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2 Abstract

The goal of this research was to perform a 3D end-to-end test on a MR-linac to
check the whole workflow using a clinical treatment plan. Dosimetric gel was
used to obtain 3D spatial information, with the phantom in the same position
for irradiation and scanning. In order to achieve this, fundamental elements of
gel dosimetry needed to be investigated. In the MR-linac, irradiation is deliv-
ered in the presence of a permanent magnetic field. Therefore, the dosimetric
response within a 1.5 T magnetic field should be validated. It is also important
to investigate the time-dependence of the gel. It is preferable to read-out the
gels within approximately one hour, so that the phantom does not have to be
moved. Ideally, scanning and irradiation would be done at the same time, to
see the dynamical dose delivery. The VIPAR gel was used for this research.

The experiments demonstrated that R2 values for doses irradiated with mag-
netic field were the same as R2 values for the same dose irradiated without mag-
netic field. R2 values are still proportional to the dose. It was also shown that
it is possible to scan the phantom within 20 minutes after irradiation. Sensitiv-
ity is at its highest after approximately 8 hours and stays stable afterwards, so
scanning after 8 hours will improve the read-out accuracy. It was also possible
to make a fit for the R2 versus time plots, which makes it possible to correct for
change over time. The fit can be divided in two linear parts if time is plotted
on a logarithmic scale, one fit for the time points before 7 hours, one for the
time points after 7 hours. The partial doses acquired by the gel during radi-
ation delivery were estimated. The equivalent R2 values then agreed with the
extrapolated fit to within 4%. This is a good indication that dynamic gel (4D)
dosimetry may be achievable.

A protocol for a relative end-to-end test was also developed. From the pre-
liminary results, it appeared that a relative end-to-end test can be performed
with the read-out of gel within 1 hour. A new MR sequence needs to be devel-
oped. For this end-to-end test, the sequence needs to scan a larger volume with
a higher resolution, therefore, the scan time will increase and real-time dosime-
try will not be possible. Changing the MR sequence might also change the
optimal irradiation-scanning interval and the R2 versus time curve. To perform
absolute dosimetry, an extra calibration would be required.
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3 Introduction

Radiotherapy is an important option for cancer treatment. In 2018, there were
116.537 new incidences of cancer in the Netherlands [1]. More than half of the
patients receives radiotherapy [2]. In external beam radiotherapy (EBRT) a
high energy megavoltage photon beam is generated and aimed at the tumor. To
deliver the right dose to the tumor while minimizing dose to the surrounding
tissue is a very complex process. Before start of the treatment, patients are
imaged with computed tomography (CT) or magnetic resonance imaging (MRI).
A treatment planning system (TPS) is used to create a treatment plan on this
CT or MR, which is sent to the linear accelerator (linac). The treatment plan
contains information about field shapes, dose rates, gantry angles and many
more parameters. To assure that the planned dose is also the dose given to the
patient, quality assurance (QA) is performed. QA is done for every part of the
process.

Different measurement methods can be used to perform plan QA. Probably
the most simple QA measurement is to perform a point measurement with an
ionization chamber. This measurement checks whether the recorded dose in the
chamber is the expected dose in the volume. It only says something about one
point. 2D measurements can be done using ionization chamber arrays, diode
arrays, electronic portal imaging devices (EPIDs) and radiochromic film [3].
These methods can be used for relative or absolute measurements. For absolute
measurements, a calibration is required. A disadvantage of these measurements
is that they only give information on one point or one plane. 3D measurement
methods can be used to provide information about the whole dose distribution.
Examples of 3D measurement methods are 3D gels and PRESAGE dosimeters
[4] [5] [6]. Those methods are not yet widely available and more research needs
to be done.

Since 2017, patients are also treated with MR-linacs. A MR-linac is a com-
bination of a linac with a 1.5 T MRI system. This thesis will be about the use of
gels for dosimetry in a MR-linac system [7]. There are multiple questions which
still need to be addressed. The first part of this master thesis will be about
whether the magnetic field has an influence on the behavior of the gel. The sec-
ond part will focus on the behavior of the gel over time. The last part considers
using the gel for 3D dosimetry of treatment plans and end-to-end testing.

3.1 Gel dosimetry

Gel dosimetry was first introduced in the 1950s [8]. Since then, a lot of work
has been done, but it is still mostly research. The first gel dosimeter used
was the Fricke dosimeter, which was read-out via spectrophotometry. Gore was
then the first (in 1984) to use magnetic resonance imaging (MRI) to create a
three dimensional radiation dosimetry system. They showed that the T1 relax-
ation parameter varies proportionally with the dose [9]. After Fricke dosimeters,
gel dosimeters consisting of polymers were made. Polymer gel dosimeters are
made from radiation sensitive chemicals which form a polymer after irradiation.
Polymer gels are hydrogels in which monomers are dissolved. Radicals created
in the irradiation of water induce the polymerization of the monomers. This
takes place as a function of the absorbed radiation dose. The purpose of the
gel matrix is to hold to polymer in place, in order to preserve spatial function.
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Various gelling agents can be used to form the gel, for example gelatin, agarose,
sephadex and polyvinyl alcohol [10]. The polymer chains then bind water pro-
tons more tightly, which causes the paramagnetic properties to change [11]. For
those polymer gels, the reciprocal of T2, or R2, relaxation rate, is proportional
to the dose given [12]. Further developments were aimed at creating polymer
gels that were less toxic and had a higher sensitivity. Polymer gels overcome
some of the disadvantages of conventional, point-based dosimeters. Such dis-
advantages are tissue non-equivalence, radiation beam perturbation and energy
and/or dose rate dependent response [13]. A disadvantage of the gels is that
their response is inhibited by the presence of oxygen. For this, normoxic gel
dosimeters were developed. For example ascorbic acid is used in those gels to
bind the oxygen [14].

For different gel compositions, there are different ways to read-out the gels.
For some gels, measurements of optical density are possible, for other gels the
change in attenuation coefficient can be measured with x-rays. Ultrasound can
be used if polymerization leads to changes in elasticity. Vibrational spectroscopy
can be used to show the change from monomers to polymer chains [6]. Another
way to read-out gels is to use magnetic resonance imaging (MRI). The readout
methods will be more extensively described in section 3.1.3..

Gel dosimetry can be used for multiple purposes in radiotherapy. It can be
used for patient or linac QA. Basic dosimetry can be done like percent depth
doses (PDD) and beam profile measurements, but also more complicated dose
distributions in external beam therapy. The gels can also be used for brachyther-
apy or proton therapy or to determine the dose of imaging procedures from for
example, CT imaging. The effect of tissue heterogenities, like bone and air, can
also be assessed with gel dosimetry [6] [15].

3.1.1 Different types of gels

As said above, the first gel dosimeter developed was the Fricke gel dosimeter.
The Fricke dosimeter consists of a ferrous sulphate solution [16]. The basis of
the Fricke dosimeter is the transformation of ferrous (Fe2+) to ferric (Fe3+) ions
[16]. This transformation is dose dependent, so the concentration of ferric ions
is proportional to the radiation dose [17]. Advantages of the Fricke dosimeter
are that it can easily be prepared and it is possible to determine the spatial
dose distribution shortly after irradiation [17]. The gel is also tissue equivalent.
However, a disadvantage of Fricke dosimeters is that the ferric ions produced by
absorption of radiation diffuse through the gel, which leads to a decrease in signal
intensity and destroys the spatial dose information [6] [17]. The absorbance of
radiation is stable between 20 and 60 minutes after irradiation, the readout has
to be done in this period. The Fricke dosimeter is independent of dose rate
and photon energy and linear in the range of 1-15 Gy [18]. The dosimetric
properties can change with gel preparation and measurement conditions [17]. It
is therefore very important to have a strict local protocol for the gel preparation
and measurement conditions.

In 1954, Alexander et al published the first article about the use of polymer
gels for radiation dosimetry. The size of the polymers reduces diffusion. They
used polymethylmethacrylate [19]. Later, polymerization in liquids was inves-
tigated, as well as the use of polyacrylamide as a gamma dosimeter [20] [21].
In 1992 a new gel formulation was proposed, consisting of acrylamide (AAm)

7



and N,N’-methylene-bis-acrylamide (Bis) in an aqueous agarose matrix. This
gel was given the name BANANA. The BANANA polymer gel did not have
the diffusion problems from the Fricke dosimeter. It was also quite stable after
irradiation [22]. Later, the agarose was replaced with gelatin, which was named
BANG (consisting of Bis, AAm, nitrogen and aqueous gelatin). This polymer
gel was patented and became commercially available [23]. Other, non-patented
gels with polyacrylamide are called PAG-gels [10] [24]. The polymer type gel
dosimeters do not have the diffusion problem of the Fricke dosimeters, but they
do have the problem that oxygen inhibits the polymerization process. Because
of this, the polymers have to be made in an oxygen-free environment [25]. Those
polymers are also called hypoxic or anoxic [10]. This led to the development
of the MAGIC gel dosimeter. In the MAGIC dosimeter, oxygen is bound in a
metallo-organic complex, which removes the problem of oxygen inhibiting poly-
merization. Ascorbic acid, also known as vitamin C, binds the free oxygen into
the metallo-organic complexes. It is also possible to use other antioxidants.
These dosimeters are so called normoxic dosimeters [26].

In 1999, Pappas et al developed a N-vinylpyrrolidone argon (VIPAR) gel.
The gel consists of N-vinylpyrrolidone, N,N’-methylene-bisacrylamide, gelatin
type A and water. The VIPAR gel is an hypoxic gel, where argon is used to
remove oxygen. They showed that the gels relaxation rate R2 is linearly related
to dose with a dose sensitivity that remains stable over time, measured on day 4,
5 and 15 after irradiation. They also showed good reproducibility of results [27].
The VIPAR gel is the gel that will be used for this project.

3.1.2 Working mechanism of polymer gels

Polymer gels consist for the majority of water. VIPAR gels contain 87% water
[27]. When water is irradiated, water molecules dissociate into multiple highly
reactive radicals and ions. This process is called radiolysis. This reaction is
shown in equation 1, where R• is the radical. How often this reaction takes
place is proportional to the absorbed dose.

H2O → 2R• (1)

The radicals which are formed in this reaction then start the polymerization of
the monomers by the following reaction, where Mm is the monomer.

