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Abstract

Purpose:  To  date,  no  universally  accepted  technique  for  the  evaluation  of  the  overall  dosimetric  performance  of  hybrid
integrated magnetic  resonance  imaging  (MR)  –  linear  accelerators  (linacs)  is  available.  We  report  on  the  suitability
and reliability  of  a  novel  phantom  with  modular  inserts  for  combined  polymer  gel  (PG)  and  ionisation  chamber  (IC)
measurements at  a  0.35  T MR-linac.
Methods:  Three  3D-printed,  modular  head  phantoms,  based  on  real  patient  anatomy,  were  used  for  repeated  (2  times)
PG irradiations  of  cranial  treatment  plans  on  a 0.35  T  MR-linac.  The  PG  readout  was  performed  on  two  1.5  T  diagnostic
MR-scanners to  reduce  scanning  time.  The  PG  dose  volumes  were  normalised  to  the  IC  dose  (normalised  dose  N1)  and  to
the median  planning  target  volume  dose  (normalised  dose  N2).  Linearity  of  the  PG  dose  response  was  validated  and  dose
profiles, centres  of  mass  (COM)  of  the  95%  isodoses  and  dose  volume  histograms  (DVH)  were  compared  between  planned
and measured  dose  distributions  and  a  3D  gamma  analysis  was  performed.
Results: Dose  linearity  of  the  PG  was  good  (R2 >  0.99  for  all  linear  fit  functions).  High  agreement  was  found  between
planned and  measured  dose  volumes  in  the  dose  profiles  and  DVHs.  The  largest  dose  deviation  was  found  in  the  intermediate
dose region  (mean  dose  deviation  0.2  Gy;  5.6%).  A  mean  COM  offset  of  1.2  mm  indicated  high  spatial  accuracy.  Mean  3D
gamma passing  rates  (2%,  2  mm)  of  83.3%  for  N1  and  91.6%  for  N2  dose  distributions  were  determined.  When  comparing
repeated PG  measurements  to  each  other,  a  mean  gamma  passing  rate  of  95.7%  was  found.
Conclusion: The  new  modular  phantom  was  found  practical  for  use  at  a  0.35  T  MR-linac.  In  contrast  to  the  high  dose
region, larger  mean  deviations  were  found  in  the  mid  dose  range.  The  PG  measurements  showed  high  reproducibility.  The
MR-linac performed  well  in  a  non-adaptive  setting  in  terms  of  spatial  and  dosimetric  accuracy.
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Introduction

Hybrid integrated magnetic resonance imaging – linear
accelerators (MR-linacs) have been in clinical use for about
four years now and the global number of such machines grows
continuously [1]. MR-linacs show high potential for improv-
ing radiotherapy (RT) cancer treatment. While, to this date,
literature is still lacking extensive phase 3 study evidence
for improved patient survival or reduced side effects, it is
already clear that some entities, previously considered unsuit-
able for RT (e.g. inoperable pancreatic cancer or multiple
abdominal lymph nodes), can now be treated with MR-linacs
[2,3]. This is due to the online plan adaption and tumour
tracking capabilities, based on the daily 3D setup MR image
of the patient in treatment position, and cine MR imaging
during the treatment application, respectively. In contrast to
conventional image-guided RT (IGRT), online MR-guided
RT (oMRgRT) offers superior soft-tissue contrast, which
allows for the direct visualisation of the tumour in many
cases [4]. The clinical application of MR-linacs is described
widely in literature [5–12]. Information about the technical
design of the 6 MV, flattening filter free, 0.35 T MR-linac
(ViewRay Inc., Oakwood Village, OH, USA) is provided by
Klüter [13].

Apart from the clinical development of MR-linac use, sev-
eral quality assurance (QA) related challenges arise [14].
Checks of the MR and the RT systems make up a large part of
the QA regimen. It is not sufficient to solely test each system
independently; checks applicable to both systems simultane-
ously are desirable. An example of such integrated tests would
be the isocentricity check, which ensures that the isocentres
of the MR, RT and, if used, laser system match within toler-
ance [15]. It is desirable to verify the integrity of the oMRgRT
treatment chain, beginning with image acquisition for offline
treatment planning, generation of the baseline treatment plan,
patient / phantom setup, online imaging and treatment appli-
cation. If such a test shall be performed at an MR-linac, the
employed phantom should provide good CT and MR con-
trast, resemble patient anatomy, provide volumetric absolute
dose information to maximise information content, and have
tissue-like material properties. In the case of photon beams,
dosimetric tissue equivalency means that the photon interac-
tion properties of the phantom materials should be similar to
those of the tissue materials, which they mimic, for a given
photon beam quality. Polymer gel (PG) based 3D dosimetry in
combination with an anthropomorphic phantom meets these
requirements [16]. PG dosimetry relies on the change of relax-
ation rates due to radiation-induced polymerisation, which
can be measured with an MRI scanner. A linear correlation
between absorbed dose and change in relaxation rate can be
seen in certain, PG-dependent dose ranges. Detailed informa-
tion on the characteristics and applications of PG dosimetry

can be found in literature [17–25]. PGs are suitable for 3D
dosimetry, and the PG serves as soft tissue equivalent mate-
rial and dosimeter at the same time [26]. Furthermore, the
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influence of the magnetic field on PG dose measurements is
small [27].

