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ABSTRACT

Context. Quality assurance in radiotherapy involves a process of
verification to ensure that each patient receives treatment as specif-
ically prescribed by their radiation oncologist. Currently, various
3D quality assurance systems that are compatible with MRI tech-
nology are in use today, including ArcCHECK-MR and Delta4-MR.
Additionally, PTW is introducing the OCTAVIUS 4D MR system.
This research presents a basic characterization of the OCTAVIUS
4D MR system and a comparative analysis of three MR-compatible
3D QA devices for IMRT Plan QA: ArcCHECK-MR, Delta4-MR, and
OCTAVIUS 4D MR with OCTAVIUS Detector (OD) 1500 MR.

Goal. The primary goal of this research was to evaluate the perfor-
mance of various 3D arrays for quality assurance in radiotherapy
within a 1.5 T MR-linac and to identify any limitations these devices
might have for patient-specific quality assurance. Before perform-
ing the patient quality assurance, a basic characterization of the
OCTAVIUS 4D MR with OD 1500 MR and OD 1600 MR detector
plates in a 1.5 T MR-linac was performed. 25 patients’ treatment
plans across different target sizes and locations were measured
and compared using ArcCHECK-MR, Delta4+ MR, and OCTAVIUS
4D MR with OD 1500 MR. A comparison of the standard clinical
plans and plans containing monitor units (MU) and position er-
rors was performed. The impact of device geometry on the results
was explored by analyzing the gamma percentage difference, mean
gamma index, and other metrics provided by the software.
Method. For the evaluation, gamma passrate and mean gamma
index were obtained by 3D global gamma comparison analysis
with 3%/3mm and 2%/2mm criteria. Nominal thresholds of 95% and
90%, respectively, were applied. For intentionally erroneous plans
additional metrics were collected such as dose difference (median,
mean) and distance to agreement where possible.

Results. The results of the basic characterization of the OD 1500
MR and OD 1600 MR 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), dose
rate dependency (< 0.8%), dose-per-pulse dependency (< 0.4%) and
angular dependency (standard deviation < 0.5%).

In the analysis of plans with deliberately introduced errors, the
Delta4+ MR showed higher variation in results, the ArcCHECK-MR
showed greater error sensitivity. All systems were able to identify
position errors that were out of tolerance level, however, bigger
targets were less sensitive to misplacements. The gamma test was
not particularly effective at detecting dose errors in any of the
systems in which it was used, especially underdose in small target
regions or highly modulated beams. The gamma test should be used
in combination with a dose assessment to identify these kinds of
inconsistencies.

Conclusions. The new MR compatible OCTAVIUS detectors and
the OCTAVIUS 4D Phantom MR are suitable for QA of patient

treatment plans in a 1.5T MRI-linac and for measurements with the
offset.

All devices demonstrated their capability to produce good re-
sults for standard clinical plans. However, minor misalignment
during the setup procedure could affect the accuracy of the analysis.
The limited resolution and density of the detectors can impact the
precision of results in plans with small high-dose regions. When
investigating plans with introduced errors, gamma comparison
analysis alone was revealed to be insufficient for MU error detec-
tion and should be combined with a dose assessment. Nevertheless,
all devices showed a worsening in results for plans with deliber-
ately introduced errors. The responses of the ArcCHECK-MR and
Delta4+ MR were more sensitive but also had larger uncertainty.

1 INTRODUCTION

The field of radiation has seen significant changes in the last ten
years. Developments in intensity-modulated radiation therapy (IMRT)
for accurate dose delivery, improved daily position verification, and
three-dimensional tumor visualization have made it easier to in-
crease local doses while reducing side effects in normal tissues.
Continued advancements have resulted in the evolution of cone-
beam computed tomography (CT) for lung stereotactic therapies
[57], the integration of implanted fiducial markers for image-guided
radiotherapy in prostate plans [14], and the application of mag-
netic resonance imaging (MRI)-guided brachytherapy for the cervix
[23, 45].

A significant achievement was reached through the collaboration
of the University Medical Center Utrecht, Elekta AB (Stockholm,
Sweden), and Philips (Best, The Netherlands), resulting in the de-
velopment of a linear accelerator (linac) integrated with magnetic
resonance imaging (MRI). This system allows for simultaneous
irradiation and precise real-time image guidance with soft-tissue
contrast for online therapy guidance in oncology [3, 24, 47]. How-
ever, the presence of the magnetic field affects secondary charged
particles, changing their trajectory perpendicular to their original
motion and influencing dose accuracy [46, 61]. This problem has
resulted in the development of novel approaches and tools for the
commissioning and quality assurance (QA) of MR-linac systems.

Quality assurance in radiotherapy involves a process of verifica-
tion to ensure that each patient receives their treatment as specif-
ically prescribed by their radiation oncologist [63]. A complete
evaluation, which includes comparing measured and calculated
dose distributions, must be performed in 3D space. Currently, var-
ious 3D quality assurance systems that are compatible with MRI
technology are in use today, including ArcCHECK-MR and Delta4-
MR. Additionally, PTW is introducing the MR-compatible Octavius
4D system, further expanding the options for MRI-compatible QA
in radiotherapy.



Previously, the conventional versions of Delta4 [9, 49, 50], Ar-
cCHECK [5, 19, 27, 52], and OCTAVIUS 4D, along with the OC-
TAVIUS Detector 1500 array, have been evaluated without a mag-
netic field [35, 56, 59, 60].

ArcCHECK-MR was the first MR-compatible QA system and has
undergone basic characterization in the presence of up to 1.5 T
magnetic field [20, 29]. The study showed a dependence on field
size with a maximum discrepancy of 2.7% for fields larger than 5 x 5
cm®. Following this, the Delta4+ MR was released and characterized
in magnetic fields of 0.35 T [15] and 1.5 T [13]. Observations indi-
cated an increase in measurement deviations as field size decreases,
with discrepancies up to 3% for fields smaller than 5x5 cm. The
performance characteristics of the OCTAVIUS Detector 1500 MR
have not yet been fully evaluated for all fundamental performance
characteristics except for the angular sensitivity with the older
phantom [37]. Hence, the results of these basic tests using the new
OCTAVIUS 4D MR are reported in this work.

Numerous studies have examined the comparison of conven-
tional devices [22, 30, 51, 55, 62], and there have been investigations
into the sensitivity of these devices to various errors that can arise
during calibration, issues with a linac, or phantom-related problems
[2, 6, 17, 54]. It has been demonstrated that variations in detector
resolution and interpolation techniques can lead to discrepancies
in the results.

Desai et al. [15] conducted a study on a comparison between MR-
compatible Delta4-MR and ArcCHECK-MR. Investigations showed
that under the more stringent 2%/2mm global gamma requirements,
the differences between the devices become more apparent. The
Delta4 Phantom+ MR has a strong correlation between its gamma
pass rates and a variety of plan complexity parameters. Meanwhile,
the ArcCHECK-MR’s performance at the 2%/2mm global gamma
level appears to be fairly independent of the complexity of the
radiation treatment plan.

PTW is introducing the OCTAVIUS 4D MR 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 systems are now
available for testing and implementation in MR-Linacs.

While drafting this report, the OCTAVIUS 4D MR is not yet
available on the market, but a prototype is accessible for evaluation.
Consequently, this paper presents a comparative analysis of three
MR-compatible 3D QA devices: ArcCHECK-MR, Delta4-MR, and
OCTAVIUS Detector 1500 MR with the OCTAVIUS 4D Phantom
MR. Analysis was made using the global gamma comparison anal-
ysis with 3%/3mm and 2%/2mm criteria for 25 patient treatment
plans with a range of target sizes (rectum, pancreas/liver, lungs,
prostate, and lymph nodes). Additionally, we introduce MU errors
and isocenter position errors to these plans, simulating MR-linac
issues and calibration inaccuracies.

