M. Saguner: AMS received speaker/advisory board/consulting fees from
Bayer Healthcare, Biotronik, Daiichi-Sankyo, Medtronic, Novartis,
Pfizer and Stride Bio Inc. B. Pouymayou and N. Andratschke have pre-
viously received compensation by ViewRay, Inc. for consulting work.

Acknowledgment

This work has been supported by research grants from the Swiss
National Funds within the R’Equip program (326030_177080/1) and
the University Hospital of Zurich Foundation from a donation by the
Baugarten Stiftung (KW/MR 2817).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.phro.2024.100576.

References

[1] Kurz C, Buizza G, Landry G, Kamp F, Rabe M, Paganelli C, et al. Medical physics
challenges in clinical MR-guided radiotherapy. Radiat Oncol 2020;15. https://doi.
org/10.1186/513014-020-01524-4.

[2] Dunkerley DAP, Hyer DE, Snyder JE, St-Aubin JJ, Anderson CM, Caster JM, et al.
Clinical implementational and site-specific workflows for a 1.5T MR-Linac. J Clin
Med 2022;11. https://doi.org/10.3390/jcm11061662.

[3] Giingor G, Serbez i, Temur B, Giir G, Kayalilar N, Mustafayev TZ, et al. Time

analysis of online adaptive magnetic resonance-guided radiation therapy workflow

according to anatomical sites. Pract Radiat Oncol 2021;11:e11-21. https://doi.
0rg/10.1016/j.prr0.2020.07.003.

Bakker CJG, Moerland MA, Bhawandien R, Beersma R. Analysis of machine-

dependent and object-induced geometric distortion in 2DFT MR imaging. Magn

Reson Imaging 1992;10:597-608. https://doi.org/10.1016,/0730-725X(92)90011-

N.

Jezzard P. The physical basis of spatial distortions in magnetic resonance images.

In: Handbook of medical image processing and analysis. Elsevier; 2009.

p- 499-514. https://doi.org/10.1016/B978-012373904-9.50039-8.

Price RR, Axel L, Morgan T, Newman R, Perman W, Schneiders N, et al. Quality

assurance methods and phantoms for magnetic resonance imaging: Report of

AAPM nuclear magnetic resonance Task Group No. 1. Med Phys 1990;17:287-95.

https://doi.org/10.1118/1.596566.

Walker A, Liney G, Holloway L, Dowling J, Rivest-Henault D, Metcalfe P.

Continuous table acquisition MRI for radiotherapy treatment planning: Distortion

assessment with a new extended 3D volumetric phantom. Med Phys 2015;42:

1982-91. https://doi.org/10.1118/1.4915920.

[8] Huang K, Huang K, Cao Y, Baharom U, Balter JM. Phantom-based characterization
of distortion on a magnetic resonance imaging simulator for radiation oncology.
Phys Med Biol 2016;61. https://doi.org/10.1088/0031-9155/61/2/774.

[9] Wang D, Doddrell DM, Cowin G. A novel phantom and method for comprehensive
3-dimensional measurement and correction of geometric distortion in magnetic
resonance imaging. Magn Reson Imaging 2004;22:529-42. https://doi.org/
10.1016/j.mri.2004.01.008.

[10] Baldwin LN, Wachowicz K, Thomas SD, Rivest R, Gino FB. Characterization,
prediction, and correction of geometric distortion in 3 T MR images. Med Phys
2007;34:388-99. https://doi.org/10.1118/1.2402331.

[11] Doran SJ, Charles-Edwards L, Reinsberg SA, Leach MO. A complete distortion
correction for MR images: 1. Gradient warp correction. Phys Med Biol 2005;50:
1343-61. https://doi.org/10.1088/0031-9155/50/7/001.

[12] Ginn JS, Agazaryan N, Cao M, Baharom U, Low DA, Yang Y, et al. Characterization
of spatial distortion in a 0.35 T MRI-guided radiotherapy system. Phys Med Biol
2017;62:4525-40. https://doi.org/10.1088/1361-6560/aabela.

[13] Dorsch S, Mann P, Elter A, Runz A, Spindeldreier CK, Kliiter S, et al. Measurement
of isocenter alignment accuracy and image distortion of an 0.35 T MR-Linac
system. Phys Med Biol 2019;64. https://doi.org/10.1088/1361-6560/ab4540.

[14] Fransson A, Andreo P, Potter R. Strahlentherapie und onkologie aspects of MR
image distortions in radiotherapy treatment planning. Strahlenther Onkol 2001;
177:59-73. https://doi.org/10.1007/s00066-001-0771-0.