Dorsch et al. developed a new phantom utilising PG dosime-
try, in order to investigate RT- and MR-isocentre alignment
and spatial distortion of the MR [28]. Pappas et al. used com-
mercially available head phantoms, similar to those used in
this study (but unable to house both IC and PG), and investi-
gated the dosimetric performance of a 1.5 T MR-linac [29].
Elter et al. developed a phantom with deformable anthropo-
morphic structures and validated an adaptive workflow with
small PG filled volumes at a 0.35 T MR-linac [30]. Hoffmans
at al. developed a deformable pelvis phantom and investigated
an adaptive workflow at a 0.35 T MR-linac utilising 2D film
dosimetry [31]. Axford et al. employed a pelvic phantom for
validating an adaptive scenario at a 1.5 T MR-linac with dosi-
metric film and alanine [32]. Steinmann et al. developed a head
and neck phantom and performed reproducibility tests at 1.5
T and 0.35 T MR-linacs using radiochromic film and ther-
moluminescence dosimetry [33]. Bernchou et al. investigated
the spatial deviation between planned and delivered dose in
many adapted fractions at two 1.5 T MR-linacs with a self-
developed phantom and radiochromic film [34]. Mittauer et al.
used a deformable anthropomorphic phantom to quantify the
image deformation accuracy at a 0.35 T MR-linac and used
thermoluminescence dosimetry for point dose accumulation
[35]. Stark et al. reported on the stability of their gafchromic
film-based, clinical QA end-to-end tests over a period of one
year [36].

In this study, three patient-specific multimodal 3D printed
head phantoms were evaluated for their suitability for dose
measurements at a 0.35 T MR-linac, with dosimetric gel read-
out at separate 1.5 T MR scanners. These phantoms are similar
to those used by Pappas et al. but with the added option to
mount an IC insert [29]. We used realistic treatment plans,
resembling a challenging off-axis setup with an organ at risk
(OAR) adjacent to the target volume. The recently available
phantom design [37] allowed the insertion of a PG volume or
an ionisation chamber (IC), thus enabling measurement-based
dose normalisation. The aim of the study was to evaluate the
suitability and reproducibility of the novel phantom for use at
a 0.35 T MR-linac.

Materials and methods

Preparation,  treatment  planning  and  plan  validation

Anthropomorphic  head  phantoms

Three anthropomorphic head phantoms, resembling real
patient anatomies, were used for this study. The phantoms
were 3D printed, based on a patient CT scan and are commer-
Greece). Further information about an earlier version, hous-
ing only PG, of the 3D printed phantom design is provided by
Makris et al [38]. The phantoms used in this study consist of a
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Figure 1. (upper half) Sagittal CT slices of the planning CTs (IC insert with IC in place) of the three head phantoms (numbered 1, 2, 3 from
s p

 th

left to right) and photograph of the IC insert. Air density override wa
photographs of the three different head phantoms and an example of

PMMA base and a bone-mimicking material used for printing
(Hounsfield unit ≈  1300 at 120 kV peak voltage; physical den-
sity ≈  1.7 g/cm3) [38]. The modular design of the phantoms
allows for the placement of one insert for IC measurements
and one PG insert, which consists of a PG-filled glass cylin-
der (Ø 80 mm, length 165 mm) mounted on a PMMA plate.
The residual volume inside the hollow phantom, not occu-
pied by the inserts, was filled with pure water for soft tissue
equivalency (in terms of CT contrast and dosimetric proper-
ties). Figure 1 shows sagittal CT slices and photographs of the
three phantoms and examples of the IC and PG inserts. The
head phantoms dimensions range between 13 ×  17 ×  17 cm3

(LR, SI, AP directions; head 2) and 15 ×  19 ×  21 cm3 (head
3).

CT acquisition

First, computed tomography (CT) scans were acquired for
all three phantoms on an Aquilion LB CT scanner (Canon
Medical Systems Corp., Otawara, Japan), with the IC and
with the PG inserts. The phantoms were positioned on a foam
head wedge. Prior to the first CT scan of each phantom, the
wall-mounted calibrated in-room lasers at the CT scanner
were used to mark the phantoms to reproducibly set up the
phantoms without any roll / tilt deviation. Additionally, CT
markers were attached to the phantoms to define the CT ref-

erence point. For the IC insert, the cavity for the IC was first
filled with water, then the IC (Semiflex 3D MR 31021, PTW,
Freiburg, Germany) was inserted to remove all air between IC
and IC insert wall, since any air near the IC would later affect
erformed in the TPS for the CT images. (lower half) Corresponding
e PG filled cylindrical insert prior to irradiation.

dosimetry in the presence of the magnetic field of the 0.35 T
MR-linac. The IC was taped to the phantom to prevent it from
moving. The exact position of the IC insert was marked on the
IC insert and the phantoms. In case of the PG insert CT scans,
a dummy water-filled insert was used, which was not used for
dose measurements afterwards. All CTs were acquired with a
resolution of 1 mm (isotropic voxels) using a stereotactic head
scanning protocol.

Treatment planning

The CTs of each head phantom were then transferred to the
MR-linac treatment planning system (TPS of the ViewRay
system; version 5.4) and registered to each other via rigid
image registration (translation). Several regions of interest
were segmented for each phantom: a brainstem-like struc-
ture in close proximity to a C-shaped planning target volume
(PTV) inside the PG volume, another OAR structure in the
region of the eyes (for a more realistic dose optimisation), a
structure encompassing the PG volume (override with relative
electron density of 1.03; see [20]), the 0.07 cm3 sensitive vol-
ume of the IC and a 5 mm expansion thereof (to have a larger
sampling volume in the PG for dose normalisation in order
to increase the robustness and the signal-to-noise-ratio of the
reference dose value) and the skin / external contour. Further-
more, a ring structure around the PTV was contoured (used

to better control dose optimisation and to achieve good dose
conformality around the PTV), and a region for electron den-
sity override (air bubbles inside the water-filled phantoms).
Although schematically comparable, the exact shapes and
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Figure 2. Axial, sagittal and coronal slices and isodoses of the treatme
density overrides of air-bubbles. The brainstem-like OAR is indicated i

Table 1
Treatment plan characteristics of the step-and-shoot intensity mod-
ulated radiotherapy (IMRT) plans for each phantom.

