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Abstract

To ensure the accuracy of radiation delivery to patients in a 1.5 T MRI-linac, the implementation
of quality assurance (QA) devices compatible with MR technology is essential. The OCTAVIUS 4D
MR, made by PTW (Freiburg, Germany) is designed to ensure consistent and ideal alignment of its
detectors with the direction of each beam segment. This study focuses on investigating the
fundamental characteristics of the detector response for the OCTAVIUS Detector (OD) 1500 MR
and OCTAVIUS 1600 MR when used in the MR-compatible OCTAVIUS 4D. Characteristics
examined included short-term reproducibility, dose linearity, field size dependency, monitor unit
(MU) rate dependency, dose-per-pulse dependency, and angular dependency. The evaluation of
OD 1500 MR also involved measuring 25 clinical treatment plans across diverse target sizes and
anatomical sites, including the liver/pancreas, rectum, prostate, lungs, and lymph nodes. One plan
was measured with the standard setup and with a 5 cm left offset. The OD 1600 MR was not
available for these measurements. The capability of the OD 1500 MR to identify potential errors
was assessed by introducing a MU and positional shift within the software. The results
demonstrated no significant differences in short-term reproducibility (<0.2%), dose linearity
(<1%), field size dependency (<0.7% for field sizes larger than 5 cm x 5 cm), MU rate
dependency (<0.8%), dose-per-pulse dependency (<0.4%) and angular dependency (standard
deviation <0.5%). All tests of clinical plans were successfully completed. The OD 1500 MR
demonstrated compatibility with the standard 95% pass rate when employing a global 3%/3 mm
gamma criterion, and a 90% pass rate using a global 2%/2 mm gamma criterion. The detector
demonstrated the capacity to measure treatment plans with a 5 cm left offset. With the standard
parameters, the gamma test was sensitive to position errors but required an addition tests of
mean/median dose or point dose in order to detect small dose difference.

1. Introduction

The Elekta Unity MRI-Linac (MRL) integrates a 7 MV linear accelerator (linac) with a 1.5 T MR-scanner
(Philips Medical Systems, The Netherlands), enabling simultaneous irradiation and high-quality imaging.
This combination enhances the contrast and visualization of soft tissue in the target area (Lagendijk et al
2014).

Before initiating patient therapy, it is crucial to conduct comprehensive quality assurance (QA) of the
treatment plans to ensure accurate delivery of the intended dose distributions (Ezzell et al 2003). However,
the presence of a 1.5 T transverse magnetic field in the MR-Linac affects dose deposition and can potentially
impact the accuracy of the dosimetry equipment (Houweling et al 2016).

© 2024 The Author(s). Published on behalf of Institute of Physics and Engineering in Medicine by IOP Publishing Ltd
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2D ion chamber detector arrays are now commonly used in many hospitals for linac QA. These devices
are distinguished by the size of each detector, the specific type and arrangement of these detectors, and the
number of detectors within the measurement area (Stelljes et al 2015). These arrays have their limitations.
First of all, the detection volume is limited by the minimum size needed to produce a sufficient signal
(Pappas et al 2006, Stelljes et al 2015). Readings are affected by signal averaging over the sensitive volume and
secondary electron transport across its wall (Ezzell et al 2003, Laub and Wong 2003). Liquid-filled ionization
chambers enable the reduction of the sensitive volume due to the higher density of the liquid compared to
air. However, this results in increased initial ion recombination (Pardo-Montero and Gémez 2009). Such
deviations caused by both volume averaging effect and ion recombination have been previously reported for
small field sizes (Poppe et al 2006, Van Esch et al 2014, Stelljes et al 2015).

Detectors from PTW (Freiburg, Germany) such as OCTAVIUS 2D ionization chamber arrays (1500 and
1600 SRS) and various phantoms (Octagonal and 4D) for patient plan-specific QA has been well-established
in 0 T conventional systems (Poppe et al 2006, Van Esch et al 2014, Stelljes et al 2015, Olaciregui-Ruiz et al
2019, Brand et al 2022). A significant angular sensitivity around 90° has been observed when using an
octagonal phantom (Van Esch ef al 2014).

