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Abstract

Consistency and clear guidelines on dosimetry are essential for accurate and precise dosimetry, to ensure the best patient
outcomes and to allow direct dose comparison across different centres. Magnetic Resonance Imaging Linac (MRI-linac)
systems have recently been introduced to Australasian clinics. This report provides recommendations on reference dosimetry
measurements for MRI-linacs on behalf of the Australiasian College of Physical Scientists and Engineers in Medicine
(ACPSEM) MRI-linac working group. There are two configurations considered for MRI-linacs, perpendicular and parallel,
referring to the relative direction of the magnetic field and radiation beam, with different impacts on dose deposition in a
medium. These recommendations focus on ion chambers which are most commonly used in the clinic for reference dosimetry.
Water phantoms must be MR safe or conditional and practical limitations on phantom set-up must be considered. Solid
phantoms are not advised for reference dosimetry. For reference dosimetry, IAEA TRS-398 recommendations cannot be
followed completely due to physical differences between conventional linac and MRI-linac systems. Manufacturers’ advice
on reference conditions should be followed. Beam quality specification of TPRy |, is recommended. The configuration of
the central axis of the ion chamber relative to the magnetic field and radiation beam impacts the chamber response and must

be considered carefully. Recommended corrections to delivered dose are ka”””f’g , a correction for beam quality and kfﬁ" ,
msr 0 ' B,Q,sr
for the impact of the magnetic field on dosimeter response in the magnetic field. Literature based values for k{f" are given.

B,Q,r
It is important to note that this is a developing field and these recommendations should be used together with a review of

current literature.
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Introduction aims to prepare the Medical Physics workforce to do this

safely by providing leadership through this position paper.

The safe clinical introduction and optimal use of MRI-Lin-
acs is a multidisciplinary challenge requiring input from, and
collaboration between many professions, hospital depart-
ments, and external suppliers. ACPSEM seeks to contrib-
ute to meeting this challenge by influencing the quality and
delivery of MRI guided radiotherapy (MRgRT). ACPSEM
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Radiotherapy outcomes are correlated to the dose accu-
racy of treatments [1, 2]. Reference dosimetry measurements
on a radiotherapy machine should be traceable to a primary
standard maintained at a primary standards laboratory to
enable the highest accuracy of radiotherapy treatment doses.
These methods are well established for linear accelerators
where there is no magnetic field. Consistent methods for
determining reference dose on new or novel radiotherapy
equipment need to be implemented for clinical use.

Magnetic Resonance Imaging Linear Accelerators (MRI-
linacs) are radiotherapy devices that combine the imaging
system of an MRI scanner and the therapeutic system of a
linear accelerator [3—6]. Various systems have been designed
with differences in the configuration of the radiation beam
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and the primary magnetic field (either perpendicular or par-
allel), as well as different primary magnetic field strengths.

Dose determination on radiotherapy linear accelerators
predominately uses Farmer-type chambers calibrated at a
primary or secondary standards laboratory. Various factors
are used to correct the response of the chamber for environ-
mental influences and any differences between the calibra-
tion beam and the clinical beam [7]. Magnetic fields can
impact both the dose distribution in media and the measured
signal in the Farmer-type chamber, thus specialised methods
and corrections for determining the absorbed dose on an
MRI-linac are required.

Any mention of particular technologies or models does
not imply endorsement by ACPSEM.

Position paper scope
This position paper will:

— Briefly describe MRI-linacs and the impact of the mag-
netic field on dose distribution.

— Discuss the impact of the magnetic field on dosimetry
equipment including detectors, phantoms and ancillary
equipment.

— Describe the reference conditions for dose measurements
in perpendicular and parallel MRI-linac systems with
magnetic fields up to 1.5 T.

— Focus on ionisation chambers as the predominant dosim-
eter for reference dosimetry on MRI-linacs. This is due
to ionisation chambers being practical, widely used in
conventional dosimetry and recommended by the codes
of practice for conventional dosimetry. As such, the influ-
ence of the magnetic field on ionisation chamber meas-
urements will be discussed.

— Provide a formalism and correction factors for measuring
the absorbed dose to water on MRI-linacs.

This recommendation will focus primarily on dosimetry
of the commercial systems available for purchase at the time
of writing in Australia and New Zealand. For these systems
the radiation beam and the primary magnetic field are per-
pendicular and have magnetic field strengths of either 0.35
or1.5T.

Dosimetry in a magnetic field is evolving. The informa-
tion provided in this document is current at the time of pub-
lication. Advancements in dosimetry will likely occur after
publication. Literature should be reviewed for any changes
in advice.
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MRI-linacs

MRI-linacs can be categorised by the configuration of the
radiotherapy beam and primary magnetic field (B, field).
Perpendicular MRI-linacs are configured with the radia-
tion beam perpendicular to B,,. Parallel MRI-linacs are
configured with the radiation beam parallel to B,

The current perpendicular MRI-linac systems are the
MRIdian (Viewray Technologies Inc, Cleveland, OH, USA)
[5] and Unity (Elekta Solutions AB, Stockholm, Sweden)
[6] systems. The MRIdian system utilises a 0.35 T MRI and
a nominal 6 MV Flattening Filter Free (FFF) radiotherapy
beam. Further details on the technical design of the MRId-
ian can be found in Kluter [8]. The Unity system utilises a
1.5 T MRI and a 7 MV FFF radiotherapy beam. Details on
the technical design can be found in Raaymakers et al. [9].

The current parallel MRI-linac systems are the Aurora
RT system from MagnetTX [3] and the Australian MRI-
linac [4]. The Aurora RT system utilises a 0.5 T MRI and
a 6 MV radiotherapy beam [3]. The Australian MRI-linac
uses a bespoke 1 T split bore MRI and a 6 MV linac [10].

The interference between the magnetic field and the
dose deposition is dependent on both the magnetic field
strength and configuration of the system. Table 1 summa-
rises the properties of each system starting from lowest
field strength warranting the least interference. The field
size is given in the IEC 61217 co-ordinate system [11].

Dose deposition in water in a magnetic field
Perpendicular configuration

The radiation beam axis, and hence the predominant com-
ponent of electron motion direction, is perpendicular to the
magnetic field. During beam generation this can impact
both the electron gun and the trajectory of the electrons in
the accelerating waveguide [13—15]. Regions of reduced
magnetic field strength, either via magnetic field design
or passive shielding, are incorporated into the commercial
systems to negate the impact of the magnetic field on beam
generation.