Phantom No. 1 2 3

PTV volume [cc] 30.2 37.3 35.2
Number of beams 19 21 21
Number of segments 60 56 39
Off-axis distance* [cm] 4.3 4.7 6.8
Dose / fraction [Gy] 2 2 2

* The off-axis distance is the distance between the RT isocentre and the

values (which would only be adjusted in case the output devi-
ation exceeds the limit defined in QA specifications). The head
centre of mass of the PTV.

locations of the brainstem and PTV structures were varied
between the phantoms. A single fraction dose of 2 Gy was pre-
scribed to the 100% isodose and we aimed at a 95% isodose
coverage of the PTV. The IC sensitive volume was in a region
of homogeneous dose. Table 1 shows treatment plan charac-
teristics of the plans for each phantom. The CT reference point
indicated by the CT markers was used as isocentre. Typical of
oMRgRT treatments, the distance between the isocentre and
the centre of mass (COM) of the PTV, called off-axis distance,
were relatively large (range 4.3 cm – 6.8 cm). This resulted
in a more realistic but also more demanding off-axis setup,
which is more error-prone compared to isocentric treatments,
because small rotational patient positioning errors might result
in larger spatial offsets. The dose was calculated with a Monte
Carlo statistical dose uncertainty of 0.2% and a dose grid reso-
lution of 1 mm (isotropic voxels) and accounting for the effect
of the magnetic field. The plans were initially optimised on
the IC insert CT with electron density override of air bubbles.
Afterwards, the final plans were re-calculated on the corre-
sponding PG insert CTs with electron density override of air
bubbles and PG volumes. Figure 2 depicts an exemplary dose
distribution. To fully exploit the sensitive dose range of the
PG, the final 2 Gy plans were then up-scaled by a factor of 4

to 8 Gy per fraction. The 2 Gy plans were used for the IC dose
measurements and for diode array plan validation, while the
nt plan of phantom 2, calculated on the PG insert CT with electron
n green and the PTV in pink.

8 Gy plans were used for PG irradiation as per manufacturer
specifications.

Validation of  treatment  plans  with  diode  detector  array

The three treatment plans underwent patient-specific plan
QA similarly to clinical plans. Plans were measured with a
diode detector array (ArcCheck-MR; Sun Nuclear Corpora-
tion, Melbourne, FL, USA). Measured and planned doses were
compared and gamma passing rates (2%, 2 mm, absolute dose,
dose threshold = 10% of maximum dose) evaluated [39]. To
verify the correct setup of the array, a dummy plan was mea-
sured before the actual plan validation. This dummy plan is
regularly measured in the clinical QA process, thus providing
gamma passing rate reference data. The results of the dummy
plan measurement allowed us to make sure that the phan-
tom was set up without relevant (rotational and translational)
deviations from the (isocentric) reference position, which is
essential for reproducible plan QA measurements. After the
dummy plan measurement and between the three plans no
changes were made to the setup to guarantee comparability
between plans. According to our internal standard of proce-
dure (SOP), a plan is considered clinically acceptable if 90%
of pixels pass the 2%, 2 mm criterion (absolute dose, dose
threshold = 10% of maximum dose).

Phantom  irradiation  and  dose  readout

Phantom  positioning  accuracy  and  IC  irradiations

Prior to the IC and PG irradiations, the linac output was
measured in a water phantom to correct for daily variations of
the dose output (daily output correction factor was determined
to be 1.006 before IC and PG irradiations). This is equiv-
alent to a re-adjustment of the linac monitor chamber gain
phantoms were filled with water, air bubbles were removed,
the phantoms were set up on the treatment table according
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Table 2
Overview of PG inserts, PG batch numbers used to fill them, phantom
numbers in which the PG inserts were used, treatment plans that were
irradiated and MRI scanners which were used for readout.

PG Insert No. 1 2 3 4 5 6
PG Batch No. 1 2 1 2 3 2
Phantom No. 1 1 2 2 3 3

Treatment Plan No. 1 1 2 2 3 3
Readout MRI Scanner No. 2 1 1 2 1 2

to the room lasers, the MR receiver coils were placed around
the phantoms and a setup MR scan (1.5 ×  1.5 mm2 in-plane
resolution, 3.0 mm slice thickness) was performed. Then the
setup deviation was evaluated by registering the current MR
image to the planning CT (manual rigid registration; transla-
tional correction only). This step was performed to verify, that
the setup via room lasers results in high phantom positioning
accuracy. For the subsequent IC and PG measurements, setup
was performed according to the room lasers and no receiver
coils were placed around the phantoms and no setup MRs
were acquired. This was done to avoid confounding dosimet-
ric effects related to variation of the position of the receiver
coils. After filling of the IC insert cavity with water and inser-
tion of the IC (as described above), the water temperature
inside the IC insert was measured to correct for temperature
and the plans were delivered to the phantoms. After correction
of the measured dose for daily output variations, the measured
dose values were compared to the mean calculated dose val-
ues of the 5 mm expansion of the IC sensitive volume of each
treatment plan. The expansion of the IC sensitive volume in
the TPS was used to reduce the statistical uncertainty of the
TPS inside the small sensitive volume (0.07 cm3) of the IC.
The obtained absolute dose values were also used later to
normalise the relative dose of the PG measurement.

