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ARTICLE INFO ABSTRACT

Keywords: . X i
Adaptive radiotherapy Background and purpose: During an end-to-end (E2E) test on the online workflow of the MR-linac, the
MRI-linac performance of the treatment starting from the acquisition of pre-treatment MRI scans and ending with dose
Quality assurance delivery is quantified. In such a test, the geometrical accuracy of the entire workflow is assessed. Ideally, the 3D

End-to-end testing
3D gel dosimetry

geometrical accuracy of dose delivery on an MR-linac should be assessed using dosimeters that provide 3D dose
distributions. Gel dosimeters, for instance, have proven to be valuable tools for evaluating 3D dose distributions
on an MR-linac. In this study, we investigated the use of 3D gel dosimeters for the assessment of the 3D
geometrical accuracy and reproducibility of the adaptive procedure on an MR-linac in an E2E verification.
Materials and methods: All measurements were performed on a clinical Unity MR-linac using 3D gel dosime-
ters in an anthropomorphic head phantom. Film measurements were performed as a reference dosimeter. An
online adapt-to-shape procedure was performed for each measurement.

Results: The geometric accuracy and reproducibility of the gel dosimeter measurements were high, and similar
to all in-plane film measurements. The largest shift found was 0.3 mm for the gel dosimeter, and 0.6 mm for
the in-plane film measurements. The 3D displacement vectors of the gel dosimeter showed similar uncertainties
as the in-plane film 2D displacement vectors.

Conclusions: Gel dosimeters can be used for the assessment of the 3D end-to-end geometric accuracy of an
MR-linac.

1. Introduction gamma analyses, and dose profile comparisons. The general consensus
is that the dosimetric accuracy of the online adaptive procedures on
MR-linacs is high [10-12]. However, as the intended dose should be
delivered at the right spot, the geometrical accuracy of the delivered
dose, is just as important.

During the first-in-man study of the Unity MR-linac [4], the geomet-

rical accuracy of the complete workflow was investigated on a phantom

The addition of a MRI scanner to a linear accelerator, an MR-
linac, gives high-quality soft tissue contrast images which can be used
to correct the impact of anatomical changes before and during treat-
ment [1-4]. Various online adaptive workflows for the MR-linac have
been developed [5]. The geometric and dosimetric accuracy of these
adaptive online workflows can be assessed with an end-to-end (E2E)

test involving all steps of the clinical workflow [6].

In an E2E test for a conventional linac, the performance of the
treatment workflow starting from the acquisition of planning CTs or
MRIs and ending with dose delivery is quantified [7-9]. The main
steps involve image acquisition, image registration, delineation, treat-
ment planning, position verification and dose delivery. For an MR-
linac, the pre-treatment information is still required to start the online
workflow, subsequently proceeding with the same steps as considered
conventionally [7].

The overall treatment accuracy reported in literature mostly focuses
on the dosimetric accuracy [10-12]. The dosimetric accuracy is com-
monly assessed via several metrics such as dose-volume histograms,
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as well as in-vivo in patients using the electronic portal imaging device
(EPID). Raaymakers et al. found that the geometric accuracy was better
than 0.5 mm. During this study, the assessment of the 3D geometric
accuracy required analysis of multiple beam projections. In a more
recent study, Bernchou et al. investigated the geometrical accuracy
of the adaptive procedures on MR-linacs using film dosimetry [13].
During their study, multiple workflows were performed using two
orthogonal measurement planes to determine the geometric accuracy
in 3D.

Ideally, the 3D geometrical accuracy of the dose delivery on an
MR-linac should be determined using dosimeters which provide 3D
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Fig. 1. MR images of the Prime head phantom with the film insert in transversal, coronal and sagittal plane. The cradle and mask were mounted on the base plate. The body

coil is positioned centrally over the Prime head phantom.

dose distributions, for example using gel dosimeters [14,15]. Previous
studies have investigated the use of gel dosimeters for an MR-linac,
showing their suitability in an MR-linac [16-20]. This is particularly
beneficial for plan delivery assessment of complex, multi, out-of-plane
targets, providing a high spatial comparison between the planned and
measured doses in 3D, rather than a 2D plane or a single-point com-
parison [16]. The 3D dose distribution can potentially help determine
the geometrical accuracy in an E2E test without needing multiple beam
projections or orthogonal planes.