During dose deposition in the medium, the Lorentz force
causes the electron paths between the collisions to become
curved, resulting in trajectories with a preferential direction
change. Macroscopically, this results in a shifted dose depo-
sition and decreased depth of dose maximum [16]. Figure 1
shows examples of the PDD and profiles measured at O and
1.5 T using a PTW Semiflex ionisation chamber (PTW-
Freiburg GmbH, Freiburg, Germany) on an Elekta Unity.
Details on the use of ion chambers for relative dosimetry
measurements can be found in O’Brien et al. [17].
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Table 1 Properties of current MRI-linac systems. Field size given in IEC 61217 co-ordinate system [11]. Modified with permission from Jelen

and Begg [12]

System (Vendor)  Magnet properties Configuration Radiation beam properties
Type Strength Opening Nominal energy SID* Field size (XX Y)/leaf
width

MRIdian (Vie- Split, super-con-  0.35T 70 cm @ bore Perpendicular 6 MV FFF 0.9 m 27.4%24.1 cm/4.15 mm

wray) [5, 8] ducting
Aurora-RT (Mag- Biplanar, high 05T 110 (W) x 60 (H) Parallel (per- 6 MV 1.22m 30 cm/5 mm

netTX) [3] temp. super- cm pendicular

conducting possible)

Australian MRI-  Open, super- 10T 62 cm @ bore Parallel (per- 4 & 6 MV 1.9-33m 30-50 cm/9.5-16.5 mm

linac [10] conducting 50 cm gap pendicular

possible)

Unity (Elekta) [ Closed, super- 15T 70 cm @ bore Perpendicular 7MYV FFF 1435m  57.4%22 cm/7.2 mm

6, 9] conducting
*SID — source-to-isocentre distance
Fig. 1 Example PDD (A) and 100 [ 100
crossline profiles (B) from the
Elekta Unity highlighting dif- =80 ¢ ®80 1
ferences between 0 and 1.5 T. 5 0 | = €0
The PDD and crossline profile = %‘ i
show the impact of the 15T S L a0 |
magnetic field. Data supplied by § 2
J. Arts from Elekta g 20 ot 15T g 20 oT 15T

] (o]
2 0 L L I L 2 0 L L L L I |
0 20 40 60 80 100 -75 -50 -25 0 25 50 75
Depth (mm) Offaxis Distance (mm)

Electrons entering low-density materials (such as lung
or air cavity) may curve back towards the interface in a
phenomenon termed the electron-return effect (ERE) [18].
ERE from tissue depends on the radiological thickness of
the low density region and the electron trajectory radius.
Electrons returning to the tissue-lung (air) interface leads
to localised dose increases at such interfaces, including at
the beam exit surface [18]. The ERE reduces the number of
electrons crossing a cavity which results in a lack of electron
equilibrium and could result in a reduced dose on the oppo-
site side of a cavity [18].

The Lorentz force sweeps contaminant electrons, gener-
ated via interactions in the linac head, away from the incident
beam axis in perpendicular MRI-linac systems. This leads to
reduction of the skin dose for a beam incident on a perpen-
dicular phantom [19]. Contaminant electrons that have been
swept from the incident beam can potentially reach patient
surfaces outside the primary beam [20]. Electrons generated
via interactions in the patient can also be affected by the Lor-
entz force. For oblique surface angles, both a decrease and
increase in the dose deposited is observed that is dependent
on the angle of the surface relative to the primary beam
[19, 21]. For surfaces where the Lorentz force causes the
electrons to curl toward the surface, an increase in dose is

observed. For surfaces where the electrons curl away from
the surface, a decrease in dose is observed [21].

In perpendicular MRI-linacs, the magnetic field causes
the electron kinetic energy released to be deposited closer to
the point of interaction compared to O T. This results in a dif-
ference in the depth dose deposition curve dependent on the
magnetic field strengths. Simulations at multiple magnetic
field strengths have been used to investigate the difference in
dose deposited per particle history along the central axis. For
the 0.35 T field strength of the MRIdian, the dose deposited
is reduced by 0.09 +0.03% for depths beyond d,,,,, [22]. For
the 1.5 T field strength of the Unity, the dose deposited is
reduced by 0.51 +0.03% for depths beyond d,,, [22, 23].
This difference in dose to water between higher magnetic
field strengths and O T is part of the correction for the refer-
ence dosimetry which will be discussed below.

An important difference between conventional linear
accelerators and perpendicular MRI-linacs is the lack of a
traditional light field and crosshair for indicating isocentre
and dosimetry equipment set-up. Depending on the MRI-
linac, either a virtual isocentre outside the MRI bore or
EPID images are used to align dosimetry equipment. Details
on alignment for the MRIdian and Unity are given in the
"Water phantom" section.

@ Springer
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Parallel configuration

For the parallel MRI-linac configuration the radiation beam
axis is parallel to the magnetic field, however, due to scat-
tering, the electrons have motion components orthogonal
to the magnetic field. The Lorentz force acts on the vector
components of the electron motion that is perpendicular to
the magnetic field. This causes the electrons to spiral around
the magnetic field direction. Successive energy losses via
collisions lead to a shrinking of the helical orbits [24]. Mac-
roscopically, this results in the reduction of the beam penum-
bra which is especially pronounced in low density materials
[25, 26]. Furthermore, the dose deposition perturbations due
to density heterogeneities are reduced [24]. Strong parallel
magnetic fields reduce the divergence of the contaminate
electrons, which are generated in air and in the accelerator,
concentrating them around radiation beam axis, which can
lead to increased skin doses if not counteracted [27].

For parallel MRI-linacs, such as the Aurora RT or the
Australian MRI-linac, the dose deposited at a point is not
impacted by the magnetic field provided lateral scatter equi-
librium is established [24]. The lack of impact from the mag-
netic field has been demonstrated by mathematical proofs
[24], Monte Carlo simulations [24, 27] and measurements
[28]. For regions where there is a lack of electron equilib-
rium, e.g., lung tissue irradiated by narrow beams, the dose
deposition is increased due to the electrons being more pre-
dominately forward scatted [29].

It should be noted that the Aurora RT is a commercial
system that is not available for purchase in Australia and
New Zealand at the time of writing.

Dosimetry equipment

Reference dosimeters used on MRI-linacs have primarily
been ionisation chambers, calorimeters or chemical dosim-
eters. Additional equipment required includes water phan-
toms, cables, thermometers and other ancillary equipment.
This section discusses the impact of the magnetic field on
different equipment. It is also important to understand the
safety considerations for different detector equipment in the
magnetic field.

