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Abstract

In external beam radiotherapy, Electronic Portal Imaging Devices
(EPIDs) are frequently used for pre-treatment and for in vivo dose
verification. Currently, various MR-guided radiotherapy systems are
being developed and clinically implemented. Independent dosimetric
verification is highly desirable. For this purpose, we adapted our EPID-
based dose verification system for use with the MR-Linac combination
developed by Elekta in cooperation with UMC Utrecht and Philips.

In this study we extended our back-projection method to cope with the
presence of an extra attenuating medium between the patient and the
EPID. Experiments were performed at a conventional linac, using an
aluminum mock-up of the MRI scanner housing between the phantom
and the EPID. For a 10 cm square field, the attenuation by the mock-
up was 72%, while 16% of the remaining EPID signal resulted from

scattered radiation.

58 IMRT fields were delivered to a 20 cm slab phantom with and without
the mock-up. EPID reconstructed dose distributions were compared to

planned dose distributions using the y-evaluation method (global, 3%,
3mm). In our adapted back-projection algorithm the averaged ¥, an Was

0.27 + 0.06, while in the conventional was 0.28 + 0.06. Dose profiles of
several square fields reconstructed with our adapted algorithm showed

excellent agreement when compared to TPS.

Keywords: EPID dosimetry, MR-Linac, patient-specific, pre-treatment,

in vivo, verification, IMRT
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2.1. Introduction

Image-guided radiotherapy strives to correct for tumor misalignments
derived from setup error, posture change, organ motion, etc., which
may otherwise lead to suboptimal treatments. However, deformation
and anatomical changes related to treatment response are typically not
included in the regular IGRT workflow. Moreover, the in-room image
quality is not always sufficient to visualize the tumor and relevant
organs-at-risk. Hence, several groups are currently investigating
the potential of radiotherapy treatment systems with integrated MR
imaging modality. One example is the MRIdian System (ViewRay, Inc.,
Oakwood Village, OH), which integrates three Cobalt-60 heads with
a 0.35-T split MRI system . The Linac-MR (Cross Cancer Institute,
Edmonton AB, Canada) consists of an isocentrically rotating 6 MV linac
withabiplanar0.5-T MRIin the transverse plane allowing perpendicular
and parallel irradiation to the magnetic field 1%, The Australian MRI-
Linac system connects a specifically designed 1-T open-bore MRI with
a6-MV linac . The MRI-linac program investigated by Siemens places
a 6MV linac in a ring around a conventional MRI magnet '°. Another
initiative couples a 1.5-T, diagnostic quality, magnetic resonance
imaging with a linear accelerator (Elekta AB, Stockholm, Sweden in
cooperation with UMC Utrecht, The Netherlands and Philips, Best,
The Netherlands)”>. When combined with fast (re)contouring and (re)
planning software, MRI-based online adaptive strategies are expected
to become feasible®. The Elekta MR-Linac is currently being installed

in our institute.

The high complexity of online treatment adaptation makes independent
dosimetric verification in the MR-Linac system highly desirable.
Alternative quality assurance techniques involving the use of the
linac log files and MRI 3D patient anatomy could allow identification
of potential errors in data transfer, dose delivery, patient set-up, and
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changes in patient anatomy, but not in dose calculation or MLC
calibration'® and not in real-time. The aim of transit EPID dosimetry
at the MR-Linac is to verify the delivered 3D dose to the patient, hence
providing an independent real-time verification of the entire treatment

chain.

Several studies of dose-response characteristics have shown that
a-Si EPIDs are suitable for dose verification!'® 112 115 114 115 [t was
demonstrated” in addition that the portal imager integrated in the
MR-Linac is able to acquire EPID images simultaneously to MRI
imaging. Our back-projection algorithm has been described previously
in detail”®® and is used to perform in vivo EPID dosimetry routinely
for almost all IMRT and VMAT as well as 3D conformal radiotherapy

treatments in our clinic since January 2008%.

The geometry of the MR-Linac poses several challenges for EPID
based dosimetry:

» The presence of the MRI housing between the patient and the
EPID serves as a non-uniform attenuating medium and as a
source of scattered radiation. Furthermore, it alters the photon
energy spectrum of the beam.

« The 1.5T magnetic field affects the dose deposition in the
patient (or phantom)’ """

« The small magnetic field at the EPID location possibly
influences the dose-response characteristics of the EPID®.