In this study, we investigate the use of gel dosimeters for the assess-
ment of the 3D geometrical E2E accuracy of the adaptive procedure on
an MR-linac.

2. Materials and methods

During this study, the usability of gel dosimeters for determina-
tion of the geometrical accuracy in an E2E test was assessed for the
online adapt-to-shape (ATS) workflow of the Unity MR-linac (Elekta
AB, Stockholm, Sweden) [5]. The complete clinical workflow, involving
pre-treatment plan and online adapted plan generation was measured
with a gel dosimeter in an anthropomorphic head phantom. Film mea-
surements were performed using two measurement plane orientations
as a reference.

2.1. Phantom setup

All measurements were performed on the same Unity MR-linac to
avoid calibration and machine differences. Measurements were carried

out using the Prime head phantom (RTsafe, Athens, Greece), which has
anthropomorphic features such as nasal cavities based on CT images of
a human head (Fig. 1a—c) [16,21,22]. Throughout this paper, the IEC
61217 treatment coordinate system is used [23].

The Prime phantom was positioned using an index bar on which
an Exafix 5 base plate (Macromedics, Moordrecht, the Netherlands)
carrying a custom-shaped headrest (Civco, Iowa, USA) and head mask
(Macromedics, Moordrecht, the Netherlands) was fixated. This setup
minimized the effect of positioning variations [24]. Two inserts for the
Prime phantom were used: the gel and film inserts. After measuring
with the gel insert, it was replaced by the film insert, the head was
refilled with water, and remounted using the mask system.

2.2. Pre-treatment workflow

Pre-treatment CT and MRI scans of the Prime phantom were ac-
quired for the setup with a gel insert and one with the film insert
oriented horizontally (coronal measurement plane) using a big bore
RT CT scanner (Philips Healthcare, Best, the Netherlands), and an
Ingenia 1.5 T MRI (Philips Healthcare, Best, the Netherlands) using the
head coil. Images were acquired using a T2-weighted sequence with a
pixel size of 0.7 x 0.7 mm? and a slice thickness of 1.1 mm (FA=90°,
TE=332 ms, TR=2100 ms, BW=813 Hz/px).

Several contours like the body, internal bony structures, water, and
the base plate were created using the treatment planning system (TPS)
Monaco (v.5.51.10, Elekta AB, Stockholm, Sweden) as well as two
cones that serve as planning target volumes (PTVs). The two PTVs were
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Film insert in sagittal
measurement plane

Fig. 2. The pre-treatment planned dose with the unambiguous PTVs used for both the gel and the film inserts. The sagittal pre-treatment planned dose for the Prime phantom with
the gel (a) and film inserts (b (coronal) and c (sagittal)). The transversal pre-treatment dose for PTV 1 is shown in d (gel), e (film) and f (film). The coronal planned pre-treatment
dose shown in g, h and i for the gel and film inserts The green and red lines in a, b and ¢ schematically indicate the locations of the d, e, f and, g, h, i images. For the sagittal
orientation of the film insert the dose distribution is simulated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

identical but mirrored with respect to each other in the z-direction (see
Fig. 2). The smallest and largest diameters were 0.5 cm and 3.0 cm,
respectively, with a length of 4.6 cm. Due to the design of the PTVs,
geometric uncertainties orthogonal to the 2D film measurement plane
could be assessed. The PTVs were positioned to ensure that the high-
dose regions, with a maximum dose of 11 Gy, were measurable in both
gel and film dosimeters. Additionally, a maximum dose constraint of
6 Gy was applied to the head, excluding the PTVs. Electron densities
(ED) were manually assigned to the delineated structures based on CT-
values. ED-values for the skull and its internal bony structures were set
to 1.550. The gel and glass cylinder insert ED-values were set to 1.147
and 1.650, respectively. The film insert had an assigned ED value of
1. The same treatment plan optimization constraints were applied to
the pre-treatment plans of both gel and film inserts, ensuring similar
dose distribution in the PTVs for both dosimeters. The plan’s isocenter
was defined using the Prime phantom’s ears and was located near PTV