Safety

This section is a brief introduction into MRI safety concepts
which should be familiar when using dosimetry equipment
in the magnetic environment. A more thorough review on
MRI safety is provided in the ACPSEM MRI-linac working
group (MRILWG) position paper on MRI-linac safety.

MR safe, MR conditional and MR unsafe [30, 31] are
terms/labels given to equipment which may be used in an
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MRI environment. When purchasing equipment for MRI-
linacs it is important that this is considered. The term “MR
compatible” can be misleading and wherever possible the
modern classifications of equipment safety rating in an MR
environment should be used. Physicists should confirm
where possible with dosimetry equipment manufacturers
the classification of MR safety rating. Several manufacturers
provide the MR classification and certification of compli-
ance with international standards such as the American Soci-
ety for Testing and Materials (ASTM International) [32-35]
and the Food and Drug Administration (FDA) [36]. The MR
conditional classification for dosimetry equipment generally
means the device has been made with only non-ferromag-
netic materials. It is also important that ancillary equipment
associated with dosimetry (thermometers, barometers, rul-
ers, etc.) are safe for use in the MRI environment. Users
should follow the relevant safety protocols for bringing any
equipment into the magnetic field. Reference dosimetry
equipment should be certified for use in MRI environments
where possible.

Detectors
lonisation chambers

Ionisation chambers measure the charge caused by ionisation
events in the air cavity inside the chamber volume. Electrons
crossing the cavity experience a change in direction due to
the Lorenz force. This change in direction changes the path-
length of the electrons and therefore changes the number of
ionisation events occurring within the sensitive volume of
the ionisation chamber. Depending on the field strength, the
pathlength of the electrons in the cavity of the chamber can
either increase, therefore increasing the ionisation events and
the charge measured, or decrease, causing a decrease in the
charge measured. The effect was first described by Meijsing
et al. [37] and has formed the basis for investigations of the
dependence of the effect on the relative configuration of the
radiation beam, magnetic field and ionisation chambers.

The effective point of measurement (EPoM) of ion cham-
bers in MRI-linacs was observed to shift closer to the central
axis and laterally relative to the EPoM for a chamber on a
conventional linac at 0 T. The shift in EPoM is due to the
Lorentz force giving the secondary electrons a preferential
lateral direction [17].

Compounding the ionisation chamber problems, the
changed path of the electrons can sometimes cross into the
dead volume of the air cavity. The dead volume is the sec-
tion of the air cavity of the chamber which is defined from
the electric field formed between the central and guard elec-
trodes. Ionisations events occurring in the dead volume are
not counted in the collected charge. This creates an addi-
tional difference relative to O T measurements. The impact of
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the dead volume is dependent on the relative configuration of
the chamber, magnetic field and photon beam [38]. Explicit
simulation of dead volumes for a chamber has improved
Monte Carlo simulation agreement with measurements for
corrections applied to chambers for changes in response due
to the magnetic field [39].

Calorimetry

Calorimetry measures the change in temperature caused by
the radiation beam. The two most common types of primary
standard calorimeters used in radiotherapy beams measure
absorbed dose to graphite or absorbed dose to water. Calo-
rimetry is one of the most accurate methods of determining
absorbed dose to water by a primary standards lab. The basic
mechanism of calorimetry in radiotherapy is that the energy
used to create an ionisation event is transferred into heat
resulting in a temperature rise [7]. Calorimeters have been
developed and commissioned for use in high and low field
perpendicular MRI-linacs [40—-42]. The uncertainty of the
calorimeter when used at 1.5 T was determined to be the
same as under conventional conditions. Comparison between
the dose measured for a calorimeter and an ionisation cham-
ber in the magnetic field gives the appropriate absorbed dose
to water calibration coefficient for the ionisation chamber in
the magnetic field, thus eliminating the need for a correction
factor for the magnetic field.

Alanine

Alanine is an amino acid that, when irradiated, forms alanine
radicals with a concentration relative to the absorbed dose.
The alanine powder is pressed into different shaped pellets
for use as a dosimeter. Electron Paramagnetic Resonance
(EPR) is used to measure the peak-to-peak amplitude of the
signal from irradiated pellets. The pellets are near water-
equivalent, have a linear response to dose, good reproduc-
ibility and small energy dependence [43]. Alanine dosimetry
read-out is not immediate requiring a stabilisation period
between 24—48 h [44] and specialist EPR equipment. Ala-
nine dosimetry is currently offered as a reference dosimetry
audit service for conventional linear accelerators.

Alanine has been investigated as a dose output verifica-
tion of MRI-linacs via primary standards labs [45, 46] as
well as a method for correcting ionisation chambers for the
influence of the magnetic field [47]. When used to verify
the output calibration, the Alanine pellets are irradiated on
the MRI-linac and returned to a primary standards lab for
read-out of the dose. This determines the absorbed dose of
the MRI-linac [45, 46]. By measuring the output via an ioni-
sation chamber at the same time, the alanine measurement
of dose can be used to calibrate the ionisation chambers in
the magnetic field at the MRI-linac beam quality [46]. The

response of alanine was found to increase with the magnetic
field strength by ~0.5%/T independently of energy [43]. Air
gaps in the alanine holder increased the uncertainty in the
measured response at higher magnetic field strengths [46].
Other holders have been designed which do not appear to be
influenced by the magnetic field [47].

Phantoms
Water phantom

Water phantoms that meet the requirements of IJAEA Code
of Practice TRS-398 [7] and are classified as either MR safe
or MR conditional are recommended for reference dosim-
etry. Small 1D phantoms are commonly available for refer-
ence dose measurements. Water phantom set up and detector
positioning can be challenging without the traditional light
field, crosshair and lasers indicating the treatment isocentre.

Water phantoms are designed for placement directly on
the treatment couch top with the leading edge of the tank
aligned to the couch indexing system at a point outside the
bore. Positioning of the detector in the beam relies on the
geometric accuracy of couch alignment and travel. MV
imaging can also be used for alignment if available. There-
fore, other uncertainties in water phantom and detector posi-
tioning relative to conventional linacs need to be considered.

Beam characterisation using conventional 3D scanning
water tanks generally cannot be performed on MRI-linacs
due to size constraints and ferromagnetic components [48].
However, there are now at least two commercially available
3D water scanning tanks specifically designed for use in
MRI-linacs. Care must be taken to ensure that the tanks are
not subjected to magnetic fields greater than that recom-
mended by the manufacturer and that the chosen dosimeter
used in the tank is also suitable for use in a magnetic field.

