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1. Introduction

1.1 Cancer treatment modalities

Cancer has long plagued humankind; however, scientific attempts to understand the
causation and epidemiology of this disease and the development of therapeutic
approaches have only been made in the past hundred years. For centuries, cancer was
merely viewed as a mass of tissue with the potential for uncontrolled growth and spread.
Although a few cancers occur during childhood, over 90% of all cancers occur in
adulthood, and their incidence rises sharply with advancing age. Adult cancers are often
lifestyle related. The role of ionizing radiation, certain chemicals, tobacco and viruses in
inducing malignant transformation has become well established through epidemiological

in vitro and in vivo studies.

The detection and diagnosis of cancer is crucial to the successful treatment of the disease.
The earlier a tumor is discovered, the lower the likelihood that it will spread to other parts
of the body. Screening tests are performed to identify tumors in their earliest stages.
When a tumor is suspected, a work-up, or series of diagnostic examinations, is initiated.
The purpose of the work-up is to determine the general health status of the patient and to
collect as much information about the tumor as possible (the type, location and size of the
tumor; the extent to which the tumor has invaded normal tissues; the occurrence of spread
to distant sites; and the involvement, if any, of the lymph nodes) to aid in the effective
treatment of the patient. The assessment of a tumor must be confirmed using a variety of
diagnostic procedures, such as computed tomography (CT) and magnetic resonance
imaging (MRI). With the recent advancements in technology, more information is
available to the physician than ever. Various diagnostic devices, such as CT, MRI,
fluoroscopy, ultrasound, radiotherapy simulators and SPECT/PET-CT scanners, have
proven to be useful in the information-gathering process and have improved the

effectiveness of treatment.
The effective treatment of cancer patients involves a multimodal approach that combines

surgery, radiation therapy, chemotherapy and hormonal therapy to produce optimal

results with minimal toxicity. Radiation therapy is used both as a curative treatment and
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as a palliative treatment to control symptoms or to improve quality of life if a cancer is
too advanced to be cured. Radiation therapy treatments can be classified as external
(teletherapy) or internal radiotherapy (brachytherapy); these classifications refer to the
location of the source of radiation relative to the patient. In brachytherapy, the radioactive
sources are either introduced inside of the body cavities using a technique called
intracavitary or intraluminal radiotherapy, or the sources are inserted into the patient's
tissue using a technique called interstitial radiotherapy (Williamson et al., 1995).
Radiation therapy can be performed with teletherapy or brachytherapy; in some radiation

treatment protocols, both of these techniques are used.

Teletherapy uses linear accelerators (Linacs), Co-60 machines and kilovoltage machines
(Karzmark and Pering, 1973; Karzmark 1984; Khan 2003), and brachytherapy utilizes
small sealed sources of radioactive nuclides. The common sources of these nuclides are
cesium-137, iridium-192 and iodine-125 (Podgorsak 2004; AAPM 1997). In teletherapy
machines, radiation is also carried out with other types of accelerators in addition to
Linacs, such as betatrons and microtrons. These accelerators produce protons, neutrons
and heavy ions (Wambersie and Gahbauer 2001). However, most contemporary
radiotherapy is carried out with Linacs and Co-60 machines (Khan 2003; Podgorsak
2004). In the present study, our discussion will be on teletherapy machines, with a

particular focus on the Linac.

Linacs produce two main types of radiation beams: photons and electrons. Photons are
used for the treatment of deep-seated tumors, and electrons are used for the treatment of
superficial tumors less than 5 cm thickness. In a Linac, the radiation beam is produced
from the source, located at the Linac’s head, and then passes through different
components, such as the collimators, before it reaches the patient. The collimators
confine the width of the radiation beam to protect the tissues surrounding the tumor. Each
collimator contains two pairs of orthogonal blocks through which a rectangular field can
be achieved (Metcalfe et al., 1997; Khan 2003). To more accurately shape the field to the
form of the treatment target, extra lead blocks can be positioned below the collimators.

More modern Linacs are equipped with a multileaf collimator (MLC), which consists of

© University of Pretoria
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two sets of leaves that make it possible to shape the field almost automatically to conform
to the shape of the tumor. This development led to the emergence of the concept of

conformal radiotherapy in radiation oncology clinics.

1.2 Conformal radiotherapy (CRT)

In CRT, the beams are shaped exactly to conform to the target volume (TV); conformal
radiation treatment plans are realized by using a large number of beams of various
weights, sizes, shapes and orientations to hit the target (Touboul et al., 1994; Touboul et
al., 1996; Cardinale et al., 2000). If enough beams of the proper type are used to provide
an accurate representation of the tumor shape and size, a dose distribution can be created
with a shape that conforms to the TV. In this regard, all radiation therapy treatment plans
are conformal; however, the degree of conformation varies greatly depending on the

irradiation technique used.

Conformal therapy aims to achieve the delivery of a high dose of radiation to the TV (a
high dose conformity) and minimize the irradiation of the normal tissue. The fields are
used in a manner that enables normal-tissue irradiation to be balanced against the
delivery of an adequate dose to the TV (Fraass 1995; Mackie et al., 2003; Geinitz et al.,
2005).

Three-dimensional conformal therapy (3D-CRT) has been developed with the
introduction of three-dimensional imaging techniques such as CT, MRI and positron
emission tomography (PET) (Sannazzari et al., 2002; Ling et al., 2000; Van Dyk 2005).
3D-CRT delivers a combination of beams from different directions to the TV. The
aperture of each beam is shaped by an MLC to conform to the projected contour of the
TV (Bourland et al., 1994; Mohan 2006). The beam fluence can be optimized using
wedges, physical modulators (compensation filters), or MLC (Cadman and Sidhu 1999;
Wendt et al., 2006; Spirou et al., 1994; Carol 1995).

3D-CRT can be categorized into two classes of technique: the use of geometric field-

shaping alone or the modulation of the fluence intensity across the geometrically shaped

© University of Pretoria
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field (Webb 1998; Webb 2001a; Webb 2001b) (see figure 1.1a and b). The aim is to
increase the dose to the TV while sparing the healthy tissues. 3D-CRT treatment varies
from patient to patient, and refinements in some of the treatment protocols have led to
improved conformations that correlate with improvements in clinical outcomes
(Armstrong et al., 1993; Robertson 1997). Studies have demonstrated the results of the
treatment outcomes for different cancer sites and the potential to customize the dose to
individual patients (McNee et al., 1998; Nahum et al., 1998; Gale et al., 2009). It has
been argued that CRT treatment is not justifiable because the improvement in treatment
outcome is not worth the increased cost and complexity (Schulz 1999). However, studies
have reported evidence for increased cure rates with CRT and suggest that the
development of the new techniques would, at a minimum, enable the generation of more
data to support the dose-escalation hypothesis (Mohan et al., 1998; Webb 1998; Mohan
et al.,, 1999).

CRT is used for the treatment of cancers at different sites. However, the treatment of
concave surfaces, such as the prostate and brain, requires the implementation of intensity

modulation therapy (Zelefsky et al., 1998; Pollack et al., 1999).

\ Geometrical

fieldshaping
(a) CRT

\CRT by IMRT
and Geometrical

b fieldshaping

Figure 1.1 CRT with geometrical field shaping (a) and CRT by modulation through
geometrical field shaping (b). (The illustrations are adapted from those of Webb 2001a).
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Conformal avoidance (CA) describes the shaping of the dose to avoid OARs. This can be
as important as obtaining an effective dose distribution in the TV, which requires a large
number of beams (Graham et al., 1994; Aldridge et al., 1998; Aldridge et al., 1999). It is
imperative for conformal therapy to utilize the biological features of tumors to maximize
treatment accuracy. Consequently, several studies have developed models for the
biological prediction of tumor control probability (TCP) and normal tissue complication
probability (NTCP) in the treatment outcomes of 3D-CRT (Yang and Xing 2005;
Vanderstraeten et al., 2006).

New technologies have clearly demonstrated a significant improvement in dose
conformity to the TV and in sparing the OARs. Thus, the cost of advanced computer
programs for inverse planning and intensity modulated radiation therapy (IMRT) can be
justified (Wang et al., 2003; Zabel et al., 2002; Didinger et al., 2002; Young and Snyder
2001;Purdy 1999; Webb 2001a).

1.3 Intensity modulated radiation therapy

IMRT is considered to be one of the most advanced techniques for radiation therapy
currently available. IMRT was developed independently by Cormack and Brahme
(Brahme 1988; Cormack 1987; Bortfeld 2006) and has become widely accepted as a

useful approach to the treatment of cancer patients.

IMRT refers to a form of 3D-CRT in which the intensity of the radiation beam is
modulated across the treatment field (i.e., a non-uniform fluence is delivered to the
patient to optimize dose distribution). Non-uniform fluence can be achieved by changing
the MLC shapes and the intensity of each shape. Thus, different methods have been used
to allow fluence variation within the field (Brahme 1988; Cormack 1987; Bortfeld 2006;
Palter and Mackie 2003; Tong et al., 2002; Sha et al., 2004). IMRT is more complex than
traditional 3D-CRT; it aims to achieve a highly conformal radiation dose by modulating
the radiation beam’s shape to achieve the desired dose distribution. Many important
papers and reports on IMRT have been published (Webb 2003; Bortfeld 2006; Young
and Snyder 2001; Francescon et al., 2003; Chen-Shou et al., 2000).

© University of Pretoria
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The concept underlying IMRT is that non-uniform beams can be used to deliver a desired
dose distribution throughout the TV. The non-uniformity of each beam is based on
anatomic features that are specific to the patient and permits a more complete avoidance
of the nearby normal tissues than is possible with uniform-intensity radiation therapy.
Thus, IMRT enables the delivery of minimal doses to all or part of the selected normal
structures. In particular, one can create a concave irradiated volume that can spare much
of an invaginating OAR, whereas uniform-intensity radiation therapy inherently creates
convex irradiated volumes and cannot achieve such OAR sparing. This has enabled
oncologists not only to shape the radiation beam, but, also to modulate it, giving higher
doses to some parts of the tumor and lower doses wherever sensitive structures are
nearby, with subsequent, increase in conformity to the target volumes, while further

reducing the doses to the normal tissues (Bortfeld 2006).

To achieve the desired fluence distributions across the field for each incident direction of
the radiation beam, the field for each gantry position or angle is opened differently for a
set of small fields or "segments." This adjustment can be made by converting the initial
dose/intensity map into a sequence of MLC shapes that can deliver the map. This
conversion is the main purpose of setting the MLC sequencer program. Leaf sequencing
is basically a process by which the complex non-uniform field is broken into subfields or
segments of uniform fields (MLC shapes) that can be implemented by the MLC
(Cormack 1987; Webb 1989; Xia and Verhey et al, 2001). A number of computer
methods have been developed to calculate the optimal intensity profiles (Mark et al.,
2001; Chen-Shou et al., 2000; Francescon et al., 2003). These methods are based on
inverse planning, or optimization, which is an important step in IMRT. Optimization is a
process by which the intensity distribution of each beam that is employed in a plan is
determined so that the resultant dose distributions can best meet the criteria specified by
the planner. These criteria are typically specified in terms of the dose and dose-volume
requirements or according to biological indices such as TCP and NTCP.

The clinical implementation of IMRT requires at least two systems: (1) a treatment-
planning computer system that can calculate non-uniform fluence maps for multiple

beams directed from different directions to maximize the dose to the TV while
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minimizing the dose to the critical normal structures, and (2) a system for delivering non-
uniform fluences as planned (IMRT CWG 2001; Bortfeld 2006). The treatment-planning
program divides each beam into a large number of small field “beamlets” and determines
the optimal settings of their fluences, or weights. The optimization process involves
inverse planning in which beamlet weights or intensities are adjusted to satisfy the

predefined dose-distribution criteria for the composite plan.

IMRT is regarded as one of the most exciting treatment modalities in radiation therapy
since the introduction of the imaging modalities in radiation treatment planning (IMRT
CWG 2001; Van Dyk 2005). The technique provides higher dose conformity to the TV
and conformal avoidance of the OAR. The obvious dosimetric advantage and increased
reimbursement have motivated and increased the clinical demands of IMRT. Today, there
are hundreds of publications on the use of IMRT in radiation oncology clinics and on the
clinical impact of IMRT on cancer treatment. This impact is not limited to a certain
cancer site but, is found in different treatment sites, such as breast, prostate, head-and-
neck treatments. A study showed that approximately one-third of radiation oncologists
use IMRT for different cancer sites to improve the delivery of conventional doses and to
escalate the dose (Mell et al., 2003). Improvements in dose conformation and in sparing
OARs, as compared to the use of 3D-CRT, have been observed for different treatment
sites, such as in breast, prostate, head-and-neck treatments (Gale et al., 2009; Lire et al.,

2010; MacDonald et al., 2007; Manuel et al., 2011).