R• +Mm →M•
m (2)

The polymer chain then grows further by chain propagation reactions by
adding monomers or adding vinyl groups of other polymer chains. This reaction
is shown in equation 3, where Mm is the monomer and Mn is a polymer with n
monomer units.

M•
m +Mn →M•

n+1 (3)

Termination of the polymerization reaction happens when two radicals react.
In this case, one large polymer can originate, or two separate polymers. The
reaction can also be ended by the reaction of a polymer with a radical that
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arised in the radiolysis reaction. Those reactions are shown in equations 4, 5
and 6.

M•
m +M•

n →Mn+1 (4)

M•
m +M•

n →Mm +Mn (5)

R• +M•
n →Mn (6)

It is also possible for the radicals of the radiolysis reaction to start polymer-
ization again for a dormant polymer chain. This reaction is shown in equation
7. It is also possible for the radical to be transferred to other molecules. This
is shown in equation 8 [10].

R• +Mn →M•
n (7)

M•
m +Mn →Mm +M•

n (8)

In summary, the degree of radiolysis is proportional to the absorbed dose. The
degree of radiolysis determines the degree of polymerization, so the degree of
polymerization is also proportional to the absorbed dose. The degree of poly-
merization influences material properties, for example density, optical density,
the attenuation coefficient, speed of propagation of sound and proton mobility.
All those properties can be used to read-out the gels.

3.1.3 Readout of gels

Optical CT, X-ray CT, ultrasound, vibrational spectroscopy and MRI can be
used to read-out the gels.

Optical CT Scanning the gels with optical computed tomography (CT) is
based on the principle that the optical density of the gel increases with dose.
Unirradiated, the gels are transparant to visible light. Upon irradiation, the
gels turn opaque, but remain translucent enough to be able to use optical CT.
A monochromatic light beam goes through the gel and is attenuated by the
gel. From the measured intensity of the exit beam, the attenuation µ can be
calculated. This attenuation is correlated to the dose received by the gel. The
CT principle works the same as X-ray CT: a planar image is made from a series
of line integrals. Multiple planar images are back-projected to an image [28] [29].

X-ray CT X-ray CT uses X-rays instead of light to create the images. CT
images are a visualization of Hounsfield Units (HU). The Hounsfield unit for a
certain material is given by formula 9:

HU = 1000 ∗ µ− µw

µw
(9)
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With this formula, the linear attenuation coefficient (µ) can be calculated, which
is correlated to dose. Polymerization of the gel causes the density to increase.
The linear attenuation coefficient changes because of a change in density. The
increase in density is related to a decrease in volume, but it was shown that the
increase in density is not more than 1% for a fully polymerized polymer [30].

Ultrasound (Medical) Ultrasound is a diagnostic imaging technique which
uses sound waves to create images. With ultrasound, a number of parameters
can be measured. These parameters give information about the characteristics
of a material. Most commonly measured are ultrasonic speeds of propagation,
attenuation and reflection coefficients. Acoustic speed is influenced by the elastic
modulus and density. The density of polymer gels increases with irradiation and
the formation of polymer chains might also increase the rigidity and thereby the
elastic modulus. In this way, the acoustic speed can be used to read-out gels.
The attenuation and transmitted intensity also correlate to absorbed dose. The
acoustic speed of propagation can be measured with the highest precision, and
is therefore the most useful parameter to measure [31].

Vibrational/Raman spectroscopy Raman spectroscopy makes use of Ra-
man scattering. If a monochromatic beam of photons interacts with a transpar-
ent medium, a part of the photons is scattered by Rayleigh and Raman scat-
tering. Raman scattering is an inelastic process. The change in energy of the
measured photon corresponds to the energy levels of the various molecular vi-
brations. Those energy levels change with copolymerization and cross-linking,
which makes it possible to use Raman spectroscopy for read-out of polymer
gels [32].

MRI MRI creates images based on the relaxation of protons. On a MRI, T1
and T2 weighted images can be made. For T1, the magnetization is flipped
to the transverse plane. The magnetization will grow back along the direction
of the static field. The T1 time of a material is the time it takes to recover
to 63% of the equilibrium magnetization M0. Besides T1, there is another
relaxation effect: the dephasing of spins in the transverse plane. The T2 or
spin-spin relaxation time is the time after which Mxy is 37% of M0 [33]. From
T1 and T2, relaxation rates R1 and R2 can be calculated with R1 = 1/T1
and R2 = 1/T2. For gel dosimetry read-out, R2 is most used. When the gel
dosimeters are irradiated, the molecular mobility is significantly reduced. When
the mobility of the water is reduced, spin-spin relaxation is more effective, which
is seen in a decrease in T2. This means an increase in R2 [10].

3.1.4 Dosimeter characteristics

Polymer gels have a few characteristics to take into consideration when using
polymer gels for dosimetry.

Time influence Deene et al showed in 2000 that there are two processes
which influence the stability of the R2 of the gel. The first one is post-irradiation
polymerization, which lasts until about 12 hours after irradiation. The second
one is the ongoing gelation of the gelatin in the gel. This process continues
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for more than a month [34]. Papoutsaki et al also showed that the offset of R0

increases and the sensitivity decreases over time [35]. They also investigated the
optimal time between gel manufacturing and irradiation. This interval should
not be more than 7 days. For the time between irradiation and MR scanning,
they found that the sensitivity increases after irradiation. There is a maximum
around three weeks, after which the sensitivity stabilizes at a little bit lower
value. The sensitivity is the steepness of the slope of the R2 versus dose plot.

Dose rate and fractionation influence For different gels, dose rate de-
pendencies were found. This dose rate dependency is very gel-type dependent.
For example, the PAG dosimeter has a small dose rate dependence, whereas
the nMAG dosimeter has a much larger dose rate dependency [36]. Dose rate
dependence was investigated for the V IPARCT (or VIC) gel. This gel is com-
parable to the VIPAR gel used. They tested different dose rates between 1.047
and 6.282 Gy/min. They showed no dose rate influence [37]. The fractionation
dependence was not studied extensively for VIPAR gels. There were some ex-
periments with a boost irradiation on a gel irradiated before, much later than
the first irradiation, which showed no difference. This implies that there is no
dose rate effect for VIPAR gels [27].

Temperature influence There is a temperature dependence during irradia-
tion as well as during scanning. The temperature dependence during irradiation
is not studied for VIPAR gels, but a change in sensitivity was found for PAG
and nMAG gels. Especially if the temperature gets to the melting point of the
gel, the sensitivity gets worse. There is also a temperature dependence during
scanning. This temperature dependence might lead to another R2 versus dose
curve, which causes problems if you want to do absolute dose measurements [36].
For relative measurements, this is not a problem. For BANG gels, it was shown
that the temperature dependence is caused by water molecules rotating more
rapidly with higher temperatures. Since VIPAR and other polymer gels consist
also for the majority of water, it is likely that there is also a temperature de-
pendency for VIPAR gels [38]. For the VIPAR gels, it was advised to irradiate
and store them at room temperature.

Influence of radiation source and energy Pappas et al investigated in
2003 the influence of using different photon energies and whether there was
a difference between photon and electron beams for VIPAR gels. They did
relative dose measurements for 6 and 23 MV photon and 6, 9, 12, 15 and 18
MeV electron beams. The measurements were also compared with ion chamber
relative measurements. A good agreement between gel data en corresponding
ion chamber measurements was seen. They concluded that it is possible to do
relative dose measurements for those beams and energies without the need for
a calibration curve [40].

3.2 Gel dosimetry for regular linacs

The gel used for this thesis is the VIPAR gel. In 2001, Pappas et al showed
that this gel can be used for beam profile measurements [39]. They used the
polymer gel, radiographic film and a PinPoint chamber for profile measurements
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of a 6 MV beam with a 5 and 10 mm diameter. The penumbras measured
with the polymer gel were smaller than the penumbras measured with film or
the PinPoint chamber. This is caused by the finite size of the conventional
detectors. The relative depth dose measurements showed good correspondence
between film and gel. They concluded that using the polymer gel can deliver
relatively accurate profile data for small beams. Kipouros et al also showed that
the gels have a linear response up to 42 Gy [13]. They also did an experiment
with an 192Ir brachytherapy source up to 250 Gy. This curve can be fitted with
a logarithmic fit. This makes it possible to use the gel to verify clinical doses,
which are up to 24 Gy/fraction.

In more recent years, research was done using the VIPAR gel for plan verifi-
cation. Saenz et al created two 3D printed phantoms of a patient with a lesion in
the lumbar spine [41]. One phantom was filled with gel, the other phantom had
two openings for ionization chambers. Pre-treatment QA on a detector array
was also performed. The gamma analysis of the detector array showed 95.4% of
the points passing for 3%/2mm criteria. The ionization chamber measurement
was within 3% of the calculated dose, for the target as well as for the spinal
cord. The 3D gel phantom dose distribution showed 97% gamma passing rate
using 3%/2mm. This showed that it is possible to verify dose and spatial accu-
racy with gel dosimetry. In 2016, Liu et al also used the VIPAR polymer gel to
validate automatic treatment planning software for brain metastases [42]. The
validation used ionization chamber measurements, diode array measurements
(Delta4) and a patient-specific 3D phantom filled with gel. The three methods
showed good correspondence.

3.3 Gel dosimetry in a MR-linac

An MR-linac is an integrated 1.5 T MRI and accelerator. It is one of the newest
developments in image guided radiotherapy (IGRT). The MR-linac can be used
for on-line, soft-tissue based position verification and treatment monitoring [43].
When radiation is delivered in a MR-linac, there is a constant magnetic field.
This magnetic field influences the dose distribution, but might also influence
the behavior of the gel.

3.3.1 Influence of magnetic field on beam

The Lorentz force caused by the magnetic field influences the secondary elec-
trons. The secondary electrons have a helical path between two collisions, which
results in a smaller build-up distance and a slightly shifted and asymmetrical
penumbra. This helical path also leads to the Electron Return Effect (ERE).
Electrons entering air have this helical path, which causes them to return back
into the phantom or patient, this is schematically shown in figure 1. This leads
to extra dose deposition. This effect is seen for the transition from phantom
to air, so also in air cavities inside the phantom [43] [44]. This effect is shown
in simulations, but also on film [43]. At boundaries to a high-density material
there is a dose decrease [45]. The ERE is field strength dependent. Raaijmakers
et al investigated the ERE for field strengths of 0.2, 0.75, 1.5 and 3 T [45]. They
saw different effects for different magnet strengths, depending on field size and
the side of the beam (lateral or distal). The size of the air cavity also plays an
important role. The ERE only adds dose if the cavity is bigger than the size of
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the helical trajectory of the electrons, otherwise the electrons will not return to
the exit point, but they will re-enter the phantom or patient at another point.