2 BACKGROUND
2.1 Geometry comparison

Understanding how the unique characteristics of these devices,
such as geometry, detector type, resolution (Table 1), and software

algorithms, impact verification outcomes and quality of IMTR is
crucial for effective QA.

Systems with diodes instead of ionization chambers benefit from
smaller detectors, which enhance resolution and allow for finer
measurements in locations with varying dose distributions. The
tiny size of these detectors also allows for a closer arrangement,
which improves the detail recorded in measurements [8]. However,
diodes are prone to radiation-induced damage, and their results
can be influenced by changes in dose rate, dose per pulse at the
measuring location, and the energy spectrum of photon radiation
[16, 26]. On the other hand, the size of the detection volume for
ionization chambers cannot be less than the minimum required to
produce a sufficient signal [43, 56]. Moreover, the readings from
an ion chamber are affected by the averaging of signals across its
sensitive volume and the transportation of secondary electrons
through its walls, leading to the phenomenon known as the volume
averaging effect [18, 25].

The OCTAVIUS Detector 1500 2D array has all its measurement
points within a single 2D plane. The ArcCHECK® arranges its diode
detectors in a helical pattern around the exterior of a cylindrical
phantom. The Delta4 has diode detectors in two orthogonal planes
that form a cross-like structure when viewed in a transverse section
of its cylindrical phantom. This means that when evaluations are
based only on specific measurement points, there are volumes that
remain unmeasured. Consequently, there is a risk that the target or
organ at risk could be situated in these unmeasured areas, poten-
tially leading to an unnoticed overdose that exceeds the acceptable
tolerance levels. None of the dosimetry systems listed in table 1
are capable of capturing the full 3D dose distribution with high
resolution [8].

OD 1500 MR ArcCHECK-MR Deltad+ MR
Detector Type Ton. chambers SunPoint® Diode p-Si diodes
Detectors Arrangement Plane-parallel Helical Orthogonal planes
No. of Detectors 1405 1386 1069
Active Volume (area) 0.06cm® 8 X 8 mm? 1 % 0.05 mm?
Detector Spacing 7.1 mm c-to-c 1cm 5 mm - center

Max. Field Size 27x 27 cm®  Dia./Len.: 21 cm 20 x 20 cm®

Table 1: Main characteristics of three MR-compatible QA
devices.

2.2 3D dose reconstruction algorithm

To approximate the delivered dose in complete 3D, users must rely
on calculation algorithms integrated into the software of these sys-
tems. These algorithms enable the reconstruction of the full 3D
dose distribution inside the phantom and allow for the calculation
of doses at detector locations or in space, which are then compared
to the planned dose data. This approach offers a clear and straight-
forward clinical interpretation and serves as an effective tool for
IMRT QA measurements [8].



The dose reconstruction process within the entire volume of the
cylindrical ArcCHECK algorithm synchronizes the planned dose
with measurements from the ArcCHECK device to create a 3D dose
distribution within a phantom. It then adjusts the patient’s dose
calculated by the Treatment Planning System (TPS) based on the
ratio of this reconstructed dose to the TPS-calculated dose. The
ArcCHECK software SNC Patient was initially characterized [64]
and since 2011, the manufacturer has improved both the software
and hardware. It now includes angle dependency correction with
a virtual inclinometer, field size dependence correction, inhomo-
geneity correction, and big field measurement merging [11]. The
SNC Patient software enhances the accuracy of gamma calculations
(described later) by performing an automatic interpolation of the
calculated dose to a 1 mm grid. This approach is advised by TG-218
[36] to minimize gamma calculation errors which are dependent
on the local dose gradient, the distance between the dose points
being evaluated, and the DTA criterion. The guidelines note that
when the spacing between dose points is on par with the DTA
criterion, gamma calculation errors can be significant in regions
where the dose gradient is steep. It’s generally recommended that
the spacing is at most one-third of the DTA, which is the distance
criteria used in gamma calculations. A 1 mm grid spacing offers
a practical compromise between computational efficiency and the
precision of dose calculations, while also maintaining artifacts at
an acceptable level [31].

In the Delta4 ScandiDos software, 3D dose reconstruction is
conducted on a per-beam basis using the PDDs from treatment
planning system dose. For each beam, the software recalculates the
dose distribution in three-dimensional space by scaling it along a
series of ray lines. These lines extend from the radiation source to
each detector within the Delta4 device. The software assumes that
the dose along each ray line linearly correlates with the ratio of the
measured dose to the calculated dose at the detector. This process
is repeated for all beams, and their respective results are summed
to form the overall measured 3D dose distribution. In cases where
beams intersect both detector planes of the device, the software uses
only one of these planes for the dose-rescaling procedure [19, 50].
The algorithm limits the search to a distance twice as big as the
acceptance criteria of the spatial deviation.

The algorithms in the OCTAVIUS software VeriSoft® (PTW)
[4, 7] for dose reconstruction require percentage depth dose (PDD)
data in water for each beam energy used in the measurements.
Using the appropriate PDD for the effective field size, the soft-
ware reconstructs the dose plane along the beam path for each
gantry angle. The PDD data in water is then converted to PDD in
polystyrene using a relative electron density. The program com-
bines all measured and predicted dose locations from all gantry
angles to generate the phantom’s 3D dose distribution. These dose
values are then linearly interpolated to create a 3D dose grid, often
with a default resolution of 2.5 mm [42]. This stand-alone QA tool
is intended to measure dose distributions independently, without
relying on the dose grid computed by the TPS. The TPS data are
required only for the comparison with measurements [4].

These systems function as "black boxes" to the end-users, mean-
ing the users are not able to change the specific methods used,
such as the interpolation technique, the particular DTA (distance
to agreement) search algorithm employed, or the total number of

voxels evaluated for a given threshold. Several studies have been
conducted to compare different devices, taking into account their
varying geometries and software algorithms [21, 22, 51, 53, 62].

2.3 Comparison analysis

Although the software mentioned earlier has a variety of metrics to
compare measured and calculated doses, they all share the gamma
comparison analysis as a common metric.

The gamma index evaluation has become a standard method for
comparing measured dose distribution against the dose distribu-
tion predicted by commercial treatment planning systems (TPS). It
combines dose difference DD(re, 1) (Equations 1) and distance to
agreement DTA(Te, 1) (Equations 2) to calculate a dimensionless
metric for each point in the evaluated distribution. r, and r, repre-
sent specific points derived from the evaluated dose distribution
and the reference distribution, respectively [32], [28].

The dose difference, §(re, 1y), is calculated as

(re, 1r) = D(re) = D(¥7), 1)

and the spatial distance as

r(fe, 17) = |fp — 17 . (2
The generalized I' function is defined as
. - 82(fe, 1r)  |fe — 7|2
T'(re, 1) = \/ + R 3
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where AD and Ad are the acceptance criteria for DD and DTA,

respectively.
The gamma index is defined as

y () = min{T (e, F7) }V(Te) ©)

If the y < 1, then the evaluated distribution at that specific point
is within tolerance. The percentage of points within any given
structure that is accepted based on this criterion is evaluated by
the gamma passing rate (GPR) [58].

While gamma analysis is a common tool in clinical settings, some
studies have expressed doubts about its effectiveness in detecting
planning or machine errors [30, 39, 54, 64]. It has been shown that
even when deliberate errors are introduced, the gamma analysis
pass rate can exceed 90%. Despite its limitations, the gamma metric
remains the gold standard in patient-specific quality assurance
(PSQA), providing quick analysis in busy clinics and influencing
decision-making. Therefore, understanding the impact of gamma
analysis in different technical setups is important [42].