As a first step towards portal dosimetry in the MR-Linac, the purpose
of this study was to correct for the scattering and attenuating effects
in the EPID images caused by a step-shaped extra attenuating medium
mimicking the MRI housing, and to back-project the corrected portal

dose images into the patient’s geometry.

The use of such an MRI scanner mock-up at a conventional linac is
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an excellent opportunity to investigate the first of the aforementioned
challenges separately, in a controlled fashion, without the need for
solving the other challenges simultaneously. The influence of the
magnetic field on the dose delivery both in the patient/phantom inside
the bore of the MR-Linac and at the EPID level is beyond the scope of
this study, but will be subject of future work.

2.2. Materials and Methods

2.2.1 Conventional back-projection algorithm

In summary, our in-house technique *7° requires seven steps to
reconstruct the dose in the phantom or patient from the EPID images

acquired during treatment. These seven steps account for:

i.  Pixel sensitivity matrix (§ij Matrix) which corrects for the
variation in individual pixel sensitivity and in the off-axis
differential photon energy*.

ii.  Dose response of the EPID.
iii.  Lateral scatter within the EPID.
iv.  Scatter from the phantom or patient to the EPID.
v.  Attenuation of the beam by the phantom or patient.
vi.  Scatter within the phantom or patient.
vii.  Build-up effects.
In the conventional algorithm, the dose measured at the EPID level is

determined after step 3.

2.2.2 Adapted back-projection algorithm

In the MR-Linac, Dbefore reaching the EPID, the
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beam is affected by the presence of the MRI scanner.
A sketch of the geometry of the conventional linac and
the MR-Linac is given in Figure 2.1. The MRI housing
acts as the main source of scatter in portal images, attenuates the beam

and modifies its photon energy spectrum. In this work the measured

portal dose behind the MRI scanner, PD/f*' is corrected for the

aforementioned effects, determining ppjusariened,

Inotherwords, PDf{R"<e*? estimateswhatwould be thedose measured
at the EPID level in the absence of the MRI housing, taking as input

images that have been measured behind the MRI housing.

The index pair ij refers to a pixel of the EPID at position (i.)).

MR SCANNER

SCATTER

Figure 2.1: Cross section of the conventional Linac (left) and the MR-Linac (right)
geometry. After the portal images ¢ are processed, the portal dose pp,; on the left

corresponds to the portal dose corrected pp/fFicoeced on the right and the back-

projection is continued as in the conventional method.

To achieve this, the 3 step of our conventional algorithm (portal dose

determination) has been expanded to:
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« correction  for  lateral  scatter within the EPID
(step 3 in conventional algorithm), obtaining the
portal dose behind the MR-Linac, pp¥*!,

« subtraction of that part of the portal dose due to scatter from
the MRI housing to the EPID, scMRI~EPID| obtaining ppMRiscatcorr,
] 3]

s correction for the extra attenuation in  ppjfRiScarcer
and changes in energy spectrum due to the
MRI housing, obtaining (it

After the effects caused by the MRI scanner on the EPID images are

corrected, the resulting the portal dose MRI-corrected, ppjfFicorrecte
, is used in the remaining steps of the algorithm, which is identical

to the conventional version.
In what follows, two specific configurations are used:

« MRI geometry: in the MR-Linac the beam always
traverses the MRI scanner. ¥  images can be
obtained with patient Ly e | or without
patient 1" . Along the description of the
fitting algorithm and the commissioning of the
model, “open” or “patient” are specified, unless

the expression is valid for both set-ups.

« Empty geometry: in this case the MRI scanner,
patient and couch are not present. Although this
set-up is unrealistic in the clinical/actual set-up, the current
calibration procedure of our transmission-based algorithm
requires a set of ™™ images to determine the parameters of
the MRI— EPID scatter kernel.
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A. Subtraction of radiation scattered from the MRI
housing to the EPID

The scattered radiation from the MRI scanner to the EPID is treated in
the same way as the scattered radiation from the patient reaching the
EPID in our conventional algorithm because of the similarity of these
cases. The scatter is modeled as a convolution between the portal dose
image and a scatter kernel, and the kernel parameters are determined

by a fitting process described below.

The portal dose behind the MRI  scanner  PD}{¥

, includes the component ScMRI=EPI>  due to scatter from
the MRI scanner to the EPID.

MRI _ MRI,ScatCorr MRI-EPID
PD}R! = pp}! + Sc}RI=EPID, (1)

where PD}IRIscatcorr represents the portal dose of
radiation reaching the EPID as if the scatter from the
MRI scanner was not present.