PG characteristics  and  irradiations

PG filled inserts for the 3D dose measurements were
purchased from RTSafe (Athens, Greece). Further character-
isation of the N-vinylpyrrolidone based PG (VIP gel) can be
found in literature [40]. A total of 6 such PG filled inserts were
used for the measurements, which were filled with PG from
three different production batches. The first batch filled one
insert, the second batch filled two of the inserts, and the third
batch filled three of the inserts (also see Table 2). All three PG
batches were produced on the same day under the same con-
ditions. Two dose measurements were performed with each
head phantom, switching the PG inserts in between. To evalu-
ate the integrity and reproducibility of the PG production, PG
handling, phantom setup, treatment application, dose readout,
image registration and dose evaluation process, all single three

head phantoms were equipped with PG inserts filled with PG
from different batches. This means that for each head phan-
tom, the same treatment plan was applied twice using different
batches. All PG inserts were irradiated consecutively on the
hys 32 (2022) 312–325

same day. The time interval between PG production of all
three batches and irradiation was about two days, while the
time interval between irradiation and dose readout was one
day. Special attention was given to the temperature history of
the PG. All PG inserts were delivered in an ice-cooled pack-
age and brought to vault temperature equilibrium (19.0 ◦C)
in a water bath prior to irradiation. The phantoms were also
brought to room temperature and filled with water of the same
temperature to prevent any temperature drift during irradia-
tion.

PG readout  at MRI

Dose readout was performed one day after irradiation (to
allow for stabilisation in the polymerisation process of the
PG), simultaneously on two separate diagnostic MR scanners
to keep scanning time manageable (scanner 1: 1.5 T MAG-
NETOM Aera and scanner 2: 1.5 T MAGNETOM Avanto,
Siemens Healthineers AG, Erlangen, Germany). A single-shot
turbo spin echo sequence was used for readout (TR = 4200 ms;
4 echoes with echo time (TE) intervals of 398 ms and the first
echo starting at 38 ms (38 ms, 436 ms, 834 ms, and 1232 ms;
these effective TEs refer to the echo times at the central k-
space lines in phase-encoding direction with phase-encoding
gradient = 0); echo spacing = 4.7 ms; echo train length = 72
(using a partial-Fourier factor of 9/16); 2.5 mm slice thickness;
128 ×  256 matrix size (interpolated to 256 ×  512) resulting
in ∼0.7 mm interpolated in-plane pixel size; 71 slices; FOV
175 ×  350 mmy; number of averages = 8; measurement time
∼40 min.), which was specifically provided for this purpose
by the phantom manufacturer [41], and the standard clinical
distortion correction was applied. Each readout was per-
formed with the PG insert inside the phantom. The phantom
water filling was renewed after each scan to ensure temper-
ature stability. One readout scan took about 40 minutes and
increased the water temperature by an average of 1.7 ◦C. The
PG temperature was monitored throughout, ensuring that the
PG never exceeded 21.0 ◦C. Table 2 gives an overview over
the PG inserts, PG batches, phantoms used, irradiated plans
and readout MRI scanners.

3D  dose  evaluation

After reconstructing the MR-images of all 4 echoes, the
spin–spin relaxation time (T2) was calculated voxel-wise by
applying an exponential fit to the four data-points at the
effective TEs (38 ms, 436 ms, 834 ms, and 1232 ms). This
step was performed by the phantom manufacturer. Due to
the inverse relationship between T2 and absorbed dose, the
inverse of the T2 map (1/T2 = R2) is linearly dependent on the
absorbed dose [19]. No PG dose calibration was performed,
and we relied instead on normalisation of the PG signal. The

T2 maps were then manually registered to the planning CT
(rigid registration; translation + rotation), using the geometri-
cal bone-mimicking structures of the phantoms. In this step,
the T2 maps were re-sampled to the 1 mm isotropic grid of
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Table 3
Gamma passing rates (2%, 2 mm; absolute dose; threshold = 10% of
max. dose) of the diode array plan verification and percent deviations
between the IC obtained absolute doses and the mean dose of a 5 mm
expansion of the sensitive volume structure of the TPS for all three
phantoms.

Phantom No. 1 2 3
L. Nierer et al. / Z Med P

the CTs. Digital Imaging and Communications in Medicine
(DICOM) data conversion was performed with Plastimatch
[42], image registration was done with MITK [43], and all
other data processing was implemented in Matlab (The Math-
works Inc., Natick, USA).

Two different dose normalisation approaches were fol-
lowed. First, the mean R2 value in the expanded IC sensitive
volume was normalised to the measured IC dose value, result-
ing in the normalised dose distribution N1. Second, following
the procedure outlined in Pappas et al. [29], the median R2
value of the PTV was normalised to the TPS PTV median dose,
resulting in the normalised dose distribution N2. To account
for the inherent baseline R2 signal of the PG, which could, in
theory, also be measured in an un-irradiated PG sample, both
normalisation steps were performed after baseline subtraction,
where the R2 value corresponding to the 10th percentile of the
R2 values of all voxels inside the PG volume was subtracted
from the R2 values of all voxels inside the PG volume. The
10th percentile was chosen based on the distributions of R2
values, which show peaks at this position for each phantom.
These peaks correlate to parts of the PG, which are distant
from the beam paths and receive very limited scatter dose.
This low-dose signal can be defined as baseline signal in good
approximation. To validate this, the 10th percentile R2 values
were also compared to the respective average R2 values out-
side the radiation fields for all six cylinders. The mean of the
absolute deviation values across all six samples was 0.5%.