In our investigation, the software for each device includes a
gamma analysis tool. This tool gives the results in terms of GPR,
mean gamma index, maximum gamma index, and maximum DD.
VeriSoft software has a 3D gamma calculation algorithm that allows
for planar comparisons on a plane-by-plane basis, while also con-
sidering adjacent planes. Its primary advantage lies in its capability
to perform 3D volumetric analysis. In this approach, traditional
two-dimensional pixels are substituted with voxels, facilitating the
assessment of the entire volumetric dose distribution within the
phantom. Several studies have explored the comparison between
3D and 3D volumetric analysis [42, 48] in the VeriSoft software.
These studies indicate that the gamma pass rate tends to be higher



in volumetric analysis due to the significant greater set of informa-
tion.

SNC Patient software provides gamma comparison analysis in
‘relative’ and “absolute’ dose modes. Additionally, it provides other
metrics like the DTA, available in both modes or the dose difference
(DD) between calculated and measured datasets at the normaliza-
tion point, which is typically the point of maximum dose. ScandiDos
provides a 3D gamma pass rate, along with DTA and DD metrics,
which also show the median dose difference.

3 MATERIALS AND METHODS

3.1 Basic dosimetric characteristics of the
OCTAVIUS 4D MR system

The fundamental characteristics of the detector response for the
OD 1500 MR and OD 1600 MR were investigated when used in the
OCTAVIUS 4D Phantom MR. Characteristics examined included
short-term reproducibility, dose linearity, field size dependency, MU
rate dependency, dose-per-pulse dependency, and angular depen-
dency. The evaluation of OD 1500 MR also involved measuring 25
clinical treatment plans across diverse target sizes and anatomical
sites. The capability of the OCTAVIUS 4D MR system 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 OCTAVIUS 4D MR isocenter 5 cm to the left.
The OD 1600 MR was not available for these measurements.

3.2 Treatment planning procedure

For this study, we selected twenty-five patient plans who received
IMRT MRgRT treatment at our institute and underwent QA with
Delta4-MR. The selection of patients was made to ensure diverse
sizes of different anatomical sites and positions. We included five
patients for each of the following sites: rectum, pancreas/liver, lungs,
prostate, and lymph nodes.

To verify the consistency of results over time, one prostate pa-
tient was selected for a repeated QA session using Delta4-MR. This
step was taken to compare current findings with those from several
years ago, ensuring the older data could be reliably used for this
comparison analysis.

All patients plans included in the study underwent QA proce-
dures with the OCTAVIUS 4D MR and ArcCHECK-MR. Treatment
plans were made with the Monaco treatment planning system. Be-
fore employing the OCTAVIUS 4D MR and OD 1500 MR MR for
patient QA, these devices underwent fundamental characterization
tests. All measurements were conducted with the 1.5 T Elekta Unity
MR-linac.

The phantoms’ sensitivity for detecting errors was evaluated
by comparing the measured plans against intentionally erroneous
plans from the Monaco treatment planning system. These errors
were deliberately introduced within the devices’ software. MU (mon-
itor unit) errors simulating potential calibration problems were
made by modifying the scaling factor. These introduced errors in
the TPS plans were varied at levels of +10%, +5%, +3%, -3%, -5%, and
-10% compared to the original plans. Position errors were simulated
by modifying the isocenter position by 1 mm in the software. The
technique used here is a simple simulation of errors to validate the
measurement devices.

3.3 SunNuclear ArcCHECK®-MR

The ArcCHECK-MR (Sun Nuclear Corporation, Melbourne, USA)
and its accompanying components, including cabling, stand, and
accessories, are compatible with magnetic resonance (MR) environ-
ments up to 1.5 T. This device has 1386 SunPoint® Diode Detectors,
each with an active area of 0.64mm?. Structurally, it is designed
as a cylinder with an array measuring 21 centimeters in length
and diameter. The detectors within the ArcCHECK-MR are spaced
1 cm center-to-center and are capable of measuring the exit and
entrance doses during the delivery of radiation. The physical depth
of each detector is 2.9 centimeters. The phantom material used in
the construction of the ArcCHECK-MR is PMMA (Acrylic). The
associated software SNC Patient (version 8.4.1.2) was used for the
comparison and visualization. The standard analysis operates in 2D
mode, and the software doesn’t allow for direct modification to 3D
mode. The switch to 3D mode was activated through supplementary
files located in the SNC Patient folder.

3.4 Scandidos Delta4 Phantom+ MR

The Delta4 Phantom+ MR (Scandidos, Uppsala, Sweden) consists
of two planar detector boards, which are arranged orthogonally in
a crossed array formation. These boards are equipped with 1069
p-type silicon diodes, serving as the radiation detection elements. In
the high-resolution central area, these diodes are positioned 5 mm
apart, while in other regions, they are spaced 1 cm apart. The high-
resolution zone of each board has an area of 6 cm x 6 cm, whereas
the total area covered by the detector plane is 20 cm x 20 cm. The
phantom itself is cylindrical 22 cm in diameter and 40 cm in length.
It is made of PMMA. The associated software ScandiDos Delta4
(version 1.00.0240) was used for the comparison and visualization.

3.5 OCTAVIUS Detector 1500 MR array in the
cylindrical OCTAVIUS 4D Phantom MR

The OD 1500 MR array (PTW, Freiburg, Germany) consists of 1405
cubic air-filled ion chambers arranged in a plane-parallel configura-
tion, forming a vented chessboard matrix pattern on a 27 x 27 cm?
grid. Each 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 associ-
ated software VeriSoft (version 8.1.1.0) was used for the comparison
and visualization.

3.6 Setup

All devices were calibrated according to the calibration procedure
described in the relevant manual. All phantoms were positioned
using laser alignment, and the calibtation beams were delivered.
Position optimization was employed for a box plan and integrated
into the Delta4+ MR measurement results. The plans measured
with OCTAVIUS 4D MR underwent automatic alignment per the
calculated-measured pair. For ArcCHECK-MR, no further align-
ments were conducted.



The results for plans with deliberately introduced errors were
collected without OCTAVIUS 4D MR automatic alignment since
this tool may compromise the device’s ability to identify errors and
is typically used for calibration beam measurements or ’box’ plan
in clinical situations.

3.7 Comparison study

The measured data were compared to reference data with a global
gamma comparison analysis, using criteria of 3%/3mm and 2%/2mm.
The Gamma Passing Rate (GPR) data were collected, with nominal
values of 95% for the 3%/3mm criterion and 90% for the 2%/2mm
criterion, respectively [36, 41? ]. A low-dose threshold of 10% was
applied for the analysis. The differences between the mean gamma
indices for plans with deliberately introduced errors and standard
plans were calculated and then averaged for each patient’s anatom-
ical group.

3.8 Median and mean dose difference in
ArcCHECK-MR and Delta4+ MR

To determine the behavior of different metrics for plans with com-
plicated error cases, such as lymph node plans with small target size,
DD (Dose Difference), DTA, and mean DD metrics were used for the
Delta4+ MR. In the ArcCHECK-MR software, the additional metric
of DD at the normalization point and mean DD were collected.

4 RESULTS
4.1 Basic dosimetric characteristics of the
OCTAVIUS 4D MR system

The comprehensive results from the foundational analysis of the
OCTAVIUS 4D MR were detailed in a separate manuscript, which is
currently undergoing the publication process. This section presents
the key findings from the basic tests on detectors, essential for
subsequent analyses.

The results demonstrated no significant differences in short-term
reproducibility (< 0.2%), dose linearity (< 1%), MU rate dependency
(< 0.8%), dose-per-pulse dependency (< 0.4%) and angular depen-
dency (standard deviation < 0.5%). 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.

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. For smaller fields, the OD 1500 MR tends to underestimate
the relative output factors (< 4.1%) 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
[1, 10, 33, 34, 44, 56, 60].

The detector demonstrated the capacity to measure treatment
plans with a 5 cm offset. The results of the plan QA of the standard
clinical plans are described in the following section.

4.2 Plan QA of standard clinical plans with
three 3D’ QA phantoms

Figure 1 illustrates the mean GPR for the 3%/3mm criteria across
three QA devices. All plans measured with the Delta4+ MR and the
OCTAVIUS Detector 1500 MR met the standard threshold of 95%.
Increased sensitivity was observed when using the stricter criteria
of 2%/2mm with a 90% nominal threshold, maintaining the same
trend (figure 2).