However, improvements in the IMRT delivery technique do not come without a risk. The
use of IMRT is counterbalanced by the complexity of the IMRT planning and delivery
process and the associated risk. The proximity of critical normal tissues to the TV and the
need for sharp dose gradients in IMRT necessitate the accurate modeling of the radiation
beam. Thus, IMRT requires a much greater understanding of the entire planning and
delivery process, the associated quality assurance (QA) procedures and the tolerance
limits with action levels. The IMRT process involve many steps, these increase potential
errors from each one of these steps; as a result, rigorous QA procedures that ensure the

process is carried out as prescribed and planned are highly essential.
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Generally, IMRT QA consists of three aspects (Ezzell et al., 2009): (1) the
commissioning and acceptance testing of the TPS and delivery systems, (2) routine QA
of the delivery system, (3) and patient-specific QA. The first aspect is concerned with the
reliability of the TPS in modeling the delivery system. The second aspect is concerned
with the mechanical and dosimetric accuracy of the delivery system. The third aspect
involves the dose delivery verifications used to ensure the safe and accurate treatment of
the patient. The scope of the present study focuses on aspects of the patient-specific QA

for IMRT.

1.4 Patient-specific QA for IMRT
The safe and effective delivery of IMRT requires a patient-specific QA program. Routine
IMRT patient-specific QA programs usually involve the creation of a verification plan
with which the dose distributions of an IMRT treatment are recalculated on the QA
phantom geometry. The IMRT treatment is then delivered to the phantom to compare the
measured doses to the TPS-calculated doses. The assumption is that if the TPS can
accurately predict the dose to a phantom, then it can also accurately predict the dose to a
patient. Therefore, patient-specific QA for IMRT serves several objectives:
I. to ensure that the TPS has accurately calculated the dose for the TV,
II. to ensure that the calculated IMRT plans are transferred accurately to the record-
and-verify system,
III. to ensure that the delivery system is capable of delivering the modulated doses as

planned.

The patient-specific QA process consists of verifying the absolute dose delivered to a
reference point and the relative planar dose distribution (L’etourneau et al., 2004).
Verifying the relative dose distribution is more involved and is performed using two
different methods: the plan-related approach and the field-related approach. In the first
method, the entire plan (i.e., all fields with the correct beam entry directions) is
transferred within the TPS to a verification phantom, and the dose distribution is

calculated. Film has been the typical dosimeter of choice for this method (Zhu et al.,
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2002; Zeidan et al., 2006), although adequate diode arrays and ion-chamber arrays have
recently been developed (Bedford ef al., 2009; Jursinic et al., 2010).

The advantage of the plan-related approach is that all of the treatment parameters are
identical to those for the treatment of the real patient; thus, the treatment delivered to the
phantom is exactly what will be delivered to the patient. The plan can be verified within a
single run. Effects such as those of treatment-couch attenuation are included in the QA
delivery. However, with the increased use of 2D detector array systems, the inclusion of
these effects in the QA could become less of an issue. In addition, the plan-related
approach requires more sophisticated measuring phantoms. A potential drawback is that

it may be more difficult to identify the sources of error when disagreement is found.

In the field-related approach, each single-treatment field is transferred separately to a
verification phantom. All of the treatment parameters are the same as those for a real
patient plan except that the gantry angle is set to 0 for all of the fields (Van Esch e al.,
2002). The measurements usually can be done by using film, but, it has become
increasingly common to perform the measurements with a 2D diode or an ion-chamber

array (L etourneau et al., 2004; Buonamici et al., 2007).

The advantage of the field-related approach is that being more comprehensive than the
plan-related approach, in such a way that errors can easily be traced back to their
sources. Dose measurements are always performed in a plane that is perpendicular to the
central axis; hence, dosimetric problems are less critical than they are in the plan-related
approach. The preparation and setup of the phantom is easy and less time consuming.
The field-related approach is widely adapted to the use of various electronic 2D
measuring systems. The field-related approach method is often criticized because the
gantry is not rotated during the treatment delivery, meaning that every field is delivered
from a single gantry angle. This removes effects that will be present during treatment,
such as treatment-couch attenuation. In this study, the field-related approach was used
for the patient-specific QA for IMRT because of the availability of the suitable

dosimetric equipment.
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In patient-specific QA for IMRT, the evaluation of the quality of the IMRT treatment
plan is usually conducted through a comparison of the measured dose distributions and
the calculated dose distributions. The dose matrix is then analyzed based on the dose
difference (DD) and the distance-to-agreement (DTA) or gamma index criteria (Low et
al., 1998, 2003; Deptuydt et al., 2002). Here, the percentage points of the area that passes
a pre-selected criterion is used to indicate the quality of the entire planning and delivery

process.

With the development of TPSs and delivery techniques for IMRT by different clinical
and academic institutions, no standards have been clearly established for measuring
equipment, measurement criteria or acceptable levels for the patient-specific QA for
IMRT (Nelms and Simon 2007). As IMRT techniques have matured, the ion chamber
and film measurements in the IMRT QA process have remained an accepted method of
IMRT patient-specific QA (Low et al, 2011). Other dosimetric tools for 2D dose
distribution measurements include 2D ionization chamber arrays, 2D diode detectors and
electronic portal imaging devices (EPIDs) (Masi et al., 2010). Recently, 2D arrays of
ionization chambers and 2D diode detectors have become the most popular devices for
use in IMRT verification (Stathakis 2010; Gutiérrez and Calvo 2010; Masi et al., 2010),
and the use of EPIDs to perform verifications is currently being explored (Antonuk 2002;
Wendling et al., 2006; Van Elmpt et al., 2008; Sabet et al., 2010; Moran et al., 2010;
Pecharromén-Gallego et al., 2011).

Although there are different choices of dosimeters for IMRT patient-specific QA, there is
no agreement on the evaluation criteria for comparing the measured and calculated dose
distributions (LoSasso et al., 2001; MacKenzie et al, 2002;Pawlick et al., 2008;
Sadagopan et al.,, 2008; Yan et al., 2009; Ezzell et al., 2009; Rangel et al., 2010). A
survey study on planner IMRT QA analysis showed that a large number of institutions
used a criterion of a dose difference and distance-to-agreement of 3% and 3mm
respectively between the measured and calculated dose distributions (Nelms and Simon,
2007). The study reports that the number of points that passed the 3%/3mm dose

difference and distance-to-agreement combined analysis was generally between 90% and
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95% (Nelms and Simon 2007). The acceptable tolerances are dependent upon the disease
site and the IMRT QA method. Basran e al. (2008) identified an agreement of greater
than or equal to 95% for non-head-and-neck IMRT cases and an agreement of only 88%
for head-and-neck cases. A recent study by the Radiological Physics Center (RPC)
showed that 25% of institutions fail the credentialing test on the first attempt despite a
generous verification criterion (7%/4mm) (Sakhalkaret al., 2009). As a result, the report's
authors suggested that the standard of IMRT QA could be improved if comprehensive 3D
dosimetry were utilized. Palta ef al. (2008) stated that “each facility offering IMRT must
develop its own guidelines and criteria for the acceptance and QA of IMRT’. These
results lead to the question of what the acceptable criteria are and what guidelines will
ensure an acceptable accuracy in dose delivery. Although recently published studies on
IMRT QA provide general guidelines for tolerance limits and action levels, but, it does
not seems to be practical to establish a standard across all the institutions with all these
diversities in IMRT practice. The limited resources and experience in our institutions

remain a challenge to the establishment of such guidelines.

1.5 A novel use of IMRT

In the developing world, setting IMRT can be used to save time and resources. Not only
can the time required for the preparation, delivery and duration of the treatment be
reduced, but, quality assurance can also be streamlined. At Steve Biko Academic
Hospital (SBAH), cases of palliative head-and-neck cancer make up the majority of
patients treated among the male population. Previously, parallel opposed fields with an
electron boost field were used for the treatment of head-and-neck cancers. The use of this
technique required a great deal of effort and time to prepare the compensating filters and
shielding blocks at the mold room. This technique also required skilled personnel to
produce the beam modifiers. Moreover, to generate a conformal dose distribution,
experienced planners were needed. Currently, a three-field IMRT technique has been
developed for the treatment of head-and-neck cancers but, we also do five field IMRT
technique for radical treatment. A three-field IMRT plan with a concomitant boost
delivers superior dose distributions, and with this approach, each fraction is faster and

easier to treat. Furthermore, no boost is required, and, as a result, fewer fractions are
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used. The use of IMRT technique for the treatment of head-and-neck cancers will save

time and resources.

IMRT is an emerging technology with relatively few established QA guidelines. Thus, to
ensure that the IMRT services consistently meet the highest clinical standard, each
institute must invest in a comprehensive QA program for IMRT planning and delivery.
Furthermore, IMRT utilizes more hardware and software, and adequate personnel and
resources are necessary to implement and maintain the IMRT program. Unless the quality
assurance program for IMRT can be streamlined, it will become a bottleneck that uses
too many resources and too much time. The development of a quality assurance (QA)

program for IMRT has been the final challenge for the implementation of this technique.

1.6 The aim of the study
The aim of this study is to develop and validate an IMRT patient-specific QA program at
the Department of Radiation Oncology, Steve Biko Academic Hospital (SBAH).

This aim is realized through the following steps:

1. The study and evaluation of the dosimetric characterizations of the available detection
system at Steve Biko Academic Hospital (a 2D-Array Seven29 ionization chamber)

for IMRT QA verifications.

2. The study and evaluation of the dosimetric properties of an amorphous silicon
electronic portal imaging device (a-Si EPID) and the validation of its clinical

applications for IMRT QA.

3. The generation of an optimal IMRT plan using CMS XiO TPS, transfer the plan onto
a standard IMRT phantom, perform comparisons of a relative dose measurement
using the Kodak EDR2 and the 2D-Array Seven29 ionization chamber, and

investigation of the comparison criteria for patient-specific QA.
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4. An investigation of the feasibility of utilizing an amorphous silicon electronic portal

imaging device (a-Si EPID) for IMRT pre-treatment verification.

5. The development of an independent monitor unit (MU) verification method to replace
the absolute dose measurements for IMRT treatment and to verify the usefulness of

the method for the patient-specific QA.

1.7 Contribution of the study

Intensity modulated radiation therapy (IMRT) aims to deliver highly conformal radiation
dose to the target volume while sparing nearby critical organs as much as possible with
the complex motion of multi-leaf collimator (MLC) leaves. The patient-specific quality
assurance (QA) has become an essential part of IMRT in assuring that the delivered dose
distributions agree with the planned ones. At Steve Biko Academic Hospital (SBAH), we
use IMRT plans for radical as well as for palliative patients to save time and resources
because a concomitant boost and simplified set-up can save time per fraction and for the
total duration of the treatment. A cumbersome, time-consuming QA step can negate these
advantages. This thesis aims to develop and validate an IMRT patient-specific QA
program at the Department of Radiation Oncology, Steve Biko Academic Hospital
(SBAH). The contribution of the research work from this study are; i) evaluation of the
clinical impact of the deviations in step-and-shoot IMRT plans (chapter 4 and 5). ii)
Development of an independent monitor unit check program for the IMRT patient-
specific QA (chapter 6). For the evaluation of the clinical impact deviations; the routine
QA picked up a systematic error from the treatment planning system (TPS) that could be
rectified and proved that its necessary to be performed prior the delivery of the IMRT
patient’s plan. For the developed independent monitor unit verification method; the
method is intended to be used as an independent verification method for the IMRT
patient-specific QA. The independent monitor unit check program (MUCP) was found to
be simple, fast, easy and accurate enough to be used in routine verifications for head-and-
neck IMRT. The study proposed that the 2D-Array Seven29 dosimetry system and the
developed monitor unit check program (MUCP) could be used in the department for the

routine IMRT patient-specific QA program. This dosimetry system can be used for the
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IMRT fluence map measurements with reasonable accuracy while maintaining the large
number of IMRT plans in the department. When a plan fails to meet the 3%/3 mm criteria
for more than 10% of the points inside the field, then the measured plan be used to
calculate the actual delivered dose, and only if there is a clinically significant deviation
from the prescribed plan must it be redone. The monitor unit check program can be used
with the help of the absolute dosimetry for the point-dose verification for the step-and-

shoot- IMRT deliveries.
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2. The validation of a 2D-Array Seven29 ionization chamber for IMRT

quality assurance

2.1 Introduction

The main goal of radiotherapy is to deliver a high radiation dose to the TV while further
reducing the radiation dose to critical organs and healthy tissues. Therefore, the
verification of the radiotherapy treatment plan is an essential step, particularly in complex
radiotherapy techniques such as IMRT. Recently, a 2D detector array has become the
standard device for the verification of IMRT measurements (Feygelmaner al., 2009;
Janathan et al., 2009; Gutiérrezet al., 2010). Although radiographic film proved to be the
most practical and cost-effective method overall, there are some obstacles to the use of
radiographic film. The film is affected by the processor characteristics during
development, which creates the need for a film calibration curve for each quality
assurance analysis (Ju et al., 2002; Bucciolini et al., 2004; Jacob et al., 2008; Bouchard et
al., 2009). The film response is energy dependent and can cause dosimetry errors when
measurements are performed for different energy spectra. In addition, film measurements
are more time-consuming than 2D array measurements. Gafchromic films, which were
developed for industrial radiation monitoring, have been refined for clinical radiotherapy
dosimetry (Chu et al., 1990; Devic et al., 2004). These films are self-developing and
require no physical or chemical processing. The optical density of the irradiated film is
measured by using optical measuring systems such as densitometers and document

scanners (Devic et al., 2005; Ziedan et al., 2006).

