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General introduction

1.1 Introduction

Cancer is globally one of the leading causes of morbidity and mortality with an estimation of
14 million new cases each year and over 8 million related deaths in 2012[1]. TheWorld Health
Organization (WHO) estimates that in twenty years from now the number of new cases in-
creases by 70% to more than 22 million new cases[1]. Currently, in the Netherlands > 650, 000
people are alive with the diagnosis of cancer, while each year > 100, 000 new patients are di-
agnosed with cancer[2]. Cancer has taken over as the main cause of death in the Netherlands
with 42, 000 deaths (30% of all deaths) from cardiovascular disease with 38, 000 deaths (27%
of all deaths), in 2013[3].
In general 62% of the patients survive cancer but these are primarily patients without a

metastasis when the tumor is discovered. Huge differences are observed between the different
types of cancer, compared to ∼ 80% of breast-cancer patients being cured, only ∼ 20% of the
lung cancer patients survive 5 years after diagnosis[2]. Lung cancer on its own is in the top-5
of the WHO causes of death; it is responsible for 2.9% (1.6 mln) of all deaths reported world-
wide in 2012[4]. In the Netherlands alone > 11, 000 patients are diagnosed annually with lung
cancer representing ∼ 12% of all patients.
The two most important reasons that cancer is the main cause of death in the Netherlands

are: 1) from a diseasemanagement point of view, for cardiac disease large steps have beenmade
to reduce the morbidity resulting in a reduction of ∼25% since 1991 to 2013[5]. Conversely, for
cancer the overall 5-year survival has increased by only 11% since 1994[6]; 2) the incidence and
detection of cancer has increased.[6]

1.2 Treatment options

Surgery, systemic therapy and radiation therapy are the three main modalities for radically
treating cancer. In general surgery is applied when a tumor is accessible or when organ preser-
vation is not so important. Systemic agents are drugs that kill cells, which are dividing rapidly.
Systemic agents therefore aremostly used in conjunction with either surgery or radiation ther-
apy. Radiation therapy (also called radiotherapy) is the use of ionizing radiation of electrons,
photons, protons, light or heavy ions, i.e carbon or oxygen ions for the treatment.

1.3 Radiotherapy

Radiotherapy is one of the more frequently used treatment modalities and is considered in∼50% of all cases. One of the reasons ionizing radiation works is because it damages the de-
oxyribonucleic acid (DNA) in cells. DNA consists of complementary double strands. Ionizing
radiation affects the DNA in such a way that the strands are broken apart. There are DNA
breaks which can be repaired easily, the single strand breaks. With ionizing radiation, the bio-
logical more important double strand breaks are aimed for. The double strand breaks are more
difficult to repair. Those double strand breaks are responsible for early cell death.
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The aim radiotherapy is to deliver a prescribed ”high” dose to the tumor while minimizing
the dose to the organs-at-risks (OARs) as much as possible. The downside of radiotherapy is
that besides damaging the tumor also normal tissues are damaged by the ionizing radiation.
Therefore a treatment is often delivered in several smaller fractions to reduce the side-effects
of the treatment and to allow theOARs to recover between fractions. Thismeans that an entire
curative treatment regimen often takes ∼6-7 weeks to deliver the entire prescribed dose.
Exposure to ionizing radiation can either be applied internally (brachytherapy, originating

from the Greek word brachys, meaning ”short-distance”) or applied externally (teletherapy or
external beam radiotherapy (EBRT)). EBRT is themost common formof radiotherapy applied.
Currently EBRT is delivered using linear accelerators (linacs) to produce high-energy Mega
Voltage (MV) electron or photon beams which are pointed at the target. Figure 1.1 shows a
picture of a linac.

Figure 1.1: A picture of a linac with a phantom representing a patient
in the beam, the MV image panel capturing the treatment beam EPID
(1; blue) and the kV image system (2; green).

To direct the dose to the proper target(s), radiotherapy follows a specific workflow (Fig.
1.2), fromdiagnosis to acquisition of anatomical information to radiotherapy plan/ beam setup
design and finally to the fractional delivery and verification of the treatment. The treatment
plan itself is normally designed using anatomical information. The anatomical information is
acquired with a computed tomography (CT) scanner, typically one week prior to the start of
the actual treatment. The time between the acquisition of the CT and the first treatment should
be as short as possible because when the time in between is long the tumor could have grown
significantly at the treatment start. On this initial CT— also called planning CT— the target
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volumes are indicated: 1) Gross Tumor Volume (GTV), which is the actual on the scan visible
tumor; 2) Clinical Target Volume (CTV), which is the GTV plus a certain margin to include
microscopic disease, and 3) Planning Target Volume (PTV), which is the CTV expanded in
such a way to take into account delivery uncertainties i.e. patient-setup, organ motion, etc.[7]
The treatment plan itself is designed in such a way so that the prescribed dose will be delivered
to the target volume(s) whileminimizing dose to normal tissues andOARs. For each treatment
site the constraints andOARs are defined i.e. in patient with lung cancer, the spinal cord, heart
and plexus brachialis etc. are delineated. A treatment plan and its associated linac machine
settings for each beam are fine-tuned for each patient according to ICRU guidelines[7].

Figure 1.2: The radiotherapy workflow with the feedback loop which is also called adaptive
radiotherapy.

Treatment plan design has evolved tremendously in recent years due to the increased ad-
vanced 3D/4D imaging (i.e. CT, PET etc.), the capabilities of the linacs and increased compu-
tational power of computers. First, three-dimensional conformal radiotherapy (3D-CRT) is a
technique where beams are shaped to follow the outline of the PTV.With the anatomical infor-
mation of the CT, the plan is generated manually and a 3D dose distribution is calculated. The
plan is created by selecting the beam-angles and by defining the field shapes manually so that
the dose in the tumor is optimized while avoiding OARs as much as possible. This treatment
normally consists of a low number of beams to reduce the complexity of the treatment.
Radiotherapy has further advanced into intensity modulated radiotherapy (IMRT). IMRT

is a treatment technique which utilizes a device in the linac, called a multi-leaf collimator
(MLC)more smartly[8]. Although theMLC is used for both 3D-CRT and IMRT, it is especially
the planning which differs for IMRT. Where for 3D-CRT the forward planning is predomi-
nantly manual, for IMRT, inverse planning is used based on constraints for each target volume
and OAR and the treatment plan is inversely created based on the user-constraints. For IMRT
treatments, the treatment planning system (TPS) choses its own beam-angles, apertures etc. to
create a treatment plan which conforms to the users constraints. By utilizing inverse planning
and the MLC, the beams are dynamically shaped to deliver segmented or intensity modulated
fields. Figure 1.3 schematically shows the difference between 3D-CRT and IMRT. Due to this
increased complexity of more dynamically shaped beams, dose can be delivered more confor-
mally to the tumor (Fig 1.3.). Since its introduction, IMRT has further evolved from dynamic
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beam delivery with static beam angles into a treatment technique where also the beam-angle
is continuously varied. This is also called volumetric modulated arc therapy (VMAT). VMAT
is delivered highly dynamic by continuously varying gantry angle, field shape, and dose rate.
VMAT was made possible by advances in computational power and the design of advanced
linac control systems. These advances have led to highly conformal doses and complex dose
delivery[9].

Figure 1.3: With 3D-CRT (left) the target volume (blue) is irradiated
from several manually chosen beam angles (black) with manually de-
fined beam-apertures (yellow). OARs (green) are avoided as much as
possible. The bottom left panel shows the non-modulated fluence de-
livered by beam 1. For IMRT (right) the beam-angles (black) are cho-
sen automatically and beamapertures are dynamically defined (yellow)
to conform to the user-defined constraints for both the target (blue) as
the OARs (green). The bottom right panel shows the modulated flu-
ence delivered by the IMRT beam 1.

The treatment delivery itself but specifically the verification also evolved with the intro-
duction of the more advanced delivery technologies like IMRT and VMAT. The highly con-
formal treatment plans demand precise delivery to prevent geographical misses or severe side
effects due to differences in dose delivered to OARs (i.e. hotspots in the spinal cord). Linacs
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therefore havemore advanced imaging on board to verify patient positioningmore accurately.
Modern linacs are equipped with two types of imaging detectors (Fig 1.1.). Currently linacs are
equipped with an imager to image the MV treatment beam itself which is called the electronic
portal imaging device (EPID)[10]. This EPID was initially developed for patient positioning
but ismore andmore substituted by the other image detector on the linac, the kiloVoltage (kV)
imaging panel mounted on linacs which is normally perpendicular to the treatment beam[11]
(Fig 1.1). The biggest advantage of these kV imaging systems is that 3D anatomical information
can be reconstructed into so-called kV cone-beam CT (CBCT) images. Such a CBCT image
is also possible with an EPID and a MV beam but signal-to-noise ratio and low soft-tissue
contrast make those scans less useful during daily clinical practice[12].
With the introduction of the kV imaging systemsmore accurate patient-setupwas achieved

because 3D planning CT’s could be registered and compared to 3D CBCTs. These CT’s are to
be acquired during treatment. Enhanced soft-tissue contrast made it possible to visualize e.g.
the tumor itself in case of lung cancer. However, due to the difference between the modalities
(CT vs CBCT) a direct comparison is not always possible. The CBCT however allows a more
qualitative image analysis, which visualizes anatomical changes during treatment.
The MV imaging panels, EPIDs, have been developed in the recent years into planar dose

detectors, which can be used to reconstruct 3D delivered dose or more recently, time-resolved
or 4D dose distributions[13, 14]. With the introduction of EPIDs for dosimetry a new quan-
titative method emerged for both pre-treatment and in-treatment treatment verification also
called portal dosimetry[15–19].

1.4 In-treatment dose verification

For in-treatment dose verification for EBRT severalmethods exist. Thermoluminescent dosime-
ters (TLDs) are a well-established technique for dosemeasurements and were also widely used
for in-treatment dosimetry in EBRT. TLDs are passive detectors and can only be analysed af-
ter the treatment. Similar techniques/detectors to TLDs which can be analysed after treat-
ment are: 1) radiographic and radiochromic film; 2) optically stimulated luminescent dosime-
ters (OSLDs); 3) radiophotoluminescent dosimeters (RPLDs), and 4) implantable metal-oxide
semi-conductor field effect transistors (MOSFET) detectors[20]. Especially the implanted
MOSFET detector is maybe the only ”real” in-vivo and in-treatment dose measurement be-
cause the dosimeter is inside the patient at time of treatment but it can only be read-out after
the treatment. Some in-treatment dosimeters exist which can be read-out during the actual
delivery itself: 1) MOSFET detectors [except for the implanted detectors]; 2) plastic scintilla-
tion detectors (PSDs), and 3) EPIDs[20]. While most of these in-treatment methods are only
point-dose measurements, only the EPID and film are planar dose measurements. Although
for IMRT and VMAT several of the above mentioned detectors have been used, the EPID has
the advantage that a dose can be evaluated in a plane, reconstructed in 3D and time-resolved
and is a faster and less labour intensive way of in-treatment dose verification.
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1.5 Portal dosimetry and adaptive radiotherapy

Portal dosimetry uses the EPID/MV image panel as a dosimeter. With the portal dosimetry
two types of dose verification can be applied, namely pre-treatment and in-treatment dosime-
try [18]. The in-treatment dose verification is one of the biggest advantages of EPID dosimetry
because treatments can be verified during the actual delivery. Specialized equipment such as
ionization chambers, measurement arrays or other devices can only verify treatments prior
to treatment (pre-treatment) and only validate machine operation and plan validity. Portal
dosimetry also allows dose verification in: 1) a point; 2) a plane; 3) 3D, and 4) 4D or time re-
solved. Portal dosimetry can be applied on all linacs with anMV image panel because no other
specific hardware is necessary.
To apply both pre-treatment and in-treatment portal dosimetry several components are

necessary. Firstly, it is needed to acquire the planned dose and data from the TPS, which
can be compared to the measured dose and data. From the reference TPS data, point dose,
planar dose or the 3D or 4D/time resolved reference doses are calculated with a prediction
model. Secondly, when the treatment has been delivered the greyscale MV images need to
be converted to planar doses[13, 17]. This planar dose can then be used to reconstruct 3D or
4D/time resolved dose distributions. Thirdly, it is necessary to compare themeasured doses to
the reference or planned doses with a dose comparison algorithm. Themost used quantitative
dose comparison algorithm is the gamma (γ) evaluation[21]. Figure 1.4 shows a schematic
overview of the components and their interaction for the different types of portal dosimetry.

Figure 1.4: The components necessary for the different types of portal dosimetry. The output
of the image acquisition serves as an input for the portal dose conversion, which converts the
portal images to portal doses. The portal doses can serve as inputs to a 3D dose reconstruction
algorithm, to either produce a 3D dose or a 3D time resolved dose. The designed plan serves
as an input for the different predictions for planned doses except for the planned 3D dose
distribution, which is the output from the treatment planning system used to design the plan.
Both planned and delivered dose are then compared against each other.
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Nowadays it is possible to monitor treatments both qualitatively with kV imaging systems
and quantitatively with portal dosimetry, allowing patient anatomy changes during the actual
delivery to be caught. In the recent years it has been suggested that these patient anatomy
changes should be taken into account and that the treatment should be individualized. This
is also referred to as adaptive radiotherapy (ART)[22]. Adaptive radiotherapy is a feedback
loop introduced in the workflow that incorporates the information gained during the course
of treatment itself and adapts the treatment. Predominantly ART is performed with the visual
inspection of kVCBCTdata, also called image-guided radiotherapy (IGRT). However, quanti-
tative dose differences are difficult to obtain from the qualitative IGRTmethods. Furthermore
it is known that small changes in the dose to the tumor (∼ 5-7%) can already result in clinically
significant changes in treatment outcome[23, 24]. The next step would be that the quantitative
data, generated by portal dosimetry is used in ART strategies. This is also called dose-guided
radiotherapy (DGRT). DGRT can maintain the intended dose delivery in a quantitative way.

1.6 Incidents in radiotherapy and portal dosimetry

In the history of radiotherapy some radiation incidents have happened and have affected pa-
tient treatment and outcome significantly[25]. The Panama, Exeter (UK), Costa Rica, Epinal
(Fr), Glasgow (UK) incidents show that quantitative treatment verification is essential to en-
sure treatment quality[26–30]. Some of these reported incidents have led to new legislation
especially the Epinal and Glasgow incidents. In both France and the United Kingdom it is
mandatory to apply in-treatment dosimetry. Portal dosimetry has been demonstrated as a
valuable means for dose verification for both pre- and in-treatment dose verification and is a
fast and accurate verification method[18, 31].

1.7 Hypothesis of this thesis

Themain hypothesis of this thesis is that portal dosimetry information acquired in-treatment
is useful for informed decision making for adaptive radiotherapy. For this purpose several
types of in-treatment portal dosimetry are investigated. Novel analysis methods were devel-
oped, proof of principles of those novel methods will be shown, and a large scale in silico
patient study has been executed to show applicability of dose-guidance during daily clinical
practice and to show that quantitative adaptive radiotherapy strategies are possible.

1.8 Outline of this thesis

This thesis is divided in two parts; the first part is the development of novel quantitative dose
evaluation tools. Novel and easy to integrate in an automatedworkflow γ evaluation algorithms
are presented in the first part. The secondpart describes the development of novel in-treatment
dose verification methods and clinical evaluation of current portal dosimetry methods used
during daily clinical practice applying dose-guidance. This part focuses on the development
and application of portal dosimetry methods for daily clinical use.
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In this first chapter, a general introduction, history and background and importance of
dose verification and dose-guidance is presented. The next chapter, chapter 2, describes a
method to enhance calculation of the gamma (γ) evaluation used in many studies to quanti-
tatively evaluate differences in dose. The γ evaluation is a very slow calculation and a modern
and cheap massively parallel computational graphics processing unit (GPU) has been utilized
to improve calculation time to a sub-second level. This fast 2D/3D γ evaluation has been ex-
tended to include time-resolved dose information in the next chapter, chapter 3. A γ evalua-
tion uses a dose difference and distance-to-agreement criterion to evaluate differences between
dose distributions;The developed version in this work extends the gamma function to include
a time-to-agreement. The time-to-agreement is necessary to evaluate the difference between
predicted and measured dynamic time-resolved dose distributions generated by e.g. VMAT.
The next three chapters show the added value of portal dosimetry and novel dose evalua-

tionmethods for adaptive radiotherapy. In chapter 4, a newly developedmethod for integrated
transit portal dosimetry is introduced to distinguish random from systematic dose differences
appearing during treatment. The developed method is an intra-fractional trend analysis of
planar portal dose information, to be used to support informed decision-making for adaptive
radiotherapy. In chapter 5, a large-scale integrated transit EPID dosimetry study for lung can-
cer patients treated with VMAT has been performed. In this work γ metrics from integrated
transit planar EPID dosimetry are correlated with dose-volume-histogram (DVH)metrics for
the 3D patient dose. The aim was to investigate whether there was a relationship between
relevant changes in the DVH and the ability of integrated transit planar EPID dosimetry to
predict these DVH changes. In chapter 6, 3D portal dosimetry is demonstrated for lung can-
cer patients with atelectasis (collapsed lung tissue). This study investigated whether 3D portal
dosimetry using kV CBCT could be accurately used to identify clinical relevant dose changes
during treatment. Chapter 7 is a proof of principle of planar time-resolved portal dosime-
try and to show the added value of this novel method compared to other portal dosimetry
methods. This study demonstrates that time-resolved portal dosimetry is able to catch dose
differences at a specific point in time during the treatment when it concerns dynamic treat-
ments such as VMAT.
This thesis concludes with chapter 8, which presents a general discussion of the various

developed γ evaluation tools. The methods and studies of the added benefits of portal dose
information for adaptive radiotherapy is discussed together with an outlook of how to further
implement dose guidance into daily clinical practice. The chapter also discusses future work
to develop predictive models for outcome and side-effect based on portal dose information.
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Abstract

Purpose: A widely accepted method to quantify differences in dose distributions is
the gamma (γ) evaluation. Currently almost all γ implementations utilize the central pro-
cessing unit (CPU). Recently the graphics processing unit (GPU) has become a powerful
platform for specific computing tasks. In this study, we describe the implementation of a
3D γ evaluation using a GPU to improve calculation time.

Methods: The γ evaluation algorithm was implemented on an NVIDIA Tesla C2050
GPU unit using the Compute Unified Device Architecture (CUDA). Firstly, several cubic
virtual phantoms were simulated. These phantoms were tested with varying dose cube
sizes and set-ups, introducing artificial dose differences. Secondly, to show applicability in
clinical practice, five patient cases have been evaluated using the 3D dose distribution from
a treatment planning system as the reference and the delivered dose determined during
treatment as the comparison. A calculation time comparison between the CPU and GPU
was made with varying thread-block sizes including the option of using texture or global
memory.

Results: AGPU over CPU speed-up of 66± 12 was achieved for the virtual phantoms.
For the patient cases, a speed-up of 57±15 using theGPUwas obtained. A thread block-size
of 16×16 performed best in all cases. The use of texturememory improved total calculation
time especially when interpolation was applied. Differences between the CPU and GPU
γs were negligible.

Conclusion:The GPU and its features, such as texture memory, decreased the calcu-
lation time for γ evaluations considerably without loss of accuracy.



A fast 3D γ evaluation using a GPU

2.1 Introduction

In radiotherapy, dose verification prior to and during treatment has become important due to
complex dose delivery techniques. To compare measured to planned dose distributions the
widely accepted gamma (γ) evaluation method is frequently used[1, 2]. The γ evaluation is a
method to quantify differences in dose distributions. Amajor disadvantage is that the method
is slow. Different γ implementations have been proposed in the literature[3–6] with the fastest
calculation times reported of 0.6 seconds for cube sizes typically used in clinic. Predominantly
the computer’s central processing unit (CPU) is used for the implementation. Recently, the
graphics processing unit (GPU) has developed into a specialized device for specific computing
tasks. The GPU is a powerful, massively parallel programmable architecture[7] which can
be used to decrease calculation time for many applications. In radiotherapy, the GPU has
already been used in a wide range of applications (e.g. ray-tracing, dose calculation and CT
reconstruction techniques)[8–14] reporting speed-up ratios from 6 to 908. In this study, we
implement a 3D γ evaluation on a GPU to reduce calculation time.

2.2 Methods and materials

2.2.1 Algorithm

The γ evaluation[1, 2] combines a dose-difference and distance-to-agreement criterion for the
comparison of dose distributions. A comparison dose (Dc(rc)) is compared with a reference
dose (Dr(rr)). The dose difference is defined by δ(rc , rr) = Dc(rc) − Dr(rr) and the spatial
distance by r(rc , rr) = ∣rc − rr ∣. For all spatial grid point combinations a function Γ(rc , rr) is
calculated by Eq. 2.1.

Γ(rc , rr) =
����( r2(rc , rr)

Δd2
) + δ2(rc , rr)

ΔD2
) (2.1)

ΔD and Δd are the acceptance criteria. ΔD being a percentage of the maximum reference
dose and Δd being the distance to agreement. Then for all points r within a spatial search
volume υ the γ is calculated by Eq. 2.2.

γ(r) =min{Γ(rc , rr)}∀{rc ∈ υ} (2.2)

In our method we apply a spherical volume υ of 1× 1× 1 cm3 centered around rr according
to Wendling et al[4], and their early stopping criterion is applied which calculates Γ(rc , rr)
starting from the smallest r2(rc , rr) to the largest possible r2(rc , rr) and stops when√ r2(rc ,rr)

Δd2)
exceeds the smallest found Γ(rc , rr). For this study, global dose differences with respect to the
maximum Dr with criteria of ΔD = 3% and Δd = 3mm were used.
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2.2.2 Graphical processing unit (GPU) computing

An NVIDIA Tesla C2050 GPU unit (NVIDIA, Santa Clara, California, USA) was used with
double precision compute capability 2.0, 3 GB GDDR5 integrated memory and NVIDIAs
Compute Unified Device Architecture (CUDA) version 3.2 of the SDK CUDA uses a paral-
lel programming model and extends the C programming language by allowing the definition
of kernels that are executed N times in parallel by NCUDA threads on the GPU[7]. To execute
kernels there are two important parameters to define: the thread block size, a vector of three
elements (x,y,z) and the grid size which is a vector of two elements (x,y). The thread block
size cannot exceed a limit of 1024 threads for the TESLA C2050 and is hardware-specific. The
thread block size is the number of simultaneous launched threads. The total number of threads
to be executed is the same as the product of the thread block size and grid block size. In our
implementation, we executed for each voxel a thread keeping the product of the thread and
grid block equal to the number of voxels. Memory access was conducted either using texture
memory with the hardware built-in 3D texture functions to fetch voxels and immediate in-
terpolate or by using global memory and an equivalent on-the-fly interpolation[7]. Texture
memory is special hardware built on-top of the global memory to access data. CUDA sup-
ports a subset of the texturing hardware capabilities normally used for graphics and includes
caching and interpolation (e.g. tri-linear).

