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Abstract. 4D radiation dosimetry wusing a highly radiation-sensitive polymer gel
dosimeter with real-time quantitative MRI readout is presented as a technique to
acquire the accumulated(radiation dose distribution during image guided radiotherapy
(IGRT) on an MRI-Linac. Optimized Th-weighted Turbo-Spin-Echo (TSE) scans are
converted into quantitative AR maps and subsequently to radiation dose maps.

The concept of temporal uncertainty is introduced as a metric of effective temporal
resolution. A mathematical framework is presented to optimize the echo time of the
TSE sequence in terms of doseresolution, and the trade-off between temporal resolution
and dose resolution is discussed. The current temporal uncertainty achieved with
the MAGAT gel dosimeter on a 1 T MRI-Linac is 3.8 seconds which is an order of
magnitude bettersthan what has been achieved until now.

The potential of real-time 4D radiation dosimetry in a theragnostic MRI-Linac is
demonstrated for two scenarios: An irradiation with three coplanar beams on a head
phantomrand ardynamic arc treatment on a cylindrical gel phantom using a rotating
couch. The'dose maps acquired on the MRI-Linac are compared with a treatment plan
and with dose maps acquired on a clinical 3T MRI scanner. 3D gamma map evaluations
for the different modalities are provided. While the presented method demonstrates
the'potentialiof gel dosimetry for tracking the dose delivery during radiotherapy in 4D,
a'short¢oming of the MAGAT gel dosimeter is a retarded dose response.

The effect of non-ideal RF pulses as a result of SAR limitations or Bj-field
inhomogeneity on the TSE acquired AR, values is analysed experimentally and by
use of computational modelling with a Bloch simulator.
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1. Introduction

Image guided radiotherapy (IGRT) utilizes non-invasive imaging to increasésthe spatial
precision and accuracy of radiotherapy. Recently, theragnostic MRI-Lina¢systems have
been deployed that enable MRI imaging with high soft-tissue contrast béfore, during
and after treatment without additional image coregistration./ Ultimately, feedback of
the recorded tumour motion with MRI to the linear accelerator, (Liinac) would enable
synchronized delivery of radiation beams to the moving:tumour volume.

The temporal nature of IGRT makes it diffictlt \to assess the overall accuracy of
the treatment. Indeed, a latency between the tumour motion and the moving treatment
beam can cause more harm than a radiatiom,delivery that does not accommodate for
tumour motion. End-to-end 4D doseyverification can play a crucial role in safeguarding
IGRT delivered with an MRI-Linac.

Humanoid shaped polymersgel dosimeters have been applied successfully in end-to-
end dosimetric validation ofshigh-precision radiotherapy in three dimensions (De Deene
et al 2000a, Vergote et al,2004, Baldock et al 2010). Polymer gel dosimeters consist
of hydrogels in which agryliec, monomers are dispersed. Upon exposure to ionizing
radiation, a radiation-induced polymerization reaction occurs whereby the created
polymer aggregates are fixated by the hydrogel matrix. We hereby present the first
results of real-time MRI on a radiation-sensitive polymer gel dosimeter during radiation
delivery on'the Australian MRI-Linac.

To enable reliable, real-time 4D radiation dosimetry, the radiation dosimeter must

meetidifferent requirements:

(i) The dosimeter must have a high dose-MRI sensitivity so that a clinically realistic

Page 2 of 60



Page 3 of 60

oNOYTULT D WN =

60

65

70

75

AUTHOR SUBMITTED MANUSCRIPT - PMB-110184.R2

4D Radiation Dosimetry 3

incremental dose is visible on a realistic time scale.
(ii) The dosimeter must exhibit a fast dose response and good stability-
(iii) The dosimeter should have a low dose rate dependence and energysdependenee.
(iv) The dosimeter should be tissue equivalent.
(v) The dosimeter should preferably have an antropomorphic/shapé. -

(vi) The dosimeter should preferably have a low temperature dependence.

In considering a gel dosimeter for real-time dogimetry, it'is not sufficient that a
fast pulse sequence is used; A significant change imndetected dose difference needs to be
visible between two successive image frames. Indeed, there:s no point in obtaining scans
in sub-second time intervals if the incremental dose in a pixel that is read out between
these intervals can not be determined with.sufficient dose precision. In other words,
spatial and temporal resolution,need to be considered in relation to dose precision.

Previous studies also indicated the potential of gel dosimetry for real time 4D
dosimetry on an MRI-Linac. Tt ‘6né’ of these studies, a Fricke based gel dosimeter is
proposed (Lee et al{n2018).. The Fricke gel dosimeter has a typical dose-R; sensitivity
of 0.039 s7! Gy~ Tnianother study, a vinylpyrrolidone based gel dosimeter (VIPET)
is used which has an Rp‘dose sensitivity of 0.152 s7!.Gy™! (Pappas et al 2019). We
here demonstrate for the first time, that real-time dosimetry in an MRI-Linac is feasible
by use of a gel dosimeter consisting of Methacrylic Acid, Gelatin and the Anti-oxidant
Tegrakis(hydroxymethyl)phosphonium salt (MAGAT) which has a dose-Ry sensitivity
of 45878 Gy~1, 30 times more sensitive than the earlier suggested VIPET polymer gel

dosimeter and 115 times more sensitive than the Fricke based gel dosimeter.

In line with the concept of dose resolution, we introduce the concept of temporal
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uncertainty as a metric of the effective temporal resolution. The temporal ungertainty
enables a quantitative comparison between different methods. It will'be showm,that
in the study by Lee et al using the FOX gel dosimeter, the temporal uncertainty
is in the order of 106 seconds, in the study by Pappas et al using VIPET,gel, the
temporal uncertainty is in the order of 27 seconds, while the temporal \uncertainty with
the MAGAT gel dosimeter in this study is in the order of 3@,seconds,

Dose dependent changes in spin-spin relaxation rate, AR, are derived from the
signal intensities in Turbo-Spin-Echo (TSE) images before and during radiation. The
conversion of TSE signal intensities to ARy i§ performgd on a pixel-by-pixel basis
resulting in AR, maps. The AR, maps,are theén converted to dynamic dose maps
by use of a ARy-dose calibration plot. Thestandard deviation on the measured dose
values depends on the MRI pulse sequence that is used to extract the dose values.
The parameters in the pulse sequence can be optimized to achieve the highest dose
resolution for a particular gel dosimeter. Such an optimization equation has been
provided previously for a two-];:)int spin-echo and a Multi-Spin Echo (MSE) sequence
(De Deene et al 1998, De Deene and Baldock 2002). A derivation of the optimization
equation for the new T'SExbased approach is presented in appendix A of this paper. The
dose resolutien is used to calculate the temporal uncertainty.

A retarded doseé response of the MAGAT gel dosimeter was found and its effect
on the aequired dose values during and after radiation has been described in appendix
B.TA difference in Ry-dose-response acquired with the MSE method and TSE method
has been attributed to two mechanisms. The first mechanism is the effect of a dose
dependent longitudinal magnetization recovery and is scanner-independent. The second

mechanism is attributed to non-ideal excitation and refocussing pulses and is scanner-
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dependent. These mechanisms are discussed in detail and have been analysed using
numerical simulations based on the generalized Bloch-equations (appendix C).

The principle of 4D radiation dosimetry is illustrated by two different treatments in
two different phantoms: A three-beam radiation of an anthropomorphic headsphantom
and a dynamic arc treatment on a cylindrical phantom. Because the &inac is static in
the current configuration of the Australian MRI-Linac, a rétating couch in which the
phantom is suspended has been constructed in-house té deliver the dynamic arc. R,
maps post-treatment were also acquired on both thel MRI-Linac and a clinical 3T MRI
scanner by use of an MSE sequence that are then convezted to dose maps by use of
irradiated calibration samples. The recorded dose maps of the three-beam treatment
are compared with a calculated dose distribution, extracted from the treatment plan

using a gamma analysis.
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2. Materials and Methods

Four different kinds of experiments were conducted on the MRI-Linac:

Experiment A. The dose-response on the MRI-Linac was illustrated by exposing

calibration vials and a cylindrical gel phantom to a single radiation beam.
~
Experiment B. To validate the effect of phantom size on the ‘dese-R, response, a vial

filled with MAGAT gel was inserted in a spherical flagk filled with MAGAT gel and

was irradiated from the side.

Experiment C. To illustrate a clinical dose verification, two treatments were considered:
L
A three-beam coplanar treatment omn a head-shaped phantom, and a rotational

treatment whereby a beam was directed on @arotating cylindrical gel phantom.

Experiment D. Additional experiments were performed on test tubes filled with
MAGAT gel to study the effect of the pulse sequence and imaging parameters on

the dose-Ry response.
N

Different gel batches were used and irradiation/scanning was conducted on different

days for each of these experiments.

2.1. Treatment Llanning

The three-beam radiation treatment on the head phantom and arc treatment
(experiment C)yhave been modelled in Pinnacle®* V16.02 (Philips Healthcare, The
Netherlands):"A Solid Water(®) slab was in place when acquiring the commissioning
beam'data and therefore is included in the model. By using the Solid Water@®) slab
to remove the high electron contamination, the build-up region of the beam is also

absorbed. This poses challenges to modelling, as the equations used in the planning
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system are intended for modelling this region. However at depths beyond 1/em the
model agrees within 2% of the commissioning beam data (Jelen et al 2020). Synthetic
CT scans of the cylindrical phantom and anthropomorphic head phantom'were generated
from an MRI scan by assigning CT numbers to theoretical values/for air (<1000 HU),
glass (2200 HU) and MAGAT gel (40 HU) and the CT dicomdwas umported into the
treatment planning system.