The 2D-array ionization chamber devices are easy to use and provide quality assurance
results in real-time. Although 2D detector system arrays do have poorer spatial resolution
than film and electronic portal imaging devices (EPID), the detection system provides
direct measurements of doses with frequent calibration, and the measurements are in real-

time. Furthermore, the detector is easy to handle for daily setup.

Two types of 2D detector system arrays for the primary use of providing patient-specific

QA for IMRT are commercially available: ionization chamber arrays (with two
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commercial models: ImRT MatriXX (Scanditronix Wellhofer GmbH, Germany) and
Seven29 (PTW, Freiburg, Germany)) and MapCHECK diode arrays (Sun Nuclear Corp.,
Melbourne, FL). Several studies have been conducted on both types of detector arrays.
Amerio et al. (2004) and Stasi et al. (2005) described the design principle and the
dosimetric properties of a prototype 2D pixel ionization chamber array, which was the
basis for the ImRT MatriXX ionization chamber. Jursinic and Nelms (2003) and
L’etourneau et al., (2004) investigated various characteristics of a 2D diode array for
IMRT verification. The behavior and dosimetric characteristics of the 2D-Array Seven29
have been described by several authors (Poppe et al., 2006; Spezi et al., 2005; Wiezorek
et al., 2005). Recently, Janathan ef al. (2009) studied the dosimetric characteristics of two
different detector systems and recommended that each institution employing these
devices for IMRT QA should validate the performance of the dosimetry system before its
use in clinical verifications. Spezi et al. (2005) investigated the characterization of the

2D-Array Seven29 and its feasibility for use in radiotherapy verifications.

The study by Spezi et al. (2005) reported promising results regarding the use of the 2D-
Array Seven29 for the verification of clinical radiotherapy beams. However, most of the
studies were performed with only 6 MV photon beams. The IMRT technique is relatively
new in South Africa; therefore, the device must be characterized before it can be used for

patient verifications.

Most of the experimental procedures demonstrated by Spezi et al. (2005) were followed
in the present study with the intention of implementing the 2D-Array Seven29 for routine
QA for IMRT in our department. Many properties of the 2D-Array detector must be

thoroughly understood before it can be applied for accurate IMRT verification.

The purposes of the phase of the study described in this chapter were as follows:

1. To characterize and evaluate the dosimetric properties of a 2D-Array Seven29
ionization chamber from PTW (Freiburg, Germany) with the objective of using
the detector for IMRT QA verifications. The basic tests evaluated the calibration

of the 2D-array, the reproducibility and start-up behavior of the 2D-array, the
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linearity and energy dependence, the output factor, the sensitivity and the clinical
application of the array for fluence map verifications.

2. To validate the results of the dosimetric properties of the 2D-Array Seven29
ionization chamber based on a comparison with the published literature prior to

implementing the IMRT QA.

2.2 Materials and methods

The 2D-Array Seven29 model (PTW, Freiburg, Germany) (PTW type 10024) was used in
this study. The 2D-Array consists of 729 air-filled ionization chambers arranged in a 27 x
27 matrix. The ionization chambers are separated from each other by a distance of 5 mm.
The chamber center-to-center distance is 1 cm; these chambers cover an active area of 27
x 27 ecm®. Each single chamber has dimensions of 0.5 x 0.5 x 0.5 cm’. The chamber
sensitive point of measurement is located approximately 0.5 mm from the surface of the
2D-Array. The physical dimensions of the 2D-Array are 42.0 x 30.0 x 2.2 cm’. The
distance between the chamber centers is equal to one leaf pair of the most multi-leaf
collimators (MLC), which is projected onto the isocenter. This allowed the projection of
each pair of opposing leaves in the MLC to cover exactly one row of the chambers, in
which it can reflect a clear reading of certain collimator pairs. The entrance plane of the

array is usually perpendicular to the radiation field from the accelerator head.

The material surrounding the ionization chambers of the 2D-Array is PMMA. A 20-mm
back-scatter material is also fixed behind the 2D-Array. The wall material of the 2D-
Array chamber is made of graphite, and the area density above the chamber volume is
O.6g/cm2. The air-filled ionization chambers were covered with a 5-mm-thick PMMA in
the front plate, which was fixed as part of the array construction. The array interface
dimensions are 8.0 x 25.0 x 30.0 cm’, and the PTW-Array interface type is T16026 (see
figure 2.1). The 2D-Array operated at a chamber voltage of 400 V. The 2D-Array
accumulated the electric charge for each chamber on a capacitor that was read-out and
reset every 400 ms. The 2D-Array made it possible to measure the absorbed dose (Gy)
and the absorbed dose rate (Gy/min) to water in a continuous operation mode. The

measurement ranges were specified by the manufacturer and were 200 mGy to 1,000 Gy
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and 500 mGy/min to 8 Gy/min for the absolute dose and dose-rate measurements,
respectively. The 2D-Array and the 2D-Array’s multi-channel interface (PTW-interface
type 16026) were calibrated by the manufacturer in terms of the absorbed dose to water
using a certified %Co radiation source. Figure 2.2 shows the structure of the 2D-Array

ionization chamber.

The radiation source that was used in this study was the Siemens ONCOR Linac
(Siemens Medical Solutions, Concord, USA) with IMRT delivery mode. The accelerator
was also equipped with a 160-leaf MLC OPTIFOCUS MLC. This accelerator has six
electron energies (6, 9, 12, 15, 18 and 21 MeV) and is capable of producing X-ray
energies of 6 and 15 MV. The 6 and 15 MV photon energies were investigated in this

study because these energies are used for IMRT treatment.

2D-Array

2D-Array
Interface

) Aol

Figure 2.1.The PTW 2D-Array Seven29 (PTW, Freiburg, Germany) and the 2D-Array

interface (PTW, Freiburg, Germany).
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PTW 2D-Array
T10024

Figure 2.2.An overview of the structure of the system.

Solid water
Radiation

2D-Array source

2D-Array
interface

Figure 2.3.The experimental set-up of the 2D-Array Seven29 ionization chamber system.
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2.2.1 Calibration of the 2D-Array

The 2D-Array was calibrated to determine the calibration factors to correct for the
different responses of the single ionization chambers of the 2D-Array. With this method,
an improvement of the dose homogeneity can be achieved. The calibrations were
performed using a 6 MV photon beam. The 2D-Array was placed on top of the treatment
couch as shown in figure 2.3. The geometry of the placement is given in figure 2.4. For
the build-up and the backscatter materials, a set of solid-water phantom slabs was used
(Gammex, RMI, Middleton, WI, USA). The slab sizes were 30 x 30 cmz, with different
thicknesses. The mass density of the solid-water material was 1.04 g/cm?, and the
electron density had a factor relative to water. The total thickness of the build-up was 4.5
cm, the thickness of the backscatter materials was 5.0 cm, and the source-surface distance
(SSD) was set at 95.0 cm. Therefore, the 2D-Array reference point of the measurements

was located at 100 SSD from the radiation source.

The calibration factors for each chamber in the 2D-Array were obtained from the
measurements of two calibration matrices: one matrix was used for the reference
calibration, and the other matrix was used for the absolute calibration. This was done
with the aid of MatrixCal software. This software offers two options for calibration: a

reference calibration and an absolute calibration.
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Figure 2.4.The placement geometry of the 2D-Array Seven29 ionization chamber.

2.2.1.1 Reference calibration

For the reference calibration, a maximum field size of 27 x 27 cm’ was used. The
experimental set-up is shown in figure 2.4. Prior to using the 2D-Array for calibration, a
zero measurement of the complete measuring system was performed on the 2D-Array and
its associated interface (the 2D-Array detection system). A period of approximately ten
seconds was allowed to pass, and then the 2D-Array was irradiated with a dose of at least
100 cGy while the chamber voltage was on. This was done according to the
manufacturer’s recommendation (2D-Array user manual). The manual is the best guide
for a step-by-step procedure for calibration. Figures 2.5. and 2.6 show a panel of the

reference calibration procedures and the reference matrix for the 2D-Array system.
In the reference calibration, all of the chambers were calibrated relative to the center

chamber by assigning an absolute value for the center chamber. First, the 2D-Array

measured matrix (new reference matrix) values (M) were normalized to the center value
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(M,); then, the 2D-Array reference matrix (old reference matrix) values (R) were
normalized to the center value (R,). The reference calibration factor was calculated as the
quotient of the 2D-Array measured matrix and the reference matrix. The obtained
calibration factor (reference calibration factor) was multiplied by the absolute calibration

factor. Finally, the absolute calibration factors are corrected by the total correction factor.

File Tools Help
= B x |z

heazure Reference Save Clear Contents

Fieference Calibration ] ]

Measured Matrix: Conection for 2D-4RRAY measurement

Temperature [T 260 Reference ['Cl 200
Wieesaemrt el ADHFRAY Fressure [hPa] a7l Fieference [hPa]: 1013.2

Field Size:
Marirurn allowed field size of the:
used 20-ARRAY type

Corection Factor 1.000

Tatal Comection: 1187

Absolute Dose

Absalute Dose [Gy] ,—

Reference Matrix:

Miniirnurn field size:
Array area of the used 20-ARRAY
type

Figure 2.5.A panel of the procedure for obtaining the reference calibration matrix.
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Figure 2.6.A 27 x 27 reference matrix for calibration of a 6 MV 2D-Array at
300MU/min.

2.2.1.2 Absolute calibration

For the absolute calibration, either the previously stored reference calibration matrix or a
recently generated reference calibration matrix (from MatrixCal software) is required. A
field size of 10 x 10 cm? is sufficient for absolute calibration because only the center

chamber is adjusted to the absolute value.

The calibration factors for the remaining chambers were calculated relative to the center

chamber depending on the calibration file or matrix loaded.
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Figure 2.7.A 10 x 10 absolute matrix for calibration of a 6 MV 2D-Array at 300MU/min.

2.2.2 Reproducibility

The 2D-Array reproducibility checks were performed over a measurement session to
check the performance and reproducibility of the output of the 2D-Array detector system.
The test was done with the same set-up as that shown in Figure 2.4. An X-ray energy of 6
MYV was used, and 100 MUs were delivered per reading with a fixed field size of 10 x 10
cm’. The 2D-Array electronics were switched on for a period of 5 minutes prior to the
irradiation, as recommended by the manufacturer. To check the reproducibility of the 2D-
Array measurements, various sets of measurements were investigated. The first set was
taken after a warm-up of the 2D-Array. The second set was taken after a break of 30
minutes during which the 2D-Array was switched-off. The third set was taken after a
break of 30 minutes without switching off the 2D-Array. In each set of measurements, 20

consecutive readings were taken.
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2.2.3 Linearity and energy dependence

The linearity tests of the 2D-Array were only performed for the central chamber of the
2D-Array (chamber 14 x 14) because the 2D-Array exhibits a uniform inter-chamber
response once it is calibrated. Measurements were made using two different energies, 6
and 15 MV photon beams (Siemens ONCOR Linac, Siemens Medical Solutions,
Concord, and USA), at 5-cm build-up, 95-cm SSD geometry and a 10 x 10 cm? field size.
The dose linearity response of the 2D-Array of the central chamber of the 2D-Array was
evaluated by measuring the output of the beam for 1, 2, 3, 5, 10, 20, 50, 100, 200, 300
and 500 MUs at the nominal operating accelerator dose rates, which were 300 and 500
MU/min for 6 and 15 MV, respectively. The measurements represented the average of
ten consecutive irradiations for each MU. The 2D-Array results were validated through
comparison measurements made with a Pin-Point ionization chamber CC13
(Scanditronix/Wellhoéfer) and a Farmer ionization chamber (PTW type W30013)
connected to a UNIDOS electrometer (PTW, Freiberg, Germany) under identical

irradiation conditions.

2.2.4 Output factor

The output factor is a function of the energy and depth in the phantom, and the field-size-
dependence of the output factor results from the contribution to the dose on the beam axis
by photons scattered from peripheral parts of the beam toward the axis. Therefore, the
performance of the 2D-Array when measuring the Linac radiation output factor as a
function of field size was investigated. This test effectively assessed the scatter properties
of the 2D-Array ionization chamber detectors, which depended on the internal design of
the device. The response of the 2D-Array with small field sizes was of particular interest

because of the potential applications in the verification of IMRT plans.

The output factors were measured at a depth of 5 cm; this depth was chosen because it is
commonly used in radiotherapy of the head and neck regions. The output factor was
measured for various square field sizes ranging from 1 x 1 cm? up to 27 x 27 cm? and for
energies of 6 and 15 MV. This measurement was conducted for the set-up that is shown

in figure 2.4. Larger field sizes were not possible for the 2D-Array under investigation
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because its physical dimensions only allow a maximum field size of 27 x 27 cm® The
results of the relative output factor derived from these measurements were compared to
the measurements made with a Farmer ionization chamber (type W30013) and a Pin-
Point chamber CC13 (Scanditronix/Wellhofer) in a water phantom under identical
irradiation conditions. The output factor results were normalized to the 10 x 10 cm? field-

size output factor.

