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List of abbreviations:

ART			   Adaptive radiotherapy 

CBCT 			  Cone-beam computer tomography

CNN			   Convolutional neural network

CT			   Computed tomography

CTV 			   Clinical tumor volume

EPID			   Electronic portal imaging device 

EBRT 			   External-beam radiotherapy

ERE			   Electron return effect

FFF			   Flattening filter free

GTV 			   Gross tumor volume

H&N			   Head and neck

IC			   Ionization chamber

IMRT			   Intensity modulated radiotherapy

ISQL			   Inverse square law

DVH			   Dose volume histogram

DL			   Deep learning	

DEEPID		  Deep electronic portal imaging device

MLC			   Multi-leaf collimator

MRI 			   Magnetic resonance imaging



MRIgRT		  Magnetic resonance Imaging guided Radiotherapy

MU			   Monitor unit

MV			   Mega voltage

OAR			   Organ at risk

PET 			   Positron emission tomography

PTV			   Planning target volume

QA			   Quality assessment

QC			   Quality control

ReLu			   Rectified linear unit

ROI			   Region of interest

RT 			   Radiotherapy

TPS			   Treatment planning system

VMAT			  Volumetric arc therapy	





1.
INTRODUCTION
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1.1. Radiotherapy 

Radiotherapy is one of the main treatment options for cancer, besides 
surgery and medical oncology. It is estimated that 60% of cancer 
patients 1 receive it alone or in combination with other treatment 
modalities. The aim of this non-invasive and local treatment is to 
stop proliferation and eradicate malignant cells by exposing them to 
a high dose of ionizing radiation while minimizing the dose to the 
surrounding healthy tissue 2. When irreparable damage has been done, 
the body will eliminate these cells. For body sites/tumor types where 
radiotherapy is generally applied, healthy cells typically have better and 
faster mechanisms to repair radiation damage than malignant cells, 
resulting in a higher sensitivity of tumor tissue to radiation damage. 
Furthermore, the higher the radiation dose to the target volume, the 
higher the probability that the malignant cells are killed. However, 
this is constrained by the accuracy of delivering high doses only to the 
tumorous cells while sparing the healthy tissue. 

In the conventional radiotherapy workflow, a pre-treatment Computed 
Tomography (CT) scan of the patient is made in treatment position. 
This scan is used to delineate relevant anatomical structures such as 
the organs at risk (OAR), the gross tumor volume (GTV), clinical target 
volume (CTV) and the planning target volume (PTV), which results 
from applying a margin to the CTV to account for uncertainties (e.g. 
due to organ motion). Next, the optimal dose distribution is computed 
in the treatment planning system (TPS) balancing the prescribed target 
dose aims and OAR dose constraints.

1.2. Advances in radiotherapy treatment delivery 

Radiotherapy techniques have changed significantly over the past 
few decades, thanks to improvements in engineering and computing. 
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Delivery of highly conformal dose distributions enveloping the shape of 
complex target volumes while avoiding neighboring healthy tissue has 
become feasible. Simultaneously, treatment complexity has increased 
from rectangular fields via 3D-conformal treatments to intensity-
modulated radiotherapy (IMRT), volumetric arc therapy (VMAT) and 
tumor motion tracking using planning 4D CT images. Meanwhile 
patient setup verification has evolved from the use of portal films and 
2D megavoltage (MV) imaging to 3D volumetric kV imaging using 
cone-beam CT (CBCT). 

1.3. Imaging techniques

Currently, several imaging modalities are available in the pre-treatment 
phase. Examples are CT 3, positron emission tomography (PET) 4, 
single photon emission tomography (SPECT) 5, ultrasound (US) 6 and 
magnetic resonance imaging (MRI) 7. In addition to being used for 
tumor localization, most of these modalities are employed to visualize 
tumor tissue characteristics, like cell density, hypoxia or perfusion. 
Based on this information the dose can be prescribed heterogeneously 
to the tumor, giving a higher dose to high risk regions. By applying 
this ‘dose painting’ based on tumor characteristics the treatment of 
different kinds of malignancies may be improved 8–13. 

1.4. Patient specific QA in conventional linacs

1.4.1. Why QA? 

With the increase of complexity in radiotherapy treatments over the 
years, serious incidents have been reported 14–20 and protocols have been 
established to learn from past errors 21,22. Even though these incidents 
are recognized to be uncommon events, their impact on patients, 
staff and radiation oncology in general are harmful. Hence, a demand 



14   |   Chapter 1

for more robust and better quality assurance (QA) techniques has 
developed. While quality assurance aims at making sure that quality 
goals will be met in general, quality control (QC) is the regulatory 
process through which the quality goals are measured for specific 
standard cases. Quality assurance does not only reduce the likelihood 
of incidents to occur, it also increases the probability that they will be 
recognized and rectified sooner in case they occur.

1.4.2. Why patient specific QA

Patient specific QA entails the dosimetric verification of individual 
patient treatments (i.e. compares planned and measured dose 
distributions, either in a phantom geometry or using in-vivo data 
acquired during treatment), and aims to detect and reduce clinically 
relevant dosimetric deviations 23–25. In-vivo dosimetry involves acquiring 
dose measurements during treatment delivery, reconstructing patient 
dose if needed, and comparing it to the intended dose. 

Several tools for dosimetric patient specific QA exist; ionization 
chambers, diode array detectors, radiochromic film, polymer gel, and 
electronic portal imaging devices (EPIDs) are most commonly applied. 
In the following sections, the use of these tools for both pre-treatment 
and in-vivo QA is discussed. 

1.4.3. Pre-treatment QA

‘Pre-treatment QA’ in radiotherapy is the general term for dose 
measurements performed in a phantom geometry. The patient plan is 
delivered to a phantom geometry containing a type of detector. The 
treatment plan is recalculated on the phantom geometry, and the 
measured and planned dose distributions are compared.

Radiochromic film is typically placed between the slabs of a polystyrene 
phantom. Given its high spatial resolution, it can be used for verification 
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of highly conformal dose distributions such as generated by IMRT 
26–31. Thanks to its near tissue equivalence, radiochromic film can be 
used for 3D dosimetry by embedding multiple films between stacks 
of phantom slabs. Disadvantages of the use of radiochromic film are 
the need for elaborate calibration procedures and an impractical and 
tedious measurement procedure.

The use of point detectors such as ionization chambers (IC) or diodes 
32,33 for dosimetry in radiotherapy has been extensively studied 34–39, and 
is considered the ground truth for absolute dosimetry. In pre-treatment 
QA, single detectors or 2D detector arrays are positioned inside a 
phantom to measure the absorbed dose in a point or plane. The spatial 
resolution of 2D arrays, however, tends to be poor in comparison to 
film, as the number of detectors that can be embedded is constricted 
by spatial limitations. 

Polymer gel dosimetry has been used for pre-treatment 3D volumetric 
dosimetry in phantoms 40–43. The gel dosimeter has potential for 
volumetric measurements with sub-mm spatial resolution. A major 
impediment to the introduction of gel dosimetry as a clinical tool, 
however, has been its complexity in terms of experimental handling.

An EPID (Electronic Portal Imaging Device) is a 2D detector that 
captures high-energy radiation, originally developed as an imaging 
device for patient position verification 44,45. EPIDs are mounted 
opposite to the radiation source and hence detect the radiation after 
it has left the phantom or patient. It was soon noted that EPIDs are 
also suitable for dosimetry 46, as the detected signal is proportional to 
the dose incident on the panel. For that purpose, it is necessary that 
pixel intensity is converted to dose, either at the panel level or by back-
projecting it into the phantom geometry. EPIDs have the benefit that 
they can be used either for pre-treatment or in-vivo dosimetry.
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Fluence detectors 47,48 are mounted on the linac head and can serve as 
an alternative to dose measurement devices in a phantom. When used 
in combination with a dose calculation engine, the dose distribution 
delivered to the patient geometry can be estimated. Besides pre-
treatment verification, measurements can also be performed during 
treatment, allowing for dosimetric verification based on data obtained 
during patient treatment. A similar method for dose reconstruction uses 
the linac log files 49,50 as input. In this case, the linac log files (obtained 
pre-treatment or during treatment) are used, in combination with a 
dose calculation engine, to reconstruct dose in a certain geometry. 
However, the main drawback of log-file approaches is that they rely on 
the output of the linac.

Despite the effort and support from industry to develop accurate 
detectors, the use of pre-treatment dosimetry systems leaves some 
intrinsic issues unsolved:

•	the measurements are performed in a phantom geometry. 
Therefore, the location of any observed dose deviations cannot 
be related to the patient geometry, complicating assessment of 
clinical impact. 

•	dosimetric deviations occurring during patient treatment 
remain undetected51,52.

•	the measurements require linac time and workload due to 
experimental setup and data analysis

The first issue is currently being addressed by radiotherapy QA vendors 
by transfer of measured dose onto the patient anatomy (using the 
planning CT scan). The latter two issues are fundamentally unsolvable 
by means of pre-treatment verification.

1.4.4. In-vivo QA

In in-vivo dosimetry the dose delivered to the patient is estimated from 
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a measurement performed during treatment. Such measurements can 
be achieved with detectors positioned in the body of the patient, or 
with measuring devices located in front of or behind the patient, in 
combination with a scan of the actual geometry of the patient. Next, 
the determined dose is compared to the intended dose as calculated by 
the TPS. Different methods are currently being employed for in-vivo 
dosimetry, based on point-based measurements 53,54, or EPIDs 55–57 58–61.

The use of point detectors for in-vivo dosimetry 62–64 normally involves 
invasive routines, and often only provides a single point measurement, 
which makes it not ideal for IMRT.

EPIDs are nowadays the most important 2D transit detectors. The first 
in-vivo dosimetric application was exit-dosimetry 65–68, where the dose 
in the EPID located behind the patient, was verified. Two approaches 
can be distinguished when using EPID for in-vivo dosimetry: in forward 
approaches 56,69 the acquired portal dose is compared to the predicted 
dose at the EPID level, whereas in a back-projection approach 70 the 
acquired portal dose is used to reconstruct dose in the patient geometry 
71 and compared to the planned dose either in 2D or 3D. In the forward 
approach, the clinical interpretation of potential discrepancies is 
difficult as the connection with the patient geometry is missing. The 
back-projection approach, on the other hand, does not suffer from 
this drawback. When used for back-projection in-vivo dosimetry, the 
(planning) CT scan of the patient is used in combination with EPID 
images acquired during treatment. Using the transmission calculated 
from the CT scan, the dose information in the EPID image is back-
projected into the patient geometry, with the EPID reconstructed 2D 
or 3D dose in the patient geometry as a result. 

Interest for EPID based in vivo dosimetry has increased in the last years. 
As patient specific QA has become mandatory in several countries, 
vendors of radiotherapy QA systems , such as DosiSoft 72, SunNuclear 
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73, IBA74 and Elekta75 have released tools for in vivo dosimetry.

The use of fluence detectors or log file based dose reconstruction, 
in combination with the daily anatomy of the patient (for example 
CBCT) 49,50,76–81, are potentially powerful methods for patient dose 
reconstruction. However, the limited capability of these systems to 
detect patient related errors and the lack of clinically available products 
makes that these solutions are not widely adopted. 

1.4.5. Comparison metrics

Traditionally, the comparison between planned and measured dose 
distributions, both in 2D and 3D, is performed by means of γ-analysis 
82, a method to determine the shortest distance in normalized dose-
distance space between measured and reference dose curves. Both 
distance and dose difference are normalized using reference values, 
typically 3 mm (distance) and 3% (dose).

Dose Volume Histograms (DVHs) are histograms relating radiation dose 
to tissue volume. They are most commonly used as a dose evaluation 
tool, to compare dose distributions (e.g. from different plans or from 
measurement and planning) and to summarize 3D dose distributions 
in a graphical 2D format. Thus, they can provide an informative 
description of the deviations observed between delivered and planned 
dose distributions. Correlation studies showed clinical equivalence for 
γ- and DVH-based methods 83,84.

1.5. 3D in-vivo EPID dosimetry at the Antoni Van 
Leeuwenhoek - Netherlands Cancer Institute 

At the Netherlands Cancer Institute – Antoni Van Leeuwenhoek (NKI-
AVL), 3D in-vivo EPID dosimetry, based on a back-projection method 
is the QA tool used for routinely verifying all radiotherapy treatments. 
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An algorithm was developed to use the EPID not only as a positioning 
tool, but also as a 2D transit dosimeter 70 for 3D CRT and IMRT 
treatments. Soon after, an extension of this work to for 3D verification 
was built 58,85. This was necessary to develop a tool capable of acquiring 
continuous EPID movies of VMAT treatments to verify arc therapy 59. 
Later, the method was improved for the presence of inhomogeneities 
in or near the irradiated volume86. Since August 2011, the EPID-based 
dose reconstruction and γ-evaluation software runs automatically87 for 
almost all treatments, yielding a dosimetry report for inspection within 
minutes after treatment delivery without any manual intervention. 
Further developments to the method have been made, such as the use of 
the ‘virtual’ reconstruction technique 88, which uses in-air EPID images 
to reconstruct the dose to any CT scan (phantom-less pre-treatment), 
and online EPID dosimetry 89 to stop the linac during treatment in case 
a large deviation is detected.

These improvements in automation allow for in vivo verification of 
almost all treatments with acceptable workload.  When compared to 
phantom based dose verification, measurement time is greatly reduced, 
at the cost of an increase in inspection work. The clinical experience 
with the large scale in vivo dosimetry program has been shown 51,90.

1.6. The Unity MR-linac

Compared to other commonly used imaging modalities in radiotherapy, 
MRI provides superior soft-tissue contrast and thus a clear view of both 
tumorous tissue and OARs. MR imaging uses no ionizing radiation 
and can therefore be repeated without increasing the patient radiation 
burden. These properties make MRI an excellent candidate for image 
guidance. Therefore, the integration of an MRI in a radiotherapy 
system has been an area of interest and recently, treatment machines 
combining a radiation source with an MRI system have been developed 
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and are clinically used. In our department, the Unity MR-linac (Elekta 
AB, Stockholm, Sweden) 91,92 has been installed and clinical treatments 
started in September 2018. At the time of completion of this thesis, a 
total of 270 plans have been irradiated at the Unity MR-linac in our 
department (170 prostate, 42 rectum and 56 oligo metastases).

The Elekta Unity combines a linear accelerator with a 1.5 T MRI scanner 
(Philips Medical Systems, Best, the Netherlands), and is equipped with 
an EPID (XRD 1642 AP, Perkin Elmer Optoelectronics, Wiesbaden, 
Germany) mounted on a rotating ring gantry, opposite to the 7 MV 
flattening filter free (FFF) accelerator head, allowing for simultaneous 
beam irradiation, EPID acquisition and MR imaging 93. The source-
to-isocenter distance is 143.5 cm, and the source-to-detector distance 
(SDD) is 265.3 cm, resulting in a magnification factor of 1.84 (Figure 
1).  The central region of the cryostat is designed free of gradient 
coils and shimming hardware, allowing for minimal and homogenous 
attenuation of the beam by the cryostat. The dimension of this free-of-
coils region determines the size of homogenously attenuated beams 
received by the EPID, allowing for a maximum field size at the isocenter 
of X=±11 cm and Y=±4.8 cm. Note that the EPID was included in the 
system for the purpose of machine QA and not for patient imaging 
or portal dosimetry. It lies in a non-centered position with respect to 
the beam axis. As a result, beams can only be completely captured if 
their field size at isocenter is smaller than X=±11 cm, Y=[-11, +8] cm, 
completely encompassing the aforementioned region of homogeneous 
attenuation.



Chapter 1   |   21   

1

Figu re 1.1: Schematic drawing of the Unity MR-linac cross sections. The EPID (black 
rectangle) is positioned behind the MRI housing, rotating on a ring gantry. Moreover, 
In the Y direction, the beam center is not aligned with the center of the panel, so parts 
of large fi elds cannot be captured.

Moreover, the EPID frame is divided into a ‘central’ region receiving 
un-attenuated signal and an ‘outer’ region receiving signal with extra 
attenuation and scatter due to exceeding the free-coils region. Since 
the detector is displaced 5.7 cm in the cranial direction with respect 
to the beam axis, fi elds exceeding 8.1 cm in the caudal direction at 
isocenter plane cannot be entirely acquired by the EPID and parts of 
the beam fall outside the panel (Figure 2). 

Figur e 1.2: Schematic drawing of the EPID and a maximum irradiated square fi eld 
arriving to the panel (yellow). Beams at the level of the EPID are received in a central 
unattenuated region (light grey) and in an outer attenuated region (dark grey). In the 
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context of this thesis, a field is considered ‘large’ if the corresponding acquired EPID 
image contains signal in the outer region. The dashed black rectangle represents the 
cropped EPID image used for dose reconstruction.

Unlike in conventional linacs, the Unity couch and bridge use high 
density materials. The complexity of their shape (darker gray in bridge 
structure) has to be taken into account in the TPS. 

Adaptive radiotherapy (ART) strategies in MRI-guided radiotherapy 
(MRIgRT) aim to optimize the delivered dose distribution to the daily 
anatomy. In the Unity MR-linac, daily adaptation to patient position 
variations is not done by couch translations but by online re-planning. 
A reference plan is created using the planning CT and for each fraction 
an MRI scan is made prior to treatment to adjust the delivery to the 
daily anatomy/position. For that purpose, two strategies are available: 
the virtual couch shift (or ‘adapt to position’) workflow is a shift of the 
treatment plan to compensate for set-up deviations only. Alternatively, 
‘adapt to shape’ is a re-contouring strategy not only to correct for 
positional shifts, but also changes in the shape of the anatomy 94–96. More 
complex techniques that at this moment are not clinically adopted, 
require full re-optimization of the plan to account for all anatomical 
and setup changes. This translates into daily adaptations, which bring 
high flexibility and adaptability to improve treatments, but it puts high 
demands the on-line imaging modalities and the timescale on which a 
full plan must be adapted or even created and approved. 

1.7. QA on the Unity MR-linac 

Due to the complexity of the Unity MR-linac workflows and the little 
experience all centers have with it, independent dosimetric verification 
is highly desirable. The daily adaptation of the treatment plan to the 
actual anatomy force us to revisit existing concepts of patient specific 
QA.
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•	pre-treatment QA: corresponds to the verification of the 
reference plan. The value of such a verification is limited, as 
this plan will not actually be irradiated. Its main use is to test 
for transfer errors, the validity of TPS dose calculation and the 
deliverability of the treatment plan. 

•	online sanity check of the adapted plan: pre-treatment 
evaluation of the adapted plan. This can be performed using 
an independent dose recalculation in a separate TPS or with a 
sanity checks of the treatment plan data. The goal is to prevent 
gross errors in dose calculation or data transfer.

•	QA of the adapted plan: is a dosimetric verification of the daily 
adapted plan. This can only be performed post-treatment, as 
there is no opportunity for delivery to a phantom geometry 
between plan creation and patient delivery. Its main use is to 
test for transfer errors and the validity of TPS dose calculation.

•	in-vivo QA of the adapted plan: in-vivo dosimetric verification 
of the delivered adapted plan using measurements acquired 
during treatment. It verifies the actual delivery on the geometry 
of the patient. Besides transfer errors and TPS dose calculation, 
it can potentially detect all possible deviations between planning 
and delivery, as it is an independent end-to-end check. It would 
be most straightforward to analyze the result after treatment 
delivery. However, certain in-vivo tools like EPID dosimetry 
have the potential for real-time in-vivo QA, with the possibility 
of dosimetric QA for trailing and gating techniques and to 
interrupt the treatment machine upon gross error detection.

Currently, at the Netherlands Cancer Institute – Antoni van 
Leeuwenhoek, pre-treatment QA of the reference plans and QA of 
the adapted plans is performed using the OCTAVIUS 4D MRI system 
(PTW, Freiburg, Germany). Other centers use similar devices such as 
Delta4 Phantom+ MR (Scandidos, Uppsala, Sweden). The use of such 
devices for dosimetric verification of Unity MR-linac treatments 
is time-consuming 97–100. As a result, in most clinics dosimetric 
verification of the daily adapted plans is limited to a few fractions only. 
Furthermore, in our institute a fast sanity check has been developed, 
which is applied for each adapted plan 101. To our knowledge, all users of 
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the Unity MR-linac apply pre-treatment sanity checks or independent 
dose calculations to all adapted treatment fractions. 

A new element in the Unity MR-linac treatment chain compared to 
conventional workflows, is the use of MRI for treatment planning 
by transformation of the daily MRI into a synthetic CT102–104. This 
presents a new element in the radiotherapy chain, of which no large-
scale clinical experience is present yet, and which is not verifiable 
using log file-based approaches. This is one of the motivations for 
the use of EPID dosimetry as a complementary method to perform an 
independent end-to-end check of the whole chain. Errors related to 
data transfer, MLC calibration and dose calculation 105 can be caught 
in pre-treatment QA or QA of the adapted plan. Additionally, errors in 
patient set-up and synthetic CT creation can be detected using in-vivo 
portal dosimetry. 