For one patient, the historic Delta4+ MR QA measurement was
repeated to verify the consistency of the results. The newly mea-
sured plan showed a GPR of 98.9%, a DTA of 99.2%, and a mean
gamma index of 0.31. These numbers align closely with the earlier
results, which recorded a GPR of 98.7%, a DTA of 98.8%, and a mean
gamma index of 0.22. The remaining results for the Delta4+ MR
were derived from data collected in previous years.

Rectum plans measured with the ArcCHECK-MR demonstrate
relatively low results with both types of criterion. The results of
gamma comparison analysis with 3%/3mm and the number of beams
and segments used to deliver the plan are shown in table 2. In cases
where the plans have lower results, an underdose in the high-dose
regions was identified (figure 3). The Spearman correlation revealed
a strong negative correlation between the results and the number
of segments (tables 5, 6).

Patient Beams Segments GPD (3%/3mm) GPD (2%/2mm)

1 5 48 100 98.8
2 9 69 96.6 94.7
3 5 49 99.9 99.1
4 9 69 91.9 86.1
5 5 50 98.4 93.4

Table 2: The gamma comparison analysis results for rectum
plans, using 3%/3mm and 2%/2mm criteria. The plans were
measured with the ArcCHECK-MR. The table details the
number of beams and segments used in each plan.

Position optimization was applied to the OCTAVIUS Detector
1500 MR, including manual optimization for an individual lymph
node plan with a small target region and an offset. The automatic
optimization did not improve the result. Without optimization, the
GPR was 86.6% for the 2%/2mm criterion. The dose profile (fig. 4)
revealed that the detector plate had insufficient resolution for such
small field sizes.

4.3 MU errors

The results of the gamma comparison analyses are shown in tables
7, 8. The gamma test was not particularly effective at detecting
dose errors in any of the systems in which it was used, especially
underdoses in small target regions or highly modulated beams.
None of the phantoms were able to detect these errors in plans with
small target sizes when using 95% and 90% thresholds. Fig. 5 shows
the results for pancreas/liver plans with 3%/3mm criteria, which also
demonstrates the typical pattern of the device response. ArcCHECK-
MR has greater sensitivity, as shown by decreasing mean GPR and
consistent standard deviation. In comparison, Delta4+ MR shows
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Figure 1: The mean GPR and STD per anatomical site with
3%/3mm criterion and 10% low dose threshold for OCTAVIUS
4D MR, Delta4+ MR, and ArcCHECK-MR. The results are
presented as arithmetic averages for each patient group. The
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Figure 2: The mean GPR and STD per anatomical site with
2%/2mm criterion and 10% low dose threshold for OCTAVIUS
4D MR, Delta4-MR, and ArcCHECK-MR. The results are pre-
sented as arithmetic averages for each patient group. The
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Figure 3: Results of the gamma comparison analysis
with 3%/3mm criterion for a rectum plan measured using
ArcCHECK-MR. The blue and orange data points delineate
the underdose and overdose regions, respectively. The darker
the area, the greater the dose it represents.

S of Nommomarion Vake A 111S8McGY /B KRZIO Gy

104

Figure 4: A left-right dose profile for one lymph node plan
measured with OCTAVIUS Detector 1500 MR. The orange
line shows the planned dose and the blue line shows the
measured dose.
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Figure 5: The average GPR for pancreas/liver plans with MU
errors across three devices. 3%/3mm criterion was used for
the evaluation. The nominal value of 95% is shown. The graph
shows an example of a complicated case with a small anatom-
ical region.

less certain results with a higher standard deviation. The GPR
calculated in OCTAVIUS 4D MR VeriSoft decreases gradually with
a small deviation.

The changes in mean gamma indices between the plans with
deliberately introduced errors and standard plans are shown in
table 9. Fig. 6 shows the gamma indices changes for pancreas/liver
plans with 3%/3mm criterion. Delta4+ MR demonstrates a higher
standard deviation across all anatomical sites and higher mean
gamma index changes for plans containing MU errors.

The devices show a weaker response in cases involving posi-
tive reference data rescaling (underdose) compared to those with
negative rescaling (overdose) due to .
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Figure 6: Changes in mean gamma indices between pan-
creas/liver plans with deliberately introduced MU error and
standard plans. The gamma analysis was performed with the
3%/3mm criterion. The results are presented as arithmetic
averages for the pancreas/liver group.
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Figure 7: The percentage of points meeting the 3% DD crite-
rion for rectum and pancreas/liver groups for Deltad+ MR.
The results are presented as arithmetic averages per anatom-
ical site.

4.3.1 Delta4+ MR dose difference. Within the Delta4+ MR Scandi-
Dos software, DD and median DD were collected. DD shows the
percentage of points that are within the DD criterion. This met-
ric demonstrated a significant response and its sensitivity varies
according to the target size. With larger targets, the metric re-
sponds similarly to overdose and underdose conditions. However,
for smaller targets, when the TPS indicates a positive error (un-
derdose), the result is less sensitive than in cases of overdose (fig.
7).

The median DD metric demonstrated a linear correlation with
the introduced error magnitude, as shown in fig. 8. A linear re-
gression model was fitted to each set of results by the anatomical
site (table 3). For plans without deliberately introduced errors the
median dose difference deviated from ’perfect’ due to the gradient
(penumbra) regions, where the dose agreement is never ideal.

The lymph node plans have a higher standard deviation com-
pared to the other anatomical sites. The example of the gamma
comparison analysis with 3%/3mm for a lymph node plan is shown
in fig. 9. The yellow area of the dose difference histogram shows
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Figure 8: The median dose difference (%) for plans with de-
liberately introduced MU errors. The results are presented
as arithmetic averages per anatomical site. The plans were
measured with Delta+ MR.

Anatomical site  R?  Slope Intercept

Rectum 0.999 0.44 0.19
Pancreas/liver 0.999 031 0.44
Lungs 0.999 0.33 0.78
Prostate 0.995 0.56 0.21
Lymph nodes 0.999 0.34 0.07

Table 3: Median DD approximation as a linear function of
the MU error magnitude for Deltad-MR.

multiple spots that exceed the tolerance zone, which is clearly
shown on the detector plates. Although the underdose occurs in a
high-dose region, the GPD remains at 92.2% (3%/3mm criterion).

4.3.2  ArcCHECK-MR dose difference. Within the ArcCHECK-MR
SNC Patient software, mean DD and DD between the points receiv-
ing the highest dose were collected. The mean dose difference (%)
for plans with deliberately introduced MU errors is shown in fig.
10. The mean DD increases relative to the magnitude of errors. In
the case of larger targets such as the rectum and prostate, standard
plans have lower mean DD, which grows more rapidly for plans
with errors. Lymph node plans have higher initial values but show
less dramatic rises.

The percentage difference between the points receiving the high-
est dose for the ArcCHECK-MR is shown in fig. 11. A linear regres-
sion model was fitted to each set of results by the anatomical site

(table 4).

4.4 Position errors

The results of the gamma comparison analysis are shown in tables
10, 11. All devices successfully identified positional errors in lung
plans. While detection in pancreas/liver plans was slightly less
accurate, it was still within acceptable limits. Lymph node errors
were also detected by ArcCHECK-MR and Delta4-MR, though the
MR-Octavius 4D presented poorer performance. For the prostate
and rectum plans, which had a larger size compared to others
in this study, positional errors went undetected with Delta4-MR.
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Figure 11: The percentage dose difference between the points
receiving the highest dose for plans with deliberately intro-
duced MU errors. The results are presented as arithmetic
averages per anatomical site. The plans were measured with
ArcCHECK-MR.