To evaluate the quality of the registration and the linearity
of the PG response, density plots were generated for each
PG measurement, showing R2 vs. the TPS doses of each
voxel inside the PG structure. A linear fit was then performed
(method of least squares) on the data. Please keep in mind
that this fit was not used for conversion of R2 to dose; only to
evaluate linearity.

To reduce the noise inherent to the dose read-out of the PG,
a 3 ×  3 ×  3 mm3 median filter was applied to the PG dose.
1D profiles were then extracted and compared between the
measured PG dose and the TPS dose. This was done for all
PG measurements in all three cardinal directions for the N1
and N2 normalisation approaches. To quantify potential sys-
tematic deviations between measured PG doses (N1 and N2)
and the TPS reference doses, mean differences were calcu-
lated in the mid (40% - 60% of prescribed dose) and high (>
80% of prescribed dose) dose ranges across all phantoms and
samples. To evaluate the phantom setup, irradiation and image
registration accuracy, the absolute offset between the COMs of
binary masks corresponding to the 95% isodose volume was
calculated (N2 and TPS dose). To estimate the overall per-
formance of the MR-linac system at a clinically interpretable
level, cumulative dose volume histograms (DVH) were gen-
erated and compared (N2 and TPS dose) for the brainstem

and PTV. Additionally, a 3D gamma comparison (global 3%,
3 mm and 2%, 2 mm criteria) was made between the PG doses
and the TPS doses to evaluate overall dose similarity. Finally,
sample pairs of each phantom were compared to each other to
Diode array gamma passing rate [%] 98.4 93.7 97.2
Deviation IC measured vs. planned dose [%] 0.4 0.2 -0.1

evaluate the reproducibility of the PG dose measurements. A
gamma comparison was performed within the PG insert and
a dose threshold of 10% of the maximum dose was applied
[44,45].

Results

Diode  array  plan  validation  and  ionisation  chamber
measurements

Gamma passing rates of the clinical QA dummy plan were
in the 65th percentile of all QA dummy plan measurements
(n = 42). The results of the diode array plan verification and the
IC measurements are given in Table 3 for all three phantoms.
All IC measurements differed less than 0.5% from the TPS
reference. The compliance of the diode array measurements
with the planned dose was also high. However, the diode array
passing rate of phantom 2 was lower than those of phantoms
1 and 3. As described previously, a setup test was made prior
to the IC and PG irradiations in order to determine the setup
uncertainty via in-room lasers. After phantom setup via lasers,
acquisition of 3D MR scans and registration with the refer-
ence CTs of the treatment plans, all translational correction
values for all directions separately were < 0.5 mm for all three
phantoms. Since these offset values were below the couch
motor drive accuracy, we considered them negligible and did
not correct for them.

Polymer  gel  dose  linearity

Dose to R2 density plots of all PG measurements are shown
in Figure 3. All density plots exhibit a similar shape and show a
narrow distribution of values. The coefficient of determination
(R2) was above 0.99 for all linear fit functions.

Dose  profiles  and  dose  differences

Dose profiles in the anterior-posterior (AP), left-right (LR)
and superior-inferior (SI) directions and their locations are
shown in Figure 4. Both measured PG samples show good

reproducibility. The N2 and especially the N1 profiles show
slightly higher values compared to the TPS in most parts.
Looking at the profiles, the largest deviations can be found
in the mid dose range at around 4.0 Gy. Especially in this



318 L. Nierer et al. / Z Med Phys 32 (2022) 312–325

0 2 4 6 8 10
TPS dos e [Gy]

0

1

2

3

4

5

6

7

8

9

10

P
G

 m
ea

su
re

d 
do

se
 [G

y]

Fit: 1.018* x -0.004931

0

10

20

30

40

50

60

70

80

90

100

0 1 2 3 4 5 6 7 8 9 10
TPS dose [Gy]

0 1 2 3 4 5 6 7 8 9 100 1 2 3 4 5 6 7 8 9 100 1 2 3 4 5 6 7 8 9 10

TPS d ose [Gy]

R
2 [

s-1
]

TPS dose [Gy]

1        2        3        4        5        6        7        8        9  1        2        3        4        5        6        7        8        9   1        2        3        4        5        6        7        8        9 

3.0

2.8

2.6

2.4

2.2

2.0

1.8

1.6

1.4

2.8

2.6

2.4

2.2

2.0

1.8

1.6

1.4

1.2

linear fit linear fitlinear fit linear fit

linear fitlinear fitlinear fit

Phantom 1 - PG sample 1 Phantom 2 - PG sample 1 Phantom 3 - PG sample 1

Phantom 1 - PG sample 2 Phantom 2 - PG sample 2 Phantom 3 - PG sample 2

0.177x + 1.229

0.180x + 1.257

0.172x + 1.261 0.164x + 1.202

0.183x + 1.258 0.178x + 1.231

Figure 3. Density plots of R2 vs. TPS dose of all voxels within the PG structure for the three phantoms and two measurements. Linear fits
to the data are shown in red. The colour bar on the right indicates the number of counts per bin of the density plots. The R2 values are not
corrected for baseline signal.