The portal dose in the conventional algorithm (i.e., after step 3) Py,
corresponds to a processed EPID image containing dose information

and is calculated as:

..... (2)

where 5 is the time-integrated EPID image processed for the
dark field, flood field and bad pixels'®. S; is the pixel sensitivity

matrix, Dr is the dose response of the EPID, and K1y and

accounts for the lateral scatter within the EPID based on a central axis

parametric fit, and K2;: is a blurring kernel such that the EPID images
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agree with the off-axis data from the ionization chamber, affecting

mainly the penumbra region ”°. The aim of the convolution with K2 is to

match better the penumbras while maintaining the on-axis agreement

obtained by K1.
Note that fluence is not determined in our semi-empirical algorithm.

Convolution and deconvolution were performed in frequency domain
using the fast Fourier transform in two dimensions and the calculation
time to process the EPID image after acquisition was of the order of
10 ms.

Unlike in the conventional linac, in the MR-Linac, a large scatter
contribution from the MRI housing to the EPID exists, together with a
step-shaped attenuation and differences in photon beam energy spectra.
Therefore, the EPID responds differently behind the MRI scanner, and

both pp > and pp}® portal dose images require separate calibration
data-sets and have to be calculated with different parameters:

PD;mPty = Iie}mpty 'Sijfijty . D,remP’:}’ ®-1 Kleml’f}’ ® Kzempl)’ (4 )

The transmission of the beam through the MRI scanner is now defined
as the ratio between “MRI-open” ( 3 ) and “empty” ( 4 ) portal dose

mmages
MRI,open
TtotalMRI _ PDU 5
ij PD iejmpty (5)

and will be called MRI total transmission. By using ( 1) it can be
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separated into a primary and a scatter component,

SCMRI—»EPID
i (6)

T't.otal,MRl — Tprimary,MRl
ij ij PDempty
ij

where rpimevart denotes the transmission of the primary photons
measured with the EPID.

The scatter from the MRI to the EPID and consequentlythe total
transmission 7/7*® in ( 6 ) are field size dependent ™ while the

Tprimary,MRI

primary transmission is by definition field size independent.

To determine the scatter component to the portal dose, the total
transmission titatMRl | js experimentally determined with (5) as a

function of field size fs, by irradiating the EPID with and without the

mock-up of the MRI scanner with square fields of different sizes. In the
limit of zero field size, the total transmission ri*®*® equals the primary
transmission 7™ as the scatter from the MRI scanner reaching the
EPID tends to zero. On-axis values of the total transmission, (1) .,

,are plotted as a function of field area, fs*,and the limit to zero field area
is calculated by parametrizing the curve of (&) .., . The brackets

()eror Tepresenttheaverage over a small central region of interest (cROI)
of the EPID at the central axis.

i ,MRI g y
<Ti;17_nmary Yeror };TORTithtal MRI (fsz))cROI] (7)

Since at small air-gaps the transmission is no longer linearly related

with field area ', a second-order polynomial was used to parametrize
the (riptamy . for the 15cm air-gap used in our set-up (see section 2.4)

, and the constant (rzrmavsry - is obtained using (7).

The scatter from the MRI scanner to the EPID is modeled in the portal
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dose as a convolution of the MRI- open portal dose image with a scatter

kernel Kiﬂlr_IRI-»EPID

MRI-EPID __ MEKI,0pen MRI-EPID
Scl = PD]] ®K,

(8)

Based on the iterative approach to determine the scatter
from the patient to the EPID suggested in'» 2 we
investigated the use of a similar iterative approach using the

scatter corrected MRI-open portal dose ppjtriovenscatcorr i ( 8 ) instead

of the MRI-open portal dose pp!*=» . However, preliminary results
showed that the MRI-open portal dose itself appeared to be a
good approximation, as the fitting results after 6 iterations improved

primary,MRI
0

only 0.025% the Euclidean distance between deror and

i ,MRI . . .
(T (s o cur))eror . In this work, a gaussian filter was used as a

scatter kernel,

2
KMRISEPID _ _CMRi _ _Tijr (9)
2maj Ry 203p;/) "

where 7ij is the distance of a pixel ij from the central axis.

In order to determine the parameters ojr and cyw, the primary
transmission (5 ™M (fs; oy, cur))eror , 1S calculated for different field

sizes using (6 ) (and ( 8), (9) to introduce 2, and ¢ur) and fitted
for all field sizes to the zero-field-size limit of the total transmission
calculated in (7)), (r;"™ ™) 2o, by:

: primary,MRI primary,MRI
mi ((Tij Yeror — (Tij

)
2 (fs; opris CMRI))CROI)
OMRI'CMRI

(10)

where min () is a minimization function, and the aim is to fulfill the field

. . i ,MRI .
size independence of the (T ")or  with the correct parameters
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determination.