Figure 9: The example of the Lymph node plan measured
with the Deltad+ MR where the TPS plan was ’positively’
rescaled by 10%. Accompanying this are the DD, DTA, GPD,
and median DD metrics with their respective histograms.
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Figure 10: The mean DD (%) for plans with deliberately in-
troduced MU errors. The results are presented as arithmetic
averages per anatomical site. The plans were measured with
ArcCHECK-MR.

Furthermore, Delta4-MR had the poorest performance for the larger
rectum plans, in which all devices struggled to identify shifts (fig.
12).

Overall, ArcCHECK-MR demonstrated the greatest sensitivity
to positional shifts under the described conditions. Delta4+ MR had
difficulties with larger anatomical sites, whereas Octavius 1500MR
exhibited the weakest performance for small target sizes.

The changes in mean gamma indices between the plans with
deliberately introduced errors and standard plans are shown in table
12. Fig. 13 shows the gamma indices changes for rectum plans with
3%/3mm criterion. Delta4+ MR and ArcCHECK-MR demonstrate a

Anatomical site R?  Slope Intercept
Rectum 0.994 0.99 -1.6
Pancreas/liver 0.996 0.988 -1.46
Lungs 0.991 0.983 -0.62
Prostate 0.996 0.998 -0.42
Lymph nodes 0.996 0.998 -0.59

Table 4: Linear regression approximating dose difference at
the points receiving the highest dose as a function of the MU
error magnitude for ArcCHECK-MR.
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Figure 12: The mean GPR for rectum plans with positional
errors across three devices. 3%/3mm criterion was used for
the evaluation. The nominal value of 95% is shown. The graph
shows an example of a complicated case with a big anatomical
region.

high standard deviation across all anatomical sites. ArcCHECK-MR
also shows a higher mean gamma index and GPD changes for plans
containing position errors.
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Figure 13: Changes in mean gamma indices between rectum
plans with deliberately introduced position error and stan-
dard plans. The gamma analysis was performed with the
3%/3mm criterion. The results are presented as arithmetic
averages for the rectum group.
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Figure 14: The mean GPR and distance to agreement (DTA)
for rectum plans with positional errors for Delta4-MR.
3%/3mm and 2%/2mm criteria were used for the evaluation.
The nominal values of 95% and 90% are shown.

4.4.1 Delta4+ MR - distance to agreement. The Delta4+ MR Scan-
diDos software included DTA metric, which can be valuable for
detecting positional errors.

The sensitivity of the DTA and GPD metrics within the Delta4+
MR system was analyzed. Data was collected for rectum plans,
which proved to be the most difficult in terms of identifying errors.
The same nominal thresholds of 95% and 90% were used. The results
are illustrated on the figure 14. The performance of both metrics -
DTA and GPD - was similar across both types of criteria, and the
DTA outcomes were close to those of the GPD. However, the mean
values for GPD, when employing the 2%/2mm criterion, were lower
compared to those for DTA.

4.4.2 ArcCHECK-MR - distance to agreement. The ArcCHECK-MR
SNC Patient software allows for DTA comparison with two modes
‘relative dose’ (RD) and ’absolute dose’ (AD). In Figure 15, the DTA
metrics using both 2%/2mm and 3%/3mm criteria for rectum plans
were compared to the GPD metric. The results indicated that the
mean value for DTA AD is lower compared to RD. However, the RD
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Figure 15: The mean distance to agreement (DTA) in ’relative
dose’ mode (RD) and ’absolute dose’ mode (AD) for rectum
plans with positional errors for ArcCHECK-MR. 3%/3mm and
2%/2mm criteria were used for the evaluation. The nominal
values of 95% and 90% are shown.
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Figure 16: The mean DTA RD for different anatomical
sites with positional errors. The results are shown for the
ArcCHECK-MR. The 3%/3mm criterion was used for the eval-
uation.

mode may be more effective for identifying position errors since
dose changes had less impact. The results also showed that DTA
was more sensitive to position changes than GPD. The DTA RD
metric was applied to all other anatomical sites and showed strong
capabilities in detecting positional errors when using the 95% and
90% nominal thresholds. The results for the 3%/3mm criterion are
shown in fig. 16.

5 DISCUSSION

In this manuscript, the comparison between three QA MR-compatible
devices was described. The comparison was based on 25 measured
patients’ plans and plans containing MU and position error. Before
measuring clinical treatment plans, the basic characterization tests
of the combination of the OCTAVIUS 4D Phantom MR and the
OCTAVIUS Detector 1500 MR chamber array was performed.



The primary difference between the three devices is that the
ArcCHECK-MR is designed to measure doses at the beam’s entry
and exit, with linear interpolation used to assess the center area. In
contrast, the Delta4+ MR and OCTAVIUS 4D MR are designed to
measure the center region of the phantom, which is often where the
target area is located. However, issues may arise with these devices
when the target is located in an area not covered by the detector.
This is one of the limitations of the Delta4+ MR because the gamma
analysis is performed only for the detectors. This means that in
some cases the user should rely on the measurements obtained
at the detectors region rather than on the target area data. This
problem is especially noticeable for MRI settings because of the
fixed table position, which requires the user to move the phantom
itself in order to match the phantom isocenter with the target region.
Volumetric analysis in OCTAVIUS 4D MR allows the estimation
of all measured dose inside the phantom which makes the device
potentially more suitable for such cases. In such situations, the
ArcCHECK-MR might be also more effective since the position of
the target area does not affect its use.

A critical challenge in evaluating results is the setup process.
UMC Utrecht uses lasers in the MR linac room to place the phantom
at the isocenter. While this method of alignment is used, it may
not be exact, with errors as small as half a millimeter influencing
the results. In this institution, the Delta4+ MR system is used for
patient QA, and the typical approach is to apply position optimiza-
tion to the ’box’ plan, and then use the recommended position for
clinical plans measured with this setup. A similar method might
be used with the OCTAVIUS 4D MR, although in this case, posi-
tion optimization was done individually for each plan group after
the measurements. The ArcCHECK-MR system also has a position
optimization tool, however it was not available in our analysis,
which indicates any inconsistencies in the results might be due to
the misalignment. Relevant observations were found with rectum
plans measured using ArcCHECK-MR, where two out of five plans
used more beams and segments for delivery and showed lower
GPR. An underdose was detected between 160 and 220 degrees,
where the beam passes through the table and phantom platform,
and especially their edges. The Elekta Unity QA platform used
with the ArcCHECK-MR, with an electron density of 1.22, has
the potential to significantly contribute to attenuation. Minor mis-
alignments, which are more visible in rectum plans because of the
greater number of beams going through the bottom of the phantom,
where attenuation effects are more evident, might be a contributing
factor. Misalignment was also noticeable in the lymph node plan,
which had a small high-dose region with the target offset. When
not compensated for the position, both ArcCHECK-MR and OD
1500 MR performed poorly under the more strict criterion. Other
factors, however, might also have a role, and a more efficient tech-
nique would be to have the same initial alignment of phantoms to
avoid these impacts. An important aspect is that alignment should
demonstrate the optimal correspondence between the planned and
measured doses, which means any inaccuracies may have gone
undetected. Typically, this tool is used in clinic for ’box’ plan or
calibration beam measurements, rather than for patient treatment
plans.

The main limitation of the OD 1500 MR is its resolution, which,
when combined with the linear interpolation algorithm, might

result in overly smoothed 3D dose reconstructions. This problem is
particularly visible in the overlays of line profiles [12].