2.2.3 Central processing unit (CPU) computing

The CPU simulations were executed on an Intel Xeon X5550 2.66 GHz quad-core CPU with
hyper-threading. CPU and GPU calculations were implemented in C/C++ using Microsoft
Visual Studio 2008 (Microsoft, Redmond, Washington, USA). For benchmarking, single core
performance was investigated while multi-core was also implemented using the parallel pro-
gramming API OpenMP. Furthermore, the on-the-fly interpolation was implemented with an
equivalent algorithm as implemented by NVIDIA[7].

2.2.4 Benchmarking and examples

Several cubic virtual phantomswere simulated[4]. The virtual phantom test is a setupwith two
dose cubes: a centered one and a shifted one with magnitude changes. These phantoms were
tested with varying cube sizes with a voxel size of 0.1 × 0.1 × 0.1 cm3. No interpolation of the
comparison dose cubes (Dc) was applied. The dose of the centered volumewas set to a value of
100 cGywhile outside the central volume it was set to 0 cGy. For benchmarking, three artificial
errors were introduced in Dc . Next, to show applicability in clinical practice, five patient cases
(table 2.1) were evaluated using the 3D dose distribution from a treatment planning system as a
reference Dr and the delivered dose measured during treatment. The measured dose cube Dc
was on-the-fly interpolated to a grid size three times finer than the original. TheDr andDc are,
when necessary, zero padded to a multiple of 32 pixels in a slice. To investigate the sensitivity
of different thread-block sizes and the performance of texture memory, varying thread-block
sizes were tested (i.e. n × n with n = 8, 16, 32) and all calculations were executed using global
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memory and texture memory. The accuracy between the CPU and GPU implementations
were evaluated by comparing several metrics.

Table 2.1: Patient characteristics.

Case
Reference dose

cube size
[voxels]

Zero padded
dose cube size

[voxels]
Treatment site Treatment

plan type # beams

A 166 × 124 × 88 192 × 128 × 88 Head & Neck 3D CRT 4
B 139 × 131 × 88 160 × 160 × 88 Lung SBRT 10
C 148 × 141 × 79 160 × 160 × 79 Lung 3D CRT 4
D 164 × 134 × 88 192 × 160 × 88 Head & Neck IMRT 7
E 141 × 133 × 78 160 × 160 × 78 Head & Neck IMRT 7

2.3 Results

Table 2.2 shows the GPU over CPU speed-up for the virtual phantoms. The speed-up ranged
from 49 to 82 times. Furthermore it can be seen that the thread-block size of 16× 16 is optimal
for all phantoms and shows the highest speed-up of 66 ± 12. Calculation time for the virtual
phantoms using texture memory management decreased on average by 5%. No differences in
accuracy between CPU and GPU results exceeding 2 ⋅ 10−7% were observed. For the patient
cases the speed-up ranged from 28 to 82 times. It was observed that the thread-block size of
16×16 was also optimal with a speed-up of 57±15. Using textures for the interpolation added an
average performance gain of 30% in comparison with the GPU implementation using global
memory and the on-the-fly interpolation. No differences exceeding 9.1 ⋅ 10−4% were observed.
2.4 Discussion

In this work, we showed that the use of GPU architecture can speed-up the calculation of
3D γ evaluations considerably compared to CPU calculations. In our implementation, the
interpolation step is executed on the GPU using texture memory. This is one of the major
advantages of using GPUs to accelerate the calculation of 3D γs. The benefit of using GPUs
for the γ evaluation will increase further when new graphics hardware is introduced because
GPUs evolve much faster than CPUs[7]. There were a few considerations when choosing from
the methods of speed increase available on the GPU architecture. The data volume sizes and
search box sizes used in gamma calculations exclude the option of effectively using the GPU
shared memory to their potential. Coalesced global memory access is desirable and would
offer the next best speed increase but much care must be taken to ensure a simple organized
access pattern of the stored array. While an effective manipulate/copy/execute structure may
be possible, it would be difficult to maintain as both the input volume resolution as well as
the gamma criterion vary from run to run. We decided to use texture fetching as it offers a
good performance on memory reads that do not follow the access patterns required by global
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memory and has a higher bandwidth if there is locality to concurrent access patterns. This is
suited to the style of a gamma search box[7]. Thememory access pattern is less linear andmore
local due to the specific ordered geographical search box. On the FERMI architecture there is
also the option of using the Level 1 (L1) or Level 2 (L2) cache which both use Error Checking
Correction (ECC) in contrast to texture memory which is non-ECC. Using texture memory
has the benefit of hardware accelerated tri-linear interpolation which is processed efficiently
on a GPU reducing the need to develop a fast interpolation or divided simplex function. This
means a comparatively fast implementation of interpolation using texture memory is possible
while keeping decent performance. We observed that using the texture memory is beneficial
for the overall calculation time, on average 5% faster for the virtual phantoms and 30% faster
for the patient cases. For the patient cases the advantage of using texturememory versus global
memory was higher because interpolation was executed on-the-fly. A thread block-size of 16×
16 resulted in an optimal calculation time for all cases. NVIDIA provides several optimization
tools; the visual profiler and the occupancy calculator. Occupancy can be seen as the number of
concurrent threads in use and is a goodmeasure of GPU efficiency. It was found that the block
size of 8×8 has the lowest occupancy of 33%. This is because we use 30 registers per thread. The
other two tested thread block sizes have an occupancy of 66%. The best performance of 16× 16
can be explained because the number of thread blocks per multiprocessor is 6 in comparison
with only 1 thread-block for 32 × 32 thread block size. The 16 × 16 thread block size and the
6 thread blocks per multiprocessor optimizes the number of warps (concurrently launched
threads) processed on a multiprocessor and is in this case better able to fill the latency around
expensive operations resulting in better overall performance. The software and source-code
using a fixed thread block-size of 16 × 16 is freely available for non-commercial research use,
on www.MISTIR.info. On the web-site both a separate C/C++ program as well as a MATLAB
mex-file are downloadable. All compiled packages support only the windows platform.

2.5 Conclusions

In this work, fast γ evaluation was implemented on a GPU architecture. Comparison of large
3D dose matrices can be done in sub-second calculation times, with no loss of accuracy com-
pared to CPU implementations. Further speed-ups may be realized by harnessing clusters of
GPUs.
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Abstract

Purpose:Modern external beam radiotherapy requires detailed verification and qual-
ity assurance so that confidence can be placed on both the delivery of a single treatment
fraction and on the consistency of delivery throughout the treatment course. To verify
dose distributions, a comparison between prediction and measurement must be made.
Comparisons between two dose distributions are commonly performed using a gamma
(γ) evaluation which is a calculation of two quantities on a pixel by pixel basis; the dose
difference (DD), and the distance to agreement (DTA). By providing acceptance criteria
(e.g. 3%, 3mm), the function will find the most appropriate match within its two degrees
of freedom. For complex dynamic treatments such as IMRT or VMAT it is important to
verify the dose delivery in a time dependent manner and so a γ evaluation that includes a
degree of freedom in the time domain via a third parameter, time to agreement (TTA), is
presented here.

Methods: AC++ (mex) based γ function was created that could be run on either CPU
and GPU computing platforms that would allow a degree of freedom in the time domain.
Simple test cases were created in both 2D and 3D comprising of simple geometrical shapes
with well-defined boundaries varying over time. Changes of varying magnitude in either
space or time were introduced and repeated γ analyses were performed varying the cri-
teria. A clinical VMAT case was also included, artificial air bubbles of varying size were
introduced to a patient geometry, alongwith shifts of varyingmagnitude in treatment time.

Results: For all test cases where errors in distance, dose or time were introduced, the
time dependent γ evaluation could accurately highlight the errors.

Conclusion:The time dependent γ function presented here allows time to be included
as a degree of freedom in γ evaluations. The function allows for 2D and 3D data sets which
are varying over time to be compared using appropriate criteria without penalising minor
offsets of subsequent radiation fields in time.



A time dependent γ evaluation function

3.1 Introduction

As the complexity of external beam radiotherapy (RT) increases the delivery of optimal dose
distributions with higher dose rates and extensive beammodulation becomes more common,
e.g. in volumetric modulated arc therapy (VMAT) [1, 2]. The increase in treatment complexity
leads to a concomitant higher demand on validation and quality assurance (QA). Dose dis-
tributions can be predicted/measured in many ways and to compare dose distributions, the
gamma (γ) analysis [3] is a commonly used tool. Existing γ analysis implementations allow
the use of simultaneous criteria of geometric distance to agreement (DTA) and a percentage
dose difference (DD) to calculate the γ index for each pixel/voxel in an image/volume. By
choosing DTA and DD criteria, disagreements between the doses of varying geometric extent
and magnitude can be identified while permitting small discrepancies or shifts. This is very
useful for QA and for treatment verification, as the volume of imaging and dosimetric data
can be overwhelming to inspect visually and simple dose difference comparisons performed
automatically produce too many large but highly localized differences to be practically useful.
The need for an automated difference detection analysis becomes further acute when dy-

namic treatments provide data which change over time. For example for a VMAT treatment,
the gantry angle, rotation speed, field shape, and dose rate are continuously varied during
treatment delivery. Time dependent dose distributions (“dose movies”) in either 2D or 3D
do not lend themselves easily for display or quick interpretation and the quantitative com-
parison of time dependent data is even more problematic. A limitation of current discrete
search γ implementations[4–7] is that while degrees of freedom are permitted in space and in
dose, there is no degree of freedom permitted in time. One method to apply the existing two-
component γ function to dynamic data is to break the dynamic problem into multiple static
ones, i.e. it is straightforward to compare 10 seconds of a dose movie with another 10 second
dose movie by applying the existing γ function on a frame by frame basis and thus reducing
it to e.g. ten 1 second static γ comparisons. The disadvantage of this method is that it does not
allow for small deviations or shifts in time, each frame of the first dose movie is expected to be
perfectly synchronized with the corresponding frame of the second movie. This way, a minor
offset in time could produce ten completely failing γ distributions.
We developed a new γ function to include a degree of freedom in the time domain by

adding an extra criterion, time to agreement (TTA), which can be selected separately to the
geometric DTA, and the dosimetric DD allowing a more flexible γ analysis to be performed
on dynamic data.

3.2 Methods and materials

3.2.1 Algorithm

In brief, the γ analysis [3] aims to find the shortest Euclidean distance between a given point
in dataset A and the hypersurface created by describing dataset B in terms of dose difference
and distance relative to the given point. This distance, the γ metric, can be found using a
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discrete search[6, 8] or by an analytical method[9, 10]. The method presented here focuses on
the discrete search implementation of the γ analysis.
Using the established nomenclature[5], for the conventional two-criteria γ function, a

point is taken in the reference dose (RD), and compared to all points in the evaluated dose
(ED) distribution. The point in the ED with the lowest γ index is considered the best match.
This is referred to as an exhaustive search and is greatly shortened by limiting the search in
the ED to a geometrical region of interest (ROI) around the given point in the RD.This search
region (SR) is shown in fig. 3.1. For an example of two static 3D dose distributions, the γ index
can be obtained for a point pref in the RD via eq. 3.1.

γ(pr) =min⎧⎪⎪⎪⎨⎪⎪⎪⎩
����(ΔD2(pr , pe)

DD2
+ Δd2(pr , pe)

DTA2
)⎫⎪⎪⎪⎬⎪⎪⎪⎭∀{pe ∈ υ} (3.1)

Where pr is the fixed geometrical point at a voxel centre in the RD, pe is any point within
the SR υ in the ED, and υ is the SR for a single static time instance (a frame) having a radius
equal to the ROI. Δd(pr , pe), and ΔD(pr , pe) are the geometrical distance and dose difference
between points pr and pe , respectively. DTA andDD represent the distance to agreement, and
dose difference selected by the user respectively. Voxels with γ > 1 fail the comparison for the
given criteria.
The γ index is calculated for each voxel in the SR υ and the lowest value is kept as the γ

value for point pr . The process is repeated for every voxel in the reference dose until a 3D γ
index with the same dimensions of the reference dose is produced. Voxels with γ > 1 are said
to fail the comparison for the given criteria.
For our implementation, an extra term is included in the γ function. A point is taken in the

RD at a specific time, and compared to all points in the ED that fall within the SR defined by
both the ROI and time of interest (TOI). For the example of two dynamic 3D dose distributions
(in other words, two 4D dose distributions), the γ index can be obtained for a point pr at a
time tr via eq. 3.2.

γ(pr) =min⎧⎪⎪⎪⎨⎪⎪⎪⎩
����(ΔD2(pr , pe)

DD2
+ Δt2(pr , pe)

TTA2
+ Δd2(pr , pe)

DTA2
)⎫⎪⎪⎪⎬⎪⎪⎪⎭∀{pe ∈ υ} (3.2)

Where Δt(pr , pe) is the time difference between points pr , and pe , TTA represents the
time to agreement selected by the user, and υ is the SR spanning multiple frames. As υ from
eq. 3.1 represents a single frame, it is considered a subset of υ in eq. 3.2. Again the γ index
is calculated for each voxel in the 4D SR υ and the lowest value kept. The process is repeated
for every toxel (time dependent voxel) i.e. it is repeated for every voxel in the reference dose
at every available frame within the data. Again voxels with ∣γ∣ > 1 fail the comparison for the
given criteria.
The resulting γ value is multiplied by the sign of the dose difference between the reference

point pr and the point in the ED found during the γ search, point pe , eq. 3.3.
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γ(pr , tr) = γ(pr , tr) ΔD2(pr , pe)∣ΔD2(pr , pe)∣ (3.3)

This allows the sign of the γ value to indicate whether an overdose (ΔD(pr , pe) > 0) or
underdose (ΔD(pr , pe) < 0) is found for each toxel.

Figure 3.1: Illustrations of the SR in (a) 2D, (b) 3D, and (c) 4D.The shaded areas show
the data that exist within the SR υ whose limits are bound by either the ROI of 2.5
pixels/voxels or TOI of 1 sec. The numbered index for the SR of (a) shows the order
in which the pixels are evaluated, the order can be interrupted before 6 is reached if
the early stopping criterion is met.

3.2.2 Ordered search region and early stopping criterion

Due to the many points in a 3D dose matrix and to the many search operations, obtaining
γ evaluations can be calculation intensive. To reduce the calculation time one can apply an
ordered SR and an early stopping criterion[6]. This involves pre-calculating the distances Δd
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of each vector in the SR, disregarding vectors that fall outside the region of interest (ROI)
sphere, and then the γ index is calculated using the SR elements in ascending order of distance,
stopping when the current ( Δd2DTA2 ) exceeds the previous (( Δd2DTA2 ) + ( ΔD2DD2 )) value found. This
is illustrated in fig. 3.1(a) where the voxels falling within the ROI are evaluated in order, 1 to
6. In their publication they recommend using an ROI that is much larger than the DTA. This
allows γ values to be calculated not only for passing voxels but also allows failing voxels to
improve their γ value if a closely matched value is present more distantly. While these voxels
will always remain failing voxels, and therefore will not affect passing rates, their improved
γ value may impact some uses of γ analysis, such as the mean γ value within a target, OAR,
isodose, or field[11, 12]. This may also be useful for visual interpretation of results in failing
regions as a more accurate gradient of γ values in failing regions is calculated.
For a time dependent γ function (eq. 3.2), the distances Δd and times Δt of each vector in

the SR are pre-calculated, disregarding vectors that fall outside the ROI or TOI limits. The SR
is then ordered in ascending value of (( Δd2DTA2 ) + ( Δt2TTA2 )) and the γ calculation stops when the
current (( Δd2DTA2 ) + ( Δt2TTA2 )) exceeds the previous (( Δd2DTA2 ) + ( ΔD2DD2 ) + ( Δt2TTA2 )) found.
As the number of vectors is increased drastically for dynamic data, a more aggressive fil-

tering is imposed on the SR to obtain reasonable calculation times. SR vectors within the ROI
and TOI that would result in a γ exceeding a certain value, are discarded. This is performed by
evaluating the SR vectors based on their distance (Δd) and time (Δt) alone, assuming a zero
dose difference (ΔD) contribution, eq. 3.4. In our calculations, we have chosen a limit of 1.1 as
failure areas with larger γ values are generally of little interest. Vectors that satisfy eq. 3.4 are
discarded, this is referred to as gamma of interest (GOI).

⎧⎪⎪⎪⎨⎪⎪⎪⎩
����(Δd2(pr , pe)

DTA2
+ Δt2(pr , pe)

TTA2
+ 0)⎫⎪⎪⎪⎬⎪⎪⎪⎭∀{pe ∈ υ} > 1.1 (3.4)

This results in far fewer search vectors than discarding vectors based on the ROI and TOI
alone while still allowing a larger SR for some failing toxels with ∣γ∣ > 1. For example, a SR
based on a ROI of 2.5 voxel lengths and a TOI of 1 toxel length would contain 168 vectors,
illustrated by the shaded area of figure 3.1(c), where the SR is centred on the corner point of
the t = 2 frame. Whereas a SR based on the same ROI and TOI, but also a GOI of 1.1, yields
72 vectors, illustrated in figure 3.2, where the SR is centred on the same point. The GOI can be
selected to increase or decrease the size of the SR, as the situation requires.
In 2D and 3D, for discrete search γ evaluations such as the one presented here, and for all

evaluations employing interpolation, it is advantageous to compare dose distributions which
are described using a uniform spacing grid since interpolation weights, i.e. the distances be-
tween the SR vectors and the surrounding voxels of the ED, can be pre-calculated allowing
the interpolations to be performed with little overhead[6]. There are however measurements
which do not possess an entirely uniform grid such as the time domain in beam pulse synced
EPID measurements, or the spatial domain for skin surface/ in-vivo detectors such as mosfet
detectors/arrays[13]. While the dose information for these devices can be resampled onto a
uniform grid, a large resampling factor is often required to accurately represent the measured
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Figure 3.2: Illustration of 4D SR (shaded areas), whose limits are bound by ROI of
2.5 pixels, a TOI of 1 sec and a GOI of 1.1. The SR is centred on the corner of the t = 2
time point.

data in high gradient areas such as field boundaries. When a uniform grid is used, the array
size of the resulting dose distributions becomes very large relative to the original grid which
lengthens the γ evaluation enormously. This is most evident in the time domain for measure-
ments of external beam RT as the majority of treatment modalities involve a linac using a
pulsed beam duty cycle, with pulse widths of the order of ∼ 2μs and frequencies of ∼ 300Hz, to
allow high dose rates. To avoid this increase in the duration of the overall γ evaluation and to
allow for a wider range of input data, we have chosen to implement support for non-uniform
grids. This is achieved by passing a 4D location index along with the value at each point in the
data to the γ function. While this increases the memory required to perform each calculation,
the calculation can be partitioned into problems suitable to the hardware the calculation is
being performed on.

3.2.3 GPU/CPU implementation

As our implementation increases both the SR size and the volume of data to be processed com-
pared to a standard γ analysis, calculation time is unavoidably increased for time dependent
volumes. Therefore following from our previous work[7] we have implemented calculation of
the new γ function on a graphics processing unit (GPU) as well as a central processing unit
(CPU). All volumes were first created or loaded into a Matlab R2013a\b (Mathworks, Natick,
MA, USA) routine where large data sets consisting of many frames could be broken into more
manageable sets, appropriate to the hardware, to be sent to either the GPU or CPU γ func-
tions. The CPU version was implemented in C/C++ using Microsoft Visual Studio 2012 (Mi-
crosoft, Redmond, WA, USA) and compiled for both Microsoft Windows and linux (Ubuntu
12.04LTS) operating systems. All CPU calculations were performed on a system with a 16 core
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Intel Xeon x5550, and 24GB RAM.The GPU version was implemented using NVIDIA's Com-
pute Unified Device Architecture (CUDA) Toolkit 5.0/6.0 (NVIDIA, Santa Clara, CA, USA)
and was only compiled for Windows as no CUDA enabled linux system was available at our
centre. Both versions were compiled with a mex code wrapper for ease of use with MATLAB.
To reduce the computational time required to calculate γ distributions for dynamic data, the
GPU implementation from our previous work was extended and optimized on an NVIDIA
TESLA C2050 GPU. GPU texture memory was previously exploited for fast linear, bi-linear,
and tri-linear interpolation when resampling is required. The restriction for this position-
mapped texture memory interpolation is that it is applicable up to 3 dimensions but not 4[14]
on current CUDA enabled cards. To continue to exploit the texture memory we tri-linearly
interpolate twice (in two 3D frames adjacent in time) and linearly interpolate between the two
returned values. For consistency between GPU and CPU results, the CPU implementation
uses the same linear, bi-linear, or quad-linear interpolation method as the GPU depending on
what the input data requires.