1.8. 3D in-vivo EPID for the Unity MR-linac: the 
back-projection algorithm

The EPID in the Unity MR-linac is positioned on the outside of the 
cryostat, which means that beams arrive to the panel after traversing 
the patient, but also after traversing the cryostat twice. The panel 
therefore receives the beam signal with an extra component of scatter 
and attenuation that does not correspond to what the patient received, 
as opposed to a conventional linac (Figure 3). 
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F igure 1.3: Schematic drawing of the conventional linac (left ) and the Unity MR-
linac (right) treatment delivery cross-sections. In conventional linacs, the EPID (black 
rectangle) is positioned behind the patient and the determination of the primary 
portal dose requires the modeling of the scatter from the patient towards the EPID. 
In the Unity MR-linac, the EPID lies behind the MRI housing, on the ring gantry. An 
aperture around the cryostat allows for minimum attenuation of the beam entering 
the bore, but due to divergence, this aperture is insuffi  cient on the exit side, where the 
beam is larger and travels through this extra source of scatter and in-homogeneous 
attenuation. This complicates the determination of the primary portal dose as input 
for the back-projection algorithm.

The main task when adapting portal dosimetry for the Unity MR-linac 
is to develop models to describe the eff ects of the extra scatter and 
attenuation on the portal dose, i.e., to obtain the primary portal dose 
that would be arriving to the panel if the MRI were not present. New 
steps were added to the algorithm to account for these eff ects, the 
changes in the sensitivity of the panel due its position with respect to 
the beam, and a gantry angle dependent dose response. Furthermore, 
adjustments were made to account for the new system characteristics 
(source to isocenter distance, source to detector distance, EPID position 
with respect to beam axes, etc.).
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In the Unity MR-linac, the Lorentz force produced by the constant 
1.5 T magnetic field deflects the paths of moving electrons, thus 
redistributing the absorbed dose. A remarkable phenomenon of the 
B-field is the electron return effect (ERE), caused by secondary electrons 
that exit the patient being directed back into it, increasing the surface 
dose. The presence of the B-field potentially complicates a MR-linac 
portal dosimetry method in two ways. First, there is the influence of 
the B-field on the panel and second, the dose redistribution due to the 
B-field might have to be taken into account in the back-projection of 
dose.  

1.9. Thesis Objectives

The aim of this thesis was to extend the existing portal dosimetry 
method, routinely applied in the clinic for in vivo verification of all 
radiotherapy treatments, to the Unity MRI-linac system, and to provide 
experimental evidence that both pre-treatment and in-vivo 3D portal 
dosimetry are feasible for the Elekta Unity MR-linac. 

1.10. Thesis Outline

The work presented in this thesis is organized as follows. Chapter 
2 describes the physics and practical issues to account for the extra 
scatter and attenuation received by the panel, as well as changes in 
photon energy spectrum when the beam traversed a mock-up of the 
MRI scanner. A characterization of the EPID panel in the Unity MR-
linac was performed in Chapter 3. The purpose of this study was to 
validate the feasibility of using the panel as a dosimeter. A collection 
of EPID and ionization chamber (IC) dose measurements were 
performed and compared to similar measurements for conventional 
linacs. Chapter 4 describes a proof of concept of the adapted back-
projection algorithm for 2D dose reconstruction for three cardinal 
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gantry angles. The results were compared to measurements using a 2D 
IC array. Chapter 5 presents the first clinical pre-treatment and in-vivo 
verification results of patient treatments at the MR-linac, comparing 
3D EPID back-projected and planned dose distributions. In Chapter 6, 
the use of a deep learning method to correct EPID image distortions 
due to beam attenuation and scatter, allowing for the use of the entire 
EPID image for dose reconstruction. Chapter 7 provides a general 
discussion, a future perspective and conclusions on the research 
performed regarding EPID dosimetry for the Unity MR-linac.
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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 -evaluation method (global, 3%, 

3mm). In our adapted back-projection algorithm the averaged  was 

, while in the conventional was . 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 106. The Linac-MR (Cross Cancer Institute, 
Edmonton AB, Canada) consists of an isocentrically rotating 6 MV linac 
with a biplanar 0.5-T MRI in the transverse plane allowing perpendicular 
and parallel irradiation to the magnetic field 107,108. The Australian MRI-
Linac system connects a specifically designed 1-T open-bore MRI with 
a 6-MV linac 109. The MRI-linac program investigated by Siemens places 
a 6MV linac in a ring around a conventional MRI magnet 110. 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)92. When combined with fast (re)contouring and (re)
planning software, MRI-based online adaptive strategies are expected 
to become feasible94. 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 
calibration105 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 verification111, 112, 113, 114, 115. It was 
demonstrated93 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 detail70, 58 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 200890.

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)91, 117

•	The small magnetic field at the EPID location possibly 
influences the dose-response characteristics of the EPID93.

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 58,70 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 (  Matrix) which corrects for the 
variation in individual pixel sensitivity and in the off-axis 
differential photon energy46.

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, before reaching the EPID, the 
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beam is aff ected 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 modifi es its photon energy spectrum. In this work the measured 

portal dose behind the MRI scanner,  is corrected for the

aforementioned eff ects, determining . 

In other words, estimates what would be the dose    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  refers to a pixel of the EPID at position .

Figur e 2.1: Cross section of the conventional Linac (left ) and the MR-Linac (right) 

geometry. Aft er the portal images  are processed, the portal dose  on the left  

corresponds to the portal dose corrected  on the right and the back-
projection is continued as in the conventional method.

To achieve this, the 3rd 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, ,

• subtraction of that part of the portal dose due to scatter from 
the MRI housing to the EPID, , obtaining ,

• correction for the extra attenuation in 
and changes in energy spectrum due to the
MRI housing, obtaining .

Aft er the eff ects caused by the MRI scanner on the EPID images are

corrected, the resulting the portal dose MRI-corrected, 
, is used in the remaining steps of the algorithm, which is identical
to the conventional version. 

In what follows, two specifi c confi gurations are used:

• MRI geometry: in the MR-Linac the beam always 
traverses the MRI scanner. 
MRI geometry: in the MR-Linac the beam always 

 images can be
obtained with patient , or without 
patient . Along the description of the
fi tting algorithm and the commissioning of the 
model, “open” or “patient” are specifi ed, 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 fi tting process described below. 

The portal dose behind the MRI scanner 

, includes the component  due to scatter from
the MRI scanner to the EPID.

 ( 1 )

where  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., aft er step 3) 
corresponds to a processed EPID image containing dose information 
and is calculated as:

( 2 )

where  is the time-integrated EPID image processed for the 

dark fi eld, fl ood fi eld and bad pixels119.  is the pixel sensitivity 

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

are kernels correcting for the lateral scatter within the EPID. 
accounts for the lateral scatter within the EPID based on a central axis 

parametric fi t, and  is a blurring kernel such that the EPID images 
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agree with the off -axis data from the ionization chamber, aff ecting 

mainly the penumbra region 70. The aim of the convolution with  is to 
match better the penumbras while maintaining the on-axis agreement 

obtained by .

Note that fl uence 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 aft er 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 diff erences in photon beam energy spectra. 
Therefore, the EPID responds diff erently behind the MRI scanner, and 

both  and  portal dose images require separate calibration 
data-sets and have to be calculated with diff erent parameters:

       ( 3 )

 ( 4 )

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

 ( 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,

 ( 6 )

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

The scatter from the MRI to the EPID and consequentlythe total 

transmission  in ( 6 ) are fi eld size dependent 120, while the 

primary transmission  is by defi nition fi eld size independent. 
To determine the scatter component to the portal dose, the total 

transmission , is experimentally  determined with ( 5 ) as a 

function of fi eld size , by irradiating the EPID with and without the 
mock-up of the MRI scanner with square fi elds of diff erent sizes. In the 

limit of zero fi eld size, the total transmission  equals the primary 

transmission  as the scatter from the MRI scanner reaching the 

EPID tends to zero. On-axis values of the total transmission, 

, are plotted as a function of fi eld area, , and the limit to zero fi eld area 

is calculated by parametrizing the curve of . The brackets 

 represent the average over a small central region of interest (cROI) 
of the EPID at the central axis.

        ( 7 )

Since at small air-gaps the transmission is no longer linearly related 
with fi eld area 120, a second-order polynomial was used to parametrize 

the   for the 15cm air-gap used in our set-up (see section 2.4) 

, and the constant  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  ,

( 8 )

Based on the iterative approach to determine the scatter 
from the patient to the EPID suggested in121, 122, we 
investigated the use of a similar iterative approach using the

scatter corrected MRI-open portal dose   in ( 8 ) instead 

of the MRI-open portal dose . However, preliminary results 
showed that the MRI-open portal dose itself appeared to be a
good approximation, as the fi tting results aft er 6 iterations improved 

only 0.025% the Euclidean distance between  and 

. In this work, a gaussian fi lter was used as a 
scatter kernel,

 ( 9 )

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

In order to determine the parameters  and , the primary 

transmission , is calculated for diff erent fi eld 

sizes using ( 6 ) (and ( 8 ), ( 9 ) to introduce  and ) and fi tted 
for all fi eld sizes to the zero-fi eld-size limit of the total transmission
calculated in ( 7 )),  by: 

 ( 10 )

where  is a minimization function, and the aim is to fulfi ll the fi eld 

size independence of the    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 
to the scatter corrected MRI-open image,  to account 
for the attenuation and beam hardening in the MRI housing.

This primary transmission map is defi ned as the ratio between the 
portal dose MRI-open image corrected or the scatter 
, and an empty portal dose image  for a large square fi eld
(26x26 cm2):

( 11 )

The fi nal portal dose corrected for the eff ects of the MRI scanner 

 can be expressed as:

 ( 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 in123. Also, the reconstruction dose engine 
had to be adapted in the commissioning and in the verifi cation soft ware. 
The required complete new set of commissioning data consists of 
EPID images, water tank measurements and reference ionization 
chamber values for each confi guration (“MRI-phantom”, “MRI-open” 
and “empty”) irradiated with square fi elds of increasing size (2x2-26x26 
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) 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.

Measurement Configuration Comment Equipment Phantom 
(cm3)

Field 
Size 
(cm2)

1.  matrix Empty* To measure 
the relative 
sensitivity 
over the 

entire EPID

a) 
Ionization 
chamber 
in a mini-
phantom 

in an 
empty 

water tank

b) 2 EPID 
images

26x26

2. Field size 
series

Empty* Measure and 
acquire at the 

EPID level 
(160 cm SSD)

a)  
Ionization 
chamber 
in a mini-
phantom

b) EPID 
images

Series 
2x2-

20x20
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3.  matrix MR-open To measure 
the relative 
sensitivity 
over the 

entire EPID 
behind the 

MRI

a) 
Ionization 
chamber 
in a mini-
phantom 

in an 
empty 

water tank

b) 2 EPID 
images

26x26

4. Field size 
series

MR-open Measure and 
acquire at the 

EPID level 
(160 cm SSD)

a)  
Ionization 
chamber 
in a mini-
phantom

b) EPID 
images

Series 
2x2-

20x20

5. Field size 
series

MR-
phantom

Constant 
phantom 
thickness, 

varying fi eld 
size

a) 
Ionization 
chamber at 
isocenter 

in slab 
phantom

b) EPID 
images

30x30x20 
slab

Series 
2x2-

20x20

6. Thickness 
series

MR-
phantom

Constant 
fi eld size, 
varying 

phantom 
thickness

a)  
Ionization 
chamber at 
isocenter 

in slab 
phantom

b) EPID 
images

Series 
30x30x4-

40

10x10

7. Build up MR-
phantom

Constant 
fi eld size, 
constant 
phantom 
thickness

Ionization 
chamber 
in a slab 
phantom 

at diff erent 
depths

30x30x20 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.

                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; c) 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 reported124, 126, 93, 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 

 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 1 cm at the isocenter, which is 
located 100 cm 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 software114, 119.

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 cm2). 
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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 
γ-evaluation (global 3%, 3mm). For visual inspection, a 2D signed 
γ-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 γ-analysis (global 3%, 3mm) and the ROI of the γ-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 γ-analysis (global 3%, 3mm) at isocenter plane, and planes 
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5cm below and above that plane. The X and Y profi les obtained from 
the reconstructed dose distributions at the three depths were compared 
to the TPS profi les 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, diff erences ranged from -3% to +3% for 3x3 cm2 and 
20x20 cm2 fi elds respectively. 

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

Figure 2.3: Central pixel values of EPID images for increasing square fi eld sizes (3x3 - 
20x20 cm2) normalized to the 10x10 cm2 fi eld size, acquired in a conventional linac both 
with the aluminum mock-up mimicking the eff ects 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 cm2 fi eld 
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 defi ned 
in (6), of the aluminum mock-up on-axis for the 6MV beam is 72%.

2.3.3 Square fi elds and test fi eld validation:

In Table 2.2 the 2-D γ-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 fi eld sizes.

Table 2.2: Two-dimensional γ-evaluation for increasing square fi eld 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.
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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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a)

b)

c)

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; c) 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 cm2 square field. 

Figure 2.5: Comparison between depth-dose curves along the central beam axis 

through the isocenter for a 10x10  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 γ 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 γ-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.

Without 
aluminum 
structure

ΔDose 
isocentre

-0.5%
0.34 0.20 0.17 0.34 0.21

0.89 0.61 0.51 0.85 0.70

99.7 100.0 100.0 99.7 99.8

With 
bottom 

aluminum 
structure ΔDose 

isocentre

-0.6%
0.24 0.24 0.19 0.23 0.18

0.69 1.03 0.71 0.86 0.58

100 98.6 99.6 99.7 100

A 2D γ-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 γ results when compared to the TPS are presented in 
Table 2.4: 
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Table 2.4: 2D γ-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

ΔDose 

-0.6%0.26 0.24 0.24 0.25 0.21

0.83 0.80 0.80 0.87 0.69

99.7 99.9 99.7 99.4 99.7

Isoc - 
5cm 

ΔDose 

-0.6%0.27 0.26 0.23 0.25 0.21

0.90 1.21 0.80 1.08 0.64

99.7 98.15 99.3 98.6 100

X and Y profiles for the three depths (isocenter+5cm, isocenter and 
isocenter-5cm) are also plotted for each 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 γ parameters of the 2D γ-evaluation at the isocenter 
averaged over 58 IMRT fields are reported.

Table 2.5: γ-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).

Dose iso 
(cGy)

No- 
aluminum

With 
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 cm2, 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 might yield to inaccuracies for highly 
modulated clinical fields, since results worsen the more, we differ from 
commissioning conditions. A commissioning including field sizes of 
1x1 cm2 was not used because below 2x2 cm2, the field becomes smaller 
than the mini-phantom and the uncertainty in miniphantom setup 
increases considerably. Unwanted variations in 1x1 cm2 measurements 
may affect the results of the fit for larger field sizes, meaning that a fit 
to 1x1 cm2 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 by126, 93  and124, 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. 

2.6. Disclosure of conflicts of interest

Support for this research was provided, in part, by Elekta AB, 
Stockholm, Sweden.

2.7. Acknowledgments

We would like to thank Jan Kok, Job Geuze, Jochem Kaas, Thijs Perik 
and Begoña Vivas for assistance with the measurements.





3. 
 
 

A BACK-PROJECTION ALGORITHM 
IN THE PRESENCE OF AN EXTRA 

ATTENUATING MEDIUM: TOWARDS EPID 
DOSIMETRY FOR THE MR-LINAC

I Torres-Xirau
I Olaciregui-Ruiz

R A Rozendaal
P González

B J Mijnheer
J-J Sonke

U A van der Heide
A Mans

Department of Radiation Oncology, 
The Netherlands Cancer Institute–Antoni van Leeuwenhoek Hospital, 
Plesmanlaan 121, 1066 CX Amsterdam, The Netherlands

Physics in Medicine & Biology, Volume 62, Number 15
Published 17 July 2017 • © 2017 Institute of Physics and Engineering in Medicine



60   |   Chapter 3

Abstract

Electronic portal imaging devices (EPIDs) are frequently used in 
external beam radiation therapy for dose verification purposes. The aim 
of this study was to investigate the dose-response characteristics of the 
EPID in the Unity MR-linac (Elekta AB, Stockholm, Sweden) relevant 
for dosimetric applications under clinical conditions. EPID images and 
ionization chamber measurements were used to study the effects of 
the magnetic field, the scatter generated in the MR housing reaching 
the EPID, and inhomogeneous attenuation from the MR housing. Dose 

linearity and dose rate dependencies were also determined.

The magnetic field strength at EPID level did not exceed 10 mT, and dose 
linearity and dose rate dependencies proved to be comparable to that 
on a conventional linac. Profiles of fields, delivered with and without 
the magnetic field, were indistinguishable. The EPID center had an 
offset of 5.6 cm in the longitudinal direction, compared to the beam 
central axis, meaning that large fields in this direction will partially 
fall outside the detector area and not be suitable for verification. 
Beam attenuation by the MRI scanner and the table is gantry angle 
dependent, presenting a minimum attenuation of 67% relative to the 
90° measurement. Repeatability, observed over 2 months, was within 

0.5% (1 SD). 

In order to use the EPID for dosimetric applications in the MR-linac, 
challenges related to the EPID position, scatter from the MR housing, 
and the inhomogeneous, gantry angle-dependent attenuation of the 
beam will need to be solved.

Keywords: EPID, dosimetry, MR-linac, QA, Unity.
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3.1. Introduction

Electronic portal imaging devices (EPIDs), although originally 
intended for patient position verification, are increasingly being 
utilized for dosimetric applications, both for pre-treatment and in 
vivo dose verification. The amorphous silicon (a-Si) EPIDs mounted 
on conventional linacs have been extensively studied and have shown 
dose-response characteristics suitable for dose verification 111–115,127–129. 
The use of EPIDs for dosimetric purposes is already clinical routine 
88,90,130–132. 

One of the most interesting advancements in radiotherapy in recent 
years is the introduction of machines that combine a radiation source 
with an MRI system. The Elekta MR-linac system 92 is equipped with 
an EPID, mounted on the rotating gantry, opposite to the accelerator 
head. This allows for simultaneous EPID acquisition and MR imaging 
93.

The integration of a linac and an MRI system, combined with emerging 
techniques for fast re-contouring and re-planning, is expected to make 
online adaptive strategies a feasible technique in the clinic 94. The 
complexity of these techniques and of the newly developed MR-linac 
makes independent patient-specific dosimetric verification and quality 

assurance (QA) highly desirable.

EPID dosimetry has proven to be a valuable technique to identify 
errors related not only to data transfer, dose delivery, and patient set-
up, but also to MLC calibration and  to dose calculation 105. An intrinsic 
advantage of EPIDs is that they allow for dose verification in real-time 
89,133. Within the framework of the MR-linac, where a different plan 
is generated and delivered every day, transit EPID dosimetry could 
provide an independent real-time verification of the entire treatment 

chain.



62   |   Chapter 3

The purpose of this work was to examine the challenges related to the 
implementation of EPID-based dosimetric applications in the MR-
linac. The presence of the MRI housing between the patient and the 
EPID acts as a secondary source of scatter and attenuates the primary 
beam. Also, the magnetic field causes an electron return effect on the 
secondary scattered electrons, both inside the bore and at the EPID 
level. The relative position of the panel in the system, the gantry angle 
dependence of the EPID signal, the EPID response to the MRI scatter 
and the pixel sensitivity variation with and without magnetic field 
were examined in this work. The panel repeatability, EPID ghosting, 

linearity and dose rate dependence of the panel were also studied.

A practical approach towards the development of an EPID dosimetry 
method for the MR-linac would be to adapt existing EPID solutions 
for conventional linacs. For this sake, and whenever applicable, the 
characteristics of the EPID in the MR-linac are compared to those in 

conventional linacs.

3.2. Materials and Methods

MR-linac, EPID, and acquisition software

The Unity MR-linac system consists of a linac (Elekta AB, Stockholm, 
Sweden) with a nominal 7 MV flattening filter free (FFF) beam and an 
integrated wide bore 1.5 T MRI scanner (Philips Medical Systems, Best, 
the Netherlands). The system is equipped with a multi-leaf collimator 
(MLC) consisting of 160 leaves with a projected width of a single leaf of 

0.72 cm at the isocenter plane. 

A ring gantry, on which the accelerator and EPID are mounted, is built 
around the MRI scanner, with the EPID opposite to the accelerator. 
In the geometry of the MR-linac, the source-to-isocenter distance is 
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143.5 cm, and the source-to-detector distance (SDD) is fixed to 263.5 
cm, yielding to a magnification factor of 1.84. The maximum field size 

achievable with this MLC is 57 x 22 cm2 at the isocenter.

To minimize beam attenuation and obtain homogeneous transmission 
towards the isocenter, the central region (along the longitudinal 
direction) of the magnet is free of gradient coils and shimming 
hardware (Figure 1). A pipe in the MR scanner connecting the split 
coils is located at a gantry angle of 13° and the system does not allow 
the use of leaf pair/gantry combinations that cause direct irradiation to 
the pipe. The gap also limits the acquisition of un-attenuated beams 
to an irradiation field of a maximum of ±4.8 cm in each direction of 
the longitudinal axis at the isocenter. For larger fields, the exit beam’s 
dimensions exceed the coil-free region and therefore, the beam is 

inhomogeneously attenuated at the EPID level.