2.2.5 Sensitivity

The 2D-Array consisted of 729 ionization chambers that were equally spaced at a 1 cm
center-to-center distance. The edges of the two adjacent chambers were separated by 0.5
cm. When the 2D-Array was irradiated, a lateral motion of the secondary particles
produced by the photon interacted with the 2D-Array’s chambers and the surrounding
materials, which led to signal perturbation (Poppe et al. 2007). The 2D-Array sensitivity

was investigated in these experiments and is described below.

2.2.5.1 MLC movements

The experimental setup of the 2D-Array positioning that was used in this test is shown in
figure 2.8. This test was conducted to evaluate the effective detection area of the
ionization chambers of the 2D-Array. The method used for MLC movements is the same
as that described by Spezi et al. (2005). The initial field dimensions were set at 4 x 25
cm’. The MLC leaves (X1-Leaf) were then gradually moved to close the field with an
increment of 1 mm for 20 steps until the field size reached 2 x 25 cm”. The 2D-Array was
irradiated in a sequence measurement mode. The procedures are shown in different
collimator positions in figure 2.8. The leaves were moved a distance of approximately 2

cm (from -2 to 0 cm), as shown in figure 3.8. At each step, 100 MUs were delivered.
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Figure 2.8.The experimental set-up for the investigation of the perturbation effect of the
irradiated area of the 2D-Array and of the detector sensitivity to the positional changes of

the MLC leaves.

2.2.5.2 Leaf coverage

The experimental set-up of this test is shown in figure 2.9; the SSD was 95 cm to the top
of a build-up, which was 4.5 cm from the 2D-Array reference point of measurements.
This test was arranged so that the four chambers of the 2D-Array overlapped or were
covered by three leaves. Figure 2.9 gives an overview of the leaf positioning for the four
selected chambers. In this figure, the first leaf (MLC 1) was positioned to cover chamber
(A) entirely. The second leaf (MLC 2) was positioned or localized between two
chambers, chamber (B) and chamber (C), in such way that the leaf partially covered each
of the two chambers. The last leaf (MLC 3) was positioned to partially cover chamber
(D) with less coverage than the second leaf (MLC 2).
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The purpose of covering the chambers was to determine which arrangement would
exhibit the highest sensitivity of the 2D-Array to the leaf position. After the arrangements
were made, irradiations were performed in 1-mm steps, and a set of 15 consecutive
measurements were taken. The start position was position zero, at which the leaf covered
the entire chamber, and measurements were taken until the leaves reached the end
position (position 15). The 2D-Array was irradiated with a dose of 100 MUs, and the

readings were recorded for each chosen chamber.
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Figure 2.9.A schematic illustrates the MLC configurations on the 2D-Array. P=1 defines

the start position of each leaf. P=15 illustrates the maximum leaf shift.
2.2.6 Clinical applications

For absolute dosimetry, the 2D-Array was calibrated with a given photon energy by

delivering 100 cGy to the 2D-Array ionization chamber system with a field size of 10 x
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10 cm? and at an SSD of 100 cm. The MatrixCal software calculated the central chamber
output to determine the dose correction factor. The correction factor and the inter-
chamber responses were saved in a file that was loaded when the MatrixScan was used

for subsequent dose measurements for a specific photon energy.

For the relative dose distribution that is delivered by any given beam, the measured or the
calculated fluence maps can be loaded into the VeriSoft software for comparison with the
fluence maps that are measured with the 2D-Array ionization chamber system. The
agreement between the measured and calculated fluence maps was evaluated by
determining the number of chambers that satisfied the tolerance dose difference and the
distance to agreement that can be set by the user. Examples of clinical applications for the

dose fluence maps will be discussed in chapter 5.

The clinical application of the 2D-Array was also verified with simple comparisons of the
open and wedged beam profiles that were measured for different field sizes. The wedge
angles that were used were at 15, 30, 45, and 60 degrees. The field sizes were set for 5 x
5 cmz, 10x 10 cmz, 15 x 15 cm” and 20 x 20 cm?. The beam profiles were measured with
the Pin-Point ionization chamber (CC13 Scanditronix Wellhofer) and the 2D-Array for
both 6 and 15 MV photon energies. The 2D-Array reference point of measurements was
set at 95 SSD on top of a build-up thickness of 5 cm. For the Pin-Point measurements, the
beam profiles were obtained by scanning the chamber in the water tank at a depth of 5 cm
in water and at 95 cm for the SSD. Plot comparisons of the results are shown in section

2.3.6.

2.3 Results and discussion

The experimental procedures for the 2D-Array ionization chamber characterization with
the Siemens ONCOR Linac (Siemens Medical Solutions, Concord, USA) were described
above. The characteristics were evaluated in terms of the response of the 2D-Array
ionization chambers, the reproducibility of the output, the output of the 2D-Array, the

dose linearity and energy dependence, the sensitivity of the 2D-Array and the clinical
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applications of the use of the 2D-Array. In this section, the results of the experiments are

presented.

2.3.1 Calibration of the 2D-Array

2.3.1.1 Reference calibration

The calibration matrix was obtained by dividing the measured matrix by the reference
matrix. The calibration matrix was a matrix of correction factors that was used to correct
the reading or the signal that was obtained from the 2D-Array ionization chambers during
the measurements. The correction factors were different for each individual chamber;
these correction factors will be used until the next calibration of the 2D-Array ionization

chamber system is performed.

2.3.1.2 Absolute calibration

The absolute calibration was done for the 2D-Array ionization chamber system. The
correction factor was found to be 1.101+0.001; hence, the total calibration factor was
equal to 1.171+0.002. This factor was saved as a default calibration factor in the

MatrixScan software; new measurements were based upon this default calibration factor.

2.3.2 Reproducibility

Figures 2.10 (a) and (b) show the results of the reproducibility test of the 2D-Array
ionization chamber as a function of the number of measurements. The total number of
measurement points was 60. This number was obtained in three phases of measurements.
The experimental average of the 20 measurements with the associated standard deviation

is displayed in both figures (see figures 2.10 (a) and (b)).

Figure 2.10 (a) shows the reproducibility results of the 2D-Array ionization chamber. The
black points on the graph show the results that were obtained from the irradiations after
the 2D-Array ionization chamber was warmed up. The red points depict the results of the
2D-Array irradiations after a break of 30 minutes, during which the 2D-Array was
switched off. The 2D-Array signal seemed to be very stable during irradiation after the

2D-Array ionization chamber warmed up; the maximum standard deviation for the 2D-
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Array and for the 20 consecutive measurements is 0.3%. A clear increase was observed in
the 2D-Array signal during irradiation after a 30 minute break was taken and the 2D-
Array ionization chamber system was switched off; this increment in the 2D-Array signal
from the first irradiations up to 5 measurements (equivalent to 500 monitor units or 500

cGy) was approximately 2%.

1.008 ;

T 1.008 ;

T T T
(a) reproduciblity test - 6 MV (b) reproduciblity test - 6 MV

1.004 |- 9 1.004 - E
T oo ¥ B T o906 [ ¥ } B
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é 0992 [ p § 0992 |- } ]
3 3
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0984 L ® After a break of 30 minutes switch off 1 0984 [ ® 30 minutes later h
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T ressementrumber T ernentrumoor
Figure 2.10.The obtained signal of the 2D-Array for 20 consecutive irradiations with 6
MYV photons and 100 monitor units per irradiation. (a) One measurement was performed
immediately after the 2D-Array ionization chamber system was warmed up (black
points), and the other measurement was performed after a 30 minute break was taken,
during which the 2D-Array system was switched off (red points). (b) One measurement
was performed directly after the 2D-Array ionization chamber system was warmed up
(blue points), and the other measurement was performed after a 30 minute break was
taken without switching off the 2D-Array system (red points). The error bars is both

figures represents the standard deviations.

Figure 2.10 (b) shows almost the same behavior of the 2D-Array detector system after a
break of 30 minutes, during which the 2D-Array was turned on. In this case, the signal
increased for the first 5 irradiation measurements by a value of 1.5%. The maximum
standard deviation for 20 consecutive measurements was 0.3%. In general, the 2D-Array
ionization chamber detector system must be pre-irradiated for at least 500 MUs or 500
cGy before measurements are taken after a break whether the system is switched-off or is

left on; this pre-irradiation is necessary to stabilize the detector and to obtain reproducible
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measured values. Based on the local percentage differences between the two situations,
the maximum difference is approximately 0.8%, and the average difference is nearly

0.4%.

After the warm up, the detector reading became stable. However, when the detector was
given a break of 30 minutes and was either switched off or left on, it was necessary to
expose the detector to 500 MUs to ensure stable readings. Thus, an initiation dose of 500
c¢Gy was necessary to stabilize the detector. Therefore, it is not advisable to take a break
from taking measurements after the detector is warmed up; if a break is taken, a pre-

irradiation dose of 500 cGy is necessary.

2.3.3 Linearity and energy dependence

From the linear response curves (figures 2.11. (a) and (b)), it is evident that the 2D-Array
has a high degree of linearity within the range of 2 to 500 MU with a linear coefficient R
of 1.0 for both 6 and 15 MV photon energies.

In these figures, the slopes of the linear fit show that the linear relationship between the
MU and the detector response is good down to the lowest delivered doses. The slope and
the standard error were 0.998 and 0.001, respectively, for both photon energies. The

standard deviation values were 0.003 for both photon energies.
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Figure 2.11. In (a) and (b), the signal of the 2D-Array is plotted against the number of
monitor units for 6 and 15 MV photon beams, respectively. The central axis
measurements are shown as symbols. The results of the linear regressions (solid line) are

also shown. The monitor units were set from 2 to 500 MU s.

The 2D-Array signal is plotted against the dose for two different photon energies in
figure 2.12. The detector had a linear dose response that was observed at 6 and 15 MV
photon energies. The signal of the 2D-Array detector was dependent on the radiation
beam energy in the range of 6 to 15 MV. The standard deviation values were 0.001 for

both photon energies.

linearity and energy dependence

2D-Array detector signal
o o o =
> (o2} [e] o

o
o

o
o

0.0 0.2 0.4 0.6 0.8 1.0 1.2
dose / Gy

Figure 2.12.The signal of the 2D-Array versus that of the Farmer chamber at 6 MV and
15 MV photons and 100 monitor units per irradiation for different doses. The central axis

measurements are shown as symbols.

2.3.4 Output factor

Figures 2.13. (a) and (b) show a comparison between the output factors of 6 and 15 MV
photon beams that were measured for different field sizes with the 2D-Array central axis
chamber, a Farmer ionization chamber (PTW type W 30013) and a Pin-Point chamber
(Wellhofer CC13, Scanditronix). Data from the results of the 2D-Array, the Farmer
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ionization chamber (PTW type W 30013) and the Pin-point chamber (Wellhoéfer CC13,
Scanditronix) were normalized with respect to that of a 10 x 10 cm” field size output

factor.

For field sizes equal to and larger than 4 x 4 cm?, the 2D-Array ionization chamber and
the Farmer ionization chamber (PTW, type W 30013) results were within 1.1% and 2.0%
of each other for 6 and 15 MV energies, respectively. For field sizes between 25 x 25 cm?
and 27 x 27 cm? in which the field size surpassed the 2D-Array, the 2D-Array
underestimated the output factor by 1.3% for 6 MV and by 1% for 15 MV. The results
also showed that for field sizes that were smaller than 4 x 4 cmz, the Farmer ionization
chamber tended to underestimate the output factor as a result of its larger volume (Laub

and Wong 2003; Martens et al., 2000).

The output factors that were measured with the Pin-Point chamber (Wellhofer CC13,
Scanditronix) and with the 2D-Array ionization chamber for small field sizes down to 2 x
2 ¢cm? were within 2% of each other. For the 1 x 1 cm? field size, the Pin-Point chamber
output factor value was 13.5%, which was lower than the 2D-Array ionization chamber
output value for 6 MV. For small field sizes, the output factor that was measured with the
2D-Array ionization chamber was 2%, which was similar to the published data for the 6
MV photon beam measured with a 2D-Array (Martens et al, 2000). The obvious
discrepancy with the 2D-array can be interpreted as an overresponse to scattered radiation
because the 2D-array is responsible for the field-size dependence of the output factor; this

was shown to be particularly influential for the lower energy than for the higher energy.
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Figure 2.13. (a) and (b), the relative output factor as a function of the field size for 6 and
15 MV photon beams measured with the 2D-Array (black point), the Farmer chamber
(red points) and the Pin-Point chamber (green points). The measurements were taken
with the different detectors at a depth of 5 cm in solid-water equivalent slabs (a source-
to-surface distance of 95 cm with 5 cm backscatter materials). Field sizes varied from 1 x

1 cm? to 27 x 27 cm>.