Table 4
Mean absolute (abs.) and relative (rel.) dose differences between
measured PG doses (N1 and N2) and the TPS reference doses across
all phantoms for two dose regions: 40% - 60% of prescribed dose
(PD) and > 80% of prescribed dose.

N1 abs. N1 rel. N2 abs. N2 rel.

Table 5
COM offsets between the binarised 95% isodose volumes of the PG
measurement and the planned dose in anterior-posterior (AP), left-
right (LR) and superior-inferior (SI) directions and the total offset for
all three phantoms, which are defined as the Euclidean length of the
offset vectors. Values are given for both measurements (measurement
1 / measurement 2).

Phantom No. 1 2 3

AP [mm] 0.8 / 0.1 1.0 / 1.5 -0.4 / 0.2
LR [mm] -0.1 / -0.2 0.1 / -0.7 0.3 / 0.2
> 80% of PD 0.21 Gy 2.9% 0.07 Gy 1.0%
40% - 60% of PD 0.23 Gy 5.6% 0.15 Gy 3.7%

dose region, the measured (N1 and N2) dose profiles show
systematically higher values compared to the TPS. Overall,
the measured profiles coincide well with the reference (TPS).
Table 4 shows the mean dose deviations between PG measure-
ments and the TPS doses for the mid (40% - 60% of prescribed
dose) and high (> 80% of prescribed dose) dose ranges. Higher
absolute and relative mean deviations are found in the mid
dose range.

Centres  of  mass  of  prescribed  dose  volumes

The COM offsets between the measured and planned 95%
isodose volumes are given in Table 5. The mean and median
offsets across all samples were 1.2 mm and 1.0 mm, respec-
tively.
Dose  volume  histograms

Figure 5 A-C show the cumulative DVHs of all measured
PG samples (N2). The samples 1 and 2 of each phantom
SI [mm] 0.8 / 0.2 1.6 / 1.3 0.8 / 0.5
Total [mm] 1.1 / 0.3 1.9 / 2.1 0.9 / 0.5

coincide well. Furthermore, the measured doses agree closely
with the planned doses in phantom 1 and 3. A larger devia-
tion can be seen for the brainstem-like structure in phantom
2. After correcting the shift of the COM offset evaluation of
phantom 2, the DVH of the brainstem-like structure improves
notably (Figure 5 D).

3D  gamma  analysis

An example gamma analysis result is shown in Figure 6
for the first sample of phantom 2 (without COM shift correc-
tion). Table 6 shows the results of the 3D gamma comparisons.

Passing rates for N1 were systematically lower compared to
N2 when comparing measured and planned doses. Phantom 2
showed overall slightly reduced passing rates in comparison
to the other phantoms. When comparing the two measured
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Distance [mm]

Phantom 1 Phantom 2 Phantom 3
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Figure 4. Dose profiles in anterior-posterior (AP), left-right (LR) and superior-inferior (SI) direction of all three head phantoms after
application of a 3 ×  3 ×  3 mm3 median filter: TPS (black), normalised dose 2 (N2, planned PTV dose) of the PG samples S1 and S2 (dashed
blue) and normalised dose 1 (N1, measured IC dose) of samples S1 and S2 (dashed red). The corresponding dose difference profiles are
shown in gray. The abrupt fall-off on the edges is due to the binary masking of dose volumes within the PG structure, which was contoured
in the TPS. The red crosshairs on the axial slices in the top row indicate the location of the profiles, which were taken through the centre of
the ionisation chamber insert in the central slice of the overlap region between the PTV and the brainstem structure. The overlay isodose
lines show the TPS dose, calculated on the head phantoms with the polymer gel inserts with density overrides of air bubbles and the polymer
gel volumes.
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Figure 5. Cumulative dose volume histograms of the measured N2 PG doses of both samples S1 and S2 and the planned dose for the
brainstem-like and the PTV structures of (A) phantom 1, (B) phantom 2, (C) phantom 3 and (D) the DVH of phantom 2 after correction of
the COM offsets from Table 5.

Figure 6. Exemplary visualisation of the 3D gamma analysis in a single coronal slice of phantom 2, sample 1. (left) TPS dose, (middle) PG
measured N1, (right) gamma map.
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Table 6
Percent gamma passing rates for different dose comparisons and gamma criteria. PG measured doses were compared to the planned doses
and the PG measured doses of the two samples (s.) of each phantom (ph.) were compared to each other. N1 = normalised dose 1 (IC
measurement); N2 = normalised dose 2 (planned PTV dose); e.g. Ph. 2 s 1 = phantom 2, sample 1.

Dose 1 Dose 2 2%, 2 mm N1 3%, 3 mm N1 2%, 2 mm N2 3%, 3 mm N2

Ph. 1 s. 1 TPS 79.9 95.8 93.5 99.2
Ph. 1 s. 2 TPS 79.3 97.4 93.3 99.1
Ph. 2 s. 1 TPS 83.0 94.2 90.5 97.6
Ph. 2 s. 2 TPS 76.2 92.1 85.5 97.0
Ph. 3 s. 1 TPS 90.4 98.4 93.2 98.9
Ph. 3 s. 2 TPS 90.7 98.6 93.5 99.0

Mean: 83.3 96.1 91.6 98.5

Ph. 1 s. 1 Ph. 1 s. 2 96.5 99.7 96.4 99.7
9
9
9

Ph. 2 s. 1 Ph. 2 s. 2 95.3 

Ph. 3 s. 1 Ph. 3 s. 2 95.2 

Mean: 95.7 

samples against each other, all gamma passing rates were >
95.0%, even for the strict 2%, 2 mm criterion.