MR-compatible detector arrays, such as the OD 1500 MR with air-filled ion chambers and the OD 1600
MR with liquid-filled ion chambers, have been evaluated in magnetic fields (0.35 T and 1.5 T) using the
older non-rotating phantom. These tests have also revealed considerable angular sensitivity with a 20%
gamma percentage difference reduction (Monnich et al 2020, Poppinga et al 2021).

PTW is introducing the MR-compatible OCTAVIUS 4D system, which is specifically designed to rotate,
ensuring a constant and optimal alignment between detectors and each beam segment direction. This
characteristic is especially important in treatment settings that use MRI technology. The fully
MR-compatible system is now available for testing and implementation in MR-Linacs.

The purpose of this study is to evaluate the suitability of the MR-compatible system for patient plan QA
in a 1.5 T MR-linac. Fundamental dosimetry tests were conducted on the OD 1500 MR and OD 1600 MR
within the OCTAVIUS 4D Phantom MR. Additionally, 25 patient treatment plans were evaluated using OD
1500 MR and OCTAVIUS 4D MR. One lung plan with high dose region offset was measured when the
position of the OCTAVIUS 4D MR was shifted 5 cm to the left.

2. Materials and methods

The study’s measurements were conducted using the OD 1500 MR and OD 1600 MR arrays (figure 1) along
with the OCTAVIUS 4D Phantom MR.

2.1. OCTAVIUS Detector 1500 MR

The OD 1500 MR array consists of 1405 cubic vented ion chambers arranged in a plane-parallel
configuration, forming a chessboard matrix pattern on a 27 cm x 27 cm grid. Each individual chamber
covers a 4.4 mm x 4.4 mm area with a height of 3 mm, giving it an active volume of approximately 0.06 cm?>.
The reference point specified by the manufacturer is located 7.5 mm beneath the surface. The array is
equipped with an electrometer capable of accommodating a dose rate from 0.25 Gy min~! up to 96 Gy
min~!. The base plate beneath the ion chambers is constructed from a material nearly equivalent to water
(polystyrene), and the detector frame is crafted from glass-reinforced plastic. The device’s absolute dose
calibration is established by the manufacturer using a ®*Co beam.

2.2. OCTAVIUS Detector 1600 MR

The OD 1600 MR array consists of 1521 cubic liquid-filled ion chambers arranged in a plane-parallel
configuration with an active detector area of 15 cm X 15 cm. The reference point is located 9 mm beneath
the surface of the array. Each chamber covers a 2.5 mm x 2.5 mm area with a height of 0.5 mm, resulting in
an active volume of 0.003 cm?. In the central (6.5 cm X 6.5 cm) area of the array, detectors have a 2.5 mm
high-resolution spacing. Outside the central area, the spacing is 5 mm. The associated electrometer can

handle a dose rate from 0.1 Gy min~! up to 24 Gy min~'.

2.3. Basic dosimetric characteristics of the OD 1500 MR and OD 1600 MR arrays
Both detectors underwent fundamental dosimetric characterization. The results were compared to
Farmer-type ion chamber measurements. Deviations were calculated from the readings under reference
conditions.

The basic dosimetric characteristics of both detectors were measured using a simple setup at 0° gantry
angle. The arrays were positioned below a 5 cm buildup cap of RW3 slabs (PTW, Freiburg, Germany) of
30 cm x 30 cm. The Farmer chamber (Type 30013, PTW-Freiburg, Germany) was inserted into the farmer
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Figure 1. OCTAVIUS Detector 1500 MR on the left and 1600 MR on the right.
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Figure 2. Diagram illustrating the OD 1500 MR setup for fundamental dosimetry experiments.

chamber plate of 2.2 cm height and positioned under the detector plate so that both the central ionization
chamber of the OD and Farmer chamber were positioned on beam central axis. The OD was arranged to
ensure that its central chamber aligned with the linac isocenter, located 14 cm above the couch (figure 2).
The height was achieved using RW3 slabs. Both detectors were positioned in the MRI room overnight before
measurements to acclimatize.