The Elekta iViewGT panel is an a-Si flat panel X-ray detector (XRD 
1642 AP, Perkin Elmer Optoelectronics, Wiesbaden, Germany) with a 
41x41 cm2 detection area (1024x1024 pixels), with a pixel pitch of 0.4 
mm. The integrated images were acquired using Elekta’s iViewGT 
software (5.0.0). Frames were acquired with a frame integration time 
of 285 ms (3.5 fps). EPID movies were acquired with the XIS software 
(Perkin Elmer) with 266 ms frame integration time (3.7 fps). Single level 
gain calibration, bad pixel map and offset (dark current) correction were 
applied  to all images. No saturation issues were experienced during 
the acquisition, given the fact that at  the MR-Linac the panel is at a 
greater distance from the source and  in addition there is a lot of extra 
attenuation, the panel therefore sees a very low dose rate compared to 

the dose rate of a panel in a standard linac with FFF beams.

Measurements for comparison to a conventional linac were performed 
using a 6 MV flattened photon beam of an SL20i linear accelerator 
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(Elekta AB, Stockholm, Sweden), equipped with a multileaf collimator 
(MLC) of 80 leafs with a projected leaf width of 1 cm at the isocenter, 
which is located 100 cm from the target. An Elekta iViewGT a-Si EPID 

(PerkinElmer RID 1640 AL5) was used at 60 cm from the isocenter. 

In this work, the EPID output was calculated by averaging the signal 
received by the EPID on the on-axis region of 10x10 pixels (4x4 mm2 at 
the EPID level). Unless explicitly mentioned, measurements in the MR-
linac were performed with the magnetic fi eld on, and all fi eld sizes refer 
to the isocenter plane. As only relative measurements were performed 
using ionization chambers, array detectors and microDiamond 
detectors, no correction factors were required to account for eff ects of 

the magnetic fi eld 134,135.

Figure 3.1. MR-linac cross-sections. In the Y-Z plane, the beam center is not aligned 
with the center of the panel (black box), so parts of large fi elds will fall outside the 

EPID detection area.

EPID relative position and MRI scanner

Due to mechanical constraints, the EPID is mounted in a fi xed position 
and its center is not aligned to the center of the beam in the longitudinal 
direction (Y-direction in Figure 3.1). To measure the displacement of 
the EPID, square fi elds of sizes ranging from 2x2 to 8x8 cm2 of 200 MU 
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were used to irradiate the EPID and images were acquired. Borders of 
the fields were detected by an edge detection algorithm and the average 

offset for all images was determined.

The mechanical flex of the EPID in the MR-linac was calculated by 
irradiating a 5x5 cm2 field every 5 degrees and the field edge tracked on 

the EPID images to measure the lateral displacement.   

EPID response to scatter from the MRI scanner 

To study the effect of scatter from the MRI scanner on EPID images, 
microDiamond detector (PTW, Freiburg, Germany) measurements 
were performed at the EPID level and compared with portal images 
acquired for fields of increasing sizes (2x2 - 22x22 cm2) irradiated 
with 200 MU at gantry 0°. The results, normalized to the 10x10 cm2 
measurement, were also compared to those from a conventional linac. 
A brass build-up cap was used to perform the microDiamond detector 
measurements on top of the EPID, and its position was aligned to the 

center of the beam using EPID images. 

Angular dependence of the beam attenuation at 
isocenter and EPID level

With the design of the non-clinical prototype, structures of the couch, 
as well as structures in the MRI scanner, cause high attenuation of the 
beam at several gantry angles. This needs to be taken into account by the 
treatment planning system for delivery, but also when characterizing 

the response of the EPID for dosimetric purposes. 

The dose at the isocenter was compared to the EPID signal. A Farmer-
type ionization chamber (IC) (NE2571, Phoenix Dosimetry Ltd, 
Sandhurst, UK) in a homemade 20 cm diameter cylindrical PMMA 
phantom was used to acquire the angular output dependency of the 
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beam. The phantom was isocentrically aligned using two orthogonal 
EPID images. Readings were acquired for every 5 degrees, and every 
degree for regions with high gradient in attenuation. EPID images 
were acquired without the phantom in the beam, using a 10x10 cm2 

field, at the same angles as for the Farmer chamber measurements. 

The angles 7-19 degrees were excluded from the study, as they are 

prohibited for 10x10 cm2 fields due the pipe at 13°.

EPID response with and without magnetic field

In the presence of a magnetic field, the so-called electron return effect 
(ERE) occurs at interfaces between media with different electron 
densities. The ERE has been a subject of study within the MR-linac 
community for its role in dose redistributions at tissue-air boundaries 
91,117,136. The ERE also affects scattered electrons, originating from the 
MRI housing between the isocenter and the EPID, the ring where the 

EPID is mounted, or within the EPID itself. 

A 20 cm thick slab phantom was irradiated with square fields with 
sizes varying from 2x2 to 20x20 cm2 using 200MU and EPID images 
were acquired, both with and without the magnetic field. The images 
with the magnetic field on were acquired one month after those with 
the field off.   In that time, the EPID was recalibrated. Therefore, 
images acquired without the magnetic field were normalized to their 
counterpart in field-size with the magnetic field and compared by 
means of a 2D γ-analysis (local, 2%, 1mm, 50% isodose region) and X 

and Y lateral profiles were compared directly.

Finally, the magnetic field strength at the surface of the EPID was 
measured with a THM1176 magnetometer (MetroLab Technology SA, 
Geneva, Switzerland) and the radius of the curvature of the scattered 

electrons was calculated for the peak and average energies.
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Linearity of the EPID signal with dose in integrated 
images

The EPID response has been shown to deviate from linearity for short 
exposures, and this behavior becomes more pronounced for higher dose 
rates 113,114. We investigated the linearity of the EPID dose response by 
delivering square fields of 20x20 cm2 with different number of MUs (5, 
10, 20, 50, 100, 200, 500, 1000 MU). Images were acquired with iViewGT 
in averaging mode, where the time-average of all acquired frames is 
recorded, along with a pixel factor which allows for the total signal 
to be calculated from the average image. A Farmer-type chamber was 
used simultaneously to record the linac output at the isocenter. The 
on-axis EPID pixel intensity was divided by the Farmer chamber value 
of each delivery to eliminate the effects of any fluctuation in the beam 
output, and the result was plotted as function of the number of MU and 
normalized to the 200 MU measurement. These measurements were 
performed for three dose rates (100%, 50% and 10% of 450 MU/min, the 

maximum dose rate) and each series was repeated three times. 

Image lag in continuously acquired images

To study image lag in the EPID, the falling step response function 
(FSRF) was measured at maximum dose rate. Fields of 20x20 cm2 were 
used and 1000 MU were delivered to reach equilibrium in the EPID 

signal. Frames were acquired until 100 frames after beam-off. 

EPID response reproducibility

To study the short-term repeatability of the EPID response, an image 
was acquired every working day, over the course of 8 weeks. A field 
of 22x22 cm2 field with 200 MU was used. At the same time, an IC 
measurement at the isocenter was performed to account for any 

fluctuations in the beam output. 
For the IC measurement, a STARCHECK maxi MR ionization chamber 
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array (PTW, Freiburg, Germany) with 2 cm solid water buildup was 
used to measure the dose near dmax on top of the couch inside the bore 
of the MR-linac, at 153.5 cm from the source. Both the central value of 
the STARCHECK and the averaged on-axis region of the EPID image 
were normalized to the 10x10 cm2 value of each measurement and the 

EPID values were divided by the IC ones.

3.3. Results

EPID relative position and MRI scanner

The displacement of the EPID was calculated to be 5.6 cm in the cranial 
direction at the EPID level, meaning that fields exceeding 8.1 cm in the 
cranial direction at isocenter plane cannot be completely detected by 

the EPID since part of the beam falls outside the panel. 
Behind the parts of the beam that are shielded by the gradient coils, 
the attenuation was found to be up to 47% larger than on the beam axis, 
affecting only beams larger than 4.8 cm in both the cranial and caudal 

directions of the longitudinal axis.
The non-centered position of the panel and the strongly attenuated 
parts of the beam travelling through the gradient coils of the MRI can 
be seen in Figure 3.2 where EPID images acquired with a large square 
field on the MR-linac and a conventional linac are compared.
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Figure 3.2. a) EPID image of a 20x20 cm2 (FFF) beam, acquired on the MR-linac system. 
The centers of the EPID and the beam are marked with a cross and a dashed line shows 
the entire square shape of the field arriving to the EPID, which the EPID receives in 
un-attenuated parts (like in conventional linacs), attenuated parts, and missing parts. 
b) EPID image of a 23x23 cm2 beam in a conventional linac (with flattening filter). 
Note that, for the sake of visual comparison, the field sizes at isocenter differ in order 

to receive an effective field of approximately 36.8 cm2 at the EPID level in both cases.

The mechanical flex of the EPID in the MR-linac was found to have 
a largest deviation of 0.6 mm in the left-right direction and 0.2 mm 
in the cranial-caudal direction. This is a smaller deviation than in 
conventional linacs, where the average of the largest deviations are 1.3 
mm and 1.6 mm respectively, probably because the EPID in the MR-

linac is mounted on a ring allowing for minimum movement.

EPID response to scatter from the MRI scanner 

In the MR-Linac (with the magnetic field activated), the EPID central 
area pixel intensity as a function of field size, presented in Figure 3.3, 
shows a different response compared to the microDiamond detector 
measurements at the EPID level (same SDD). For direct comparison, 
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EPID and microDiamond relative outputs acquired at a conventional 
linac are also plotted, showing closer agreement with each other. A 
ratio of the microDiamond measurement to the EPID signal output is 

shown for the MR-Linac and the conventional Linac.

a)

b)

 
Figure 3.3. a) Field size dependence of microDiamond detector measurements at the 
EPID level (dashed line) and averaged EPID signal over the central 10x10 pixels (solid 
line) for the MR-linac system (black) and a conventional linac (grey); b) the output ratio 
of the microDiamond detector to the EPID signal is plotted for both the conventional 
linac (dashed grey) and the MR linac (solid black).

In the MR-linac, the steeper curve of the EPID response, compared 
to the MicroDiamond detector signal, can be attributed to the higher 
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sensitivityof the EPID to low-energy scatter, resulting from the 
combination of electrons scattered from the MRI-housing and the 

small air gap. 

In the MR-linac, the relative output of the EPID compared to the 
MicroDiamond detector ranged from -22.3% to 8.2%, whereas in a 
conventional linac it ranged from -12.9% to 4.4% for field sizes of 2x2 

and 22x22 cm2 respectively.

Angular dependence of the beam attenuation at 
isocenter and EPID level

In Figure 3.4. a), an experiment performed with the magnetic field 
activated, shows the output of the beam measured at the isocenter with 
an IC (black) in a cylindrical phantom for a 10x10 cm2 square field. In 
grey, the averaged signal from the central region of the EPID images 
is plotted. The curves are normalized at the 90 degrees gantry angle, 
where the beam does not traverse the treatment couch for the two 

measurements.

Figure 3.4. b) shows a polar plot of the ratio of the IC/EPID readings 
as a function of the gantry angle indicating that there is a varying 
attenuation between the isocenter and the EPID. Note that in both 
graphs the region between 7 to 20 degrees is omitted, since irradiation 
is prohibited due to the presence of a pipe, at 13 degrees. In Figure 3.4. 
a) and b) the attenuation of the pipe is clearly apparent as a drop in 

EPID signal for gantry angles around 193 degrees.
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		      a)	                          b)

Figure 3.4. a) The output factor at the isocenter (solid-grey) and at EPID level (dashed-
black) as function of the gantry angle and normalized to the measurement at 90 degrees. 
b) The normalized ratio of IC/EPID.

Drops in the EPID measured output at gantry angles 55, 120, 240 and 
305 are related to structures of the couch attenuating the beam un-
uniformly on its path towards to EPID. The output factor measured at 
the isocenter only reflects the attenuation at gantry angles 120 and 240, 
when the couch structures are irradiated before reaching the detector 

at isocenter.

EPID response with and without the magnetic field

The magnetic field measured on the surface of the panel did not 
exceed 10 mT, yielding an electron trajectory radius of 2.2 m for 
a peak energy of 6 MeV, and of 0.84 m for an average energy of 2 
MeV. Figure 3.5 shows the normalized relative profiles of EPID 
images acquired when a 20 cm thick slab phantom was irradiated 
with square fields with and without the magnetic field. More than 

99% of points show local deviations smaller than 3%. 2D -analysis 
(local, 2%, 1 mm, 20%) reported an average value of γmean of 0.15 ± 

0.06 (1SD) and an average γ pass rate of 98.6% ([98.0, 99.1], 95% CI). 
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Figure 3.5. X (top) and Y (bottom) EPID lateral profiles of square fields irradiated 
with 5x5, 10x10 and 20x20 cm2 to a 20 cm slab phantom are shown for images acquired 
with (dotted-grey) the magnetic field, and without (dashed-black). Note the shift of 
the Y profiles due to the non-centered position of the EPID, as well as the strong 
attenuation because of coils affecting the 10x10 cm2 curve in the penumbra, and more 
clearly the 20x20 cm2 field, creating also oscillations due to heterogeneities in the 

cryostat, and the ring.

Linearity of the EPID signal with dose in integrated 
images

With the magnetic field activated, the relative response of the panel, 
calculated as the EPID signal divided by the corresponding IC value, 
is plotted against the delivered MUs, normalized to 200 MU (Figure 
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3.6. a)). Also included is the data from a measurement performed 
on a conventional linac. Variations in the EPID response are within 
4% for the MR-linac. This is similar to previously published results 
in conventional linacs 137,138 and comparable to other panels at our 
department that are currently used for in vivo dosimetry. In Figure 3.6. 
b) the relative EPID response at different dose rates is plotted. The best 
linearity is observed at lower dose rates.

a)

b)

 
Figure 3.6. a) The relative EPID response (EPID/IC) as a function of dose for a varying 
number of MUs is plotted for the MR-linac (dashed-black) and in a conventional linac 
(solid-grey), normalized to the 200 MU point. Variations of the EPID signal divided 
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by the IC measurement are found within 4% at low MUs for the MR-linac. When 
compared to the same experiment performed at a conventional linac with the same 
model panel, deviations were within 5%. b) The relative EPID response (EPID/IC) as a 
function of dose for the MR-linac, normalized to the 200MU point, for 100% dose rate 
(dotted-light grey), 50% (dashed-black) and 10% (solid-dark grey). Error bars show the 

standard deviation of 3 measurements.

Image lag in continuously acquired images

Measuring the falling step response function (FSRF), after the beam 
at equilibrium was turned off, the EPID signal dropped below 2% of 
equilibrium value after 0.6 seconds (2 frames) and below 1% after 2 

seconds (or 7 frames).

EPID response reproducibility

The ratio of the daily EPID and ionization chamber output was 
normalized to the average ratio measured over 8 weeks. A standard 
deviation of 0.5% (1 SD) was found, comparable to other EPID studies 

in conventional linacs 119.

3.4 Discussion

We have studied the dosimetric characteristics of the a-Si panel in the 
Elekta Unity machine and pointed out the challenges and limitations 

towards its use in dose verification applications.

A main drawback of the current setup is that parts of fields exceeding 
8.1 cm in the cranial direction at isocenter will not be able to be 
verified with the EPID due to the non-centered position of the panel. 
The consequences of this EPID displacement will vary depending on 
the solution to be used. For in vivo EPID dosimetry in 3D, transit EPID 
patient images are typically used to reconstruct the 3D dose distribution 
within the patient whether using a back-projection algorithm or by 
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estimating the energy delivered fluence by the accelerator and then 
using it as input to a dose engine for a forward dose calculation. In 
these solutions, the EPID images of large fields will miss parts of 
the beam and this will lead to wrong reconstructions. For these large 
fields though, in vivo dose verification in 2D (or point dose) may still 
be possible by using back-projection algorithms on the available part 
of the beam or by using other transit EPID-dosimetry solutions such 
as predicted portal image methods. In all cases, an automatic position 
correction of the EPID images to the center of the beam has to be 
introduced for EPID dosimetry at a pre-processing stage. 

The relative signal of the EPID, for increasing field sizes, compared to 
the relative output of a microDiamond detector measuring on top of 
the EPID, confirms the over-sensitive response of the panel compared 
to the chamber, suggesting a large amount of scatter, originating in the 
MRI housing and reaching the EPID. When EPID images are used for 
dosimetry, a correction for the MRI to EPID scatter must be applied 
after the raw image is processed. Moreover, although the definitive 
version of the couch is expected to differ from the current design, 
we showed that the attenuation of the beam between the isocenter 
and the EPID is not homogenous for the entire image, since couch 
structures and the MRI gradient coils cause extra attenuation as the 
beam traverses them. Additionally, this attenuation has been shown to 
be gantry angle dependent, suggesting that any correction applied to 
correct for scatter and attenuation through the MRI scanner would also 
have to be gantry angle dependent. A proof of concept for an adaptation 
of a back-projection algorithm to account for the presence of the MRI 
scanner between the isocenter and the EPID is investigated in 139. The 
EPID signal in Figure 4 is, withal, less modulated with rotation than 
the IC output due to scattered photons that the EPID receives from the 
MRI scanner, therefore the attenuation factor should be determined 
after the scatter from the MRI scanner has been subtracted. However, 
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the use of the EPID for predicted portal images would not require the 
correction for scatter and attenuation from the MRI scanner, but only 
a characterization of the EPID response.

The low field strength and calculated radius of curvature of electrons 
at the level of the EPID suggested that any effect of the magnetic field 
on the EPID images would be negligible. This was confirmed in this 
study with EPID images acquired without the magnetic field. In other 
words, no additional refinements are required for the dose modelling 
of the EPID in the MR-linac due to the presence of a magnetic 
field. The magnetic field will have to be accounted for in in vivo dose 
reconstructions, of course. This could be achieved by using the log files 
of the linac to estimate the delivered fluence by the accelerator and 
then using it as input to a dose engine that accounts for magnetic field 
effects in its forward dose calculations. Back-projection algorithms are 
not capable of correct for the presence of magnetic fields. An alternative 
would be to compare the reconstructed dose to a new plan in the TPS, 
calculated without the magnetic field just for verification purposes (a 
‘non-magnet’ solution, similarly to the ‘in-aqua’ concept for lung cases 
86). Alternatively, a back-projection of the EPID images to obtain the 
primary fluence in front of the patient could be used to feed a Monte 
Carlo simulation accounting for the magnetic field effects, and to be 

compared to the planned dose distribution from the TPS.

The linearity of the EPID response with dose was shown to be 
comparable to that of other panels in our department. The similarity 
between the results for the detector in the MR-linac and in a conventional 
linac suggests that dose linearity and dose rate dependency do not 
compromise the dosimetric performance of the panel in Elekta’s MR-

linac. 
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The accuracy achieved by an EPID dosimetry solution in the MR-linac 
remains to be seen when the challenges listed in this paper have been 

addressed.

3.5. Conclusion

The study of several characteristics of the EPID and its use for 
dosimetric applications suggests that the magnetic field, the dose 
rate dependency, and dose linearity have similar results compared 
to experiments performed in conventional linacs. However, the 
implementation of in vivo transit EPID dosimetry solutions will have 
to address the challenge of the panel position and include gantry angle-
dependent corrections for both the attenuation of the beam and the 

scatter from the MRI housing. 
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Abstract

At our institute, in-vivo patient dose distributions are reconstructed 
for all treatments delivered using conventional linacs from Electronic 
Portal Imaging Device (EPID) transit images acquired during 
treatment using a simple back-projection model. Currently, the clinical 
implementation of MRI-guided radiotherapy systems, which aims for 
online and real-time adaptation of the treatment plan, is progressing. 
In our department the MR-linac (Unity, Elekta AB, Stockholm, 
Sweden) is now in clinical use. The aim of this work is to demonstrate 
the feasibility of 2D EPID dosimetric verification for the MR-linac 
by comparing back-projected EPID doses to ionization chamber (IC) 
array dose distributions.

Our conventional back projection algorithm was adapted for the MR-
linac. The most important changes involve modeling of the attenuation 
by and scatter from the cryostat. The commissioning process involved 
the acquisition of square field EPID measurements using various 
phantom setups (varying SSD, phantom thickness and field size). 
Commissioning models were created for gantry 0, 90 and 180 degrees 
and verified by comparing EPID reconstructed 2D dose distributions 
to measurements made with the OCTAVIUS 1500 IC array (PTW, 
Freiburg, Germany) for 2 prostate and 1 rectum IMRT plans (25 beams 
total). The average of the γ parameters (y-mean and y-pass rate) and 
the dose difference at a reference point were reported. Due to their 
construction, the attenuation of couch, bridge and cryostat shows a 
much stronger dependence on gantry angle in the MR-linac compared 
to conventional linacs. We present a method to correct for these effects. 
This method is validated by dose reconstruction of the 25 IMRT beams 
recorded at a certain gantry angle using the model of another gantry 
angle, combined with the correction method.

For dose verification performed at a gantry angle identical to the 
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commissioned model the average y-mean and y-pass rate values (3% 
global dose, 2 mm, 10% isodose) were 0.37 ± 0.07 and 98.1, 95% CI 
[98.1 ± 2.4], respectively. The average dose difference at the reference 
point was -0.5% ± 1.8%. Verification at gantry angles different from the 
commissioned model (i.e., using the gantry angle dependent correction) 
reported 0.39 ± 0.08 and 97.6, 95% CI [96.9, 98.3] average y-mean and 
y-pass rate values. The average dose difference at the reference point 
was: -0.1% ± 1.8%.

The EPID dosimetry back projection model was successfully adapted 
for the MR-linac at gantry 0°, 90° and 180°, accounting for the presence 
of the MRI housing between phantom (or patient) and the EPID. A 
method to account for the gantry angle dependence was also tested 
reporting similar results.