Water phantom set-up on the two commercially available
systems is described below. It is recommended that physi-
cists using this equipment have further vendor training to
ensure accurate placement of the water tank.

ViewRay MRIdian The radiation isocentre is indicated by
lasers crosshairs at 155 cm along the table outside the bore
and is commonly referred to as the virtual isocentre. Ini-
tial water phantom set up aligns the phantom and detector
with the virtual isocentre. The MRIdian couch can move in
all three dimensions to assist with detector alignment and
source to surface distance (SSD), within the restrictions set
by the 70 cm bore diameter and water phantom height and
width. Lasers outside the bore are used to define a virtual
isocentre. Once alignment to the virtual isocentre is com-
pleted, the couch longitudinal controls send the phantom
into the bore to the treatment isocentre [8]. The MRIdian
system cannot image the detector. Winston-Lutz tests [49],

@ Springer
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film placed inside and surrounding a phantom and a multi-
axis chamber array [50] have been used to evaluate congru-
ence between the virtual and radiation isocentre. Evaluation
of the virtual to radiation isocentre has shown an accuracy
of less than 1.0£0.1 mm in three dimensions [49, 50].
Longitudinal studies of the virtual isocentre and radiation
isocentre using a daily QA phantom have shown 99.4% of
differences were less than 2 mm [51].

Elekta Unity For the Unity MRI-linac, the initial water
phantom set up utilises the couch indexing system for longi-
tudinal positioning. Lateral positioning is via spacers placed
between the edge of the couch and phantom. The Unity
couch is free to move only in the longitudinal direction,
thus restricting the options for detector alignment. Judi-
cious choice of lateral placement of the detector within the
phantom and phantom positioning on the couch are required
for setting up a 1D system in the 70 cm diameter bore. The
detector is positioned at the isocentre, which is nominally
14 cm from the couch top (comfort mattress removed) and
the water level adjusted to achieve the required SSD. The
couch controls send the phantom into the bore to the isocen-
tre at a predetermined longitudinal position. The detector
alignment is confirmed using orthogonal MV EPID images.
Thus, the stability of the EPID and accuracy of the refer-
ence point on the panel is important. Mechanical flex of the
EPID on one system was observed to be 0.6 mm in the left—
right direction and 0.2 mm in the superior-inferior direction,
which was smaller than the flex observed on conventional
linacs [52]. MV imaging panel rigidity, once mechanical
flex has been corrected for, has been observed to be as small
as 0.06 mm [53]. The stability of the location of the refer-
ence pixel, and thus the indication of isocentre, is recom-
mended to be within 0.5 mm [54].

Solid phantoms

Solid phantoms are not recommended for reference dosim-
etry in MRI-linacs.

Air gaps surrounding chambers placed in solid water
could have an impact on the measured dose of between
0.7%-1.2% for perpendicular aligned MRI-linacs [55]. The
difference in measured dose caused by a small air cavity
next to the chamber was observed to be dependent on the
position of the air bubble relative to the source of radiation
and the chamber [56, 57]. The magnitude of the change in
the measured charge due to the air gap is dependent on the
size of the air gap [57]. The impact of the air gap on the
measured charge in a chamber was observed for a range of
magnetic field strengths between 0.25 to 2 T [56].

A mitigation strategy suggested to compensate for this
is to fill the chamber recess with water [55, 56]. However,
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adding water around the chamber increases the risk of the
chambers getting stuck in the solid phantom due to surface
tension, which increases the risk of damage when removing
the chamber from the chamber recess.

The effect of air gaps with solid water phantoms on
dosimetry has not been investigated for in-line MRI-linacs.

Ancillary equipment

Ideally the temperature inside the cavity of the chamber
should be measured [7]. In practicality, the temperature
of the water surrounding the chamber is measured and the
chamber is left inside the water tank for enough time that
thermal equilibrium is established. Bulb type spirit analogue
thermometers are recommended for temperature measure-
ments inside a water tank on an MRI-linac. Digital ther-
mometers should remain outside the bunker. All barometers
should remain outside the treatment room.

Reference dosimetry

This section will focus on the calibration conditions for the
commercial systems, the beam quality specification, align-
ment differences between the photon beam, magnetic field
and dosimeter, formalism for calculation of absorbed dose to
water in magnetic fields and recommended correction factors
for absorbed dose calculations.

Calibration conditions of the commercial systems

The reference conditions described below have been
reported in the literature for the MRIdian and Unity systems.
For reference conditions the manufacturers’ advice should
be followed. When available, dosimetry protocols should be
referred to for reference conditions.

TIAEA TRS-398 requires reference conditions of a cylin-
drical chamber, measurement reference depth of 5 or 10 g/
cm? which is dependent on beam energy, reference point of
the chamber at the centre of the cavity volume, the reference
point of the chamber positioned at the reference depth, a
source to surface or source to chamber distance of 100 cm
and a field size of 10 cm X 10 cm. IAEA TRS-398 reference
conditions for an isocentic calibration set-up are to place the
chamber at the isocentre of the machine. The major differ-
ence between the MRI-linacs and a conventional linac are
the source to isocentre distances.

Both the Unity and MRIdian systems are also different
from TAEA TRS-398 reference conditions in the use of flat-
tening filter free (FFF) beams.
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ViewRay MRIdian

It is advised to consult the vendor recommendations on cali-
bration set up. MRIdian systems adjust the beam quality,
profiles and output of the machine to match the treatment
planning system. Reference conditions are modelled in the
planning system and the expected machine output deter-
mined. Measurements are then acquired on the machine
under the references conditions and the output adjusted
to match the expected value. The MRIdian is calibrated to
deliver 1 cGy/MU with an isocentric setup and a 1.5 cm
depth of measurement [58].

The MRIdian has a thin fibreglass connection between
either side of the split magnet through which the radiation
beam passes [8]. The thin fiberglass panel connecting the
split magnet is modelled in the treatment planning system
[58].