2. An IMRT plan was created to irradiate both PTVs using a step-and-
shoot technique with thirteen beams; 190°, 220°, 250°, 280°, 310°,
340°, 5°, 20°, 50°, 80°, 110°, 140°, and 170°. For plan generation, a
maximum of 150 segments with a minimum segment area of 1.5 cm?
and a minimum of 5 MU per segment was used.

2.3. Online workflow

Online workflows were performed using the ATS plan optimization
from fluence using the Monaco TPS (v.5.51.10 and v.6.1.2) [5]. Online
MR images were acquired using the built-in MR system of the MR-
linac using the standard patient setup, employing the same sequence
used for the pre-treatment MRI acquisitions. The online images were
rigidly registered by the Monaco TPS to the pre-treatment MRI. As
the Prime phantom might be positioned slightly different in the pre-
treatment scan, small differences were expected. After registration, the
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PTV structures and baseplate were rigidly propagated from the pre-
treatment plan to the online plan. The body, internal bony structures,
and water contours were propagated deformably, simulating the clini-
cal workflow. Subsequently, the online treatment plan was generated,
and the dose was calculated using a voxel size of 3.0 x 3.0 x 3.0 mm?
and 3% statistical uncertainty per segment.

For comparison to the measured data, the treatment plan after
treatment was recalculated using a voxel size of 1.0 x 1.0 x 1.0
mm?> and a statistical uncertainty of 0.5% per control point to avoid
discretization errors and statistical uncertainty on the dose calculation.
This resulted in an overall statistical uncertainty of the total plan
dose of approximately 0.1% inside of the PTVs. The recalculation was
performed after the measurements in an offline setting.

2.4. Experiments

To assess the performance of gel dosimeters during 3D geomet-
ric E2E accuracy determination, two measurement sessions were per-
formed. For each measurement, an online ATS workflow was per-
formed. In the first session, 3D gel measurements (see Section 2.5) were
compared to 2D film (coronal measurement plane) measurements (see
Section 2.6). In the second session, film measurements were performed
in both coronal and sagittal insert orientations. Each session involved
five measurements, over five different days within a two week period.

2.5. Gel dosimetry

3D dosimetry was performed using N-vinylpyrrolidone argon
(VIPAR) gels, manufactured by RTsafe (Athens, Greece), which were
encapsulated in glass cylinders of 160 mm in height and 80 mm in
diameter [14]. These gels dose exhibit linearity up to 20 Gy and
were suitable for dosimetry in an MR-linac [16,25,26]. The gels were
handled according to the manufacturer’s guidelines: A MRI scan of
the Prime phantom with the gel insert was performed approximately
24 h after dose delivery on a 1.5 T MRI scanner using a head coil,
employing a scan protocol (with a pixel size of 0.78 x 0.78 mm? and
a slice thickness of 2 mm) provided by RTsafe (Fig. 3a). The acquired
MR images were processed by the RTsafe. In this process, the post-
delivery MRI scan was registered to the online MRI scan of the ATS
workflow (Figs. 3a and 3b) followed by reconstruction of the measured
R2 relaxation rate maps [14,27,28]. These reconstructed R2 maps
were then linearly converted to dose, and scaled with the maximum
calculated dose. After processing, a 3D (normalized) dose grid with a
voxel size of 1.0 x 1.0 x 1.0 mm? was obtained.