The analysis of plans with MU errors, which simulate dose cal-
ibration errors, demonstrated that, under certain conditions, the
global gamma percentage difference with a 10%-low dose thresh-
old may not reliably detect dose inaccuracies. Other studies also
highlighted the limitations of the analysis in identifying dose errors
[38, 40, 54]. In terms of mean gamma indices, all devices demon-
strated sensitivity, with gamma indices increasing with the increas-
ing error magnitude. The dose difference, a key component of the
gamma index equation, is calculated with respect to the normaliza-
tion point, which was normally the location receiving the highest
dose. When the low-dose zone is large, more low-dose points may
pass through the analysis. Furthermore, within low-dose regions,
points with significant dose differences but low DTA can provide
acceptable gamma values. This could hide dose errors in small tar-
gets due to the large low-dose area and additional metrics should
be used to identify inaccuracy in the target area and organs at risk.
On the other hand, plans with larger targets show more sensitivity
to dose changes because of the big high-dose region. The median
dose difference and the dose difference at the points of highest dose,
collected respectively from the Delta4+ MR and ArcCHECK-MR
software, also demonstrated a linear response to the magnitude
of errors. Here the impact of the normalization point is more vis-
ible demonstrating that a 10% dose adjustment usually leads to
mean and median values ranging from 4% to 6%. This happened
because the dose was adjusted locally but compared globally. For
instance, if the lowest and highest dose points initially received 1
cGy and 50 cGy, and were rescaled by 10%, the new doses were 1.1
cGy and 55 cGy. However, if the normalization is performed to the
highest dose, the increase at the low dose point appears minimal,
only 0.2%, while at the high dose point, the increase is the full 10%.
This discrepancy is shown by the near match of our findings to the
scale of our adjustments when the focus is on the dose difference
at the highest point. Additional metric for the OCTAVIUS 4D MR
that were not considered in this study could be local percentage
dose difference. This metric provides information on a slice-by-slice
basis, indicating areas of discrepancy.

When investigating plans with introduced position errors, gamma
comparison analysis alone was revealed to be insufficient for bigger
analomical sites such as rectum. However, all devices responded to
the isocenter shifts, and the average mean gamma index increased
following the magnitude of errors. Smaller anatomical sites were
more sensitive to position changes, and bigger sites were less sensi-
tive due to their big high-dose region. DTA is another metric that is
designed to detect positional errors. According to the Delta4 man-
ual, this metric is particularly effective in high-gradient regions, but
its effectiveness is reduced in low-dose gradients. When analyzing
Delta4+ MR rectum plans, which included bigger anatomical sites,
both GPR and DTA produced similar results in terms of the min-
imum identified error. ArcCHECK DTA in RD mode successfully
identified all mistakes that exceeded the tolerance criteria since
this metric was less influenced by dose differences.

In reviewing the performance of several devices when consider-
ing different error scenarios in this investigation, it was noticeable
that the OD 1500 MR had a significantly gradual response than
other comparable devices, meaning that the mean GPR decreased



steady with small standard deviations. The ArcCHECK-MR fre-
quently showed a more significant change in the GPR, whereas
the Delta4+ MR had a broad range of results and a high standard
deviation. These discrepancies could be related to differences in
devices’ geometries and the space where gamma comparison anal-
ysis was performed. The Delta4+ MR showed gamma calculation
on two planes where its detectors were located. The algorithm cal-
culated the gamma index for all detectors and limited the search
to a distance twice as big as the acceptance criteria. ArcCHECK
SNC Patient measured gamma within the detector cylinder surface.
The OCTAVIUS 4D considered 3D gamma analysis for every slice
and allowed for the volumetric gamma analysis which is statisti-
cal overview of the 3D gamma calculation. This method produced
more accurate data by including extra points and taking into ac-
count all slices inside the phantom. As a consequence, the voxels
might ’pass’ the volumetric test but 'fail’ the gamma analysis on
the other devices. This scenario could be reduced to the fact that
for ArcCHECK-MR and Delta4+ MR, the 3D gamma calculation
was performed for points from 2D planes where the detectors were
located, while for the OCTAVIUS 4D MR, points from 3D space
were used. While it was expected that this would improve the analy-
sis’s efficiency, there were also more ’noisy’ voxels involved, which
caused the results to change more gradually for deliberate erro-
neous plans. Besides, another drawback of this algorithm was a
significant increase in the amount of data that might result in more
complex information organization and computational complexity.
As a result, the analytical process took longer to complete.

It should be emphasized as well that the discrepancy between
ArcCHECK-MR and other devices might be because ArcCHECK-MR
compared wholly different dose map. Delta4+ MR and OCTAVIUS
4D MR measured the dose in the central area, whereas ArcCHECK-
MR used diodes placed in a helical pattern to create a separate
plane for evaluation. This suggests that the high-dose region may
appear differently on the cylinder surface, which was demonstrated
in this study to enhance sensitivity in specific circumstances like
positioning shift.

The study also contained several limitations by design. First,
the simulations might not represent the actual inconsistencies that
occur during clinical procedures. The simulated MU errors were
designed to mimic potential calibration issues that result in an over-
dose or underdose with respect to a plan. The simulated positional
errors were meant to mimic possible misalignments, however, this
study did not account for the fact that any variation in the phan-
tom’s position would also have affected the 3D dose reconstruc-
tion. Furthermore, the study only investigated a limited number
of metrics. One could investigate a wider array of potential incon-
sistencies in IMRT QA such as realistic MLC positioning errors,
missed segments, asymmetric beams etc. A broader range of plans
across different anatomical groups could be explored to gain a more
comprehensive understanding.

6 CONCLUSION

The new MR compatible OCTAVIUS detectors and the OCTAVIUS
4D Phantom MR are suitable for QA of patient treatment plans in a
1.5T MRI-linac and for measurements with the offset.

All devices demonstrated their capability to produce good re-
sults for standard clinical plans. However, minor misalignment
during the setup procedure could affect the accuracy of the analysis.
The limited resolution and density of the detectors can impact the
precision of results in plans with small high-dose regions.

When investigating plans with introduced errors, gamma com-
parison analysis alone was revealed to be insufficient for MU error
detection and should be combined with a dose assessment. Never-
theless, all devices showed a worsening in results for plans with
deliberately introduced errors. The responses of the ArcCHECK-MR
and Delta4+ MR were more sensitive but also had larger uncertainty.

The geometry of the devices can affect the results. The gamma
calculation for ArcCHECK-MR and Delta4+ MR is performed for
the diodes location, while OCTAVIUS 4D MR measurements cover
a more extensive area of space. Additionally, the measurement
surface can cause discrepancies in the results.
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A APPENDIX



Anatomical site

Rectum
Pancreas
Lungs
Prostate
Lymph Nodes
All plans

Beams
Corr. P-Value
-0.866 0.058
-0.949 0.051

0.447 0.450
nan nan
-0.577 0.308
-0.489 0.015

ArcCHECK-MR 3%/3mm

Segments

Corr. P-Value
-0.975 0.005
-0.800 0.200
-0.410 0.493

0.132 0.833
-0.616 0.269
-0.152 0.478

Octavius 1500MR 3%/3mm

Deltad+ MR 3%/3mm

Beams Segments Beams Segments
Corr. P-Value Corr. P-Value Corr. P-Value Corr. P-Value
0.000 1.000 0.205 0.741 0.889 0.044 0.684 0.203
0.316 0.684 0.600 0.400 -0.707 0.293 -0.894 0.106
0.057 0.927 0.526 0.362 0.884 0.047 0.216 0.727
nan nan -0.821 0.089 nan nan -0.947 0.014
0.289 0.638 -0.051 0.935 -0.612 0.272  -0.725 0.165
0.474 0.019 -0.300 0.154 0.182 0.381 -0.417 0.043

Table 5: The results from the Spearman correlation analysis for the ArcCHECK-MR, Delta4+ MR, and Octavius 1500MR. P-values
below 0.05 show a statistically significant correlation between the GPD with 3%/3mm criterion and the amount of beams and

segments.