Elekta Unity

It is advised to consult the vendor recommendations on cali-
bration set up. The Unity has been reported to be calibrated
under isocentric conditions to deliver:

e 1cGy/MU at 10 cm depth and SSD=133.5 cm [59]

e 69.6 cGy per 100 MU, which was the percentage depth
dose at 10 cm and resulted in a calibration equivalent to
1 ¢cGy/MU at d,,,, at the beam quality of the measured
system [60]

e 1cGy/MU at 5 cm depth and SSD=138.5 cm [61]

Earlier Unity machines required a fixed MU/min value of
425 MU/min irrespective of calibration conditions. There-
fore the calibration point could cause an increase or decrease
in the number of pulses from the electron gun to deliver
the calibrated dose dependent on depth. Selecting a deeper
calibration point would require an increase in the number
of electron gun pulses, leading to a potential compromise
between faster treatment and stress on linac components.
Machine upgrades allowing a wider tolerance on dose rate
have resulted in users being able to use deeper calibration
points.

The radiation beam from the Unity passes through a
helium filled aluminium cryostat and MRI body coil. Whilst
these have been designed to be homogeneous, they do atten-
uate and scatter the beam and are not consistent with IAEA
TRS-398 reference conditions. The cryostat and MRI body
coil act as a secondary source. Cryostat and MRI body coil
transmission has been shown to vary by up to 3% dependent
on the gantry angle [59, 60] and can be non-uniform due to
manufacturing tolerance of the cryostat and gradient coil
assembly [60]. A gantry angle cryostat calibration lookup
table is included as part of the treatment planning system

beam model. The look up table is normalised to the gantry
angle of calibration. If a change is made to the calibration
gantry angle, then an update to the treatment planning sys-
tem beam model is recommended. The cryostat calibration
lookup table should also be checked after the addition of
helium to the system.

It should also be noted that beam calibration for Unity
systems was previously performed at a gantry angle of
90° or 270° in order to minimise the effect of varying cry-
ostat liquid helium fill levels on attenuation at gantry 0°
[59-61]. When measuring beam output through the side of
a water tank, the equivalent thickness of the water tank must
be accounted for. The vendor recommendations should be
consulted for updated guidelines on the gantry angle used
for calibration.

Recommended water tank set-up and gantry angles
for commercial MRI-linac systems

For both the ViewRay MRIdian and Elekta Unity system, the
vendor recommendations should be consulted for updated
guidelines on the water tank set-up, ion chamber calibra-
tion depth and gantry angle used for reference dosimetry
measurements. The MRILWG recommends:

— An isocentric set-up of the reference point of the ion
chambers (i.e., central axis of the chamber)

o For ViewRay MRIdian systems, the reference point
for 1 cGy/MU is set by the vendor at 1.5 cm depth
and 90 cm source to chamber central axis distance

p For Elekta Unity systems, the reference point for
1 ¢cGy/MU is recommended to be a minimum of
5 cm. Users should discuss the advantageous and
disadvantages of calibrating to a deeper depth with
the vendor.

— Ion chamber measurement set-up for validation should
be past the point of dose maximum for both systems. A
minimum depth of 5 cm should be used as the calibration
point.

o For ViewRay MRIdian systems, the reference condi-
tions will need to be modelled in the treatment plan-
ning system to determine an appropriate cGy/MU
for comparisons between the TPS and measurements

— The recommend measurement gantry angle is 0°. The
practicalities of water tank set-up for irradiation from a
gantry angle of 90° or 270° as opposed to a gantry angle
of 0° should be considered when selecting a reference
gantry angle. For Unity systems, the potential variation
in beam attenuation at gantry angles of 0° due to helium
fill level in the cryostat should also be considered.

@ Springer
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— The recommended field size is as close as physically pos-
sible to a 10 x 10 cm? at isocentre.

Beam quality specification

The beam quality specification for reference dosimetry in
conventional MV photon beams is recommended in TAEA
TRS-398 [7] to be based on TPRy .

To avoid ramp-down of the MRI magnet, the beam qual-
ity specifier must be measured in the presence of a mag-
netic field. Therefore, it should be independent of the mag-
netic field for reference dosimetry in MRI-linacs. Due to
the impact of the static field on secondary electrons and
the reduction of electron contamination, significantly
higher variation of the of %dd(10) as compared to TPR,
as a function of magnetic field strength has been reported
[23, 62]. O’Brien et al. [23] also pointed out the practical
problem of setting up and measuring %dd(10) according to
AAPM TG-51 protocol [63] for a machine with a different
isocentre distance and a cryostat between the source and
measurement point.

Therefore, the existing data suggests that TPR, |, is the
preferred beam quality specifier for reference dosimetry in
MRI-linac facilities [64].

Although the definition of TPR,, , specifies an SSD of
100 cm, the value of TPR, |, is essentially independent of
SDD provided that the field size 10 cm X 10 cm is main-
tained [65], which is relevant as both currently commer-
cially available MRI-linac systems have SSDs differing from
100 cm.

Nominal TPRy, | values of 0.648 have been reported
for the MRIdian [42] and 0.701 [60] and 0.704 [59] for the
Unity have been reported. A range of TPR, , beam qualities
between 0.698 and 0.703 for commissioned Elekta Unity
machines have been communicated by the Elekta commis-
sioning team [66].

For Elekta Unity machines, no difference in beam qual-
ity due to cryostat fill and attenuation at gantry 90° was
observed relative to measurements at gantry 0° [61]. The
MRILWG would advise users to check consistency of beam
quality between gantry angles as cryostat transmission can
vary with gantry angle and cryostat build can be asymmetric
[60].

Configuration of chamber long axis, radiation beam
central axis and primary magnetic field

The configuration of the magnetic field and radiation beam
results in differences in the dose deposition (see review on
dose deposition and the Lorenz force in section above). The
dosimeter axis configuration with respect to both the mag-
netic field and the radiation beam also has an impact on the
measured charge collected. Measurements at the effective
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point of measurement of a Farmer-type chamber, with the
long axis of the chamber parallel or perpendicular to the
magnetic field direction, show differences of up to 5% in the
charge measured by the chamber [48]. This section reviews
the different possible configurations of the dosimeter, mag-
netic field and radiation beam, the differences in correction
factors observed and reasons for why different dosimeters
exhibit varying dependence on configuration.