Figure 1: A schematic representation of the ERE in a magnetic field. [46]

3.3.2 Influence of magnetic field on gel behavior

There is little research available about how gels behave in a magnetic field.
There are some recent publications in which the influence of the magnetic field
is investigated. In 2018, Lee et al published an article about the use of iron-
based radiochromic 3D gels [47]. They used a 1.5 T, 7 MV MR-Linac with
Fricke-type dosimeters to perform real-time 3D dosimetry. Fricke gels have the
known diffusion problem, but since now it is possible to scan and irradiate
at the same time, this problem is reduced. They irradiated 4 different gels
with constant dose rate: ferrous oxide xylenol orange (FOX), ferrous chloride
xylenol orange (FCX), ferrous phthalocyanine xylenol orange (FPX) and Fricke
xylenol orange gel (FXG). The difference in the gels is in the iron compounds.
They showed that for FOX, FCX and FXG the real-time relative MR signal
was linear with time, and therefore dose. This shows that the conversion of
ferrous (Fe2+) to ferric (Fe3+) ions happens quick enough to make real-time
MR imaging possible. From those four gels, the FOX gel was the most suitable
gel for MR-IGRT studies, because it had the highest signal intensity. They also
showed that the MR signal intensity stayed constant for at least 20 minutes
after irradiation. They did not make a comparison with gels irradiated without
the presence of a magnetic field.

Roed et al published an article in 2019 about the use of the BANG3-Pro
polymer in combination with a 1.5 T magnetic field [48]. They investigated
dose response, dose-rate dependence and fractionation dependence. The dose
response was investigated by irradiating five gel dosimeters in a phantom to
different doses with a regular linac, with and without a 1.04 T magnetic field.
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The field was generated by an electromagnet. The dose rate dependence was
tested by extending the distance between the source and the dosimeter. This
led to dose rates of approximately 450 cGy/min (100%) and 63 cGy/min (14%).
The fractionation dependence was explored by delivering a dose of 10 Gy in 1
fraction and in 3 fractions of 3.33 Gy with 9 minutes in between. They also did
an end-to-end test with a spherical gel dosimeter. The results showed a linear
dose response with the same slope for the beams with magnetic field and without
magnetic field. For the dose rate dependence they showed that there is a dose
rate dependence, but it does not change with magnetic field. The same goes for
the fractionation dependence. The end-to-end phantom study dose distribution
had a gamma pass rate of 85.6%, which was less than expected. It was seen
that the gamma analysis failed at beam entrance and beam exit regions. This
might be due to the high dose rate dependence. They concluded that using the
gel as a 3D dosimeter for end-to-end testing needs more research.

Pappas et al looked at 2D and 3D dosimetry for the Elekta Unity MR-linac
in 2019 [35]. They used two identical 3D-printed head phantoms. One phantom
was filled with polymer VIPAR gel, the other phantom had a film insert. They
showed that 2D and 3D measurements corresponded well with the calculated
dose distributions. They did not irradiate the phantoms with the same plan on
a linac without magnetic field, so it is not possible to conclude that the magnetic
field has no influence.

3.4 End-to-end testing

An end-to-end test is performed to check all aspects of the treatment procedure.
The whole treatment chain is checked, including imaging, treatment planning,
positioning, treatment plan adaptation and accurate dose delivery. For this,
multiple measurement methods can be used, including ionization chambers,
TLDs, film and gel. Also, different phantoms can be used. The end-to-end
test for regular linacs starts with a CT of the phantom. Afterwards, the CT
is transferred to the TPS where a treatment plan is created. The next step is
to align the phantom at the linac. This step might also include imaging of the
phantom with cone beam CT (CBCT) to verify the alignment. The table is then
moved to shift the phantom to the right spot. After this, treatment is delivered
and the measurements can be analyzed. The dose measured is compared to the
dose of the treatment plan [49] [50].

End-to-end tests for MR-linacs have some changes and some additional tests
to test the whole workflow. The first step is still a CT, which is used to create
a treatment plan. The next step is a pre-treatment MR scan, which is used
to adapt the delineations. A new adapted plan is created afterwards. This
plan is then delivered. It is also possible to partially deliver the plan, move the
phantom, make a new MR scan and a new partial plan. After the irradiation,
the measurements are analyzed again [51] [52]. With a MR-linac, it is possible to
scan and irradiate at the same time. That makes it also possible to irradiate the
polymer gels and scan at the same time. This means that it would be possible
to follow the dose build up during irradiation.
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3.5 Research questions and hypotheses

The end goal of this thesis work is to perform a 3D end-to-end test with a gel
dosimeter on a MR-linac. In order to achieve this, elements of the performance
of the gel in a 1.5 T magnetic field were investigated.

3.5.1 Research question 1: Gel dosimetry in a magnetic field

The first question that needs to be answered is how the gel behaves when a
magnetic field is present. There are two subquestions.
1) Is the R2 still linear with dose if a magnetic field is present?
2) Is there a difference between vials irradiated in a magnetic field and vials
irradiated without magnetic field?
Hypothesis is that the presence of a strong magnetic field does not affect the
dose response of a VIPAR polymer gel. Thus, as previously demonstrated for
conventional radiotherapy dosimetry, the T2 relaxation rate (R2) is expected
to remain proportional to the dose delivered. This will be investigated for
a range of different magnetic field strengths. If this is proven, it will imply
that gel dosimetry in an MR-linac is achievable with minimal modification to
conventional gel dosimetry protocols.

3.5.2 Research question 2: Time dependency of gel dosimetry

The second question is how the gel behaves over time. There are a few subques-
tions:
1) What is the trend over time or variation for the gel and is it possible to model
this?
2) When would be the best moment to scan the gel? Would it be possible to
scan the gel within one hour?
3) Is it possible to scan and irradiate at the same time, how precise can the dose
be determined?
To answer this research question, experiment 2 was performed.
Hypotheses were that the R2 readout of a VIPAR gel varies with time, but that
the variation can be modelled as a function of dose and time. The best moment
to scan the gel would be between 1 day and three weeks after irradiation. Scan-
ning and irradiating at the same time might be possible, but will come at an
accuracy cost. The readout variation will be characterized over a time period
from during and immediately after exposure, up to 43 days post-exposure.

3.5.3 Research question 3: End-to-end test

The third question is whether it is possible to use a polymer gel phantom to do
a 3D end-to-end test on a MR-linac. Hypothesis is that VIPAR gel can be used
to perform a 3D relative-dose end-to-end test in a MR-linac. It is intended that
the test be sufficiently accurate to perform a meaningful gamma analysis with
3% dose / 3 mm parameters and with a low dose threshold of 10%. A protocol
describing the end-to-end test will be established. The potential for real-time
4D dosimetry will be considered.

15



4 Experiment 1 - MR field dependency of
VIPAR gels

4.1 Goal and outline of experiment

The first experiment was conducted to answer the first research question: How
does the VIPAR gel behave in the presence of a magnetic field? Hypothesis was
that the presence of a strong magnetic field does not affect the dose response of
a VIPAR polymer gel. The relationship between R2 and dose needs to be known
in order to do relative or absolute dosimetry. The magnetic field dependency
needs to be determined in order to do dosimetry at a MR-linac.

In this experiment, VIPAR gels were irradiated up to 8 Gy while experiencing
magnetic field strengths up to 1.47 T. This was achieved with a Bruker magnet
and a conventional linac modified to deliver a flattening filter free (FFF) beam.
Section 4.2 describes the preparations of equipment needed for this. Section
4.3 gives a description about the methods and materials. Section 4.4 shows the
results of the experiment, which are discussed in section 4.5. Section 4.6 gives
the conclusions.

4.2 Preparation

Installing the FFF beam The first experiments were done on an Elekta
Synergy linac (U4) (Elekta, Crawley United Kingdom) that was suitable for
clinical use, but used exclusively for research. This machine had X-ray energies
of 6, 10 and 18 MV (X6, X10, X18) and electron energies of 6, 8, 12, 15 and
18 MeV (E6, E8, E12, E15 and E18). The X-ray energies all had a flattening
filter to flatten the beam. They are so called flattening filter (FF) beams. The
advantage of FFF beams for this experiment is that the dose rate is three times
as high as for a FF beam. Since irradiation for this experiment took place at
extended distance (3 meters) from the gantry head, the dose rate was low. In
order to increase this, a FFF beam was used. Since this was not yet available,
FFF was installed on the U4.

Installation of FFF on the U4 consisted of two parts, a hardware part and a
software part. The hardware part was done first. The first step was to remove
the filter. Instead of a cone shaped filter, a thin steel plate was inserted in
front of the beam to stop scattering. By removing the filter, the dose rate
was increased due to reduced attenuation. Removing the flattening filter also
changed the shape of the beam profile. In figure 2 beam profiles for a FF and
a FFF beam are shown. The steel plate scatter filter was custom-made. Inside
the head of the linac is a filter carousel with five slots which where all used for
existing beams. The 18 MeV electron scattering filter was removed to make
space for the FFF beam and filter (see figure 3). The printed circuit boards
controlling dose rate were also upgraded.
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(a) (b)

Figure 2: (a) A beam profile of a beam with flattening filter showing a flattened
field (b) A beam profile of a beam without flattening filter showing the non-
uniform dose distribution across the field. The X-axis shows the position from
the isocenter, the Y-axis shows the relative dose, normalized at the center of
the field. Both fields have field size 30x30 cm2.

(a)

(b)

(c) (d)

Figure 3: Photos of the preparations of the U4. (a) Sawing of the steel plate
scatter filter. (b) The steel plate and the filter. (c) The steel plate in the filter.
(d) The filter carousel where the filter is placed.

The software also required adaptations in order to accommodate the new
energy. The software supports only three photon energies. Therefore, the new
6 MV FFF beam replaced the 18 MV photon beam. After the adaptations, the
U4 had photon energies of 6 and 10 MV FF, 6 MV FFF and electron energies
of 6, 8, 12 and 15 MeV.