2.3.5 Sensitivity

2.3.5.1 MLC movements

Figure 2.14 displays the results of the five chambers of the 2D-Array ionization chamber
when one of the leaf banks (X1) of the MLC was moved from -2 to O cm (see figures 2.8,
A - D). The obtained results for the chamber signal are from the acquisition of chamber 1
and chamber 5, which were partially covered by the leaf banks (X1 and X2), whereas
chamber 2, chamber 3 and chamber 4 were all within the open portion of the field. Figure
2.14 shows the signals that were obtained from this acquisition. The 1-mm step
movement of the MLC leaf bank (X1) was clearly detected by chambers 1 to 4, which
were gradually irradiated with the field while the field decreased. The signal from
chamber 5 was also influenced by the leaf position, which resulted from the Linac scatter
components. The results show that the geometrical separation of the ionization chambers
in the 2D-Array does not lead to a loss of sensitivity. The 2D-Array is sensitive to
millimetric positional changes of the MLC systems. The results agreed well with the

results that were obtained by Spezi et al. (2005).
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Figure 2.14.The 2D-Array detector sensitivity test; the results of the MLC movements of
the 5 detectors that are shown in figure 3.8. The results from each detector are displayed
for the entire position of the MLC leaves. The X1 leaf moves from -2 cm to 0 cm with 1-

mm steps.

2.3.5.3 Leaf coverage

Figure 2.15 shows the plot curves of the 2D-Array signal from the four chosen chambers
(A, B, C and D) that were covered by the MLC leaves against their positions. The curves
show that the signals increased slightly as the positions of the chambers increased from
the first position until approximately position 8. From position 8, it is clear that the slope
of each signal curve as a function of the position is not constant for the four chosen
chambers (A, B, C and D). The slopes from these positions reach their maxima between
leaf positions 8 and 15. This behavior is common to all four chambers, which means that

the sensitivity is greatest when the leaves are in the mid-position of any of the chambers.

The results also show that the highest gradient was obtained by chamber A; chamber B
had the second highest gradient, chamber C had the second lowest gradient, and chamber
D had the lowest gradient. The differences in the gradients for these chambers show that
the leaf on the chamber A coverage position results in the maximum sensitivity to the

dose measurements. Therefore, the best geometry positions the leaves in the middle of

© University of Pretoria



IT VAN PRETORIA
Y OF PRETORIA
HI YA PRETORIA

371Page

each chamber and covers the chamber from the middle position up to the entire chamber.
From the middle position, a deviation of 1-mm from both sides of the chamber can be
useful to achieve the highest sensitivity. Therefore, the detection of the leaf can only be
achieved by the leaf coverage position shown in chamber A; this position will be the best

configuration for any MLC-position test.

The experiment also showed some geometric restrictions between the leaf position and
the 2D-Array chambers; i.e., the leaf projections at 100 SSD on the 2D-Array chambers
cannot be properly overlaid across all of the chambers; some of the leaves cover the

chambers entirely, whereas other leaves are shifted to cover the chamber properly.
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Figure 2.15. A plot of the detector signal against the position of the MLC leaves; the
responses of the four chambers with different coverage configurations as the leaves

moved from the initial position (p=1) to the end position (p=15) are shown.

2.3.6 Clinical applications

Figures 2.16 to 2.27 show the relative beam profiles for different wedge-modulated fields
(15, 30, 45, and 60 degree wedges). The profiles for field sizes of 5 x 5 cm?, 10 x 10 cm?,
15 x 15 cm” and 20 x 20 cm? that were measured with the 2D-Array ionization chamber
were compared with those measured with the Pin-Point chamber CC13

(Scanditronix/Wellhofer) for 6 and 15 MV photon beam energies.
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Figures 2.16 (a) and (b) depict a comparison between the wedge profiles for 5 x 5 cm?
field sizes measured for 6 and 15MV photons, respectively. From these small fields, it
can be observed that the 2D-Array ionization chamber has some limitations in its
sampling capabilities. However, for these small field sizes, the relative percentage dose
for the sharp edge of the wedge field is not accurately measured. This is because the field
edges fall between two chambers in the 2D-Array as a result of the geometric

configuration of the detector, which has an approximate chamber-to-chamber distance of

1 cm.
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Figure 2.16. (a) — (d) Comparisons between the crossplane beam profiles for 5 x 5 cm?
and 10 x 10 cm’ fields measured with the 2D-Array (dotted lines) and the Pin-Point
Chamber (solid line) for 15, 30, 45, and 60 degree wedges angles with 6 and 15 MV

photon beams.
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Figures 2.16 (c) and (d) show a comparison of the relative beam profiles for the 10 x 10
cm’ field sizes measured with the 2D-Array and the Pin-Point chamber. The data agreed
within a value of 1% for both the 6 and 15 MV energies for 15 and 30 degree wedges.
For the 45, and 60 degree wedges, discrepancies at the 6 MV photon energy were 2% and
3%, respectively. The results for the 15 x 15 cm? field size are shown in figures 2.17 (a)
and (b). Both 6 MV and 15 MV showed a difference of approximately 3% for all of the
wedge profiles except for the 15 degree wedge profile, which showed a difference of

1.2%.
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Figure 2.17. (a) —(d) comparisons between the crossplane beam profiles for 15 x 15 cm?
and 20 x 20 cm’ fields measured with the 2D-Array (dotted lines) and the Pin-Point
chamber (solid line) for 15, 30, 45, and 60 degree wedges angles with 6 and 15 MV

photon beams.
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Figures 2.17 (c) and (d) show comparisons between the wedge profiles for a 20 x 20 cm?
field with 6 and 15 MV photon beams measured with the 2D-Array and the Pin-Point
chamber at a depth of 5 cm and an SSD of 95 cm. The measured beam profiles are shown
for 15, 30, 45, and 60 degree wedges angles. The agreement between the 2D-Array and
the Pin-Point chamber was good for all of the wedges. The profile that was produced by
the 60 degree wedge with 6 MV showed a 4% discrepancy. For 15 MV, the comparison
of the beam profiles measured with the two detectors showed differences of
approximately 3% for all of the wedges. Nevertheless, the agreement among all of the
datasets was very close, and the 2D-Array ionization chamber data accurately matched

the Pin-Point ionization chamber relative beam profiles.

2.4 Summary and conclusion

As a part of the quality assurance of intensity-modulated radiation therapy (IMRT) using

different dosimetric modalities, the dosimetric characterization of the 2D-Array Seven29

ionization chamber model (PTW, Freiburg, Germany) (PTW type 10024) was
investigated. The results were validated, and the dosimetric characterization of the 2D-

Array showed the suitability of the 2D-Array as a dosimetric tool in IMRT verifications.

Based on the results, several conclusions can be drawn:

e The 2D-Array Seven29 ionization chamber model was very light (2.4 kg), and it was
easy to handle and setup for accurate dosimetric verification. The entire process for
setting up and warming up the 2D-Array took approximately 15 minutes.

e (alibration of the 2D-Array is important before it can be used for relative dosimetry
(i.e., fluence maps verification) or for absolute dosimetry. The measurement results
showed that the 2D-Array Seven29 ionization chamber response is reproducible
within 1.5%.

e The responses of the 2D-Array ionization chamber were linear, with monitor units
ranging from 2 to 500 for both 6 and 15 MV. The linear fit correlation coefficient was
R’=1. The determined signal of the detector was dependent on the radiation beam
energy in the range of 6 to 15 MV. The 2D-Array results were confirmed with the
data measured with the Farmer chamber (PTW type W30013).
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The output factor that was obtained with the 2D-Array was accurate in comparison
with other detectors, especially for small field sizes, which was important because of
the importance of these field sizes in IMRT applications. For the larger field sizes, the
2D-Array showed good results in comparison with other detectors.

The 2D-Array demonstrated good sensitivity in the output of the Linac that was
equipped with the MLC system for IMRT treatment. The methods that were used to
verify the leaf position with the 2D-Array showed good results; therefore, these
methods can be utilized to check the MLC position for quality assurance for the
IMRT.

The 2D-Array measured beam profiles closely matched the ion chamber
measurements that were performed in a water tank for open and wedged modulated

beams.
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3. The dosimetric properties of an amorphous Silicon electronic portal

imaging device for IMRT verifications

3.1 Introduction

Electronic portal imaging devices (EPIDs) have become an essential part of modern
linear accelerators. Formerly, EPIDs were introduced to verify patient position. Recently,
EPIDs have been employed for dosimetric verification purposes. This use of EPIDs is
based on the conversion of the EPID signal into doses (Heijmen et al., 1995; Chen et al.,
2006; Partridge et al., 2002; Chang et al., 2000; Pasma et al., 1998). Another application
of EPIDs is for Linac QA (Nicolini et al., 2006a; Greer and Barnes 2007).

The evaluation of the dosimetric properties of EPID is important if EPIDs are to be used
for dosimetric purposes. The dosimetric behaviors of a-Si EPIDs have been studied by
several research groups. However, most of these groups have focused on two
commercially available types of the a-Si EPIDs: the Elekta iView GT system and the
Varian PortalVision aS500/1000. The dose-response behaviors of these types of a-Si
EPIDs have been investigated by several authors. The stability of the response of the
iView-type a-Si EPID has been studied for over two years and has been found to be equal
to 0.5% for both 4 and 6 MV photon beams (Louwe et al., 2004). In addition, the dose-
response relationship is independent of the dose rate and is approximately linear with the
integrated dose (Antonuk et al., 1998; El-Mohri et al, 1999). Winkler et al. (2005)
studied the dosimetric properties of the iView a-Si EPID with respect to three photon
beam qualities 6, 10 and 25 MV. McDermott et al. (2006) conducted a comparison study
for the signal-to-monitor-unit ratio for three different types of a-Si EPIDs and found that
all EPIDs exhibit under-responses for beams of few MUs. McDermott ef al. (2004) and
Louwe et al. (2004) investigated the use of the iView a-Si EPID and determined the

amount of build-up needed for portal dosimetry.

The dosimetric characteristics of the aS500 EPID support its use for IMRT verification

(Greer et al., 2003). Grein et al. (2002) also investigated the dosimetric properties of the
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aS500 EPID for transit dosimetry and reported that the relationship between the EPID
signal and the dose is linear for different field sizes and SSDs. The study concluded that
more than 1% accuracy could be achieved when using certain dosimetric procedures. The
basic dosimetric characteristics of the aS500 EPID, such as the detector dose response,
reproducibility, memory effect and field-size dependence, have been investigated by Van
Esch et al. (2004). The short- and long-term reproducibility was were found to be

excellent, and the memory effect was clinically insignificant.

Today, most modern radiation oncology clinics use Linacs that are equipped with EPIDs
that can be used for imager verification. However, due to the increasing use of IMRT
techniques in these clinics, there is a need for efficient methods for QA; EPID dosimetry
may serve as an alternative to film dosimetry. Nicolini ef al. (2006b) investigated IMRT
dose verifications with an a-Si EPID and found that the EPID can be used for absolute
dose measurements. A global calibration model for the use of an a-Si EPID for transit
dosimetry has been developed by Nijsten et al. (2007a). Studies have shown that the a-Si
EPID can be used for the dosimetric verification of dynamic IMRT fields (Greer et al.,

2007).

In general, EPIDs are complicated systems that need to be specially configured for
dosimetry purposes, are not independent of the Linac control system that is being tested,
and require substantial quality assurance (QC) (Van Elmpt et al., 2009). Although a great
deal of work has been done on the a-Si EPID dosimetric characterization, the lack of
integrated software tools limits the usefulness of a-Si EPID detectors as standard
dosimeters for performing QA dosimetric tasks in radiation oncology clinics. However,
research efforts to enable EPID dosimetry to serve as an effective component of IMRT
QA have been increasing (Nijsten et al., 2007b; Van Elmpt et al., 2008). Therefore, the
dosimetric properties of amorphous silicon EPIDs and their applicability for IMRT

verification are of current interest.

The aim of this chapter was to study and evaluate the dosimetric properties of our newly

installed a-Si EPID for portal dosimetry purposes. The Siemens OptiVue EPID
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(I000ART) was used for the measurements. The standard automatic calibration
procedure of the a-Si EPID using dark images and flood-field images was conducted
before the experimental procedure was performed. The properties assessed included the
reproducibility, the a-Si EPID response as a function of the applied monitor units, the
field-size dependence, the ghosting effect, the effect of the build-up, and the effect of the
absorber thickness. In addition, the relationship between the EPID signal and the portal
dose was explored. The method is an empirical approach to investigate the possibility of

using the a-Si EPID for IMRT pre-treatment verification of step-and-shoot IMRT fields.

3.2 Materials and methods

The electronic portal imaging device (EPID) used in this study was an amorphous silicon
(a-Si) flat panel portal imager (OPTIVUE 1000ART) attached to the Siemens ONCOR
linac (Siemens Medical solutions, Concord, USA). The accelerator was equipped with
160MLC and 160 leaves. The accelerator operates at 6 and 15 MV under two dose-rate
modes: A low dose-rate mode (50 MU/min for both photon energies) and a high dose-rate
mode (300 MU/min for 6 MV and 500 MU/min for 15 MV). The dose-rate can be
changed by varying the pulse repetition frequency. The flat imager detector used was a
Perkin-Elmer XRD 1640-AG9detector with an active imaging area of 40 x 40 cm”. The
detector utilized 1024 x 1024 pixels, with a pixel size of 0.8 mm. The panel movements
were limited to the vertical direction with variable distances that ranged from a 115 up to
160 cm source-to-detector distance (SDD). Lateral and longitudinal movements were not

possible.