Different configurations have been defined by different
authors in the literature. For this review the configuration
described below will be used. Figure 2A shows the different
configurations described. Figure 2B shows an example of
configuration II on a Unity. Figure 2C shows a schematic of
the impact of the Lorentz force on the electrons for the dif-
ferent chamber configurations. Configurations I to IV apply
to MRI-linacs with the radiation field perpendicular to the
magnetic field. Configurations I and II show the cylindrical
chamber’s long axis aligned anti parallel and parallel to the
magnetic field. This configuration results in the electrons,
travelling in the same direction as the photon beam, chang-
ing direction around the long axis of the chamber. Con-
figurations IIT and IV show the long axis of the chamber
perpendicular to the magnetic field, again in two opposing
directions. These configurations result in electrons, travel-
ling in the same direction as the photon beam, experiencing
the Lorenz force and the electrons being directed along the
cylindrical chamber axis. For all 4 of these configurations,
the change in charged particle pathlength through the cham-
ber results in a change in the charge collected [37].

A major difference between the MRIdian and Unity
system is the different directions of the B, field [46]. This
means that for definitions of configuration I and II to remain
consistent, the direction the chamber faces will be differ-
ent between the systems. For the MRIdian, configuration
I results in the chamber tip facing out and configuration II
results in the chamber tip facing in. For the Unity, configura-
tion I results in the chamber tip facing into the bore and in
configuration II the chamber tip faces out (Fig. 2B).

Differences can occur between configurations III and IV
due to differences in the number of electrons directed from
the stem into the measurement cavity by the magnetic field
(configuration III) relative to electrons directed from water
into the measurement cavity (configuration IV) [23].

Configurations I and IT have significantly smaller cor-
rections relative to configurations III and IV. Therefore it
is recommended to use chamber configuration I or II for
reference dosimetry measurements.

Formalism for determining the absorbed dose
to water

The method of determining the dose using an ionisa-
tion chamber is defined in different dosimetry standards
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Fig.2 A Beam’s eye view of A
the 4 different configurations in
a perpendicular MRI-linac. B
Chamber aligned in Configura-
tion II on the Unity (Configu-
ration I on the MRIdian). C
Ionisation chambers as viewed
from side on and the impact

of the magnetic field on the
electrons’ trajectories crossing
the chambers
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including the IAEA Technical Report Series 398 [7]. These
reports set out formalisms for reference dosimetry and cor-
rections for influence quantities. The dose to water equation
for a conventional linac is shown in Eq. 1.

D, o =MoNp,.0,.k0.0, (1

where D, , is the dose to water at a certain beam quality, O,
M, is the measured charge at that beam quality under refer-
ence conditions and corrected for influence quantities (tem-
perature, pressure, ion recombination and polarity), Nj, ,, o,
is the calibration factor in terms of absorbed dose to water
in the reference quality O, and k , is the correction for the
difference in beam quality between the users beam quality,
0, and the reference beam quality, Q,. The measurement of
influence factors in a magnetic field is discussed below. An
Np,.0, for a chamber is determined by sending the chamber
to a primary standards lab to be calibrated at the reference
beam quality, Q. The N ,, , for a chamber is characterised
by measuring the charge collected for a known dose to water
under reference conditions, which has been determined via
a primary standard such as a calorimeter. Depending on the

Beam’s Eye View

B

Confi

C
(Dl Bo® F—

\Elecn’on Path

NN 1V

primary standards lab, the Ny, o for a chamber could be
determined for several beam qualities. Individual chamber
beam quality corrections, k, o can be derived from either
characterisation of Ny, , , at a primary standard for multiple
beam qualities for the chamber, or theoretically derived for
the generic chamber type based on the Bragg-Gray cavity
theory [7].

At the time of writing the ACPSEM recommends the use
of the IAEA TRS-398 [7] for MV dosimetry on linear accel-
erators. The Australian Radiation Protection and Nuclear
Safety Agency (ARPANSA) offer calibration services at
both the reference quality Co-60 and multiple MV photon
linac energies. Further details on the calibration process and
reference dosimetry measurements under non-magnetic con-
ditions can be found in the protocols [7].

As described in the "Calibration Conditions of the
Commercial Systems" section above, the commercial sys-
tems have different reference beam fields (f,,,) from those
described in IAEA TRS-398 [7] — primarily differences
due to the use of FFF beams. Therefore, modifications to
the dose to water equation following IAEA TRS-483 [67]
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recommendations for machine specific reference fields (f,,,)
are required.

e — e N e
DfV’Qm:r - Qmerg’W’QOkaerO @
Equation 2 shows the dose to water in the machine spe-

cific reference field and beam quality, D m‘é is equal to the

measured charge at the machine specrﬁc reference field at

the machine specific beam quality, M » multiplied by the
calibration coefficient under standard reference conditions,
Ng’w 0y and by the change in response of the ionisation
chamber between standard reference conditions and the

machrne specific reference field, kaQf The correction fac-
msr ()

o incorporates not only the beam quality change but
also effects due to volume averaging. Andreo et al. [68] pro-
vided updated consensus kQ,Qo data for conventional linacs,
for both flattened and FFF beams, based on the end user
correcting dosimeter readings by the volume averaging cor-

rection, k,, ;. Therefore, to apply kafon the kg , is multiplied

by the k,,,; as defined in IAEA TRS-483 [67]. Example work-
sheets for reference dosimetry can be found in IAEA TRS-
398 [7].

The magnetic field has an impact on both the dose depo-
sition in water and dosimeter response. Dosimeters can be
calibrated directly in the magnetic field or corrections to the
standard formalism applied to correct for the influence of
the magnetic field.

A direct method of calibrating detectors in MRI-linacs
using calorimeters has been reported [40-42, 69]. This
method removes any corrections applied to the chamber
for beam quality or magnetic fields. However, the method
requires specialised calorimetry equipment which is not cur-
rent available in Australia or New Zealand.

Two different additions to the standard formalisms for
correcting for the magnetic field have been proposed. The
first correction combines the change in beam quality,
between the reference beam quality and the users beam qual-
ity (the change caused by the transfer from reference condi-
tions to machine specific fields) and the correction for the
changes caused by the magnetic field. The correction has
been shown as kB’f mr[23] or kmag [62]. The second correctlon

vol*

splits the correctlon into the beam quality correction, kQ é
msr 0

and a correction for the impact of the magnetic field on

dosimeter response in the magnetic field, ki’“" . Using the
B0

second correction method implies that the beam quality cor-
rection factors presented in codes of practice are applicable
for use in a magnetic field. Monte Carlo simulations of kg o,
for the Unity beam at 0 T [62] and ion chamber calibrations
via calorimetry measurements at °°Co and on the Unity at
0 T [69] showed no significant difference in the simulated or
measured kg o relative to values presented in the codes of

@ Springer

practice. Whilst in general the commercial systems should
be tuned close to each other in terms of beam quality, some
differences will exist. Using kmag could add additional uncer-

tainty as the correction uses a predeﬁned beam quality which
could be different from the users quality. It is the recom-
mendation of the MRILWG not to use kg’f ™ or kg”g in Aus-

msr

tralia and New Zealand at this time.
Recommended values for k’:

Xmsr

bers are given below in Table 3 and 4 for perpendicular
MRI-linacs with magnetic field strengths of 0.35 and 1.5 T
respectively.