After this, it was necessary to set up the FFF beam parameters. The en-
ergy of the FFF beam of the U4 was matched to the energy of the clinical
FFF beams. The magnetron power was increased to get the right dose rate
and energy. In order to create a photon beam, electrons are ejected from the
gun at the beginning of the waveguide and then accelerated until they hit the
(high Z) target and produce bremsstrahlung photons [53]. The electrons are
steered, focussed and bend by a set of magnets around the waveguide. This
determines the direction and angle of the produced beam. An overview of the
steering magnets is shown in figure 4. The 1T, 2R and bending magnets mainly
influence the inline direction (parallel to the waveguide), whereas the 1R and
2T steering magnets mainly influence the crossline direction (perpendicular to
the waveguide). Besides the bending and steering magnets, there are also focus
magnets which are in place to focus the beam. They are at the beginning of
the waveguide. The ion chamber registers the fluence of the beam after the
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Figure 4: Schematic overview of the steering of a linac. The primary steering
and focus coils are at the start of the waveguide, followed by the secondary
steering coils. The steering influences the profile of the beam. Figure courtesy
of Elekta.

target. When the ion chamber measures a field that is not symmetric, the servo
mechanism is triggered and the 2R and/or 2T currents are adjusted. There is
also a gantry angle dependent correction for the Earth’s magnetic field, which
is in the Look Up Table (LUT). The combination of the set currents for the
primary and secondary steering, the LUT and the servo mechanism determine
the beam profile.

To determine the optimal 1R and 1T currents, two ionization chambers were
placed directly behind the 1R and 1T magnets at the waveguide. If the steering
is optimal, the electron beam passes smoothly through the waveguide. Few elec-
trons hit the walls, and measured scatter will be minimized. The measurements
are shown in figure 5. Two ionization chambers were used to ensure consis-
tency, which was observed. The measurement could also be done using only one
ionization chamber.

From this experiment it was concluded that optimal values for 1R and 1T
were 0 and 28 mA. It was then necessary to find the optimal 2R, 2T (secondary
steering) and bending currents. Those were determined using a Starcheck
(Starcheck Maxi, PTW, Freiberg, Germany) and tuning the 2R and 2T cur-
rents to achieve maximum dose rate. The Starcheck is a 2D ionization chamber
array which can be used to measure beam profiles. The center and beam peak
of the FFF beam have to be at the same location as the center of the X6 FF
beam. This was performed at gantry 0 degrees. After tuning, all profiles and
PDDs were also checked in a water tank.

The X6 FFF has a different energy than the previous X18, and additionally
because the Bruker magnet was placed next to the linac, a new LUT had to
be made. Generally, the LUT corrects for the changes in the Earth’s magnetic
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(a) (b)

Figure 5: Results of the experiment with the ionization chamber on the waveg-
uide. (a) Shows the results for the 1R current, (b) Shows the results for the 1T
current. Optimal current is where the scatter is the least, so around 0 for 1R
and around 28 for 1T.

field for different gantry angles. Since the Bruker electro magnet has an intrinsic
magnetic field, the magnet influenced the magnetic field around the linac. In
figure 6 a plot is shown of the 2T linac error for the new and the old LUT in
the crossline direction. The same was done for the inline direction. The 2T
linac error is defined as the field symmetry metric measured by the ionization
chamber in the crossline direction. To determine the symmetry, two dose points
that are equidistant from the central axis are compared. A clear decrease in
error was seen. A linac error of 5 corresponds to a symmetry error of 5%, which
for FFF is also equivalent to a displacement of the field edges or beam peak of
approximately 1 mm.
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Figure 6: Plot of the 2T linac symmetry percentage error versus gantry angle.
The blue line shows the error for the old LUT, the red line shows the error for
the new LUT. Plots are made with the linac servo off. The new LUT improved
the linac error.

After this, the field symmetry and energy were checked throughout 360 de-
grees with the Starcheck attached to the head of the linac. The resuls were
within clinical tolerances. Subsequently, starshot tests were performed that
measures the isocentric alignment of the beam. A gafchromic film was irra-
diated with beams from multiple gantry angles. The diameter of the smallest
sphere containing all beams describes the position of the isocenter. This resulted
in a radius of 0.18 mm for the clockwise rotation and 0.10 mm for the counter-
clockwise rotation. Clinical tolerance is 0.5 mm for high-accuracy stereotactic
linacs.

Influence of the magnet With the beam well-adjusted for the normal 0 T
magnetic field, it was then necessary to check its performance over range of
magnetic field strenghts used in the experiment. Ten discrete magnetic field
strengths were available, ranging from 0 to 1.5 T. These were checked with a
Sypris 5180 Gauss/Tesla meter. Results are shown in table 1.
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Table 1: Measured magnetic field for each set magnetic field strength. There is
a good agreement between set and measured magnetic field strength.

Set
magnet 0 0.15 0.3 0.45 0.6 0.75 0.9 1.05 1.2 1.35 1.5
strength (T)
Measured
magnet 0 0.16 0.30 0.46 0.60 0.76 0.91 1.05 1.21 1.35 1.47
strength (T)

As it was possible that the Bruker magnet was having a small effect on the
magnetic field in the surrounding rooms, the performance of the nearby clinical
linacs (U5 and U7) was checked. Linac error plots with the magnet on and with
the magnet off were made. The steering servo’s were off. A servo is a control
mechanism of the linac. The steering servo adapts the 2R and 2T currents based
on the measurements of the ionization chamber, to get the measured symmetry
back to zero. The servos must be switched off in order to observe the influence
of an external system such as the Bruker magnet.

(a) (b)

(c) (d)

Figure 7: The 2T and 2R linac symmetry error plots of U5 and U7 with the
Bruker magnet turned on (blue) and off (red) at U4. The horizontal axis shows
the gantry angle, the vertical axis the linac symmetry error. The plots show no
difference between magnet on and magnet off.

As can be seen from figure 7, there was no clear difference between magnet
on and magnet off. From this experiment it was concluded that it is safe to use
the magnet when the U5 and U7 are in use.

21



When the Bruker magnet was on, the linac U4 was affected by the addi-
tional stray magnetic field. Inline and crossline profiles were measured with a
starcheck attached to the head of the linac at gantry 84 degrees for every avail-
able magnetic field strength. If there was an influence of the magnetic field, the
position of the field would change with magnetic field. The center of the field
and position of the beam peak of the FFF field were analyzed. The results were
shown in figure 8. The starcheck was not aligned exactly in 0,0, so the absolute
error value gives no information. It could only be used to see the change in
position.

Figure 8: Results of the Starcheck measurements of field centre and beam peak
for both inline and crossline directions. Crossline 2T servo was off. A variation
is seen for crossline center and beam peak at high field strength.

It can be seen that mainly in the crossline direction, the magnet influenced
the position of the beam peak and the center of the field. This influence was
smaller in the inline position. This would be explained by the servo which is on
in the inline direction, but off in the crossline direction. This is the same as for
our clinical machines, for which it is not allowed by the vendor to turn on the
servo in the crossline direction for FFF. To see if turning the servo on would
decrease the field strength dependency, the same measurements were repeated
with the 2T servo on. The results are shown in figure 9.
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Figure 9: Results of the Starcheck measurements of field centre and beam peak
for both inline and crossline directions. Crossline 2T servo was off. No variation
is seen anymore for crossline center and beam peak at high field strength.

As can be seen in figure 9, with the 2R and 2T servos switched on, the
change in magnetic field does not affect the beam. The 2T servo will be on for
the experiment. These preparatory steps and measurements established that
the linac, the beam and the magnet are suitable for the experiment.

4.3 Methods and materials

For the first experiment 26 gel vials were used, all from the same batch. The
gels were irradiated with the 6 MV Flattening Filter Free (FFF) beam of the U4
with a 3x3 cm2 field at the Bruker magnet. The magnetic field was introduced
by the Bruker magnet. To create the 3x3 cm2 field between the pole shoes, a
tertiary collimator was used, combined with a 5x5 cm2 field (at isocenter) of the
linac formed by the leaves and jaws. This tertiary collimator was placed at the
table. As a reference, an ionization chamber was placed in front of the tertiary
collimator. The gantry was at a angle of 84 degrees. The vials were placed
in a rectangular water phantom with 5 cm of water in front of and behind the
vial. The phantom was placed between the pole shoes of the Bruker magnet.
The setup is shown in figure 10. Dose-rate was kept the same for all vials. The
vials were all stored together in a water bath, so that the temperature was as
constant as possible and they all experienced the same environment.
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(a) (b) (c)

Figure 10: Setup of the experiment: (a) Vial placed in phantom, between pole
shoes (b) View from the linac, tertiary collimator on table with reference ion-
ization chamber in front (c) Total overview of setup

The 26 vials were all irradiated using a different combination of dose and field
strength. Doses of 1, 2, 4 and 8 Gy were irradiated in magnetic fields strengths of
0.00, 0.15, 0.30, 0.60, 1.05 and 1.45 T. Field strengths were measured before the
irradiation of each vial. One vial was kept at 0 Gy, and one vial was irradiated
up to 4 Gy at gantry 0 degrees in a water tank with a 10x10 cm2 field at depth
10 cm as control (field strength 0 T). To determine the amount of monitor units
(MU) needed to give a certain dose, dose measurements were done at 0 T and
1.5 T before starting the experiment between the pole shoes of the Bruker. Dose
measurements were done with an ionization chamber in the same phantom as
used for the experiment. The ionization chamber was placed at the same place
as the gels later. The measurement at 1.5 T was corrected with a kB factor.
The 0 T value was used to calculate the amount of MU needed. The difference
was within 1%. Since this difference was within 1%, it was not corrected for
in the amount of MU. The difference in dose was used to correct the measured
dose later. All vials were irradiated consecutively on the same day.

After irradiation, the vials were scanned at a 1.5 T Philips Ingenia MRI
scanner. Scans were made after 1, 2, 4 and 8 days. To do T2 mapping a 3D
Carr-Purcell-Meiboom-Gill (CPMG) sequence with 32 echos was used (FOV
148x148x62 mm3, resolution 2x2x4 mm3, TSE, TE 40 ms, TR 2000 ms, total
scan durating 41:06 mm:ss). The vials were also scanned with a 2D sequence
with 20 echoes (FOV 144x144x130 mm3, resolution 2x2 mm2, slice thickness
2 mm, TSE, TE 40 ms, TR 2000 ms, total scan duration 12:06 mm:ss). For
the analysis, a volume of interest (VOI) was created in the irradiated area of
each vial. The volume of this VOI was about 2 ml and had a margin of about
4 mm from the edges of the vial and the bottom of the irradiated part. For
this VOI, the average signal intensity was determined for each echo. By fitting
this curve, the T2 value was determined. The fit was done using a single term
exponential fit, using the Matlab fit ’Exp1’. The first echo was discarded [56].
The mathematical form of the fit is shown in equation 10.