The panel could also be used to obtain a megavoltage cone-beam CT acquisition. The
acquisition software used was Siemens Coherence Therapist Workspace software,
version 2.0.09 (OPTIVUE 1000ART). The flat panel images were stored in a 2D
cumulated grayscale value distribution averaged into a single conformal image from the
subframes. A single frame could not be stored because the software collected all of the
single frames and calculated the final image. The OPTIVUE 1000ART flat panel used an
integration time of 80 milliseconds per frame. This enabled the manual delivery of

several monitor units (MU) to form a portal image. Each image was then corrected for

© University of Pretoria



SITEIT VAN PRETORIA
ITY OF PRETORIA
SITHI YA PRETORIA

45|Page

pixel sensitivity before it was subtracted from the reference dark-field image. The dead-
pixel map correction was also applied; with this method, a signal from a defective pixel
was replaced by the main signal from neighboring non-defective pixels. For the
correction of individual pixel sensitivities, profiles were obtained by making use of the
flood-field images. These images were acquired for each beam energy, dose-rate and

different source-to-detector distance (SDD).

The flat panel imager measurements were conducted at a source-to-detector distance
(SDD) of 145 cm. This distance was used because most of the imager verifications for
IMRT treatment are conducted at this level. The images were acquired after the
completion of the treated field and were stored for later manipulation. Measurements
were also conducted using different standard dosimeters as reference measurements. The
point-dose measurements were performed using a Farmer ionization chamber (type
30013) connected to a UNIDOS electrometer (PTW, Freiberg, Germany). The “blue”
water phantom system, which had scanning dimensions of 48 x 48 x 41 cm’, was used to
measure the dose distributions. The SDD was set to 145 cm for all of the measurements
and to a depth of maximum dose (dm.x) for the corresponding energies under
investigation. For the 2D relative dose measurements, a 2D-Array Seven29 ionization
chamber detector was used. The Array consisted of 729 air-filled ionization chambers
that formed a 27 x 27 matrix of detectors with an effective area of measurement of
approximately 26 x 26 cm’ (for more details, see chapter two). For all of the
measurements, the relative EPID response (Gepip/D,) was set as the quotient of the
average grayscale value (Ggpip) in the region of interest (ROI) of a 10 x 10 pixel area
around the portal dose (D,) measured at the same point for the same set-up. The average
grayscale pixel value was calculated in the ROI of 10 x 10 pixels with ImageJ software.
Both the EPID and ionization chamber measurements were conducted on the central axis.
All of the ionization chamber measurements were corrected for temperature and pressure

variations.
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3.2.1 Routine calibration of the a-Si EPID

The calibration of the a-Si EPID usually requires the acquisition of two images: a flood-
field (FF) image and a dark-field (DF) image. These images are also part of the
configuration process for standard imaging with the EPID. For dosimetric purposes, a
further correction for the response of the EPID must be made. The dark-field (DF) image
was used to correct for the dark current in each pixel, and it was acquired without
radiation to record the pixel offsets. The flood-field (FF) image was acquired while
irradiating the EPID with an open “uniform” field. The flood-field image was used to
correct for sensitivity differences between the individual pixels and to correct for the
beam profile with the acquisition software. The calibration procedure was conducted
periodically with 6 and 15 MV photons at a low dose rate (50 MU/min for both energies)
and at a high dose rate (300 MU/min for 6 MV and 500 MU/min for 15 MV) for different
ranges of source-to-detector distances (SDDs), which ranged from 120 to 160 cm. A
dead-pixel map correction was also applied. The dead-pixel map correction indicates the
replacement of the signal value of faulty pixels with the mean signal value of the normal

pixels neighboring the faulty pixels.

3.2.2 Detector reproducibility

A reproducibility test of the flat panel imager was necessary before the panel could be
used for dosimetric comparisons of the delivered dose in terms of the dose difference and
the distance to agreement. This was important because the EPID had to be used to record
not only the relative dose measurements but, also the absolute dose variations. Therefore,
the detector reproducibility had to be proven over both a short and long period (Winkler
et al., 2005; Talamonti et al., 2006). In the present study, the short-term reproducibility
was evaluated on the basis of 20 subsequent measurements in which 20 MU were
delivered using a 10 x 10 cm? field size and 6 and 15 MV photon beams. The long-term
reproducibility was evaluated by acquiring 10 consecutive measurements. The EPID was
exposed under identical conditions using a 6 MV photon beam. The experiment was
repeated every two weeks for a period of 3 months. For long- and short-term
reproducibility, the average grayscale pixel value was measured within an ROI of 10 x 10

pixels. For the experimental set-up, see figure 3.1.

© University of Pretoria



AN PRETORIA
F PRETORIA
| YA PRETORIA

<o<

471 Page

3.2.3 The a-Si EPID response as a function of applied monitor units

The calibration methods of the EPIDs are based on the assumption that the reading of the
EPID is proportional to the delivered dose. This relationship has been investigated by
several authors (Greer et al., 2003; Chen et al., 2005; Winkler et al., 2005; and Nijstein et
al., 2007). The a-Si EPID response, Gepin/D,, as a function of the applied monitor units
(MU) were investigated. Ggpp was the average grayscale value in an ROI of 10 x 10
pixels around the beam axis. The portal dose,D,, was measured at the beam axis at a
depth of maximum dose (dmax) in @ water phantom using a Farmer ionization chamber
(PTW type 30013). The distance from the source to the detector surface was 145 cm,
which was equal to the source-to-detector distance (SDD) of the EPID. Because the EPID
and portal doses could not be measured simultaneously, both the ionization chamber and
the EPID measurements were performed sequentially at all times. The EPID was
positioned at a fixed source-to-detector distance (SDD) of 145 cm, and a varying dose
was delivered with monitor units (MUs) in the range of 5 to 1000 MUs. The low starting
values were used because for the application of the EPID for the dosimetry of IMRT
fields, low MUs are possible. In the case of the step-and-shoot technique, a field can be
composed of segments as short as a few MUs. The corresponding irradiations were also
performed in one session by using the maximum available nominal dose-rate (i.e., 300
MU/min at 6 MV and 500 MU/min at 15 MV). Images were acquired at 10 x 10 cm’ and
centered at the central axis for all of the measurements. The collimator angle and the

gantry angle were both set to zero degrees.
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Figure 3.1.The geometric set-up of the experiment.

3.2.4 Field-size dependence

The field-size dependence was determined to assess the response of the a-Si EPID as a
function of the field size. Ggpi/D,, ratios were determined for a set of square fields
defined by the MLC starting at 1 x 1 cm? and increasing up to 25 x 25 cm® without an
absorber in the beam. Measurements were conducted at a source-to-detector distance
(SDD) of 145 cm for 6 and 15 MV photons. All irradiations were performed by
delivering 100 MU. For each setting, two EPID images were acquired with no build-up
added on the EPID. The average grayscale value was recorded from the average of the
region-of-interest (ROI) as described above. To calculate the EPID response, integrated
readings were obtained in a water phantom on the central axis using the Farmer
ionization chamber (0.13 cm’ PTW, Freiburg, Germany) for each field size. This

calculation was performed at the corresponding depth of maximum dose for each energy
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level and at the SDD of 145 cm. Both sets of measurements were normalized to 10 x 10

cm? field-size values.

3.2.5 Dose-rate linearity

The linearity of EPID to dose-rate variations was investigated by monitoring the
grayscale value on the beam axis for a static field. To modify the dose rate, the SDD was
varied by the distance of the EPID below the isocenter. The EPID was placed at 15, 20,
25, 30, 30, 40, 45, 50, 55, and 60 cm below the isocenter. At each distance, a dose of 100
MU was delivered to a 10 x 10 cm” open field. The EPID images were collected, and the
average grayscale pixel value was calculated in the region of interest (ROI) of the 10 x 10

pixel area at the center of the field around the beam axis for 6 and 15 MV photons.

3.2.6 The ghosting effect of the a-Si EPID

The ghosting effect of the a-Si EPID, which is also referred to as the memory effect, is
generally defined as artifacts in the image caused by signals being present in frames
following the frame in which the image was generated (McDermott et al., 2003; Winkler
et al., 2005). The a-Si EPID experiences a ghosting effect, and this effect has been
investigated by several authors (Greer et al. 2003; McDermott et al., 2003; Winkler et al.,
2005; Nijsten et al., 2007a). The ghosting effect of the a-Si EPID was performed as
follows: an image with a small field size of 5 x 5 cm’® was acquired, followed by the
acquisition of two images with a large field size of 15 x 15 cm”. Each field was delivered
as soon as possible after the previous field. An image was acquired for each field, and the
acquired images of the two large fields were compared to determine whether the pixel
value was high as a result of the ghosting effect. The time applied between the
irradiations was a few seconds. The ghosting measurements were performed for both 6
and 15 MV photons. The SDD was set at 145 cm for all the measurements. The test was

repeated in several groups of measurements:
1) 500 MUs was delivered to the small field (5 x 5 cmz), and 10 MUs was delivered to

each of the large fields (15 x 15 cm?). This group of measurements was intended to

determine the maximum extents of the ghosting effects. i1) Next, 50 MUs was delivered
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to the small field (5 x 5 cmz), and 10 MUs was delivered to each of the large fields (15 x
15 cm?®). This group of measurements, together with the previous group, would show the

extent to which the ghosting effects depend on the dose of the previous irradiation. iii)

Finally, 50 MUs was delivered to each field.

The acquired images from the different sets of measurements were analyzed by
measuring the grayscale values using Imagel software at the center of the field for the
large field sizes and making comparisons. The signal values were recorded and then
normalized to the highest value at the field center. Line profiles were also drawn
horizontally for the two images to evaluate the ghosting effect. The ghosting signal was

calculated as a percentage difference between the obtained profiles along the images.

3.2.7 The build-up effect of the a-Si EPID

The response of the a-Si EPID as a function of the amount of build-up onto the detector
surface was investigated in this section using 6 and 15 MV photon beams. The EPID
measurements were conducted with the outer surface of the EPID at a source-to-detector
distance (SDD) of 145 cm. A field of 10 x 10 cm? at the isocenter was projected at the
extended SDD to give a field of 14.5 x 14.5 cm?. The dose was 100 MUs, and the dose-
rates were 300 and 500 MU/min for 6 and 15 MV photons, respectively. The build-up
material used was the solid-water phantom (GAMMEX rmi, Middleton, WI), which was
positioned at the EPID surface. A series of measurements were obtained with depths
ranging from 0.1 cm to 4.0 cm on the EPID. Comparative measurements were performed
in a solid-water phantom with an ionization chamber (PTW type 30013) positioned on
the beam axis at a distance of 145 cm. Solid water was used to provide a range of build-
up similar to that used on the EPID. The ionization chamber measurements were acquired

with 100 MUs exposures. Figure 3.1 shows the experimental set-up.

3.2.8 The a-Si EPID response versus the thickness of the solid water
The response of the EPID can be changed with spectral changes in the photon beam by
introducing an absorber in the beam path. This will be present for different patient

thicknesses in the path of the radiation field. The response of the EPID was investigated
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using a solid-water phantom for a range of thicknesses varying from 2 to 40 cm. The
solid water was placed on the table at an SSD of 100 cm. Measurements were performed
for a 10 x 10 cm? field-size with 100 MUs and dose rates of 300 MU/min and 500
MU/min for both 6 and 15 MV photons, respectively. The center of the absorber was
located at the isocenter of the treatment unit at all times. The a-Si EPID at a distance of
145 cm without using any build-up material on the panel and the surface of the EPID was

considered as a detector surface.

The measurements were also conducted using a Farmer ionization chamber with the same
configuration to compare the results. The response of the a-Si EPID for various
thicknesses of the solid-water phantom could then be evaluated by comparison with the
ionization chamber measurements. The EPID and the ionization chamber data were
normalized to the maximum reading obtained. The transmission curves were measured by
analyzing a 10 x 10 pixel region of interest (ROI) along the central axis of the beam for

the 6 and 15 MV photons and the field size of 10 x 10 cm®.

3.2.9 An electronic portal imaging device as a dosimeter

EPIDS were purposely developed for on-line patient setup verifications. However, the
acquired image information is related to the dose delivered to the EPID, and EPIDs are
currently used as dosimeters. A study was conducted to evaluate the EPID as a dosimeter

by comparing its response with that of an ionization chamber.