2.6. Film dosimetry

EBT3 GafChromic (Ashland, New Jersey, USA) film was used for
2D dosimetry with the film insert in the Prime phantom [29]. The film
cassette used was a modified version of the film cassette described by
E. Pappas et al. [16]. In our version, the markers were replaced with
hollow cylinders, capped at one end, allowing ultrasound gel to be
inserted prior to the measurements and thereby increasing the MRI
contrast from the marker on MR images. The film was securely held
in place within the cassette via circular cut-outs in the film, to ensure
a fixed position. During the film measurements water used to fill the
small gaps between the film cassette and the film to minimize the
effect of air pockets [30]. After each measurement, calibration films
were irradiated in reference conditions with known doses. Approxi-
mately 24 h after dose delivery, both the measurement and calibration
films were scanned together. A calibration curve was determined using
all the calibration films of that measurement session, converting the
optical density to absolute dose. After this, the optical density of the
scanned film measurement was converted to dose, employing in-house
developed software and all calibration films [31,32]. Film and the
online MRI were registered via point-matching MR markers of the film
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insert, visible in the online MRI to the central position of the circular
cut-outs made in the film (see Figs. 3d and 3e). Subsequently, the
transformation matrix of the registration between the film and online
MRI was then applied to the dose file.

2.7. Analysis

The geometrical accuracy was obtained by fitting of the 3D plan-
ning dose file to the dosimeter’s dose readout (Fig. 3g). Fitting was
performed using the Hooke-Jeeves direct search optimization method
[33], with a correlation ratio as the similarity metric and a region of
interest encapsulating both PTVs. After fitting, the geometrical shifts
between the registered and fitted dose files were obtained for the x,
y and z direction. 2D displacement vectors for the gel dosimeter were
calculated in xy and yz planes for comparison to the two in-film plane
measurements, as well as the 3D vectors. The reproducibility of the
E2E test was assessed using the standard deviations calculated for all
measurements of the respective dosimeter per measurement session.
Dosimetric evaluation of the measurements was conducted using a
global 3D gamma analysis, applying a 3%/3 mm criterion with a mini-
mum dose threshold set at 20% of the maximum planned dose [34].
During this evaluation, the dose files were only registered to the
dosimeter (Figs. 3c and 3f), and as such the geometrical inaccuracies
were still present.

3. Results

The geometric accuracy and reproducibility of the gel dosimeters
were high, and comparable to those found for the in-plane film dosime-
ters (see Figs. 4-6). The out-of-plane film measurements showed larger
differences. Small differences between the absolute dose scaling for the
film measurements of the second measurement session and the TPS
were observed (see Fig. 6a). The average 1D (x, y and z directions)
geometrical accuracy was < 0.1 mm and < 0.3 mm (see Supplementary
S1) for the gel and in-plane film dosimeters, respectively.

For the gel measurements performed during the first measurement
session, the geometric accuracy in the x, y, and z directions was high,
with the largest deviation being 0.3 mm in the y-direction. The in-plane
film measurements showed a maximum shift of 0.6 mm.

The average 2D vectors for the gel (in the xy and xz planes) were
0.2 + 0.1 mm, and comparable to the in-plane film measurements.
Furthermore, the average 3D vector found for the five measurements
with the gel dosimeters were 0.2 + 0.1 mm. All film measurements
showed a lower geometric accuracy.

The mean gamma index pass rate for the gel measurements was
98.2% + 1.1%. For the film measurements, the average pass rate was
97.4% =+ 3.6%.

4. Discussion

In this study, we investigated the usability of gel dosimeters for the
determination of the E2E geometrical accuracy of the online workflow
on an MR-linac. 3D gel measurements were compared with 2D film
dosimeter reference measurements, and showed to be suitable for
E2E measurements on an MR-linac, with an average 3D geometrical
accuracy of 0.2 mm.

Assessment of the 3D geometrical accuracy with film dosimeters
was difficult, as indicated by the out-of-plane film measurements with
larger average shifts and lower reproducibility. Notably, the coronal
film measurements of sessions one and two yielded different results.
These uncertainties were, however, within the voxel grid size used for
the dose calculation. Overall, the 3D measured geometric uncertainties
of the gel dosimeter were similar to the measured 2D in film-plane
obtained geometric uncertainties.