Dfm‘r _ Mfm" fref fmufn/

Bw.Q, D w.0y Qano B.O,., 3

for two types of cham-

Equation 3 adds a correction for the impact of the mag-
netic field on both the dose deposition and dosimeter
response in the magnetic field in the machine specific ref-
erence fields, kf ™ to Eq. 2. The correction for the mag-

msr

netic field, kf’,”” , has a vector component over the B field

Zmsr

due to the correction factor having a dependence on the
configuration of the photon beam, magnetic field and
chamber as described in the "Configuration of chamber
long axis, radiation beam central axis and primary mag-
netic field" section. The correction factor is also dependent
on beam quality [62, 70]. ki corrects the measured

charge in the magnetic field, M , which is set up in the

configuration specified by the correction factor. This can
then be used to determine the dose to water in the mag-
netic field for the machine specific reference field and

beam quality, D;w 0, The equation given here is identical

to the equation presented in de Pooter et al. [64].

The formalism for the magnetic field correction, kf
B.Q,r

has been published in a few different notations as sum-
marised in Table 2. Whilst initially the formalisms look
different, the corrections for the magnetic field are equiva-

— O
lent (kE’Qm, = kB = kB = kEMQ . C§)

lon recombination and polarity corrections
in the magnetic field

Polarity and ion recombination are influence quantities
that affect the ionisation chamber response and need to
be corrected for when measuring the absorbed dose to
water [7]. The influence of the magnetic field on polarity
and recombination correction has been investigated for
perpendicular MRI-linacs at both high [48, 69] and low
[42] magnetic field strengths. Polarity and recombination
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Table 2 Comparison of different notations for magnetic field corrections

Reference Dose to water Measured charge Absorbed  Beam Magnetic Comments
dose to quality cor- field influ-
water rection ences
Assel 1. [22 e e , SR ot _ M
van Asselen et al. [22] DS,Q MQB Np.y.0, kQ,Qn kB,M,Q cz kE,M,Q — M_g
o effect on IC response, can be
measured
¢ = Dig effect on dose deposition, MC
B D, o
simulated
k§, 0= kE,M,Q » ¢z Requires MC sim of ¢,
Malkov and Rogers [62] D\/QV M NZ’CO kg kg ( D, )Q’B
A ==
" Da /0,01 MC simulated correction
for the difference between O T and the
magnetic field B, for the dose deposi-
tion, D,,, and the dose to the cham-
ber,D,,
O’Brien et al. [23] DB M Npw.o, ko0, &/l 1 Qmr Provided standard reference conditions
Qs O Oner QB cjgnfbe established, then Q,,,. = Q and
msrlref
ka\'er =1
B B
kgm.” S
Dy0, /Mo,
de Pooter et al. [64] D, o M, Npao, kg’"f”é ks o,
msr> <0
This paper Dl L ref SnsiFres s
Bw,0,,; B’Qm\'r D.w.Qy ka.rerO k;,va

IC ionisation chamber, MC Monte Carlo

The measured charge is corrected for pressure, recombination, polarity and temperature

Table3 f/» data for perpendicular linacs with B=0.35 T and TPR,, ;, = 0.648 for the PTW 30013 chamber. All values are determined in the
B.

Qs
parallel configurations (see Fig. 2). The data is reproduced from de Pooter et al. [64]

Chamber kﬁmr u( kﬁn\-f ) Method of determination Configuration (see Fig. 1)  Reference
B0, B.Qy )
%
PTW30013 0.9970 0.3000 Monte Carlo 11 Spindeldreier et al. [38]
0.9965 0.3000 Monte Carlo I Spindeldreier et al. [38]
0.9957 0.1000 Monte Carlo 1 Malkov and Rogers [62]
Table 4 kf’,”” data for Chamber kfm,\,. u( kf;mr‘ ) Method of determination Configuration Reference
B, 2 o :
Perpendicul;;frlinacs with B u BLu) (see Fig. 1)
B=1.5T and an average %
TPRy 19 = 0.701 for the PTW PTW30013 09930 0.3000 Monte Carlo I Spindeldreier et al.[38]
30013 and IBA FC65-G 0.9920 0.3000 Monte Carlo 1T Spindeldreier et al. [38]
chambers. All values are
determined in the parallel 0.9963 0.1600 Monte Carlo I Pojtinger et al
conﬁgurations (see Fig. 2). The 0.9881 0.1000 Monte Carlo 11 Malkov and Rogers [62]
data is reproduced from de 0.9920 0.2000 Ramp up/down I van Asselen et al. [22]
Pooter et al. [64] 0.9850 0.3400 Calorimetry Cross Cal 1 de Prez et al. [69]
0.9980 1.0000 Alanine 1&1I Billas and Duane [71]
FC-65G 0.9970 0.3000 Ramp up/down 1 van Asselen et al. [22]
0.9917 0.1000 Monte Carlo 1I Malkov and Rogers [62]
0.9950 0.3400 Calorimetry Cross Cal I de Prez et al. [69]
1.003 1.0000 Alanine 1 Billas and Duane [43]

@ Springer



12

Physical and Engineering Sciences in Medicine (2023) 46:1-17

corrections have been found to be independent of the mag-
netic field strength [48, 69].

Values for ki’"" factors

B’ Qmsr

Most of the early publications reporting on kf’," factors

have some flaws caused by the lack of knowledge about
peculiarities of dosimetry in magnetic fields which have
been realized at a later stage or present insufficient details.
A review of existing data, employing stringent selection cri-
teria, has been conducted by de Pooter et al. [64]. for the
most common ionisation chambers, at the two field strengths
corresponding to those of the commercially available MRI-
linacs, and for different chamber, magnetic field and beam
configurations (shown in Fig. 2).