In the case of the cylindrical phantom, a 2.6 cm x 2.6.,cm square field was planned
with the beam isocentre off axis to the centre of rotation by 2.6 cm. The dose was
calculated for a single beam and it was then exported f’rom the treatment planning
system and the accumulated dose fromihwrotating the/ phantom every 9 degrees was
calculated in MATLAB®,

The head phantom was planned with 3 eoplanar beams of size 2.6 cm x 2.6 cm
with 120 degree angular spacings, All dose calculations were performed with dose grid

resolution of 1 mm x 1 mm X .1 mm using the adaptive convolution algorithm.
N

2.2. Fabrication of MAGAT gel dosimeters

Polymer gel dosimeters (PGDs) based on 6%(wt) methacrylic acid and 8%(wt) gelatin,
referred to as MAGAT, were fabricated according to a recipe discussed elsewhere (De
Deene et al 2006a)¢ The methacrylic acid solution and gelatin sol were mixed at
approximately 32°C. The antioxidant Bis[tetrakis(hydroxymethyl)phosphonium]| sulfate
(2 mM) wasradded when the solution was cooled down to approximately 30 °C. For
experiment A, a 1.4 litre cylindrical glass phantom (diameter 120 mm, height 120 mm)
was filled with MAGAT gel. For experiment B, a 300 ml spherical glass flask and a

long test tube with flat bottom (diameter 10 mm; length 200 mm) were filled with
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MAGAT gel. The test tube was then inserted in the spherical phantom (figare )
For experiment C, a glass head phantom and a cylindrical flask weré filled with 3.2
litres and 1.5 litres of MAGAT gel respectively. In addition to the large phantoms
used in experiments A-C, test tube vials were both filled with MAGAT gel of the same
batch which served as calibration samples. Only a set of calibration\ vials were used
in experiment D. Immediately after fabrication, all phantoms were stored in a closed

container at room temperature to avoid exposure to visible light.

2.3. Rotating Couch

Because the Australian MRI-Linac does not| have a rofating gantry, the phantom
(experiment C) was rotated instead by use, of an automated rotating head couch
which was constructed in-house. The rotating couch (figure [I) was constructed from
polycarbonate and was driven by a pneumatic stepper motor constructed from a nylon
and chopped carbon fibre 3D printed filament (Groenhuis and Stramigioli 2018). The
pneumatic motor does not centain any metal parts, making it perfectly MRI compatible.
The angular position is ‘eontrolled by use of a microcontroller (Arduino Uno) that
controls 4 pneumatic, valves which provide compressed air to each of the pistons of

the pneumatic stepper motor.
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2.4. Irradiation and MRI scanning

MRI scanning and radiation of the MAGAT PGDs was performed on the 1F, Australian
MRI-Linac. The phantoms were also scanned between 6 hours and$26 hours post-
radiation on a clinical 3T MRI (Siemens Verio). No active temperature cempensation

was applied during scanning or radiation. ~

2.4.1.  Calibration Calibration vials were irradiated in, a rectamgular daily quality
assurance (QA) water phantom at reference depth (10 cm)rat a dose rate of 1 Gy/min
and a field size of 10 cm x 10 cm. In order to save ’beam time, two calibration
samples were placed at any time insidesthe cylindrical cavity of the rectangular QA
water phantom. After each radiation expeosureyone of the samples was removed and
replaced by a fresh sample and another ineremental amount of radiation was delivered.
This procedure was repeated until all calibration samples received incremental amounts
of radiation dose in steps of(0.5 Gy. The fact that a smooth calibration plot (with
correlation coefficient < 0.9995 was obtained, indicates no significant dependence of
the dose-Ry responserwith thissfractionation scheme. This may seem in contrast with
a previous study/that found a dependence of the dose-Ry response on fractionation
in MAGAT PGDs (Karlsson et al 2007). However, it needs to be noted that the
dose deliveredito every calibration vial was obtained in mostly two and at most three
fractions and that the dose in each fraction was not equal which is different from many
equal fractions. It is also important to note that in the study of Karlsson et al , a
different dose rate per fraction (5.1 Gy/min) and different photon energy (18 MV) was

applied. An alternative way to obtain a calibration plot is by irradiating a phantom

with a square radiation beam of which the dose distribution has been well-characterized
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(Oldham 1998). The advantage of this method is that it is fast as only a single beam
is given. The disadvantage is that it relies strongly on the prior characterization of the
dose distribution of the beam in contrast to the ‘test tube’-approach where calibration
vials are irradiated under reference conditions as calibration vials ¢an be placed in the
rectangular QA water phantom at the same location as the ionizatio& chamber. It is
a misconception that the square beam approach would be more precise (De Deene and
Baldock 2002).

The Ry values of the calibration samples are acquired by use of a 32-echo MSE
sequence with an echo time spacing between 104ms and QQ ms (De Deene and Baldock
2002). R, maps were reconstructed frém the 32 spin echo images using in house
developed Matlab® software code and using a‘non-linear least-square fit (De Deene
et al 1998). In the fit, only signal walues that exceed 3 times the noise level were
considered in the fit, to avoid amy bias in estimated Ry values as a result of Rician

distributed noise at low signal levels (De Deene and Baldock 2002).
N

2.4.2.  Dynamic dosimetry Dynamic scans of the dosimeter phantom were then
acquired on the MRIzLina¢using a TSE sequence during radiation delivery (figure [2).
After radiation_delivery, additional Ry maps were acquired with an MSE sequence on
both the MRI-Linac and the 3T MRI scanner. The dynamic TSE scans were converted
to Ry difference maps that display the change in R, since the start of the radiation
treatment (figure [2k). Assuming that the effect of T relaxation on the signal intensity
is negligible, the signal intensity in each voxel of the TSE scans can be described by a

simple exponential decay function.

S = Spe e TE (1)
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where Sy is the signal intensity for the echo time T'E approaching zero. The dose¢ related
change in R, in a voxel receiving a dose D can then be easily derivedfrom the signal

intensities before and after radiation as:

ARy = —in (S (0 Gy)) (2)

" TE S(D)
where S(D) is the signal intensity in the same voxel after absorbing an amount of
radiation dose D and S(0 Gy) is the signal intensity in a voxel befare radiation.

The dose D can then be easily derived by use of a galibration plot between ARy and
D which was obtained from the calibration samplés' (figure [2b). The assumption that
the T7 effect can be ignored is only satisfied for sufﬁcient?y long repetition times that
allow full recovery of the longitudinal magnetization (‘"R > 37}) or in the case that T} is
not altered as a result of the radiation-induced polymerization. The effect of radiation-
induced changes in T} for realistically short repetition times on the signal intensity is
shown in section and discussediin section 4.3. A correction factor accounting for
both the T; effect and sequeneeirelated discrepancies (see section between MSE-
and TSE-derived R; values.i$ applied (figure [2[d) in the conversion of AR, maps to dose
maps ( [2¢).

The Signaléto-Noise Ratio (SNR) in images was determined by using a region-of-
interest (ROI) in‘a homogeneous region of the image. Determination of the SNR in the
base images (75 weighted images) was performed in unexposed images where the signal
intensity was-above 5 times the noise level, to avoid any bias as a result of a deviation

from the Gaussian distribution (De Deene 2004).
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Figure 2: Outline of the procedure for converting a set of dynamically recorded Ts-
weighted TSE MRI scans to dose maps. After exposing a set of calibration vials to
preset dose values, an Ry map is recordediusing a multi-spin echo (MSE) sequence (a).
A ARjy-dose calibration plot is'then extracted from the average Ry values within ROIs
drawn in the calibration vials! Alternatively, a flask of gel can be irradiated with a
square field of which the depth-dose profile is recorded with an ionization chamber or
diamond detector (a). Indhe Jattenséase, the ARy-dose relation is extracted by use of
a correlation scatter plot between the measured Ry-depth profile and the known dose
profile (b). AR; is calculatedifrom the ratio of the Tr-weighted TSE MRI scans before
radiation and the Th-weighted TSE MRI scans during radiation (c¢). The ARy-dose
relation is corrected for the difference between AR5 acquired with a TSE sequence and
AR;y acquired with the MSE sequence (d). Dose maps are obtained for each of the
Tr-weighted TSE MRI scans (e) by use of the corrected calibration plot (b).
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2.4.3. FExperiment A In this initial experiment, a 1.4 L cylindrical gel phantom
(diameter 12 ¢cm) was irradiated with a 2 cm x 2 c¢cm square 6 MV photon beam_af
a dose rate of 100 ¢cGy/min. The high surface dose, which has been preyiously observed
on the Australian MRI-Linac (Roberts et al 2019 and Jelen et al 2020), was mitigated
by including a 2 c¢m slab of Solid Water@®) 5 cm upstream fromethe pl@ntom.

The phantom was scanned dynamically using a Turbo<Spin-Echo/(TSE) sequence
for a total time span of 15 minutes. During this time span, the radiation beam was on
for 4 minutes. TSE images were recorded with a square field=of-view (FOV) of 171 cm,
a matrix size (MS) of 256 x 256 pixels, a slice hickness ‘Sl.Th) of 5 mm. The turbo
factor (TF) was 22 and the effective echotime (TE) 272 ms. The receive bandwidth per
pixel (BW,;,) was 275 Hz. The repetition time (TR) was 2 seconds and two averages
were taken per image to improve the SNR, resulting in a total measurement per scan of
48 seconds. Between each scan there was an additional time delay of 2 seconds, resulting
in a scan frame rate of 50 s. The phantom was also scanned with an MSE sequence on
the MRI-Linac and on the 3T I\XRI Linac with sequence parameters as listed in table .
2.4.4. FExperimenteBwThespherical phantom with tube insert was irradiated with a
4 cm X 4 cm square 6 MV photon beam directed perpendicular to the longitudinal
direction of theftest tubetat a dose rate of 100 ¢Gy/min. The phantom was scanned
dynamically with the TSE sequence at 15 second intervals for a total time span of 15
minutes. During scanning, the beam was switched on for 3 minutes. The phantom was
scannéd.with a MSE sequence on both the MRI Linac and the 3T MRI scanner. All

scanning parameters are listed in table [I]

Page 14 of 60
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2.4.5. FExperiment C A head-shaped dosimeter phantom was irradiated with 3 ¢oplanar
beams at similar fluence rates (figure . Also, a 2 cm slab of Solid Water®) was placed
between the beam and the phantom. The angular separation between eachhof the
coplanar beams was 120° which was obtained by use of the automated rotating couch.
Prior to the dosimetry experiment, the rotating couch system avas tes\ted on the head
phantom on which fiducial markers were taped and the rotational accuracy was found
to be £3 degrees. During the delivery of each beam, the,head phantom was scanned
at b slice locations separated by 10 mm, using a TSE pulse sequence with imaging
parameters as listed in table [l The time between two con%ecutive scans was 11 seconds
with 10 seconds effective scanning and l#econd delay time.