Keywords: EPID, portal dosimetry, dose verification, MR-linac, QA, 
Unity.
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4.1. Introduction

Although Electronic portal imaging devices (EPIDs) were originally 
designed for patient position verification, their use for dosimetric 
applications has been acknowledged both for pre-treatment and in 
vivo dose verification. The dose-response characteristics of amorphous 
silicon (a-Si) EPIDs have been broadly  studied 113,114,119,138,140–143 and 
several EPID based solutions are being used both for intensity-
modulated radiation therapy (IMRT) 24,58,60,144–147 and VMAT 57,59,148–150 
treatments.
Recently, treatment machines combining a radiation source with 
an MRI system have been developed and are clinically used. In our 
department, the MR-linac (Unity, Elekta AB, Stockholm, Sweden) 92,151 
has been installed and patient treatments have started. The system 
is equipped with an EPID mounted on the rotating gantry, opposite 
to the accelerator head, allowing for simultaneous beam irradiation, 
EPID acquisition and MR imaging 93. 
Online adaptive strategies in MRIgRT will become clinically feasible 
94 as result of the ongoing developments in fast re-contouring and re-
planning. In this context, independent tools for the verification of these 
adaptive treatments will become imperative. Existing pre-treatment 
tools for QA in the MR-linac are typically time-consuming solutions 
which, besides, are not applicable for an online adaptive workflow 97–100. 
Alternative patient-specific QA solutions have been proposed, such as 
fast sanity checks on the adapted plan 101, in-vivo geometrical accuracy 
of the delivery using EPID images 152, or the use of independent 
calculations fed with linac log files 76,153–155. 
An MR-only workflow would allow for MRI-based delineation while 
performing dose calculation on a synthetic CT derived from that MRI 
study. The use of log files in combination with an independent dose 
calculation algorithm using the synthetic CT is an alternative treatment 
verification method. However, this approach relies on the correctness 
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of the log files 105 and synthetic CT, and independent dose algorithms 
that consider the magnetic field are not widely available.
Currently, in all institutions that have started treating patients on the 
MR-linac, the dosimetric verification of adapted plans if performed 
is done after the treatment fraction using a detector array or film 
in combination with a phantom. The use of transit EPID dosimetry 
provides a complementary solution to these methods, able to perform 
an independent end-to-end check of the entire  chain, verifying data 
transfer, dose delivery, patient set-up, MLC calibration and dose 
calculation 105, and also synthetic CT determination. Moreover, the 
EPID is already attached to the machine, and allows for automation 
and even in real-time treatment verification 89,133. However, it also 
comes with limitations given the position of the panel with respect 
to the beam, and when used without taking the magnetic field into 
account in the back-projection dose engine.
We have shown the dosimetric characteristics of the EPID to be similar 
in the MR-linac compared to conventional linacs 156. Furthermore, 
the magnetic field at the EPID location is very low (the time-varying 
component during imaging even lower) and has been demonstrated 
not to influence the EPID images 156. This suggests feasibility of 
the adaptation of existing back-projection models to the MR-linac 
geometry. The feasibility of correcting EPID images for the presence 
of extra scattering and attenuating material between phantom and 
EPID has also been demonstrated 139. The aim of this study is to bring 
all these prior results together, and demonstrate the feasibility of back-
projection EPID dosimetry for the MR-linac by comparing 2D EPID 
reconstructed dose distributions to absolute dose measurements in a 
phantom.
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4.2. Materials and Methods

4.2.1 Accelerator, EPID, acquisition software and 
measuring equipment.

The MR-linac system combines a 7 MV flattening filter free (FFF) beam 
linac (Elekta AB, Stockholm, Sweden) with an integrated wide bore 1.5 
T MRI scanner (Philips Medical Systems, Best, the Netherlands). The 
MR-linac uses an Elekta Agility-based multi-leaf collimator (MLC) 
consisting of 160 leaves with a projected width of a single leaf of 0.72 
cm at the isocenter plane.
The accelerator and EPID are mounted on a ring gantry built around 
the MRI scanner. The source-to-isocenter distance is 143.5 cm, and 
the source-to-detector distance (SDD) is fixed to 265.3 cm, resulting 
in a magnification factor of 1.84. The central region of the magnet is 
free of gradient coils and shimming hardware, allowing for minimal 
and homogenous attenuation of the beam by the cryostat. This region 
determines the maximum allowed field size in the longitudinal 
direction (±11 cm at isocenter). The effective size of the beam exiting 
the MRI scanner is larger due to divergence, limiting the EPID 
acquisition of un-attenuated beams to an irradiation field of a maximum 
of ±4.8 cm in each direction of the longitudinal axis at the isocenter. 
For larger fields, the exit beam’s dimensions exceed the coil-free 
region and therefore, the exit beam is inhomogeneously attenuated. 
Moreover, due to the non-centered position of the EPID with respect 
to the beam axis, fields exceeding 8 cm in the positive longitudinal axis 
are not entirely captured by the EPID. Figure 4.1 illustrates the EPID 
position in the MR-linac geometry and the characteristics of acquired 
images. Therefore, in this study the reconstructed dose distributions 
are truncated at ± 5.6 cm, close to the border of the area of homogenous 
attenuation. 
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Due to the rigid ring gantry on the Unity system, the EPID sag is 
smaller than in conventional linacs. On our system, the isocenter 
position on the panel was determined to be stable within 0.5 mm, 
which we considered negligible to our purposes. The Elekta iViewGT 
panel is an a-Si flat panel X-ray detector (XRD 1642 AP, Perkin Elmer 
Optoelectronics, Wiesbaden, Germany) with a 41x41 cm2 detection area 
(1024x1024 pixels), and a pixel pitch of 0.4 mm. Images were acquired 
using Elekta’s MVIC software. Array measurements were performed 
using an MR-compatible OCTAVIUS 1500 2D detector array (PTW, 
Freiburg, Germany), having 1405 vented ICs with 7.1 mm center-
to-center distance, with an uncertainty of ±0.5%, which was cross-
calibrated to a known value for a reference beam. 

Figure 4.1: a) MR-linac cross-section. In the Y direction, the beam center is not 
aligned with the center of the EPID. Therefore, parts of large fields fall outside the 
EPID detection area. b) EPID image of a 20 × 20 cm2 (FFF) beam. The centers of the 
EPID and the beam are marked with a cross and a dashed line shows the entire square 
shape of the field arriving to the EPID, which the EPID receives in un-attenuated parts 
(like in conventional linacs), attenuated parts, and missing parts.
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4.2.2.  Back-projection algorithm for the MR linac

4.2.2.1. Rationale

The conventional back-projection algorithm requires the portal dose 
distribution at the EPID level, the transmission through the phantom 
(or patient) and the geometry of the phantom (or patient). For the 
determination of the portal dose distribution at the EPID level, the 
parameters of our algorithm are fitted against IC dose measurements 
performed at the level of the EPID. Such measurements are made by 
an IC inside a cylindrical miniphantom at the location of the EPID 58,70. 
This is impossible in the MR-linac due to the location of the panel, as 
there is no physical space to execute such measurements. Therefore, 
similar measurements were made at the isocenter and rescaled to the 
EPID level using the inverse square law (ISQL), to be used as surrogate 
for measurements at position of the EPID in the absence of the cryostat. 
The purpose of these adaptations to the back-projection algorithm is 
to estimate the attenuation and scatter sensed by the EPID, generated 
by the cryostat, couch and bridge. Using this result, the primary dose 
at the EPID level can be determined. Effectively, the adapted algorithm 
removes the influence of the cryostat and the intrinsic scatter generated 
within the EPID in the conversion from pixel values to portal dose 
distributions at EPID level. The other parts of the back-projection 
algorithm are not modified.

4.2.2.2 IC array measurements

The array is used in two configurations. First, to measure dose 
at dmax (with 13 mm of buildup) at isocenter as a surrogate for dose 
measurements in the miniphantom for conventional linacs. Second, for 
measurements at 10 cm depth, the detector array is placed at 10 cm 
from surface of a 23 cm slab phantom, since the couch of the MR-linac 
does not allow for vertical motion and the isocenter lies at 13 cm above 
the couch. 
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4.2.2.3. Image processing

All acquired EPID images are pre-processed into the , which 
is the time-integrated pixel value EPID image corrected for the dark 
fi eld, the fl ood fi eld and for bad pixels 119, and shift ed 5.6 cm in the 
Y-direction to compensate for the off -axis alignment of the panel with 
respect to the beam 156.

4.2.2.4. Sij Matrix

The Sij matrix is a correction directly applied to each  image 
to compensate for pixel sensitivity variations and off -axis diff erential 
photon energy 46. Note that in MR-linac case, the Sij matrix is also 
infl uenced by the attenuation of the beam through the MRI scanner 
between isocenter and EPID. The Sij matrix is defi ned as follows:

( 1 )

where OCT is the measurement of a large fi eld (22x22 cm2) by the 
OCTAVIUS 1500 detector array at dmax positioned at isocenter and 

scaled to EPID level (using the ISQL).  is the corresponding 
EPID image aft er processing. The OCTAVIUS 2D array fi eld was bi-
linearly interpolated and later a uniform smoothing over a 5x5 pixel 
neighborhood was performed to achieve the spatial resolution of the 
EPID.

4. 2.2.5 Determination of the portal dose 

Ideally, the conversion from pixel values to dose should be linear. The 

dose response  is defi ned as the ratio between the central region 
pixels and their corresponding dose measurement. The resulting image 
is called dose image:

( 2 )
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Note that the Sij matrix was obtained with measurements performed 
with a large fi eld (22x22cm2), so the dose image corresponds to the 
measured portal dose distribution only for this fi eld size. However, 
the component of scatter from the MRI scanner towards the EPID, 

 and the component of lateral scatter within the EPID, 

, are fi eld size dependent. Hence, for any arbitrary fi eld size, the 
dose image can be expressed as:

 ( 3 )

where  is the portal dose distribution measured for an arbitrary 
fi eld size, without the extra eff ects of the cryostat, couch and bridge, 
and the scatter of the EPID. The scatter from the MRI towards the 

EPID is modeled as a convolution between the dose image and a 

scatter kernel . Simultaneously, the scatter occurring within 

the EPID  is modeled as a deconvolution between the resulting 

dose image minus the scatter from the MRI to the EPID, and a 

scatter kernel : 
( 4 )

( 5 )

As kernels we use a Gaussian fi lter for  and the kernel 

suggested in 70 for the : 

( 6 )
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,

( 7 )

Where  is the distance of a pixel  from the central axis and , 

, , and  are the kernel parameters. The portal dose in ( 3 ) is 
then calculated as:

( 8 )

Which is a function of the dose response   and the parameters that 

determine the kernels   and  as expressed by:

( 9 )

The values of these model parameters are determined by a parametric 
fi t of on-axis EPID-reconstructed dose values and the corresponding 
array measurements, for a set of fi eld sizes (2x2 – 22x22 cm2). For an 
accurate description of the portal dose image over the entire fi eld 
of view, a 2D fi tting procedure is fi nally introduced to minimize the 

diff erence in profi les of  images and array measurements. The 

corrected dose image  is defi ned as the dose image, 

convolved with a kernel, :

, ( 10 )

 is defi ned as a Gaussian kernel: 

,
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 ,
 ( 11 )

In order to determine the optimal and  parameters of, 
, the Euclidian distance between EPID and normalized measured 
profi les was minimized for all fi eld sizes.

4.2.2.6 Final steps 

Aft er the portal dose image is calculated, the next steps of the adapted 
back-projection algorithm are identical to the conventional model: the 
portal dose is used to calculate the primary transmission using portal 
images with and without the phantom (or patient) in the beam. The 

primary dose within the phantom, , is weighted with the Scatter-to-

Primary Ratio (SPR) determined under reference conditions, , 
which accounts for the thickness dependence of the scatter. The SPR is 
parametrized as a function of the primary transmission, the thickness 
of the patient and the depth of the reconstruction plane. Next, the 

result is convolved with the scatter kernel , accounting for the 
fi eld size dependence of the scatter in the reconstruction plane.

4.2.3. Full commissioning at gantries 0°,90°,180°

In our back-projection algorithm for conventional linacs, all gantry 
angles are equivalent in terms of EPID pixel conversion to dose. Hence, 
the parameters of the back-projection model are commissioned using 
measurements performed at gantry 0°, which are applied for all gantry 
angles. The only gantry angle dependent factor in the model is the 
correction for the attenuation of the couch top at the exit side of the 
patient. This is accounted for by a 2D couch attenuation model 157. In 
the MR-linac geometry, however, the attenuation of the cryostat, couch 
and bridge (at the exit side of the phantom) varies considerably with 
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gantry angle. Ideally, the commissioning of the back-projection model 
would be performed for each possible gantry angle. However, as a 
gantry-mounted detector setup is not feasible within a slab phantom in 
the MR-linac, the commissioning process can only be carried out when 
the detector is perpendicular to the radiation beam, that is for gantry 
angles of 0°, 90°, 180° and 270°. Because of symmetry on the set-up, 
gantry angle 270 was omitted from this study. The set of measurements 
required for the full commissioning of our model is summarized in 
Table 4.1. 

Table 4.1: Set of absolute dose measurements needed for the EPID back-projection 
model commissioning in the MR-linac geometry. Note that an EPID image needs to be 
acquired for each of these measurements.

Measurement Comment Equipment Phantom 
(cm3)

Field 
Size 
(cm2)

1.  matrix

To measure the 
relative sensitivity 

over the entire 
EPID and the 

2D transmission 
through the MRI 

scanner

  OCTAVIUS 
1500 array at 

dmax
22x22

2. Field size 
series

No phantom,

varying field size

OCTAVIUS 
1500 array at 

dmax

2x2-
20x20

3. Phantom 
series

Constant phantom 
thickness, varying 

field size

 OCTAVIUS 
1500 array 

at isocenter 
in slab 

phantom
30x30x20 2x2-

20x20

4. Thickness 
series

Constant field 
size, varying 

phantom 
thickness

 OCTAVIUS 
1500 array 

at isocenter 
in slab 

phantom

30x30x

4-32
10x10
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 5. Gantry 
Angle Corr.

 Large fi eld at 
every gantry angle.

OCTAVIUS 
1500 array at 

dmax
22x22

4.2.4. IMRT plans validation at gantries 0°, 90°, 180°:

At the time of this study, we chose patient categories that were likely 
to be treated fi rst on the MR-linac. 3 plans (2 prostate and 1 rectum) 
were used, with around 1000 MU each, consisting of 25 beams (9, 9 
and 7 respectively) ranging from 5 to 20 segments per beam, with a 
largest irradiated segment per plan of 48 cm2 to 280 cm2 were irradiated 
to a 23 cm slab phantom at the three gantry angles (0°, 90° and 
180°). Additionally, the 2D detector array was used to measure dose 
distributions at the isocenter level at 10 cm depth. The EPID images 
were back-projected to the isocenter plane using the adapted back-
projection algorithm commissioned at the corresponding gantry angle. 
2D γ analysis (3% global, 2mm at 10% isodose) was performed between 
the detector array and EPID reconstructed dose distributions. The 
reference point was determined as the point with the lowest gradient 
within the points with dose value equal to or greater than 80% of the 
maximum in the measured dose.

4.2.5. G antry angle correction

A method was introduced to adapt the commissioning model for use 
at arbitrary gantry angles. This approach assumes that the diff erences 
between the diff erent gantry confi gurations aff ect the Sij matrix and 

the dose response. The modifi cation of the  Matrix is given by: 

 ( 12 )
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Where  is the Sij matrix obtained at a commissioned gantry angle 

(CGA, i.e., 0°, 90° or 180°) and   and 
correspond to the pre-processed open images of a 22x22 cm2 fi eld 

at a  and at an arbitrary gantry angle (AGA), respectively. 

 and  are the 2D array 
measurements at isocenter at dmax for a 22x22 cm2 fi eld, scaled to 
the EPID level, both at CGA and AGA, respectively. Note that this 
correction requires the acquisition of an EPID image and a 2D array 
measurement of a large fi eld (e.g. 22x22 cm2) for each clinically relevant 
gantry angle, as included in Table 1. However, since in this study the 
validation of the method could only be performed with the 2D array 
positioned perpendicular to the beam, only data for gantries 0, 90 and 
180 was acquired.
A normalization factor is applied to account for the diff erences in 
transmission leading to diff erent dose response. Therefore, the dose 

response  is modifi ed to fi t the central region of a back-projected 
EPID image of a 10x10 cm2 fi eld irradiated to a slab phantom and back-

projected to the isocenter at 10 cm depth,  to the dose 

measured with the array, . 

 ( 14 )

The adapted Dose response is defi ned as:

( 15 )

Where is the dose response of the commissioned gantry angle, 

and  is the normalization factor.
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4.2.6. Validation of adaptation to arbitrary gantry 
angles

To validate this approach, a full commissioning of the cardinal gantry 
angles was performed first, and three models were created. For each 
of the three models, the gantry angle correction can be applied. EPID 
images of IMRT fields irradiated at gantry 90° were back-projected 
using the model commissioned at gantry 0°, EPID images irradiated 
at gantry 180° were back-projected using the model commissioned 
at gantry 90° and EPID images acquired at gantry 0° were back-
projected using the model of gantry 180°. The back-projected 2D dose 
distributions of the 25 IMRT beams were compared to the original 
array measurements of gantry angles 90° and 180° and 0°, respectively. 

4.3. Results

4.3.1. Validation of the algorithm

The performance of ,  and , which correct for 
the presence of scatter at the EPID level, can be seen in Figure 4.2, 
where EPID measured output factors before and after fitting to the 
IC measurements at isocenter, are shown. Figure 4.3 presents the 
normalized EPID X profiles before and after applying the scatter 

kernels ,   and , compared to the measured dose 
profile with the detector array at isocenter at dmax, after scaling to the 
EPID level. 
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Figure 4.2: Output factors measured with the 1500 OCTAVIUS detector array, (open 
circles) and EPID (lines). The normalized central pixel dose of the EPID before scatter 

correction is plotted in dashed black. After applying the scatter kernels  and 
, the EPID signal corrected for the scatter is derived (dotted grey line). Note that due to 
possible small misalignments, to the spatial resolution of the detector used in this 
study (1500 OCTAVIUS array) and the size of the ionization chambers, for small fields 
(e.g. 2x2 cm2) the measured dose on-axis might be underestimated.

Figure 4.3: X profiles of the raw (dashed blue) and after convolving with the scatter 
kernels (dashed green) EPID images for 3x3, 5x5, 10x10, 15x15 and 20x20 cm2 square 
fields, compared to the profiles measured with the OCTAVIUS 1500 array (red).

4.3.2. IMRT beams at gantries 0°, 90° and 180°

25 IMRT fields from three treatments (2 prostate, 1 rectum) were verified 
for the three commissioned gantry angles. An arbitrary subset of γ maps 
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of these fi elds comparing detector array and EPID reconstructed dose 
distributions is shown in Figure 4.4. Table 4.2 reports the average and 
standard deviation of three parameters: γ-mean, γ-pass rate and dose 

diff erence at the reference point ( ).

Table 4.2   : Averaged γ results and dose diff erence at a reference point for 25 IMRT 
fi elds at gantry 0°, 90° and 180°.

Gantry angle

0 0.37± 0.07 97.9, 95% CI [96.7, 99.1] -0.8% ± 1.8%

90 0.36± 0.09 98.1, 95% CI [97,5, 99,3] -0.3% ± 1.9%

180 0.37± 0.06 97.9, 95% CI [97.2, 98.7] -0.5% ± 1.7%

Figure 4.4: The fi rst 2 rows show a random subset of γ maps (3%, 2mm, global 10% 
isodose) for 7 prostate plans and 7 rectum plans irradiated at gantry 0°. Rows 3 and 4 
show the γ maps for the same rectum and prostate plans irradiated at 90° degrees. The 
last two rows are the γ maps for the same fi elds irradiated at and 180°. 



Chapter 4   |   99   

4

A sample of X and Y profi les of both EPID and array measured dose 
distributions at gantries 0°, 90° and 180° is presented in Figure 
4.5, where the reference point is also indicated for each image.  

Figure 4.5: X (left ) and Y (right) EPID and measured array profi les for one prostate 
IMRT fi eld (fi rst row) and two rectum (second and third rows) IMRT fi elds irradiated 
at gantry angles 0° (fi rst row), 90° (second row) and 180° (third row). EPID profi les 
are plotted in dashed red and array profi les in dashed blue. The blue and red circles 
determine the reference point were the dose diff erence was calculated. Note in the Y 
profi le of the prostate beam, that the signal of both EPID and array measured dose 
distributions were truncated at ±5.6 cm.

  4.3.3. Gantry angle dependency validation

The same EPID images acquired for the 25 IMRT fi elds at three gantry 
angles were used to validate the gantry angle correction method. The 
25 images acquired at gantry angle 90° were back-projected using 
the model commissioned at gantry angle 0. Similarly, EPID images 
acquired at gantry angle 180° were back-projected using the model of 
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gantry angle 90° and EPID images acquired at gantry angle 0° were 
back-projected using the model of gantry angle 180°. Dose difference 
at reference point and γ results are reported for the comparison to 
detector array measurements. Figure 4.6 shows the γ maps for the same 
fields as in Figure 4.4, in this case using the gantry angle correction. 
Table 4.3 reports the averaged γ-mean and γ-pass rate together with 

the dose difference at a reference point ( ).