Anatomical site

Rectum
Pancreas
Lungs
Prostate
Lymph Nodes
All plans

Beams
Corr. P-Value
-0.577 0.308
-0.632 0.368

0.783 0.118
nan nan
-0.289 0.638
-0.528 0.008

ArcCHECK-MR 2%/2mm

Segments
Corr. P-Value
-0.718 0.172
-0.400 0.600

0.103 0.870
0.205 0.741
-0.462 0.434
0.021 0.923

Octavius 1500MR 2%/2mm

Deltad+ MR 2%/2mm

Beams Segments Beams Segments
Corr. P-Value Corr. P-Value Corr. P-Value Corr. P-Value
-0.866 0.058 -0.975 0.005 0.866 0.058 0.564 0.322
-0.316 0.684 0.000 1.000 -0.316 0.684 -0.400 0.600
-0.224 0.718 0.564 0.322 0.630 0.254 0.526 0.362

nan nan -0.921 0.026 nan nan -0.948 0.014
0.289 0.638 -0.051 0.935 -0.296 0.628 -0.500 0.391
0.257 0.225 -0.404 0.050 0.009 0.968 -0.236 0.266

Table 6: The results from the Spearman correlation analysis for the ArcCHECK-MR, Deltad+ MR, and Octavius 1500MR. P-values
below 0.05 show a statistically significant correlation between the GPD with 2%/2mm criterion and the amount of beams and

segments.

+10% +5% +3% Normal -3% -5% -10%
Rectum
ArcCHECK-MR 63.2+36 839+50 915%+47 974+£3.0 989+t14 96.6+2.6 735+6.4
Deltad-MR 66.4+16.6 82.3+15.8 89.7+109 99.6+04 974+23 861+7.0 51.8+152
Octavius 1500MR 68.8 £6.9 86.4+50 947+29 988+04 942+19 861+12 685%25
Pancreas/liver
ArcCHECK-MR 91.0+£3.1 97.3+£20 980x15 983+£08 964+28 94.1+40 83.6+6.9
Deltad-MR 93.0+43 97.8+23 994+08 999%+0.2 99.0+£0.8 96.6+2.7 825+£10.6
Octavius 1500MR 94.0+15 984+0.8 99.1+05 99.2+0.2 983+0.6 968+1.1 89.1+25
Lungs
ArcCHECK-MR 855+£54 94.1+25 962+18 97.7+18 97.3+1.2 944+26 815+39
Delta4-MR 90.8 +10.2 98.6+2.2 99.7+04 99.7+03 971+23 921+55 728+16.4
Octavius 1500MR 92.8+£29 98.7+0.2 994+0.2 99.2+03 972+14 945+24 824+6.1
Prostate
ArcCHECK-MR 79.0+15 93.0+£25 972+12 99.4+£04 994+0.6 98.2+08 853%5.6
Deltad-MR 73.0+119 78.1+9.8 89.8+59 994+05 955+18 815+7.6 60.7+13.1
Octavius 1500MR 89.4+15 97.1+0.6 98.8+0.2 97.8+0.5 921+20 857+33 68.6+44
Lymph node
ArcCHECK-MR 879+71 946+35 96425 98115 98019 97.0+1.8 87.7+4.1
Delta4-MR 93.6+57 99.0+09 995+06 999%+03 999+0.2 99.1+13 883+£7.0
Octavius 1500MR 95.0+25 985+09 99.0+0.8 988+1.0 97.6%+13 957+20 86.2+6.3

Table 7: Gamma percentage difference with standard deviation for clinical plans with MU errors.

The analysis was performed

with the 3%/3mm criterion. The results are presented as arithmetic averages per anatomical site.



+10% +5% +3% Normal -3% -5% -10%

Rectum

ArcCHECK-MR 520+39 709+53 824+64 944+47 963+24 893+55 599+64
Delta4-MR 49.2 £16.2 72.7 £ 16.6 82.0+15.0 96.3+3.5 89.3+6.8 61.3+17.7 30.3£9.6
Octavius 1500MR 47.1+7.1 714169 826+6.0 926+1.6 835+24 737119 53.4+26
Pancreas/liver

ArcCHECK-MR 79.5+6.1 89.7+51 93.0+3.7 934+24 887+t47 837+£38 715+£79
Delta4-MR 77.8+6.6 943+33 97.0+20 988+1.2 949+33 867+82 604165
Octavius 1500MR  76.6 £3.5 895+26 926+19 93.8+0.7 914+14 87.6+22 723%39
Lungs

ArcCHECK-MR 71.8+8.2 86.8+37 905+29 93624 90.6+29 86.0+t40 67.9+44
Deltad-MR 77.0+£16.0 945+4.6 97.6+20 974+16 89.0+6.1 789+11.4 495+ 15.8
Octavius 1500MR  73.8£6.1 90.1+0.7 935+09 93.6+1.6 884+26 824+39 629+7.0
Prostate

ArcCHECK-MR 66.8+29 81.8+35 90.2+38 97.9+05 975+1.6 939+35 71.2+6.4
Delta4-MR 56.9+144 71.4+121 787+9.6 973%+31 84.7+63 644+17.2 43.6+t134
Octavius 1500MR  71.4+27 88.0+19 921+12 906+13 79.7+36 714140 541+3.0
Lymph node

ArcCHECK-MR 744 +83 85.7+62 88654 942+39 93750 90.2+t58 74859
Delta4-MR 77.5+14.0 95.0+3.8 982+16 994+06 982+17 93.7+24 693+11.6

Octavius 1500MR  78.7 £5.7 90.3+£43 925+39 929+35 892+4.0 84.6%55 689+82

Table 8: Gamma percentage difference with standard deviation for clinical plans with MU errors. The analysis was performed
with the 2%/2mm criterion. The results are presented as arithmetic averages per anatomical site.

+10% +5% +3% -3% -5% -10%
Rectum
ArcCHECK-MR 0.69+0.05 0.33+0.05 0.18+0.04 -0.01 £0.09 0.10+0.13 0.47 £0.15
Deltad+ MR 0.74£0.36 0.31+£0.22 0.15+£0.14 0.13+£0.09 0.40+0.19 0.94 +£0.27
Octavius 1500MR  0.63 £0.12 0.24 £0.08 0.11+0.06 0.08 £0.06 0.20+0.06 0.61 % 0.06
Pancreas/Liver
ArcCHECK-MR 0.15+0.06 0.04+0.05 0.01+0.03 0.03+0.06 0.08+0.09 0.25+0.17
Delta4+ MR 0.27 £0.03 0.08£0.03 0.02+0.03 0.08+0.06 0.17+£0.09 0.48 £0.17
Octavius 1500MR  0.19£0.02 0.06 £0.02 0.02+0.01 0.02+0.02 0.06+0.03 0.21 +0.06
Lungs
ArcCHECK-MR 0.27 £0.12 0.08 £0.07 0.03+£0.04 0.04+0.03 0.09+0.04 0.29 £0.07
Delta4+ MR 0.23 £0.20 0.02£0.09 -0.02£0.05 0.14+0.07 0.26 £0.12 0.59 £0.24
Octavius 1500MR 0.23 £ 0.07 0.06 £0.03 0.01 +£0.01 0.08 £0.03 0.15+0.03 0.38 +0.06
Prostate
ArcCHECK-MR 0.43+£0.03 0.20+0.02 0.11£0.02 0.01 £0.06 0.09+0.08 0.35+0.08
Deltad+ MR 0.77£0.24 0.36 £0.13 0.19+£0.08 0.16 £0.07 0.39+0.10 1.06 +0.26
Octavius 1500MR 0.24 £ 0.02 0.03 £0.02 -0.01 £0.01 0.10 £0.01 0.20 £0.02 0.51 +0.03
Lymph node
ArcCHECK-MR 0.23 £0.11 0.10+0.05 0.05+0.02 0.00£0.02 0.05+0.05 0.21+0.09
Delta4+ MR 0.30+£0.13 0.11+£0.07 0.05+0.04 0.06+0.04 0.14+0.06 0.41=£0.11

Octavius 1500MR  0.16 £ 0.03 0.04 £0.01 0.01 £0.01 0.02£0.03 0.06+0.05 0.22+0.10

Table 9: The magnitude of changes in the gamma index between plans with deliberately introduced MU error and standard
plans. The gamma analysis was performed with the 3%/3mm criterion. The results are presented as arithmetic averages per
anatomical site.