Another 1.5 L cylindrical gel phantom (diameter 11 cm) was inserted in the rotating
couch and irradiated with a lateral 2.6,cm X"2.6 cm beam that was placed 2.6 cm off
axis with respect to the cylindrical phantom. The 2 c¢m slab of Solid Water®) was
placed between the beam and the phantom. The phantom was rotated by the automated
rotating couch over 360 degrees\in incremental steps of 9 degrees every 18 seconds, while
the beam was kept on,during the entire treatment. The time to rotate the phantom
over 9 degrees was 1.5 seconds. TSE scans were taken at every angular incremental
step with imaging parameters as listed in table [1| resulting in a total imaging time per
frame of 10,seconds: The time between two consecutive scans at different angles was
18 seconds. Additional MSE scans were recorded on both the MRI-Linac and 3T MRI
scanner with the sequence parameters specified in table [1}

For the three-beam experiment on the head phantom, a volumetric gamma-analysis
was conducted between the final TSE derived dose maps, the MSE derived dose maps on

the MRI Linac and the treatment plan. The gamma-analysis was developed in house in
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Matlab®. For the arc treatment on the cylindrical gel phantom, polar dose maps were
reconstructed and radial and angular dose profiles were compared to<TPS calculated

dose profiles.

2.4.6. Ezxperiment D To investigate the relation between the TSE.acquired dose and
the MSE required dose, a set of calibration vials were irradiated to\doses between 0
and 5 Gy in steps of 0.5 Gy. The phantoms were scanned with both the TSE sequence
and the MSE sequence on both the MRI-Linac and¢the,3T"MRI scanner (Table [1]).
In addition, Ry (1/T}) of the samples was determined,by use of a spin echo sequence
with TE = 20 ms and different repetition times (TR = 65.2 ms, 1000 ms, 1500 ms and

5000 ms). To determine the R; value, thesignal versus TR is fitted against the signal

equation:
S = Sy(1 — Ce hBLTH) (3)

where Sy is the signal corresponding with the net magnetization and C' accounts for

N
imperfect refocussing pulses.

Page 16 of 60



Page 17 of 60

oNOYTULT D WN =

305

310

315

AUTHOR SUBMITTED MANUSCRIPT - PMB-110184.R2

4D Radiation Dosimetry 17

Table 1: MRI scanning parameters for the different experiments. For all experiments,
5 slices were recorded for each scan. ‘TE’ refers to the effective echo time imythe case
of a TSE sequence and to the echo time spacing in the case of an MSE sequence.»'Lhe
Echo Train Length (ETL) refers to the turbo factor in the case of a TSE, sequence and
the number of T,-weighted scans in the case of an MSE sequence. The actonyms “MRL’
and ‘3TMRI’ correspond with ‘MRI Linac’ and ‘3T MRI Verio’ respectively. T..., is
the total scan time.

Scanner  Exp. Seq. FOV MS S1.Th. TR TE ETL WW Tscan
Type (mm) (mm) (ms) (ms) (Hz)
MRL A TSE 171x171 256 X256 5 2000 272 22 275 48 s
MRL A MSE 171x171 256x256 5 2000 15 32 130 8 min 32 s
MRL B TSE 200x200 192x192 5 1000 124 13 260 15 s
MRL B MSE 171x171 256 X256 5 2000 15 32 130 8 min 32 s
MRL C-Head TSE 220%200 128x 128 10 1000 160 13 130 11s
MRL C-Head MSE  200x200 192x192 10 3620 20 32 130 11 min 35 s
MRL C-Arc TSE 150x150 128x128 10 1000 171 13 130 15s
MRL C-Arc MSE 192x192 192x192 10 3500 16 32 130 11 min 12 s
MRL D TSE  180x180 128x128 10 1000 variable variable 130 2 min 8 s
MRL D MSE 150x 150 192x192 10 3620 20 & 32 130 11 min 35 s
3TMRI A MSE 171x171 256 X256 5 3000 14 32 130 12 min 48 s
3TMRI B MSE 121x150 208x256 5 3000 10 32 271 10 min 24 s
3TMRI C-Head MSE  200x200 192x192 10 3620 20 32 130 11 min 35 s
3TMRI  C-Arc MSE 180x180 256x256 5 10000 15 32 130 42 min 40 s
3TMRI D MSE 6699 128x192 10 3000 15 32 151 6 min 24 s
3. Results

3.1. Radiation response of the polymer gel dosimeter
N

The dose-Rs response curves for four different batches of MAGAT gel are shown in
figure 3l The four dose-Rg response curves correspond with the batches used in the four
different experiments (A-D). The dose-Rs response satisfies a bi-exponential relation.
To convert the measured, 2> values to dose, an inverse relation needs to be derived. The
inverse of a bi-exponential function is not trivial. Here, either a numerical inversion
can_berappliedd Alternatively, a heuristic fit can be applied. It was found that a bi-

exponential function provides an adequate fit for the Rs-dose relation (equation .
D=a+b-ef2 .l (4)

where the fit coefficients a, b, ¢, d and e are all real positive. The Ry-dose calibration
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plots for the different experiments on the MRI-Linac and the 3T MRI scanner aré shown

in figure Bp and d respectively.

Ry(s™)

H> K KA HH KO

20

Ry(s™)

L s A Ty . . . '

0 0.5 1 15 2 2.5 3 35 4 4.5 5 0 5 10 15 20 25
-1
,(s)

(©) (d)

Figure 3: Dose-Rg response plots (a,c) and corresponding Ro-dose calibration plots (b,d)
for the different"experimeénts on the MRI-Linac (a,b) and on the 3T MRI scanner (c,d).
The inset figures'show the dose sensitivity extracted in the linear region of the dose-R,
curve [1 Gyy 3.5.GyJe The error bars in the inset figure correspond with an uncertainty
on the (fit of ome standard deviation. A: Single beam experiment; B: Phantom size
experiment; C:/Treatment experiment; D: MSE versus TSE experiment. On the 3T
MRI scanner, calibration vials were scanned twice for experiment C (same batch): once
together with the head phantom and another time with the cylindrical phantom. The
latter measurement is indicated as filled diamond symbols with corresponding fit as a
dashed, line.

A measure of the dose-Ry sensitivity can be obtained by considering the slope in a

Page 18 of 60
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linear region of the response curves ([1 Gy, 3.5 Gy]) and is found to be 4.55 s7F.Gy=!
on the MRI Linac and 4.23 s7'.Gy~! on the 3T MRI scanner (inset figlire [3p andic).
Some increase in Ry after switching off the radiation beam was obgerved. Figure
shows the corresponding change in registered dose as a function offtime in awegion of
interest in the phantom from experiment B. Similar temporal change\s were found in
the other experiments. It can be seen that the retarded response not only results in an
increase after radiation but also in a smaller rate of dose ¥egistration in the first seconds

when the radiation beam is switched on.

BEAM ON BEAM(OFF

35

D (Gy)

051

0d

_-— — = — — — —

0.8
t (min)

Figure 4: Temporal¢«change in registered dose during and after radiation. The time
constant fitted on the retarded response function was found to be 7 = 83s. The inset
picture/shows a,dynamic recorded dose map frame of a spherical phantom indicating
the ROI where/the dose response was extracted. Error bars correspond to standard
deyiations inside the ROI.

To, model the retarded response, a first order kinetic response is considered
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(appendix B). During radiation the registered dose D, is given by
D,(t) = Dt + Dr.(e7¥/™ — 1) (5)
while after radiation, the registered dose is described by

D,(t) = D — Dr,e /™ (elrad/™ — 1) (6)
~

where D is the dose rate, 7, is the characteristic time constant forthe retarded response,
D is the total absorbed dose and ¢,,4 is the duration of the radiation. For a derivation
of equations [p] and [6] the reader is referred to appendix B. By, fitting the registered dose
to equations [o] and [6] the characteristic time for#hewretarded response 7, was found to

'S
be 83 s.