Table 4.3: Average γ results and dose difference at a reference point for 25 IMRT 
fields acquired at gantry 0°, 90° and 180°, using the gantry adaptation solution and the 
models of gantries 180°, 0° and 90° as a baseline, respectively. 

Measurement / 
model gantry angle

0° / 180° 0.39± 0.07 97.9, 95% CI [97.7, 99.0] -0.5% ± 2.1%

90° / 0° 0.37± 0.08 98.4, 95% CI [97.3, 98.9] -0.3% ± 1.8%

180° / 90° 0.39± 0.07 97.9, 95% CI [96.5, 98.3] 0.5% ± 1.7%
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Figure 4.6: The fi rst 2 rows show a subset of γ maps (3%, 2mm, global 10% isodose)  for 
7 prostate plans and 7 rectum plans irradiated at gantry 0° and reconstructed using the 
gantry angle correction from 180→0. Rows 3 and 4 show the γ maps for the same rectum 
and prostate plans irradiated at 90 degrees and reconstructed using the correction 
0→90. The last two rows are the γ maps for the same fi elds irradiated at and 180 degrees 
and reconstructed using the correction 90→180.

4.4. Discussion

We successfully adapted our EPID dosimetry back-projection algori-
thm to the MR-linac geometry. Comparison of EPID reconstructed 
and IC measured 2D dose distributions at isocenter level show good 
correspondence. This proof of concept study demonstrates that for 
three cardinal gantry angles, the algorithm is able to reconstruct the 
dose distribution inside a slab phantom accurately. Furthermore, 
a method is introduced to correct for the gantry angle dependent 
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attenuation of the cryostat, couch and bridge, and was validated 
for gantry angles 0°, 90° and 180°. Validation of this correction for 
arbitrary angles is beyond the scope of present work, as it involves IC 
array measurements that, with our current equipment, can only be 
performed at the cardinal angles. In future work, when expanding the 
method to all gantry angles, attenuation of the couch, bridge and the 
cryostat pipe will have to be taken into account in the back-projection 
algorithm. A method to correct for the influence of these structures 
will have to be developed and tested and the accuracy of such a method 
will have to be assessed.

The results presented in Table 4.2 suggest a minor underdosage in 
EPID reconstructed dose. This can also be observed in some of the 
graphs in Figure 4.5. To further determine whether this underdosage is 
systematic or not, more data would be required. An estimate of the 
uncertainty, obtained from the standard deviation of the reconstruction 
point doses of the 25 IMRT fields (Table 2 and 3), is 2% (1 SD).

The comparison between the EPID reconstructed and IC array measured 
dose distributions disregard any possible dose re-distributions caused 
by the magnetic field inside the phantom due to the electron return 
effect (ERE). Our algorithm at this stage does not account for these 
effects. In this work, however, no inhomogeneities are present in the 
phantom geometry. And given the spatial resolution of the Octavius 
2D array, we expect the impact of these effects to be negligible. 
Moreover, no skewness was observed in the Sij matrix. Furthermore, 
the EPID measurements were fitted to array measurements performed 
in a 1.5T B-field and the EPID reconstructed dose was compared to 
dose distributions measured in a 1.5T B-field, both showing good 
agreement.

In the patient geometry, however, the ERE might lead to important 
dose redistributions. So, it is expected that for EPID in vivo dosimetry 
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the current solution will fall short. EPID dosimetry can be a valuable 
tool for the detection of gross errors in the patient and for the detection 
of smaller deviations in situations where the effect of ERE is small. For 
instance, virtual in air EPID measurements 88 can be used to reconstruct 
EPID dose distributions to a phantom anatomy, instead of OCTAVIUS 
measurements which are more cumbersome by nature.
Several solutions can be thought of to solve this problem. First is the 
comparison of the EPID back-projected dose distribution to a copy of 
the planned dose distribution calculated without the magnetic field 
(i.e., a ‘non-magnet’ solution, similarly to the ‘in-aqua’ concept used for 
verification of lung treatments 86). Alternatively, the back-projection 
algorithm could be modified to reconstruct the fluence in a plane 
before the patient and use it as input for a Monte Carlo dose calculation 
which accounts for the magnetic field, which can then be compared 
to the planned dose distribution. These approaches would, however, 
imply the use of a dose calculation engine, which would hamper fast 
computations in the verification process. The chosen technique to 
solve this problem is out of the scope of this work. 

As with our conventional algorithm, the parameters of the model 
are determined using water-based kernels and consequently, the 
model is expected to work most accurately for back-projection in 
homogeneous media (such as slab phantoms or the abdomen or pelvis. 
For dose verification in sites involving (large) tissue heterogeneities, 
e.g. lung, esophagus and breast, the same in aqua vivo approach as in 
the conventional algorithm can be used 86. The performance of this 
approach will be assessed in future work 

Only pelvic treatments were included in this study. However, we 
expect the performance of the adapted back-projection algorithm to 
be treatment site independent 90. Validation of the method in clinical 
practice falls outside the scope of this study. 
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Another limitation when using the EPID for dosimetry in the MR-
linac in the current setup is that parts of beams exceeding 8.1 cm in the 
cranial direction cannot be detected due to the non-centered position 
of the panel.  As a result, for treatments with large fields parts of the 
reconstructed dose distribution will be missing, and cannot be verified. 
Due to the design of the MR-linac, alignment of the panel with the 
beam is not straightforward.

The extra attenuation of the beam by the cryostat outside the window 
±5.6 cm in the longitudinal direction is another limitation of the MR-
linac geometry and was not dealt with in current work. However, 
we are positive that the available signal in these strongly attenuated 
areas can be used for dosimetry purposes, although the accuracy of 
the final reconstructed dose distribution inside the phantom or patient 
will probably be lower. Overall, we observed that the verification of 
the treatments will be constrained by the size of the irradiated beams 
and therefore the accumulated EPID reconstructed dose distribution 
may not be not be possible for certain target volumes. In clinical 
practice this limitation does not play a role for prostate and all 
stereotactic treatments. For treatments with field sizes exceeding the 
aforementioned window, we anticipate a hybrid approach with highest 
accuracy in the central region, and lower accuracy in the peripheral 
area.

In this proof of concept, EPID-based dose reconstruction at the 
isocenter plane is presented as a QA tool for the MR-linac in 2D. 
Future work includes the adaptation of this method to allow for 3D 
dose reconstructions for any gantry angle and comparison to planned 
dose distributions.   
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4.5. Conclusions

Our EPID dosimetry back projection algorithm was successfully 
adapted for the MR-linac geometry, accounting for the presence 
of the MRI housing between phantom (or patient) and EPID. Both 
the attenuation of the cryostat and the scatter from the cryostat 
reaching the panel were successfully modelled. The algorithm was 
commissioned at three gantry angles: 0, 90 and 180 degrees. Excellent 
agreement was found for 25 IMRT beams between IC measured and 
EPID reconstructed 2D dose distributions in a phantom positioned at 
the isocenter. Moreover, a solution is presented for the gantry angle 
dependence of the attenuation of cryostat, couch and bridge. Validation 
of this method using data measured at a certain cardinal angle, but 
back-projected using the model from another angle, again showed 
excellent agreement. This work is an essential step towards an accurate 
and independent integrated dose verification tool for the MR-linac. 

4.6. Disclosure of conflicts of interest

Support for this research was provided, in part, by Elekta AB, 
Stockholm, Sweden.

4.7. Acknowledgments

We would like to thank Jochem Kaas, Thijs Perik and Begoña Vivas for 
assistance with the measurements.





5.
 

3D DOSIMETRIC VERIFICATION OF 
UNITY MR-LINAC TREATMENTS BY 

PORTAL DOSIMETRY.

Iban Torres-Xirau 
Igor Olaciregui-Ruiz 

Jochem Kaas 
Marlies E. Nowee 

Uulke A. van der Heide 
Anton Mans

Department of Radiation Oncology,
The Netherlands Cancer Institute–Antoni van Leeuwenhoek Hospital, 
Plesmanlaan 121, 1066 CX Amsterdam, The Netherlands

Radiotherapy and Oncology, Volume 146, Number 9, Pages 161-166
Published March 2020• © 2020 The Green Journal



108   |   Chapter 5

 Abstract

3D dosimetric verifi cation of online adaptive workfl ows is essential as 
their complexity is unprecedented in radiation oncology. The aim of 
this work is to demonstrate the feasibility of back-projection portal 
dosimetry for 3D dosimetric verifi cation of Unity MR-linac treatments.

An earlier presented 2D back-projection algorithm for the Unity 
MR-linac geometry was extended for 3D dose reconstruction and 
comparison against planned dose distributions. ‘In-air’ as well as in-
vivo portal EPID images can be used as input. The method was validated 
using data from treatments of 5 patients (2 rectal, 2 prostate cancer and 
one oligo metastasis). 3D pre-treatment verifi cation of the reference 
plan using ‘in-air’ EPID images was performed and compared against 
planned and measured (with the Octavius 4D system) dose distributions. 
EPID reconstructed and planned dose distributions were compared for 
the fi rst three adaptations of all treatments. For all comparisons, dose 
diff erence values at the reference point and γ-parameters (3%, 3 mm, 
global, in 50% isodose surface) were reported.

Pre-treatment verifi cation against TPS data showed ymean = 0.41 ± 0.04 

and ypassrate = 98.4 ± 0.1, and = -1.2 ± 1.3. The comp arison against 
the OCTAVIUS 4D system showed ymean = 0.37 ± 0.09 and ypassrate = 97.4, 

90% CI [95.2, 99.7], and = -1.4 ± 1.2. The averaged y-results for 
the in-vivo 3D verifi cation were ymean = 0.45 ± 0.09 and ypassrate = 91.5 ± 3.1, 

and = -1.4 ± 1.2.

3D dosimetric verifi cation of Unity MR-linac treatments using portal 
dosimetry is feasible, pre-treatment as well as in-vivo. 

Keywords: MR-linac; Unity; EPID dosimetry; portal dosimetry; 3D dosimetry; 
QA; in-vivo
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5.1. Introduction

Recently, treatment machines combining a radiation source with an 
MRI system have been developed and are clinically introduced. The 
Unity MR-linac (Elekta AB, Stockholm, Sweden) 91,92 combines a linear 
accelerator with a 1.5 T MRI scanner, and is equipped with an Electronic 
portal imaging device (EPID) mounted on the gantry, opposite to the 
accelerator head, allowing for simultaneous beam irradiation, EPID 
acquisition and MR imaging 93. 

The use of EPIDs as dosimeters has been extensively studied 
113,114,138,140–143,158, and their applicability for dosimetric applications 
has been acknowledged for pre-treatment and in-vivo verification of 
both intensity-modulated radiation therapy (IMRT) 24,58,60,144–147 and 
volumetric arc therapy (VMAT) 59,69,149,150. 

In the Unity MR-linac, daily adaptation to patient position variations 
is not done by couch translations but by online replanning. In this way, 
patient anatomy changes can be taken into account by contour changes 
94–96. Due to the complexity of these workflows, the availability of 
tools for independent dosimetric verification is essential. Dosimetric 
verification of reference and daily adapted plans is usually performed 
using the combination of an MR compatible detector array and 
phantom. However, the use of these tools is typically time-consuming 
as cumbersome detector setup procedures are required. 97–100. As a result, 
in most clinics dosimetric verification is limited to a few treatment 
fractions. Alternative patient-specific QA solutions have also been 
developed, such as fast sanity checks on the adapted plan 101, geometric 
accuracy of the delivered dose using in-vivo EPID images 152, or the use 
of independent calculations fed with linac log files 76,154,155,159,160. These 
checks allow for real-time patient-specific QA that can cover most of 
the treatment chain, but still rely on the correct output of the machine 
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to generate the log files 105, and on a correct morph of the daily MRI into 
a synthetic CT (MRCAT) 102–104. On the Unity system to date one of the 
workflows involves a density override of structures delineated on MRI 
scans.  This presents a new element in the radiotherapy chain, which 
has not gone through extensive clinical validation yet, and which is not 
verifiable using log file based approaches. 

Pre-treatment portal dosimetry using ‘in-air’ measurements avoids 
time consuming detector setup procedures as the panel is mounted on 
the gantry. in-vivo portal dosimetry provides a dosimetric end-to-end 
check of the online adaptation workflow making use of data acquired 
during treatment, i.e., without extra measurement time. Errors related 
to data transfer, dose delivery, patient set-up, MLC calibration, dose 
calculation 105, and pseudo-CT determination or density assignment 
can be detected. To our knowledge, portal dosimetry is the only 
measurement-based method for verification of pseudo-CT creating 
from MR data. Furthermore, portal dosimetry methods have the 
potential to be extended to trailing and gating techniques 89,133. 

It has been shown that the dosimetric characteristics of the EPID in the 
Unity MR-linac are similar to conventional linacs 156,161. Furthermore, 
we have shown that 2D back-projection portal dosimetry is feasible 
for the Unity MR-linac 162. The aim of this study is to extend the portal 
dosimetry method to 3D dose reconstruction for both pre-treatment 
using ‘in-air’ measurements and in-vivo verification 

5.2. Materials and methods

Experimental set-up 

The Unity MR-linac system consists of a 7 MV flattening filter free 
(FFF) beam linear accelerator mounted on a ring-based gantry, built 
around a wide bore 1.5 T MRI scanner (Philips Medical Systems, Best, 



Chapter 5  |   111   

5

the Netherlands). On the opposite side of the accelerator, the EPID 
(XRD 1642 AP, Perkin Elmer Optoelectronics, Wiesbaden, Germany) 
is also mounted on the ring gantry. The central region of the cryostat 
is designed free of gradient coils and shimming hardware, allowing 
for minimal and homogenous attenuation of the beam by the cryostat. 
The dimension of this free-of-coils region determines the size of un-
attenuated beams received by the EPID, allowing for a maximum field 
size at the isocenter of X=±11 cm and Y=±4.8 cm. Note that the EPID 
was included in the system for the purposes of machine QA and not 
for patient imaging or Portal Dosimetry, and it lies in a non-centered 
position with respect to the beam axis. As a result, beams can only 
be completely captured if their field size at isocenter is smaller than 
X=±11 cm, Y=[-11, +8] cm. 

Images were acquired using Elekta’s MVIC software. Array 
measurements were performed using an MR-compatible OCTAVIUS 
1500 2D detector array (PTW, Freiburg, Germany), which has 1405 
vented ICs with 7.1 mm center-to-center distance. For back-projection 
of the EPID images to the patient or phantom geometry, a research 
version of the IViewDose software (Elekta, AB, Stockholm, Sweden) 
was used.

Modifications to the model

The presented work builds on the back-projection algorithm described 
previously 58,70. The first steps of adapting this method to the Unity MR-
linac geometry have already been presented in previous studies 139,156,162, 
showing that 2D dose reconstruction in a plane through the isocenter 
parallel to the EPID is possible. The steps needed for implementing 3D 
in-vivo dose reconstructions are described below.

First, the algorithm was fully commissioned at gantry angle 0°, by 
fitting EPID data to IC measurements for different setups. 
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Second,  the adapted gantry angle (AGA) solution for the back-
projection presented in 162 was applied for the 26 gantry angle values 
clinically in use at the time of this study. For each gantry angle value, 
a sensitivity matrix was obtained by combining EPID images with 2D 
array measurements made at isocenter inside the OCTAVIUS rotating 
phantom for a 22x22 cm2 field. Additionally, the gantry angle dependent 
cryostat attenuation factor was determined by fitting a back-projected 
10x10 cm2 square field at isocenter to the dose determined using the 
TPS.

Third, the extension from 2D to 3D dose distributions was performed 
similar to 58 by reconstructing the dose within the patient or phantom 
volume in multiple planes parallel to the EPID, obtaining the 3D dose 
distribution for each beam. 

Fourth, the software was extended to read 3D planned dose distributions 
allowing for the verification of clinical plans in the patient CT, 
accounting for adaptations 163 in the current Unity MR-linac workflow. 

Fifth,  the use of virtual dose reconstruction 88 was implemented in the 
software allowing for 3D dose reconstruction in any geometry from 
‘in-air’ portal images. This made pre-treatment verification possible 
eliminating the need using a phantom or IC array.

Finally, the parts of the beams exceeding the coil-free region of ± 4.8 cm 
on the cranial-caudal direction were removed, using a masking pyramid 
(Figure 5.1) per beam to both the EPID back-projected and TPS dose 
distributions. For all beams combined, this results in a cylinder mask 
in the accumulated 3D dose distribution, offering a valid comparison 
only in the volume where EPID images receive usable information. 
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Figure 5.1: a) The EPID image is divided into the central area in which the radiation 
reaching the panel is minimally attenuated and the outer areas where the non-coil-
free region of the cryostat causes increased attenuation. A mask is applied to the 
EPID reconstructed and planned dose distributions. The intersection of all masking 
pyramids per beam results in a cylinder per fraction. Only the un-masked volume is 
taken into account in the γ-evaluation. b) Planned dose, EPID reconstructed dose and 
γ-distributions, both without (upper row) and with the mask (lower row) applied.

Plan verifi cation

Data from treatments of fi ve patients were used (2 rectal-, 2 prostate 
cancer and one lymph node oligo metastasis patient, with 9 to 12 step-
and-shoot IMRT beams). For 3D pre-treatment verifi cation, the virtual 
EPID dose reconstruction of the reference plan in the OCTAVIUS 
phantom geometry was compared both to the array and to the TPS 
dose distributions calculated on the phantom geometry. The virtual 
EPID dose reconstruction of the reference plan was also calculated in 
the patient geometry and compared to the corresponding TPS patient 
dose distribution. For all analyses, dose diff erence at the reference 

point ( ), and γ results (3%, 3 mm, 50% isodose) were reported. The 
isocenter was used as reference point for the OCTAVIUS phantom. 
The center of the PTV was used as reference point in patient dose 
reconstructions. For 3D in-vivo verifi cation, EPID data of the fi rst 
three daily adapted plans were acquired. The EPID reconstructed dose 
distributions were compared to their corresponding plan of the day, by 
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γ-analysis both in 2D per beam (3%, 3 mm, 20% isodose), and in 3D per 
fraction (3%, 3 mm, 50% isodose). The differences in dose value at the 

center of the PTV ( ) were also reported.  

5.3. Results

Table 5.1 displays the averaged phantom pre-treatment verification 
results of the 5 reference plans (per site and total). Note that rectum 
cases present slightly worse agreement than prostate and oligo 
treatments. 

Table 5.1: Average and standard deviation of γ-parameters (γmean , γpassrate) and 
dose difference at reference point (ΔD RP), in the comparison of virtual EPID dose 
distributions with both Octavius and TPS dose distributions calculated in the Octavius 
phantom geometry. 

Site Rectal 
cancer (2)

Prostate 
cancer (2)

Oligo 
metastasis 

(1)

Total

γmean
0.46 ± 0.04 / 
0.45 ± 0.08

0.28 ± 0.03 / 
0.33 ± 0.02

0.34 / 0.45 0.37 ± 0.09 / 0.40 ± 0.07

γpassrate (%) 93.7± 0.3 / 
94.2 ± 3.5

99.9 ± 0.0 / 
99.8 ± 0.1

99.4 / 99.2 97.4, 90% CI [95.2, 99.7] / 
97.4, 90% CI [94.9, 99.9]

ΔDRP (%) -1.4 ± 0.1 / -2.8 
± 0.4

-0.7 ± 1.0 / 
-0.1 ± 2.1

-0.9 / 0.8 -1.4 ± 1.2 / -1.0 ± 2.0

Figure 5.2 shows pre-treatment 3D dose and γ distributions calculat-
ed in the Octavius phantom geometry for a reference prostate cancer 
case. Additionally, A-P and L-R profiles are also shown. 



Chapter 5  |   115   

5
Figure 5.2: a) 3D Octavius, virtual EPID reconstructed and TPS dose distributions 
calculated in the Octavius phantom geometry with their corresponding γ-comparisons 
(3%, 2mm, global) for a prostate reference plan. The black line indicates the volume 
where the γ-statistics were calculated.  b) A-P and L-R profi les through the isocenter 
are shown for the dose distributions. 

Pre-treatment verifi cation in the patient geometry using the virtual 
method is presented in Figure 5.3 for a lymph node oligo metastasis 
treatment. In the comparison of virtual EPID with TPS dose 
distributions, the averaged γ-parameters of the combined results for 
the 5 reference plans were γmean = 0.41 ± 0.04 and γpassrate = 97.9 ± 1.7, with 
an average dose diff erence at the center of the PTV (ΔD PTV) of -0.9 
% ± 0.9 %. These results compare to the agreement in phantom pre-
treatment verifi cation.

Figure 5.3: Plan ned and virtual EPID reconstructed dose distributions and the 
corresponding y-evaluation (3%, 2mm, global) for the oligo metastasis reference plan in 
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the patient geometry.  The color scale on the left, ranging from 0 to 1162 cGy, indicates 
the dose level for the TPS and EPID dose distribution maps. The color bar on the 
right, ranging from 0 to +3, indicates the y values for the y-map on the right figure, 
comparing TPS to EPID.