Discussion

Plan  validation  with  diode  array  and  ionisation
chamber

The diode array plan validation showed acceptable results
for all three plans, which means all three plans would have
passed our institutional SOP criterion of 90% of pixels pass-
ing. However, the plan of phantom 2 clearly showed a worse
gamma passing rate compared to the treatment plans of phan-
toms 1 and 3. Thus we would expect plan 2 to perform
worse in the PG evaluation compared to the other plans. The
absolute dose IC values complied well with the TPS for all
phantoms, especially when considering the inhomogeneous
anthropomorphic phantom geometry and the complexity of
the treatment plans. Plan scaling from 2 Gy / fraction to 8 Gy
/ fraction was performed to limit irradiation time for the IC
measurements and still exploit the full linear dose response
range of the PG. Considering the step and shoot IMRT tech-
nique of the 0.35 T MR-linac, the only difference between the
2 Gy and 8 Gy up-scaled plans is the number of monitor units
per multi-leaf collimator segment. This ensures dosimetric
linearity between these two plans.

Polymer  gel  measurements

MRI systems with a magnetic field strength of 1.5 T (as
opposed to the MR-linac system with 0.35 T) have been cho-
sen for PG readout, because the signal-to-noise ratio (SNR) of
one specific MRI sequence is directly proportional to the mag-
netic field strength B0, and to the square root of the scanning

time. Thus, for the same SNR substantially more averages
(number of excitations) would be necessary at a 0.35 T MRI
compared to a 1.5 T MRI, resulting in a prolonged scanning
time by a factor of approximately 18. However, we did not
9.6 95.9 99.7
9.2 95.2 99.2
9.5 95.8 99.5

explicitly test if a lower SNR and/or spatial resolution would
still be sufficient for the PG 3D dose evaluation and if this
could result in acceptable scanning times on the 0.35 T MRI.
The MR readout sequence was chosen because of its good
SNR gain. In theory, the varying T2-weighting in k-space of
this sequence (by sequential read out of the k-space lines in
phase encoding direction) could slightly influence the image
resolution (slight blurring along phase-encoding direction in
regions of very high spatial frequencies), but no such effect
was visually perceivable on the MRI images. Furthermore,
since no very high spatial frequencies are contained within
the dose distribution (e.g. limited steepness of dose gradient
due to scatter dose), no relevant influence of this effect can be
expected on the results of the 3D dose evaluation.

When looking at the density plots (Figure 3), we can con-
clude that no serious systematic errors were made during the
PG measurements. In fact, most data points lie within a small
band around the linear fit functions. A few outliers can be
seen in Figure 3, especially for phantom 2, sample 1. These
outliers stem from voxels of the R2 map, which lie (at least
partially) inside the glass wall of the PG containing cylinder.
This is the case because the PG contour, which was created
during treatment planning, extends to the glass wall. Only a
very small portion (< 0.3%) of all voxels within the PG vol-
ume are affected and thus no relevant disturbance introduced
by these outliers can be expected regarding the dose evalu-
ation. Overall, the narrow distribution of data points around
the linear fit functions provides evidence that phantom posi-
tioning as well as image registration between the measured
R2-maps and the planned reference doses were good. Further-
more, the high R2 values of all linear fit functions indicate an
acceptable dose response linearity of all three PG batches. A
slight non-linearity in dose response is inherent in polymer gel
dosimetry. The effect of non-linearities in dose response of PG

can be reduced when performing an additional PG calibration
for each batch, however this is not the procedure recom-
mended by the phantom manufacturer [29]. Since results are
still good without extra dose calibration in the given dose
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range, we consider the approach described here reliable and
sufficient.

When evaluating the dose profiles (Figure 4), we can con-
clude that both normalisation approaches (N1 and N2) show
good agreement between measured and planned doses. Larger
deviations can be seen in the mid dose range at around 4.0 Gy.
The same tendency can be seen when looking at the mean
deviations between measured PG doses and the TPS reference
doses (Table 4). The systemically larger absolute and relative
deviations in the mid dose regions compared to the high dose
regions indicate a slight systematic error, which might be a
result of the normalisation approach. This systematic error
could be caused by a slight non-linearity / saturation effect
in the dose response of the PG, which was already described
above. Since the normalisation is obtained in the high dose
region, this would result in an increase in the measured nor-
malised dose if one assumes a linear response of the PG.
Although the density plots (Figure 3) and the high R2 values
do not indicate substantial non-linearities, a small saturation
effect might remain unnoticed. A conventional polymer gel
calibration procedure using uniformly irradiated gel samples
could possibly further reduce these deviations, since the influ-
ence of the potentially slightly non-linear response of the PG
could be corrected for. One weakness of this study is, that no
direct comparison was made between the approach described
in this paper and a conventional polymer gel calibration. This
could be investigated in further studies. Overall, high similar-
ity between the profiles of the two samples of each phantom
was found, which indicates reproducible and robust PG fabri-
cation, phantom setup, plan application, dose readout, image
registration and dose evaluation.