3.2. Effect of sequence parameters on the dese caleculation

In applying equation [1} it is assumed that the repetition time TR is very large with
respect to T'E/. However, in order te acquire images with relatively short measurement
times, T'R is shortened below Qﬂl longitudinal magnetization recovery. The equation

for signal intensity is then given by
S = Spe MELE (1 _ 9e—Ra(TR=ZE) | eRl-TE> (7)

Note that if the relaxation rate R; would be independent of dose, equation [2] would
still be valid as the factor between brackets cancels out in both the numerator and
denominator of equation [2 However, as can be seen from figure [Bd, the spin-lattice
relaxation rate R; is dose dependent. A significant difference between R; measured
on the ¥T" MR-Linac and R; measured on the 3T MRI scanner is also clearly visible
(figure(sd). If the repetition time is decreased or the echo time is increased, the T effect

in the factor between brackets of equation [7] increases.
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MSE and TSE measured ARs-dose response curves are shown in figures and
b for the 3T MRI scanner and the MRI-Linac respectively. A discrepancy of 156% is
found between AR, measured with the MSE sequence and AR; measured with the
TSE sequence on the 3T MRI scanner (figure [Fp), while a discrepasicy of 40%,is found
on the MRI-Linac (figure pp). To investigate if the discrepangy is ca&sed by ignoring
the aforementioned 77 effect, the signal intensity was calculated using equation [7] for
the same echo time (T'E = 170 ms) and repetition time (TR = 1 s) applied in the dose
experiments. The corresponding theoretical AR,, affected by incomplete longitudinal
magnetization recovery, were derived by applying equatio’n [2l These theoretical ARy
values (affected by the T effect) are showm as blue dashed curves in figures b and .
It can be seen that the discrepancy in A Ry measured with the MSE sequence and TSE
sequence on the 3T MRI scanner is close to the expected ARy values when the T} effect
is taken into account (figure[Ph).2At higher dose values (D > 3.5 Gy), the TSE measured
ARy deviates from the predicted ARy on the 3T MRI scanner. This may be explained
by another effect which is relat;l to the low signal intensity in the TSE images at high
dose levels. If the signal in the TSE image after radiation S(D), drops below 5 times
the noise level (S(D) <'5ag), the non-Gaussian characteristic of the noise starts to play
a role which will result“in a further underestimation of AR5, hence of the registered
dose. If the signal in the TSE image is lower than 5 times the noise level, the noise
follows ‘@ Rician distribution and the signal intensity is overestimated. Consequently,

the calculated change in Ry will be underestimated.
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Figure 5: AR versus dose plot obtained with a MSE sequence (black circular symbols)
and using thesTSEisequence (square red symbols) on the 3T MRI scanner (a) and
the MRI-Linac (b) revealing a larger discrepancy between the TSE measured AR, and
MSE measured A Ry/on the MRI-Linac. The dashed blue line corresponds with the MSE
derived/A R, values but taking incomplete longitudinal relaxation into account and the
red dashed line corresponds with the Bloch simulated response curve with non-ideal
trapsmit voltages. The red and black solid line in (a) and (b) are bi-exponential fits
to the measured TSE and MSE measured ARy values respectively. The inset figure in
b shows'the ratio of TSE and MSE derived AR, values. A correlation plot of AR,
nmeasured with MSE and TSE on the MRI-Linac (blue circular symbols) and on the 3T
MRI scanner (green square symbols) is shown in c. Identity correlation is shown as a
dot-dashed black line. Longitudinal relaxation R; as a function of dose measured on the
1'T MRI-Linac (black circular symbols) and on the 3 T MRI scanner (red stars) (d).
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However, the larger discrepancy of 40% between MSE and TSE measured Rj values
on the MRI-Linac can not be explained by the T effect or the noise contribution alone.
It was found that the ratio between AR, measured with the TSE sequence and. AR5

measured with the MSE sequence is independent of the relaxation gate (insetyfigure in

375 ) As TSE measured AR5 correlates with the MSE measured AR, bjLa scaling factor

380

of 0.575, a correction factor of 1.74 (= 1/0.575) can be applied on thée TSE measured
dose distributions. A more comprehensive MRI study revealed that imperfect excitation
and refocusing pulses on the MRI-Linac are the cause of the discrepancy in TSE and
MSE measured AR, values (see appendix C). 3
The influence of the turbo factordin the TSE Sequence was also investigated

experimentally on the 3T MRI scanner. It was found that the turbo factor (TF) did

not have any significant effect on the aequired”Rs-dose response when varied from 13 to

30 (figure [6).
400 £ N
2\ Q AF=13
35031 TF = 14
t‘(\\ 5 ATF=15
300 "'}‘33\" @ Tr=16
R Q TF=17
OV,

250 1 v Q@ TF=18
= CENRE TF=19
s200) "W G TF=20
0 \ \;{\%\ = Q TF=21

150 Ry Q@ TF=22

N R & TF=25

100 A Q

50

D (Gy) D (Gy)

(a) (b)

Figure 6: The effect of the turbo factor (TF) on the acquired AR5 in the TSE sequence.
Whilesan increase in turbo factor results in a change in signal intensity (a), no significant
change in AR, (b) is seen. The black solid line in (b) displays AR, acquired with the
MSE sequence.
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3.3. Single beam experiment (experiment A)

A time series of measured dose maps of a single radiation beam demonstrate a rapid
response during radiation and a smaller increase after radiation (figurée @ Depth-dose
profiles and lateral dose profiles at 5 ¢m depth are extracted from the dese maps in
figure and are shown in figure [(p and c respectively. Th¢ depth=dose profiles are
extracted by averaging dose values in the lateral direction (alengx) over a width of
1 ¢cm and lateral profiles are extracted by averaging dosewalues in the longitudinal
direction of the beam (along z) over a 2 c¢cm region. . TPS derived depth-dose profiles
are shown as solid lines in figure [7pb. While thé manifestation of absorbed dose can be
appreciated from the recorded dose maps, ituis clear from the dose profiles in figure [7p,
that the noise in the dose maps is relatively high with the noise increasing as the dose
increases. The signal-to-noise ratio (SNR) in an unexposed raw TSE image was found
to be 9.15 resulting in a relatively peor dose resolution in the dose maps. Comparing the
expected TPS calculated depthidose profiles with the gel measured depth-dose profiles,
it can be seen that the recorded dose is lagging behind the delivered dose in agreement
with the observations ofiretardation in section 3.1. The lateral profiles are fit against

the function:

sinh(Ca)

v i Ycosh(Ca) + cosh((x) (8)

where ¢ is a parameter related to the penumbra width and a is half the width of the
beam.
A wideo of the acquired dose formation of an irradiation of calibration vials and of

the single radiation beam during and after radiation can be found in the supplementary

material (— MOVIE 1, MOVIE 2).
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Figure 7: Dose maps recorded}ynamically during radiation delivery of a single 2 cm

X 2 cm beam (a) and corresponding depth-dose profiles (b) and lateral profiles at 5 cm

depth (c).

lines correspond withsscaled theoretical dose profiles.

3.4. Phantomsize experiment (experiment B)

Solid lines indicateréxpected dose profiles without retardation and dashed

No significant change is observed between the dose registered outside and inside the test

tube.on the MRI-Linac during radiation or after radiation (figure [8p-d). A video of the

acquired dese formation during and after radiation can be found in the supplementary

material (— MOVIE 3).

High resolution Ry maps acquired with the MSE sequence on the 3T MRI scanner

18 hours post-radiation show a 15% increase in registered dose along the entire beam

25
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but no significant difference in registered dose between the inner region of the tést tube

a5 and the outside of the test tube (figure [8g). However, a 13% overestimation of the,dosé

within 1 mm of the glass wall can be observed.

Long test tube
@ =10 mm

Spherical flask
( ) 300ml/@=85mm

Radiation beam
4cmx4cm

4.5
i
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4l Seng, K3 ,
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Figure 8: Dose maps of a spherical gel flask with inserted test tube. Drawing of the
radiation set-upy(a). Average of the last 16 dose frames of the dynamic TSE scans
(coronal slice)s(b) and dose map acquired with the MSE sequence on the MRI-Linac
(c). Calibragion #ubes surrounding the spherical flask are also visible. A zoomed area
around the inserted est tube shows that the dose in the test tube is not affected (d).
Depth-dose profiles obtained with the three different methods (e): Multi-Spin-Echo
sequenceron the MRI-Linac (MRL - MSE); Turbo-Spin-Echo sequence on the MRI-
Linac averaged over the 16 last dose frames (MRL - TSE); Multi-Spin-Echo sequence
on'the 3T MRI scanner (3T MRI - MSE).
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3.5. 3D dose experiment: Head phantom (experiment C)

oNOYTULT D WN =

Dose maps acquired at different time intervals during radiation are showm,in figure{9]
10 The signal-to-noise ratio (SNR) in an unexposed TSE image was found to be 24.
20 Between different beams, Ry maps were also acquired with the MSE sequence (not
15 shown). A movie of the dose formation during treatment delivery insthe five slices can
17 be found in the supplementary material (— MOVIE 4: The fivesslices@orrespond to the
dose maps acquired at 10 mm separation and arranged_fromuleft to right in the cranial

22 to caudal direction. The middle (third) slice is acquired at the isocentre).

Figure 9: Dose maps of the central slice recorded dynamically on the MRI-Linac during

48 radiationsdelivery of three 2.6 cm x 2.6 cm beams on a head phantom. The FOV of the
49 dose maps is 220 mm x 220 mm. The time between two adjacent images in a row is 44
seconds (évery 4" recorded frame). The time between each beam (different rows) was
5o 15/minutesi The dose maps are obtained with absolute calibration using the calibration
53 plot ebtained from the calibration samples an corrected for the discrepancy between

>4 MSE and TSE.

58 425 Dose maps acquired with the TSE sequence immediately after radiation (figure -
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f) can be compared with the TPS calculated dose map (figure[L0j-1) and with doge maps
acquired by use of an MSE sequence on either the MRI-Linac (figure —c) and on the
3T MRI scanner (figure [10g-i). The R, maps acquired with the TSE(sequenge, were
corrected with the previously determined correction factor of 1.74 (Section 3.2).