The measurements were conducted using a reference field size of 10 cm x 10 c¢m, a gantry angle of 0°,
100 monitor units (MU) per measurement, a dose rate of 426 MU min~!, and a source-to-detector distance
(SDD) of 143.5 cm. Angular dependency was measured using the cylindrical OCTAVIUS 4D MR. Before
conducting the tests, all detectors underwent pre-irradiation with 1000 monitor units and its maximum field
size.

2.3.1. Short-term reproducibility

The short-term reproducibility was assessed by performing ten consecutive measurements of the central
chamber under reference setup conditions. The standard deviation and maximum deviation were calculated.
The results were compared to the mean value obtained from all ten measurements.

2.3.2. Dose linearity

The dose linearity test involved measuring readings for 2-1000 MU. Reference values were obtained using the
standard setup with 100 MU. Percentage differences were calculated by comparing measured readings to the
reference values acquired with 100 MU.
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2.3.3. Dose per pulse dependency

Dose per pulse dependency was measured on the MRL at different Source-to-Detector Distances (SDD). As
the table height remains fixed on an MRL, the variations in height were achieved by adjusting the phantom.
To achieve the necessary SDDs, we employed 5 cm of buildup along with 5-32 cm of backscatter.
Measurements for the Farmer chamber and OCTAVIUS devices were taken separately to maintain the same
SDD. The SDDs used for the measurements, defined as the distances from the target to the central chamber,
were 125.5 cm, 134.5 cm, 143.5 cm, and 152.5 cm. The corresponding dose per pulse values ranged from 0.23
to 0.35 mGy. To assess the variations, the percentage differences were calculated by comparing these readings
to the reference values obtained at 143.5 cm SDD.

2.3.4. MU rate dependency
The MU rate dependency was evaluated by varying the MU rate on the MRL. Dose rates of
25-530 MU min ™! were applied in 8 steps. Percentage differences were then calculated by comparing these

readings to the reference values at 426 MU min~!.

2.3.5. Field size dependency
The assessment of field size (FS) dependence for the OD 1500 MR array involved measuring the maximum
readings around the central chamber across various field sizes, specifically 1 x 1,2 x 2,3 x 3,5 x 5, 10 x 10,
15 x 15,20 x 20, 22 x 22, and 22 x 27 cm?. The maximum length of the field is limited to 22 cm in the MRL.
In the case of the OD 1600 MR array, the field sizes were 1 x 1,2 x 2,3 x 3,5 x 5,8 x 8,10 x 10,
12 x 12, and 15 x 15 cm?. Here, the maximum field size is limited by the dimensions of the detector plate.
The minimum field size for both detector arrays is constrained by the dimensions of the individual
chambers. PTW recommended minimum field sizes of 2 x 2 cm? for OD 1500 MR and 1 x 1 cm? for OD
1600 MR. In this experiment, the tests were extended to fields smaller than the recommended values.
The reference values were calculated in the Monaco treatment planning system based on PTW
microDiamond commissioning data. Percentage differences were then calculated.

2.3.6. Angular dependency

The angular dependence was investigated by varying the gantry angle from 0° to 360° with 10° steps. The
phantom was rotated synchronously to the gantry. The central chamber was positioned perpendicular to the
incident beam. The measurements for the arrays and the Farmer chamber were conducted separately
ensuring that the axis of rotation remained consistent for both. Deviations were then calculated by
comparing the readings at different angles to the reference value obtained at 0°.

2.4. Plan QA in the cylindrical OCTAVIUS 4D Phantom MR

25 clinical treatment plans across various target sizes and anatomical sites (liver/pancreas, rectum, prostate,
lungs, and lymph nodes) were measured using the OD 1500 MR in the OCTAVIUS 4D MR. The automatic
alignment was applied per each plan. The capability of the OCTAVIUS 4D MR to measure doses with an
offset was tested by evaluating one lung treatment plan with a high-dose region offset. This was done by
positioning the MR-Octavius 4D isocenter 5 cm to the left. Because the 1.5 T magnetic field is highly
uniform throughout the array (Roberts 2021), a measurement with the right offset was assumed to show
only minor symmetrical differences and was not performed due to the absence of a suitable plan.