3.2.4 Examples

3.2.4.1 Simple 2D test case

To illustrate the sensitivity of the γ function to small shifts in time, multiple scenarios, each
consisting of two simple time dependent 2D dose sets, were created. For all scenarios the ED
set was the same, it consisted of a 10 × 10 cm square with a dose of 100 cGy which was moved
in a circular trajectory on a 40×40cm 0 cGy background region. The boundaries of the square
were moved at a modest rate of ∼ 1.3cm/sec (multi leaf collimator and gantry speeds can be up
to ∼ 2.5cm/sec and ∼ 6○/sec) both vertically and laterally and the dataset consisted of 20× 1 sec
frames. The RD sets were identical to the ED set except for delays of 1, 2, and 3 sec. For each
scenario the RD set and the ED set were compared using a DD of 3% and varying DTA and
TTA parameters including a static γ comparison (Δt = 0). Each scenario was analysed using
a SR pixel spacing equal to 1/3 of the pixel spacing in the simulated data, in each dimension.
3.2.4.2 Simple 3D test case

To test the influence of the extra time criterion on the γ indices found in 3D volumes, two
simple time-dependent 3D dose volume sets were created. A simple cubic virtual phantom
of 10 cm3 was used. The ED volume set consisted of a uniform dose across the cube volume
which changed from 100 cGy to 190 cGy and back to 100 cGy over the course of 20 secs, placed
within a 0 cGy background volume. For the RD volume; small, medium, and large phantom
shifts in space (1, 2, and 3mm) and in time (1, 2, and 3 secs) were introduced and γ distributions
were calculated using a DD of 3% and various DTA and TTA criteria combinations. The shift
sizes were chosen so that there were no sub-voxel/toxel shifts and so no initial resampling of
the input data was required. The γ analyses were again performed using a SR voxel spacing
equal to 1/3 of the voxel spacing in the simulated data in each dimension.
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3.2.4.3 Patient case

To show the applicability with clinical data, a patient case was evaluated using time dependent
3D dose data sets. These were obtained using a clinically optimized VMAT plan for an abdom-
inal patient and recalculating the dose per control point (CP) on the static planning CT using
the XVMC Monte Carlo code[15, 16]. As all doses were simulated, no absolute timing data is
generated and so 1 CP/sec was used for timing. The ED was kept constant for all comparisons,
an artificial spherical air bubble of varying size was introduced into the otherwise filled rectum
region of the RDs. Bubble sizes of 1, 2, and 3 cmwere used along with introduced delays of 1, 2,
and 3 sec to the treatment delivery time. Using these artificial changes, the 3D time dependent
doses were calculated and compared to the ED using the γ function. Again a DD criterion of
3% was used along with varying DTA and TTA criteria. A fixed SR voxel spacing of 1/10 of the
mean voxel spacing of the RD in each dimension was used[6]. The toxel size for the RD was
(3mm × 3mm × 3mm × 1 sec), for (x, y, z, t) dimensions respectively.
3.2.4.4 Calculation speed and resampling

To test the effect of resampling on the implemented methods with respect to calculation time
and result, the patient data from the previous example was used. The ED was that of the filled
rectum geometry and the RD was that of the 3cm air bubble. The γ analyses was run multiple
times using the same criteria (3 %, 3 mm, 1 sec) with varying SB toxel spacing giving different
levels of resampling of the ED. The resampling was increased evenly in all dimensions, e.g. if
2× resampling was used, then the toxel spacing of the SR (in x, y, z, t) was half that of the RD in
each dimension. The analyses were also repeated using the CPU, GPU, and GPU with texture
interpolation.

3.3 Results

3.3.1 Simple 2D example

An illustration of the 2D example is shown in fig. 3.3. This example illustrates a scenario where
there is aminor offset in time between planarmeasurement and prediction of amoving square
field. As the γ value can be positive or negative (eq. 3.3) failure areas are shown in red (γ > 1)
or blue (γ < −1) corresponding to an over-dose or under-dose, respectively. The static γ, which
compares only the current RD frame (t = 2) with the current ED frame (t = 2), displays failing
areas (∣γ∣ > 1) as no solution can be found for those pixels within the criteria of 3%, 3mm. The
time-dependent γ for the current RD frame (t = 2) shows that for the same areas, a solution
can be found within 1 second (t = 1, 3) and therefore these areas have a passing index (∣γ∣ < 1)
for the criteria of 3%, 3mm, 1 sec.
Fig. 3.4 shows the percentage of failing pixels for a DD of 3% and varying DTA and TTA

criteria using delays of 1, 2, and 3 sec. It can be seen for the static comparison (Δt = 0) that
the delays result in large failure areas. When a degree of freedom that encompasses the delay
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Figure 3.3: 2D example (1sec offset in time). Current evaluated frame (t = 2) of the RD set
shown in 1st column. The previous, current, and following frames of the ED set are in the 2nd
column. The static gamma (3%, 3 mm) and the time-dependent γ (3%, 3 mm, 1 sec) showing
passing areas in green, failure areas in red and blue.

is included, the failure areas drop significantly. The tests were repeated with other SR pixel
spacing values but for this data set, resampling has no impact.

3.3.2 Simple 3D example

Fig. 3.5 shows the percentage of failing toxels for γ comparisons with varying criteria where
varying shifts in geometry, time, or both have been introduced between two 4D volumes. It
can be seen that for volumes containing only a geometric shift, the percentage of failing toxels
is unchanged by increasing the degree of freedom in time (increasing TTA). For volumes with
only a temporal shift, the percentage of failing toxels decreases rapidly when the TTA > shift
size. For volumes with a shift in both time and geometry there is a gradient of results but for
these volumes, there is still a large increase in failure area when the temporal shift>TTA or the
geometrical shift>DTA.
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Figure 3.4: Results of dynamic 2D example. Percentage of pixels failing γ analysis using varying
DTA, TTA criteria for introduced delays of 1, 2, and 3 sec.

Figure 3.5: Results of dynamic 3D example. Percentage of toxels failing γ analysis using varying
DTA, TTA criteria for shifts in geometry (1, 2 and 3mm) and/or time (1, 2, 3 sec).
3.3.3 Patient case

Fig. 3.6 shows the percentage of failing toxels, within the rectum, for γ comparisons with
varying criteria where three sizes of artificial air bubble and shifts in treatment time have been
introduced, small (1 cm, 1 sec), medium (2 cm, 2 sec), and large (3 cm, 3 sec). For scenarios
containing only a geometric difference, increasing the TTA or DTA decreases the failure area.
For scenarios containing only a temporal shift, increasing theDTAorTTAdecreases the failure
area but with the largest observable decrease in failure area occurring when the TTA is larger
than the temporal shift introduced. For scenarios containing both geometrical changes and
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temporal shifts, again the largest decrease in failure area occurs when the TTA is larger than
the magnitude of the temporal shift.

Figure 3.6: Results of clinical case with artificial air bubble 4D example. Percentage of toxels
within the rectum failing the γ analysis using 10× resampling, and varying DTA, TTA criteria
for small, medium, and large air bubbles and/or shifts in time.
Fig. 3.7 (a) shows a single CT slice of the patient containing the artificial 3cm air bubble.

Fig. 3.7 (b) shows the corresponding slice of the integrated static γ (3%, 3 mm) comparison
between the total integrated doses, calculated on both the air bubble geometry, and the filled
rectum geometry. Fig 3.7 (c, d, e) show the corresponding slice in three frames of the time
dependent γ (3%, 3mm, 0.5 sec) comparison between the differential doses, calculated on both
the air bubble geometry, and the filled rectum geometry. The static γ results in a relatively
small volume of failure compared to the volume changed, while the time dependent γ results
in a larger failure volume in all frames where the beam trajectory intersects the air bubble. It
can also be seen in the time dependent γ results that the volume of failure can be an over- or
underdose which will be hidden in the integrated γ.

3.3.4 Calculation speed and resampling

In fig. 3.8, the solid blue line and left axis show the % of failing toxels for the whole γ analysis.
Reducing the size of the SR toxel spacing results in a lower number of failing toxels. It is ob-
served for the dataset used that the failure % is not significantly affected using a SR pixel spac-
ing of less than one third of the RD pixel spacing. The right axis and the black ’∗’ points show
the calculation times using the CPU implementation. The purple ’○’ and red ’×’ points repre-
sent the calculation times using the GPU implementation, with and without texture memory
interpolation respectively. All calculation times increase with higher resampling, with GPU
calculations being up to ∼ 4 times faster than CPU for resampling values up to 7× and CPU
calculations being up to ∼ 4 times faster than GPU for higher resampling values. Texture in-
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Figure 3.7: Illustration of 4D SR (shaded areas), whose limits are bound by ROI of 2.5 pixels, a
TOI of 1 sec and a GOI of 1.1. The SR is centred on the corner of the t = 2 time point.
terpolation improves calculation time on the GPU for 7× and higher resampling values but
not significantly for lower resampling factors.

3.4 Discussion

For clinical data, the voxel spacing of both the ED and the SR, can affect the accuracy of a γ
analysis. A minimum value of DTA/3 has been recommended for the voxel spacing of the un-
interpolated ED[5], whereas others[6] recommend a SR voxel spacing, or step size, of DTA/10
for precise quantitative results. Given that non-uniform grids are supported by our method,
we have chosen to use a uniform SR voxel spacing of 1/10 of the mean voxel spacing of the RD
in each dimension. This represents DTA/10 for the typically used criterion of 3mm for the clin-
ical data used in this publication. However, we observe that passing rates are not significantly
affected using SR voxel spacings less than 1/3 of the mean RD voxel spacing for the given data
set and criteria used.
While implementation of non-uniform grids helps to reduce the size of the overall calcu-

lation, it comes at the cost of calculation efficiency on GPU hardware. For each point in the
ED to be evaluated, the position in relation to its neighbouring pixels/voxels/toxels must be
obtained so that correct interpolation can be performed. This is done with an efficient binary
search of the ED input position array, unavoidably resulting in additional thread divergence
which negatively affects the single-instruction-multiple-data fashion of program execution on
GPUs[17]. This effect can be seen in fig. 3.8 where using resampling values higher than 7×
significantly impacts the GPU calculation times, this trend agrees with increased thread di-
vergence as the number of binary searches increases with resampling.
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Figure 3.8: Results of γ comparisons using varying resampling. Left
axis and solid blue line show % of failing toxels, right axis and red ×,
purple ○, and black ∗ values show the calculation times for GPU, GPU
with textures, and CPU.

The γ function is not symmetricmeaning that given two distributions, choosingwhichwill
be the RD and which will be the ED will affect the results and should be based on the types of
data used. This is particularly evident when Monte Carlo simulated doses are compared[18]
as in the clinical case example above. As stated before[5], the reference and evaluated doses
would typically refer to a measured and a predicted dose respectively. This is generally true for
the common scenario of comparing a film, ion chamber array, or EPIDmeasurement to a pre-
dicted dose image generated from e.g. Monte Carlo simulations, for the purpose of treatment
QA. This order is chosen as the measurement is typically sparser, contains less uncertainty,
and compared to Monte Carlo simulations, contains less noise. The common objective, a val-
idation of the predicted dose versus the planned dose, also supports this comparison order.
These assumptions are not always relevant and should be carefully considered for the type of
data being used especially for dynamic data as a differential measurement is often linked with
higher noise.
The choice of criteria for a γ comparison in general is not simple and depending on its

purpose, data type, and resolution, the criteria chosen are at best a compromise between the
size/magnitude of differences that should be identified, the amount of discrepancy that should
be permitted, and what works in practice with an acceptable level of false positives [19, 20].
The commonly used criteria of 3%, 3 mm outlined in AAPM Task group 119[21] for planar
dosimetry in external beam radiotherapy is shown not to be suitable for all cases[22, 23]. So
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it remains that the choice of optimal criteria for both static and time dependent γ analysis
requires further investigation with focus on the modality and data type.

3.5 Conclusions

The implementation of the γ function presented here, allows a degree of freedom to be in-
dependently selected and included when comparing two sets of time dependent data. This
offers a useful addition to standard γ analyses allowing more specificity in the type and size of
uncertainty permitted or highlighted between data sets.

3.6 Bibliography

[1] K Otto. Volumetric modulated arc therapy: IMRT in a single gantry arc. Medical Physics,
35:310, 2008.

[2] MBakhtiari, L Kumaraswamy, DWBailey, S de Boer, HKMalhotra, andMBPodgorsak.
Using an EPID for patient-specific VMAT quality assurance. Medical Physics, 38:1366,
2011.

[3] DALow,WBHarms, SMutic, and J A Purdy. A technique for the quantitative evaluation
of dose distributions. Medical Physics, 25:656–661, May 1998.

[4] X Gu, X Jia, and S B Jiang. GPU-based fast gamma index calculation. Physics in Medicine
and Biology, 56:1431–1441, March 2011.

[5] D A Low and J F Dempsey. Evaluation of the gamma dose distribution comparison
method. Medical Physics, 30:2455–2464, September 2003.

[6] MWendling, L J Zijp, L NMcDermott, E J Smit, J J Sonke, B JMijnheer, andM vanHerk.
A fast algorithm for gamma evaluation in 3D. Medical Physics, 34:1647–1654, May 2007.

[7] L C G G Persoon, M Podesta, W J C van Elmpt, S M J J G Nijsten, and F Verhaegen.
A fast three-dimensional gamma evaluation using a GPU utilizing texture memory for
on-the-fly interpolations. Medical Physics, 38:4032, 2011.

[8] M Stock, B Kroupa, and D Georg. Interpretation and evaluation of the γ index and the
γ index angle for the verification of IMRT hybrid plans. Physics in Medicine and Biology,
50:399–411, January 2005.

[9] M Chen, W Lu, Q Chen, K Ruchala, and G Olivera. Efficient gamma index calculation
using fast Euclidean distance transform. Physics in Medicine and Biology, 54:2037–2047,
March 2009.

[10] T Ju, T Simpson, J O Deasy, and D A Low. Geometric interpretation of the gamma dose
distribution comparison technique: interpolation-free calculation. Medical Physics, 35:
879–887, March 2008.

37



Novel in-treatment dose verification methods for adaptive radiotherapy

[11] R M Howell, I P N Smith, and C S Jarrio. Establishing action levels for EPID-based QA
for IMRT. Journal of applied clinical medical physics / American College ofMedical Physics,
9:2721, 2008.

[12] AMans, P Remeijer, I Olaciregui-Ruiz, MWendling, J J Sonke, B JMijnheer, M vanHerk,
and J Stroom. 3D Dosimetric verification of volumetric-modulated arc therapy by portal
dosimetry. Radiotherapy and Oncology, 94:181–187, February 2010.

[13] B Reniers, G Landry, R Eichner, A Hallil, and F Verhaegen. In vivo dosimetry for gy-
naecological brachytherapy using a novel position sensitive radiation detector: feasibility
study. Medical Physics, 39:1925–1935, April 2012.

[14] NVIDIA. NVIDIA CUDA Programming Guide v4.2. 2012.

[15] M Fippel. Fast Monte Carlo dose calculation for photon beams based on the VMC elec-
tron algorithm. Medical Physics, 26:1466, 1999.

[16] W J C van Elmpt, S M J J G Nijsten, R F H Schiffeleers, A L A J Dekker, B J Mijnheer,
P Lambin, and A W H Minken. A Monte Carlo based three-dimensional dose recon-
struction method derived from portal dose images. Medical Physics, 33:2426, 2006.

[17] X Jia, P Ziegenhein, and S B Jiang. GPU-based high-performance computing for radia-
tion therapy. Physics in Medicine and Biology, 59:R151–R182, February 2014.

[18] Y J Graves and S B Jia, Xand Jiang. Effect of statistical fluctuation in Monte Carlo based
photon beam dose calculation on gamma index evaluation. Physics in Medicine and Bi-
ology, 58:1839–1853, February 2013.

[19] P S Basran and M K Woo. An analysis of tolerance levels in IMRT quality assurance
procedures. Medical Physics, 35:2300, 2008.

[20] S Bresciani, A D Dia, A Maggio, C Cutaia, A Miranti, E Infusino, and M Stasi. To-
motherapy treatment plan quality assurance: The impact of applied criteria on passing
rate in gamma index method. Medical Physics, 40:121711, 2013.

[21] G A Ezzell, J W Burmeister, N Dogan, T J LoSasso, J GMechalakos, DMihailidis, A Mo-
lineu, Jr R Palta, C R Ramsey, B J Salter, J Shi, P Xia, N J Yue, and Y Xiao. IMRT commis-
sioning: Multiple institution planning and dosimetry comparisons, a report fromAAPM
Task Group 119. Medical Physics, 36:5359, 2009.
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Abstract

Purpose: Dose delivery of a radiotherapy treatment can be influenced by a number of
factors. It has been demonstrated that the electronic portal imaging device (EPID) is valu-
able for transit portal dosimetry verification. Patient related dose differences can emerge
at any time during treatment and can be categorized in two types: 1) systematic-appearing
repeatedly, 2) random-appearing sporadically during treatment. The aim of this study is
to investigate how systematic and random information appears in 2D transit dose distri-
butions measured in the EPID plane over the entire course of a treatment and how this
information can be used to examine interfractional trends, building towards a methodol-
ogy to support adaptive radiotherapy.

Methods: To create a trend overview of the interfractional changes in transit dose, the
predicted portal dose for the different beams is compared to a measured portal dose using
a γ evaluation. For each beam of the delivered fraction, information is extracted from the γ
images to differentiate systematic from random dose delivery errors. From the systematic
differences of a fraction for a projected anatomical structures, several metrics are extracted
like percentage pixels with ∣γ∣ > 1.

Results:We demonstrate for four example cases the trends and dose difference causes
which can be detected with this method. Two sample prostate cases show the occurrence
of a random and systematic difference and identify the organ that causes the difference. In
a lung cancer case a trend is shown of a rapidly diminishing atelectasis (lung fluid) during
the course of treatment, which was detected with this trend analysis method. The final
example is a breast cancer case where we show the influence of set−up differences on the
2D transit dose.

Conclusion: A method is presented based on 2D portal transit dosimetry to record
dose changes throughout the course of treatment, and to allow trend analysis of dose dis-
crepancies. We show in example cases that this method can identify the causes of dose
delivery differences and that treatment adaptation can be triggered as a result. It provides
an important element towards informed decision-making for adaptive radiotherapy.
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4.1 Introduction

Over the course of a radiotherapy treatment the dose delivery can be influenced by a number
of factors, e.g. technical errors, patient setup, anatomical changes. This can result in differences
between delivered and desired dose (which is approximated by the dose from the treatment
planning system). In radiotherapy, radiation dose is commonly delivered in a conformal fash-
ion using advanced delivery techniques. These techniques can increase the dose delivered to
the tumor while maintaining or reducing normal tissue toxicity rates, potentially improving
local tumor control and disease-free survival. They are often combined with Image Guided
Radiotherapy (IGRT) procedures such as kV or MV cone beam CT, to achieve more accu-
rate patient positioning during treatment. IGRT allows the use of smaller planning margins
because patient setup uncertainties are reduced [1, 2]. Due to the increased complexity of the
dose delivery and reducedmargins it is necessary to verify that the dose is delivered accurately
to the patient as desired.
The electronic portal imaging device (EPID) has been demonstrated to be valuable for both

pre-treatment and transit or in-vivo dosimetry verification for a single point, a 2D plane and
3D volumes [3–7].
Patient related dose differences can emerge at any time during treatment and can be cate-

gorized in two types:

1. Systematic dose differences, which are more likely to occur as the treatment progresses,
when patients may have experienced e.g. considerable weight loss or other anatomical
changes;

2. Randomly occurring dose differences e.g. gas-pockets or organ filling.

In the case of systematic trends, adaptive actions may then be taken e.g. re-planning for a
shrinking tumor. Randomly occurring dose differences are more difficult to compensate for
on a patient-to-patient basis but analyzing the occurrence of random dose differences in pa-
tient populations could provide statistical information about anatomical behavior that could
be included at the time of planning e.g. in the form of margins as class solutions.
In our clinic, 2D transit portal dosimetry is performed per beam for multiple fractions

throughout the treatment course, comparing predicted and measured 2D portal dose distri-
bution at the EPID plane using a γ function evaluation [8]. The workload of analyzing per
beam becomes impractical in a clinical setting when many fractions have to be analyzed per
patient. A useful method would be to show a comprehensive overview of the treatment course
on a fractional basis. One such method has been published [9] to analyze the systematic dose
differences of the first few fractions of a treatment with the aim to replace pre-treatment EPID
dosimetry by 2D portal dosimetry during patient treatment. Their rationale was that to apply
pre-treatment dosimetry for a large number of patients produced an insurmountable work-
load. The main reason that their pre-treatment dosimetry method is time-consuming is that
for each measurement they need to set up a phantom to reconstruct the pre-treatment dose in
a 2D plane inside the phantom. Another rationale they mentioned was that dose differences
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detected with pre-treatment dosimetry are difficult to translate to dose differences inside the
patient. They advocate a clinical protocol to perform 2D dose reconstruction by replacing 2D
pre-treatment portal dosimetry with 2D portal dose monitoring during patient treatment, for
the first few fractions of the treatment. McDermott et al‘s method primarily detects discrep-
ancies at the beginning of the treatment course, and does not provide sufficient information
for informed decisionmaking for adaptive radiotherapy. An interfractional trend overview is
needed to detect changes throughout the course of treatment.
The aim of this study is to investigate how systematic and random information appear in

transit dose distributionsmeasured in the EPID plane over the entire course of a treatment and
how this information can be used to examine interfractional trends of dose changes, building
towards a novel methodology to support adaptive radiotherapy. Several causes of dose dif-
ferences are identified in selected patient cases that serve as a demonstration of the proposed
framework.

4.2 Methods and materials

4.2.1 Patients

For this study we show trend analysis based on portal dose measurements for four different
patient cases. Together, these represent a wide range of potential systematic and random dose
difference causes, focussed on differences caused by patient anatomy changes. The first two
cases are prostate cancer patients, who received a standard four-beam box setup (one anterior,
one posterior and two lateral beams) with a daily on-line set-up correction based on implanted
gold fiducial markers. The regions of interest (ROIs) investigated for this patient are the:

1. Planning target volume (PTV);

2. Bladder and

3. Rectum.

For the first case, during the course of treatment of this patient, 2D dose distributions were
acquired at 16 of the 36 fractions. For the second case, transit portal dose distributions were
acquired at 9 of the 36 fractions. The third case is a non-small cell lung cancer (NSCLC) pa-
tient with atelectasis (lung fluid) causing the treatment to be adapted twice with a complete
re-planning. The patient received a daily on-line set-up correction based on the bony anatomy.
For the entire treatment, transit portal dose distributions were acquired at 24 of the 33 frac-
tions. For this patient the ROI encompassed all data within the treatment field(s), which was
then used for the calculation of the dose difference metrics. The fourth case is a breast cancer
case with a nearly parallel opposing tangential beam setup. For this patient transit portal dose
distributions were acquired at 4 of the 16 fractions. This patient was subjected to an off-line
shrinking action level (SAL) setup protocol[10] with an action level α = 10mm, and Nmax = 3.
The setup is monitored Nmax consecutive fractions from the start of a treatment or when a
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setup correction is applied when the action level ( α√
N
) was exceeded, where N is the mea-

sured fraction number from N = 1 to Nmax. This means that only systematic set-up errors are
corrected. In this case the patient received one set-up correction after the third fraction. To
analyze the dose differences caused solely by differences in set-up, an on-line set-up correction
was simulated. This set-up simulation was also applied because the nearly tangential setup of
the treatment beams contains too little setup information in the EPID images to accurately
determine a 3D setup vector. We used a similar method for the set-up simulation as in a pre-
vious work [11]. This set-up simulation first calculates for many possible small translations of
the CT image, transit dose predictions for each beam, and they are compared with the transit
dose measurements using normalized cross-correlation (NCC) [12]. To determine the on-line
set-up correction for a fraction the NCC-coefficient for all beams is averaged and then max-
imized. The applied translations for the breast cancer patient ranged from −6mm to 6mm in
each degree of freedom.