The higher dose resolution on the 3T MRI scanner (figuré )\as compared to
the 1T MRI-Linac (figure [10h) can be appreciated. The fiéld size in/the longitudinal
direction (z-direction) appears to be slightly smaller in the. MSE reconstructed sagittal
and coronal dose maps (figure —C and h-i) as compared to the treatment planning
(figure [L0k-1) which can be attributed to the reldtively course slice resolution (1 cm) in
the MSE acquired dose maps in this direétion. While a relatively good correspondence
between the different dose maps can already be observed visually, a quantitative analysis
indicated small deviations in absolute dose levels and a misalignment in the order of a
2 degree tilt of the images acquired on the 3T MRI scanner with respect to the scans
acquired on the MRI-Linac. [ Dose profiles in the beam directions after correction of
the alignment error and renorr;alisation of the dose towards the dose at the isocentre
are shown in figures [ITh-c. “A"significant underdosage in the third beam can be seen
in the last dose frame agquired on the MR-Linac (figure [L1k) which is attributed to
the retardation effecti=Tt can be noted that this underestimation of dose is far less
pronounced, in the MSE acquired dose map on the MRI-Linac and has completely
disappeared in the MSE acquired dose map on the 3T MRI scanner.

Lateral profiles through the second beam are displayed in figure [11d. Slightly
sharper penumbras are found in the MSE gel measured dose distributions as compared

to the treatment plan (table 2)) and the TSE acquired dose distribution.
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&
Table 2: Penumbras for the lateral profiles in Figure between 20% and Q

levels. The imaging pixel size is also provided.
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Figurer10: Dose maps of the three-beam treatment of the head phantom, acquired
on the MRI-Linac using the MSE scan (a-c) and using the dynamic TSE scans (d-f),
acquired on the 3T MRI scanner using the MSE sequence (g-i) and calculated using the
treatment planning system (j-1). Transverse maps (a,d,g,j) are acquired, while sagittal
(b,e,h,k) and coronal (c,f,i,]) dose maps are reconstructed using cubic interpolation.
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41 Figure 11: Dose profiles,along the longitudinal direction of the radiation beams (a-
42 c) and a lateral profile through the second beam (d) obtained with the four methods
(TPS: Treatment Planning System; MRL-MSE: on the MRI-Linac using the multi-
45 spin echo sequence; MRL-TSE: on the MRI-Linac, final frame using the Turbo-Spin-
46 Echo sequence; Verio: “om,the 3T Verio MRI scanner). The dose distributions were
renormalized ‘in,dose towards the dose at the isocentre. The inset figures show the
49 direction of thefdose profile.
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Gamma comparisons between dose maps acquired with the four different methods
are shown in figure [12| and corresponding gamma pass rates and doserenormalisation
coefficients are shown in table [3] The gamma pass rates are calculated in a dosexregion
defined by doses above 5% of the dose at isocentre. The gamma'map in figure
indicates that the smaller gamma pass rate of the dynamic TSE acqui{ed dose maps is
largely attributed to the retarded dose registration of the third beam.

Table 3: Gamma pass rate for the differentycomparisons

Comparison Renormalization factory Gamma pass rate
MRL - MSE versus TPS 0.92 R 93.1%
MRL - TSE versus TPS 0.98 86.5%
3T MRI - MSE versus TPS 0.89 95.4%
MRL - MSE versus 3T MRI - MSE 1.04 97%

N
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Figurénl2:' Gamma comparisons (Dose/distance criteria = 3%/3mm): (a-d) MRL-MSE
versus TPS, (e-h) MRL-TSE versus TPS, (i-1) 3T MRI - MSE versus TPS and (m-p)
MRL versus Verio. Both transverse (TRA), sagittal (SAG) and coronal (COR) images
through the isocentre are shown. Corresponding gamma value distributions are shown

with cumulative plot (red curve) indicating the pass rate where it crosses the (y = 1)-

line.
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3.6. 3D dose experiment: Cylinder (experiment C)

Images acquired during the rotational delivery at different time points are shown in
figure [13] A movie capture of the dose formation during treatment delivery in the five

slices can be found in the Supplementary material (— MOVIE 5).

Figure 13: Dose maps recorded dynamically on the MRI-Linac during a rotational

radiation delivery on a cylindrical phantom. The separation between two adjacent
images is 7 recorded framesgeorresponding with a time increment of 108 seconds or an
angular increment of 54 degrees.

During radiationpit was.observed that the dose rate of the Linac was not constant,
which may explain,the angular variation in registered dose. To obtain a better view
on the angular dose variation, the dose maps were converted to polar plots (figure
and f)./ Profileg, of the angular dose variation (figure and g) were obtained in an
anguilar region between 30 mm and 40 mm from the centre of rotation as indicated by
the dashed lines in figures and e respectively. The high dose region is indicated
as the region between the two black dashed circles in figures and e. Radial dose

profiles were also obtained by averaging in the angular dimension (figure and h).
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54 Figure 14: Dose map of the rotational radiation delivery acquired on the MRI-Linac
55 using the dynamic TSE scan (a) with corresponding polar dose map (b). Corresponding
angular dose profile in the high dose region (c) and radial profile averaged in the radial
58 direction (d). Dose map of the cylindrical phantom and calibration vials acquired
59 with a MSE sequence on the 3T MRI scanner (e) and corresponding polar plot (f).
Corresponding angular (g) and radial profiles (h). TPS calculated profiles are shown as
red solid lines. No renormalization is performed.
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4. Discussion

4.1. Temporal resolution and uncertainty

For quantitative measurements acquired sequentially in time, it is important to make
a clear distinction between ‘temporal resolution’ and ‘temporal un¢ertainty’. Temporal
resolution refers to the discrete rate at which two consecutive measurements are
acquired, in other words to the ‘sampling rate’, while ‘tempeoral uneértainty’ refers to
the time window in which no significant signal change cam,be detected. Similarly, a
clear distinction needs to be made between the acquisition frame rate and the rate at
which a sensible dose readout can be made. We/will refer.té the maximum rate at which
a sensible dose readout can be obtained asithe ‘effeetive temporal resolution” and the
corresponding minimum time interyal as the ‘temporal uncertainty’.

The temporal uncertainty for the different studies can be calculated using the
concept of dose resolution. In radiation dosimetry, dose resolution was introduced as a
quantitative metric to define th\e minimal separation between two absorbed doses that
can be distinguished with a/given level of confidence (Baldock et al 2001). The dose
resolution, DX is definedvas the minimum detectable dose difference within a given level

of confidence, pand is proportional to the standard deviation of dose (equation @
DR = &,V20, (9)

where k, is the coverage factor for the level of confidence p and op is the standard
deyiation on the measured dose values. For a 95% confidence level, kg5, = 1.96 and
thus DR = 2.770p.

A"mathematical relation can be derived that relates the dose resolution DX, the
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dose sensitivity of the gel and the SNR in the images (Appendix A).

DP — kp\/?eRz,oTE,/l 4 20DTE <05> (10)
ol'E SO

where « is the Ry-dose sensitivity (o = %), Ry is the Ry of unirradiated.gel, ogis the
amplitude of the image noise and Sy is the signal in an image for small T'E (theoretically
for TE — 0). The temporal uncertainty TU,y can be defined as fhe minimum time
frame in which a detectable dose difference can be detected withicofifidence level of p%

which can be written as:

TU,y = %ﬁ = (%) eRwTE@ (‘;Z) (11)
where D is the dose rate. As the dose regolution depends on the dose-sensitivity of the
gel (o) and the dose D, the temporal uncertainty, 7'U,y is also dependent on both the
type of gel dosimeter and the dose range immwhich dose maps are acquired. Moreover,
the temporal uncertainty depends on the imaging parameter TE.

It has recently been suggested that gel dosimeters may have potential for 4D
radiation dosimetry (Lee/fet al\2018, Papas et al 2019). However, the poor MRI dose
sensitivity in both studies eompromises the effective temporal resolution significantly.
In the study by Lee etral (2018), a Fricke gel dosimeter with xylenol orange (FOX)
was used. The™MRI dose sensitivity of the FOX gel dosimeter is not mentioned in the
paper by Lee et al but Fricke gel dosimeters with gelatin matrix have a typical dose-R;
sensitivity in the order of 0.039 s~1.Gy™! (Audet et al 1997) which is further reduced by
the addition of xylenol orange (Healy et al 2003). In the study by Papas et al (2019), a
vinylpyrrolidone based gel dosimeter (VIPET) is used which has an Ry-dose sensitivity

6f 0.152 s~1.Gy 1.

In the paper by Lee et al , it is shown that the T;-weighted signal change increases
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with one standard deviation in a time span of 77 seconds (which corresponds withha
dose difference of approximately 7 Gy). The dose resolution with 95%onfidence,level
D% is 2.77 times the standard deviation. Thus, the actual detectable dosellevel is
more than 19 Gy or the temporal uncertainty for the FOX dosimeteér is 213 seconds at
a dose rate of 540 c¢Gy/min. For a courser sampling rate of 148, allolving 4 averages,
the standard deviation is halved, which still results in a temporal unecertainty of 106
seconds.

The dose resolution for the VIPET gel dosimeter (Pappas et al 2019) can be
calculated from equation . With a dose sensitivity a= ().’1525_1Gy_1 , an Ry intercept
Ry = 1.411s71, a noise ratio 05/Sy = SR = 0.033 and an echo time TE = 500ms
the dose resolution D¥” varies between 2.46/Cy and 4.36 Gy for a dose range between 0
Gy and 4 Gy. Assuming a similar doserate of 540 cGy/min, the corresponding temporal
uncertainty ranges between 27 's'and 48 s. The signal-to-noise ratio was not mentioned
in the paper by Pappas et al (2019) nor was the number of slices and the slice thickness.
Because the previous study Was\conducted on a 1.5 T MRI-Linac (Elekta Unity), a 50%
higher SNR was considered than what we achieved on the 1 T MRI Linac.