Si = M0 ∗ exp−TEi/T2 (10)

The R2 value is defined as 1/T2.
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4.4 Results

4.4.1 Linearity

The R2 results for the different CPMG scans are shown in figure 11. As can
be seen from the figure, the R2 is proportional to dose for all magnetic field
strengths. The average correlation coefficient R2 is 0.9970.

As expected, there is a change in R2 over time [11]. This change can be seen
in figure 12. The linearity does not change, with average R2s of 0.9972, 0.9969
and 0.9966 for day 2, 4 and 8. The dose measurements at 1.5 T were used to
correct for the dose. The 2D scans show similar results.

Figure 11: R2 vs dose plots for the scan made 1 day after irradiation. R2 versus
dose is linear for all magnetic field strengths.
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Figure 12: R2 vs dose plots for the scans made during days 1, 2, 4 and 8 after
irradiation. R2 versus dose stays linear over time, but the fit offset and gradient
change.

4.4.2 Magnetic field dependency

To see if the results are magnetic field strength dependent, the R2 was plotted
against the magnetic field strength. This is shown in figure 13. As can be seen,
the results are equal for all magnetic field strengths. Average slope of the fit
through all values for one dose was 0.0095 with a standard deviation of 0.018.
The results were also normalized by dividing the R2 values by the 0 T R2 values
for the same dose. These results are shown in figure 14. Small variations in the
data were seen, but there is no trend with magnetic field strength.
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Figure 13: R2 vs magnetic field strength plots for the scans made during days
1, 2, 4 and 8 after irradiation. There is no trend seen in R2 versus magnetic
field strength.

Figure 14: The R2 for each dose and magnetic field strength divided by the R2
of the corresponding dose at 0T. There is no trend with field strength.

The vial irradiated under reference conditions was used to determine the R2
for a dose of 4 Gy. The value was 9.6% higher than the equivalent R2 value
measured in the Bruker magnet. If this control was used to calculate the dose
in the other vials, 1, 2, 4 and 8 Gy would be approximately 0.91, 1.82, 3.65 and
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7.3 Gy. This is quite a large difference, probably caused by the uncertainties
in the dose measurement between the pole shoes due to, for example, magnetic
field correction factor and distance. This did not influence the results of the
experiment, it is only a scaling factor. It does not influence the R2 linearity or
magnetic field dependence.

4.5 Discussion

The results in the linearity section show that R2 is linear with dose for magnetic
fields up to 1.47 T and doses between 1 to 8 Gy. It was also shown that the R2
versus dose stays linear over time, only the offset and slope of the fit changed.
This is caused by polymerization and gelation processes after irradiation. The
assumption is that if the gel behaves the same for doses from 1 to 8 Gy, it will
also behave the same for doses below 1 Gy or above 8 Gy, but this was not
proven in this experiment. It is assumed that the gels also stay linear up to 42
Gy in magnetic fields, consistent with previous results that show the R2 versus
dose stays linear up to 42 Gy without magnetic field. If R2 versus dose is linear,
the gels can be used for relative dosimetry, and with some additional calibration
also for absolute dosimetry. There are no publications for doses below 2 Gy. In
this experiment, the lowest dose was 1 Gy, therefore the accuracy of dosimetry
for doses lower than 1 Gy has not been validated. In clinical treatment plans, if
doses of less than 1 Gy are relevant to organs at risk or normal tissues, than the
accuracy of these doses can be verified by further experiments. It is only needed
to test this for one magnet strength, since the behavior for other magnetic field
strengths is consistent.

The results in the magnetic field dependency section show that there is no
significant effect of the magnetic field. If the R2 for each dose and magnetic
field strength is normalized by the R2 of that same dose for 0 T, no trend
with magnetic field is observed. Noise can be seen in the normalized values.
The experiment could be improved by making multiple scans on the same time
point, so that the T2 can be determined more exactly. It would also be an option
to irradiate more vials, so that for every combination of dose and field strength
2 or 3 T2 values could be averaged. The magnetic field independence was only
verified for magnetic field strengths up to 1.47 T. Higher field strengths were
not investigated, however no field strength dependence was seen and therefore
none is expected for higher magnetic field strengths.

The MR sequence was provided by the vendor and not further optimized. It
might be possible to optimize the MR sequence to get a higher SNR, sensitivity
and/or shorter scanning times. That was not within the scope of this project.

4.6 Conclusions

The first hypothesis of this experiment was that the gel relaxation rate R2
was linear with dose in magnetic fields. This was confirmed for magnetic fields
between 0 T and 1.47 T and doses of 1 to 8 Gy.

The second hypothesis of this experiment was that the gel response was
independent of magnetic field strength. This was confirmed, all responses were
consistent. This makes the use of VIPAR gels for dosimetry in MR linacs
possible.
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5 Experiment 2 - Time dependency of VIPAR
gels

5.1 Goal and outline of experiment

To perform an end-to-end test including positional accuracy, it is desirable to
read-out the vials at the same place as they were irradiated. Therefore, read-out
within approximately one hour should is desirable. No results have been pub-
lished for VIPAR gels for scanning within 24 hours. Previous research showed
that the time between irradiation and MR scanning changes the R2 values. The
R2 values increase in a time period of 40 days, but the R2-dose response stays
linear. For a conventional linac, optimal time between irradiation and scanning
is one day to three weeks [35]. Research question 2 is how does the VIPAR gel
behave over time after irradiation? The question is divided in three subques-
tions: 1) What is the trend over time or variation of the gel and is it possible
to model this? 2) When would be the best moment to scan the gel? Would it
be possible to scan the gel within one hour after irradiation? 3) Is it possible to
scan and irradiate at the same time, how precise can the dose be determined?

The experiment was conducted at a 1.5 T Elekta Unity MR-linac (Elekta,
Stockholm, Sweden). Three vials were irradiated to doses of 4, 8 and 12 Gy.
MR sans were made during the irradiation, immediately after irradiation, and
continuing until 3 days after irradiation, all without moving the phantom. Ad-
ditional scans were made after 1, 2, 3 and 4 weeks by putting the phantom back
in the MR-linac. To be able to see differences in the gel on short time differ-
ences, the MR sequence should be as short as possible. The sequences used in
the first experiment were respectively 43 and 12 minutes for the 3D and 2D
sequence. In the preparation section adaptations to the MR sequences to make
them faster are discussed. Sections 5.3, 5.4, 5.5 and 5.6 describe the methods
and materials, results, discussion and conclusions of the experiment.

5.2 Preparation

5.2.1 Preparation for the MR

To see the differences in the gel during or shortly after irradiation, it is im-
portant to have a MR sequence that is as short as possible. The scans from
the first experiment took 41 minutes for the 3D sequence with 32 echoes and
12 minutes for the 2D sequence with 20 echoes. This is too long for scanning
during or immediately after irradiation. First, an analysis of the data from the
first experiment was done to see if less echoes could be used while maintaining
accuracy. The T2 was fitted with different numbers of echoes as input data.
The calculated T2 values were then compared with the T2 values of the original
scan. This was done for the 3D CPMG sequence as well as for the shorter 2D
sequence with 20 echos. The results of this analysis are shown in figure 15. The
results shown are from the scan after 48 hours. The other scans show simi-
lar results. This analysis shows that for both sequences, at least 17 echos are
needed to limit the error to within 1%. Another way to reduce scan time would
be to reduce the number of slices acquired. This was tested with a diagnostic
1.5 T MRI by scanning the same 26 vials with different combinations of slices
and echos. This was done for the 3D CPMG sequence as well as for the 2D

29



sequence. The combinations scanned are shown in tables 2 and 3.

Figure 15: Difference in T2 determination when using less echoes than the full
20 or 32 echo sequences. At least 17 echoes are required to achieve an accuracy
within 1%.

Table 2: The combinations of num-
ber of slices and echos scanned for
the 3D CPMG sequence.

Slices\echos 32 16 8
31 X X X
15 X X X
10 X X X
7 X X X

Table 3: The combinations of num-
ber of slices and echos scanned for
the 2D sequence.

Slices\echos 20 16 10 8
65 X X X X
30 X X X X
20 X X X X
15 X X X X
10 X X X X

In total 32 scans were made. 12 for the CPMG sequence and 20 for the 2D
sequence. For each scan the T2 was fitted and compared with the T2 of the scans
with all echos and slices (31 slices and 32 echos for the CPMG sequence, 65 slices
and 20 echos for the 2D sequence). The results of those scans are shown in tables
4 and 5. The difference was calculated by (T2new/T2originalsequence−1)∗100%.
The difference was calculated for each of the 26 vials, from which the mean error
and standard deviation were determined.

30



Table 4: The results for all scan combinations made for the CPMG sequences.
A reduction in echoes increases the error, a reduction in slices leads only to a
small increase in error.

Slices Echoes Time (m) Mean error (%) Std (%)
31 32 41.1 0 n.a.
31 16 20.6 3.3 0.88
31 8 10.3 6.2 0.18
15 32 20.6 0.25 0.19
15 16 10.3 3.4 0.90
15 8 5.2 6.2 1.8
10 32 13.2 0.75 0.57
10 16 6.6 3.3 1.0
10 8 3.3 6.7 1.9
7 32 10.3 0.95 5.5
7 16 5.2 3.0 1.2
7 8 2.6 6.4 1.9

Table 5: The results for all scan combinations made for the 2D sequences. A
reduction in echoes increases the error, a reduction in slices leads only to a small
increase in error.