B. Correction for the MRI housing attenuation

An experimentally determined primary transmission 2D map is applied

MRI,open,ScatCorr
)

to the scatter corrected MRI-open image, PD;; to account

for the attenuation and beam hardening in the MRI housing.

This primary transmission map is defined as the ratio between the

portal dose MRI-open image corrected or the scatter PDjj" 7™,

empty

, and an empty portal dose image PD; for a large square field
(26x26 cm?):

MRI,0open,26x26
PDij 14 _ SC#RI-»EPID

Tmapij = PDempty,26x26 (11)
ij

The final portal dose corrected for the effects of the MRI scanner

MRI.corrected
PD; can be expressed as:

PD:;IRI,ScatCO‘rT

PDMRI,Corrected =
Y Tmap;; (12)

2.2.3 Commissioning data

To support the additional two steps in our dose reconstruction engine,
new measurements had to be added to the regular set of commissioning
data, which is summarized in'®. Also, the reconstruction dose engine
had to be adapted in the commissioning and in the verification software.
The required complete new set of commissioning data consists of
EPID images, water tank measurements and reference ionization
chamber values for each configuration (“MRI-phantom”, “MRI-open”

and “empty”) irradiated with square fields of increasing size (2x2-26x26



Chaoter2 | 41

cm?) and is summarized in Table 2.1.

Commissioning measurements for the “empty” configuration were
acquired on a regular 6 MV photon beam of an SL20i linear accelerator
with flattening filter, without the aluminum structure in place, while
the set-up for the rest of the measurements included the mock-up

between isocenter and EPID, and a slab phantom only when indicated.

Table 2.1: Measurements required for commissioning of the model. The required
extra measurement series (with respect to the conventional model) that are used for
the determination of the scatter from the MRI and the attenuation map of our adapted
method, are marked with (*). The commissioning measurements that determine the rest
of the parameters are acquired similarly to as in the conventional method, considering

the “MR” as the standard configuration in the MR-Linac.

Phantom Field
Measurement  Configuration Comment Equipment (cm?) Size
(cm?)
1. 5,; matrix Empty* To measure .a) . 26x26
the relative Ionization
sensitivity chamber
over the in a mini-
entire EPID phantom
in an
empty
water tank
b) 2 EPID
images
2. Field size Empty* Measure and a) Series
series acquire at the  Ionization 2x2-
EPID level chamber 20x20
(160 cm SSD) in a mini-
phantom
b) EPID

images
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3. S; matrix

4. Field size
series

5. Field size
series

6. Thickness
series

7. Build up

MR-open

MR-open

MR-
phantom

MR-
phantom

MR-
phantom

To measure
the relative
sensitivity
over the
entire EPID
behind the
MRI

Measure and
acquire at the
EPID level
(160 cm SSD)

Constant
phantom
thickness,
varying field
size

Constant
field size,
varying
phantom
thickness

Constant
field size,
constant
phantom
thickness

a)
Ionization
chamber
in a mini-
phantom
in an
empty
water tank

b) 2 EPID
images

a)
Ionization
chamber
in a mini-
phantom

b) EPID
images

a)
Ionization
chamber at
isocenter
in slab
phantom

b) EPID
images

a)
Ionization
chamber at
isocenter
in slab
phantom

b) EPID
images

Ionization
chamber
in a slab
phantom

at different

depths

30x30x20
slab

Series
30x30x4-
40

30x30x20

26x26

Series
2x2-
20x20

Series
2x2-
20x20

10x10

10x10
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2.2.4 MRI scanner surrogate

To quantify the performance of our adapted algorithm, an experimental
set-up was built in a conventional linac, consisting of an aluminum
structure positioned between the phantom and the EPID, mimicking
the geometry of the exit beam side of the MRI scanner. We define the
axis of an EPID image parallel to the gun target direction as Y, and the

axis perpendicular to it, X.