For the first three adapted fractions of 5 patients, Table 5.2 presents 
averaged γ-parameters (γmean , γpassrate) and dose difference at center of 
the PTV (ΔD PTV) of the in-vivo verification for both the 3D per fraction 
and the 2D per beam analysis. As expected, in-vivo verification shows 
slightly worse agreement than pre-treatment, due to extra uncertainties 
in the patient anatomy during the actual treatment. 

Table 5.2: γ-parameters (γmean , γpassrate)  and dose difference at the reference point 

(%ΔDRP) for the γ-analysis (3%, 2mm, global) in 2D per beam and in 3D per fraction, 
averaged over the first three fractions for the 5 patients, presented per site and total. 
Results are presented as average ± 1SD.

Site Rectum (2) Prostate (2)
Oligo 

metastasis (1)
Total

2D per beam Comparison EPID vs. TPS

γmean 0.63 ± 0.14 0.56 ± 0.15 0.58 ± 0.12 0.59 ± 0.14 

γpassrate (%) 80.0, 95% CI  
[77.7, 82.4]

84.3, 95% CI  
[81.7 ,87.0 ]

84.6, 95% CI  
[81.7 ,87.5]

82.7, 95% CI  
[81.2 ,84.3]

ΔDPTV (%) -1.4 ± 6.3 0.9 ± 6.2 3.7 ± 6.5 0.5 ± 6.6 

3D per fraction Comparison EPID vs. TPS

γmean 0.56 ± 0.04 0.48 ± 0.05 0.52 ± 0.02 0.52 ± 0.05

γpassrate (%) 88.4, 95% CI 
[85.2, 91.6]

95.2, 95% CI 
[92.1, 98.3]

95.3, 95% CI 
[92.9, 97.7]

92.5, 95% CI 
[90.2, 94.8]

ΔDPTV (%) -0.8 ± 1.2 0.9 ± 1.2 3.9 ± 1.3  0.8 ± 2.1 
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Note that for the oligo metastasis fractions, a somewhat large dose 
diff erence in the PTV is reported. It was observed that the center of 
the PTV corresponded to areas of high gradient, γ-parameters showed 
excellent agreement.

Figure 5.4 shows axial planes of 3D γ-distributions corresponding to 
the in-vivo verifi cation of the fi rst three adapted fractions of a prostate 
treatment. 

Fig ure 5.4: Axial planes of the 3D γ distributions (3%, 2mm, global) of the fi rst, second 
and third adaptations of a prostate plan. The color scale on the right, ranging from 0 to 
+3 indicates the y intensity of the 3 y-maps.

5.4. Discussion

In this study, we have presented a method for pre-treatment and in-
vivo 3D dosimetric verifi cation of Unity MR-linac treatments using 
portal dosimetry. Treatment plans of 5 patients (3 treatment sites) 
were used. Comparison of the 3D back-projected EPID dose to IC 
array measurements using dedicated phantoms, as well as TPS dose 
distributions showed excellent agreement for the 5 reference plans. 
Moreover, the in-vivo results also showed good agreement when 
compared to the TPS for the fi rst 3 adapted fractions. This demonstrates 
the feasibility of pre-treatment and in-vivo portal dosimetry for 
dosimetric verifi cation of Unity MR-linac treatments. 
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The extra attenuation of the beam by the MR housing outside the 
window (of ±4.8 cm) in the longitudinal direction is the main limitation 
of the presented work, impeding the complete dosimetric verification 
for large target areas. However, we believe that the available (strongly 
attenuated) signal outside the window can be used for dosimetry 
purposes, although the accuracy of the final reconstructed dose 
distribution might be lower. Nonetheless, many of the errors that EPID 
dosimetry can mitigate may not necessarily require the reconstruction 
of the full frame as they would be alerted already in the back-projected 
dose distribution of the central part of the frame.

An intrinsic limitation when using the EPID for dosimetry in the MR-
linac in the current setup is that parts of beams exceeding 8.1 cm in the 
cranial direction cannot be detected due to the non-centered position 
of the panel. As a result, for treatments with large fields parts of the 
reconstructed dose distribution will be missing, and cannot be verified. 
This might also lead to a possible underestimation of scatter for large 
fields, as parts of the beam that originate scatter are not captured by 
the EPID and therefore don’t contribute in the determination of the 
primary dose. 

Given the complex geometry of the MR-linac, highly density structures 
are affecting the EPID dose reconstruction of images in which the 
beam traverses the bridge or the cryostat pipe, leading to less accurate 
dose reconstructions for certain gantry angles. In the rectum plans of 
this study several of these beams were present, which in combination 
to the underestimation of the scatter for the large fields that was only 
present in the rectum treatments, resulted in worse agreement in 
the verification of rectum plans. To further determine whether these 
inaccuracies could hamper the detection of errors, more data would be 
required.
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The presented dose reconstruction method does not account for 
electron return effects (ERE) caused by the presence of the magnetic 
field. However, as there were no large inhomogeneities present in the 
cases studied, we presume that in the 3D dose distributions used in 
this study, the ERE did not play a significant role. The performance of 
the method for dose verification in cases with large inhomogeneities 
needs further investigation. Nevertheless, for a more accurate dose 
reconstruction taking into account the magnetic field effects, two 
solutions can be considered. First is the comparison of the EPID back-
projected dose distribution to a copy of the planned dose distribution 
calculated without the magnetic field. Alternatively, the back-projection 
algorithm can be used to reconstruct the fluence entering the patient 
and use that to feed a Monte Carlo dose engine which accounts for the 
magnetic field. 

In conclusion, our 3D EPID dosimetry back projection algorithm was 
successfully adapted for the Unity MR-linac geometry, accounting 
for the presence of the MRI housing between patient and EPID. The 
presented results provide the first experimental evidence that 3D EPID 
dosimetry is feasible for the Elekta Unity MR-linac, both pre-treatment 
and in-vivo. This work presents the only independent measurement-
based QA solution of the entire online adaptive chain including the use 
of a pseudo-CT and paves the way for the development of an automated 
verification solution for the online adaptive workflow of the Elekta 
Unity MR-linac.
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Abstract

EPID dosimetry in the Unity MR-Linac system allows for reconstruction 
of absolute dose distributions within the patient geometry. Dose 
reconstruction is accurate for the parts of the beam arriving at the 
EPID through the MRI central unattenuated region, free of gradient 
coils, resulting in a maximum field size of ~10x22 cm2 at isocenter. The 
purpose of this study is to develop a Deep Learning-based method to 
improve the accuracy of 2D EPID reconstructed dose distributions 
outside this central region, accounting for the effects of the extra 
attenuation and scatter. 

A U-Net was trained to correct EPID dose images calculated at the 
isocenter inside a cylindrical phantom using the corresponding TPS 
dose images as ground truth for training. The model was evaluated 
using a 5-fold cross validation procedure. The clinical validity of the 
U-Net corrected dose images (the so-called DEEPID dose images) was 
assessed with in vivo verification data of 45 large rectum IMRT fields. 
The sensitivity of DEEPID to leaf bank position errors (±1.5 mm) and 
±5% MU delivery errors was also tested.

Compared to the TPS, in vivo 2D DEEPID dose images showed 
an average γ-pass rate of 90.2% (72.6%-99.4%) outside the central 
unattenuated region. Without DEEPID correction, this number was 
44.5% (4.0%-78.4%). DEEPID correctly detected the introduced delivery 
errors. 

DEEPID allows for accurate dose reconstruction using the entire 
EPID image, thus enabling dosimetric verification for field sizes up 
to ~19x22 cm2 at isocenter. The method can be used to detect clinically 
relevant errors.   

Keywords:  Unity MR-Linac, Deep Learning, in vivo EPID dosimetry
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6.1. Introduction

The Unity MR-Linac system offers real-time soft-tissue visualization 
to allow for more precise delivery and online plan adaptation 164–

166. Independent quality assurance (QA) tools are required for the 
verification of the online adaptive strategies in magnetic resonance 
image-guided radiotherapy  167. MR-compatible detector devices are 
currently employed to perform patient plan specific QA 97,98,100,168. 
However, these solutions are typically time-consuming and not directly 
suitable for online adaptive workflows. Alternative solutions have been 
proposed, such as fast sanity checks for each adapted plan 169 or the 
use of online independent dose calculations 159. The limitation of such 
checks is that they verify only parts of the workflow. 

For conventional linacs, Electronic Portal Image Devices (EPIDs) 
are commonly used as an independent end-to-end dosimetric check 
of the Radiotherapy (RT) chain  148–150,170–175. The process can be fully 
automated, which is essential to reduce the number of labor-intensive 
and error prone tasks 87. The Unity MR-Linac is also equipped with 
an EPID which is mounted on the rotating gantry, opposite to the 
accelerator head 156. For each plan adaptation, EPID images are acquired 
automatically containing information about the dose absorbed by the 
patient. Therefore, the implementation of an automated EPID-based 
dosimetric verification solution for the MR-Linac adapted workflow 
would be within reach once EPID dosimetry becomes feasible. To that 
purpose, our conventional dose back-projection algorithm 58,176 has been 
adapted to the Unity MR-Linac 177. The algorithm utilizes pixel values 
of EPID images acquired during delivery to estimate the dose delivered 
to the patient. Patient plan specific QA is performed by comparing 
EPID-reconstructed dose distributions with those calculated by the 
Treatment Planning System (TPS) for each adapted plan. The main 
limitation of the method is that dose reconstruction is only accurate for 
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the parts of the beam that arrive at the EPID through the MRI central 
unattenuated region free of gradient coils, resulting in a maximum field 
size of ~10x22 cm2 at isocenter. EPID-based dosimetric verification for 
larger fields is currently not possible, excluding, for instance, Intensity 
Modulated radiotherapy (IMRT) rectum plans. 

Recent advances in deep learning are highly impacting various fields 
in science including healthcare and medical imaging 178. In particular, 
convolutional neural networks (CNNs) have been largely applied in 
image detection and recognition 179, image segmentation 180, image 
registration 181 or image reconstruction 182. The U-Net architecture, 
which comprises decoder, encoder and skip-connection modules 
integrated in a single network, has become the de-facto standard for 
image segmentation 183. Recent studies have also modified the original 
design of the U-Net for dose prediction 184. 

In this study, we present a Deep Learning-based method to improve 
the accuracy of 2D EPID reconstructed dose distributions outside the 
central unattenuated region, accounting for the effects of the extra 
attenuation and scatter. A U-Net was trained using 2D EPID and TPS 
dose images calculated at the isocenter inside a cylindrical phantom 
as training data. The goal was to use U-Net corrected dose images (the 
so-called DEEPID dose images) to accurately reconstruct in vivo 2D 
patient dose distributions using the entire EPID image, thus allowing 
for dosimetric verification of field sizes up to ~19x22 cm2 at isocenter. 
The clinical validity of DEEPID was assessed with in vivo verification 
data of 45 rectum IMRT fields. To ensure that the presented Deep 
Learning-based method is capable of detecting clinically relevant 
errors, the sensitivity of DEEPID to leaf bank position errors and 
monitor unit (MU) errors was also tested.
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6.2 Methods

6.2.1. Equipment 

The Unity MR-linac system combines a 7 MV flattening filter free 
(FFF) beam linac (Elekta AB, Stockholm, Sweden) with an integrated 
wide bore 1.5 T MRI scanner (Philips Medical Systems, Best, the 
Netherlands) 126. An a-Si flat panel X-ray detector (XRD 1642 AP, Perkin 
Elmer Optoelectronics, Wiesbaden, Germany) is mounted on the ring 
gantry built around the MRI scanner at a fixed source-to-detector 
distance (SDD) of 265.3 cm, and with a detection area of 41x41 cm2 156, 
see Fig. 6.1. EPID images were down sampled from their original size 
of 1024x1024 pixels to 256x256 pixels yielding a pixel pitch of 1.6 mm. 
The central region of the magnet is free of gradient coils, allowing for 
minimal and homogenous attenuation of the beam for field sizes up 
to ±11 cm in the cranial-caudal (CC) direction at isocenter (±20.2 cm 
at EPID level). However, since the effective size of the beam exiting 
the MRI scanner is larger due to divergence, the EPID acquisition of 
un-attenuated beams is limited to ±4.8 cm in the CC direction at the 
isocenter (±8.8 cm at EPID level). The EPID image is therefore divided 
into a central region receiving un-attenuated signal and an outer region 
receiving signal with extra attenuation and scatter due to exceeding 
the free-coils region. Since the detector is displaced 5.7 cm in the 
cranial direction with respect to the beam axis, fields exceeding 8.1 cm 
in the caudal direction at isocenter plane cannot be entirely acquired 
by the EPID and parts of the beam fall outside the panel. After the 
EPID images were cropped to remove the region where beams cannot 
be received (> 20.5 cm in cranial direction), the size of the input EPID 
images for dose reconstruction was 35.3 x 41 cm2 (224x256 pixels). 

Plans were generated using the Monaco 5.4 (Elekta AB, Stockholm, 
Sweden) treatment planning system (TPS). EPID images were measured 
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using Elekta’s MVIC acquisition software. 

Fig. 6.1. (a) Unity MR-Linac sagittal cross section showing in yellow the maximum 
field size of 22 cm in the cranial-caudal (CC) direction at isocenter (black circle). The 
scale of the diagram has been adapted for viewing purposes. (b) Beams at the level of 
the EPID are received in a central unattenuated region (light grey) and in an outer 
attenuated region (dark grey). In the context of this study, a field is considered ‘large’ if 
the corresponding acquired EPID image contains signal in the outer region. The 
dashed black rectangle represents the cropped EPID image used for dose reconstruction.

6.2.2. Limitations of EPID dosimetry for large fields

For EPID dose reconstruction in this study, an adapted version of 
IViewDose software (Elekta, AB, Stockholm, Sweden) was used, which 
incorporates the adaptation of the conventional back-projection 
algorithm to the MR-Linac geometry 177. The algorithm has two modes 
of operation: non-transit and transit EPID dosimetry 115,185. In non-
transit mode, in air EPID images acquired without a phantom/patient 
in the beam are utilized to reconstruct dose in any arbitrary geometry 
186. This mode is commonly used for pre-treatment verification of the 
reference plan. In transit mode, EPID images acquired behind the 
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patient are utilized to reconstruct dose within the patient. This mode 
is commonly used for in vivo verification of adapted plans. 

To illustrate the limitations of transit EPID dosimetry for large 
fields, square fields (5x5, 10x10, 15x15 and 20x20 cm2, 100MU) were 
irradiated at gantry angle 0° to a 20 cm thick slab phantom consisting 
of 30x30x1 cm3 polystyrene slabs. Note that the measurements behind 
the phantom were used as a surrogate for in vivo measurements made 
behind the patient. TPS and EPID reconstructed dose profiles through 
the isocenter of the phantom were calculated and compared in both 
left-right (LR) and CC directions. 

6.2.3. Deep learning architecture

Fig. 6.2 displays the U-Net architecture used in this study. A U-Net 
of depth 4 was used, where each down-sampling block consists 
of two blocks containing a convolution layer, followed by batch 
normalization 187 and a rectified linear unit (ReLu) activation function 
188. This block was subsequently followed by a max pooling layer of 
size 2x2. Convolutional filters in same mode with kernel 5x5 were 
selected. The number of filters started at 16 and was doubled for each 
subsequent block. The encoder was connected to the decoder by a last 
layer involving two 5x5 convolution layers. At the decoder parts, the 
up-convolutions were concatenated with the feature maps from the 
same layer of the encoding path 189. The concatenated features followed 
the same sequence of convolution layers as in the decoder parts. This 
succession was repeated also four times. The final layer used a 1×1 
convolution with a sigmoid as activation function. Each max pooling 
and concatenated layer was followed by a dropout layer with a drop 
rate of 0.3 190. The network was optimized using Adam 191, an algorithm 
for first-order gradient-based optimization of stochastic objective 
functions using default values of 0.9 and 0.999 for β1 and β2, respectively 
and a learning rate of 0.001. Mean squared error was utilized as loss 
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function for the training. The algorithm was trained for a maximum 
of 150 epochs but training could stop earlier if no improvement was 
found after 50 epochs. The U-Net was implemented in Python 3.6 
with TensorFlow v1.7, an open source deep learning software library 
192. Training and evaluation of the network was performed on a GTX 
1080 NVIDIA GPU. The hyperparameters of the network were tuned 
manually using the results of one of the cross-validation folds. As this 
showed the relative insensitivity to the selected hyperparameters, they 
were fixed for the rest of the study.

Fig. 6.2. Encoder and decoder pathways of our U-Net architecture.

6.2.4. Model training and validation 

In-air EPID measurements were acquired for 90 IMRT fields 
corresponding to 12 adapted rectum plans of 6 patients. The in air 
EPID raw images were utilized in combination with the CT data set of 
the OctaviusMR 4D phantom (PTW, Freiburg, Germany) to reconstruct 
2D EPID dose distributions at the isocenter plane in the phantom 
geometry using non-transit EPID dosimetry. More details regarding 
the employed methodology can be found elsewhere 185. These EPID 
reconstructed dose images were utilized as input data for the training. 
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The corresponding dose distributions recalculated by the TPS on the 
phantom geometry were used as ground truth, or ideal output of the 
U-Net. The training of the model is performed with phantom data in 
order to have a well-controlled environment. The use of in vivo dose 
distributions for training would be problematic as the actual delivered 
dose to the patient is unknown (i.e. no ‘ground truth’ for training). 
Non-transit EPID reconstructed dose distributions were chosen for 
training to eliminate the need for phantom positioning. The choice of 
the OctaviusMR 4D phantom was made because TPS dose calculations 
were already available for that geometry.

The iViewDose software stored the EPID reconstructed 2D dose 
images in AVS field file format (Advance Visual Systems Inc, Waltham, 
MA, USA). Planned dose distributions were exported from the TPS 
in DICOM format and imported into iViewDose to calculate 2D dose 
distributions at the isocenter plane which were also stored in AVS 
format. The AVS files were then converted into numpy arrays for 
network training using in-house developed python code. 

Regarding data augmentation, the EPID dose images were flipped 
around the cranial-caudal axis first and then split into nine crops of 
128x224 pixels along the same axis. A total of 1620 (90x2x18) image 
patches were available as training pairs (EPID, TPS) to the network. 
The model was evaluated using a 5-fold cross validation procedure. The 
evaluation was scored by comparing U-Net corrected DEEPID dose 
images with TPS dose images by γ-analysis using 3% of the maximum 
dose and 3 mm as dose-difference and distance-to-agreement criteria, 
respectively. The results were calculated within the region surrounded 
by the 10% isodose line. γ-statistics were obtained for the outer 
attenuated region separately.  
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6.2.5. in vivo DEEPID dosimetry 

in vivo EPID images were acquired behind the patient for 45 IMRT fields 
corresponding to 5 adapted rectum plans of 3 patients. Approximately 
half of these IMRT fields were large fields. The EPID raw images 
were utilized in combination with the CT data set of the patient to 
reconstruct in vivo 2D EPID dose distributions at the isocenter plane in 
the patient geometry using transit EPID dosimetry. The resulting 2D 
EPID dose images were passed to the U-Net to calculate the corrected 
DEEPID dose images. in vivo EPID and DEEPID 2D dose distributions 
at the isocenter were then compared with TPS dose distributions by 
γ-analysis. γ-statistics were obtained for the central and for the outer 
regions separately.  

6.2.6. Introduction of errors

Machine delivery errors were introduced by manual modification of 
the treatment prescription file before import into the record-and-
verify system (MOSAIQ version 2.65, Elekta Inc., Sunnyvale, CA, USA). 
An adapted rectum plan was delivered correctly first and then with 
leaf bank position errors introduced: leaves moved 1.5 mm inwards 
(closing the fields) and leaves moved 1.5 mm outwards (opening the 
fields). Similarly, another adapted rectum plan corresponding to a 
different treatment was also delivered correctly first and then with 
an increase and a decrease in the number of MUs of 5%. In air EPID 
raw measurements were acquired for all cases and were utilized in 
combination with the CT data set of the patient to reconstruct 2D 
EPID dose distributions at the isocenter plane in the patient using 
non-transit EPID dosimetry. The resulting EPID 2D dose images were 
passed to the     U-Net to calculate the corrected DEEPID dose images.  
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6.3. Results

6.3.1. Limitations of EPID dosimetry for large fields  

Fig. 6.3 displays TPS and EPID-reconstructed dose profiles through 
the isocenter in a phantom for four square fields. In the LR direction, 
the agreement was good for all field sizes. In the CC direction, however, 
for the 10x10 cm2 and 15x15 cm2 fields there was an overestimation of 
the EPID reconstructed dose outside the field. For the 15x15 cm2 field, 
there was an underestimation of the EPID reconstructed dose inside 
the field. The agreement was again good for the 20x20 cm2 field, see 
discussion section for more details.  

Fig. 6.3. LR and CC profiles of EPID-reconstructed and TPS dose distributions through 
the isocenter in a 20cm thick slab phantom consisting of 30x30x1 cm3 polystyrene slabs 
for four representative square fields (5x5, 10x10, 15x15 and 20x20 cm2, 100MU).   