Geometric  offset  errors  and  DVHs

Some small position offsets can be seen for some profiles
and are attributed to the phantom setup and image registration
uncertainties. Given a treatment table drive motor accuracy
of 0.5 mm and the setup uncertainty with lasers of 0.5 mm,
a setup uncertainty of 0.7 mm can be assumed. Image regis-
tration uncertainty can be assumed to be as much as 1.5 mm
when considering the resolution of the CT and dose readout
MR image. This results in an overall uncertainty of about
1.7 mm, which correlates well with the mean offset between
the COMs of the measured and planned PTV-covering doses
of 1.2 mm. Considering the in-plane resolution (0.7 mm) and
slice thickness (2.5 mm) of the readout MR scans, most COM
offsets are accurate to within this resolution. Both samples
of phantom 2 showed relatively large total offsets of 1.9 mm
and 2.1 mm, which may explain the poorer brainstem DVH
agreement for this phantom. It can be assumed that two factors
play a major role for this behaviour. When bearing in mind the

inferior performance of the treatment plan of phantom 2 dur-
ing diode array plan validation, it was expected that phantom
2 would also perform less well in the PG evaluation. How-
ever, the brainstem discrepancy cannot be solely explained by
hys 32 (2022) 312–325

poorer plan QA performance. Since the dose gradient is rather
steep at the boundary of this structure, setup deviations can
also have a major impact on the DVH of the same structure.
To demonstrate this, the COM offsets were applied to the
measured dose distribution and a new DVH was generated
(Figure 5 D), which clearly shows improved results (com-
pared to the DVH of the same phantom 2; Figure 5 B) for
the brainstem-like structure, compared to the original DVH
of phantom 2. Thus, relatively small shifts can have a notable
influence on the DVH of structures close to or within steep
dose gradients, as expected. Non-negligible dose deviations
can still be seen for the brainstem-like structure (Figure 5 D),
even after correction for the COM offset. This is especially
the case in the lower dose region. A reason for this might be
the inferior performance of the treatment plan validation for
phantom 2 using the diode array, which was mentioned above.

3D  gamma  comparison

The 3D gamma comparison showed good results, even for
the N1 dose distributions with a mean of 83.3% for the strict
2%, 2 mm criterion and 96.1% for a 3%, 3 mm criterion. The
similarity between the two samples of each phantom was very
high with all gamma passing rates exceeding 95.0% for a 2%,
2 mm criterion. This is in accordance with the dose profiles
and DVHs and provides high level evidence not only of the
overall integrity of the MR-linac system but also of the good
reproducibility of the PG measurements and the suitability of
both normalisation approaches.

A limitation of the study is that no plan adaptation was per-
formed on the phantoms. Nevertheless, from a QA point of
view, when using a full re-optimisation oMRgRT approach,
the only difference between the adapted and non-adapted
plans is the propagation of CT numbers of the planning CT to
the current MR via deformable image registration. Although
this does indeed affect the overall uncertainty due to image
registration uncertainties, the dosimetric performance of the
linac is unchanged. There are no technical or conceptual limi-
tations, which would limit this approach only to non-adaptive
workflows.

Summary

The scope of this study was to validate the suitability of the
novel phantom for use at a 0.35 T MR-linac and quantify the
reproducibility and reliability, which was achieved by repeat-
ing the PG measurement of each phantom twice. In contrast
to Pappas et al., who used two comparable head phantoms,
one for PG and one for gafchromic film measurements, we
used PG and IC inserts with the same phantom, eliminating

the influence of potential disparities in phantom geometry and
allowing us to normalise the relative 3D dose obtained with
PG to the absolute IC reference dose. This technique is only
possible with dedicated phantoms with exchangeable inserts.
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Furthermore, we used a 1 ×  1 ×  1 mm3 dose calculation grid
for improved dosimetric accuracy.

Dose readout of the PG inserts was performed at diagnostic
MR scanners, 24 h post irradiation, which allowed the PG to
further polymerise and give a more stable MR signal. Dose
readout directly in position at the MR-linac after irradiation
would be desirable but we do not consider this ideal due to
the required extensive scanning time at 0.35 T and the time-
dependent stabilisation process of the PG. Furthermore, the
quality of MR components of current low-field MR-linacs is
generally not approaching that of diagnostic-grade scanners,
due to the requirements of linac coupling, which may lead to
suboptimal dose read-out.

Compared to 2D diode array measurements, the 3D dose
volume obtained with PG measurements provides more infor-
mation and allows for a more in-depth insight into the
MR-linac system. The commercial availability of the phan-
toms, in combination with the possibility to re-order PG filled
inserts and the MR imaging capabilities, make the phantoms
used here also interesting for routine QA (e.g. end-to-end test)
at an MR-linac.

Conclusion

A novel hybrid anthropomorphic phantom was evaluated
for use at a 0.35 T MR-linac. Good agreement was obtained
in the high dose region used for normalisation, however a
mean error of 0.2 Gy (5.6%) was observed in the interme-
diate dose region (3.2 Gy – 4.8 Gy) for normalisation N1 (IC
measured dose). The modular design of the 3D printed anthro-
pomorphic phantoms allowed us to normalise the R2-map to
the IC absolute dose reference. The obtained 3D dose allows
for extensive dose analysis including OARs and PTV DVH.
The dosimetric and spatial accuracy of the MR-linac system
was quantified for three similar cases in the cranial region.
Reproducibility and stability of PG dose measurements was
validated by repeated measurements of each phantom using
PG from different production batches and readout on two sep-
arate 1.5 T diagnostic MR scanners, which also helped to keep
scanning times manageable. Generally, high spatial accuracy
was found for the complex, non-adapted cases. Small setup
deviations were found to potentially compromise the DVH of
OAR close to or within steep dose gradients.
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