4.2.2 Equipment

Portal images are acquired using Siemens Oncor linear accelerators (linacs) equipped with
OptiVue 500/1000/1000 ST amorphous silicon (a-Si) flat panel EPIDs (Siemens Medical So-
lutions, Concord, CA, USA). All linacs are equipped with 6 and 10 MV photon beam energies
and are dosimetrically matched within 1% (1SD) when depth-dose curves, beam profiles and
output factors are compared.

4.2.3 Workflow for measuring and predicting transit portal dose images

A portal dose prediction model described in the literature [13] has been used to predict 2D
transit dose distributions at the EPID plane. This transit portal dose prediction model uses a
predicted portal dose image without a patient in the beam in combination with the radiolog-
ical thicknesses of the patient extracted from the planning CT scan. In addition, the model
uses patient-linac parameters of the treatment plan such as the isocenter position with respect
to the patient, gantry angle and couch angle. During treatment, transit EPID images are ac-
quiredwhich are automatically converted intomeasured transit portal dose distributions using
a model [14] which includes all relevant EPID response corrections. The measured transit 2D
dose distribution is compared to the reference transit dose prediction using the gamma (γ)
evaluation [8].
Figure 4.1 shows the fully automated workflow designed to calculate both the predicted

and measured transit doses. The workflow mainly consists of two parts:

1. A preparation part, where the 2D dose distribution predictions are being calculated be-
fore the delivery of the first treatment;

2. The delivery part where the greyscale images from the EPID are being converted to 2D
dose distributions and compared to the predicted dose distribution with the γ evalua-
tion.
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Figure 4.1: The workflow (left to right) of the prediction and measurement of the
transit dose distributions. In the top of the figure the workflow is shown before treat-
ment from the treatment planning to the result of the transit dose prediction. After
treatment planning the plan is automatically sent to the pre-treatment dose predic-
tion algorithm. The pre-treatment dose prediction is automatically sent to the transit
dose prediction algorithm. More details about the transit dose prediction ”(*)” can
be found in[13]. All results of the treatment planning, the pre-treatment dose pre-
diction and the transit dose prediction are stored centrally in a picture archiving and
communication system (PACS). In the bottompart of the figure, theworkflowduring
treatment is shown. After acquisition the EPID image is automatically converted to
a dose distribution and compared to the predicted dose using the γ evaluation. The γ
evaluation retrieves the proper prediction from the PACS, calculates the results and
writes a pdf report. More details about the conversion of greyscale images to 2D dose
distributions ”(**)” in[14].

4.2.4 Interfractional treatment overview

To evaluate differences between the predicted transit dose andmeasured dose the γ evaluation
is used [8] in a fast graphics processing unit implementation [15]. The formalism is extended to
quantify failure of the dose/distance-to-agreement criterion ∣γ∣ > 1 with under- or overdosage
expressed as a blue/red color in the figures by using the sign of the dose difference. For this
studywe use 3% of themaximumdose, and 3mmas dose difference and distance-to-agreement
criteria [16].
To analyze interfractional dose changes during the course of a treatment, a two-stepmethod

is used. Step one is to distinguish systematic from random dose differences. Step two is the
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extraction of metrics from both the systematic and random dose differences.

To distinguish systematic from random dose errors, data must be combined frommultiple
fractions [9]. For this study, two different maps are calculated: 1) a systematic γ (γs) map being
the average of the current and the preceding n−1 fractions and 2) the random γ (γr)mapwhich
is the measured γ map (γt , i) minus the systematic γ map (γs) of the current fraction. The γr
is the residual difference between the γt , i and the averaged γ of the previous days. Figure 4.2
shows how the γs and γr maps are acquired. For this study, we used an averaging window of
n = 3. The averaging window is based on the Nmax of 3, which is normally used in off-line
set-up protocols. The averaging window can be configured to suit every possible n. The choice
of n influences the sensitivity of the method to detect differences.

When a fraction is delivered γmetrics are extracted from each γs and γr image formultiple
regions of interest (ROIs). The ROIs are based on the 3D volumes of interest (VOI) defined
during treatment planning and projected in 2D on the EPID plane. The extracted metrics per
ROI are: 1) themaximum γ value (γmax); 2) themean γ value (γmean) and its standard deviation
(γSD), and 3) the percentage γ pixels exceeding unity, P(∣γ∣ > 1). The average fractional result
and its standard deviation for each metric, for a single ROI, are calculated by weighting the
relative contribution of the beams. This is calculated by the number of monitor units delivered
by the beam in relation to the total amount of monitor units delivered for a fraction.

The results are generated fully automatically and visualized in a PDF-report generated us-
ing MATLAB 2010b (The MathWorks Inc., Natick, MA, USA).

4.3 Results

4.3.1 Prostate patient I

Figure 4.3 shows γs images, with an averagingwindowof n = 3 of the prostate cancer patient for
several fractions and all the beams of the plan. The γs shows a large blue spot, which means
that the EPID measures systematically less dose than originally was predicted in the EPID
plane. In comparison with the predicted dose there is less transmission through the patient
and less dose measured by the EPID during treatment. Themain cause for this dose difference
is found in the planning CT scan where a large gas-pocket was present, which apparently is
absent during treatment. In Figure 4.4, P(∣γs ∣ > 1) for themultiple ROIs are shown. In this case
by analyzing this metric the rectum can be identified as the most probable organ that causes
the dose differences because voxels with P(∣γs ∣ > 1) occur the most frequent in it compared
to other ROIs. Random variations were negligible with P(∣γr ∣ > 1) on average smaller than
0.1%. ∣γmean,r∣ did not exceed 0.3 and was on average 0.15 for all fractions. For this patient case,
there was no observable random difference present, meaning that the observed patterns in the
γs were similar to γt , i . γs showed a similar difference throughout the entire treatment course,
meaning no clear trend was apparent over time.
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Figure 4.2: The determination of the systematic and random γ for the
gamma average method. The γt , i are the γ images acquired by the com-
parison of the transit dose prediction and the measured dose distribution.
The γs map e.g. for fraction 4, γs4 is then acquired by averaging the γt , i of
the current and preceding 2 fractions, while the γr is the difference between
the measured γt , i and the γs for fraction 4.

4.3.2 Prostate patient II

The second prostate patient is a case where a gas-pocket occurs randomly in two consecutive
of the ninemeasured fractions. In figure 4.5 the γt , i and γr images for the first beam are shown
together with the γs images of the first and third beam. Similar to the previous prostate case
also for this case the most probable cause of the dose difference is a gas-pocket in the rectum,
but this time it is transient during the treatment. Figure 4.6 shows the γs and γr metric P(∣γ∣ >
1) for the rectal projected contour. It can be seen that in fractions two and nine the P(∣γr ∣ > 1)
is almost as large as the P(∣γs ∣ > 1), while in the ninth fraction the γt , i map shows no dose
difference. The high γr means that the γt , i and γs maps seen in these fractions are not similar.
The γs and γr diminish after the tenth fraction, to a very small residual difference indicating
that this is a randomly occurring event, with no clear trend.

4.3.3 NSCLC patient

Figure 4.7 shows an example of a NSCLC patient where in the axial CT slices atelectasis is
reduced drastically during the course of treatment. For plan I the γs images show that in the
first two rows there are large blue and red areas indicating that the dose being delivered is
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Figure 4.3: Selected γs images throughout the treatment of a prostate cancer patient. The red
line is the projected rectal contour, while in black the projected bladder contour is shown.
From left to right the following beams are shown: anterior, posterior, left lateral and right
lateral. In the planningCT in light blue the gas-pocket is delineatedwhile in yellow the prostate
is delineated.

systematically different from the planned dose. The observed small γr for plan I indicates
that the found difference is reliable. The γs show no decreasing trend during the first three
fractions, see figure 4.8 plan I. Prior to fraction 4, the plan was adapted for the first time (plan
II). After the plan adaptation, there remain blue and red areas in the γs images and during
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Figure 4.4: The percentage pixels where γs exceeds unity±SD for the different treatment fractions for the different
contours, rectum (red), bladder (black) and the whole
treatment field (green).

fraction 4 to 16, the trend observed is that the red and blue areas are growing when looking
to the P(∣γs ∣ > 1) in figure 4.8. In general for plan II the P(∣γs ∣ > 1) decreases drastically
compared to the first treatment plan, but with a relatively large random variation throughout
the course of this treatment, indicating that there is a consistent dose delivery difference but
that the pattern of the error also shows some randomness. For this patient, a second adaptation
(plan III) was done prior to fraction 20 and after this only a small residual systematic difference
was left. P(∣γs ∣ > 1) is exhibiting a slightly increasing trend towards the end of the treatment
while P(∣γr ∣ > 1) remains very small.
4.3.4 Breast patient

For the breast cancer patient the γs images, and for one beam, the transit dose prediction
and measurements are shown in figure 4.9. The set-up was corrected with an off-line SAL
protocol with α = 10mm, Nmax = 3. The patient received one setup correction after the third
fraction. A set-up error can be visually observed in the shown 2D dose distributions in figure
4.9, especially prior to the first fraction. In figure 4.10 it can be observed that the P(∣γs ∣ >
1) drops drastically when the set-up would be corrected prior to each fraction. Figure 4.10
also shows that except for the first fraction the patient positioning causes the dose delivery
difference. The residual differences can be caused by daily changes in shape. The random
variations γr were small with P(∣γr ∣ > 1) on average smaller than 1.7%. ∣γmean,r ∣ did not exceed
0.5 and was on average 0.3 for all fractions. The trend observed for this case, was that after the
second fraction the random errors were decreasing.
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Figure 4.5: Prostate case with a random gas-pocket in fractions two and four. In the left most
column the measured γt , i images are shown for the anterior beam. The right most column
shows the γr images for the anterior beam, while the two columns in the middle show the γs
images for the anterior (1) and one lateral beam (3). The red contour is the rectal contour while
the black contour is the bladder.

4.4 Discussion

Our results show that by regularly monitoring the dose delivery throughout the treatment
course, valuable information e.g. trends can be derived from 2D transit portal dosimetry and
that the different origins of the dose delivery differences can be discerned, in the examples
shown. First, we have shown that useful information can be extracted from projected con-
tours; the spatial location where the difference originates can be identified. Second, we have
shown in the NSCLC case that interfractional dose delivery changes and trends can be de-
tected and that this methodology can potentially be used for informed decision-making for
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Figure 4.6: The percentage pixels where γs and γr exceed
unity ±SD for the projected rectal contour.

adaptive radiotherapy. Especially when re-planning is concerned informed decision-making
is the key to balance adaptation versus workload to prevent insurmountable workloads. In
daily clinical practice this method of automatic trend analysis of a treatment course is a quick
dose delivery check in comparison with othermeasures like in-phantom verificationmeasure-
ments withMOSFET detectors, diodes, film etc, which are significantlymore time consuming.
Another advantage is that the measurements with the EPID are 2D. Due to the fact that the
EPID dosimetry check is relatively quick and fully automated, manymeasurements can be eas-
ily analyzed automatically during the course of treatment, and therefore it is even possible to
detect subtler dose delivery changes throughout the course of treatment, by analyzing trends.
To distinguish systematic from random dose delivery differences and combine data from

multiple fractions, we used an average γ method. In another study [9] only systematic differ-
ences were distinguished in the first few fractions. They showed that pre-treatment dosime-
try can be replaced by 2D portal dosimetry during patient treatment. They combined data
of multiple fractions in the beginning of the treatment to separate random occurring events
from linac errors, and to distinguish between systematic differences related to patient anatomy
changes and linac errors. To combine data from multiple fractions these workers suggest that
the γlow is the best method; they compared γlow with γmedian, γminimum. γlow is defined as the
value of γ halfway between theminimum and themedian. We have used the average γmethod
because we extracted both a γs and γr map and we wanted to show systematic changes and
potential trends over time. In our automated analysis any metric can be used to combine and
analyze data frommultiple fractions. We have chosen to implement amethod to combinemul-
tiple fractions by using an averaging method. Themain parameter in this method is the width
of the averaging window. A very narrow windowwill result in a very sensitive method, while a
very broad window will result in a very insensitive method andmight also result in artifacts in
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Figure 4.7: The γs images throughout the treatment of a lung cancer patient with atelectasis,
which is reduced significantly during treatment (left CT slices). The original treatment plan
is adapted twice. From plan 2 onwards the number of beams was reduced from four to three.
For each new plan an axial CT slice is shown. In the axial CT slices the PTV contour is shown
as a red line and, as can be seen, considerable deformation is visible in the lung due to the
diminishing atelectasis (delineated in light blue on the first two CTs, because in the third CT
there is almost no atelectasis left).
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Figure 4.8: The percentage pixels where γs and γr exceed
unity±SD for the different treatment fractions and treat-
ment plans. (I) the first plan on the first CT; (II) the sec-
ond plan on the second CT and (III) the third plan on
the third CT.

the γs map. For example a random gas-pocket with a broad averaging windowmight influence
several γ metrics the next few fractions, long after the gas pocket disappeared, resulting in an
artifact. On the other side a window chosen too narrow could result in more false-positives,
therefore increasing the workload. The proposed methods like γlow or γmedian show a simi-
lar dependence in sensitivity between the combination of n fractions and detection of dose
delivery differences. Their proposed γlow was only applied to replace pre-treatment dosime-
try by portal dosimetry during treatment of prostate patients. Using the γlow method for the
detecting of patient changes throughout treatment has three disadvantages:

1. The γlow decreases rapidly to γ values below unity;

2. Gradual increasing changes are more difficult to discern due to the fact that by the rapid
decrease of the γ values below unity slightly increasing dose difference can be hidden
and be detected too late to enable proper adaptive actions and,

3. A γr map is missing. Although random differences are difficult to correct for with an
adaptive strategy, these events could supply statistical information about anatomical be-
havior that could be included at the time of planning e.g. in the form of margins in class
solutions.

We have shown that our method can be used to detect a wide range of clinical dose dif-
ferences emerging during treatment. We have also shown in the second prostate case that
analyzing the γr map is useful to detect large transient (i.e. non-systematic) events. This could
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Figure 4.9: A breast cancer example with a transit dose prediction and the measured dose
distribution for the first beam and the γs images for all four beams and fivemeasured fractions
during treatment.

be used in the future to restart measuring the consecutive n fractions after observing a large
transient event, similar to how off-line set-up protocols work. However, to fully analyze the
behavior of randomly occurring events on-line or 4D dosimetry is necessary. Further research
is needed to investigate which types of errors and how sensitively they can be detected with
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Figure 4.10: The percentage pixels where γs exceeds
unity ±SD for the different treatment fractions where
the measured dose distributions are compared I) to the
planned transit dose predictions with off-line set-up cor-
rection and II) to an on-line set-up correction based on
the set-up simulation, as described in the Methods sec-
tion.

2D transit portal dosimetry.
In previous work [11]) it is shown that clinically relevant dose changes in a DVH can be

correlated with dose changes detected with 2D transit portal dosimetry for breast patients. 3D
portal dosimetry is mandatory to investigate the exact cause of a dose difference found with
2D transit portal dosimetry error trend analysis. The advantage of 2D dosimetry is that it is
an automatic and quick method and it can be used daily. However to set appropriate action
levels, extensive patient studies to correlate dose delivery changes in 2D to clinical relevant
dose changes in 3D are required.

4.5 Conclusions

We have presented a method based on 2D portal transit dosimetry to record dose changes
throughout the course of treatment, and to allow trend analysis of dose discrepancies. We
have shown in example cases that:

1. The method may allow identification of the causes of dose delivery differences;

2. The method can serve as a trigger for treatment adaptation.

It may be an important element of informed decision-making for adaptive radiotherapy.

54



Interfractional trend analysis based on 2D transit portal dosimetry

4.6 Bibliography

[1] A R Yeung, J G Li, W Shi, H E Newlin, A Chvetsov, C Liu, J R Palta, and K Olivier. Tu-
mor localization using cone-beam CT reduces setup margins in conventionally fraction-
ated radiotherapy for lung tumors. International Journal of Radiation Oncology, Biology,
Physics, 74:1100–1107, July 2009.

[2] I SGrills, GHugo, L LKestin, APGalerani, KKChao, JWloch, andDYan. Image-Guided
Radiotherapy via Daily Online Cone-Beam CT Substantially Reduces Margin Require-
ments for Stereotactic Lung Radiotherapy. International Journal of Radiation Oncology,
Biology, Physics, 70:1045–1056, March 2008.

[3] AMans, P Remeijer, I Olaciregui-Ruiz, MWendling, J J Sonke, B JMijnheer, M vanHerk,
and J Stroom. 3D Dosimetric verification of volumetric-modulated arc therapy by portal
dosimetry. Radiotherapy and Oncology, 94:181–187, February 2010.

[4] L N McDermott, M Wendling, J Nijkamp, A Mans, J J Sonke, B J Mijnheer, and M van
Herk. 3D in vivo dose verification of entire hypo-fractionated IMRT treatments using an
EPID and cone-beam CT. Radiotherapy and Oncology, 86:35–42, January 2008.

[5] W J C van Elmpt, L N McDermott, S M J J G Nijsten, M Wendling, P Lambin, and B J
Mijnheer. A literature review of electronic portal imaging for radiotherapy dosimetry.
Radiotherapy and Oncology, 88:289–309, September 2008.

[6] W J C van Elmpt, S F Petit, D De Ruysscher, P Lambin, and A L A J Dekker. 3D dose
delivery verification using repeated cone-beam imaging and EPID dosimetry for stereo-
tactic body radiotherapy of non-small cell lung cancer. Radiotherapy and Oncology, 94:
188–194, February 2010.

[7] S M J J G Nijsten, B J Mijnheer, A L A J Dekker, P Lambin, and AWHMinken. Routine
individualised patient dosimetry using electronic portal imaging devices. Radiotherapy
and Oncology, 83:65–75, April 2007.

[8] D A Low and J F Dempsey. Evaluation of the gamma dose distribution comparison
method. Medical Physics, 30:2455–2464, September 2003.

[9] L N McDermott, MWendling, J J Sonke, M van Herk, and B J Mijnheer. Replacing Pre-
treatment Verification With In Vivo EPID Dosimetry for Prostate IMRT. International
Journal of Radiation Oncology*Biology*Physics, 67:1568–1577, April 2007.

[10] A Bel, M van Herk, H Bartelink, and J V Lebesque. A verification procedure to improve
patient set-up accuracy using portal images. Radiotherapy and Oncology, 29:253–260,
November 1993.

[11] S M J J G Nijsten, W J C van Elmpt, B J Mijnheer, A W H Minken, L C G G Persoon,
P Lambin, and A L A J Dekker. Prediction of DVH parameter changes due to setup

55



Novel in-treatment dose verification methods for adaptive radiotherapy

errors for breast cancer treatment based on 2D portal dosimetry. Medical Physics, 36:83,
2009.

[12] N Dekker, L S Ploeger, and M van Herk. Evaluation of cost functions for gray value
matching of two-dimensional images in radiotherapy. Medical Physics, 30:778, 2003.

[13] W J C van Elmpt, S M J J G Nijsten, B J Mijnheer, and A W H Minken. Experimental
verification of a portal dose prediction model. Medical Physics, 32:2805, 2005.

[14] S M J J G Nijsten, W J C van Elmpt, M Jacobs, B J Mijnheer, A L A J Dekker, P Lambin,
andAWHMinken. A global calibrationmodel for a-Si EPIDs used for transit dosimetry.
Medical Physics, 34:3872, 2007.

[15] L C G G Persoon, M Podesta, W J C van Elmpt, S M J J G Nijsten, and F Verhaegen.
A fast three-dimensional gamma evaluation using a GPU utilizing texture memory for
on-the-fly interpolations. Medical Physics, 38:4032, 2011.

[16] G A Ezzell, J W Burmeister, N Dogan, T J LoSasso, J GMechalakos, DMihailidis, A Mo-
lineu, Jr R Palta, C R Ramsey, B J Salter, J Shi, P Xia, N J Yue, and Y Xiao. IMRT commis-
sioning: Multiple institution planning and dosimetry comparisons, a report fromAAPM
Task Group 119. Medical Physics, 36:5359, 2009.

56



V

Is integrated transit planar portal dosimetry able to

detect geometric changes in lung cancer patients

treated with volumetric modulated arc therapy?

Lucas C.G.G. Persoon, Mark Podesta, Lone Hoffmann, Abir Sanizadeh, Lotte E.J.R. Schyns, Ben-Max
de Ruiter, Sebastiaan M.J.G.G. Nijsten, Ludvig P Muren, Esther G.C. Troost and Frank Verhaegen

Acta Oncologica
Accepted for publication June 2015



Abstract

Purpose: Geometric changes are frequent during the course of treatment of lung can-
cer patients. This may potentially result in deviations between the planned and actual
delivered dose. Electronic portal imaging device (EPID) based integrated transit planar
portal dosimetry (ITPD) is a fast method for absolute in-treatment dose verification. The
aim of this study was to investigate if ITPD could detect geometric changes in lung cancer
patients.

Patients and methods: 460 patients treated with volumetric modulated arc therapy
(VMAT) following daily cone beam CT-based setup were visually inspected for geometri-
cal changes on a daily basis. 46 patients were subject to changes and had a re-CT and an
adaptive treatment plan. The reasons for adaptation were: change in atelectasis (n = 18),
tumor regression (n = 9), change in pleural effusion (n = 8) or other causes (n = 11). The
ITPDs were calculated on both the initial planning CT and the re-CT and compared with
a global gamma (γ) evaluation (criteria: 3%/3mm). A treatment fraction failed when the
percentage of pixels failing in the radiation fields exceeded 10%. Dose-volume histograms
(DVHs) were compared between the initial plan vs. the plan re-calculated on the re-CT.

Results:The ITPD threshold method detected 76% of the changes in atelectasis, while
only 50% of the tumor regression cases and 42% of the pleural effusion cases were detected.
Only 10% of the cases adapted for other reasons were detected with ITPD.Themethod has
a 17% false-positive rate. No significant correlations were found between changes in DVH
metrics and γ fail-rates.

Conclusion:This study showed that most cases with geometric changes caused by at-
electasis could be captured by ITPD, however for other causes ITPD is not sensitive enough
to detect the clinically relevant changes and no predictive power of ITPD was found.