In the magnet of the MR-Linac, the central 15 cm in the Y direction
is free of coils and shimming hardware in order to minimize beam
attenuation and obtain homogeneous transmission. This 15 cm gap
allows a maximum irradiation field of 22 cm in the cranial-caudal
direction at the isocenter. However, for field sizes larger than 10 cm
at the isocenter, the exit beam exceeds the 15 cm of the gap at the exit
side and therefore, EPID images suffer from an extra attenuation at the

edges in the Y direction as can be seen from Figure 2.2.a,b.

wx

a) b) c)

Figure 2.2: a) EPID images of a large field size acquired at the second MR-Linac
prototype at the UMC Utrecht; b) EPID images of a large field size acquired at our
institute with the aluminum structure; ¢) Schematic drawing of the aluminum structure

used at our institute to mimic the effect of the MRI scanner.

To mimic this configuration at a conventional linac, an aluminum
MRI-scanner mock-up was designed making use of the available
information in literature. As reported' '? % the irradiation beam

travels through the equivalent of approximately 12 cm of aluminum
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on-axis, hence an aluminum plate of 12 cm thickness at 15 cm distance
from the EPID was used. Off-axis, the larger thickness of the magnet
in the Y direction was mimicked by thicker aluminum blocks of 18 cm

and 21 cm (Figure 2.2.c).

The presence of the MRI scanner between source and patient was not
included in our mock-up since the effects it causes are not to be taken
care of by our back-projection dosimetry model. To validate this choice,
an experiment was performed with an extra structure of aluminum
between the source and the isocenter. EPID images were acquired in a
conventional linac with the aluminum structure between the isocenter
and the EPID, both with and without 12cm extra of aluminum between

the source and the isocenter. EPID readouts (normalized to the 10x10

cm? field size) were compared. For further experiments, no aluminum

mock-up was used between source and isocenter.

2.2.5 Accelerator and EPID

All measurements in our institute were performed using a 6 MV photon
beam of an SL20i linear accelerator with flattening filter (Elekta AB,
Stockholm, Sweden), equipped with a multileaf collimator (MLC) of
80 leafs with a projected leaf width of 1cm at the isocenter, which is
located 100cm from the target. A PerkinElmer RID 1680 AL5/Elekta
iViewGT a-Si EPID was used for all measurements. Images were

acquired using in-house developed software!* 1.

2.2.6 Square field and test field validation

To validate our method off-axis, EPID images acquired behind the
phantom and the aluminum structure during the commissioning were
back-projected using our adapted method into a 20 cm slab phantom
for different square field sizes (2x2, 3x3, 5x5, 10x10, 15x15, 20x20 cm?).



Chaoter 2 | 45

A test field presenting a more complex geometry was included in the
validation. The test field contained areas with signal coming from
a single open MLC leaf (with adjacent leaves blocking radiation),
another area with signal from two leaves only, and so on, resembling

characteristics of an IMRT beam.

Cross-plane dose profiles and depth-dose curves were obtained and
compared to the planned dose distributions and to measured curves
in a water tank by an ultra-small detector: the microDiamond detector
(PTW, Freiburg, Germany). 2D dose distributions reconstructed at
the isocenter were compared to the planned dose distributions by
y-evaluation (global 3%, 3mm). For visual inspection, a 2D signed
y-evaluation is used in our clinic to indicate under-dosage or over-

dosage when compared to the TPS.

2.2.7 IMRT plans and Treatment Planning System (TPS)

58 beams of 10 IMRT plans (5 tumor sites: lung, H&N, rectum, brain,
breast) were included in this study. The plans were calculated for a step-
and-shoot IMRT technique irradiating a 20 cm thick slab phantom,
using 6 MV photon beams, with 2 to 7 segments per beam, with the
beam angle set to 0°. Dose distributions were optimized in Pinnacle
Version 9.8 (Philips Medical Systems, Eindhoven, The Netherlands).
The treatments were randomly selected and their field sizes in the Y
direction ranged from 7 to 17 cm. 2D dose distributions reconstructed
at the isocenter were compared to the TPS dose distributions by means
of y-analysis (global 3%, 3mm) and the ROI of the y-analysis was set to

all pixels receiving more than 20% of the per-beam maximum dose.

To test the performance of our algorithm at different depths, 2D dose
distributions reconstructed with our adapted algorithm were compared
to the TPS for a 5-field Lung IMRT treatment on a 20 cm slab phantom

by means of y-analysis (global 3%, 3mm) at isocenter plane, and planes
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5¢m below and above that plane. The X and Y profiles obtained from
the reconstructed dose distributions at the three depths were compared

to the TPS profiles by visual inspection.
2.3 Results

2.3.1 EPID readouts with and without extra aluminum
plate between source and isocenter

Figure 2.3 shows EPID output factors acquired with the aluminum
mock-up between the isocenter and the EPID, both with and without
a mock-up between the source and the isocenter. The curves show
similar behavior, differences ranged from -3% to +3% for 3x3 cm? and

20x20 cm? fields respectively.