Table 3 and 4 show the best available kff" data for ioni-
B0y

sation chambers in perpendicular MRI-linacs as presented
by de Pooter et al. [64]. There are only two chamber types
included as this is a relatively new area of research and there
is a very limited amount of data available. The correction
factors presented are for the beam qualities of the MRIdian
and Unity respectively. A Monte Carlo study showed a

change in k}:(” of less than 0.5% between beam qualities of
B.0psr
TPRy ) values of 0.6790 (6 MV Linac) and 0.7028 (7 MV

MRI-linac) [70]. From this it can be concluded that the

change in kﬁ”’ is small within the beam quality variability
B.Q

smsr

of the systems. Only kﬁ"‘ data for configuration I and II are
B.Q,

reproduced here. If the ionisation chamber is placed in a

perpendicular configuration (III and IV in Fig. 2) then the

deviation from unity of the k{’,”“’ factor significantly
increases. The average magnitude of k{?” presented in de

Zmsr

Pooter et al. [64]. for IBA FC65-G (IBA Dosimetry GmbH,
Schwarzenbruck, Germany) and PTW 30013 chambers in
perpendicular MRI-linacs with B=0.35 T is 0.9744 and
ranges from 0.9649 to 0.9830. For the case of perpendicular

MRI-linacs with B=1.5 T, the average kf, presented in
B.Q,5
the perpendicular configuration for the two chamber types

is 0.9594 and ranges from 0.9512 to 0.9700 [64].

Due to the smaller perturbation in the response of the
ionisation chambers in magnetic fields in the parallel con-
figuration, this configuration is recommended for reference
dosimetry. The question then becomes which k’z”’ value to

Qonsr

use from the published range. All the values do not agree
within their uncertainties so this would suggest that some of
the uncertainties in these X  values are underestimated

-

Qunsr

and thus not fully understood.
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Table5 Average K for perpendicular linacs with B=1.5 and
B

0.35 T for PTW 30013 and IBA FC65-G chambers. All values are for
the parallel configuration (see Fig. 2). The data is an average of the
values presented in de Pooter et al. [64]

Chamber B kﬁt.xy u( kﬁm )
B0, u(  BQu)
%
PTW30013 035T 0.996 0.200
PTW30013 15T 0.992 0.400
IBA FC65-G 1.5T 0.997 0.400

Table 5 presents the average kf;,“” values for orthogonal

linacs with B=1.5 and 0.35 T for PTW 30,013 and IBA

FC65-G chambers. Taking a value of k{[" from Table 5
B.Q,

could be viewed as an appropriate choice for users of the two
currently available commercial MRI-linacs. The estimated
uncertainty in these values is relatively large as the number
of measurements and calculations which contribute to these
results is quite small. The uncertainty in these values will
decrease in the future as more kf, will be determined and

SO

better understanding of the dead volumes is incorporated

into Monte Carlo simulations to calculate ké” . As time
B0y
progresses it is up to the user to monitor the literature for

progress in the measurement and simulation of k’z”"’ values
Cmsr

for reference ionisation chambers to ensure that the most
appropriate value for their situation is applied when per-
forming reference dosimetry.

Future research

Reference dosimetry on MRI-linacs is an emerging field.
Devices used to measure dose in the magnetic field based
on temperature changes are limited to a few sites world-
wide [40-42]. Further development of these devices could
improve the accuracy and reproducibility of the measured
signal or improve portability so that the devices can be trans-
ferred between MRI-linacs enabling direct measurement of
dose and chamber calibration in the magnetic field.

The current protocols have been developed with a focus
on correcting ion chambers for a response change caused by
the magnetic field. As has been shown by the understanding
of dead volumes in chambers [38, 39], increased knowledge
of chambers characteristics can be fed back into improving
Monte Carlo simulations. Improvements in chamber simula-
tions could also have an impact on simulations in 0 T fields.
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The ion chambers used in the current protocols are those
that are recommended in the conventional linac protocols
(e.g., IAEA TRS-398 [7]). Research into alternative dosim-
eters might find a more suitable dosimeter, that fits the
requirements of a reference grade dosimeter as per proto-
cols and that does not require correction for magnetic fields.

Further investigations into correction factors are required
as shown by the limited data available on alternative cham-
bers and differences between physically measured and simu-
lated correction factors presented in Table 3 and 4. Alterna-
tive dosimeters to standard reference ion chambers such as
smaller volume chambers [72], microDiamond and micro-
Silicon type detectors [73] have also been evaluated. Similar
to conventional linacs, the output factors for small fields and
the response of detectors under non-equilibrium conditions
is an emerging area of research [74].

The protocol above was developed considering current
MRI-linacs. Development of new MRI-linacs or indeed
MRI-Protons [75] might require this protocol to be revisited.

Summary of recommendations

The following are a summary of recommendations for per-
pendicular MRI-linacs. The recommendations are current
as of the time of writing, however all users are advised to
consult current literature and MRI-linac specific reference
dosimetry protocols that are developed post publication of
this position paper.

— Ton chambers are to be used for reference dosimetry on
MRI-linacs provided appropriate correction factors are
available and applied

— Ion chambers are calibrated at Primary Standards Labo-
ratories under standard conditions

— TRS-398 methodologies are to be followed for correction
of influence quantities (polarity, recombination, tempera-
ture and pressure)

— Bulb type spirit thermometers are recommended for tem-
perature measurements inside a water tank on an MRI-
linac

— Barometers can be left outside the room for pressure
measurements

— Water tanks are to be used for all reference dosimetry
measurements. Solid water phantoms are not recom-
mended for dosimetry measurements

— Beam Quality is measured using TPRy, ;, with the cham-
ber positioned at the machine isocentre

— If a change is made to the calibration gantry angle on the
Elekta Unity machines, then an update of the cryostat
lookup table and beam model is recommended

— The reference point of an ion chamber (i.e., central axis)
is recommended to be set-up isocentrically

— The measurement point should at minimum 5 cm depth
in water. Details on the calibration conditions for both
the ViewRay MRIdian and Elekta Unity are given in the
"Recommended water tank set-up and gantry angles for
commercial MRI-linac systems" section

— The reference beam gantry angle is recommended to be
0°

— A field size as close to a 10 x 10 cm? field should be used

— Configuration I or II (Chamber long axis parallel to pri-
mary magnetic field and perpendicular to the radiation
central axis — see the "Configuration of chamber long
axis, radiation beam central axis and primary magnetic
field" section) is recommended for reference dosimetry
set-up on perpendicular MRI-linacs

— An addition to the standard reference dosimetry equation,

™, is used to account for the impact of the magnetic

Qnsr

field on the measured response of an ion chamber
— Values for kﬁ are detailed in "Values for kﬁ” factors"

Qonsr B.0,5r
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