ITPD for frequently occurring geometric changes

5.1 Introduction

Anatomical changes occur in around 23% of lung cancer patients during a course of radiother-
apy [1]. Several anatomical changes may occur in the lung, i.e., disappearing or developing
atelectasis or pleural effusion, tumor shrinkage, shifts of the tumor and/or metastatic lymph
nodes. These anatomical changes can result in significant changes between the planned and
delivered dose [1–5]. With the introduction of complex treatment delivery techniques of exter-
nal beam radiotherapy (EBRT) such asVolumetricModulatedArcTherapy (VMAT), radiation
dose can be delivered with high conformality, reducing dose to the organs at risk (OARs) [6–
8]. VMAT delivers its dose by using many degrees of freedom during the dose optimization
such as gantry angle, field shape, dose per segment and dose rate. The high occurrence rate of
anatomical changes happening through the treatment and the highly dynamic delivery makes
in-treatment verification of the dose essential for ensuring the treatment delivery quality to the
patient. The electronic portal imaging device (EPID) has been demonstrated to be an accu-
rate tool for in-treatment dose verification [9, 10]. Several methods for EPID dose verification
have been demonstrated, e.g. planar dose verification with integrated and, more recently, also
time-resolved verification, or 3D EPID dose verification [11–13].
Several groups have investigated the predictive power of planar dosimetry. Nijsten et al.

[14] showed that it was possible to predict changes in the dose volume histogram (DVH) for
conformal radiotherapy of breast cancer. Others have shown that per-beam planar dosimetry
of intensity modulated radiotherapy (IMRT) show little or no correlation to clinically relevant
dose changes[15, 16]. Especially for VMAT the predictive power of integrated transit planar
dosimetry (ITPD) may be questionable as Mans et al. [9] reported a very low frequency of
treatments needing adaptation, based on planar dosimetry. Conversely, it has been shown in a
clinical study that at least 12% of lung cancer patients suffering from changes due to atelectasis,
pleural effusion or pneumonia may benefit from an adaptive radiotherapy strategy to ensure
target coverage or to avoid normal tissue complications[1]. The actual number of patients
needing adaptation is higher when deviations in e.g. tumor and lymph node positions are
concerned[1].
The aim of this study was therefore to investigate whether ITPD for VMAT has added

value in detecting dose differences caused by anatomical changes throughout the treatment in
a large cohort of lung cancer patients.

5.2 Methods and materials

5.2.1 Patient cohort and treatment adaptation

In this retrospective study we assessed the entire population (460 patients) of non-small cell
lung cancer (NSCLC) and small cell lung cancer (SCLC) patients radically treated at our de-
partment between January 2013 and September 2014. All patients were treated using VMAT,
applying the dose in one or two (semi-) arcs, using 10 MV photon beam quality, delivered
with a Varian True Beam linear accelerator (Varian Medical Systems, Palo Alto, CA, USA).
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Treatment planning was performed using Varian’s treatment planning system Eclipse version
11 and the Acuros dose calculation algorithm. From this database, we analyzed in depth the
identified 46 NSCLC/SCLC patients for whom treatment was adapted during their course of
(chemo)radiotherapy (Table 5.1). The decision to adapt treatment was taken in clinical prac-
tice and was based on anatomical discrepancies seen in the daily kV cone beam CT (CBCT),
e.g., on CBCT the CTV shifted outside the PTV on CTp , or pleural effusion caused a reduc-
tion in dose to the PTV. After visual signaling, the dose was re-calculated on the CBCT and
in a patient board, it was decided in consensus by the radiation oncologist and medical physi-
cist whether a plan needed adaptation. In this study, differences were categorized as either: 1)
change in atelectasis [a collapse or closure of (parts of the) the lung, resulting in a reduced or
absent gas exchange] (n = 18); 2) tumor regression (n = 9); 3) change in pleural effusion (fluid
accumulated in the pleural cavity) (n = 8); 4) other changes (n = 11), e.g., patient positioning.
When relevant geometrical differences were observed in the daily CBCT images compared to
the original planning CT (CTp), it was decided to acquire a new planning-CT (CTr). On this
CTr contours were re-delineated from scratch and it was used for treatment adaptation. For
this study, the 3D dose for each adapted case was analyzed in the treatment planning system
by first rigidly registering CTp with CTr on bony anatomy and then copying the original treat-
ment plan on the CTr resulting in simulated delivered dose Dd , which was then compared to
the originally planned dose Dp based on the CTp .

5.2.2 Integrated transit planar dosimetry (ITPD)

ITPDwas used to compare planned versus delivered dose at the level of the EPID (DEPID) with
the patient in the beam. A validated prediction model was used to simulate both the planned
and delivered ITPD dose (DEPID p and DEPID d) using the patient geometries described by CTp
andCTr[17]. DEPID p andDEPID d were then comparedwith a global gamma (γ) evaluationwith
dose-difference (DD) and distance to agreement (DTA) criteria of 3%/3mm[11, 18]. For each
field the percentage pixels exceeding unity (P(∣γ∣ > 1)) inside the whole field was extracted.
A dose delivery difference was flagged (i.e. considered significant) when our current clinical
action level was exceeded, which was when one of the arcs of the plan exhibits a P(∣γ∣ > 1) of at
least 10% of the pixels. Supplementary figure 7.1 shows a schematic overview of the calculation
of the ITPD.

5.2.3 3D dose analysis

To quantify dose changes the DVHs for the planned dose Dp and the delivered dose Dd were
compared. The clinical target volume (CTV), the planning target volume (PTV) and the me-
diastinum as OAR were subject to investigation. During treatment planning the mediastinum
constraint was the hardest to meet and therefore the mediastinum was part of the 3D dose
analysis. Dp and Dd distributions for the two CT scans were converted to DVHs. For the
CTV of the primary tumor and the CTV of the lymph nodes, dose to 98% of the volume
(D98%), the dose to 95% of the volume (D95%) and the dose to 5% of the volume (D5%) were
extracted from both Dp and Dd . Furthermore, a relative difference for each metric was calcu-
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Table 5.1: Patient and tumor characteristics. (The cT and
cN refer to the 7th edition of the UICC-TNM staging for
lung cancer.)

Item Percentage
Age (mean±SD) 71±6 year
Gender
Female 15 32
Male 31 68
Tumor histology
NSCLC 43 93
(SCLC 3 7
Clinical tumor stage
cT1 7 15
cT2 16 35
cT3 3 7
cT4 20 43
Clinical lymph node stage
cN0 10 21
cN1 3 7
cN2 17 37
cN3 16 35
Tumor location
Left 14 30
Right 32 70
Upper lobe 21 46
Lower lobe 11 24
Middle lobe 6 13
Bronchus 8 17
Adaptation reason
Atelectasis 18 39
Tumor regression 8 17
Pleural effusion 9 20
Other 11 24

SD=standard deviation; cT=clinical primary tumor stage;
cN=clinical nodal stage

lated, i.e., ΔDx = (Dp ,x−Dd ,x)
Dp ,x

× 100 with x=98%, 95%, 5% extracting the ΔD98%, ΔD95%, ΔD5%
for the CTVs. For the PTV the same relative differences was calculated but for the mean dose
(ΔDmean), ΔD95% and ΔD5%. Finally, for themediastinum themaximumdose (Dmax), the dose
to 2%, of the volume (D2%) and the dose to 0.5 cc, of the volume (D0.5 cc) were calculated, result-
ing in a ΔDmax, ΔD2%, ΔD0.5 cc. A DVH was considered to be deviating significantly (DVH+)
when one of the metrics showed a difference of more than 4%. Otherwise, it was considered
DVH negative (DVH-). The 4% threshold to define DVH+ cases has been based on the dose
precision requirements as defined by Brahme et al[19]. For the DVH analysis compared to
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Figure 5.1: Workflow for the comparison between planned dose
(PLAN 1CTp)Dp and delivered dose (PLAN 1CTr)Dd . For ITPD
the predictionmodel of van Elmpt et al [17] was used resulting in a
plannedDEPID p and a deliveredDEPID d. For theDVHanalysis the
dose distributions within re-delineated contours were compared
to each other.

the visual decision-making the positive predictive value (PPV) and the false discovery rate
(FDR) were calculated to analyze the performance of the DVH analysis. The PPV was calcu-
lated as PPV = number of true positives

number of DVH+ cases and the FDR was calculated as FDR = number of false positives
number of DVH+ cases .

For comparison of the DVH to the ITPD method, the sensitivity ( number of true positives ITPD
number of DVH+ cases )

and specificity ( number of true negative ITPD
number of DVH- cases ) were calculated. A regression analysis was performed

between the DVH metrics and the maximum P(∣γ∣ > 1) over all arcs of the treatment plan,
determining the correlation coefficients (R2).

5.3 Results

From the patients that were detected as needing adaptation, ITPD in total detected 49% with
the criterion of P(∣γ∣ > 1) > 10%. For the dose differences caused by atelectasis the detection-
rate against the DVH+ cases was 76%, for tumor regression 50%, for pleural effusion 42%
and for differences caused by patient positioning and other causes a 10% detection rate was
achieved. For the DVH detection versus the visual decision-making the PPV was 87% while
the FDR was 13%.
For pleural effusion, weak correlations for the ΔD5% for the CTV lymph nodes (R2 = 0.23)

and for the ΔD2% of the mediastinum (R2 = 0.51) were found (Table 2). For the latter, also
weak correlations for the CTV of the lymph nodes for the ΔD5% (R2 = 0.65) and ΔD95% of
the CTV of the primary tumor (R2 = 0.38) were calculated (Table 5.2). No other significant
correlations were found (Table 5.2).
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Across the group, 40 patients were DVH+ and 6 were DVH-. From the 40 DVH+ cases,
20 were flagged with ITPDwhile from the DVH- cases only 1 was flagged positive, resulting in
a sensitivity of 0.50 and specificity of 0.83 between the DVH status and ITPD. Figure 5.2 and
figure 5.3 depict examples of patients that were flagged or not flagged by ITPD, respectively.

Figure 5.2: An example of tumor regression which is accurately flagged by
ITPD with high P(∣γ∣ > 1) for each arc (28% and 29% respectively). The
ITPD shows predominantly red areas indicating that the planar dose differ-
ence found in the γ calculation shows a positive dose difference, however,
it should be noted that this could also be interpreted as a shift with a small
positive DD. The DVH also shows an over-dosage of the CTV (skyblue)
and to the mediastinum (magenta), which could confirm that in this case
the red areas are caused by a dose difference and not a shift.
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Figure 5.3: In this DVH+ example the atelectasis decreased causing a slight
shift in the CTV (skyblue), moving the CTV slightly out of the high dose
volume and resulting in an increased dose to the mediastinum (magenta
in the DVH graph), while by integration of the dose only a P(∣γ∣ > 1) =
0.21% for beam 1 and 1.7% for beam 2 was obtained, which is below the
detection criterion. ITPD hides the inherent dose difference caused by the
geometrical change.

5.4 Discussion

In this studywe have investigated the predictive power of in-treatment ITPD for detecting dose
differences caused by anatomic changes in NSCLC and SCLC patients undergoing VMAT. For
lung cancer it has been shown that ∼23% of the patients show anatomical changes throughout
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the course of treatment, while ∼12% needs adaptive actions to ensure treatment quality [1].
Considering the volume of > 400 lung cancer patients at our clinic per year, > 44 of these
patients each year may benefit from adaptive strategies. However, with ITPD we found no
significant correlations between γ fail-rates and DVH metrics for in-treatment geometrical
changes. Due to the lack of correlation between γ fail-rates and DVH metrics, different clini-
cal action levels, other then P(∣γ∣ > 1) of at least 10% of the pixels are not expected to influence
the results significantly. For patients exhibiting tumor regression, a very weak correlation was
found between the CTV DVH metrics and γ fail-rates. A possible explanation for the weak
correlation may be that when a tumor shrinks, lower densities around the target (CTV) are
observed, resulting in less beam attenuation and therefore in a higher dose to the smaller tar-
get volume (see the DVH in Fig. 5.2). The lower densities around the CTV may result in a
higher DEPID d due to reduced attenuation. The higher dose captured in the ITPD might re-
sult in γ fail-rates with a positive sign of the dose difference (see the red areas in the ITPD γ
images in Fig. 5.2), which weakly correlate to the changes in the DVH. Another explanation
for the weak correlation may be that the geometrical difference in our study was always the
same (shrinkage) and that it always occurred in the high dose volume. Notably, it should be
mentioned that the tumor shrinkage sub-group was small (n = 8).
Several groups studied the predictive value of γ metrics and relevant changes in the 3D

dose or DVH.The studies can be roughly divided into two groups: 1) pre-treatment, and 2) in-
treatment, studying either: a) planar dosimetry, or b) 3D dosimetry. For in-treatment planar
dosimetry the positive predictive values of γmetrics has been shown for breast cancer patients
while another report presented it as amethod to detect dose differences over all treatment sites
[9, 14]. For 3D in-treatment portal dosimetry a study for head and neck cancer patients showed
a positive correlation between γmetrics and changes in theDVH [3]. All pre-treatment studies
either using planar or 3D portal dosimetry report weak to no predictive value of γ metrics for
changes in the 3D dose or DVH [9, 12, 14, 16]. In general for the pre-treatment studies weak to
no correlations have been found while for the in-treatment studies some positive correlations
have been found.
Most previous studies have investigated pre-treatment dosimetry either planar or 3D [15,

16, 20, 21]. The difference between our work and most previous studies is that in-treatment
planar dosimetry for VMAT was used for lung cancer patients. The studies of Rozendaal et
al. [3] and Nijsten et al. [12] have also looked at in-treatment portal dosimetry for head and
neck and breast cases, respectively. The latter study also used in-treatment planar dosimetry.
This study showed that patient-setup differences and relevant DVH changes can be predicted
for conformal radiotherapy (CRT) for breast cancer patients. CRT ITPDs are very different
fromVMAT ITPDs because of the absence of dose gradients caused by the delivery properties
of VMAT. The other in-treatment portal dosimetry study of Rozendaal et al. [3] looked at
VMAT for head-and-neck cancer patients and found a positive predictive value for γ metrics
andDVHmetrics. However, they used 3D portal dosimetry, which is not comparable to planar
portal dosimetry.
The large scale study of Mans et al. [9] using ITPD showed a very low number of patient

errors detected with ITPD. Only 17 out of more than 4000 patients were flagged of which
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Figure 5.4: A schematic example demonstrating that for
VMAT with 360○ dose delivery, differences caused by
geometrical changes may be negated by the integration
of the dose. a) shows the measurement setup while b)
shows the γ evaluations belonging to gantry angles 0○
and 180○ and the resulting integrated γ evaluation.

only 7 were attributed to geometrical changes and the other cases were ascribed to technical
beam delivery failures. No quantitative detection criteria were mentioned in this study. From
the sub-group of lung cancer patients (454), two cases with dose differences were identified
(0.4%). This appears to be a very small fraction compared to the present study where 20 cases
(4.3%) out of 460 where detected by ITPD with a sensitivity of only 0.50.
ITPD seems to hide certain dose delivery changes, which is reflected in the low sensitiv-

ity of 0.50. This may have several causes. IMRT and especially VMAT are highly dynamic
treatment delivery techniques utilizing many degrees of freedom to deliver a single treatment
beam in many small sub-beams/control-points. When all control-points/timing information
are integrated in an ITPD this results in a high amount of dose gradients. It has been shown
in simulations for planar dosimetry that using a γ evaluation on ITPDs the detection-rate de-
pends on the fraction of gradients in the dose distributions [16].
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The combined findings of previous and the present work indicate that more advanced dose
verification techniques are necessary to verify VMAT dose distributions, which should be able
to capture the dynamic/timed nature of advanced delivery techniques. A time-resolved ver-
ification method may be essential to verify these dynamic treatments. The applicability of
time-resolved EPID dosimetry has been demonstrated recently for pre-treatment verification
of VMAT treatments [11, 22, 23]. Our group modified the γ evaluation in such a way to ex-
tend the search space of the algorithm into the time-domain [24]. Figure 5.4 demonstrates an
example where ITPD results in a false negative, and where a dose difference caused by a geo-
metrical change is negated in the ITPD. It depicts a spherical target moving in the horizontal
direction in such a way that it is no longer completely encompassed by the rotating beam with
a fixed square field size. As a result the time-resolved EPID images show large discrepancies
(red and blue regions) at certain times, in particular when the beams are perpendicular to the
horizontal plane that contains the motion direction (Fig. 5.4 ). However, the time-integrated
ITPD image shows zero failure due to exact cancelling of the time-resolved discrepancies. An-
other advantage of time-resolvedmethods, when applied on-line, is that gross delivery changes
due to geometrical changes could be detected and treatment could be interrupted during the
treatment [25].
In conclusion, time-integrated EPID dosimetry in the form of ITPD has little to no pre-

dictive power in detecting dose delivery changes due to anatomical changes in lung cancer
patients undergoing VMAT. A low sensitivity and no significant correlations between changes
in DVH metrics and γ fail-rates render ITPD unsuitable in detecting a large fraction of the
relevant dose discrepancies. More advanced in-treatment dose verifications methods may be
necessary to verify these types of dynamic treatments. Time-resolved planar EPID dosimetry
TRTPD may be a good candidate for such a method.
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Abstract

Purpose: Atelectasis in lung cancer patients can change rapidly during a treatment
course, which may displace the tumor/healthy tissues, or change tissue densities locally.
This may result in differences between the planned and the actually delivered dose. With
complex delivery techniques treatment verification is essential and inter-fractional adap-
tation may be necessary. We present the first clinical results of treatment adaptation based
on an in-house developed 3D portal dose measurement (PDM) system.

Methods: Amethod was developed for 3D PDM combined with cone beam computed
tomography (kV-CBCT) imaging. Lung cancer patients are monitored routinely with this
imaging technique. During treatment, the first 3 fractions are analyzed with 3D PDM and
weekly thereafter. The reconstructedmeasured dose is compared to the planned dose using
dose-volume histograms and a gamma (γ) evaluation. Patients having ∣γ∣ > 1 in more than
5% of the (primary tumor or organ at risk) volume were subjected to further analysis. In
this study we show the PDM dose changes for 5 patients.

Results: We detected relevant dose changes induced by changes in atelectasis in the
presented cases. Two patients received two treatment adaptations after being detected with
PDM confirmed by visual inspection of the kV-CBCTs, and in two other patients the radi-
ation treatment plan was adapted once. In one case no dose delivery change was detected
with PDM.

Conclusion:Thefirst clinical patients show that 3D PDM combined with kV-CBCT is
a valuable quality assurance tool for detecting anatomical alterations and their dosimetric
consequences during the course of radiotherapy. In our clinic, 3D PDM is fully automated
for ease and speed of the procedure, and for minimization of human error. The technique
is able to flag patients with suspected dose discrepancies for potential adaptation of the
treatment plan.



Adaptive radiotherapy based on 3D portal dosimetry

6.1 Introduction

Volumetricmodulated arc therapy (VMAT) is a complex radiation dose delivery technique ca-
pable of delivering dose highly conformal to the tumor in a short delivery time[1]. For VMAT
the gantry angle, rotation speed, field shape and dose rate are continuously varied during treat-
ment delivery. Due to the highly conformal dose achieved with VMAT and the complexities
of the radiation delivery, quality assurance (QA) is more difficult to perform in comparison
with conformal or intensity modulated radiotherapy (IMRT). Dose verification of such a com-
plex delivery modality, both pre- and in-treatment, is vital to maintain accurate dose delivery
throughout a treatment course. VMAT QA predominantly is done with films, ion chamber
arrays, diode arrays or the electronic portal imaging device (EPID) [2, 3]. Portal Dose Mea-
surement (PDM) with an EPID has been demonstrated to be a valuable means for dose ver-
ification both pre- and in-treatment[3, 4]. At MAASTRO CLINIC we recently embarked on
three-dimensional (3D) EPID dosimetry for both pre- and in-treatment dose verification, and
the results of the EPID dosimetry method are used to adapt treatment when necessary. Dur-
ing the treatment this is done in combination with a kilo Voltage (kV) cone beam computed
tomography (CBCT) patient image.
Atelectasis, i.e. collapse or closure of the lung, is a condition frequently occurring in lung

cancer patients and it can change rapidly during a treatment course, potentially displacing the
tumor/healthy tissues or changing local tissue densities. The condition may result in differ-
ences between the planned and the actually delivered radiation dose. With VMAT, treatment
verification is essential to ensure error-free treatment delivery, for inter-fractional adaptation
it may be necessary to account for changing patient geometry. We have introduced PDM to
acquire data for the definition of an adaptive treatment protocol for lung cancer patients with
atelectasis.
In this study we present clinical results for five lung cancer patients undergoing treatment

adaptation based on PDM.

6.2 Methods and materials

6.2.1 Equipment and 3D portal dose reconstruction

Portal images are acquired using the aSi EPID of a Varian TrueBeam linear accelerator (Varian
Medical Systems, Palo Alto, CA). The linac is equipped with a kV-CBCT imager and can de-
liver photon beams of 6 and 10MV. Portal images for 3D dosimetry are acquired with Varian’s
iTools, a software package to capture all individual image frames during the VMAT delivery.
This is essential since the native TrueBeam image acquisition software can only export inte-
grated EPID images. Integrated images are insufficient to calculate a 3D portal dose distribu-
tion. Figure shows the workflow of the PDM procedure. Two-dimensional (2D) megavoltage
(MV) EPID images/frames were acquired during treatment with the image acquisition work-
station. TheseMV EPID images were automatically converted to 2D portal dose images using
an in-house developed algorithm and a dose-guided radiotherapyworkflow [5, 6]. The 2Dpor-
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tal dose images were subsequently automatically processed by a 3D portal dose reconstruction
algorithm to calculate the true delivered 3D patient dose distribution of the day from the kV-
CBCT image acquired immediately prior to treatment[4]. For this study we used Varianfbs
treatment planning system (TPS) Eclipse with dose calculation algorithm Acuros for both the
calculation of the planned dose and the PDM. 3D PDM was used to quantify the dosimetric
effect of the anatomical changes. The measured 3D portal dose was automatically compared
to the planned dose with a gamma (γ) evaluation[7, 8]. In addition, dose-volume histograms
(DVHs) were compared. The entire workflow from image acquisition to presentation of the
3D reconstructed dose distributions is a fully automated process. PDM not passing certain γ
criteria are automatically flagged and subjected to further analysis. At MAASTRO CLINIC all
patients (approximately 4000 per year) receive PDM.