This indicates that scatter from the upper part of the MRI housing
does not have a significant contribution in the EPID images.

ity
oy
o)

14

e o 9o £
ER - SN )
T S S

~8—Jower aluminum mock-up

o
N
L

—@—upper and lower aluminum mock-up

Normalized EPID pixel intens|

o

0 2 4 6 8 10 12 14 16 18 20
Field size (cm)

T T T T 1

Figure 2.3: Central pixel values of EPID images for increasing square field sizes (3x3 -
20x20 cm? normalized to the 10x10 cm? field size, acquired in a conventional linac both
with the aluminum mock-up mimicking the effects of the upper and lower part of the

MRI housing (blue), and only the lower part (red).
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2.3.2 Magnitude of the corrections:

A quantitative description of the additional corrections applied to the
portal dose measured by the EPID is reported for a 10x10 cm? field
irradiating a 20 cm thick slab phantom. The scattered radiation from
the aluminum mock-up reaching the EPID contributes to 16% of the
measured EPID dose on-axis, which we successfully subtracted from
the total portal dose using (1) as explained in section 2.2.2.A. The
attenuation of the primary photons measured with the EPID as defined
in (6), of the aluminum mock-up on-axis for the 6MV beam is 72%.

2.3.3 Square fields and test field validation:

In Table 2.2 the 2-D y-evaluation results comparing reconstructed
dose distributions from back-projected EPID images acquired behind
the aluminum structure to TPS dose distributions are presented for
various square field sizes.

Table 2.2: Two-dimensional y-evaluation for increasing square field sizes of a 6 MV
photon beam comparing the reconstructed EPID midplane dose at 10 cm depth in a 20
cm thick polystyrene slab phantom at an SSD of 90 cm to the planned dose distribution
by the TPS.

YHRRR A Ol
-2 0 +2
Ficld sivg 22 3x3 5%5 10x10 15x15 20x20
(cm?)
'y_
evaluation ® ©®
Yimean 0.38 038 033 0.27 0.26 0.22
V1% 0.80 0.82 0.81 075 0.79 0.67
%y <1 100 100 100 100 99.9 100

ADose iso -0.7% 1.6% -0.6% 0.2% 0.7% 0.8%
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In Figure 2.4.a,b, X and Y dose profiles of square fields of different
sizes from the TPS are shown respectively, together with dose profiles
reconstructed from EPID images acquired behind the aluminum
structure and also to dose profiles measured with a microDiamond
detector. The X profile of the described test field is also shown in Figure
2.4.c for the microDiamond detector, the planned dose distribution,
and for the EPID-derived dose distribution.
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MICRO DIAMOND
—Tps

N —EPID

—EPID

—PLAN
MICRODIAMOND
= I
150 200

0
=200

=50 0

Figure 2.4: a,b) X and Y lateral profiles from the reconstructed EPID midplane dose
at 10 cm depth for 6 MV photon beams of different square field sizes irradiating to a

20 cm thick slab. In blue, the X and Y profiles calculated by the treatment planning

system at 10 cm depth. In yellow, measured dose profiles by a microDiamond detector

in a water tank at the same depth; ¢) EPID, TPS and microDiamond detector curves of
the lateral X profile of the described test field.
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In Figure 2.5 the depth-dose curve obtained from the EPID back-
projected dose distribution is compared to TPS data and to the
microDiamond detector measured curve for the 10x10 cm? square field.

250 T ! MICRODIAMOND

—TPS

—EPID

Dose (cGy)

0 2 4 6 8 10 12 14 16 18 20
Depth (cm)
Figure 2.5: Comparison between depth-dose curves along the central beam axis

through the isocenter for a 10x10 cm? field of a 6 MV photon beam irradiating a 20
cm thick slab phantom, taken from the reconstructed 3D dose distribution using EPID
images behind the aluminum structure (blue), the planned TPS dose distribution (red),
and the microDiamond measured curve (yellow).

When compared to the TPS, 96% of the points of the EPID curve showed
deviations smaller than 2% and those points having larger deviations
were situated at depths smaller than 0.4 cm and at depths larger than
19.5 cm. When compared to the microDiamond, 97% of the points of
the EPID curve showed deviations smaller than 2% and those points
having larger deviations were situated at depths smaller than 0.6 cm

and at depths larger than 19.5 cm.