6.3.2. Model validation

Fig. 6.4.a illustrates the results of the 5-fold cross validation by 
presenting boxplots of γ-pass rate values for each fold calculated for 
the outer attenuated region only. The average median and interquartile 
range (IQR) values were 91.9±1.3%(1SD) and 8.2±1.7%(1SD), respectively. 
For comparison, Fig. 6.4.b presents the corresponding results obtained 
with EPID dosimetry before the DEEPID correction. The average 
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γ-pass rate values corresponding to the results of all folds combined 
were 91.6% (80.7%-100%) and 42.2% (4.9%-98.3%), for DEEPID and EPID 
respectively. Over the entire field, the average γ-pass rate values were 
92.2% (80.8%, 99.6%) and 76.4% (51.7%,98.9%), for DEEPID and EPID 
respectively. 

Fig. 6.4.  5-fold validation results presented as boxplots of γ-pass rate values 
corresponding to the comparison for the outer attenuated region between TPS dose 
distributions with (a) U-Net corrected DEEPID dose images and (b) EPID dose images 
before the correction. The box extends from the lower to upper quartile values of the 
data, with a line at the median. The whiskers are set at the 5th and 95th percentiles of 
the data. Outliers are not shown.

6.3.3. In vivo DEEPID dosimetry

Table 6.1 presents the results of the comparison between DEEPID 
and EPID with TPS dose distributions corresponding to the in vivo 
verification of 45 rectum IMRT fields. The agreement between 
DEEPID and TPS was similar for the central attenuated and the 
outer unattenuated regions. This can be also observed in the example 
presented in Fig. 6.5 where in vivo EPID and DEEPID cranio-caudal 
dose profiles of a large rectum IMRT field are shown. Without the 
DEEPID correction, similar to the results of Fig. 3, there was an 
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underestimation of the EPID-reconstructed dose for the parts that were 
within the field. A good agreement with the TPS was only observed in 
the central unattenuated region. With DEEPID, the agreement with 
the TPS is also good in the outer attenuated region. TPS, EPID and 
DEEPID 2D dose distributions and γ-distributions for five rectum 
IMRT fields are displayed in Fig. 6.6.

Fig. 6.5.  TPS, EPID and DEEPID 2D dose distributions at the isocenter corresponding 
to the in vivo verification of a large rectum IMRT field. Cranial-caudal dose profiles 
are displayed in black, red and blue, respectively.  The dotted grey lines represent the 
boundaries between central and outer regions.    

DEEPID EPID

γ-pass rate % γ-mean γ-pass rate % γ-mean

Central region 91.6 ± 6.6 0.47 ± 0.11 88.8 ± 7.5 0.56 ± 0.12

Outer region 90.2 ± 8.9 0.52 ± 0.14 44.5 ± 22.4 2.22 ± 2.70 

Entire field 91.0 ± 6.7 0.49 ± 0.11 79.2 ± 13.3 0.84 ± 0.35

Table 6.1. Results of the comparison between DEEPID and EPID with TPS 2D dose 
distributions corresponding to the in vivo verification of 45 rectum IMRT fields. 
Results are presented as AVG±(1SD).
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Fig. 6.6.  TPS, EPID and DEEPID 2D dose distributions and γ-maps for five 
representative rectum IMRT fields. Only the last one is not a large field.    

6.3.4. Introduction of errors

Results after ±1.5 mm movements of the leaf bank are displayed in 
Fig. 6.7 for both EPID and DEEPID dose reconstructions. As in the 
example of Fig. 5, the DEEPID correction accurately reconstructs the 
dose in the outer region. The sensitivity to the error is also higher with 
DEEPID, as can be deduced from the presented γ-maps. Regarding the 
effect of -5% and +5% MU errors on DEEPID dose images, the isocenter 
dose difference for all fields combined with respect to the no-error 
situation was found to be -4.4% and +5.3%, respectively. The sensitivity 
of DEEPID to this error is further illustrated in Fig. 6.8. where dose 
profiles corresponding to one rectum field are displayed. Note that, in 
this case, the DEEPID correction improved also the agreement with 
the TPS in the central region for the no-error case, see Figs. 6.8.c and 
6.8.d.
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Fig. 6.7.  Effect of ±1.5 mm leaf bank errors on EPID and DEEPID dose distributions. 
(a) EPID dose distributions for the no-error delivery of a large rectum field, (b,c) 
γ-distributions (2% / 1 mm) between no-error and error EPID dose distributions and (d) 
dose profiles. The same is displayed in (e,f,g,h) for DEEPID. The TPS dose profile for 
the no-error delivery is displayed for comparison. 

Fig. 6.8.  Effect of ±5% MU errors on EPID and DEEPID dose distributions. (a,b) 
EPID and DEEPID 2D dose distributions for the no-error delivery and (c,d) EPID and 
DEEPID dose profiles. The TPS dose profile for the no-error delivery is displayed for 
comparison.

6.4. Discussion

In this study, we have used deep learning to correct the limitations 
of the EPID dose back-projection algorithm in the outer attenuated 
region of EPID images of the Unity MR-linac, making in vivo dosimetric 
validation feasible using the entire EPID image. The deficiencies of 
EPID dosimetry for the Unity MR-Linac were presented with square 
field measurements in Fig. 6.3. They illustrate how the EPID dose 
modelling of the panel fails to account for the differences in scatter 
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and attenuation in a range of field sizes for beams that traverse the 
non-coil free regions. During the last step of the pixel to portal dose 
response fit in the commissioning process 177, the parameters of a kernel 
are fitted to minimize the difference between the reconstructed dose 
at the EPID level and array measurements profiles in both LR and CC 
directions for a set of square fields irradiated at gantry angle 0°. The 
kernel is a rotationally symmetric gaussian kernel with no directional 
bias, producing incorrect results in the outer attenuated region. The 
use of asymmetric kernels and/or dedicated correction masks in the 
dose modelling of the panel was unsuccessfully explored prior to the 
investigation of the Deep Learning-based solution presented in this 
study. 

The results of the 5-fold cross validation demonstrate how DEEPID 
improves the accuracy of dose reconstructions in the outer attenuated 
region. This was also corroborated with the in vivo verification results 
presented in Table 6.1 and with the example of Fig. 6.5. The results 
presented in section 6.3.4. prove that DEEPID is sensitive to errors 
introduced in the outer attenuated region as it was the case with the 
±1.5 mm leaf bank errors introduced for a large rectum IMRT field. The 
dosimetric effects of ±5% MUs errors were also correctly considered 
by DEEPID. This demonstrates the capability of the method to detect 
clinically relevant errors. 

The EPID dose images utilized for training were reconstructed using 
non-transit EPID dosimetry from raw portal data acquired without 
a phantom/patient in the beam. However, the intended use of the 
model is for in vivo verification using transit EPID dosimetry from raw 
portal data acquired behind the patient. Although the dose engines 
for non-transit and transit EPID dosimetry are similar, they are not 
identical. Therefore, a more accurate model is expected if the EPID 
dose images utilized for training were reconstructed using transit 
EPID dosimetry from raw portal data acquired behind a phantom. 
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Secondly, TPS dose calculations on the OctaviusMR phantom were used 
as the ideal output of the U-Net during training. These calculations 
are believed to be accurate enough for the purpose of the study. 
Absolute dose measurements made with an MR-compatible Octavius 
1500 2D detector array (PTW, Freiburg, Germany) were alternatively 
considered as ground truth for training. However, this option was 
disregarded due to the low resolution of the detector array (1405 vented 
ionization chambers with 7.1 mm center-to-center distance). Finally, 
the attenuation of the cryostat, couch and bridge (at the exit of the 
phantom) varies considerably with gantry angle 177. Results should 
improve if a dedicated U-Net model was trained for each gantry angle 
separately. Finally, beams exceeding 8.1 cm in the caudal direction at 
isocenter plane, or 11 cm in the cranial direction, or ±11 cm in the 
lateral direction, will have parts that fall outside the panel. Evidently, 
no reconstruction method will be able to detect errors when these 
occur in these undetected parts of the beam.

The study demonstrates that Deep Learning can become a very powerful 
technique to correct deficiencies of portal dosimetry algorithms. A 
first estimate of the delivered dose distribution is generated using 
EPID dosimetry and then we pass the results to a convolutional neural 
network for a final correction. 

6.5. Conclusions

A Deep Learning-based method corrects the deficiencies of EPID 
dosimetry to account for the extra attenuation and scatter in the 
outer attenuated region. The method allows for accurate dose back-
projection at the isocenter plane using the entire EPID image. With 
this method, dosimetric verification becomes possible for field sizes up 
to ~19x22 cm2 at isocenter. The method can be used to detect clinically 
relevant errors.   
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7.
GENERAL DISCUSSION
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7.1. General discussion and thesis achievements

In-vivo EPID dosimetry is a quality control method to improve patient 
safety in radiotherapy 51,193. In this thesis we aimed to develop and validate 
a method for pre-treatment and in-vivo 3D dosimetric verification of 
Unity MR-linac treatments using EPID dosimetry. This aim was met 
by adapting the physics models and software used for EPID dosimetry 
on conventional linacs. We provided clinical evidence that 3D portal 
dosimetry is feasible and can be a valuable tool for QA in the workflow 
of the Unity MR-linac. To this end, in Chapter 3 we characterized the 
dosimetric properties of the a-Si EPID panel in the Unity MR-linac and 
its behavior in close proximity to the MRI scanner. We further adapted 
an existing back-projection algorithm used with conventional linacs to 
the geometry of the Unity MR-linac. Based on the results presented in 
Chapter 2 and Chapter 4, the EPID dosimetry software was adapted to 
provide a comparison between EPID reconstructed dose distributions 
and the TPS. The first 3D in-vivo verification results were reported in 
Chapter 5. 

The position of the panel with respect to the patient and the beam 
represented the main challenges when using the EPID for back-
projection portal dosimetry. To avoid the presence of the Lorentz force 
in the accelerator gun, it is mounted on a rotating ring gantry in a low 
magnetic field area. The EPID is located in the same low B-field donut, 
opposite to the linac head. Furthermore, due to the MRI design, only 
the central part of the beam arrives to the panel with homogeneous 
attenuation. Outside this window, the beam is considerably more 
attenuated before reaching the panel. As a result, using the method 
described in Chapter 5, EPID dose distributions are accurately 
reconstructed only for radiation detected through the window free of 
gradient coils and shimming hardware. In Chapter 6 we developed a 
method that uses deep learning to correct the extra attenuation outside 
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the aforementioned window, making in vivo dosimetric validation 
feasible for the entire EPID image.

While automation is not the focus of the presented work, the 
development of an automated QA EPID-based solution is being 
implemented clinically now, which is essential to create a smooth 
system capable to generate verification reports. With such a system 
available, physicists can focus on the clinical relevance of dosimetric 
deviations instead of performing tedious manual labor for plan QA. 

7.2. The use of EPID Dosimetry in MR-guided 
Radiotherapy

Currently, the first centers are gaining experience in the use of MR-
guided radiotherapy with the Unity system and the methods for QC 
and QA that need to be applied. The needs for in-vivo dosimetry in 
MR-guided radiotherapy clearly differ from the needs in conventional 
External Beam Radiation Therapy (EBRT) QA. 

In conventional EBRT, dosimetric verification is first of all performed 
to verify the accuracy of TPS dose calculation, but, depending on the 
workflow, also for data transfer verification. Given the fact that a plan 
is created off-line, prior to the treatment, pre-treatment verification 
is applied. However, with in-vivo EPID dosimetry, a complete end-to-
end dosimetric verification of the treatment chain became feasible. It 
was shown that errors related to data transfer, dose delivery, patient 
set-up, MLC calibration and dose calculation could be detected 105. 
Furthermore, clinical workload of in vivo EPID dose verification was 
limited with respect to pre-treatment verification.

With the rise of newly developed systems for MR-guided radiotherapy 
93,106,108,109, workflow concepts have evolved and QA needs have changed. 
For instance, in the Unity system, for every fraction a different plan 
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is created online while the patient is on the couch 96,194,195. In some 
institutions, an independent TPS is employed to perform online 
verification of the dose calculation. Even when such a TPS does not 
consider the magnetic field, it should detect gross deviations. At NKI 
we use an in-house developed program that conducts a simple check 
of plan characteristics, such as number and area of segments, number 
of MU’s etc.

It is obvious that conventional pre-treatment dosimetry methods 
are of limited use for such a workflow. Therefore, it is necessary to 
establish a routine tool for the dosimetric verification of the TPS dose 
calculation that also serves as an end-to-end check of the entire chain. 
In MRgRT, the end-to-end check is actually more important due to the 
unprecedented complexity of the workflow. The sensitivity of EPID 
in-vivo for dosimetric verification is still to be further investigated, but 
what we can claim is that, as it is a measurement-based method, it is a 
perfect candidate for such an end-to-end check. 

Most of the existing measurement devices, such as 2D arrays, film or 
IC’s in rotating phantoms can only perform pre-treatment verification 
of the reference plan, which serves to validate issues such as MLC 
calibration, dose calculation, linac delivery errors and data transfer. 
However daily adapted plans can’t be dosimetrically verified prior to 
irradiation with these techniques as the new plan is only generated 
once the patient is in position.

At this moment, the use of a pseudo CT is not yet clinical for the Unity 
system. Instead, an attenuation map is used for dose calculations that 
can either be a pre-treatment planning CT that doesn’t represent the 
anatomy of the time of treatment, or an MRI with density overrides. In 
the future this may be replaced by a pseudo CT, with a representative 
attenuation map derived from MRI. 
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Dosimetric verification of Unity treatments can also be achieved by 
using the linac log files in combination with an (independent) dose 
engine and an accurate patient model. Potentially, when the actual 
anatomy of the patient is used, patient related errors (patient set-up, 
intra-fraction motion, tumor shrinkage, etc.) can be detected without 
additional measurement time. A drawback of this method is that 
it is not based on an independent transmission measurement and 
its reliability depends on the assumption of a correct determination 
of both the output of the linear accelerator and the anatomy (pre-
treatment planning CT, MRI with density overrides or pseudo CT), 
which can only be verified with measurements. In this sense, EPID in 
vivo dosimetry is a more comprehensive check as it verifies the entire 
adapted chain.

For the MR-linac, recent studies 166,196 show that pre-treatment QA 
performed using 2D IC arrays in phantoms in different institutes have 
detected minimum differences when comparing measured and planned 
dose distributions. This suggests that the reproducibility and accuracy 
of the Unity systems is high and that errors in dose calculation and 
delivery are rare. While this may reduce the need for on-line verification 
of the dose calculation, errors related to data transfer, patient setup, 
and pseudo-CT determination are still feasible. A measurement-based 
system that efficiently and independently checks the entire workflow 
from end-to-end with almost no added time will help understand the 
weak points of the new workflow and its most relevant error sources 
and types.
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7.3. Challenges and future work

7.3.1. Implementation challenges

The presented results show very good agreement between EPID and 
TPS dose distributions, but several issues still need to be addressed to 
create a tool for the clinic that can be used for all fractions automatically, 
reducing workload and adding value to existing methods. This is both 
the research and implementation work that needs to be done to have a 
full-working in-vivo EPID dosimetry solution for the Unity MR-linac.

Verification of every treatment by means of in-vivo EPID dosimetry 
to date requires manual work, which should be automated to make 
it a practical tool for all deliveries. This requires acquired data to be 
automatically transferred and linked to the correct daily CT and plan 
data.  It further requires software to operate in batch mode and store 
results in a proper inspection software for quick analysis.

If the software is implemented to run in real-time during delivery89,133 
gross error detection could potentially be used to halt the machine. 
This would result in a solution that would not only catch but also 
prevent major dose deviations. This requires automation, but also 
a reduction of computational time of the dose calculations to allow 
synchronization with the delivery. It further needs integration with the 
Unity software. Additionally, thresholds for errors that should stop the 
linac would need to be established based on a retrospective analysis 
of the deviations detected. This would probably be necessary for each 
treatment site.

One of the main drawbacks of the design of the machine for the 
presented algorithm is the position of the EPID with respect to the 
beam and the patient. Some parts of the beams arriving to the panel 
are either not uniformly attenuated because they traverse a thicker in-
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homogeneous region of the MRI scanner, or are directly not captured 
by the panel because they fall outside the detection area. 

EPID-based dosimetric verification for fields falling outside the central 
region is not accurate, as is the case, for instance, in current clinical 
IMRT rectum plans. However, in Chapter 6 we explore an approach 
that uses used Deep Learning to correct the limitations of the EPID 
dose back-projection algorithm in the outer attenuated region of the 
2D EPID frames making in vivo dosimetric validation feasible for the 
entire EPID frame. However, the clinical development of such solution 
represents a major challenge in terms of platform implementation. 
Moreover, the extension of 2D to 3D deep learning-based correction is 
also not straightforward and would require further research. Another 
option would be to improve the physical model at the EPID level to 
account and correct for the in-homogeneous attenuation of the primary 
beam and the MRI to EPID scatter arriving to the panel. 

Beams, falling outside the panel (parts exceeding 8.1 cm in the caudal 
direction at isocenter plane) cannot be reconstructed with any possible 
method, as that information is not captured at all. The only alternative 
would be the engineering of new larger panels integrated in the 
machine, or the combination of two panels covering the entire field 
area. 

7.3.2. Clinical considerations of in-vivo EPID 
dosimetry for the MR-Linac

Once the issues described in the previous section are resolved, the focus 
needs to shift to the decision making that is done based on observed 
EPID dose deviations

In our clinical practice for conventional linacs only 3 fractions are 
inspected per treatment. However, in the daily adapted workflow, 
all fractions could potentially be verified by means of in-vivo EPID 
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dosimetry, at no additional cost in terms of measurement time. 
Nevertheless, this would require more work from the medical 
physicists to inspect QA reports of all fractions or it would need 
further automation. It is an open issue to set a good balance between 
the number of fractions to verify and the amount of inspection work 
that it would arise.

Although in Chapter 6 we introduce errors (±5% MU, ±1.5 mm shifts) in 
the delivery of rectum plans to assess the degree of confidence of our 
deep-learning based correction, the exact magnitude of the errors that 
can be detected with EPID in-vivo dosimetry is still not determined. Its 
main use in the Unity system is aimed to catch gross errors, but finding 
out its limitations will ultimately determine the use of this tool in the 
clinic. In order to have an estimate of such, a specificity and sensitivity 
study should be performed. It would help to set optimal thresholds 

for the chosen evaluation criteria ( , DVH), leading to a good balance 
between false positives and false negatives, and reasonable inspection 
workload in the clinic. For the completeness of this study, it would be 
interesting to carry out a study about the magnitude of errors per site, 
to establish site-specific thresholds, allowing more or less restrictive 
criteria for sites that usually show larger deviations than others. For 
instance, lung and head-and-neck are traditionally more difficult to 
verify given their inhomogeneities.

As for now, all results shown in this thesis compare TPS doses that 
include the presence of the magnetic field to back-projected dose 
distributions that do not account for it. It has been shown that for large 
inhomogeneities in the irradiated volume, the dose re-distributions due 
to the electron return effect caused by the magnetic field are significant 
91,100,136,197. However, as γ-results of the examples of this work are 
comparable to values of previous studies performed with conventional 
linacs 198, it suggests that the impact of the ERE is limited in the 
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high dose volume in quite homogeneous regions. However, for other 
treatment sites (lung, head-and-neck) this might give more problems. It 
can be argued, that in-vivo EPID dosimetry in its current form is more 
suitable to detect large deviations rather than small discrepancies. 
A dedicated study would be required to assess its importance (by 
introduction of errors related to the absence of the magnetic, as stated 
in previous paragraph), which ultimately will determine the scope of its 
use: gross error detection or accurately reconstruction of the delivered 
dose. In any case, as discussed throughout this thesis, two alternatives 
are on the table to cope with this issue: first, a comparison of the EPID 
back-projected doses to a version of the TPS that switches off the 
magnetic field; second, to back-project the EPID dose to a plane above 
the patient, to be used to feed an independent forward dose-engine 170 
that accounts for the magnetic field, and then compare it to the TPS. 

We might be able to shed light on some of the discussed open issues 
and limitations by means of introducing different magnitudes of errors 
to EPID in-vivo dose reconstructions. By doing so, we will be able to 
establish the extent of our solution and determine proper alert criteria. 
Within the scope of these studies, it is of particular interest to observe 
the response of our solution to the introduction of the following errors:

•	errors in the patient anatomy (MRI with wrong density overrides 
-for now-) and in the set-up, to have a clear idea of the magnitude 
of errors that we are capable to detect related to this new step of 
the adapted workflow. 

•	a study on the response of our method to introduced errors in 
the outer region of the panel -where reconstruction is poor- 
would also shed light on the accuracy and sensitivity of the deep 
learning method proposed in Chapter 6.

•	Errors related to the absence of the magnetic field in the 
EPID reconstructed dose distributions. If studies show large 
deviations due to ERE effects, this issue needs to be addressed 
with high priority.
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7.4. Conclusion

We have developed the first system to verify MR-guided RT treatments 
using transit EPID images acquired during irradiation.

The work presented in this thesis represents a step forward in MR-
guided radiotherapy patient safety to verify both pre-treatment and 
in-vivo fractions and provide a strong reduction in clinical workload.
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9.1. Summary:

Radiotherapy treatments need adequate quality control (QC) to ensure 
a correct delivery of the prescribed dose to the target area. One of the 
most extended safety nets for treatments in conventional radiotherapy 
machines is in-vivo EPID dosimetry, which uses the dose acquired 
by an Electronic Portal Imaging Device (EPID) during treatment 
to accurately reconstruct the dose as it was delivered to the patient. 
Once EPID images are back-projected into the patient geometry, a 
comparison in 2D or 3D with the dose distribution from the treatment 
planning system can be performed. To quantify potential differences 
gamma analysis is performed  Gamma analysis is a method to identify 
not only differences in dose but also in distance between two 2D or 
3D maps. This serves medical physicists to determine whether the 
delivered dose  is within acceptance parameters or not, and in that 
case, take actions. 