The geometric uncertainties measured with gel dosimeters corre-
spond well with the findings of previous studies that investigated the
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Fig. 3. Registration workflow of the gel (a—c) and film dosimeter (d-f) to the online MRI. The post delivery MRI (obtained on a different scanner) is rigidly registered to the
MRI. The registration of the gel dosimeter dose and the online MRI is shown in (c). The film registration is performed using the markers found in the online MRI (d) to the film
(e). The registered film dose and online MRI is shown in (f). The workflow used to obtain the geometric accuracy between the registered TPS dose and the dosimeter is shown

schematically in (g).
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1.5

Gamma values

0

Fig. 5. 2D isodose lines for the sagittal (a) and coronal (b) plane of one of the gel dosimeter measurements and the planned dose. Numbers in the isodose lines are in Gy. y maps
are shown for the sagittal (c) and coronal (d) plane, using the same slice as in (a) and (b). White color represents the data not meeting the lower threshold imposed.

geometrical uncertainties of an MR-linac. During the first-in-man study
of the Unity MR-linac by Raaymakers et al. geometrical acuracy was as-
sessed both in a phantom and during patient treatments based on bony
structures using MV projection images [4]. The geometrical accuracy
was found to be better than 0.5 mm for phantom measurements and on
average 0.3 mm during patient treatments. Another study, conducted
by Bernchou et al. utilizing a 3D-printed film dosimetry phantom that
hosts several structures, was used for a series of E2E tests on an
MR-linac [13]. Their study showed similar geometrical uncertainties
compared to this study for the ATS procedure, with an exception for the
z-direction. Bernchou et al. reported a consistent offset of 0.8 + 0.2 mm
in the z-direction measured using in-plane film measurements, and
were unable to identify the root cause. In this study, we did not find a
shift in the z-direction for either the gel or in-plane film measurements.

During this study, a static, non-deforming phantom was used. Al-
though the PTVs were rigidly propagated and do not represent a
clinical treatment site, the measurements provide valuable information

regarding the 3D geometrical accuracy that can be achieved by the
MR-linac.

Gamma pass rates obtained during the measurements showed good
agreement with the reference and were similar to those reported by
Pappas et al. [16]. Additionally, all film measurements showed gamma
passing rates comparable to the values found by Pappas et al. [16] and
Raaymakers et al. [4]. For the second measurement session, conversion
of the film proved to be more difficult, resulting in dose deviations in
high dose regions, which resulted in a larger standard deviation for the
film’s gamma pass rate.

The suitability of gel compared to other dosimeters such as film and
1D detector arrays, depends on their application. Film, for instance, is
easier to store, can be processed in-house, and the resolution of the
measurement plane is higher than what currently, reasonably, is obtain-
able with gel dosimeters. Additionally, with film dosimetry, the user
has complete control over every aspect, from the initial measurement
to the processing of the data. This level of control is not, reasonably,
achievable with gel dosimetry. During this study, some of the film
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Fig. 6. 2D isodose lines for the sagittal (a) and coronal (b) plane measurements of film dosimeter and the planned dose. Numbers in the isodose lines are in Gy. Numbers in the
isodose lines are in Gy. y maps are shown for the sagittal (c) and coronal (d) plane, using the same slice as in (a) and (b). White color represents the data not meeting the lower

threshold imposed.

measurements showed minor deviations in the high dose regions as
shown in Fig. 6a.

Nevertheless, both 2D film and 1D detector arrays lack high spatial
3D dose information. This becomes even more crucial when measuring
treatment plans involving multiple targets [35], or multiple isocenters
with abutting field segments [36], which require a detailed understand-
ing of the 3D dose distribution. A 3D-measured dose distribution of
an E2E test using gel dosimeters can provide the confirmation that
machine and workflows are operating correctly. Additionally, for MR-
linac sites with limited staff and local resources, the gel dosimeter can
shipped back to the vendor for analysis.

In this study, we showed that gel dosimeters can be used for assess-
ment of the end-to-end geometric accuracy of an MR-linac. The geomet-
ric accuracy and standard deviations of the gel dosimeter measurements
were comparable to those obtained with in-plane film measurements.

Gel dosimeters might be helpful for 3D dose assessment of various
applications such as commissioning, end-to-end testing, investigating
new treatment modalities, or auditing procedures.
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