3.2.9.1 Calibration of the EPID

The calibration procedure of the a-Si EPID aimed to convert the EPID images into a 2D
water equivalent dose distribution measured in the detector plane at a depth of the
maximum dose (dnyax). The setup of the calibration experiment of the EPID was as shown
in figure 3.2a. Solid water (GAMMEX rmi, Middleton, WI) equivalent slabs of
approximately 30 x 30 cm’® were added as build-up layer materials at the top surface of
the EPID. Slab thicknesses of 0.7 and 2.0 cm were used for the 6 and 15 MV photon
beams, respectively. The EPID calibrations were determined for 6 and 15 MV photons,

and all of the EPID images were acquired by using a field size of 10 x 10 cm? using 6 and
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15 MV photons operating under high dose-rate mode. The EPID images were acquired
for a range of source-to-detector distances (SDDs); no attenuator was used for these
images. The EPID positioning range was varied from 115 to 145 cm, and at each
position, 100 MUs were delivered. Thus, the radiation dose was varied by moving the
EPID for a range of distances. The EPID images were collected, and the average
grayscale pixel value was calculated in the region of interest (ROI) of the 10 x 10 pixel

area at the center of the field around the beam axis.

To determine the relationship between the dose and the measured EPID grayscale value,
the ionization chamber measurements were performed using a Farmer ionization chamber
(PTW type 30013) and a UNIDOS electrometer (PTW, Freiburg, Germany).The ion
chamber was placed at corresponding SDDs at the same as the EPID and inserted in solid
water slabs (30 x 30 cm? in area) (GAMMEX rmi, Middleton, WI) to a depth that would
achieve the maximum dose; approximatelyl0 cm of solid water was also placed
underneath to provide backscatter, as shown in figure 3.2b. For the relationship between
the dose measured and the EPID grayscale pixel values at the central axis, a linear plot
relation between the measured dose and EPID grayscale values was obtained. This plot
“calibration curve” was used to convert the EPID response into an absolute dose

response.
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Figure 3.2. The experimental set-up of the position of the (a) EPID and (b) ion chamber.

The ion chamber is embedded in solid water with 10 cm of backscatter.

For the calibration of the EPID as a 2D dosimeter, the EPID images were acquired at an
SDD of 145 cm for a 10 x 10 cm® and 15 x 15 cm? field sizes at the isocenter for 6 and
15 MV photons operating under the high dose-rate mode. The 2D-Array Seven29
detector was irradiated at the same setup and under the same conditions. Subsequently, a
table was created between the measured dose and the EPID grayscale pixel values. The
EPID images' grayscale values were converted into absolute dose values using the
calibration curve. This was done by plotting the datasets using VeriSoft software. Both
EPID and 2D-Array Seven29 detector dose profiles were normalized to the dose value on

the central axis.

3.2.9.2 The evaluation of the fluence maps measured using EPID

For the 2D dose evaluations, a head and neck IMRT plan was evaluated by using an a-Si
EPID and the 2D-Array Seven29 ionization chamber. The plan contained three fields, and
each field in the plan was calculated separately using a field-related approach. The SSD

selected was approximatelyl11.5 cm, and 3.5 cm was selected for the build-up of the
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thickness to deliver the dose at 115 cm SDD, which was equivalent to the depth of the
maximum dose for the 15 MV photon energy. For the EPID measurements, the EPID
images were acquired separately for each field. The EPID was positioned at 115 cm SSD,
with an extra build-up on the top surface of approximately 2.2 cm. The build-up was
chosen according to the energy used for the intensity-modulated field. For the 2D-Array
measurements, the same EPID setup was used to acquire the IMRT fluencies. A 2.5 cm
thickness was used as build-up layer so that the effective point of measurement of the
2D-Array fell at the depth of the maximum dose. For the comparisons of the fluence
maps, the acquired EPID fluence images were converted to relative fluence maps
according to the calibration procedures. Subsequently, the data were calibrated and
normalized to the maximum obtained dose for the comparisons. The obtained fluence
maps were aligned and then rescaled. The gamma evaluation criterion was used to
evaluate the agreements in dose values from the EPID and the 2D-Array Seven29
detector. The distance to agreement was set at 3 mm and the dose difference at 3% for

comparisons.

3.3 Results and discussion

The experimental procedures for determining the dosimetric properties of the a-Si EPID
attached to the Siemens ONCOR Linac (Siemens Medical Solutions, Concord, USA)
were described above. The dosimetric properties were evaluated in terms of the
calibration of the a-Si EPID, the reproducibility, the a-Si EPID response as a function of
applied monitor units, the field-size dependence, the dose-rate linearity, the ghosting
effect, the build-up effect, the a-Si EPID response versus solid water thickness and the
use of EPID as a dosimeter for measuring the dose; comparisons of the a-Si EPID with
the 2D-Array Seven29 were used to evaluate the IMRT fluence maps. This section

presents the results of the experiments.

3.3.1 The routine calibration of the a-Si EPID
The standard automatic calibration of the EPID using a flood-field image with a uniform
radiation field and the dark image (non-irradiated image) was performed using the

Siemens Coherence Therapist Workspace software, version 2.0.09 (OPTIVUE
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1000ART). This procedure was conducted according to the protocol recommended by the
manufacturer and according to the calibration guidelines (ONCOR Impression operator's
manual). The dosimetric measurements of the a-Si EPID were performed after the

calibration.

3.3.2 Detector reproducibility

Figures 3.3 (a) and (b) show the results of the reproducibility tests for the a-Si EPID. The
graph shows measurements versus a-Si EPID average grayscale pixel values for 10 x10
pixels of the acquired EPID images. The a-Si EPID short-term reproducibility
characteristics were similar for both beam qualities, as shown in figure 3.3 (a). For the
same number of MUs applied, average grayscale values did not vary significantly and
were approximately 0.99 and 0.97%, and the standard deviation values of the detector
were 0.2% and 0.3% for 6 and 15 MV, respectively. Figure 3.3 (b) shows the long-term
reproducibility test for 10 consecutive measurements obtained over a period of 3 months.

The long-term reproducibility was found to be within +1.7% over a period of 3 months

for the 6 MV photon beam.
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Figure 3.3 (a) The variation in the average grayscale values for 20 consecutive
measurements of short-term reproducibility. (b) The variations in grayscale values for 10

consecutive measurements of long-term reproducibility over a 3-month period.
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3.3.3 The a-Si EPID response as a function of applied monitor units

The relationship between the dose responses of the a-Si EPID as a function of the applied
MUs was investigated. Figure 3.4 shows the relationship between the EPID response and
the applied MUs for a range of 5 to 1000 MUs. The data were fitted in a semi-log graph.
The results showed almost identical behavior for both beam qualities; 6 and 15 MV
photons. In addition, the response of the a-Si EPID decreased in the region of low doses
for both energies, and this was more obvious for the 15 MV. The a-Si EPID response
(relative to the normalization value of 30 MUs) was higher by 2.1, for 6 MV photons and
2.8% for 15 MVphotons for 1000 MUs, whereas for the doses at 10 MU, the reduction in
the a-Si EPID response was 4.8% and 5.8% for the 6 and 15 MV photons, respectively.
The a-Si EPID response across the panel became stable at an MU greater than 200, and in
agreement with Greer et al. (2007). The a-Si EPID responses are similar to those reported
by previous studies conducted by Greer et al. (2007) and McDermott et al. (2006) for
Varian a-Si EPIDs and Winkler et al. (2005) for Elekta iView“". Winkler and George
(2006) reported an increase in detector sensitivity of 1.7 — 2.8% for Elekta iView® in a
range of 30 to 500 MUs. At lower than 20 MUs, the a-Si EPID reduced the sensitivity,
which is attributable to the instability in the accelerator dose-rate and the energy during

start-up (Winkler at al., 2005).
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Figure 3.4. The a-Si EPID response as afunction of applied monitor units (MU) for 6 and
15 MV photons. The results were normalized to 30 MUs.

3.3.4 Field-size dependence

Figure 3.5 shows the results of the relative EPID response with the field size of the a-Si
EPID for the 6 and 15 MV photons. The measurements were corrected for the changes in
output using the Farmer readings, and the results were normalized to the values of the 10
x 10 cm? field size. The resultant graphs were evaluated. In figure 3.5, both under-
response and over-response areas (relative to a 10 x 10 cm?” field) can be distinguished.
For small field sizes, the EPID response shows less response dependence on the field size
up to the 10 x 10 cm? field; as the field size increases, the EPID response shows a clear
dependency on the field size and energy. This effect is caused by changes in scatter with
increased field size. Scatter has a low energy component; its effect on the EPID’s
phosphor response is enhanced (due to presence of high atomic number component in the

phosphor material) (Van Esch et al., 2004; Greer et al., 2003).

The pattern is the same for the two energies with an under-response for small fields and
an over-response for the bigger field ranges. This result is caused by the scatter
contributions from the head, in which the head scatter is more for the lower energy than

for the higher energy. The under-response reach 10.0 = 0.7% and 5.7 + 0.4% for the 6
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MYV energy for the smallest square field sizes of 1 x 1 cm and 3 x 3 cm, respectively. For
the 15 MV the values were 8.5 + 0.6% and 5.2 + 0.6% for the 1 x 1 cm” and 3 x 3 cm’
field, respectively. The over-response values for the largest square field were 4.7 £ 0.3%

and 7.4 + 0.4% for the 6 and 15 MV energies, respectively.

The EPID response was also in close agreement with other studies for different field
sizes. Greer et al. (2003) measured an under-response of 2.0% for a 4 x 4 cm? field and
2.5% for a 24 x 24 cm’ field (relative to a 10 x 10 cm” field) but, did not correct for EPID
off-axis response. Van Esch ef al. (2004) studied the response of the EPID for varying
field sizes and fitted the field size for the two different energies separately using a
second-order polynomial. Their approach also depended on the source-to-detector

distance (SDD).
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Figure 3.5. The relative response of the a-Si EPID (the ratio of the grayscale value, Ggpip,
divided by the portal dose, D, as a function of the field size for the 6 and 15 MV photons.

Results were normalized for a 10 x 10 cm? field.

3.3.5 Dose-rate linearity

The images were obtained at different SDDs delivering 100MU at a repetition rate of 300
and 500MU/min for 6 and 15 MV. These images were analyzed, and the mean value of
the central 10 x 10 pixel region was calculated and plotted. The distance from the source

to the detector gives an inverse square factor that can then be converted into a dose-rate
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(Gy/min). These data are plotted as shown in figures 3.6 (a) and 3.6 (b). A linear function
was fit to the data. The linear regression analysis produced a coefficient of determination
R? = 0.999 for all the fits. The linear fits also indicated proportionality constants showing
that the detector is proportional over the entire measured range and does not deviate from
the inverse square behavior. The dose-rate linearity of the EPID has been previously
reported (Van Esch et al., 2004). Thus, only verification was performed in this thesis to

establish that the EPID at SBAH performs as expected.
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Figure 3.6. The variation of the dose values as a function of the source-to-detector
distance (SDD) measured using the ion chamber and the a-Si EPID for the (a) 6 MV and
(b) for 15 MV photons.

3.3.6 The ghosting effect of the a-Si EPID

The ghosting effect of the a-Si EPID was investigated. A comparison of the images for
the measurements of series a, b and ¢ for the ghosting effect is shown for the two
different beam qualities; 6 and 15 MV photons. Figures 3.7 and 4.9 depict the acquired
images with lines displayed for the profiles obtained along the horizontal direction or
along the axis of the images for the 6 and 15 MV photons. A 15 x 15 cm? treatment field
was acquired immediately after exposing the flat panel using a 5x5 cm” field. Within the
central area of the 15 x 15 cm? field, the grayscale values were increased and compared
to the values of the flat panel imager that acquired after a period of 15 seconds without
image acquisitions. Figures 3.8 and 3.10 depict the obtained profiles along the EPID

images for the different series of measurements. For series a, the average differences in
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the grayscale values in the central area were 0.40 £ 0.20 % and 7.00 £ 1.00% for 6 and 15
MYV, respectively, whereas the differences in grayscale values outside the small-field area
were 0.20 £ 0.01% and 0.70 £+ 0.20% for 6 and 15 MV, respectively. For series b and c,
the signal values were considerably lower for both beam qualities. Overall, the 15 MV
grayscale profile showed the ghosting effect more clearly than the 6 MV grayscale
profiles, which was caused by the higher dose-rate for the 15 MV photons (because of a
shorter period of time to deliver the dose) than for the 6 MV photons. The differences in
the responses emphasize the necessity of individualized calibrations for EPID for each

energy if they are to be used for dosimetry purposes (Winkler and George et al., 2006).

Overall, the ghosting effect for 15 MV was very clear at the first set of measurements (a);
for the b and c sets of measurements, the effect is considerably smaller. The results also
showed that the ghosting effect of the imager is greater for a short interval between
images. From the obtained results, we can observe that the ghosting effect is small and
that it is negligible in short time intervals such as 15 seconds. The results also showed
that the amount of ghosting is dependent on the number of MUs used in the previous

irradiation.