[4

=

[5

—

[6

[}

[7

—

[15]

[16]

[17]

[18]

[19]

[20]
[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Physics and Imaging in Radiation Oncology 30 (2024) 100576

Liideke KM, Roschmann P, Tischler R. Susceptibility artefacts in NMR imaging.
Magn Reson Imaging 1985;3:329-43. https://doi.org/10.1016/0730-725X(85)
90397-2.

Schenck JF. The role of magnetic susceptibility in magnetic resonance imaging:
MRI magnetic compatibility of the first and second kinds. Med Phys 1996;23:
815-50. https://doi.org/10.1118/1.597854.

Stanescu T, Wachowicz K, Jaffray DA. Characterization of tissue magnetic
susceptibility-induced distortions for MRIgRT. Med Phys 2012;39:7185-93.
https://doi.org/10.1118/1.4764481.

Glide-Hurst CK, Paulson ES, McGee K, Tyagi N, Hu Y, Balter J, et al. Task group
284 report: magnetic resonance imaging simulation in radiotherapy:
considerations for clinical implementation, optimization, and quality assurance.
Med Phys 2021;48:e636-70. https://doi.org/10.1002/mp.14695.

Tanadini-Lang S, Budgell G, Bohoudi O, Corradini S, Cusumano D, Giingor G, et al.
An ESTRO-ACROP guideline on quality assurance and medical physics
commissioning of online MRI guided radiotherapy systems based on a consensus
expert opinion. Radiother. Oncol. 2023;181. https://doi.org/10.1016/j.
radonc.2023.109504.

Marques JP, Simonis FFJ, Webb AG. Low-field MRI: An MR physics perspective.
J Magn Reson Imaging 2019;49:1528-42. https://doi.org/10.1002/jmri.26637.
Bieri O, Scheffler K. Fundamentals of balanced steady state free precession MRI.
J Magn Reson Imaging 2013;38:2-11. https://doi.org/10.1002/jmri.24163.
Jungmann PM, Agten CA, Pfirrmann CW, Sutter R. Advances in MRI around metal.
J Magn Reson Imaging 2017;46:972-91. https://doi.org/10.1002/jmri.25708.
Hargreaves BA, Worters PW, Pauly KB, Pauly JM, Koch KM, Gold GE. Metal-
induced artifacts in MRI. Am J Roentgenol 2011;197:547-55. https://doi.org/
10.2214/AJR.11.7364.

Keesman R, van der Bijl E, Janssen TM, Vijlbrief T, Pos FJ, van der Heide UA.
Clinical workflow for treating patients with a metallic hip prosthesis using
magnetic resonance imaging-guided radiotherapy. Phys Imaging Radiat Oncol
2020;15:85-90. https://doi.org/10.1016/j.phro.2020.07.010.

Cousins MM, Short E, Heckman P, Narayana V, Bryant AK, Hurley P, et al. Prostate
radiotherapy in the setting of bilateral hip prostheses: All commonly used photon-
based radiation approaches are feasible. Med Dosim 2021;46:404-10. https://doi.
0rg/10.1016/j.meddos.2021.05.003.

Mayinger M, Kovacs B, Tanadini-Lang S, Ehrbar S, Wilke L, Chamberlain M, et al.
First magnetic resonance imaging-guided cardiac radioablation of sustained
ventricular tachycardia. Radiother Oncol 2020;152:203-7. https://doi.org/
10.1016/j.radonc.2020.01.008.

Van Lier ALHMW, Meijers LTC, Phillippens MEP, Hes J, Raaymakers BW,Van Der
Voort Van Zyp JRN,, et al. Geometrical imaging accuracy, image quality and plan
quality for prostate cancer treatments on a 1.5 T MRLinac in patients with a
unilateral hip implant. Phys Med Biol 2021;66. https://doi.org/10.1088/1361-
6560/ac1302.

Harris CA, White LM. Metal Artifact Reduction in Musculoskeletal Magnetic
Resonance Imaging. Orthop Clin N Am 2006;37:349-59. https://doi.org/10.1016/
j.0cl.2006.04.001.

Jafar M, Jafar YM, Dean C, Miquel ME. Assessment of geometric distortion in six
clinical scanners using a 3D-printed grid phantom. J Imaging 2017;3. https://doi.
org/10.3390/jimaging3030028.