Slices Echoes Time Mean error (%) Std (%)
65 20 12.1 0 n.a.
65 16 9.9 1.4 0.66
65 10 4.4 4.6 2.1
65 8 3.67 3.0 1.6
30 20 5.5 0.71 0.40
30 16 4.5 1.5 0.68
30 10 2 4.5 2.2
30 8 1.67 3.0 1.8
20 20 3.67 0.51 0.38
20 16 3 1.7 0.80
20 10 1.4 4.6 2.3
20 8 1.17 2.7 1.7
15 20 2.93 0.63 0.50
15 16 2.4 1.7 0.83
15 10 1 4.4 2.2
15 8 0.83 2.4 1.6
10 20 1.83 0.68 0.52
10 16 1.5 1.4 1.0
10 10 1 3.4 1.9
10 8 0.83 1.7 1.3

From those tables it can be concluded that reducing the amount of slices
has less influence on the error than reducing the amount of echos. The 2D scan
with 10 slices and 20 echos has an error within 1% and takes 1 minute and 50
seconds.
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Since the diagnostic MR is not exactly the same as the MR from the MR-
linac, the MRI Examcards had to be adapted to be suitable for the MR-linac.
An Examcard contains all information about one or multiple sequences. Based
on the results from the previous tests on the diagnostic MRI, new sequences
were created on the MR-linac. The sequence that will be mostly used for the
experiment is a coronal 20 echoes 2D sequence with 18 slices of 4 mm and a
echo time of 20 ms. It takes 1 minute and 12 seconds to execute the sequence.
It gives the images of the 20 echoes and a T2 map calculated by the MRI.
Next to this sequence, two other sequences were also scanned if more time was
available between two consecutive scans to see if there was a difference between
sequences. This were a 32 echoes sequence with a echo time of 40 ms and a
3D sagital scan with 16 echoes and an echo time of 25 ms. Those scans took
respectively 22 minutes 26 seconds and 5 minutes 6 seconds. The 2D sequence
with 20 echoes was tested with three vials from experiment 1. The vials show
a linear R2 versus dose response. The 32 echoes sequence shows also linear
behavior for the R2 values.

5.2.2 Preparation for the irradiation

The vials in the phantom have to be irradiated with doses of 4, 8 and 12 Gy. To
do this, the phantom was scanned with a CT and a dose calculation was made
with the Monaco planning system. A screenshot of the plan is shown in figure
16, the cumulative dose volume histograms (DVHs) are shown in figure 17. The
dose was given in 6 segments. Three segments were delivered from gantry 90
degrees and three segments from gantry 270 degrees. The first segment for both
gantry angles consisted of a large field, which gave 2 Gy to all the vials. For
the second segment, the field size was decreased to cover only two vials and
delivered another 2 Gy. The third segment gave another 2 Gy to only the last
vial.
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Figure 16: Screenshot of the plan in the TPS. The red line indicates the area
which should receive 4 Gy, the green line area is the area that should receive 8
Gy, and the blue line is the area that should receive 12 Gy.

Figure 17: Screenshot of the DVH’s in the TPS. The red DVH is the DVH of
the volume that should receive 4 Gy, the green DVH is the DVH for the volume
that should receive 8 Gy, the blue DVH is the DVH for the volume that should
receive 12 Gy.
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To test if the dose inside the vials was really 4, 8 and 12 Gy, gafchromic
film was placed inside water-filled glass vials and the plan was executed on the
films. The film was analyzed using in-house developed software (GirafTool).
This gave the results shown in figure 18. The absolute dose read-out was higher
than expected, but there was no calibration film, the dose was calculated with
an existing OD to dose curve. Thus the absolute doses calculated were only
an approximation, but the relative dosimetry, the ratio of doses, could still be
accurately determined. The ratio between the three lines was corresponding
with the ratio of 4, 8 and 12 Gy.

Figure 18: Profiles of the measured doses on the films used to check the plan.
Expected doses are 4, 8 and 12 Gy. All doses are higher than expected. The
films were not calibrated for accurate absolute dose measurements, however,
the ratio of doses could be determined and is corresponding to the ratio of 4,
8 and 12 Gy. The low dose that is seen between position -100 and -50 is the
unirradiated top of the film.

5.3 Methods and materials

Three gel vials were used for the experiment. A overview of this setup is shown
in figure 19. During irradiation, 4.8 cm of buildup slabs was placed to the sides
of the phantom. Those slabs were removed after irradiation, so that the coil
could be lowered for a better SNR. The phantom was aligned to the lasers, which
are mounted to the walls. The phantom with the irradiated vials is shown in
figure 20.
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Figure 19: Placement of the phantom and the coil, shown outside the bore.

Figure 20: Phantom and gel vials used to test VIPAR gel time dependency.
Vials have already been irradiated.

Three different sequences were used to scan the phantom. The most used
sequence was the 20 echo sequence (FOV 150x47x80.5 mm3, resolution 2x2
mm2, slice thickness 4 mm, TSE, 20 echoes, TE 20 ms, TR 2000 ms, total
scan duration 1:12). The other two sequences were the 16 echo sequence (FOV
150x128.6x40 mm3, resolution 2x2x4 mm2, TSE, 16 echoes, TE 25 ms, TR 2000
ms, total scan duration 5:06) and the 32 echo sequence (FOV 150x37.5x80 mm3,
resolution 2x2x4 mm3, TSE, 32 echoes, TE 40 ms, TR 2000 ms, total scan
duration 22:50). The experiment was performed on Friday the 6th of March
2020, starting at 14.00. Four 20 echo scans were made during irradiation. After
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irradiation, the buildup slabs were removed and the coil was lowered. The first
20 echo scan after irradiation was then made after 4 minutes. After this, scans
were continuously made until 30 minutes after the irradiation. From then on the
time interval between scans was ascending and also the longer 16 and 32 echoes
sequences were scanned. Scans were made until monday morning 7.00 with the
phantom in exactly the same position. For the scans afterwards, the phantom
was removed and placed back for each scan. For those scans, the phantom could
have been in a slightly different position. Therefore, new VOI’s were drawn if
the position was different. Scans were made until 43 days after irradiation.

For the analysis, a VOI of about 6 ml was created at the homogenously irra-
diated area of the vial. For this VOI, the mean signal intensity was determined.
The T2 was fitted using the signal intensities from all echoes, the first echo was
discarded [56]. Equation 10 was used.

5.4 Results

5.4.1 Time dependency of gel

In total, 57 scans at different timepoints were made with the 20 echo sequence.
The results of those scans are shown in figure 21. The first scan was made at
the start of the irradiation, the last scan was made after 43 days.

Figure 21: The T2 values for the three vials of 4, 8 and 12 Gy for all scans made
with the short 20 echo sequence.
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For this sequence, the software of the MR also creates a T2 map. The
comparison of the results from the MR software and the results of the self-
written matlab fit are shown in figure 22 and 23. These figures show that the
obtained T2 values are almost identical. The largest error was 6.4 ms on a T2
time of 674 ms, less then 1%. This indicates that the code written in matlab is
able to fit the right T2 value and so can also be used for sequences where the
MR does not give a T2 map.

Figure 22: The fitted T2 values for the three vials of 4, 8 and 12 Gy for all
scans made with the 20 echo short sequence in comparison with the T2 values
calculated by the MR software.
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Figure 23: Visual representation of the relative difference between the matlab
T2 value and the T2 value of the Philips software. Time is plotted on a log
scale. The difference is calculated by T2matlabfit−T2Philips. Largest difference
seen was 6.4 ms, which was less then 1%.

The other sequences with 32 echoes and 16 echoes were scanned respectively
21 and 17 times. The comparison of the results from the different sequences
is shown in figure 24. The different sequences show the same behavior of the
gel, but with (slightly) different T2 values. Since we are mostly interested in
the data shortly after irradiation and for this, the short 2D sequence with 20
echoes has the most data points, most of the analyses hereafter will be on the
data from this sequence. The other sequences were acquired to see if there is a
difference between sequences.
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Figure 24: T2 values for the three vials of 4, 8 and 12 Gy for all scans made
with the three different sequences. The curves show comparable behavior for the
different sequences, but different T2 values. Demonstrating that for comparisons
between multiple measurements, or for absolute dosimetry, the same sequence
must be consistently used.

5.4.2 Fitting the plots

After plotting the results, the question was whether it was possible to make a
fit through all data points for one dose. The first four scans were not used for
the fit, because there the full dose had not yet been delivered. The first attempt
was to fit the point with a simple logaritmic fit which looks like y=a+b*ln(x).
If the data points would follow this curve exactly, this would also mean that if
you plot the data on a log-time scale, the plot would be linear. This is shown in
figure 25. As can be seen from figure 25, a linear fit through this data is clearly
not optimal. As was also described in the introduction, the time stability of
the gel depends on two processes, the polymerization of the monomers and the
gelation of the gelatin. The polymerization of the monomers is a shorter process,
supposedly up to 12 hours. The gelation process takes longer. From figure 25
it can be seen that for this VIPAR gel, the turning point seems to be around 7
hours instead of 12 hours.
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Figure 25: Linear fit through the data points for each dose, when the time is
plotted on a log scale. The linear fit does not give a good description of all data
points.

Given those two processes, it makes sense to split the fit up into two parts.
The first part for the behavior including the polymerization process, the second
part for where only the gelation plays a role. The results for those fits are shown
in figure 26. Mean R2 for all fits during the first 7 hours is 0.9958, mean R2 for
the fits after 7 hours is 0.9828. The linear fits can be described by y = ax+ b,
with y the T2 value, and x the natural logaritm of the time in hours. The values
for a and b are shown in table 6.
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Figure 26: All data points for the 20 echo sequence with 2 linear fits for each
dose. The first linear fit for data points before 7 hours, the second linear fit for
data points after 7 hours.

Table 6: The values for a and b of the linear fits

Dose a (up to 7 hours) b (up to 7 hours) a (after 7 hours) b (after 7 hours)
4 Gy -0.0489 0.6451 -0.0311 0.6171
8 Gy -0.0494 0.5133 -0.0213 0.4684
12 Gy -0.0471 0.4517 -0.0152 0.4063

Difference calculation With those fits, for each point in time the value
calculated by the fit was compared with the measured value. The difference
was calculated according to formula 11.

Difference(%) =
Measured T2 from data− T2 from fit

Measured T2 from data
∗ 100 (11)

With this formula, the difference for each dose in each scan was calculated.
The results from this are shown in figure 27. As can be seen in this figure, for
most scans the difference between the fit and the measured T2 is between -1.5%
and +1.5%.
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Figure 27: Calculated difference for each scan if the measured T2 value is com-
pared with the corresponding T2 value from the fit. The difference is between
-1.5% and +1.5% for most of the scans and seems to become slightly worse after
75 hours.