In this work we developed a method to validate radiotherapy 
treatments delivered on a novel system: the Unity MR-Linac. This 
machine, which combines a radiation source (linac) and an imaging 
device (MRI), will help to irradiate tumors more accurately by means of 
a new range of techniques only available thanks to the image guidance 
of the MRI during irradiation. The verification of such treatments can 
be performed by using images of the delivered beam captured by an 
EPID situated opposite to the radiation source, behind the cryostat of 
the MRI scanner. This project focuses on the adaptation of an already 
existing algorithm used with conventional linacs to the new physics 
and design characteristics of the Unity MR-linac. The main challenge 
for this adaptation is the presence of the MRI scanner between the 
patient and the EPID, acting as a secondary source of scatter and as an 
attenuation medium for the beam. 
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Chapter 2 describes the first step of the project, aimed to create a 
model to account for the extra scatter and attenuation measured by the 
panel when the photon beam irradiated by the linac traversed a mock-
up of the MRI scanner consisting of a structure of 11 cm of aluminum. 
The parameters of the adapted algorithm were estimated by fitting 
EPID data to ionization chamber (IC) dose measurements for different 
set-ups both with and without the aluminum structure. Validation 
of the modified model was performed in 2D using 58 IMRT fields 
delivered to a slab phantom, with and without the aluminum mock-
up. EPID reconstructed dose distributions were compared to planned 
dose distributions using the γ-evaluation method. The γmean obtained 
with the adapted projection algorithm was similar to that obtained 
with the conventional method. Dose profiles of several square fields 
reconstructed with our adapted algorithm showed excellent agreement 
when compared to TPS. 

In Chapter 3 a characterization study of the EPID in the Unity MR-
Linac was performed to validate the feasibility of using the panel as a 
dosimeter . A series of EPID images and IC measurements were used 
to study the effects of the magnetic field, the scatter generated in the 
MR housing reaching the EPID, and the inhomogeneous attenuation 
from the MR housing. Dose linearity and dose rate dependence were 
also determined. All these results were compared to the performance 
of similar EPID panels on conventional linacs to assess the differences 
(if any) of the dose-response characteristics of the panel. The results 
indicated that the magnetic field at the EPID level, dose rate dependence, 
and dose linearity show similar results compared to conventional 
linacs. However, it was found that gantry angle-dependent behavior 
of beam attenuation and scatter would pose serious challenges for the 
implementation of 3D in vivo dosimetry.

The first proof of concept of the complete modified algorithm was 
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demonstrated in Chapter 4. Making use of the results of Chapter 2 
and 3, proper adaptations in the physics modelling to accommodate for 
the aforementioned challenges of the Unity MR-linac, were made. To 
validate the method, 25 IMRT beams were irradiated at 3 cardinal gantry 
angles (0º, 90º, 180º) and the EPID images acquired during delivery 
were back-projected to the isocenter plane. The 2D reconstructed 
dose distributions were compared to dose measurements using the 
2D OCTAVIUS 1500 IC array (PTW, Freiburg, Germany). A method to 
account for the gantry-angle dependence due to the geometry of couch, 
bridge and cryostat was introduced. 

In Chapter 5 all the necessary ingredients for 3D in-vivo EPID 
dosimetry were combined and a functioning environment for 
radiotherapy treatment verification in the Unity MR-linac was 
presented. Furthermore, a direct comparison of the reconstructed 
dose distributions to the treatment planning system was performed. 
The method was first validated using data from clinical treatments 
of 5 patients (2 rectal cancer, 2 prostate cancer and one patient with 
an oligo metastasis). ‘In-air’ EPID images were acquired and used to 
reconstruct the 3D dose distributions which were compared against 
planned and measured (with the Octavius 4D system) dose distributions. 
Pre-treatment verification against TPS data showed ymean = 0.41 ± 0.04 
and ypassrate = 98.4 ± 0.1. The comparison against the OCTAVIUS 4D 
system showed ymean = 0.37 ± 0.09 and ypassrate = 97.4, 90% CI [95.2, 99.7]. 
In short, it was demonstrated that 3D dosimetric verification of Unity 
MR-linac treatments using portal dosimetry is feasible, pre-treatment 
as well as in-vivo.

The project so far has focused on dose reconstruction in the central part 
of the beam, with homogeneous attenuation, However, a remaining 
problem was to accurately reconstruct the dose in the lateral areas 
of strong and inhomogeneous attenuation. To solve that problem, a 
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study was performed in Chapter 6 on the implementation of a deep 
convolutional neural network that corrects for the artifacts in the 2D 
dose images. A dedicated U-Net of EPID reconstructed images at the 
isocenter was trained using the corresponding TPS 2D dose images 
as ground truth. The clinical validity of the U-Net corrected dose 
images (the so-called DEEPID dose images) was assessed with in vivo 
verification data of 45 large rectum IMRT fields. Results showed that 
the use of DEEPID allows for accurate dose reconstruction using the 
entire EPID frame, thus enabling dosimetric verification for field sizes 
up to ~19 × 22 cm2 at isocenter.

9.2. Samenvatting:

Radiotherapie behandelingen hebben adequate kwaliteitscontrole 
nodig om de correcte afgifte van de voorgeschreven bestralingsdosis 
aan het doelgebied te kunnen garanderen. Een van de meest uitgebreide 
veiligheidssystemen voor behandelingen met conventionele 
radiotherapie systemen is in vivo EPID (Electronic Portal Imaging 
Device) dosimetrie. Hierbij wordt de dosis die opgenomen wordt 
tijdens de behandeling door een EPID  gebruikt om de afgegeven 
dosis aan de patiënt te reconstrueren. Nadat deze terug-projectie in de 
patiënt geometrie voltooid is, kan het resultaat in 2D of 3D vergeleken 
worden met de dosisverdeling van het treatment planning systeem 
(TPS). De gamma analyse methode wordt hierbij gebruikt om eventuele 
verschillen te kwantificeren. Deze methode kwantificeert verschillen 
in zowel dosis als afstand tussen 2D of 3D dosisverdelingen. Dit 
ondersteunt klinisch fysici bij de afweging of waargenomen verschillen 
acceptabel zijn en indien dat niet het geval is, actie te ondernemen.

Dit proefschrift heeft als doel om een methode te ontwikkelen en 
valideren voor radiotherapie behandelingen op een nieuw systeem: de 
Unity MRI-versneller. Dit apparaat, dat een stralingsbron (versneller) 
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combineert met beeldvorming (MRI), heeft als doel om tumoren 
nauwkeuriger te bestralen door nieuwe technieken die beschikbaar 
zijn dankzij de MRI beeldvorming voor en tijdens de bestraling. Voor 
de verificatie van zulke behandelingen kan gebruik gemaakt worden 
van beelden van de bestraling die gemaakt worden door de EPID die 
tegenover de stralingsbron gepositioneerd is, achter de cryostaat van 
de MRI scanner. De focus van dit project is de aanpassing van een 
algoritme dat ontwikkeld is voor conventionele versnellers, aan het 
ontwerp en de fysieke eigenschappen van de Unity MRI-versneller. De 
grootste uitdaging hierin vormt de aanwezigheid van de MRI scanner 
tussen de patiënt en de EPID. Deze verzwakt de stralingsbundel 
namelijk aanzienlijk en is tevens een extra bron van strooistraling.

Hoofdstuk 2 beschrijft de eerste stap van het project, wat als doel heeft 
om de extra strooistraling te modelleren die de EPID bereikt wanneer 
een fotonen bundel door een model van de MRI scanner (bestaande uit 
een 11 cm dikke aluminium constructie) gaat. De parameters van het 
aangepaste algoritme zijn geschat door EPID metingen te fitten aan 
ionisatiekamer (IC) dosismetingen voor verschillende configuraties, 
met en zonder de aluminium constructie. Het model is gevalideerd in 
2D waarbij gebruik gemaakt is van 58 IMRT bundels afgestraald op 
een platenfantoom, zowel met als zonder de aluminium constructie. De 
EPID gereconstrueerde en geplande dosisverdelingen zijn vergeleken 
met de gamma evaluatie methode. De gemiddelde gamma waarden 
verkregen met het aangepaste algoritme waren vergelijkbaar met die 
van het conventionele algoritme. Dosis profielen van verschillende 
vierkante velden, gereconstrueerd met het aangepaste algoritme, lieten 
uitstekende overeenkomst zien met het planning systeem.

In hoofdstuk 3 wordt een karakterisatie studie gepresenteerd van de 
EPID in de MRI-versneller om de geschiktheid van de detector voor 
dosimetrie te beoordelen. Een serie EPID beelden en IC metingen zijn 
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gebruikt om de invloed van het magneetveld, de strooistraling van de 
MRI die de EPID bereikt en de inhomogene verzwakking door de MRI 
te bestuderen. De dosis lineariteit en de dosis tempo afhankelijkheid 
zijn ook bepaald. Al deze resultaten zijn vergeleken met het gedrag van 
dezelfde EPID detector voor conventionele versnellers om eventuele 
verschillen vast te stellen. De resultaten lieten zien dat zowel de 
invloed van het magneetveld, de afhankelijkheid van het dosis tempo, 
als de dosis lineariteit in de MRI-versneller vergelijkbaar zijn met 
conventionele  versnellers. Er werd echter ook vastgesteld dat het 
gantryhoek afhankelijke gedrag van de verzwakking van de bundel en 
de hoeveelheid strooistraling een serieuze uitdaging zou betekenen 
voor de implementatie van 3D in vivo dosimetrie.

De werking van het complete aangepaste algoritme wordt gedemonstreerd 
in hoofdstuk 4. Door gebruik te maken van de resultaten van hoofdstuk 
2 en 3 kon de modellering van de fysica zodanig aangepast worden 
dat de voorgenoemde uitdagingen voor de MRI-versneller opgelost 
konden worden. Om de methode te valideren zijn 25 IMRT bundels 
afgestraald bij drie hoofdrichtingen (0°, 90° en 180° gantryhoek). De 
hierbij opgenomen EPID beelden zijn teruggeprojecteerd naar het vlak 
door het isocentrum. Deze 2D gereconstrueerde dosisverdelingen zijn 
vergeleken met dosis metingen van de 2D OCTAVIUS 1500 IC matrix 
(PTW, Freiburg, Duitsland). Verder is een methode geïntroduceerd om 
de gantryhoek afhankelijkheid veroorzaakt door de geometrie van de 
tafel, de brug en de cryostaat te verdisconteren.

In hoofdstuk 5 zijn alle ingrediënten voor 3D in vivo EPID dosimetrie 
gecombineerd en wordt een functionerende omgeving voor verificatie 
van behandelingen met de MRI-versneller gepresenteerd. Daarnaast is 
een directe vergelijking van de gereconstrueerde dosis verdelingen met 
het planning systeem uitgevoerd. De methode is eerst gevalideerd met 
data van de klinische behandeling van 5 patiënten (2 prostaatkanker, 
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2 endeldarmkanker en 1 patiënt met een oligo uitzaaiing). ‘In lucht’ 
EPID beelden zijn gebruikt om 3D dosisverdelingen te reconstrueren 
die vergeleken zijn met het planning systeem en met gemeten 
dosisverdelingen (door het Octavius 4D systeem). De vergelijking met 
het planning systeem liet een gemiddelde gamma waarde van 0.41 ± 0.04 
zien en gamma passrate van 98.4 ± 0.1%. De vergelijking met het Octavius 
4D systeem liet een gemiddelde gamma waarde van 0.37 ± 0.09 zien 
en gamma passrate van 97.4% met een 90% betrouwbaarheidsinterval  
van [95.2, 99.7]. Kortom, dit hoofdstuk laat zien dat verificatie van 
behandelingen op de Unity MRI-versneller met 3D EPID dosimetrie 
mogelijk is, zowel zonder patiënt aanwezig als in vivo.

Tot hiertoe heeft het project zich toegespitst op dosis reconstructie in 
het centrale deel van de bundel, waarin de verzwakking homogeen is. 
Een niet opgelost probleem bleef echter om accurate dosis reconstructie 
uit te voeren in de laterale gebieden met sterke en inhomogene 
verzwakking. Om dat probleem op te lossen is in hoofdstuk 6 een 
studie uitgevoerd naar het gebruik van een diep neuraal netwerk dat de 
artefacten in 2D dosis beelden kan corrigeren. Een speciaal U-Net van 
gereconstrueerde EPID beelden is getraind en 2D dosisverdelingen 
uit het planning systeem zijn daarbij als referentie waarden gebruikt. 
De klinische validiteit van de U-Net gereconstrueerde dosis beelden 
(de zogenaamde DEEPID beelden) is beoordeeld met in vivo verificatie 
data van 45 grote velden van endeldarmkanker IMRT bestralingen. 
De resultaten lieten zien dat door het gebruik van DEEPID accurate 
dosis reconstructie mogelijk is voor het gehele EPID beeld; hiermee 
is dosimetrische verificatie van velden tot wel 19 x 22 cm2 in het 
isocentrum mogelijk.
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9.3. Resum:

Els tractaments de radioteràpia necessiten un control adequat 
per assegurar un correcte lliurament de la dosi prescrita a la regió 
tumoral. Una de les xarxes de seguretat més esteses per a tractaments 
en màquines de radioteràpia convencionals és la dosimetria in-vivo 
mitjançant EPIDs, que utilitza la dosi adquirida per un Dispositiu 
Electrònic d’Imatges de Portal (EPID) durant el tractament per 
reconstruir amb precisió la dosi a dipositada al pacient. Una vegada 
que les imatges EPID es projecten a la geometria del pacient, es pot 
fer una comparació en 2D o 3D amb la distribució de dosis del sistema 
de planificació del tractament. Per quantificar les diferències que es 
troben entre la dosi prescrita i la dosi rebuda pel pacient es realitza un 
anàlisis gamma, un mètode per identificar no només les diferències en 
intensitat (dosi), sinó també les distàncies en espai entre dos mapes 2D 
o 3D. Això serveix als mèdics físics per determinar si la dosi lliurada 
està dins dels paràmetres d’acceptació o no, i en aquest cas, emprendre 
accions.

Aquest treball pretén desenvolupar un mètode per validar els 
tractaments de radioteràpia realitzats en un sistema nou: l’Unity MR-
Linac. Aquesta màquina, que combina una font de radiació (linac) i un 
dispositiu d’imatge per ressonància magnètica (MRI), permet irradiar 
els tumors amb més precisió mitjançant tècniques només disponibles 
gràcies al guiatge que proporcionen les imatges de l’MRI durant la 
irradiació. La verificació dels tractaments realitzats amb aquesta 
màquina es pot fer utilitzant imatges del raig irradiat un cop capturat 
per un EPID situat a l’altre costat de la font de radiació, just darrere 
del criòstat de l’escàner MRI. Aquest projecte es centra en l’adaptació 
d’un algorisme que ja existeix i que s’utilitza en linacs convencionals, a 
les noves característiques físiques i de disseny de l’Unity MR-Linac. El 
principal repte d’aquesta adaptació és la presència de l’escàner de l’MRI 
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(o criòstat) entre el pacient i l’EPID, que actua com a font secundària de 
dispersió i com a medi d’atenuació del raig.

El Capítol 2 descriu el primer pas del projecte, destinat a crear un model 
matemàtic per tenir en compte la dispersió i atenuació addicionals 
mesurades pel panell EPID quan el feix de fotons irradiat des del linac 
atravessa un prototip de l’escàner MRI fet amb una estructura d’11 cm 
d’alumini. Els paràmetres de l’algoritme s’estimen mitjançant un procés 
minimització entre la intensitat de les imatges de l’EPID i les mesures 
de dosis capturades amb cambres de ionització (IC) per a diferents 
tamanys d’irradiació, tant amb com sense l’estructura d’alumini. 
La validació d’aquest model modificat es va realitzar en imatges 2D 
mitjançant 58 camps IMRT (tractaments de radioteràpia d’intensitat 
modulada) irradiats i capturats amb l’EPID, primer amb i després sense 
la maqueta d’alumini. Les distribucions de dosis reconstruïdes amb 
l’EPID es van comparar amb les distribucions de dosis planificades 
mitjançant el mètode d’avaluació γ. Els valors de γ obtinguts amb 
l’algoritme adaptat van donar resultats similars als obtingut amb el 
mètode convencional. Els perfils de dosis de diversos camps quadrats 
reconstruïts amb el nostre algoritme adaptat van mostrar un excel·lent 
acord en comparació amb TPS.

Al Capítol 3 es va realitzar un estudi de caracterització de l’EPID en 
l’entorn de l’Unity MR-Linac, per tal de validar la viabilitat a l’hora 
d’utilitzar el panell EPID com a dosímetre. Una sèrie d’imatges EPID 
i mesuraments de dosi amb IC es van utilitzar per estudiar els efectes 
del camp magnètic, la dispersió generada en l’estructura de l’MRI fins 
arribar a l’EPID i l’atenuació inhomogènia de l’estructura de l’MRI. 
També es va determinar la linealitat de la dosi i la cadència de la dosi 
(en MU/min). Tots aquests resultats es van comparar amb el rendiment 
de panells EPID similars en linacs convencionals per avaluar les 
diferències (en el cas d’haver-n’hi) en la resposta a les característiques 
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de la dosi en aquest entorn. Els resultats van indicar que el camp 
magnètic al nivell de l’EPID, la dependència de la velocitat de dosi i la 
linealitat de la dosi mostren resultats similars en comparació amb els 
linacs convencionals. Tanmateix, es va trobar que tan l’atenuació com 
la dispersió del raig tenen un comportament depenent de l’angle i per 
tant el seu modelat suposaria seriosos reptes per a la implementació de 
dosimetria 3D in-vivo.

La primera prova del concepte de l’algoritme modificat complet es va 
demostrar al Capítol 4. Utilitzant els resultats dels capítols 2 i 3, es van 
fer les modificacions adequades en el software per tenir en compte els 
canvis en el model físic i així adaptar-se als reptes ja esmentats que 
presentava l’Unity MR-linac. Per validar el mètode, es van irradiar 25 
camps IMRT en 3 angles cardinals (0º, 90º, 180º) i les imatges EPID 
adquirides durant la irradiació van ser projectades al pla de l’isocentre 
per cada angle. Les distribucions de dosis reconstruïdes en 2D es 
van comparar amb les mesures de dosis obtingudes amb l’eina 2D 
OCTAVIUS 1500 IC (PTW, Friburg, Alemanya). També es va introduir 
un mètode per tenir en compte la dependència de l’angle d’irradiació 
degut a la geometria de l’estructura de l’MRI, del pont i de la taula de 
de la màquina.

Al Capítol 5 es van combinar tots els ingredients necessaris per a la 
dosimetria EPID in-vivo 3D i es va presentar un entorn de funcionament 
per a la verificació de tractaments de radioteràpia a l’Unity MR-linac. A 
més, es va realitzar una comparació directa entre de les distribucions de 
dosis reconstruïdes amb EPID i el sistema de planificació del tractament 
(TPS). El mètode es va validar per primera vegada mitjançant dades de 
tractaments clínics de 5 pacients (2 recte, 2 de càncer de pròstata i una 
metàstasi a l’oligo). Les imatges EPID “a l’aire” es van obtenir sense 
pacients i es van utilitzar per reconstruir les distribucions de dosis 3D, 
que es van comparar amb les distribucions de dosis tant planificades 
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com mesurades (amb el sistema Octavius ​​4D). La verificació prèvia al 
tractament amb dades de TPS va mostrar els següents resultats de y:  
ymean = 0,41 ± 0,04 i ypassrate = 98,4 ± 0,1. La comparació amb el sistema 
OCTAVIUS 4D va mostrar ymean = 0,37 ± 0,09 i ypassrate = 97,4, 90% CI 
[95,2, 99,7]. En resum, es va demostrar que la verificació dosimètrica en 
3D dels tractaments a l’Unity MR-linac mitjançant EPIDs és factible, 
tant per verificació prèvia al tractament, així com in-vivo.

Tot el projecte fins ara s’ha centrat en la reconstrucció de la dosi a la 
part central del raig irradiat, on hi ha una atenuació homogènia per 
part del criòstat. Tot i això, un problema restant era reconstruir amb 
precisió la dosi a les zones laterals on es dona una atenuació forta i 
inhomogènia. Per solucionar aquest problema, es va realitzar un 
estudi complementari al Capítol 6 sobre la implementació d’una xarxa 
neuronal (CNN) que corregeix els artefactes en les imatges de dosi 2D. 
Es va entrenar una U-Net dedicada amb imatges 2D reconstruïdes 
amb EPID a l’isocentre i les seves imatges 2D del TPS  corresponents 
com a veritat fonamental. Es va avaluar la validesa clínica de les 
imatges de dosi corregides per la U-Net (les anomenades imatges de 
dosi DEEPID) amb dades de verificació in-vivo de 45 camps IMRT de 
recte. Els resultats van demostrar que l’ús de DEEPID permet una 
reconstrucció precisa de la dosi en tot el marc d’adquisició de l’EPID, 
permetent així la verificació dosimètrica de mides de camp fins a ~ 19 
× 22 cm2 a isocentre.
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