The dose resolution for the MAGAT gel dosimeter applied in our study on the
Australian MRI-Lina¢wranged from 0.35 Gy to 2.4 Gy for a dose range between 0 Gy
and 4 Gygewhich corresponds with temporal uncertainty of 21 seconds at a dose rate of
100 cGy/min or 3.8 seconds at a dose rate of 540 ¢cGy/min. It can be noted that for a
similar dose rate as the previous studies and on a 1.5 T Unity, the temporal uncertainty
reduces theoretically to 2.5 seconds (Table H4)).

To illustrate the concept of effective temporal resolution (temporal uncertainty)

and its relation to dose resolution, a hypothetical case can be considered where a single
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Table 4: Overview of temporal uncertainties of previous MRI-Linac gel dosimetry'studies
and this study.

oNOYTULT D WN =

9 Study Temporal uncertainty T'Ugsy

Lee et al 2018 106 seconds
12 Pappas et al 2019 27 seconds
13 This study (on a 1 T MRI-Linac) 3.8 seconds
This study (on a 1.5 T MRI-Linac) 2.5 seconds ~

pixel is considered to receive radiation while neighbouring pixelsrare not irradiated
21 (figure . In figure , every column corresponds with a recorded dose frame. In the
;i conversion from R; or Ry to absorbed radiationdose, noiie in the Ry or Ry maps will
26 be converted to noise in the dose maps (with standard deviation op). It can be noted
28 ss0 that the noise in the dose maps will be inversely. proportional to the sensitivity of the
dosimeter. Random noise is superimpesed ifmeorrespondence to the standard deviation
33 in dose for the corresponding gel dosimeter. ' The point in time where a pixel receiving
35 radiation can be distinguished from unexposed pixels with 95% certainty (i.e. TUgss )

N
is indicated by an arrow. /For the FOX gel dosimeter, TUysy is outside of the displayed

40 ses  time scale.
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FOX geldosimeter
Lee et'al, 2018

VIPET gel dosimeter
Pappas et al, 2018

MAGAT gel dosimeter
This study @ 1T

MAGAT gel dosimeter
This study @ 1.5T

Figure 15: Hypothetical dose prefiles of a single pixel receiving radiation (at a dose rate
of 540 ¢Gy/min) while neighbouring pixels remain unirradiated for different proposed
gel dosimeters. The arrow indieates the temporal uncertainty 7Ugsy. For the FOX gel
dosimeter, the temporal uncertainty is at 106 s.

4.2. Dosimetric properties of the MAGAT gel dosimeter

In comparisgn toother gel dosimeters, the MAGAT gel dosimeter demonstrates a very
high dosé*R, semsitivity in the order of 4.2 - 4.5 s71.Gy~!. The high sensitivity of
MAGAT gel dosimeters (De Deene et al 2006a) is related to a high chemical conversion
rate.of monomer in combination with the efficient fast magnetization exchange between
hydrogen protons from hydroxyl-groups on the polymer and hydrogen protons from the
water pool (Lepage et al 2001a). It is worth mentioning that chemical consistency is

important in obtaining gel dosimeters with consistent dose- Ry sensitivities. During this
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research, we noticed that the batch of anti-oxidant (THP) had a significant influence on
the dose- Ry sensitivity. This may also explain that a higher dose-Rs sensitivity is found
in this study as compared to a previous study (De Deene et al 2006a).

No thorough interbatch reproducibility study has been performed for thee MAGAT
gel dosimeter yet, as was conducted for the PAGAT gel dosimeter (Vindecasteele and
De Deene 2013). However, figure |3| showing the dose- Ry plots,.for the 4 experiments, is
indicative of a relatively good inter-batch reproducibility“No active temperature control
on the gel dosimeters was performed and technical problems,with the air-conditioning
may have resulted in a temperature uncertainty in the’order of 2 degrees Celsius.
However, from figures and c, it can be.seen that the dose-Rsy response plots of the
different experiments follow similar trends on theXMRI-Linac and the 3T MRI scanner,
which suggests that the difference inidose-Rs response in the various experiments is
most likely related to variations related to the fabrication process.

Compared to many other gel dosimeters, the dose- Ry response of the MAGAT gel
dosimeter has a very good tem\poral stability (De Deene et al 2006a). This superior
temporal stability cam,be attributed to the fact that the methacrylic acid polymer
grafts onto the gelatin matrix in contrast to other vinyl or acrylic based polymer gel
dosimeters where the pélymer aggregates precipitate inside the gel matrix (De Deene
et al 2000e; Fuxman et al 2005, Kozicki 2011) or to Fricke gel dosimeters where the
ferrous ‘and ferric ions diffuse through the gel matrix. We postulate that the grafting
of linear methacrylic acid polymer onto gelatin is also responsible for a relatively fast
chemical reaction in contrast to a significant relative change in Rs-dose sensitivity in
PAG gel dosimeters in the first 10 hours post-radiation. Despite the relatively fast

response, some post-radiation response is still noticeable (figure [4)) immediately after
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radiation. The gel measured dose as a function of time ¢ during and after radiation can
be well described by a first order retarded response as discussed in appendix Bs The
time constant of the retarded response is expected to depend on the reaction kinetics of
radiation-induced polymerization and the structural formation of the polymernetwork.
As the methacrylic acid polymer grafts onto the gelatin matrix in t\he MAGAT gel
dosimeter, it can be expected that the gel matrix will have aminfluence on the response
time. This post-radiation response is important to keepiin mind for the quantitative
interpretation of real-time registered dynamic dose maps asillustrated in experiments
A and C. 3

The MAGAT gel dosimeter has a dose rate dependence similar to other polymer
gel dosimeters and negligible energy dependence (De Deene et al 2006a). The Rp-dose
response of the MAGAT gel dosimeteris dependent on the temperature during radiation
and during scanning. The change.in R, per degree Celsius during scanning ranges from
0.08 s71(°C)~! to 0.344 s71(°C)~! in the dose range of 0 Gy to 4 Gy (De Deene et
al 2006a). The corresponding\dose uncertainty for a temperature uncertainty of 1°C'
between calibration and dosimeter phantom is 0.036 Gy for an unirradiated sample (0
Gy) and 0.16 Gy for a sample irradiated to 4 Gy, which corresponds to a dose uncertainty
ranging fromA% to 4%-6f the maximum dose. The dose error induced by a temperature
difference.of 1°C during radiation as a result of a temperature dependent response of the
radio-chemical reaction amounts to 2%. It can be noted that both temperature-induced
errors work in the same direction. Therefore, a temperature uncertainty of 1°C during
both radiation and scanning is expected to result in an absolute dose uncertainty of

6%. For an extreme temperature variation of 2°C this would result in an absolute dose

uncertainty of 12%.
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The MAGAT gel dosimeter is found tissue equivalent with a total mass attenuation

coefficient relative to water between 1 and 1.045 in the energy range 10keV - 100:MeV

(De Deene et al 2006a), which results in a CT number for the MAGAT (gel of 40,HU.

It has previously been shown that a low-density MAGAT gel dosimeter can be
created by beating the gel to a gel foam which was found tothave a microstructure
similar to lung parenchyma (De Deene et al 2006b). Theéylow-density MAGAT gel
dosimeter can not be read out with quantitative Ry imagingbut it ¢an be read out by use
of quantitative magnetization transfer, while quantitative Rg,dispersion measurements
can be used to assess the foam microstructure (Bacteret ai 2008).

A concern with PAGAT polymer gelddosimeters has been that the dose- Ry response
would be dependent on the size of the gel phantom,and as a result induces uncertainties
while using a calibration with small calibration'wials (De Deene and Vandecasteele 2013a,
2013b). Several studies have been conducted to find the reasons for the difference in
the dose-R, response such as'a difference in cooling temperature after pouring the gel
in recipients (De Deene ét al 2\007), temperature changes during radiation as a result
of exothermal polymerization (Salomons et al 2002), oxygen diffusion (Sedaghat et al
2010) and magnetic suseeptibility artefacts (De Deene and Vandecasteele 2013b). An
experiment whereby awsmall test tube filled with MAGAT gel was inserted in a larger
spherical phantom with MAGAT gel of the same batch shows that no difference in dose-
AR5 response is visible on the MRI-Linac. In high resolution MSE derived Ry maps
acquired on the 3T MRI scanner, an increase in Ry is detected in a region of 1 mm
near the glass wall. The small increase in R, near the glass wall does not impact the
accuracy of the calibration as R, values are extracted from a central ROI which is at

least 2 mm away from the glass wall.
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4.8. MRI acquisition

A TSE sequence was used to acquire dynamic dose maps because of its velatively low
sensitivity to magnetic field inhomogeneity and minimal image distortions as compared
to gradient echo-based pulse sequences. The optimal echo time in the TSE sequence
is dependent on the dose, varying from 500 ms at 0 Gy to 60/ms atz4Gy (figure .
In optimizing the imaging protocol, it is also important to cemsiderthe sampling rate
in relation to the spatial resolution, the receive bandwidth and turbo factor. For both
MSE and TSE acquired dose maps, the temporal amncertainty’ and dose resolution are
inversely proportional to the SNR in the base images. "A#significant difference in dose
resolution can be seen between the dose distributions in experiment A (figure [7)) and
experiment C (figure , which illustrates ‘the importance of sequence optimization.
The single beam experiment (A) was not optimized with respect to the higher doses
(TE = 272 ms), had a relatively high spatial resolution, a repetition time of 2 s and
a bandwidth of 275 ms, resulti{g in a SNR of 9.15 in the TSE images, while the time
interval between two frames' was 48 s. The echo time in the TSE sequence for the
three-beam treatment om,the head phantom (experiment C) was optimized for a dose
of 1 Gy (TE =460 ms). To decrease the measurement time in the latter experiment,
a repetition /fimefof 1 's'was chosen and the matrix size was reduced from 256x256 to
128 x128; resulting’in an imaging frame rate of 11 s. Five slices with a slice thickness of
1 comgwererecorded. The SNR in the TSE images for the three-beam experiment was
24, an increase in SNR with a factor of 2.6.