Difference calculation for the first 4 scans The first four scans were made
during irradiation, therefore the dose was increasing while scanning. To be able
to calculate the dose in each vial during a scan, the duration of all segments was
timed. In combination with the time stamps of the MR scans, it was possible to
calculate the dose approximately. There were probably a few seconds between
the start of the first MR sequence and the start of the irradiation. This can lead
to differences in calculated doses of up to 0.5 Gy. For each vial, the calculated
dose was the average of the calculated dose at the start of the scan and the
calculated dose at the end of the scan. With the fits from figure 26 and table
6, an expected T2 value for those doses can be calculated. Those expected
T2 values are compared with the measured T2 values. The error is calculated
again with formula 11. The results are shown in figure 28. The figure shows
that for the first four scans, the errors are larger than for the scans made after
the irradiation was completely done, but the uncertainty in the calculation is
also bigger, because the expected dose is not exactly known.
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Figure 28: Calculated difference for the first four scans made during irradiation.
The expected dose at each scan was calculated and compared with the expected
T2 for that dose. Differences are between -4% and +4%.

5.4.3 Change in sensitivity and offset

One of the sub-research questions was what would be the optimal time to scan
the gels. To get an answer to this question, the change in sensitivity was ana-
lyzed. The sensitivity is the slope of the R2 versus dose graph. In other words,
if the R2 is modelled by R2 = dose∗a+b, a is the sensitivity and b is the offset.
The results for the sensitivity and offset over time are shown in figures 29 and
30. It can be seen that the sensitivity reaches a maximum around 7 hours after
irradiation and stays quite stable afterwards. The offset b keeps increasing.
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Figure 29: Sensitivity over time. The sensitivity was calculated by determina-
tion of the slope of the R2 versus dose curve for each time point. Sensitivity
increases up to 7 hours after irradiation and then declines a little bit and be-
comes stable.
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Figure 30: Offset over time. The offset was calculated by determination of the
offset of the R2 versus dose curve for each time point. The offset keeps increasing
in time.

To see if the linearity changed over time, the R2 was calculated for the linear
fit of R2 versus dose for all time points. The results are shown in figure 31. In
this figure it can be seen that the linearity is at its maximum around 20 minutes-
1 hour after irradiation. Sensitivity, offset and linearity are all calculated from
only three points (4, 8 and 12 Gy), and are thus only approximate values.
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Figure 31: The R2 for the linear fit of R2 versus dose over time. The linearity
declines after approximately 1 hour.

5.5 Discussion

The section ’Time dependency of gel’ showed all data points for all moments in
time for the different sequences. The sequences showed similar behavior, but do
not give exactly the same T2. To see which sequence gives the most realistic T2
value, more research would be required, for example by scanning items with a
known T2 value with all sequences. The fit done with matlab was also compared
to the T2 value of the MR software. This showed good correspondance.

The section ’Fitting the plots’ showed different fits for the data points. The
best fits were shown in figure 26. Those fits showed that the fits are also dose
dependent. As the R2 was found to be proportional to dose, a calibration curve
can be made that is valid for a range of doses. At least in the range of 4-12
Gy as measured here, and probably for a greater range consistent with previous
findings with VIPAR gels [13]. Figure 24 also showed that the curves were not
exactly the same for the different sequences. This means that an obtained curve
can not be used for similar gels of the same batch if a different sequence is used.
Also, it should be noted that the fit might be gel-batch dependent. So it is
not certain that this data can be used as a calibration for future experiments.
Repeating the experiment would be required. What can also be seen in the
curves is that the turning point is around 7 hours, instead of the 12 hours
indicated in the literature. The difference calculation part shows that most of
the points are within -1.5 and +1.5% difference, except for a few outliers. It
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also looks like the differences become bigger if the time between irradiation and
scanning is larger, starting around 75 hours after irradiation. The differences
for the first four scans were also calculated using the fits and the dose linearity.
Those differences are 2-3% bigger than the differences when the irradiation was
finished. This might partly be explained by the uncertainties in the calculated
dose and the time it takes to scan one sequence. Total irradiation time was about
4 and a half minute, in which the sequence was scanned four times. This means
that the dose changed a lot between the start and the end of each scan. Ideally,
the sequence would be shorter, so that the amount of dose in the gel during one
sequence almost does not change and dose delivery should be simultaneous. The
R2 that was determined for the fits of the R2 versus dose for all scans shows an
optimum around half an hour after the irradiation. The first two scans show a
lower R2, the third and fourth scan during irradiation show a R2 comparable
to the R2 after irradiation. The fit is done only on three points, which makes
the uncertainty quite large. During the first scan, vial 2 and 3 both had an
expected dose of 2 Gy and not exactly the same T2 was measured. This can be
caused by noise in the scans or the gels not being exactly the same. This gives
problems with the linear fit and explains why the R2 is lower.

The maximum sensitivity was reached after around 8 hours. This is very
different from the optimal sensitivity found by Papoutsaki et al. This could
be because they only scanned on days 1, 20, 30, 40 and 50 after irradiation.
They do not state after how many hours the scan on day 1 is. If this scan was
performed soon after irradiation, it might be that they missed the optimum
because they did not have adequate temporal resolution. They also used a
slightly different gel, called VIPET, which might have a different maximum.
VIPET is a normoxic gel which has tetrakis phosphonium chloride as extra
additive compared with VIPAR gel. In agreement is that the sensitivity gets a
little bit lower after the maximum and then stabilizes. [35].

5.6 Conclusions

With the results from experiment 2, it is possible to answer research question
2 and its subquestions: How does the gel behave over time? This question is
divided in three subquestions:

What is the trend over time or variation for the gel and is it possible to
model this? Hypothesis was that it is possible to make a fit, but that it will
exist of 2 parts. This was confirmed. The behavior of the gel after irradiation
has been characterised, with a 2-part fit, corresponding to the two physical
processes - polymerization and gelation. The fits are shown in figures 26 and
27. The difference between the fit and the measured points is for most of the
points between -1.5 and +1.5%. This makes it possible to use the curves to
predict T2 values or to use the fit to correct for different measurements times.
In figure 27, it can also be seen that after 75 hours, the differences seem to
become larger. If you want to use the fit to calculate what the T2 value would
be at another time point, this might be most accurate for T2 values of scans
within 75 hours.

When would be the best moment to scan the gel? Would it be possible to
scan the gel within one hour? Hypothesis was that the best moment to scan
the gel would be between 1 day and three weeks after irradiation. According to
figure 29 this is around 8 hours after irradiation. The sensitivity is then at its
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maximum. However, the sensitivity at the beginning is also high enough to be
used and the linearity is at maximum after approximately 20 minutes. So the
optimal moment to scan depends on what is most important, real-time imaging,
sensitivity or linearity. Real-time imaging comes at a cost of sensitivity. Optimal
sensitivity is later, but it might not be possible in practice to keep the phantom
in place for 8 hours or more. For an end-to-end test where you want to read-out
the phantom at the same place as it was during irradiation, read-out should be
done after 20 minutes to one hour.

Is it possible to scan and irradiate at the same time, and how precisely can
the dose be determined? Hypothesis was that scanning and irradiating at the
same time might be possible, but will come at an accuracy cost. Results showed
that it is possible to scan and irradiate at the same time. The measurements
agreed with the extrapolated fit to within 4%. However, at least some of this
difference is due to uncertainty in the predicted dose due to uncertainties in
timing. Figure 31 also showed that the linearity of R2 versus dose is at a
optimum after about 20 minutes, but that the R2 for the third and fourth scan
(during irradiation) is only slightly less.
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6 Experiment 3 - End-to-end test for a MR-linac

6.1 Goal and outline of experiment

To test the complete workflow of a treatment on a MR-linac, an end-to-end
test could be performed. The goal of this section is to establish a protocol
for end-to-end testing and describe the uncertainties. Generally, an end-to-end
test performed at the radiotherapy department of UMC Utrecht uses gafchromic
film. Disadvantages of this are that it only gives information in one plane and air
gaps around the film can create problems. Using VIPAR gel would solve these
problems and make it possible to test the MR guided Radiotherapy (MRgRT)
in 3D. By scanning and irradiating at the same time, it could be possible to
follow the dose distribution real-time. In this way, the dose could be evaluated
during delivery. Imaging the phantom in-situ would eliminate phantom setup
uncertainty from the end-to-end test. In the sections below, how to perform
the end-to-end test is described in the section Methods and Materials. The
discussion section includes comments on relative and absolute dosimetry , as
well as the MR sequence to use and real-time dosimetry. This is followed by
the conclusion. Unfortunately, due to the corona crisis, it was not possible to
conduct the experiment.

6.2 Methods and materials

For this experiment, the Prime phantom from RTSafe would be used. This is an
anthropomorphic, inhomogeneous head phantom based on an actual patient’s
CT scan. Different dosimetry inserts can be placed in the phantom, for example
an ion chamber, TLD’s, film or gel. The phantom is shown in figure 32. For this
experiment, an end-to-end test will be done using film, an ionization chamber
and gel. In this way it will be possible to compare the dosimetry methods with
each other.

Figure 32: The Prime phantom from RTSafe with all possible inserts. [57]

The first step for this end-to-end test is to acquire CT scans of the phantom
in each of the three configurations. A treatment plan is then made for the
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CT of the phantom with the gel, according to local protocol. For the other
two phantom configurations, the same treatment plan is used. For this end-
to-end test, a stereotactic brain metastasis plan is made. A dose of 21 Gy is
planned to a PTV volume between 1 and 10 cm3. A radiotherapy technician
(RTT) does the planning, as is also done in clinical practice. After this, the
clinical workflow is followed. The treatment starts with a pre-treatment MRI
to verify the location of the phantom, target and any identified organs at risk.
With this pre-treatment MRI, the plan is adapted to the current position. This
adapted plan is then used to irradiate the phantom with each of the inserts
(gel, ionization chamber, film) in turn. The irradiation is then interrupted at a
random moment, after which the phantom is moved and a new MRI is made.
In this way, also the situation when a patient moves during treatment can be
checked. On this new MRI, a new, adapted plan is made. The rest of the new,
adapted plan is then irradiated. After irradiation, the dose distributions of the
gel and film and the dose measured by the ionization chamber can be compared
with each other and with the TPS data. A gamma pass rate can be calculated
for the film and the gel. The gel can be read-out after 20-30 minutes up until
1.5 hours after irradiation, because that is when the linearity of R2 versus dose
is at its highest. For the three methods, the measured dose is compared. For
the ionization chamber, the measured electric charge is converted to dose with a
calibration factor derived from a 10x10 cm2 beam, the film is scanned and with
an optical density (OD) to dose curve converted to dose. For gel, the R2 has to
be converted to dose. There is no fixed conversion from R2 to dose, as can be
seen in experiment 2. Therefore, relative dosimetry is done. The normalization
point should be in a region of homogeneous high dose in the Planning Target
Volume (PTV). For relative dosimetry a gel which did not receive dose should
also be scanned, either in the phantom or in a separate vial. In this way, the
offset can be determined. If the time dependency of the gel is known, a scan
pre-irradiation can be used for this. The results are analyzed with self-written
tools in Matlab.