For the evaluation, we employed 3D global gamma comparison analysis with a 3%/3 mm and 2%/2 mm
criterion (Ezzell 2009, Heilemann et al 2013, Miften 2018), using VeriSoft software (Version 8.1). The low
dose threshold was set to 10%.

Evaluations were also conducted on plans containing errors using the gamma comparison analysis.
Instead of directly measuring error-containing plans, errors were deliberately introduced to the TPS dose
distribution in VeriSoft by modifying the number of MU by a margin of —10% to +10% relative to the
original plan, or by shifting the isocenter position by 1-5 mm. The initial results without automatic
alignment were used for the evaluation.

The ability of the detector to identify plans with deliberate errors was tested by statistically comparing
standard plan results to the plans with errors using Wilcoxon signed-rank test. It was hypothesized that the
results for plans with errors would be lower than those of the standard plans, and a p < 0.05 validated this
hypothesis.
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Table 1. Maximum deviation (%) and standard deviation (%) for each dosimetry test for OCTAVIUS Detector 1500 MR and 1600 MR.
All test results were acceptable for clinical use.

OCTAVIUS Detector 1500 MR OCTAVIUS Detector 1600 MR
Dosimetry test Max deviation, % STD, % Max deviation, % STD, %
Short-term reproducibility 0.2 0.1 0.1 0.1
Dose linearity 0.4 0.2 0.95 0.3
Dose-per-pulse dependence 0.1 0.1 0.4 0.2
Field dependence 4.0 0.1 0.1 1.6
MU rate dependence 0.3 0.1 0.8 0.4
Angular response 1.0 0.3 1.1 0.5
1.00%
0.75% e ® —
0.50% =
W 0.25% =
§ 0,000 fmmmmmmmmmma O B B e T B
g . .
> L]
L .
A -0.25% L] L]
0.50%
0.75% ®  OCTAVIUS Detector 1500 MR
® OCTAVIUS Detector 1600 MR
-1.00%

0 100 200 300 400 500
Dose rate, MU/min

Figure 3. The MU rate dependence of the OD 1500 MR and OD 1600 MR compared to the reference Farmer chamber. The data
were normalized to 426 MU min~!. Standard deviations were < 0.4%. The OD 1600 MR shows a trend of decreasing sensitivity
with an increasing MU rate.

3. Results and discussion

3.1. Basic dosimetric characteristics of the OD 1500 MR and OD 1600 MR arrays

3.1.1. Short-term reproducibility, dose linearity and dose per pulse dependency

The arrays demonstrate consistent short-term reproducibility with maximum deviations of no more than
0.2%. Our findings corroborate the manufacturer’s declared reproducibility of +0.5%. In the dose linearity
tests, the most significant deviation observed is 0.95% for the 2MU measurement with the OD 1600 MR.
Nonetheless, for both devices, all other measurements remain within a deviation range of 0.5%. The dose per
pulse dependency of the arrays also remains stable, with maximum deviations of no more than 0.4%. The
results of all tests for each detector plate are summarized in table 1.

3.1.2. MU rate dependency

Both detector arrays demonstrate deviations less than 0.8% across a range of MU rates from 30 to 530 MU
min~!, which is acceptable for clinical use. Notably, the OD 1600 MR shows a trend of decreasing sensitivity
with increasing MU rate (MU min~!), consistent with a previous investigation by PTW. This behavior is
attributed to increased recombination with increasing MU rate in the liquid-filled ion chambers (figure 3)
(Knill et al 2016, Takei et al 2018).