6.2.2 Adaptive protocol and patients

At MAASTRO CLINIC all lung cancer patients with atelectasis apparent in the pre-treatment
images are subjected to a protocol aimed at detecting anatomical changes and thus facili-
tating treatment adaptation. In this protocol a respiratory correlated (RC-) CT with 18F-
fluorodeoxyglucose positron emission tomography (FDG-PET) is acquired for radiation plan-
ning. At several time points throughout the treatment course (first three fractions and every
5th fraction thereafter) kV-CBCT images for setup correction and visual detection of anatom-
ical changes are acquired together with a 3D PDM.The process for treatment adaptation is as
follows: First, the 3D PDM is automatically flagged for further investigation and possible treat-
ment adaptation if the ∣γ∣ > 1 in more than 5% of the pixels in the clinical target volume (CTV;
for primary tumor, CTV-1; for lymph nodes, CTV-2), using dose and distance-to-agreement
criteria of 3%/3mm. Second, the radiation oncologist visually inspects every kV-CBCT flagged
by 3DPDMand treatment is adapted if the atelectasis changes bymore than 7mm in any direc-
tion. When one of the here presented patients’ plans was flagged for adaptation based on the
PDM and confirmed by visual inspection, the CTV of the primary tumor was re-delineated
manually on the kV-CBCT image, and the DVH and γ metrics (fail rate) were re-calculated.
Other re-delineated structures were the body contour, the non-involved lung, the esophagus
and the spinal cord. The main DVH metrics analyzed were the volume receiving 99% of the
dose (V99%) and the dose to 5% of the volume (D5%) of the CTVs. V99% was included to inves-
tigate whether coverage of the CTV was altered due to a change in patient anatomy, and D5%
was used for the detection of hot spots within the CTV volumes. Finally, the decision for re-
planning was based on both quantitative dose analysis and visual inspection of the kV-CBCT.
In case of treatment adaptation, a new FDG-PET/CT is acquired and a new radiation plan

is created for the remainder of the treatment, or until again replanning is deemed necessary.
For this study we show the results for five lung cancer patients treated with this adaptive pro-
tocol, for which treatment plans were adapted in four patients. In one patient (Case A) a clear
atelectasis was present from the beginning of treatment onwards, but this patient was neither
flagged nor did considerable deformations occur during treatment. This patient was added as
a negative control for comparison with the four who underwent adaptation.
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Figure 6.1: Workflowof the PDMacquisition and extraction of dosemetrics from theDVHand
γ evaluations. On the left side a typical treatment planning process is depicted; the acquisition
of the planning CT and the delineation of target volumes and organs at risk resulting in a
treatment plan and planned or desired dose. This dose is the reference dose and is compared
with the PDMs. On the right side the treatment process is depicted, the acquisition of the PDM.
First kV-CBCT is acquired for the patient geometry of the day. Second the treatment beam
itself is imaged with iTools. The MV image acquisition and the image frames are converted
into 2D portal dose frames. Together with the kV-CBCT and the 2D portal dose frames a 3D
dose calculation can be performed. This PDM is then compared with a γ evaluation and a
DVH comparison to the planned or desired dose, and flagged for further investigation when
the γ and/orDVH criteria fail. When it is flagged the kV-CBCT is re-delineated and compared
in further detail.

6.3 Results

In four out of five cases shown the dose was adapted, based on PDM confirmed with a visual
inspection of the kV-CBCT. Table 6.1 shows the γ and DVHmetrics for the analyzed cases.
Case B showed an increase in atelectasis and large shifts of themediastinum. These changes

caused failure of the γ criteria for the clinical target volumes, with a γ fail rate of 12% and 24%
for the CTV-1and CTV-2, respectively. Figure 6.2 shows the γ measurements for this patient
throughout the course of treatment as well as the DVHs of the PDM. The dose analysis and
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DVHmetrics consequently showed that the coverage of the CTVs decreased drastically (Table
6.1 patient B plan I). After treatment adaptation, the atelectasis and patient geometry changed
again influencing the tumor coverage with a high γ fail rate (Table 6.1 patient B plan II). Sub-
sequently, a third plan was created and thereafter the dose of the PDM and the planned dose
agreed reasonably (figure 6.2; DVH of plan 3). Although the γ fail rate for CTV-2 exceeded the
threshold of 5% slightly it was decided to not adapt treatment again because there were no clear
visual differences between the third planning FDG-PET/CT and the kV-CBCT, and because
the remaining treatment-time (8 fractions, 4 days) was too short for another full re-planned
adaptation.
Case C showed a drastic decrease in atelectasis after the first three fractions flagged by the

PDM with a high γ fail rate (Table 6.1 patient C). Visual inspection of the kV-CBCT by the
radiation oncologist and a second planning FDG-PET/CT image consequentially showed a
CTV shift. When taking the CTV shift into account the CTV coverage (V99%) decreased by
10%, from 93% (V99% for TPS and CBCT) to 83%. During the delivery of the second plan the
atelectasis returned and the plan was flagged by the PDM. A subsequent treatment adaptation
was conducted because a large atelectasis had formed close to the tumor. Even though this
third plan still showed a high γ fail rate of 17% caused by a change in patient anatomy of 3mm
no significant differences in DVHs were found. This can be explained by a change in patient
anatomy (3 mm) compared with the applied γ criteria (3%, 3mm). No treatment adaptation
was conducted because the shift of 3mmwas within the 7mm threshold and due to the limited
number of remaining fractions compared to the delay introduced by re-planning.
Initially, case D had a relatively low γ fail rate for CTV-1 (8%) albeit above the threshold

of 5%. However, the peritumoral anatomy showed large deformations exceeding 7mm on the
kV-CBCT. Due to deformations and shifts in the CTV, the tumor coverage (V99%) dropped to
67%. After treatment adaptation, renewed large deformations were detected towards the end
of the treatment course resulting in a high γ fail rate (Table 6.1 patient D plan II).The treatment
was not adapted again since only a small number of fractions were left. Nevertheless, themean
dose to the tumor and affected lymph nodes increased by 2% and 3%, respectively, explaining
the γ high fail rate.
Finally, case E showed a high γ fail rate (22%) for an atelectasis in the right lung that had

formed at the start of the treatment, consequently shifting the tumor outside the CTV. The
changes in anatomy ofmore than 7mm and the compromised CTV coverage (Table 6.1 patient
E plan I), led to the design of a new treatment plan. After plan adaptation the γ fail rate of PDM
dropped drastically confirmed by the absence of visual changes on kV-CBCT. This treatment
was not flagged again by the γ evaluation after the first adaptation.
In general, in all cases flagged with PDM the change in atelectasis also shifted the tumor

drastically sometimes moving the tumor partially out of the high dose area (case D and E).
Furthermore, we found that in two cases more than one adaptation was necessary over the
course of treatment because atelectasis which had disappeared returned (case B and C).
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Figure 6.2: The top left panel shows the planning CT for the 1st treatment plan
of case B with delineations of the lungs (yellow), esophagus (white) and CTVs
(purple). The 95% isodose is also indicated (red color-wash). Next to the plan-
ning CT a re-delineated CBCT slice of fraction 11 is shown. The lower panels
show the γ evaluations for fractions 11, 29 and 32, respectively. Voxels failing the
(3%, 3mm) criteria show up in blue (under dosage) and red (overdosage). The
lungs are drawn in black, the dashed lines are the CBCT delineations and the
solid lines are the planning CT delineations. Next to the γ plots are the differ-
ent DVHs for the CTV (planned: green; measured: purple) and the esophagus
(planned: yellow; measured: blue).
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6.4 Discussion

Image-guided radiotherapy andVMAThas facilitated the delivery of high precision radiother-
apy. kV-CBCT images are acquired during several treatment fractions to ensure correct patient
positioning and dose delivery. Currently, it is common practice for radiation oncologists and
technicians to visually inspect the CBCT images to identify possible anatomical changes that
would influence the dose in such a way that treatment adaptation is necessary. This visual
qualitative inspection of CBCT scans is time-consuming and prone to variation in interpreta-
tion. At MAASTRO CLINIC we have implemented a fully automaticated 3D PDM at certain
time points and discrepancies between the planned dose and PDM exceeding certain γ fail
rate levels are flagged. The main advantage of such a method is that a quantitative analysis is
presented and potential problems are flagged based on user independent criteria, designed to
automatically flag clinical relevant dose delivery changes during treatment. The quantitative
analysis of the dose distributions, the DVHs and the automated flagging procedure reduce
the time that has to be spent on checking and analyzing the CBCT images. This procedure
has facilitated the decision-making and individual treatment adaptation for the demonstrated
cases. Furthermore, we have seen that dose changes detected with the γ evaluation do not
always correlate with clear changes in the DVH. Recent reports of 2D planar EPID dosime-
try and changes in DVHs show a weak or no correlation[9, 10] while others have reported
otherwise and have shown a correlation between patient setup changes and changes in the
DVH[11]. For the correlation between 3D PDM and DVHs no results were reported yet. The
process of re-planning including re-delineation is still a time-consuming procedure in daily
clinical practice. One of the major disadvantages of kV-CBCT is that tumor re-delineation is
difficult based on these images[12]. The difference in image quality between the kV-CBCT and
CT is an issue. This difference can be reduced by optimizing the reconstruction and acquisi-
tionmethods of the kV-CBCT improving the image quality, closer to the CT image quality[13].
Furthermore, the re-delineation process could be supported by using deformable image reg-
istration and contour propagation. However, considerable limitations have been reported[14]
when large deformations are present.
Nevertheless, it remains vital to analyze at least in a quantitative way the effect of anatom-

ical changes. We have illustrated in the presented cases that the reduction or development
of atelectasis can shift the tumor drastically, easily by more than 5 mm, which may move the
tumor out of the high dose volume. This phenomenon was observed in two of the presented
cases where full clarification was gathered from the new planning FDG-PET/CT. PDM and
kV-CBCT are therefore complementary in the decisionmaking for re-planning or other adap-
tive strategies. Adapting treatments based on single fraction information may not always be
necessary, therefore observing dose delivery trends in a treatment are of importance for deci-
sion making[5].
Several alternative adaptive strategies have been proposed by others e.g. using an in-room

CT to re-calculate the dose on aweekly basis orwhen image guidance indicated a re-calculation
of the dose[15], using deformable registration to propagate contours for online and offline re-
planning[14, 16]. Another adaptive approach consists of pre-calculating multiple plans and
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selecting the best fitting plan of the day[17]. Our PDM automated flagging was introduced in
daily clinical practice and time-consuming re-planning was only performed after a detailed
analysis by a radiation oncologist but only for the flagged instances. The abovementioned al-
ternative adaptive strategies still rely on human-intervention, to decidewhether or not to adapt
except for the multiple pre-calculated plan approach. In this approach the best suited plan of
the day is selected based on the image(s) just prior to treatment. Our method could be added
to this procedure in order to validate the treatment delivery and improve plan selection. With
the in-room CT imaging a similar automated analysis is possible as in our method, which
could improve efficiency of this method. However, the in-roomCT analysis does not take into
account the actual linac delivery at the moment of treatment like PDM does. Themain advan-
tage of using an in-room CT is that the images may be used to identify apparent shifts of the
tumor. Several large shifts of the tumor have been observed in our study, which were difficult
to see in the kV-CBCT but were apparent in a new FDG-PET/CT. In general our method is
complementary to most adaptive strategies and can be used to either reduce decision time or
validate results of the treatment adaptation, and technology such as propagation of contours
would contribute significantly towards improve PDM flagging accuracy.
We have used 3D PDM for treatment adaptation. Others [18] have reported on 2D PDM

to catch dose errors and intervene with the treatment. These interventions were found to be
necessary in only a small amount of cases; 17 out of 4337 patients from which 7 were clas-
sified as patient anatomy changes. They extended their 2D PDM back-projection method to
3D PDMand included verification of VMAT treatments[3]. However they have reported accu-
racy issues with their back-projection algorithm for lung cancer patients because their method
did not account correctly for tissue inhomogeneity which was resolved by using an in-aqua
solution[19]. Our 3D PDMmethod uses a forward dose calculation using the geometry of the
day (kV-CBCT)[4]. The difference between these studies and ours is that they use the PDMs
mainly as a patient specific quality assurance tool and not for informed decision making for
adaptive radiotherapy.
One of themain advantages of the PDMmethod is the immediate quantification of under/

overdosage when no adaptation is applied. It can also play a role in informed decision-making
when adapting the plan. Cases were flagged with PDMs and confirmed with the kV-CBCT
analysis. However, in the future error flagging criteria and trend analyses need to be further
developed for the detection of specific dose delivery discrepancies and improved decision-
making. Furthermore, the sensitivity and specificity of the PDMmethod needs further inves-
tigation. We conclude that 3D PDM is a promising method to reveal dose discrepancies and
changes over time for lung cancer patients and potentially for other cancer sites as well.
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Abstract

Purpose: It is desirable that dosimetric deviations during radiation treatments are de-
tected. Integrated transit planar dosimetry (ITPD) is commonly used to evaluate external
beam treatments such as volumetricmodulated arc therapy (VMAT).This work focuses on
patient geometry changes, which result in differences between the planned and delivered
radiation dose. ITPD will average out some deviations. Novel time-resolved transit planar
dosimetry (TRTPD) compares the delivered dose of VMAT to the planned dose at various
time points. Four patient cases are shown where TRTPD detects patient geometry changes
during treatment.

Methods: A control point-to-control point comparison between the planned dose and
the treatment dose of VMAT beams is simulated using the planning CT and the kV Cone
Beam CT of the day, and evaluated with a time-resolved γ-function. Results were com-
puted for four patients treated with VMAT, each showing an anatomical change: pleural
effusion, rectal gas pockets, and tumor regression.

Results: In all cases the geometrical change was detected by TRTPD while ITPD
showed minor or no indication of the dose discrepancy. Both tumor regression cases were
detected earlier in the treatment with TRTPD in comparison to ITPD.The pleural effusion
and the gas pocket were detected exclusively with TRTPD.

Conclusion: Clinical cases were presented in this proof of principle study in which
ITPD did not detect dosimetrically relevant deviations to the same extent TRTPD was
able to. TRTPD also provides results that can be presented as a function of arc delivery
angle allowing easier interpretation compared to ITPD.
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7.1 Introduction

Technological development in radiotherapy has allowed for increased complexity in the deliv-
ery of external beam radiotherapy (EBRT). With the introduction of Volumetric Modulated
Arc Therapy (VMAT), radiation dose can be delivered highly conformally, reducing the dose
to the organs at risk (OARs). VMAT uses many degrees of freedom during dose optimiza-
tion; gantry angle, field shape, and dose rate are continuously varied making quality assurance
(QA) more difficult than for static irradiation techniques. VMAT QA is predominantly per-
formed with specialized arc verification equipment, i.e., ArcCHECK (Sun Nuclear Corpora-
tion, Melbourne, FL), MatriXX (IBA, Schwarzenbruck, Germany), Octavius (PTW, Freiburg,
Germany), Delta-4 (ScandiDos, Uppsala, Sweden) [1, 2]. Alternatively to specialized equip-
ment, the electronic portal imaging device (EPID) has been demonstrated to be an accurate
tool for integrated planar dosimetry andmore recently, for time-resolved planar dosimetry[3–
7].
It is desirable that dosimetrically relevant deviations to the planned dose are detected at

the time of delivery. Performing pre-treatment QA can reduce the occurrence of some devi-
ations, such as those resulting from machine faults. Other deviations, resulting from changes
in patient geometry, can only be identified on the day of treatment or during the treatment
itself, and are the focus of this work.
During the course of fractionated EBRT changes in patient anatomy can frequently and

rapidly occur, e.g., tumor regression, weight loss, atelectasis and pleural effusion in lungs, and
variation in bowel or bladder filling, all potentially displacing the tumor/normal tissues or
changing local tissue densities[8–10]. These changes may result in differences between the
planned and the actually delivered radiation dose, and may require corrective actions. Cur-
rently, to detect these dose delivery changes in VMAT, 2D integrated or 3D integrated EPID
dosimetry are employed in some centers[11–14].
For integrated transit planar dosimetry (ITPD) the ability to analyze the cause of a dose

difference is limited, requiring much time and experience, and does not correlate well with
changes in the dose volume histogram (DVH)[15, 16]. Due to the integral nature of these
methods, there are also some deviations that will average out based on the arc trajectory alone,
resulting in minor or no indication of deviation.
The aim of this proof of principle study was to demonstrate that time-resolved transit pla-

nar dosimetry (TRTPD) as a method for analyzing dosimetry data for VMAT at various time
points does not suffer from the same geometrical shortcomings of integrated methods and
offers added value in detecting dose delivery deviations caused by patient anatomical changes.

7.2 Methods and materials

7.2.1 Equipment and time-resolved transit planar dose acquisition

Patient images were acquired on TrueBeam linear accelerators (Varian Medical Systems, Palo
Alto, CA) with an on-board kV Cone Beam CT (CBCT) device. All TRTPD dose images were
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calculated with an in-house developed algorithm which accurately converts transit planar im-
ages into transit planar dose distributions[17]. We have adapted the model such that a dose
image per control point (CP) of the plan is generated. First, a pre-treatment (no patient in
the beam) time-resolved planar dose image was used [3]. Then, this dose image was com-
bined with a CBCT patient geometry, which was converted, per CP, into a mass center and
radiological path length map based on parameters of the treatment plan, such as the isocenter
position with respect to the patient, gantry angle and couch angle, resulting in the TRTPD
dose image. Figure 7.1 gives an overview of the procedure, which also includes a γ-evaluation
against a TRTPD dose image based on the planning CT. For the comparison we have used a
time-resolved γ-evaluation which includes the dose global difference (DD) and distance-to-
agreement (DTA) criteria of (3 %, 3 mm) (DD, DTA) [18–20]. From each CP a γ fail-rate was
obtained by calculating the percentage of pixels where γ exceeded unity within the CP’s field
shape. This is represented as a polar-plot (Fig. 7.1) as a function of gantry angle. The γ function
was extended to quantify failure of the dose/distance-to-agreement criterion ∣γ∣ > 1 with neg-
ative or positive dose difference expressed as a blue/red color in the figures by using the sign
of the dose difference obtained in the γ calculation. It should be noted that the color is only
an indication of the sign of the dose difference; it is not necessarily an indication of a failure
of the dose difference criterion. ∣γ∣ > 1 may also occur when only the distance to agreement
criterion fails. For the ITPD, the doses in all CPs over time were summed and compared with
a static γ-evaluation with global criteria of (3 %, 3mm).
In this work, DVHs of the 3Dplanned dosewere compared against a 3D reconstructed dose

based on the kVCBCT,where the latter have been re-delineated by experienced physicians[21].

7.2.2 Patient characteristics

Four patients were studied. Patient A had a cT4N3M0 small cell lung cancer (SCLC) of the
right upper lobe and developed pleural effusion during the course of radical chemoradiother-
apy (30×1.5Gy BID). Patient B was referred for palliative treatment for a metastasized bladder
cancer and had rectal gas pockets in proximity of the planning target volume (PTV) during the
planning CT, which were absent during treatment. Patient C underwent chemoradiotherapy
(35 × 2 Gy) for a cT4aN2cM0 squamous cell carcinoma of the oral cavity, lost weight and had
regression of the primary tumor and cervical lymph node metastases. Patient D underwent
chemoradiotherapy (23 × 2.75 Gy) for a cT3N2M0 non-small cell lung cancer (NSCLC) of the
right lower lobe, and showed tumor regression during the treatment course. Patients A, B and
D were treated with 2 half-arcs of 10 MV photons while patient C was treated with complex 4
half arcs of 6 MV photons.
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Figure 7.1: a) The simulated CP-by-CP transit planar dose images during
treatment are compared to the CP-by-CP transit dose predictions based
on the planning CT. A time-resolved γ function is used for the evaluation.
From the CP γ result different metrics can be extracted e.g. the percent-
age pixels > +1 or < −1, which is shown as the polar plot in the back of the
figure by red or blue indications, respectively. The magnitude of the fail-
ure is expressed by the radius (the numbers along the dotted lines) while
angle represents the gantry angle. b) Shows the method for calculation of
the time-resolved transit planar dose. The method uses as calculation ge-
ometry the CT or CBCT, a 2D time-resolved planar pre-treatment dose,
and the beam parameters from the treatment plan itself. With an adapted
algorithm of van Elmpt et al* [17] a 2D transit planar dose is acquired.
The 2D time-resolved pre-treatment dose uses the algorithm of Podesta
et al** [3]
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7.3 Results

For the first three patients data is shown based on a single fractionwhile the changewas consis-
tent for the remainder of the treatment. However, for the last patient dose difference gradually
increased throughout the treatment. Patient A (Figure 7.2) is a SCLC patient who developed
pleural effusion during the first few fractions of irradiation, thus displacing the primary tu-
mor and changing the delivered dose distribution. ITPD indicated no failure in the γ analysis.
However, the geometry change led to a reduced coverage of the clinical target volume (CTV) of
3% as can be seen in the DVH. TRTPD detected this geometric change, shown in the third row.
The γ fail-rate per gantry angle highlights that in particular the angles passing directly through
the effusion show the highest fail-rates, for arc 1 angles from 310○− > 45○ and 135○− > 180○ and
for arc 2 angles from 40○− > 0○ and 230○− > 180○.

Figure 7.2: Case A, with in the top row a CT slice and a CBCT slice with the lungs (dark blue)
and CTVs (light blue) delineated as well as the pleural effusion (red, in CBCT fraction 4). The
second row shows the ITPD γ evaluation for the 2 arcs of the plan, and the third row shows
the time(angle)-resolved γ fail rate per CP. The last row shows the DVH for the CTV.

Themetastasized bladder cancer patient, patient B, showed a hotspot in the rectum during
treatment (see DVH in Figure 7.3). This was due to gas-pockets present during the planning
CT scan, but absent later. This error did not clearly show up in the ITPD; only 0.8% of pixels
failed the detection criteria. TRTPD showed that under many angles (from 160○− > 230○
and 340○− > 45○) the portal imager measured a different dose compared to the planned dose
expressed as a γ failure per gantry angle.
Patient C (figure 7.4) had a squamous cell carcinoma of the oral cavity and was treated with

a complex 4-arc VMAT plan with high modulation of the treatment fields. During chemora-
diotherapy, the patient lost weight and both the primary tumor and the lymph nodemetastases
went into regression, leading to an overdosage of Dmean of the primary tumor of 4%, as can
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Figure 7.3: Case B, in the CT slice and the CBCT slice the PTV (red) has been indicated while
next to these slices the ITPD γ is shown. The second row shows the time(angle)-resolved γ fail
rate per CP and the DVH of the planned and delivered dose.

be seen in the DVH (Figure 4). However, this geometrical change was not caught by ITPD,
the fraction of γ pixels exceeding unity was 4.5% in the arc, while the polar plot of the TRTPD
clearly showed a consistent failure for large arc sections.
Finally, patient D is a NSCLC patient with tumor regression from fraction 5 onwards com-

pared to the kV CBCT of fraction 2 (Figure 7.5). With TRTPD this error was caught between
fractions 5 and 10, while the ITPD would have detected it only between fractions 10 and 15 (γ
pixels exceeding unity at fraction 5: 0.2%, at fraction 10: 3.5%, and at fraction 15: 15.9%, respec-
tively, compared to the dose calculated on the kV CBCT of fraction 2). The tumor had shrunk
bymore than 7mm between fractions 5 and 10. TheDVHs (Figure 7.6) indicate an increasingly
inhomogeneous dose distribution and slightly increased dose to the tumor.