6.3 Discussion

6.3.1 Relative and absolute dosimetry for gels

Relative dosimetry For relative dosimetry, it is needed to know the R2 off-
set of the gel at the time of measurement. If the offset is known, a relative
distribution between 0% and 100% of the maximum measured dose or as per-
centage of the dose at a of a well-identified point such as an ionization chamber
or isocenter can be made. To see if the offset would change with MR sequence,
the offset was analyzed for the three sequences used in experiment 2. The re-
sults are shown in figure 33. This figure shows that the offset is not the same for
each sequence. This means that, if a new sequence is developed, the R2-offset
as a function of time after irradiation should be determined again. Besides this,
it should also be checked that the time-dependent offset does not change with a
different gel batch, so the experiment should be repeated. The offset does not
only change after irradiation, the R2 also changes gradually without irradiation.
Therefore, it might be possible to use an unirradiated vial to determine the off-
set. However, it is important to take the time between production of the gel
and irradiation into account and thus, the unirradiated vial should be scanned
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at approximately the same time as the phantom. Another option would be to
use a part of the gel which receives 0 Gy to determine the offset.

Figure 33: The R2 offset over time for three different sequences. The behavior
of the offset is the same for each sequence, but the absolute value is different.

Absolute dosimetry To be able to do absolute dosimetry with gels, a T2 or
R2 value should be converted to dose. If the measured R2 at a certain point in
time for a specific dose is the same for each batch of gels, no extra calibration
is needed. To check this, experiment 2 should be repeated to see if the same
curves originate. This was not done for this project. As first investigation, the
results from experiment 1 and 2 were compared, which used gels from different
batches. In both experiments, doses of 4 and 8 Gy were irradiated. The vials
were scanned with different MR sequences and different MR scanners, but they
are both scanned with 20 echo sequences and with 32 echo sequences. The
results from both experiments are shown in figure 34. If the results from the
first experiment are plotted versus the time on a log scale, it is also possible to
make a linear fit for those results. The fits for the first experiment can also be
compared to the fits for the second experiment (after 7 hours). The results for
the fits are shown in tables 7 and 8. It can be seen in the figures that the vials
do have the same behavior, and around the same T2 values. To calculate an
error, the T2 values from the second experiment were calculated with the fit at
the times the scans were made for the first experiment. Those calculated T2
values of experiment 2 were compared to the measured T2 values in experiment
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1. The average difference was 3.8%, with a maximum error of 8.5%. From these
results, it can not be concluded that a certain T2 or R2 value in time relates to
a certain dose. To obtain a more definitive conclusion, experiment 2 should be
repeated. The difference might also be caused by the larger uncertainty in dose
in experiment 1.

Another option to make absolute dosimetry possible would be to use extra
calibration vials. At least two vials from the same batch should be irradiated
up to known doses, to make a R2 versus dose curve. Those vials should be
read-out via the same sequence as the end-to-end phantom. The time interval
between irradiation and scanning should be the same and difference between
manufacturing and irradiation of the gel should be taken into account.

52



(a)

(b)

Figure 34: The combined results from experiments 1 and 2 (a) Vials scanned
with the 20 echo sequences (b) Vials scanned with the 32 echo sequences. T2
values for experiment 1 were corrected for the dose measured with the reference
vial.
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Table 7: Fits for the 20 echo sequences for experiment 1 and 2. Slope (a) and
offset (b) of experiment 1 are different than the slope and offset of experiment
2.

exp1 exp2
a b a b

4 Gy -0.04405 0.6913 -0.03101 0.6171
8 Gy -0.02771 0.485 -0.0213 0.4684

Table 8: Fits for the 32 echo sequences for experiment 1 and 2. Slope (a) and
offset (b) of experiment 1 are different than the slope and offset of experiment
2.

exp1 exp2
a b a b

4 Gy -0.04651 0.7052 -0.0413 0.6686
8 Gy -0.02763 0.4801 -0.0247 0.4736

6.3.2 MR sequence and real-time dosimetry

MR sequence The sequence used for experiment 2 is a sequence with 20
echoes with a resolution of 2x2x4 mm3. This resolution is good enough for
uniform dose distributions such as that in experiment 2, but for plan QA, the
resolution should be higher. Therefore, a new MR sequence with better spatial
resolution should be developed. This sequence should also scan a larger area
than in experiment 2, since the whole head phantom should be scanned now.
The increase in area and in resolution will cause the sequence to take longer.
This gives new problems with the read-out of the gel. If the gel is read-out
quickly after irradiation, the T2 at the start of the sequence might be very
different from the T2 at the end of the sequence. Therefore, it might be needed
to extend the time between irradiation and scanning, depending on how long
the sequence takes. With a new sequence, the optimal read-out time might also
be different.

Real-time dosimetry For real-time dosimetry, a very fast sequence is
needed. It is currently not possible to create a sequence which scans the whole
3D volume with high resolution within seconds, so therefore, real-time dosime-
try of the whole volume is not possible. It might however can then be possible
to scan only one or two planes. Real-time dosimetry can than be done for these
planes, but this does mean that gel dosimetry becomes 2D dosimetry instead
of 3D dosimetry. To do 3D dosimetry, the gel should be read-out again after a
longer time. If a sequence is made with a duration comparable to the sequence
of experiment 2 (1 minute and 12 seconds) or shorter, intra-fraction dosimetry
with reasonable errors would be possible. The largest error seen in experiment
2 was about 4%. This is a conservative over-estimate because of the in-exact
intra-fraction dose and time determination, and relatively long sequence dura-
tion.
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6.4 Conclusions

A relative end-to-end test with MR scans after approximately 8 hours is cur-
rently most achievable. An area which received 0 Gy can be used to determine
the offset and after 8 hours the sensitivity is at its maximum. A new sequence
should be developed which scans a larger volume at a higher resolution. This
sequence can be used to read-out the phantom. With this new sequence, the
optimal read-out time might be changed. The optimal time to read-out the
phantom should be determined by repeating experiment 2 with this new se-
quence. There is more work that needs to be done to make absolute dosimetry
possible. There are two ways to do absolute dosimetry. The first one is by irra-
diating reference vials up to known doses to create an absolute dose calibration
curve that is specific for that batch of gel and time. The second method re-
quires a batch-independent time dependency curve. To see if this is achievable,
experiment 2 should be repeated with the new sequence at least twice with dif-
ferent batches of gel. Real-time dosimetry is not possible for the whole volume,
because of the duration of the sequence. It might be possible to do real-time
dosimetry in a plane.
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7 Future research

A new MR sequence is required. This MR sequence should have a high spatial
resolution and should scan the whole phantom volume. The sequence should be
as short as possible, to diminish differences in T2 read-out at the start and the
end of the sequence. Ideally, a sequence of only a few seconds would be developed
to make real-time dosimetry possible. The geometrical accuracy should also be
confirmed for the new MR sequence.

The first performance of an experiment is useful in terms of the acquisition of
new data and insight. However the time-dependency experiment performed here
must be repeated. A key question is, is the observed time dependency gel batch-
specific, or can a model be created that is generally applicable? This should
also be done with the newly developed MR sequence. Multiple independent
T2 measurements should also be made at the same time point, to determine
the uncertainty of the process, and whether accurate absolute dosimetry can be
performed. This should be done after at least one day, so that the time between
consecutive scans is not influencing the measured T2 too much.

Next, the experiment described in chapter 6 could be carried out. The
comparison between film, ionization chamber and gel can then be made. An
estimate of the uncertainties can then be given. Efforts should also be made
to make 4D dosimetry possible. This requires a very fast MR sequence. If
this is not possible for the whole volume, it might be possible to do it for two
perpendicular planes.

If the T2 versus time curve is the same for a different gel batch, then a
calibration curve could be made for absolute dosimetry. It is also possible to
achieve absolute dosimetry using an existing system (e.g. ionization chamber
or film). These could also be used for relative dosimetry checks of the gel
performance, and to determine the uncertainty of gel dosimetry.
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8 Summary

This thesis explored the use of gels for 3D dosimetry in a MR-linac. 3D gel
dosimetry can be used for end-to-end testing to test the whole clinical work-
flow of a MR-linac. It was concluded that the magnetic field did not influence
the behavior of the gel. There were no statistically significant differences be-
tween the R2 values measured for each magnetic field strength. Thus, as with
relative dosimetry in conventional systems, the R2 values were proportional to
the delivered dose. Therefore, the VIPAR gel can be used for dosimetry in a
MR-linac.

This study provides data on the short-term time dependence of VIPAR gels.
There are two chemical processes, which were seen in the data. The data could
be fitted with two fits, the first fit included the time points up to 7 hours,
the second fit included all time points after 7 hours. The fits can be used to
correct for time differences. It was also shown that the sensitivity of the gel
is sufficiently high that it can be scanned immediately after irradiation. This
is important, because then it is possible to scan the phantom in the treatment
position, which is ideal for assessing the positional accuracy of the dose delivery.
Maximum sensitivity occurs 7 hours after irradiation and remains stable for at
least 43 days, meaning that gels could be scanned, or rescanned at a later date
if needed.

An end-to-end test was also designed. A relative end-to-end test with read-
out after several hours seems achievable. To read-out the gel quicker after irra-
diation might be possible, but depends on a fast MR sequence being developed.
Real-time dosimetry for the whole volume is not possible currently, because the
MR sequence would be to slow. Real-time dosimetry for one or two planes is
probably possible. Absolute dosimetry requires an extra calibration with gel,
an ionization chamber or film.
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