2.3.4 Reconstruction of IMRT plans:

As an example, Table 3 presents the 2-D y evaluation (3%, 3mm) at
the isocenter plane of a 6 MV lung IMRT plan consisting of 5 beams
delivered to a 20 cm thick slab phantom.
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Table 2.3: 2D Y-evaluation of EPID reconstructed dose distributions compared to the
TPS at he isocenter for a 5-field IMRT plan delivered to a 20 cm thick polystyrene
phantom. The top row uses the conventional back-projection algorithm and the
bottom row the MRI-adapted back-projeciton algorithm for the situation without and

with the bottom aluminum structure, respectively.

YRR Ol
-2 0 +2
Without
aluminum
structure
ADose
isocentre
Ymean 0.34 0.20 0.17 0.34 0.21
-0.5%
¥ie 0.89 0.61 0.51 0.85 0.70
Yoy=1 99.7 100.0 100.0 99.7 99.8
With - ~ . @ ~_
bottom 4 r @ b L
aluminum e Liten ‘»‘ G SN L
structure o - ADose
isocentre
Ymean 0.24 0.24 0.19 0.23 0.18
-0.6%
¥ie 0.69 1.03 0.71 0.86 0.58
Yoys1 100 98.6 99.6 99.7 100

A 2D y-evaluation per beam of the same treatment was performed at
isocenter+5cm and isocenter-5cm with the aluminum mock-up between
the phantom and the EPID and using our adapted back-projection
algorithm. The y results when compared to the TPS are presented in
Table 2.4:
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Table 2.4: 2D y-evaluation of EPID reconstructed and planned dose distributions at 5
cm above and below the isocenter plane, for a 5-field IMRT plan delivered to a 20 cm
thick polystyrene phantom.

Isoc
+5cm
ADose
Vinean 0.26 0.24 0.24 0.25 0.21 -0.6%
Vi 0.83 0.80 0.80 0.87 0.69
Yoys1 99.7 99.9 99.7 99.4 99.7
Isoc -
S5cm
ADose
Yinean 0.27 0.26 0.23 0.25 0.21 -0.6%
Vi 0.90 1.21 0.80 1.08 0.64
Yoysa 99.7 98.15 99.3 98.6 100

X and Y profiles for the three depths (isocenter+5cm, isocenter and

isocenter-5cm)arealso plotted foreach beam and presented in Figure 2.6.
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Figure 2.6: X-profiles are plotted in left column and Y-profiles in right column for
each field (A-E). In dotted line the curve at isocenter-5cm, in solid the isocenter curve,
and in dashed the isocenter+5cm curve.

In Table 2.5 the y parameters of the 2D y-evaluation at the isocenter
averaged over 58 IMRT fields are reported.

Table 2.5: Y-evaluation results (3%,3mm) averaged over the 58 IMRT fields. Our
conventional algorithm was used to back-project portal images acquired without the
aluminum structure (top) and our adapted algorithm to correct and back-project portal

images acquired with the aluminum in place (bottom).

Ymean Y1y t%'_lr'sl ADose iso
(cGy)
No- . 028+ 0.06 083+ 0.15 995+ 097 —0.80+ 0.65
aluminum
With 027+006 091+032 990+13 —-0.16+0.90

aluminum
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2.4 Discussion

We have adapted our portal dosimetry algorithm to account for the
presence of an MRI housing mock-up between patient and EPID in
an MR-Linac system, that attenuates 72% and increases the scatter
contribution of the EPID signal to 16%. The two new steps added to
the conventional back-projection algorithm successfully corrected the
portal dose images for the non-uniform attenuation between phantom
(or patient) and EPID, and converted to the situation as if the MRI
housing mock-up was not present. A complete back-projection of
EPID images through the MRI mock-up was achieved, proving that
the presence of an MRI scanner between patient and EPID in the MR-
Linac should not become an impediment for the implementation of
EPID dosimetry in the MR-Linac. The results presented in Table 5
show that the performance of the adapted algorithm is similar to the

conventional algorithm.