7.4 Discussion

7.4.1 Advantages of time-resolved transit planar dosimetry

The purpose of this proof of principle study was to show the potential advantages of TRTPD
in comparison with ITPD. These are: 1) dose differences can be identified more accurately,
with a possibly higher sensitivity and earlier during a treatment, although more research is
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Figure 7.4: Case C, in the top row a CT slice and a CBCT slice are shown with PTV (red line)
delineated. Next to the CT and CBCT slice the ITPD γ image is shown for one the arcs. On the
second row the time-resolved γ fail-rate per CP polar plot is shown with next to it the DVH.

Figure 7.5: Case D, The top row shows CBCT slices for different fractions with the originally
delineated CTV (light blue) delineated. The second row shows the time-resolved γ fail rate per
CP and the third row shows the ITPD γ images.
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Figure 7.6: The DVHs of case D, the solid line is the ref-
erence DVH of the CTV based on the dose calculated on
the kV CBCT of fraction 2. The other dashed lines show
CTVDVH from fraction 3-15. The right panel shows the
shrinkage of the gross tumor volume (GTV)

necessary and large patient populations need to be investigated for each category of change
to determine the sensitivity and specificity; 2) the interpretation of dose discrepancies per
arc angle is easier in comparison to ITPD were no angular information is present and, 3) the
angular dose difference information can be used for treatment adaptation. Interpreting the
polar-plot information is important to validate the cause of the dose discrepancy, together
with a visual inspection of the kV CBCT and delineated structures.
Another advantage of TRTPD is that gated or tracked treatment plans can be verified.

With gating or tracking, beam-on times or MLC positions are selected based on the path of
the tumor during a breathing cycle. Timing is critical in these treatments for triggering the
beam-on or to change the MLC motion following the path of the tumor. TRTPD offers a tool
to verify these types of treatments from time-point to time-point. It has been shown that time-
resolved dosimetry offers added value in assessing dynamic treatments[22].

7.4.2 Comparing time-resolved transit planar dosimetry to integrated dosimetry

Besides 2D transit dose verifications, also 3D integrated dose reconstructions based on EPID
dosimetry have been reported in the literature[11, 12, 21]. This method has the advantage that
it is immediately comparable to the planned dose via γ metrics and DVHs. Practical issues
arise, however, when using the geometry-of-the-day, due to the fact that re-delineations are
required to accurately recalculate theDVHs or γmetrics. Furthermore, with kV-CBCT images
are difficult to re-delineate in comparison with a planning CT image due to the difference in
image quality and the presence of artefacts. Although efforts have beenmade to propagate con-
tours with either deformable registration or atlas-based segmentation re-delineation during
daily clinical practice is time-consuming and impractical for large numbers of patients[23, 24].
Aside from theworkload issues, Zhen et al. [25] showed that integrated 3D γmetrics show little
to weak correlation with changes in DVHs, while Rozendaal et al. [26] have found a correla-
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tion between 3D γ metrics (γmean) and relevant changes in the DVH. TRTPD may identify
patients where in-depth analysis and re-delineation is necessary and therefore it may reduce
the workload necessary for 3D integrated dosimetry. TRTPD dose calculation is much faster
than 3D integrated dosimetry, allowing for fast online dose verification.
It has been reported for IMRT treatments that ITPD can hide clinically relevant dose

changes, partially due to the gradients in the integrated treatment fields[15, 16]. AAPM Task
Group (TG-119) defined action levels for IMRT commissioning for integrated planar dosime-
try and determined the confidence limits[27]. They suggest using γ criteria of (3 %, 3 mm) for
DD and DTA and at least a 90% in-field pass-rate. A recent report on γ analysis concluded
that the DD and DTA are not independent but linked to the mean gradient[28]. They showed
that by accepting a minimum γ pass-rate in IMRT or VMAT fields, the actual detection limit
of a γ analysis depends on the gradient in the dose. Our results confirm that ITPD for VMAT
treatments can hide relevant dose differences.
Our simulation study didn’t use real clinical but simulated EPID dose images. For clinical

implementation of time-resolved dosimetry a CP-to-CP time-resolved γ analysis only taking
into account the spatial and dose information may be too restrictive. Small synchronization
errors in time can result in a low gamma pass rate. An additional criterion in the gamma
evaluation, the time-to-agreement, may be necessary, as was recently shown by our group[3].

7.4.3 Plan optimization and adaptation

The decision to change a treatment plan is normally taken by the treating physician based on
multiple criteria such as patient positioning, visually apparent anatomical changes, differences
in the DVH, etc. The information supplied by TRTPD could be used to create a more robust
adapted treatment plan by inserting avoidance sectors for gantry angles where frequently dose
discrepancies occur. This may possibly lead to less treatment plan adaptations.

7.4.4 Site specific evaluation

Although the cases presented show that TRTPD can detect certain dose differences, all types
of geometry change should be evaluated. Especially in lung many geometry changes occur
due to pleural effusion, atelectasis, or tumor volume change influencing the dose delivery and
requiring treatment adaptation (patient A)[10].
In the bowel area, gas-pockets are a frequently occurring source of geometry change. While

this is normally a randomly occurring event and should not influence fractionated treatment
drastically, a consistent change of bowel filling can affect the dose to the target volume or OAR
(patient B). Dose differences in the rectum may cause side effects such as rectal bleeding. For
patient B the gas-pocket present at CT planning resulted in an increased Dmax in the rectum.
In the head and neck region tissue shrinkage is frequently observed. For patient C the

shrinkage immediately influenced the dose to the target area but alsomanyOARswere affected
in this area.
Finally, for tumor regression (patient D) this is more complex as was shown in a recent

report on the correlation between more tumor regression and decreased locoregional control
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in a subset of patients[29]. It may be tempting to adapt the treatment plan to the smaller
tumor volume, but at present there is no data suggesting the absence of microscopic disease
in the decreasing volume. Additional studies are necessary to decide on optimal treatment
adaptation to improve outcome for NSCLC patients with shrinking tumors.
Further investigation is needed to correlate TRTPDobserved differences to relevant geom-

etry changes and to interpret the polar-plot informationwhen applied in daily clinical practice.
Furthermore, the total uncertainty of the TRTPD method needs to be investigated to define
optimal evaluation criteria and gain insight in the detection limits of transit planar dosimetry.

7.5 Conclusions

Four different clinical scenarios were presented where ITPD did not detect deviations in the
dose delivery while TRTPD was able to detect the patient geometry changes. TRTPD results
are easier to interpret than ITPD. TRTPD can be explored to increase the robustness of treat-
ments with respect to geometry changes. TRTPD can play an essential role in the treatment
monitoring of gated or tracked treatment modalities due to its time-resolved measurement of
the dose delivery.
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[9] E Dale, V Hårsaker, D T Kristoffersen, Ø Bruland, and D R Olsen. CT-
Dichte von Patienten mit Bronchialkarzinom nach Strahlentherapie in Kombination
mit strahlensensitivierender Metoclopramidbehandlung. Subgruppenanalyse einer ran-
domisierten Studie. Strahlentherapie und Onkologie, 186:163–168, February 2010.

[10] DMøller, A AKhalil, MMKnap, and LHoffmann. Adaptive radiotherapy of lung cancer
patients with pleural effusion or atelectasis. Radiotherapy and oncology, 110:517–522, 2014.

[11] AMans, P Remeijer, I Olaciregui-Ruiz,MWendling, J J Sonke, B JMijnheer,M vanHerk,
and J Stroom. 3D Dosimetric verification of volumetric-modulated arc therapy by portal
dosimetry. Radiotherapy and Oncology, 94:181–187, February 2010.

[12] S M J J G Nijsten, B J Mijnheer, A L A J Dekker, P Lambin, and AWHMinken. Routine
individualised patient dosimetry using electronic portal imaging devices. Radiotherapy
and Oncology, 83:65–75, April 2007.

[13] A Mans, MWendling, L NMcDermott, J J Sonke, R Tielenburg, R Vijlbrief, B Mijnheer,
M van Herk, and J C Stroom. Catching errors with in vivo EPID dosimetry. Medical
Physics, 37:2638, 2010.

[14] W J C van Elmpt, L N McDermott, S M J J G Nijsten, M Wendling, P Lambin, and B J
Mijnheer. A literature review of electronic portal imaging for radiotherapy dosimetry.
Radiotherapy and Oncology, 88:289–309, September 2008.

[15] J J Kruse. On the insensitivity of single field planar dosimetry to IMRT inaccuracies.
Medical Physics, 37:2516, 2010.
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8.1 Discussion

Themain hypothesis of this thesis is that portal dosimetry information acquired in-treatment
is useful for informed decision making for adaptive radiotherapy. For this purpose several
types of in-treatment portal dosimetry were investigated. Novel analysis methods were devel-
oped, the proof of principle of these will be shown, and a large scale in silico patient study were
executed to show applicability of dose-guidance during daily clinical practice and to show that
quantitative adaptive radiotherapy strategies are possible. A recapitulation and reflection of
the results of this thesis and future perspective are discussed in this chapter.

8.1.1 Dose comparison

The first part consisting of chapters 2 and 3 of this thesis focused on dose comparisons es-
pecially the gamma (γ) evaluation. The γ evaluation has been widely used in radiotherapy to
compare and analyse dose distribution differences[1, 2]. The γ function has been developed to
compare dose distributions especially for the purpose of commissioning of linacs and treat-
ment planning systems. Currently the γ evaluation has also been used for (daily-) treatment
monitoring and also in the context of upscaling of the dimensionality from planar doses to 3D
and even 4D dose distributions nowadays. In this thesis γ evaluations have been used to detect
patient related dose differences and quantify dose delivery changes. One of themain disadvan-
tages of the γ calculations is that this is a very time-consuming calculation[3, 4]. In recent years
efforts were made to optimize calculation time[3–6]. Currently multiple high-performance
computing (HPC) platforms exist from which the graphics processing unit (GPU) has been
utilized in radiotherapy for a wide variety of applications[7–9]. To utilize these HPC platforms
algorithms need to be optimized and in general thismeans that it should be implementedmas-
sively parallel. The γ function can be calculated massively parallel as a separate sub-search for
each voxel of the reference dose. Chapter 2 shows an implementation of the γ function on a
GPU platform utilizing specific graphics algorithms to optimize interpolations.
Acquisition of daily cone-beam computed tomography (CBCT) images and the possibility

to recalculate a dose-of-the-day or to measure the truly delivered dose with portal dosimetry
has led to an enormous increase in dosimetric data. This requires big-data approaches to anal-
yse the dosimetry data[10]. Furthermore with the introduction of dynamic treatments like
volumetric modulated arc therapy (VMAT) another dimension is added to the dose evalua-
tion, namely time. Time-resolved portal dosimetry is the most recent development in portal
dosimetry and is capable of measuring the dose during the delivery from control point to con-
trol point[11, 12]. The commonly used γ function only includes a dose difference (DD) and
distance-to-agreement (DTA). For a VMAT treatment where timing information is essential
due to the highly dynamic nature of this treatment modality, the γ function needs to be ex-
tended to include a time-to-agreement (TTA) to allow for time-resolved dosimetry. The TTA
is necessary to introduce a small permissible time difference to deliver the various segments
of the VMAT treatment. The development of this has been described in chapter 3.
One of the major drawbacks of the γ function in general is that it reports on passing or

failure between two dose distributions within the set DD, DTA and TTA. A γ used for treat-
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ment monitoring is very difficult to interpret and use in daily clinical practice. The fast and
time-resolved γ implementation enabled large-scale use in an automated flow for both planar
and 3D γ evaluations at our institute.

8.1.2 In-treatment portal dosimetry

The second part (chapters 4, 5, 6 and 7) of this thesis focused on the in-treatment usage of
portal dosimetry. In-treatment portal dosimetry is not yet widely used during daily clini-
cal practice although it provides a comprehensive overview whether a treatment has been
accurately delivered based on quantitative dose information[13]. The downside is that dis-
tinction between differences caused by technical factors (e.g. the linac or the plan transfer),
patient geometry change, patient positioning, or a combination is frequently not obvious for
in-treatment portal dosimetry.
In-treatment portal dosimetry has evolved from point-dose, planar, 3D to time-resolved

portal dosimetry. This thesis has evaluated each form of in-treatment portal dosimetry except
for point-dose portal dosimetry. Planar portal dosimetry was studied in chapters 4 and 5, 3D
portal dosimetry in chapter 6 and time-resolved portal dosimetry in chapter 7.
Of the different methods of portal dosimetry investigated, it should be noted that the cal-

culated 3D dose-of-the-day (using a CBCT image) could be compared to the 3D planned dose
directly. However, several issues arise in the routine application of 3D portal dosimetry us-
ing CBCT images for the dose-of-the-day (i.e. manual re-delineation for each CBCT scan,
evaluation of each dose-of-the-day, decision making based on dose-of-the-day). Comparing
the 3D dose-of-the-day to the 3D planned dose is useful in a large number of lung cancer pa-
tients (around 23%) because geometric changes occur during treatment however, for the ma-
jority, this might not be necessary[14]. Other less time-consuming portal dosimetry methods
should be investigated to identify patients where a 3D dose-of-day analysis offers added value.
One such method could be planar portal dosimetry. In this thesis two aspects of planar por-
tal dosimetry have been investigated: 1) the in-treatment correlation between changes in the
3D dose and planar portal dose for VMAT (Chapter 5); 2) the usage of intrafractional trends
observed in planar portal dosimetry for 3D-CRT treatments for informed decision making
for adaptive radiotherapy (Chapter 4). It was shown in this thesis that interfractional trends
exist for 3D-CRT and that this knowledge could be used for informed decision making for
treatment adaptation.
To define decision support protocols for adaptive radiotherapy and prevent subjective de-

cision-making, portal dosimetry metrics should be linked to relevant changes in dose volume
histogram (DVH) metrics. In chapter 5 we investigated correlations between DVH metrics
and integrated transit planar dosimetry (ITPD) for VMAT. ITPD was found to be non-pre-
dictive for modulated treatments (i.e. intensity modulated radiotherapy (IMRT) and VMAT),
γ-passing rates did not reflect on changes in the DVH. While ITPD might be predictive for
3D-CRT treatments it is not the case for the dynamic treatments (i.e. IMRT, VMAT etc). This
suggests that a more advanced method of portal dosimetry is necessary to verify these highly
dynamic treatments and catch subtler dose delivery changes. Time-resolved portal dosime-
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try is such method and was studied in chapter 7. Time-resolved portal dosimetry showed
promising results in catching the dose differences for VMAT treatments.
Investigating each type of portal dosimetry verification method can discover the type of

dose delivery differences that can be seen for each treatment modality (i.e. 3D-CRT, IMRT,
VMAT) but how they relate to clinically significant changes in outcome and side effects re-
mains unclear, and needs further research. 3D portal dosimetry appears to be a good ref-
erence verification method for any type treatment due to the fact that 3D dose distribution
are the gold standard in treatment planning. Time-resolved portal dosimetry is necessary
for time-dependent treatment modalities such as VMAT, gated or tracked treatments and for
monitoring treatment sites where motion assessment is essential for accurate treatment deliv-
ery for instance in lung cancer treatments. When the proper method has been selected portal
dosimetry can contribute to informed decision-making.

8.1.3 Adaptive radiotherapy

Adaptive radiotherapy is the feedback loop in the course of treatment to change it at any point
in time[15]. Image guided radiotherapy (IGRT) is most often used to apply adaptive strate-
gies. At the planning stage, multiple plans are prepared to select the best plan on the day
of treatment[16–18]. Treatment adaptation is possible based on qualitative geometrical infor-
mation acquired with CBCT. With portal dosimetry quantitative information is added to the
qualitative information. With portal dosimetry the truly delivered dose can be incorporated
in the decision process for treatment adaptation, and in this thesis, chapters 4 to 6 show how
this information benefits clinical decision making to adapt treatments.

8.1.4 Future perspectives of portal dosimetry

8.1.4.1 Portal dosimetry in particle and electron beams

Planar MV image detectors are accurate portal dosimeters for both pre-treatment and in-
treatment for photon treatments. One of the main advantages of portal dosimetry for photon
treatments is that it enables large-scale dose assessment in-treatment. The top row of figure 8.1
shows the probability and time-line of portal imagers, used tomeasure dose for different treat-
mentmodalities. Currently planar detector used are limited to photon beams but could also be
used to verify electron beams and possibly ion therapy treatments. For the latter, in-treatment
dosimetry is under investigation by using PET detectors[19], which detect the photon pairs
resulting from β+ decay from fragments (e.g., 11C, 10C, 15O) formed as a by-product of the
irradiation[19]. Although efforts have been made to compare planned versus delivered dose
this is based on a comparison between planned and delivered β+ emitters and not on physical
dose[20]. Planar detectors are most probably not usable to measure the dose or β+ emission
accurately because they cannot detect the opposite γ-ray pairs and PET ring detectors are nec-
essary. Besides the β+ emitters, another type of photons, prompt γ-rays are emitted when light
particle beams bombard tissue. These, like the decay photons from β+ emitters, can be mea-
sured outside the body[21–23]. The advantage is that prompt γ-rays can be measured during
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the actual treatment itself and that no post treatment PET scan is necessary. Prompt γ-rays are
currently investigated to accurately estimate the range of the proton beam. Although it might
be possible to indirectly acquire a dose deposition from prompt γ-rays, the main issue is that
there is no direct link between prompt γs and dose deposition. This is because prompt γs are
a result of nuclear interactions and dose deposition is mostly a result of electromagnetic inter-
actions. Besides the indirect link between prompt γs and dose deposition it is highly unlikely
that current portal imagers can be used for prompt γ-ray measurement because not only the
occurrence of the prompt γ must be measured but also the energy of the photon to calculate
the range of the proton beam and thus the dose. To measure both the energy and occurrence
other types of detectors (i.e. spectrometers, based on crystals) are needed.
On the one hand for treatment (plan) quality assurance, pre-treatment verification with

current planar portal imagers might be feasible as already film, 2D ionization chamber arrays,
2D gas detectors can be used for certain verifications of particle and proton beams[24–26]. For
pre-treatment verification the film or 2D ionization chamber array could be replaced with a
stationary portal imager. While for protons pre-treatment verification might be feasible, in-
treatment portal dosimetry with planar detectors with current portal imagers is difficult or not
feasible.
Pre-treatment and in-treatment portal dosimetry with current portal imagers for elec-

trons is feasible[27–29]. In-treatment verification is possible bymeasuring the bremsstrahlung
photons emitted from the electron radiation itself, which exit the patient, and a dose can be
calculated from those photons. Feasibility of measuring bremsstrahlung has already been
shown[27]. Pre-treatment verification with current portal imagers could be easier because
the electrons hitting the portal imager could be directly measured.

8.1.4.2 Portal dosimetry and brachytherapy

Therole and applicability of current portal imaging devices can be further explored for external
photon beam radiotherapy for most treatment modalities. The top row of figure 8.1 shows on
a time-line the likeliness of portal image usage for the different treatment modalities. While
the benefit for external photon beam radiotherapy has been shown in a wide variety of ap-
plications, current portal imagers can also be used in verification of high-dose-rate (HDR)
brachytherapy patients[30, 31]. For HDR brachytherapy the portal imager could measure the
photons exiting the body from the source similar. This can be used to accurately determine
the dose inside the patient.

8.1.4.3 Portal dosimetry and novel treatment modalities

While portal imagers used for dosimetry have a future in other treatment modalities than
photon treatments, combining the current portal dosimetry with novel imaging techniques
in the treatment room (i.e. 4D CT or CBCT , 4D ultrasound, MRI) could improve predictive
power of decision support models for adaptive radiotherapy. Figure 8.1 middle row shows the
in-room imaging modalities and their advantages/disadvantages and probability of usage for
portal dosimetry.
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Figure 8.1: In the top the different treatment modalities (i.e. pho-
tons, electrons and protons/particles) and the probability that portal
dosimetry with planar detectors can be developed or is available. In
the middle the different in-treatment imaging modalities (i.e. CT, Ul-
trasound and MRI) and the advantages and opportunities to use them
in a DGRT workflow. The bottom row shows for the MRI treatment
unit the probability that planar detectors can be used to measure the
truly delivered dose.

From the in-room imagingmodalitiesmost experience is available with the use of in-room
CT or CBCT (Fig. 8.1 middle row, left column). The advantage of this system is that the im-
ages can be used for dose calculations immediately because densities can be derived from the
images and can be integrated in an automated flow easily. However, accuracy of dose calcula-
tions based on CBCT and usability for adaptive radiotherapy has been investigated but these
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are currently not yet accurate enough for on-line re-planning or plan optimization[32, 33].
While this is one issue CBCT also suffers from a relatively poor soft-tissue contrast making
(semi-) automated and accurate delineations difficult[34]. The CBCT not only has a poor
soft-tissue contrast but inter-fractional motion assessment is also more difficult with CBCT
systems while current commercial systems offer off-line 4D-CBCT. A solution to improve 4D-
CBCTs is by using iterative reconstructions to optimize (4D-) CBCT results. Current CBCTs
are acquired just prior to treatment while ideally the (4D-) CBCT should be acquired during
the actual treatment delivery, to be able to more accurately calculate the truly delivered dose
on the in-treatment geometry. Other novel imaging modalities may also be used to support
a portal dosimetry workflow (Fig. 8.1 Middle row, middle column). 4D-Utrasound imag-
ing is a promising imaging modality to track the tumor motion fast and accurately during
the treatment delivery. 4D-Ultrasound imaging has high soft tissue contrast and with accu-
rate motion assessment of the target this information can be used complementary to portal
dosimetry information[35]. For example the target position information can be used to project
the target on the portal dose distribution, which would allow to quantify the truly delivered
dose to the tumor. With 4D ultrasound it is possible to automatically track and delineate the
tumor[36, 37]. The automation of tumor delineation makes this imaging modality very suit-
able to use in a portal dose workflow. Although 4D ultrasound can be used for positioning and
delineations, dose calculation based on the 4D ultrasound is difficult because the images can-
not be converted to actual electron densities. This may not be a big issue in soft tissue regions
of the body, where ultrasound imaging holds the most promise. The real-time tumor tracking
in combination with time-resolved portal dosimetry are a major advantage of 4D ultrasound
while another advantage is that such a system can be installed on commercial linacs and can
be integrated in the portal dose workflow.
Another recent development is the integration ofMR imaging in the treatment roomor in-

tegrated with the linac (MRI linac) (Fig. 8.1 middle row, right column). MRI has the advantage
of a good soft-tissue contrast just like ultrasound imaging with possibilities of motion assess-
ment during treatment. MRI has a good soft-tissue contrast and on-line motion assessment
is possible. The spatial resolution will deteriorate when imaging faster motions, making auto-
mated re-delineation more difficult in comparison to 4D-ultrasound. The question is whether
portal dosimetry can be integrated withMRI linacs. There are currently two designs proposed,
onewith a small gap between themagnets (Fig. 8.1 bottom row). This gap between themagnets
in this designmight be too small to mount a portal imager andmore importantly, to image the
whole treatment beam. Maybe with the development of bent portal imagers the imager could
be fitted inside the bore of theMRI itself. However, the panel itself might diminish the imaging
quality. The second design where the linac is placed laterally to the magnet of the MRI, a por-
tal imager can be easily fitted behind the MRI system and portal dosimetry should be possible
(Fig. 8.1 bottom row)[38]. While MRI imaging has a superior soft-tissue contrast compared
to CBCT and 4D imaging is possible, dose calculation based on MR images is difficult due to
the missing density information and the presence of artefacts[39]. However, one of the biggest
advantages of theMRI is that other tumor specific metrics can be measured like perfusion and
oxygenation either with or without contrast agents[40]. However, when contrast agents are
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used this might influence the dose delivery itself. This functional information, possibly mea-
sured during treatment might be combined with the truly delivered dose to improve outcome
or side-effect relations.