3.1.3. Field size dependency

In both medium and large field sizes, both the OD 1500 MR and OD 1600 MR perform well, with deviations
of less than 0.7% from the calculations based on commissioning data in the treatment planning system
(figure 4). For smaller fields, the OD 1500 MR tends to underestimate the relative output factors (ROFs) due
to volume averaging in its 4.4 mm X 4.4 mm X 3 mm detectors. Conversely, the OD 1600 MR tends to
overestimate the relative output factors (<2.1%) because of the scatter effect in high density liquid. These
results are consistent with results from a previous study on a conventional linac with 0 T (Martens et al 2001,
Poppe et al 2006, Benitez et al 2013, Markovic et al 2014, Van Esch et al 2014, Stelljes et al 2015, International
Atomic Energy Agency 2017).
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Figure 4. The field size dependence of the OD 1500 MR and OD 1600 MR normalized to the reading of the 10 cm X 10 cm field.
The deviations were calculated as percentage differences of each measurement from the ROF calculated in Monaco. Standard
deviations were <0.1%. Both systems perform acceptably, but it is noted that the OD 1500 MR tends to underestimate the dose in
small fields, whereas the OD 1600 MR overestimates it.
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Figure 5. The angular dependence of the OD 1500 MR and OD 1600 MR relative to the Farmer chamber readings, showing
acceptable constant sensitivity with standard deviation <0.5%. The data were normalized to 0°.

3.1.4. Angular dependency

OCTAVIUS 4D Phantom MR, maintaining its detector arrays always orthogonal to the radiation beam.
Therefore, the angular dependency is expected to be ideal. This expectation is verified for both the OD 1500
MR (0.2 +0.3%) and OD 1600 MR (0.4 + 0.5%) (figure 5). The largest deviation is observed when the
radiation beam passes through the edge of the couch, where greater dosimetric uncertainty is expected.

3.2. OCTAVIUS Detector 1500 MR in the cylindrical OCTAVIUS 4D Phantom MR

The 25 clinical plans had previously been independently verified with standard gamma criteria. The plans
were successfully re-measured and verified using the OCTAVIUS 4D MR and OD 1500 MR. The plans
complied with the standard 95% pass rate when applying a 3%/3 mm global gamma criterion, as well as a
90% pass rate when using a 2%/2 mm global gamma criterion and for various targets (figure 6). The average
gamma index values ranged from 0.37 to 0.46 for the 3%/3 mm criterion and 0.51 to 0.59 for the 2%/2 mm
criterion.

3.3. Measurement with 5 cm lateral phantom offset

Measurements and calculations were performed for one plan with the OCTAVIUS 4D MR centrally located,
and with it offset 5 cm laterally to the left. The Gamma comparison was performed, showing similar results
for each setup (table 2). This demonstrates that OCTAVIUS 4D Phantom MR measurements can be
performed with a lateral offset in order to include an off-axis target.
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Figure 6. 3D gamma comparison analysis of 25 patients in 5 target groups measured with the OD 1500 MR and the OCTAVIUS
4D MR, with error bars displaying the standard deviations. All plans exceeded the nominal pass values of 95% and 90% (Ezzell
2009, Heilemann et al 2013, Miften 2018).

Table 2. The gamma analysis results for the plan with the standard positioning of the OCTAVIUS 4D Phantom MR and 5 cm left offset.
The differences were caused by the strong magnetic field, which varied slightly with lateral position.

Standard setup 5 cm left offset
2%/2 mm 3%/3 mm 2%/2 mm 3%/3 mm
o 0.522 0.396 0.596 0.453
GPR, % 91.4 99.6 94.6 99.8

Table 3. Average gamma passrate and standard deviations for plans with deliberate position errors across different anatomical sites.

Rectum Pancreas/liver Lungs Prostate Lymph nodes

2%/2mm  3%/3mm 2%/2mm 3%/3mm 2%/2mm 3%/3mm 2%/2mm 3%/3mm 2%/2mm 3%/3 mm

Noerror 92.6+1.6 98.8+04 941404 992+£02 93.6+1.6 992+£03 90.6+13 97.84+0.6 929+3.5 98.8+1.0
3 mm 889+21 973£06 850%3.7 969+12 829+33 96.6+£1.0 82.6+20 957+12 87.0%+51 97.6+1.7
4 mm 853424 958+£1.0 77.14+41 934+£21 732421 91.2+14 76.0+24 926£19 695+28 87.8+25
5 mm 80.8+£27 934+12 69.1+34 881+£29 669+33 862+£29 69.5+28 87.84+25 693+55 87.7+6.1

3.4. Position error analysis

The investigation demonstrated the system’s ability to detect position errors across all treatment plans using
the Wilcoxon signed-rank test. As expected, a reduction in gamma passrate was observed in plans where the
isocenter shift exceeded the gamma criteria tolerance levels (p — value = 0.03125), except for lymph nodes
under the 2%/2 mm criterion (table 3). For these plans the Wilcoxon signed-rank test showed a

p — value = 0.09 for an isocenter shift of 3 mm, and for a minimum detectable error of 4 mm test
demonstrated a p — value = 0.03125.