Goodall C. Procrustes methods in the statistical analysis of shape. J Roy Stat Soc:
Ser B (Methodol) 1991;53:285-321. https://doi.org/10.1111/j.2517-6161.1991.
tb01825.x.

Gach HM, Curcuru AN, Mutic S, Kim T. BO field homogeneity recommendations,
specifications, and measurement units for MRI in radiation therapy. Med Phys
2020;47:4101-14. https://doi.org/10.1002/mp.14306.

Klein H-M. Clinical low field strength magnetic resonance imaging. Cham: Springer
International Publishing; 2016. doi: 10.1007/978-3-319-16516-5.

Koff MF, Shah P, Koch KM, Potter HG. Quantifying image distortion of orthopedic
materials in magnetic resonance imaging. J Magn Reson Imaging 2013;38:610-8.
https://doi.org/10.1002/jmri.23991.

Pauchard Y, Smith MR, Mintchev MP. Improving geometric accuracy in the
presence of susceptibility difference artifacts produced by metallic implants in
magnetic resonance imaging. IEEE Trans Med Imaging 2005;24:1387-99. https://
doi.org/10.1109/TMI.2005.857230.

Scheffler K, Heid O, Hennig J. Magnetization preparation during the steady state:
Fat-saturated 3D TrueFISP. Magn Reson Med 2001;45:1075-80. https://doi.org/
10.1002/mrm.1142.

Wertli MM, Schlapbach JM, Haynes AG, Scheuter C, Jegerlehner SN, Panczak R,
et al. Regional variation in hip and knee arthroplasty rates in Switzerland: A
population-based small area analysis. PLoS One 2020:15. https://doi.org/10.1371/
journal.pone.0238287.

Xiang QS, Hoff MN. Banding artifact removal for bSSFP imaging with an elliptical
signal model. Magn Reson Med 2014;71:927-33. https://doi.org/10.1002/
mrm.25098.

Shan S, Gao Y, Liu PZY, Whelan B, Sun H, Dong B, et al. Distortion-corrected image
reconstruction with deep learning on an MRI-Linac. Magn Reson Med 2023;90:
963-77. https://doi.org/10.1002/mrm.29684.

Liu PZY, Shan S, Waddington D, Whelan B, Dong B, Liney G, et al. Rapid distortion
correction enables accurate magnetic resonance imaging-guided real-time adaptive
radiotherapy. Phys Imaging. Radiat Oncol 2023:25. https://doi.org/10.1016/j.
phro.2023.100414.

Nejad-Davarani SP, Kim JP, Du D, Glide-Hurst C. Large field of view distortion
assessment in a low-field MR-linac. Med Phys 2019;46:2347-55. https://doi.org/
10.1002/mp.13467.


https://doi.org/10.1016/j.phro.2024.100576
https://doi.org/10.1016/j.phro.2024.100576
https://doi.org/10.1186/s13014-020-01524-4
https://doi.org/10.1186/s13014-020-01524-4
https://doi.org/10.3390/jcm11061662
https://doi.org/10.1016/j.prro.2020.07.003
https://doi.org/10.1016/j.prro.2020.07.003
https://doi.org/10.1016/0730-725X(92)90011-N
https://doi.org/10.1016/0730-725X(92)90011-N
https://doi.org/10.1016/B978-012373904-9.50039-8
https://doi.org/10.1118/1.596566
https://doi.org/10.1118/1.4915920
https://doi.org/10.1088/0031-9155/61/2/774
https://doi.org/10.1016/j.mri.2004.01.008
https://doi.org/10.1016/j.mri.2004.01.008
https://doi.org/10.1118/1.2402331
https://doi.org/10.1088/0031-9155/50/7/001
https://doi.org/10.1088/1361-6560/aa6e1a
https://doi.org/10.1088/1361-6560/ab4540
https://doi.org/10.1007/s00066-001-0771-0
https://doi.org/10.1016/0730-725X(85)90397-2
https://doi.org/10.1016/0730-725X(85)90397-2
https://doi.org/10.1118/1.597854
https://doi.org/10.1118/1.4764481
https://doi.org/10.1002/mp.14695
https://doi.org/10.1016/j.radonc.2023.109504
https://doi.org/10.1016/j.radonc.2023.109504
https://doi.org/10.1002/jmri.26637
https://doi.org/10.1002/jmri.24163
https://doi.org/10.1002/jmri.25708
https://doi.org/10.2214/AJR.11.7364
https://doi.org/10.2214/AJR.11.7364
https://doi.org/10.1016/j.phro.2020.07.010
https://doi.org/10.1016/j.meddos.2021.05.003
https://doi.org/10.1016/j.meddos.2021.05.003
https://doi.org/10.1016/j.radonc.2020.01.008
https://doi.org/10.1016/j.radonc.2020.01.008
https://doi.org/10.1088/1361-6560/ac1302
https://doi.org/10.1088/1361-6560/ac1302
https://doi.org/10.1016/j.ocl.2006.04.001
https://doi.org/10.1016/j.ocl.2006.04.001
https://doi.org/10.3390/jimaging3030028
https://doi.org/10.3390/jimaging3030028
https://doi.org/10.1111/j.2517-6161.1991.tb01825.x
https://doi.org/10.1111/j.2517-6161.1991.tb01825.x
https://doi.org/10.1002/mp.14306
http://refhub.elsevier.com/S2405-6316(24)00046-0/h0160
http://refhub.elsevier.com/S2405-6316(24)00046-0/h0160
https://doi.org/10.1002/jmri.23991
https://doi.org/10.1109/TMI.2005.857230
https://doi.org/10.1109/TMI.2005.857230
https://doi.org/10.1002/mrm.1142
https://doi.org/10.1002/mrm.1142
https://doi.org/10.1371/journal.pone.0238287
https://doi.org/10.1371/journal.pone.0238287
https://doi.org/10.1002/mrm.25098
https://doi.org/10.1002/mrm.25098
https://doi.org/10.1002/mrm.29684
https://doi.org/10.1016/j.phro.2023.100414
https://doi.org/10.1016/j.phro.2023.100414
https://doi.org/10.1002/mp.13467
https://doi.org/10.1002/mp.13467