Normal 1 mm 2 mm 3 mm 4 mm 5 mm 6 mm 7 mm 10 mm

Rectum

ArcCHECK-MR 974 +3.0 97529 972+28 957+33 924+34 878+45 874+25 nan nan
Delta4+ MR 99.7+04 99.7+04 99505 99.2+06 981+1.1 955+24 93.1+£33 90219 nan
Octavius 1500MR 98.8+0.4 98.8+0.3 983+0.4 973+0.6 958+1.0 93.4+12 903+15 87.0+19 763+29
Pancreas/Liver

ArcCHECK-MR 98.3+0.7 97.2+13 919+35 844+59 737+£87 63.1+£9.6 nan nan nan
Delta4+ MR 99.9+0.2 99.8+0.2 982+22 93.2+7.2 83.0+12.1 751+13.6 654+13.8 nan nan
Octavius 1500MR  99.2+0.2 99.2+0.2 98.6+0.5 969+1.2 93.4+21 881+29 81.8+29 759+25 632+14
Lungs

ArcCHECK-MR 97.7+18 97.3+21 94230 88744 81.2+7.2 709£9.6 nan nan nan
Deltad+ MR 99.7+0.3 99.5+08 98.7+0.7 924+22 808+55 69.8+9.0 64.1+10.3 nan nan
Octavius 1500MR 99.2+0.3 99.0+0.3 981+0.6 959+1.0 91.2+14 849+17 787+18 740+2.6 60.1%3.0
Prostate

ArcCHECK-MR 995+0.5 99.1+03 973+1.6 889+15 76.7+28 681+29 nan nan nan
Delta4+ MR 99.4+05 995+05 98820 96.6+42 922+51 864+t4.7 81.0+4.8 nan nan
Octavius 1500MR 97.8+0.6 97.8+0.5 973+0.6 957+1.2 926+19 87.8+25 824+28 774+3.0 65635
Lymph node

ArcCHECK-MR 98.1+15 96.2+31 91540 79749 642+58 522+7.1 nan nan nan
Delta4+ MR 999+0.3 999+£03 99705 969+21 856+7.1 758+114 67.0+09.1 nan nan

Octavius 1500MR 988 +£1.0 99.1+£0.3 989+04 97.5%1.6 928%3.6 87.7+6.2 803+60 71.1+42 57147

Table 10: Gamma percentage difference with standard deviation for clinical plans with position errors. The analysis was
performed with the 3%/3mm criterion. The results are presented as arithmetic averages per anatomical site.

Normal 1 mm 2 mm 3 mm 4 mm 5 mm 6 mm 7 mm 10 mm
Rectum
ArcCHECK-MR 944 +47 943+45 92152 87.7+£50 82555 77.6+£59 78038 nan nan
Deltad+ MR 96.3+35 96.1+3.6 950+3.6 925+4.1 88.7+55 83.4+54 768+43 71.8+2.6 nan
Octavius 1500MR 92.6 £1.6 926+1.6 91.2+1.8 889+21 853+24 80.8+27 76.0+32 715+37 599+4.6
Pancreas/Liver
ArcCHECK-MR 93.4+24 88.0+45 795+£68 659+9.5 56.2+109 469 8.7 nan nan nan
Delta4+ MR 98.8+1.2 964+34 869=*10.7 74.8+13.4 63.4+13.4 52.2+12.2 46.2+11.0 nan nan
Octavius 1500MR 93.8+0.7 93.7+1.2 908+24 850%37 77.1+41 69.1+34 624127 57.1+2.0 462%0.8
Lungs
ArcCHECK-MR 93.6+24 91.3+35 832x51 73680 628+9.7 553+10.2 nan nan nan
Delta4+ MR 97.4+16 957+16 873+32 723+75 620+10.4 54.2+11.7 489+11.8 nan nan
Octavius 1500MR 93.6+1.6 92.6+14 88.7+14 815+18 73.2+21 657+20 593+18 55127 43232
Prostate
ArcCHECK-MR 97.8+04 94715 84718 71.0x2.0 594+3.0 52.7+29 nan nan
Deltad+ MR 973+31 957+53 922+73 854+73 77.6+7.0 70.2+6.3 63.0+5.6 nan nan
Octavius 1500MR 90.6 £1.3 90.1+1.1 87.6+15 826+20 760+24 695+28 63.9+30 59.3+3.1 49.5+3.1
Lymph node
ArcCHECK-MR 94.2+39 875+%52 73.6+57 551+4.5 423+47 349+6.0 nan nan nan
Delta4+ MR 994+0.6 99.0+08 934+28 78.1+89 644+10.4 56.7+£9.8 50584 nan nan

Octavius 1500MR 929 £35 935+15 925+18 869+50 758%6.7 69.4+58 613£56 53.0+4.0 40.6+4.2

Table 11: Gamma percentage difference with standard deviation for clinical plans with position errors. The analysis was
performed with the 2%/2mm criterion. The results are presented as arithmetic averages per anatomical site.



1 mm 2 mm 3 mm 4 mm 5 mm 6 mm

Rectum

ArcCHECK-MR 0.02 £0.01 0.05+0.01 0.07 £0.03 0.11 £0.03 0.16 £ 0.04 nan
Delta4-MR -0.01 £0.02 0.01 £0.05 0.05£0.05 0.10 £ 0.06 0.15+£0.06 nan
Octavius 1500MR  0.000 0.01 £0.01 0.05+0.01 0.09+0.02 0.13+0.02 0.19 £ 0.03
Pancreas/liver

ArcCHECK-MR 0.04 £0.01 0.13£0.02 0.23 £ 0.03 0.35+0.04 0.48+0.06 nan
Delta4-MR 0.05£0.03 0.15£0.05 0.26 £ 0.08 0.38 £0.10 0.50 £ 0.12 0.61 £ 0.15
Octavius 1500MR  0.00 + 0.02 0.03 £ 0.02 0.09 £ 0.02 0.15 £ 0.02 0.23 £ 0.03 0.31 £ 0.03
Lungs

ArcCHECK-MR 0.03 £0.03 0.11 £0.05 0.18 £ 0.07 0.28 £ 0.09 0.38 £ 0.11 nan
Deltad-MR 0.05 £0.02 0.14 £ 0.03 0.25 £ 0.05 0.37 £0.07 0.49 £ 0.10 0.60 + 0.13
Octavius 1500MR  0.02 + 0.02 0.06 = 0.03 0.12 £ 0.03 0.19 £ 0.03 0.26 £ 0.03 0.35 + 0.04
Prostate

ArcCHECK-MR 0.06 £0.01 0.15+0.01 0.25 £ 0.01 0.37 £0.03 0.48 +£0.03 nan
Delta4-MR 0.04 £0.01 0.10 £0.02 0.17 £ 0.03 0.25 +0.04 0.33 £ 0.04 0.41 £ 0.05
Octavius 1500MR  0.000 0.04 £ 0.02 0.08 £+0.02 0.13+0.03 0.19 £ 0.04 0.25 + 0.05
Lymph node

ArcCHECK-MR 0.09 £0.04 0.19 £0.04 0.32+£0.04 0.47 £0.05 0.62+0.10 nan
Delta4-MR 0.06 £0.02 0.15£0.04 0.27 £0.07 0.39 £ 0.09 0.51 £0.11 0.83 £ 0.54

Octavius 1500MR  -0.01 £ 0.02 0.03 £ 0.04 0.08 £ 0.06 0.15 £ 0.08 0.24 + 0.09 0.34 + 0.11

Table 12: The magnitude of changes in the gamma index between plans with deliberately introduced position error and standard
plans. The gamma analysis was performed with the 3%/3mm criterion. The results are presented as arithmetic averages per
anatomical site.
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