The accelerator where our experiments were performed at is equipped
with an MLCi2 and the width of its leafs is 1 cm when projected at the
isocenter. Because the commissioning of our algorithm was performed
for field sizes not smaller than 2x2 cm? the agreement of our EPID
reconstructed profiles is less good for smaller fields sizes, such as in
the area in which a single MCL leaf is open in the test field of Figure
4.c, where differences between the reconstructed EPID profile and the
planned profile are up to 20%. This mightyield to inaccuracies for highly
modulated clinical fields, since results worsen the more, we differ from
commissioning conditions. A commissioning including field sizes of
1x1 cm?was not used because below 2x2 cm?, the field becomes smaller
than the mini-phantom and the uncertainty in miniphantom setup
increases considerably. Unwanted variations in 1x1 cm? measurements
may affect the results of the fit for larger field sizes, meaning that a fit
to 1x1 cm? data worsens the fit for larger field sizes.
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Differences in linac energy, MLC design, and flattening filter between
the linac where the experiments were carried out and the MR-Linac
should not imply consequences in our reconstruction algorithm, since
the original method has been used in our institute in linacs equipped
with different MLC’s, both with 6 and 10 MV and also FFF.

The scatter originated in the aluminum structure reaching the EPID is
estimated via an on-axis fitting process for several field sizes, providing
an accurate assessment of the scatter on axis but less precise off-axis.
This is the cause of the wider penumbras in the EPID-derived profiles
when compared to the TPS or microDiamond measured data. A better
modelling of the scatter can only be achieved by a two-dimensional
fitting procedure minimizing the distance between estimated scatter
profiles and Monte Carlo simulated scatter profiles. We intend to apply
this approach in the future adaptation of the algorithm for the real
MR-Linac geometry. However, such Monte Carlo simulations were not

performed for the aluminum mock-up.

Besides more sophisticated scatter modeling, other challenges will
arise when we validate the proposed method in the real MR-Linac. The

challenges for that are discussed next.

The calculations and measurements discussed in this paper were
performed using a mock-up of the MR-Linac prototype geometry
described by'* % and'* which approximates the MRI housing on axis
well. The actual design of the clinical MRL, however, has a smaller
amount of material in the radiation beam causing less attenuation,
scatter and beam hardening. The geometry of the more shielded areas
(on the Y edges) has not been reported in literature and therefore the
thickness of the thicker parts of our mock-up was chosen based on
the values of EPID images acquired in the second MR-Linac prototype
at UMC Utrecht. The reconstruction results for treatments with large

field sizes (i.e. those exceeding 10 cm in the Y direction) demonstrate
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that our adapted back-projection algorithm is able to reconstruct

through these thicker parts.

Due to spatial constraints when mounting the aluminum mock-up
between couch and EPID, for the verification of our IMRT plans the
gantry was forced to be at 0°. Consequently, verification of VMAT
plans could not be included in this study. However, in the actual MR-
Linac and given its geometry, the beam will equally traverse the MRI
scanner before hitting the EPID perpendicularly at any gantry angle.
Therefore, the rotation of the gantry is not expected to alter the results
of this study.

In contrast to the mock-up geometry, in the MR-Linac the beam will
also traverse the MRI housing before reaching the patient. First of all,
the influence of the MRI housing on the patient dose delivery will have
to be taken care of in the TPS. Furthermore, the results of section 3.1
demonstrate that the scatter from the upper part of the aluminum mock-
up is mostly absorbed by the lower aluminum structure, indicating
that its effects on the EPID signal are limited. However, this is not
relevant from the perspective of our algorithm, since empirical fits are
performed to associate EPID pixel intensities to ionization chamber
measurements. In other words, when an upper aluminum mock-up
had been used for the commissioning of our model, similar results
would have been expected. The extra the mock-up between source
and isocenter was not included in the rest of the study to allow for
straightforward comparison of EPID reconstructed and planned dose

distributions.

The adapted method requires a set of commissioning data that
includes EPID images and ionization chamber readings without the
extra attenuating medium. While in this study the aluminum MR-
Linac mock-up could easily be removed, the acquisition of these data

in case of the MR-Linacs is less straightforward. Currently, we are
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working on two approaches: the use of Monte Carlo simulations and
measurements performed at an MR-Linac before the installation of
the MRI scanner. Either of the two approaches are expected to provide
sufficient information for a complete EPID dosimetric calibration for
the MR-Linac.

2.5. Conclusion

Our EPID dosimetry back projection algorithm was successfully
adapted for the presence of an extra step-shaped attenuating medium
between phantom (or patient) and EPID. The aluminum MRI housing
mock-up attenuates the beam by 72%, and causes 16% of the remaining
EPID signal to consist of an extra scatter contribution. Experiments
show excellent agreement between planned and EPID reconstructed
dose distributions in a phantom positioned at the isocenter. This
result is an essential step towards an accurate and independent dose

verification tool for the MR-Linac.
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