B. Pouymayou et al.

[41]

[42]

[43]

Marasini S, Zhang H, Dyke L, Cole M, Quinn B, Curcuru A, et al. Comprehensive
MR imaging QA of 0.35 T MR-Linac using a multi-purpose large FOV phantom: A
single-institution experience. J Appl Clin Med Phys 2023:24. https://doi.org/
10.1002/acm2.14066.

Marasini S, Quinn B, Cole M, Flores R, Kim T. System-dependent image distortion
related to gantry positions of a 0.35 T MRgRT: Characterization and the
corresponding correction. J Appl Clin Med Phys 2023:24. https://doi.org/
10.1002/acm2.13826.

Lewis BC, Shin J, Maraghechi B, Quinn B, Cole M, Barberi E, et al. Assessment of a
novel commercial large field of view phantom for comprehensive MR imaging
quality assurance of a 0.35T MRgRT system. J Appl Clin Med Phys 2022:23.
https://doi.org/10.1002/acm2.13535.

[44]

[45]

[46]

Physics and Imaging in Radiation Oncology 30 (2024) 100576

Roberts DA, Sandin C, Vesanen PT, Lee H, Hanson IM, Nill S, et al. Machine QA for
the Elekta Unity system: A Report from the Elekta MR-linac consortium. Med Phys
2021;48:€67-85. https://doi.org/10.1002/mp.14764.

Stanescu T, Shessel A, Carpino-Rocca C, Taylor E, Semeniuk O, Li W, et al. MRI-
guided online adaptive stereotactic body radiation therapy of liver and pancreas
tumors on an MR-linac system. Cancers (Basel) 2022:14. https://doi.org/10.3390/
cancers14030716.

Neylon J, Cook KA, Yang Y, Du D, Sheng K, Chin RK, et al. Clinical assessment of
geometric distortion for a 0.35T MR-guided radiotherapy system. J Appl Clin Med
Phys 2021;22:303-9. https://doi.org/10.1002/acm2.13340.


https://doi.org/10.1002/acm2.14066
https://doi.org/10.1002/acm2.14066
https://doi.org/10.1002/acm2.13826
https://doi.org/10.1002/acm2.13826
https://doi.org/10.1002/acm2.13535
https://doi.org/10.1002/mp.14764
https://doi.org/10.3390/cancers14030716
https://doi.org/10.3390/cancers14030716
https://doi.org/10.1002/acm2.13340

	Characterization of spatial integrity with active and passive implants in a low-field magnetic resonance linear accelerator ...
	1 Introduction
	2 Materials and methods
	2.1 Spatial integrity phantoms
	2.2 Implants
	2.3 Data acquisition
	2.4 Data evaluation

	3 Results
	3.1 Spatial integrity with one implant
	3.2 Spatial integrity with two implants

	4 Discussion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgment
	Appendix A Supplementary data
	References