The maximum dose rate that can be achieved with the Australian MRI Linac in

the phantoms was approximately 1 Gy/min. The maximum dose increment in one
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frame of 18 seconds is 30 ¢Gy, which is in the same order of magnitude as the dose
resolution. A faster frame rate would be below the detection limitrand therefore
useless. For MRI-Linac systems that can achieve higher dose rates; highersframe
rates may be required. This can be achieved by faster imaging pulse sequences and
compressed sensing. Paramount in the selection of fast imaging approiches IS a unique
correspondence between signal intensity and radiation dosefand a high spatial fidelity.
Because of the specific spatial information content in radiation dose distributions, it can
be expected that only specific parts in the k-space will contain essential information. It
can thus be expected that dynamic scanning off MRI dosg maps would largely benefit
from a keyhole approach, as for examplefapplied in.dynamic contrast enhanced (DCE)
MRI.

A deviation between ARy acquiredwwith aT'SE sequence and AR, acquired with an
MSE sequence is observed. On the 3T MRI scanner, the deviation can be explained by
an incomplete and dose dependent longitudinal magnetization recovery. On the MRI-
Linac, the deviation is signiﬁca;tly larger which is attributed to an imperfection in the
RF pulses. It was found that the turbo factor in the TSE sequence had no significant
effect on the A Ry/values; however it is important to note that high turbo factors result in
a broadeningf the point spread function and may thus compromise the intrinsic spatial
resolutionss It was found that the RF pulse amplitudes on the experimental 1T MRI-
Linac were insufficient to cause full excitation and refocussing. The effect of non-ideal
RE pulses‘has been discussed in appendix C. While the large discrepancy in transmit
voltages may be a specific problem with the experimental MRI-Linac, the description
is more generally applicable to estimate the dose uncertainty as a result of imperfect

B, -field, for example in larger size dosimeters, such as 3D pelvic dosimeters (Vergote
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et al 2004). Experiments on the 3T MRI scanner and Bloch simulations demonstrate
that a 20% heterogeneity in By around the ideal B; results in a dose unéertainty of.only
1.2% for the TSE sequence and 3.6% for the MSE sequence with imaging parameters as
used in this study. For a 30% deviation in B; from the ideal value, the dose uncertainty
increases rapidly to 6% for the TSE sequence and 8% for the MSE sequence. It can be
concluded that if the Bi-field heterogeneity exceeds 20% ofithe optimum value, a Bi-
field compensation is required, following methods described in the scientific literature
(De Deene et al 2000b, Lepage et al 2001b, Vergote et al 2004). It is important to note
that the relation between Bj-field amplitudesfor transrglit voltage amplitudes) and
the deviation in ARy depend on the pulse sequence and thus may be site dependent.
Therefore, any implementation of B;-field theterogeneity compensation strategy needs

to be developed on the basis of the pulse sequence used.

4.4. Clinical dose verification

For both the three-beam radiation and the dynamic rotational treatment, a relatively
good agreement is found hetween the dose distributions obtained on the MRI-Linac, on
the 3T MRI scanner.and»TPS calculated dose distributions. However, for the three-
beam treatment, a systematic higher dose of approximately 8% and 11% is registered
in the MSE acquired dese distributions on the MRI-Linac and the 3T MRI scanner
respectively. For the three-beam treatment, gamma pass rates between MSE acquired
dose'distributions and TPS calculated dose distributes are above 93% for gamma criteria
of 3%/3 mm after normalisation towards the dose at the isocentre. A lower pass rate of
86%visyfound for the TSE acquired dose distribution compared to the TPS calculated

dose distribution. The lower gamma pass rate is attributed to a cluster of high gamma
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values at the location of the third (last) beam (figure [I2¢). The large devidtionlin
the third beam is the result of an ongoing post-irradiation polymerization leading to
an underdeveloped registered dose of the third beam, as can also be'seen from the
profiles in figure [11c. Indeed, the MSE acquired dose profile acquired immediately after
the dynamic TSE scanning already shows an increase in registered dc@e, and the MSE
acquired dose distribution acquired on the 3T MRI scannergracquired approximately12
hours after radiation, shows a fully developed dose profile:

Slightly sharper penumbras are found in the MSE acquired dose maps than in the
dynamic TSE acquired dose maps and the TPS calculated dg)se maps, with the shallowest
penumbras in the TSE acquired dose maps (table/2). The more shallow penumbras in
the TSE dose maps may be partially attributed to the lower spatial resolution in the
TSE scans (1.7 mm as compared to lyumm) and the line broadening as a result of the
Tsr-weighting of k-space lines within the same echo train.

As a result of dose rate variations during the rotational treatment, angular
variations in the dose diStI‘iblEiOIl are visible, however, the angular averaged radial
dose distributions (figure and h) show a relatively close agreement with the TPS
calculated dose distribution. In comparison to the TPS calculated dose distribution,
the dynamic,/I'SE acquired dose distribution is approximately 7% lower while the MSE
acquired dese distribution is approximately 4% higher. Also in this experiment are MSE
acquired dose values on the 3T MRI scanner higher than the TSE acquired dose values
on the MRI-Linac, possibly as a result of the ongoing post-radiation polymerization.

It 1s worth mentioning that during some other experiments (results not shown),
non-intentional misalignment errors were observed where the dynamic dose information

proved helpful in tracing the source of the deviations.
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5. Conclusions

The feasibility of 4D radiation dosimetry on an MRI-Linac by use of a high\sensitivity
polymer gel dosimeter has been demonstrated in cylindrical and humanoid shaped
phantoms. Dynamic AR, maps are acquired by use of a TSE sequenceé which can
be converted in dose maps by use of an MSE acquired dose-AR, ealibration plot. To
use the MSE acquired dose-A R calibration plot, a correction fagtormeeds to be applied
that accounts for incomplete longitudinal relaxation reeeveryrand non-ideal RF pulses.

The effective temporal resolution depends on the optimal dose resolution that can
be achieved with a particular gel dosimeter and with a dgfnamic MRI pulse sequence.
The MAGAT gel dosimeter has a dose-Ry Sensitivity of 4.5 s~1.Gy~!. Optimal echo
times have been derived to minimize,the dose resolution calculated from the dynamic
TSE scans.

The concept of temporal uneertainty 7Uysy is introduced to describe the effective
temporal resolution that issachievable with a particular 3D gel dosimeter. For the
MAGAT gel dosimeter, the temporal uncertainty at a dose rate of 540 ¢Gy/min and in
a magnetic field of 1. Teslanis 3.8 s, which is at least an order of magnitude smaller than
in previously suggested 4D dosimeters. While the current MAGAT gel dosimeter has
a superior stability above,other polymer gel dosimeters, a retardation in dose response
has been detected with a characteristic time of 83 s. This retarded response is related
to the radiation chemistry kinetics of the monomer and the gel matrix and is thus also
related to the gel dosimeter composition. It has been demonstrated that the retarded
response compromises the accuracy of the dynamically TSE acquired dose maps in a

clinical dose validation study.
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While progress has been made with this study towards 4D dosimetry avith an
increase in effective temporal resolution and with a reasonable correspondence with,\TPS
calculated dose distributions (with gamma pass rate 86%), it is the authors™epinion
that the main application of the dosimeter at its current stage isdfor assessing beam
misalignments during treatment. The good correspondence of fhe ﬁ@l acquired dose
distribution with the TPS calculated dose distribution (withiya gammalpass rate above
95%), adds evidence to previous studies on the usefulnessias relative 3D dosimeter.

Future studies are required to find a more optimal gel:formulation with reduced
retardation and temperature dependence. Future research’will also focus on improving
the dose resolution and temporal resolution by use of a keyhole imaging approach. In the
development of quantitative MR imaging methods for real time 3D radiation dosimetry it
is important to remain vigilant of MREinduced image distortions as a result of magnetic

field and gradient non-uniformity,and magnetic susceptibility differences.
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Appendix A - Optimal echo time for dynamic scanning

A mathematical relation between dose resolution and the echo time spating in MSE
sequences is provided elsewhere (De Deene et al 1998, 2002).

In this appendix, a derivation of the relation between dose resolution and echo time,
extracted from two Th-weighted images is given. In the described esperiments the two
images correspond to a TSE image acquired before radiation (D= 0°Gy) and an image
acquired at time ¢, where each pixel in the image hasaeceived aidose D(x,y, z,t). For
convenience, in the remainder of this derivation, we ‘will leave out the spatial coordinates
and time stamp and will refer to the dose in one correspo%ding pixel and at a certain
time as D.

The relation between signal intensity in the T5-weighted image acquired with an

effective echo time T'E and sufficiently long repetition time is given by equation
S = Soe_RQ.TE (A].)

Assuming a linear relation#or the Ry - dose response, Ry = aD + Ry, the signal

intensity in a pixel ofboth TSEdmages can be written as
S(O) = Soe_RQ’O.TE (AQ)

S(D) =W8peB2TE = Gye~(RooTE+aDTE) _ G o=RooTE~aDTE (A.3)

where S(0) is the'signal intensity in a pixel of a TSE image acquired before radiation
andgS(1D) is.the signal intensity in a pixel of a TSE image acquired at a time ¢ during
radiation.