8.1.4.4 Short to medium term future prospects

To summarize: portal dosimetry has a bright future for different EBRT treatment modali-
ties and when integrated with novel in-treatment imaging modalities like 4D ultrasound and
MRI. Further development of the CBCT systems may provide information on the motion and
anatomy which will improve informed decision making for adaptive radiotherapy and might
enable on-line planning or plan optimization.
The current portal dosimetrymethodsmeasure the dose-of-the-day, which should be con-

verted in a truly delivered dose of the whole treatment. The truly delivered dose can play an
essential role in more accurate predictions of the treatments outcome, because a small change
in dose to the tumor (∼5-7%) can already result in clinically significant changes in outcome.
Currently outcome predictions are based on treatment planning doses, the truly delivered
dose could improve prediction model accuracy. However, to progress from a dose-of-the-
day to the truly delivered dose segmentation and mapping changes of the different tissues and
compositions is essential. Most standard deformation algorithms only map image features
towards each other instead of a more mechanical/anatomical approach. Combining the me-
chanical/anatomical approach with tissue and compositions approach and then deforming the
dose accurately accordingly can result in the truly delivered dose for the treatment. However
before progressing to the truly delivered dose the calculation of the dose-of-the-day should be
investigated further. Two main areas should be investigated: 1) The accuracy of the current
dose-of-the-day. For each step taken in the calculation the uncertainty should be determined
to propagate to a total measurement uncertainty for the whole chain leading to the dose-of-
the-day. 2) Determination of the sensitivity and specificity of each portal dosimetry method.
For each type of portal dosimetry (i.e. integrated planar portal dosimetry, time-resolved pla-
nar portal dosimetry, time-integrated 3D portal dosimetry and time-resolved 3D/4D portal
dosimetry) this should be determined in combination with the type of delivery choices (i.e.
3D-CRT, IMRT, VMAT etc.).
Portal dosimetry is an active research field where especially the in-treatment dose verifica-

tion is the next step in patient-specific quality assurance and adaptive radiotherapy, which can
be extended with novel imaging modalities and to other treatment modalities to fully exploit
dose guided radiotherapy.
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Summary

Radiotherapy is one of the main treatment modalities to treat cancer. Image based treatment
verification of the treatment has been recently introduced. However, a quantitative compari-
son between the planned and delivered dose is a novel development in the field of radiotherapy.
In this thesis the added value of quantitative in-treatment dose measurements techniques to
facilitate adaptive radiotherapy has been investigated. Several different methods have been
developed to apply in-treatment dose verification: 1) Planar dose verification; 2) 3D dose veri-
fication; and 3) Time-resolved dose verification. The thesis therefore is divided into two parts,
part one where novel technologies were developed to compare dose distributions in 3D and
compare time-resolved dose distributions. In part two the clinical applications and the ad-
vantages of dose guided radiotherapy are studied. In the first part calculations are optimized
to compare dose distributions using the graphical processing unit. This chip has been utilized
to minimize calculations time needed for the comparison. This was necessary to minimize
calculation time and achieve large scale application in daily clinical practice. In chapter 2
the calculation has been optimized for processing on a graphics chip resulting in sub-second
calculations times for dose comparisons. In chapter 3 the calculation has been optimized to
analyze and compare time-resolved dose information. The current method (the gamma calcu-
lation) has been extended with an extra degree of freedom besides dose differences and spatial
differences, temporal differences are taken into account. This results in a method which can
accurately evaluate time-resolved dose information. The second part of the thesis investigated
the advantages and clinical applicability of dose guided radiotherapy. At first planar dosime-
try has been investigated for 3D conformal radiotherapy. A method was developed to divide
interfractional differences into random and systematic differences(chapter 4). This difference
was essential to improve performance of informed decision making for adaptive radiotherapy.
Its the systematic dose difference where one would like to act upon while not acting upon ran-
dom differences. The planar dose verification research proceeded with an investigation to the
more advanced rotational therapy also called VMAT in chapter 5. A correlation between rele-
vant dose differences in the 3D dose distribution based upon dose volume histograms metrics
and dose differences measured with integrated planar portal dosimetry. No correlations were
found between the 3Ddose distributions and the integrated planar dose differences. In chapter
6 therefore, the advantages of 3D portal dosimetry for lung cancer patients has been investi-
gated. Lung cancer was investigated because in a large number patients relevant geometrical
changes can occur during treatment. Advanced 3D portal dosimetry has many advantages for
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lung cancer patients and adapt the treatment accordingly. In the final chapter of this thesis
(chapter 7) a novel time-resolved in-treatment planar dose verification method has been in-
vestigated as a continuation on the negative results of chapter 5. The aim of this study was to
see whether time-resolved portal dosimetry delivers more accurate and robust results. In this
study several cases were analyzed to investigate the advantages of this novel method in com-
parisonwith integrated portal dosimetry. The study showed a great potential for time-resolved
portal dosimetry for VMAT treatments. In summary it was shown within the different studies
that for the different verification methods for the clinical application the use of quantitative
dose information are useful for informed decision making for adaptive radiotherapy.
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Samenvatting (Summary in Dutch)

Radiotherapie is een veel gebruikte behandelingsmodaliteit in de kanker geneeskunde. Het
controleren van de behandeling zelf tijdens de bestraling op basis van beeldinformatie is re-
cent gëıntroduceerd. Echter, kwantitatieve vergelijkingen tussen geplande stralingsdosis en
afgegeven dosis is een nieuw vakgebied. In deze scriptie hebben we gekeken naar de toege-
voegde waarde van kwantitatieve dosismetingen tijdens de bestraling om aanpassingen aan de
behandeling te faciliteren. Dit hebben we gedaan met verschillende nieuw ontwikkelde dosis
verificatie technieken, te weten: dosis in een vlak, 3D terug geprojecteerd in de patiënt en dosis
afgegeven als functie van de tijd. De scriptie is daarom gesplitst in twee delen, deel eenwaarin
nieuwe technieken ontwikkeld zijn om dosis met elkaar vergelijken zowel in 3D als in de tijd.
In deel twee wordt naar de klinische toepassing en voordelen van dosisgestuurde radiothera-
pie gekeken. In het eerste deel zijn de berekeningen geoptimaliseerd voor het vergelijken van
dosis informatie, gebruikmakend van de grafische chip in de computer. Deze chip is gebruikt
om de doorlooptijd van de dosisberekening tot eenminimum te beperken. Dit is nodig om tot
acceptabele doorlooptijden te komen voor grootschalige toepassing in de dagelijkse praktijk.
In hoofdstuk 2 is vooral de berekening geoptimaliseerd voor de grafische chipmet als resultaat
sub-seconde rekentijden voor een dosisvergelijking. In hoofdstuk 3 is vooral naar de optima-
lisatie van een vergelijking met tijdsinformatie gekeken. De huidige berekeningsmethode (de
gamma berekening) is uitgebreid met een extra vrijheidsgraad: naast het dosisverschil en het
locatieverschil is er nu ook met een tijdsverschil rekening gehouden. Dit heeft geresulteerd in
een berekening die met tijdsgebonden dosisinformatie kan omgaan. Het tweede deel van de
scriptie heeft naar de voordelen en de klinische toepassingen van dosisgestuurde radiothera-
pie gekeken. Er is daarvoor eerst onderzoek gedaan naar dosis in een vlak voor conformele
radiotherapie om een methode te ontwikkelen om interfractionele verschillen te splitsen in
random en systematische verschillen die kunnen optreden (hoofdstuk 4). Dit onderscheid
moest gemaakt worden om adaptieve radiotherapie beter te kunnen ondersteunen. Immers
het zijn de systematische dosis veranderingen waar men graag op zou willen anticiperen en
niet de random veranderingen. Er is verder gegaanmet onderzoek naar dosis metingen in een
vlak voor meer geavanceerde behandelingen met rotatietherapie ook wel VMAT genoemd in
hoofdstuk 5. Een correlatie is gezocht tussen relevante dosis verschillen in de 3D dosis op
basis van het dosis volume histogram en dosisverschillen gemeten in de gëıntegreerde vlak
meting. Er waren geen correlaties tussen veranderingen in 3D en de vlak dosis veranderingen.
In hoofdstuk 6 is daarom gekeken naar de voordelen van 3D dosimetrie voor longkanker-
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patiënten. Longkankerpatiënten zijn een groep waarin in grote en gevarieerde veranderingen
kunnen optreden tijdens de behandeling. De voordelen van geavanceerde 3D dosimetrie zijn
getoond en laten zien dat deze methode van verificatie vele voordelen kan bieden voor de
patiënt en voor het maken van beslissingen om de behandelingen aan te passen. In het laatste
hoofdstuk van deze scriptie (hoofdstuk 7) is gekeken naar de nieuwe verificatie methode met
het meten van dosis in een vlak in de tijd naar aanleiding van de resultaten uit hoofdstuk 5 om
te analyseren of deze nieuwe methode tot betere en robuustere uitkomst leidt. In deze studie
is aan de hand van een aantal cases gekeken wat de voordelen kunnen zijn van deze nieuwe
methode ten opzichte van een gëıntegreerde vlak dosis. De studie laat zien dat er een groot
potentieel is voor tijdsafhankelijkemetingen van dosis in een vlak voor VMATbehandelingen.
Kortomwe hebben binnen de verschillende studies voor de verschillende verificatiemethoden
voor de klinische toepassing, het gebruik van kwantitatieve dosisinformatie laten zien en de
bruikbaarheid daarvan om op een gëınformeerde manier beslissingen te kunnen nemen.
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thèmes. M’introduisant grâce à toi au mesurage, j’ai appris beaucoup sur ceux de médecine et
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Background and target groups of portal dosimetry

Cancer is one of the main causes of death worldwide. Radiotherapy is one of the three treat-
ment modalities available (i.e. Surgery, chemotherapy, radiotherapy) and radiotherapy is ap-
plied in approximately 50% of all cancer patients. In-treatment dose verification of radio-
therapy is essential to assure treatment quality and document the treatment delivery and it
facilitates adaptive radiotherapy.
The main aim of radiotherapy is to deliver the planned or desired dose. During the course

of treatment there are many potential uncertainties and causes of dose differences. The un-
certainties and causes can be subdivided in four categories: 1) Errors in data transfer to the
treatment equipment; 2) Errors caused by technical failures of the treatment machine (i.e.
stuck MLC leaf); 3) Inaccuracies during the treatment planning process and, 4) Patient setup
and geometry changes. Accurate dose delivery is essential because a small difference in dose
of approximately 5% to the target can modify treatment outcome or increase the risk to severe
side effects drastically.
Dosimetry and especially in-treatment dosimetry is a method for verifying the treatment

quality in a quantitative way. While pre-treatment or plan quality assurancemanymethods ex-
ist to verify treatments, for in-treatment verification especially of highly dynamic treatments
the methods are much more limited. For in-treatment dosimetry several detectors can be
used: 1)Thermoluminescent dosimeters (TLDs); 2) Optically stimulated luminescent dosime-
ters (OSLDs); 3) Radiophotoluminescent dosimeters (RPLDs); 3) Film-radiographic and ra-
diochromic; 4) Metal-oxide semiconductor field effect transistors (MOSFETs); 5) Plastic scin-
tillation detectors, and 6) Electronic portal imaging devices (EPIDs). The disadvantage of
most detectors (i.e. TLD, OSLD, RPLD and MOSFET) is that only point doses can be mea-
sured while film and EPID dosimetry can measure a planar dose. Another disadvantage of
many detectors is that the can only be analysed after the treatment (i.e. TLD, OSLD, RPLD
and film). The EPID however has been shown capable of acting as a planar dosimeter that
can measure the dose during the treatment itself and can be both analysed during the actual
delivery and after the treatment. Portal dosimetry has the advantage that besides planar portal
dosimetry other methods have been developed for in-treatment dose verification to 3D portal
dosimetry and time-resolved portal dosimetry. These methods have been developed at out
institute.



Novel in-treatment dose verification methods for adaptive radiotherapy

In-treatment portal dosimetry is gaining interest and is even mandatory to apply in sev-
eral countries across Europe (i.e. Denmark, France and the United Kingdom) due to serious
radiotherapy accidents. Although these accidents are rare and radiotherapy is one of the safest
cancer treatments, in-treatment dose verification not only verifies technically accurate delivery
but also verifies relevant patient related changes that can be captured and acted upon. Portal
dosimetry can be used to assure treatment quality, document the treatment delivery and facil-
itates adaptive radiotherapy. In this thesis we have shown that portal dosimetry is a valuable
method especially for radiotherapy and is essential for the treatment quality. Portal dosimetry
reaches it highest potential when applied to patients with a high risk of anatomical changes
throughout the delivery of the treatment. While each patient could benefit from in-treatment
portal dosimetry, this technique can be applied on most linear accelerators because the EPID
is installed on nearly everymachine. Both the large number of patients benefitting from portal
dosimetry and the high availability of EPIDs in radiotherapy departments creates a large basis
for a commercial solution of portal dosimetry to be integrated in the daily clinical practice of
the radiotherapy departments, as is mandatory in several European countries.

Background and target groups of portal dosimetry

To successfully commercialize portal dosimetry with the current absolute dose under full-
scatter conditions measured with the EPID a complete integration in the clinical radiotherapy
workflow is necessary. The the algorithms, methods and knowledge used and developed for
2D portal dosimetry at our institute have been licensed to one of the largest equipment sup-
pliers in radiotherapy (VARIAN Medical Systems) and some methods have been patented in
collaboration with the same company.
Furthermore, gross dose delivery errors should be capturedwith an ”on-line” or ”real-time”

dose delivery verification method based on time-resolved portal dosimetry methods. While
for the subtler dose delivery differences planar portal dosimetry (both time-integrated as time-
resolved) and 3D portal dosimetry results should be automatically generated and analysed
for ”off-line” presentation and review. However, to minimize clinical workload the ”off-line”
review of presented portal dosimetry results automated methods should be created to select
treatments to present to the end-user to review while the remaining treatments should be
automatically archived in the patient electronic medical record for treatment documentation
purposes. Decision criteria to trigger alerts and actions are therefore necessary to optimize
large scale clinical applicability.
Besides a portal dosimetry product that can be used with any linear accelerator the re-

quired knowledge of reviewing and analysing is essential for the decision-making for adaptive
radiotherapy. This ”expert” knowledge and the analysis of portal dosimetry methods can be
commercialized as a service to radiotherapy departments to improve their clinical guidelines
and protocols when using portal dosimetry.
Besides a portal dosimetry solution and ”expert” knowledge consultancy, the main hy-

pothesis of this thesis is that portal dosimetry information acquired in-treatment is useful for
informed decision making for adaptive radiotherapy. This was definitely shown, but needs to
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be further explored in the next few years. The aim of such an exploration is to define adap-
tive radiotherapy decision protocols. The protocols should standardize treatment adaption
decision to improve treatment accuracy. The improved treatment accuracy should minimize
side-effects and optimize local tumour control.

Innovation in comparison to other products in the market

Currently most solutions offered to apply patient specific plan quality assurance are applied
with specialized hardware. Solutions like the octavius (PTW, Freiburg, Germany), Matrixx
(IBA, Schwarzenbruck, Germany), Delta4 (Scandidos, Uppsala, Sweden), MapCHECK (Sun
Nuclear, Melbourne, United States) only offer pre-treatment patient specific quality assurance.
Usage of these hardware solutions is also time-consuming because inmost cases the device and
phantom has to be set-up in the treatment room before the measurement. Next to this a spe-
cial quality assurance plan needs to be created to compare measured versus predicted dose.
This occurs in many cases in the treatment planning system and this is exported in order to
be able to compare results in specialized software. Creating a special quality assurance plan is
not necessary when using pre-treatment quality assurance with the portal dosimeter and no
special phantoms need to be set-up for the measurement. Portal dosimetry therefore can be a
fast and accurate substitute to these dedicated devices for patient specific plan quality assur-
ance. Besides the pre-treatment portal dosimetry, it has been shown that portal dosimetry is
as an adequate procedure for in-treatment dose verification. Portal pre-treatment dosimetry is
already commercially available and supplied bymultiple different vendors. The solutions from
Varianmedical systems (PortalVision), EPIdos (EPIQA) and Standard Imaging /MathResolu-
tions (DosimetryCHECK) only offer patient specific plan quality assurance or pre-treatment
portal dosimetry. The only portal dosimetry solution also able to apply in-treatment portal
dosimetry is the solution from DOSIsoft (EPIgray).

Table 1 shows an overview of the solutions currently commercialy available and our so-
lution. It should be noted that many of the algorithms, methods and knowledge used and
developed at our institute have been licensed to one of the largest equipment suppliers in ra-
diotherapy and some methods have been patented in collaboration with the same company.
The time-resolved portal dosimetry methods developed at our institute received a prestigious
international award (Jack Fowler award, ESTRO). One of the major advantages of the meth-
ods developed at our institute is that it is based on absolute portal dosimetry. The methods
are developed for each type of verification from integrated planar portal dosimetry to time-
resolved 4D portal dosimetry. Next to this the methods can be modularly used for each type
of photon-based treatment modality from 3D CRT to FFF beam VMAT treatments. None of
the commercially available solutions offer this completeness with the different types of verifi-
cations possibilities.
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Table 1: The different commercially available solutions in compared to each other.

Product Hardware
solutions

Radiographic
film

Commercial
portal dosimetry

MAASTRO
portal dosimetry

1) Delta4 EBT3 1) PortalVision
2) Octavius 2) EPIGray
3) Matrixx 3) EPIDos
4) MapCHECK 4) Dosime-

tryCHECK
Company(s) 1) Scandidos Gafchromic 1) Varian Medical

Systems
2) PTW 2) Dosisoft
3) IBA 3) EPIQA
4) Sun Nuclear 4) Standard

Imaging / Math
Resolutions

Detector 1) Ionization
chamber

Film EPID EPID

2) Ionization
chamber
3) Ionization
chamber
4) Diodes

Pre-treatment 2D-3D 2D 2D-3D 2D-3D time
integrated and
time-resolved

In-treatment No Yes Yes, EPIGray only Yes
Measurement
time
(pre-treatment
/ in-treatment)

- / N/A +/- / +/- + / + (EPIGray) ++ / ++ (fully
automated)

Accuracy ++ ++ + / - +
Cost +/ - - ++ ++

Planning and realization of portal dosimetry to daily clinical practice

The used methods for integrated planar and 3D portal dosimetry will be integrated in a com-
mercial solution to be released in the next 2 to 4 years and can be used in clinics across the
world. For the time-resolved methods used in this thesis the methods are already patented
(Patent No: 14/074,144 pending) by the same company andMaastro Clinic and these methods
might become available after a successful introduction of the current time-integrated transit
planar dosimetry and time-integrated 3D portal dosimetry solution. This means that time-
resolved portal dosimetry will be available within the next decade.
Besides the development of more accurate models and other technical innovations, clin-
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ical decision protocols for adaptive radiotherapy should be developed now. These decision
protocols should eventually result in national and international guidelines to accurate and ad-
equate use of portal dosimetry in daily clinical practice. At this moment for an European
research project ARTFORCE (ClinicalTrials.gov Identifier: NCT01504815) the portal dosime-
try solution is implemented by us in several different sites across Europe. One of the aims of
this project is to investigate the predictive power of portal dosimetry and the added benefit in
daily clinical practice for adaptive radiotherapy. Next to this portal dosimetry is used within
this trial to document the actual treatment delivery. While the ARTFORCE trial documents
the treatment and defines decision protocols based on daily in-treatment measurements also
in silico studies or trials should be performed. The in silico studies or trials should investi-
gate in a controlled environment the behaviour and sensitivity and specificity of the different
in-treatment portal dosimetry methods which can be used. The in silico results can then be
validated in a trial like the ARTFORCE study. The knowledge acquired by the in silico trials
and portal dosimetry in general could be commercialized as a service for training and advice.
Such a service could be offered immediately after the introduction of the commercial product.

Conclusion

Portal dosimetry and especially in-treatment portal dosimetry is subject to commercial inter-
est by both vendors and radiotherapy departments across the world but especially in Europe.
In-treatment portal dosimetry will enable the identification of dose differences caused by sev-
eral different sources but especially patient specific differences in patient setup, and changes in
patient anatomy. To quoteMijnheer et al ”All treatments with curative intent should be verified
through in treatment dose measurements in combination with pre-treatment checks”. The in-
terest in portal dosimetry and new legislations in especially Europe has led to the licensing of
the current portal dosimetrymethods, and that novel time-resolved portal dosimetrymethods
have been patented in collaboration with a large medical company and might become com-
mercially available in the next few years. Especially the novel time-resolved portal dosimetry
can play an essential role in the in-treatment verification of highly dynamic treatments like
volumetric modulated arc therapy. While the methods are being implemented for large-scale
future use the adaptive strategies have to be developed as they have been developed up to now
based on image guidance, which should now be extended to dose guidance.
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