3.5. MU errors detection

The results of the gamma analysis are shown in table 4. The system is not sensitive to small dose errors when
using 3%/3 mm and 2%/2 mm criteria with a 10% low-dose threshold. The one-tailed Wilcoxon signed-rank
test revealed a statistically significant decline for plans with 5% overdose and 10% underdose

(p — value < 0.032). Within these settings, larger targets, such as the rectum and prostate, showed greater
sensitivity to dose changes than smaller targets (figure 7). The results also indicated that OD 1500 MR was
more sensitive in detecting errors caused by overdose than underdose. This increased sensitivity is due to the
gamma pass rate equation, where the dose difference is normalized to the point receiving the highest dose
(equation (5) in Low et al (1998)). Consequently, when underdose occurs, the relative dose difference is
smaller, allowing more background points to pass the criteria.
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Table 4. Average gamma passrate and standard deviations for plans with deliberate MU errors across different anatomical sites. The
scaling was performed within the TPS. Therefore positive scaling indicates measurement ‘underdose’ and negative scaling indicates
measurement ‘overdose’.

Rectum Pancreas/liver Lungs Prostate Lymph nodes

MU error 2%/2 mm 3%/3mm 2%/2mm 3%/3mm 2%/2mm 3%/3mm 2%/2mm 3%/3mm 2%/2mm 3%/3 mm

+10% 52.1+6.8 720£59 76.6+36 94.0+15 73.8+£6.1 928429 97.1+0.6 71.4+£27 787+57 95.0£25
+5% 763+59 90.1+43 895+2.6 984408 90.1£0.7 98.7+02 88.0%+19 97.1+£0.6 903+43 985£0.9
+3% 87.0£41 968+13 926+19 99.1£05 935409 994+02 92.1£12 988402 925+3.9 99.0£0.8

Noerror 92.6+1.6 988404 941£04 992402 93.64+1.6 99.2+03 90.6+13 97.84+0.6 928+35 98.8+1.0
—3% 795+18 91.4+18 914+14 983+£06 884426 97.2+14 79.7£3.6 92.14+20 892+4.0 97.6+1.3
—5% 703+£25 832416 87.6+23 96.8+1.1 824439 945+24 714+£40 857+33 846+55 95.7+£2.0
—10% 50.0+3.0 66.14+2.7 723+40 89.1+25 629+£7.0 824+61 54.143.0 68.6+44 69.01+82 862463

100
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> %o@ X x x
Reference Dose Rescale
Figure 7. The average gamma passrate with standard deviations for rectum plans with MU errors. The x-axis represents the
difference in dose compared to the initial TPS dose distribution. The results for —5%, —10% and +10% dose rescale
demonstrated statistically significant decline (p — value = 0.03125).

4, Conclusion

The new MR-compatible OCTAVIUS detectors have shown acceptable results in the basic dosimetry tests
within a 1.5 T magnetic field. Good QA performance has been demonstrated with OCTAVIUS Detector 1500
MR and the OCTAVIUS 4D Phantom MR in a 1.5 T MR-linac. The system has also shown its capability to
perform measurements with the lateral offset position. OCTAVIUS Detector 1500 MR with OCTAVIUS 4D
Phantom MR can successfully differentiate between standard plans and plans with position errors. However,
it is noted that the gamma test is not optimal for detecting dose differences in highly modulated beams.
While large differences in dose can be observed, for small dose differences an additional measure such as
evaluation of mean dose or reference point dose increases the effectiveness of the QA system.
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