Thewratio of both signal intensities is then

S(O) aDTE (A4)

—— =e
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Solving for the dose D results in the straightforward expression

b= aTl’E n (5((1%))) ) 4

Assuming Gaussian noise in the TSE images with standard deviation og,the standard

deviation on the calculated dose D, op can be written as

L1 (35“( &)) S+(3Z”(5((g)) Y (A.6)
2

oTE 0S(D

By substituting equation into equation [A.6] the standard deviation op, is given by

_ 1 Ry oTE, / 2aDTE( S)
0p = e 1+e 5, . (A.7)

The optimum echo time, T'E,,; for a.given dose, D can be calculated from

80D

which results in the transcendental equation

1 — Ry TE"
OéDTE — 1 —|— RQ’OTE

) _ 2aDTE (A.9)

Note that the same values for T'E,,; are found for the relative dose uncertainty, %. The
roots of the transeendental equation can be calculated by use of a numerical root-finding

algorithm™ " Theesitlts of the optimization analysis (using Matlab®) are provided in

figure AT}
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Figure Al: Dose resolution for different doses and echo times for the MAGAT gel
dosimeter (a) and gerresponding/relative dose error (b). A noise level of 5% (SNR =
20) is assumed in these ealculations. Values for optimal echo times are indicated as red
symbols in both 3D plots. The optimum echo time and corresponding dose resolution
are plotted in (g) and (d) respectively.

Appendix B. Retarded Response Function

Some ongeing dose response was found after the radiation beam was switched off. To
model this retarded response, for simplicity, we assume a first order kinetic response on

radiation delivery. Here, a saturating exponential function applies to the response to



Page 53 of 60

oNOYTULT D WN =

795

800

805

810

AUTHOR SUBMITTED MANUSCRIPT - PMB-110184.R2

4D Radiation Dosimetry 53
any infinitesimal amount of absorbed dose which can be written mathematically as

AD, = DAt(1 — e V™) (B.1)

where AD, is the MRI registered dose, D is the dose rate, ¢ is the tivie after delivery

of an infinitesimal amount of dose and 7, is the time constant for the retarded reaction.

Taking the limit for the time increment toward zero results in.a first order linear

differential equation for the response during radiation delivery (:beami on’).

dD .
T — D1 — et/ B.2
o (1—e™™) (B.2)
and thus
t . . 4 o
D,(t) = / D(1 — e ™Y = Do Dr(e Y — 1) (B.3)
0
which results in
D,(t) = Dt 4+ Dr,.(e” 1) for 0 <t < tyqq (B.4)

When the radiation is switehed off, the registered dose is still accumulating as a

result of the retarded response of each of the small absorbed dose increments during

N
radiation delivery.

N’ru,d . .

D,(t) = S5 DAt (1 — e~ a0/ (B.5)
=1
. Nyad .

= DAL [ Npgg — e/ 37 '8t (B.6)
=1

where N, .4 1S'the number of absorbed dose increments and D is the total absorbed dose
after total delivery. Note that N,,q-AD = D-At = D. If we consider infinitesimal dose

ingrementso( At — 0, Nyog — 00), equation can be expressed as an integral equation
. trad
D.(t) = D — De™t/™ / e/ dr (B.7)
0
which results in

D,(t) = D — Dre” /™ (gtraa/™ — 1) for t > t,44 (B.8)
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where t,,4 1s the duration of the radiation.

Appendix C. Influence of non-ideal RF pulses on measured R,

Non-ideal excitation and refocussing pulses as a result of non-optimal transmit voltages
may result in different Ry values. To investigate the effect of nen-ideal RF pulses
on the acquired Ry values, we performed simulations using a num;ical solution of
the generalised Bloch equations (De Deene et al 2000b, Beneit-Cattin et al 2005,
Xanthis et al 2014). The simulation software was /developedsin house in Matlab®.

In these simulations, 128 x 128 x

128 isochromats are considered that are 0°

7

uniformly distributed in a rectangular
voxel with dimensions 1.5 mm <X “1H
mm X 15 mm and the pulse sequence

is discretised in small time steps of, 10 ,

1S. To account for lifie broadening 5 0 & 0 s o0
within the voxel, ayrandom distribution o )
Figure C1: Distribution of magnetic field

of magnetic field «déviation.that follows deviations corresponding with a T2* = 50
ms inside a voxel containing 128 x 128 x 128

a Cauchy-Lorentz distribution is used isochromats.
for the magnetic field distribution of
isochrommats (figure [C1]).
The RFpulse scheme in the TSE sequence follows a CPMG sequence 90, — 180, —
(180, Jnzgawhere n is the number of echoes and subscripts « and y correspond with the

axis around which the magnetization is rotated with this corresponding nutation angle.

The link between the flip angle and transmit voltage is not linear as it depends on the
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RF pulse shape and duration of the RF pulses. For the TSE sequence implemented on
the MRI-Linac the ratio between the voltage of ideal refocussing pulsesrand exeitation
pulse is 1.59.

For each time step, the effect of the magnetic field gradientg’and REF pulses on
the magnetization vector is calculated by the application of corresq)nding rotation
operations on each isochromat. The magnetization at andincremental point in time

—

M (7, t + At) for an isochromat at position 7 can be deséribed by the transformation:

— — —

M(7,t + At) = R,(0) - R - (E(Rialls) - M(Fot) + E)) (C.1)

where E(Ry, R,) and Ej are (3 x 3) and (3 x(1) matriées accounting for longitudinal
and transverse relaxation, Rgr a (3 x 3)rotation matrix for the rotation along an axis
in the transverse plane defined by #he B; field and R.(6) is a (3 x 3) rotation matrix
around the z-axis which incorporates the magnetic field at position 7 as a result of slice
selective gradients, frequency emeoding gradients and random magnetic field deviations
(line broadening). ~

Similar gradient shapes and/RF pulse shapes as in the TSE pulse sequence are
used. The amplitudes of, the RF pulses were chosen on the basis of the transmit
voltages that were applied, and simulations were performed for different R; and R,
values corresponding‘with. MAGAT gel irradiated to different dose levels. The signal
intensity was caleulated as the bulk transverse magnetization at the moment of each
echo”(ADC)sA typical Bloch simulation is illustrated in figure showing the pulse
sequence and the evolution of the total nuclear bulk magnetization in a voxel.

Bloch simulations were conducted for different scenarios: with perfect RF pulses

(i.e. 90, — 180, — [180,],—1) and for scenarios where the RF pulses deviate as a
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Figure C2: Sequence diagram of the Bloch simulation on a voxel with 128 x 128 x 128
isochromats. The isochromat distribution corresponds with a T2* = 50 ms. From
top to bottom are displayed: the RF pulse Bj-field, the time of acquisition (ADC),
the gradient in the frequencynencoding direction (Gy.e,) and corresponding gradient
moment (fs.eq), the slice selectiomgradient (G ) and corresponding gradient moment
(ps1) and magnetization components (M, M,,M.,).

N
For each set of RF-pulses,

result of a limitation of ‘the/maximum transmit voltage.
the magnetization as a function of echo time was simulated for different R; and R,
values. The R;and R, were correlated on the basis of the independent measurements
on the irradiated/samples discussed in section 3.2. To validate the Bloch simulations,
experiments were.conducted on the 3 T MRI scanner where the transmit voltages could
be varied. While the ratio in transmit voltages between excitation and refocussing pulses
could not be varied on the MRI scanner, the results indicate that the Bloch simulations

provide realistic results. Figure shows A Ry-dose response curves acquired on the

3 T MRI scanner and simulated using the Bloch simulator. The effect of a deviation in
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the transmit voltage on the acquired ARs is clearly visible in both the experiments and

the simulations.
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Figure C3: [ARg-dosé plots acquired on the 3T MRI scanner (a) and simulated with
the Blochssimulator(b) for different transmit voltage attenuations Ry and with an echo
time of 168 mss The dashed line corresponds with the MSE measured ARy values.
The ratiorof AR, obtained with deviating transmit voltage and ARy obtained with
ideal RF pulses is shown in ¢ as open symbols for both simulated (open black circles)
and experimental data (open red squares). The ratio of ARy obtained with deviating
transmit voltage and ARy acquired with the MSE sequence is shown as solid symbols
for both simulated (closed black circles) and experimental data (closed red squares).

The deviation in AR, as a function of the transmit voltage deviation Ry follows a
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similar trend, but in comparison to the ARy values acquired with the MSE sequence,
an additional offset can be observed (figure [C3c) between simulated afd experithental
data. This can be attributed to differences between the simulated sequence on the 3T
MRI scanner and the simulated pulse sequence as implemented on the MRI-Linac.

On Siemens MRI scanners, the required transmit voltage cany, befreduced by
switching from ‘Normal’ mode to ‘Low SAR’ mode in the sequence menu. This
increases the duration of the RF pulses which results‘in a smaller demand on the
RF power (or transmit voltage) delivered to the coil. Switching from ‘Normal® to
‘Low SAR’ mode, increases the duration of the excitati(zn pulse with a factor 1.375
and the refocussing pulse duration withna factor.1.5. In the assumption that the
excitation RF pulse voltage in the ‘Low SAR’mede would correspond to an ideal 90
degree RF pulse, the pulse sequence imthe “‘Normal’ mode would correspond to an RF
pulse scheme of 85, — 106, —{98,],—1. In the ‘Low SAR’ mode the pulse sequence
would be 90, — 144, — [110,}a~1. The use of longer RF pulses in the ‘Low SAR’ mode

N
resulted in an increase in estimated A R, values but does still not correspond to the AR,

values obtained with the MSE'sequence (figure . Both RF pulse schemes have been
simulated using the Bloch simulator. A similar increase in simulated AR is observed
upon switching from ‘Normal’ to ‘Low SAR’ mode, confirming the hypothesis that non-
ideal transmit woltages have a significant effect on the measured AR, response. The
deviations in absolute values between simulations and measured AR, in the low dose

region are ‘attributed to experimental errors.
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Figure C4: ARs-dose plots acquired on the MRIsEina¢with sequence in the 'Normal’
mode (open circular symbols) and in the 'Low SARmodé*(closed circular symbols (a).
The MSE measured A Rs-dose plot is shown as opén square symbols and corresponding
fit by a dashed line.
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