Figure 3.7. A comparison of the acquired images for MV photons; images a, b and ¢ are

from measurements of series a, b and c, respectively.
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Figure 3.8. A plot profile measured along the image showing the a-Si EPID grayscale

values versus the pixel number for the two large fields after the delivery of the small field

for 6 MV photons.
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Figure 3.9. A comparison of the acquired images for 6 MV photons; images a, b and ¢ are
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from measurement series a, b and c, respectively.
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Figure 3.10. A plot of a line profile showing the EPID grayscale values versus the pixel
number for the two large fields after the delivery of the small field for 15 MV photons.
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3.3.7 The build-up effect of the a-Si EPID

The a-Si EPID/ion chamber measurements as a function of absorbing material are
normalized to their maximum values. For both energies, the a-Si EPID behavior deviates
significantly from the dose-to-water measurements: the dose maximum is obtained in a
shallower depth for the a-Si EPID measurements compared to the ionization chamber
measurements. In addition, the dose maximum plateau region is wider in the a-Si EPID
measurement series. Figures 3.11(a) and (b) show a plot of the EPID grayscale
value/signal response versus the depth for 6 and 15 MV, respectively. This depth acted as
a build-up and was placed on the top of the EPID. As expected, the signal from both
instruments increases as a build-up material is placed above until a certain depth, where
the signal reaches a maximum. After the maximum is reached, the signal and dose
received decreases with depth. Ion chamber measurements are known to be proportional
to the dose received; thus, the depth at which the maximum ion chamber signal occurs
will be the depth at which the maximum dose is imparted to the material. Because the
EPID has some inherent build-up, it gives the maximum signal with less extra build-up
materials added on top. The difference between the two depths of the maximum signal
can be considered the amount of water-equivalent material that the inherent build-up of
the EPID is contributing. This can be determined for each photon’s energy under

investigation.

Figure 3.11 (a) shows the EPID grayscale value/signal response as a function of depth for
6 MV photons for both detectors. The maximum depth value for EPID occurs at 0.71 cm;
the stated average value with standard deviation is 0.71 + 0.03 cm, whereas for the ion
chamber results, the dy.x was found to be 1.11 +0.09 cm. Figure 3.11 (b) shows the EPID
grayscale value/signal response as a function of depth for 15 MV photons for both
detectors. The maximum depth value for EPID occurs at 2.02 cmy; the stated value is 2.02
+ 0.05 cm, whereas for the ion chamber results, the d.x was found to be 2.48 + 0.04 cm.
By subtracting the EPID’s maximum grayscale value depth from the dp.x of the
ionization chamber, the effective water-equivalent depth inherent in the build-up material

on the a-Si EPID can be calculated as follows:
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For 6 MV: 1.11£0.09 - 0.71 £ 0.03 =0.40 £ 0.06 cm;
For 15MV: 248 +0.04-2.02+0.05=0.46 +£0.01 cm.

The inherent build-up on the a-Si EPID was found to be 0.40 + 0.06 cm for 6 MV and
0.46 £ 0.01 cm for 15 MV. The results show that the water-equivalent depth values of the
inherent build-up of the EPID are the same with the uncertainty for different photon
energies. This build-up must be considered when adding a solid-water phantom material
on top to achieve the depth of the maximum dose of the detector. The results will be

useful for the a-Si EPID calibration for dosimetric purposes.

(a)EPID / ion chmaber depth response for 6 MV (b) EPID / ion chmaber depth response for 15 MV
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Figure 3.11. (a) and (b) present the grayscale values measured by the a-Si EPID versus
the water-equivalent depth (cm) for 6 and 15 MV photons. The depth was placed on the
top of the EPID.

3.3.8 The a-Si EPID response versus the thickness of the solid water

The intensity of a photon beam is reduced as the absorbing material thickness is
increased. Figure 3.12 (a) and figure 3.12 (b) show the reduction in photon intensity
measured with the EPID and ion chamber responses when solid-water phantom materials
of various thicknesses were placed between the source and the detectors (EPID and ion
chamber). At each phantom thickness, both detectors were exposed to the same radiation

conditions.
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An exponential relationship between the measured dose/grayscale value and the thickness
for 6 and 15 MV photons is shown in figures 3.12 (a) and (b). The relative transmission
(T) was obtained from measurements of the average grayscale values as a quotient of the
measurement of the thickness divided by the grayscale value measured without the

attenuator on the beam. The relative transmission (T) can be written as follows:

where G,the average grayscale value, is measured with the attenuator in the beam, and
Gyis the grayscale value without attenuators. The corresponding dose values measured

with the ion chamber are given by

T, = Dﬂo ......................... 3.2

The transmission through the solid-water thickness situated at 100 cm SSD from the
source with the flat panel positioned at 145 cm SSD. The transmission measured with the
flat panel was compared to the transmission measured with the ion chamber. T decreases
with the increase of the solid water thickness for both detectors. The EPID clearly
responds differently to changing thicknesses of solid water when compared to the ion

chamber.

Figure 3.12 (a) shows the results for 6 MV. The graph was fitted for the depth using an
exponential fit. For the ion chamber, the transmission () equation was,
(T = 0.983 ¢ 0-048x_ 33)

and the R? value for the fit was 0.999. For the EPID, the transmission (Tgp;p) equation
was,

(Tgpip = 0.963 ¢70-058x | 34)
and the R? value for the fit was 0.997. Figure 3.12(b) shows the results for 15 MV, the
graph was fitted for depth using an exponential fit. The transmission (T;) equation was,

(T, = 0.997 ¢~0001x . 3.5)
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and the R? value for the fit was 0.999 for the ion chamber. For the EPID, the
transmission (Tgp;p) equation was,

(Tgpip = 0.998 e70051X | | 3.6)
and the R? value for the fit was 0.999.

where x is required thickness of the absorber material.

Figure 3.12 (a) shows that the EPID responds 8.0% less for the 6 MV beam at a larger
thickness than the ion chamber. The same behavior was observed in figure 3.12 (b) for 15
MYV; however, the average percentage difference between the two detectors was 2.0%
compare at 6 MV. The EPID is less sensitive to the low-energy photons (6 MV) and is

more sensitive to the higher-energy photons (15 MV) with increasing thickness.

12 T T T T T T T T 1.2 T T T T T T T T
(a) relative transmission against thickness for 6 MV | (b) relative transmission against thickness for 15 MV |
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Figure 3.12. The relative transmission through a solid-water phantom measured with the
a-Si EPID and compared to that measured with the ion chamber for (a) 6 MV and (b) 15
MV photon beams with the field sizes of 10 x 10 cm” for the EPID and ion chamber

positioned at a source-to-detector distance (SDD) of 145 cm.

The T measured with the EPID for 6 MV was smaller than that measured with the ion
chamber. The maximum deviation in transmission between the EPID and the ion
chamber was 10%, occurring for a solid-water thickness of 30 cm. At 15 MV at the
measured value of T with the EPID, the maximum deviation in transmission was found to
be within 4.5% of that measured with the ion chamber of solid water thickness up to 30

cm.
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The results showed that the radiation intensity can decrease when the patient is positioned
at the isocenter of the beam, which has an impact on the amount of the dose that reaches
the EPID. The results using the EPID measurements were within 10% of those measured
with the ion chamber for the distance of the detector at 145 cm and the 10 x 10 cm? field
size.

In general, for both beam qualities, increasing the solid water thickness both attenuates
and hardens the beam. Because the EPID is more sensitive to lower energy photons, its
response decreases more rapidly than the ion chamber as a function of attenuator
thickness. Another possible explanation for this effect could be that low-energy scatter

(secondary photons) is generated in the attenuating material, affecting the EPID response.

3.3.9 Electronic portal imaging devices as a dosimeter

3.3.9.1 Calibration of the a-Si EPID

Figures 3.13 (a) and (b), below, show the calibration curves of the a-Si EPID for 6 and 15
MYV photons. The relationship between the EPID grayscale value on the beam central axis
and the dose delivered to the EPID was evaluated based on the ion chamber
measurements. The grayscale value of the EPID was proportional to the dose value
measured using the ionization chamber for the 6-MV and 15 MV photons. The data were

fitted with a linear function as follows:

Dp = CXGEPID + Ko (37)

where D, is the portal dose (this is the dose delivered to the point at the central axis of
the EPID) and G,,,,is the EPID grayscale value at the same point. C and K are the

proportionality constants. The different corresponding values for the constant C and K are
shown in table 3.1. The fitted data show a linear relationship for a dose range up to

approximately 90 cGy.
Figure 3.13 (a) shows the calibration curve for the 6 MV. The graph was fitted by making

use of a linear function, the equation was,

(Dp = 326 X 10_3 X GEPID + 247 ........ 38)
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The constant c¢and x were 3.26 X 1073 and 2.47, respectively. The correlation was
good and the R? value was 0.999. Figure 3.13 (b) shows the calibration curve for the 15
MV. The graph was fitted using a linear function, the equation was,

(Dy =226 X 1073 X Ggp;p +3.33......... 3.9).
The constant C and K were 2.26 x 1073 and 3.33, respectively. The correlation was good

and the R? value was 0.999.

Table 3.1. The variation of C and K constants in equation (1) and R? values for fits to the

measureddata.

Energy/Dose rate C K R? value

6 MV/300 MU/min  3.26 X 1073 £ 0.057 x 1073 2.47 +0.98 0.999

15 MV/500
MU/min

2.26 X 1072 £ 0.06 x 1073 3.33+£0.78 0.999
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Figure 3.13.The variation in the EPID grayscale pixel values as a function of the dose

delivered to the EPID for the (a) 6 and (b) 15 MV photons.

Figures 3.14 (a) to (d) show the crossplane relative beam profiles measured using the a-Si

EPID and the 2D-Array Seven29 detector for 6 and 15 MV photons. These profiles were
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for field sizes of 10 x 10 cm” (14.5 x 14.5 cm” projected on the detector plane) and 15 x
15 cm? (21.75 x 21.75 cm? projected on the detector plane) at an SDD of 145 cm. For the
EPID profiles, the obtained 2D grayscale image responses were converted using the
calibration procedureto obtian the 2D dose response. In each of the obtained graphs, the
distance from the central axis was represented by the X axis; the Y axis showed the
relative dose value (%) as a primary axis, and the dose-difference values displayed as a

secondary Y axis.

Significant differences (maximum of 11%) were observed between the line profiles
measured using EPID and 2D-Array for 15 x 15 cm” at 6 MV. The corresponding relative
dose differences between EPID and 2D-Array were found to be less than 5% in the
central part of the radiation field. However, at the edge of the field, including the
penumbra region, several differences of more than 7% were observed.The results also
showed maximum discrepencies around the edges of the fields and within a 10% local
percentage difference (Ipd). This was due to the sampling capabilities of the 2D-Array

Seven29 detector (see chapter 3, section 3.6).
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Figures 3.14 (a) to (d) show the crossplane beam profiles that were measured with the
electronic portal imaging device (EPID) and the 2D-Array Seven29 at a 145-cm source-
to-detector distance (SDD) for 10 x 10 em? and 15 x 15 cm® field sizes. The

crossponding gamma function values are also shown in each graph.

3.3.9.2 The evaluation of the fluence maps measured using EPID

Figures 3.15 (a) to (c) show the comparisons between the fluence maps measured using
the 2D-Array detector and the a-Si EPID for three IMRT fluence fields: the left-posterior
field, the anterior field and the right-posterior field. These figures the isodose overly for
comparison of the fluence maps from the two detectors. The a-Si EPID measurements are
represented by a solid line, and the 2D-array measurements are represented by dotted
lines. A quantitative evaluation of the agreement between the datasets is represented by a
line profile across the IMRT fields. Figure 3.16 shows typical crossplane profiles
measured along the central axis of the field and the corresponding dose-difference values
for comparisons between the a-Si EPID and the 2D-Array detector. The results of the
EPID dose values generally agreed with those measured with the 2D-Array detector,
especially in and around the central area. However, there were several discrepancies
observed in the region around the edges. The percentages of the area in figure 3.18 in
which the gamma index (3% DD and 3mm DTA) failed were 2.2, 2.5 and 1.9% for the

left-posterior, anterior and right-posterior fields, respectively.
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Figure 3.15. The isodose overlay comparing the 2D-Array Seven29 and the electronic
portal imaging device (EPID) for three fluence map fields using the 3 mm and 3%

criteria: a) the left-posterior field, b) the anterior field and c) the right-posterior field.
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Figure 3.16. The crossplane relative dose profiles measured with an electronic portal
imaging device (EPID) and the 2D-Array Seven29 detector system and the corresponding

dose differences.
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3.4 Conclusion
In this chapter, some dosimetric properties of the a-Si EPID detector and its potential

applications for use for IMRT pre-treatment verification have been described.

The a-Si EPID proved to be convenient for portal dosimetry with the current acquisition
software. Although the behavior of the a-Si EPID is not equal to the dose-to-water
measurements, the a-Si EPID is an attractive dosimeter for radiotherapy treatment
verification. The EPID grayscale values were reproducible; the maximum observed
deviation in the grayscale value was 4% for the 15 MV photon beam. The a-Si EPID
response to the applied MUs increased linearly up to 100 MUs, and then the response
became stable for MUs higher than 200. Therefore, the detector should be calibrated in
this range. The field-size dependence requires further investigation to understand the
optimal calibration for accurate dosimetry. In addition, the discrepancy on the profiles’
edges needs further investigation. The ghosting effect for the image acquisition time was
negligible in the short time interval of 15 seconds. The EPID was also suitable for the

measurements of the transmission dose.

Consequently, the verification of the measurements showed that the dosimetric
calibration can be used for calculations of the dose from the EPID images. The relative
planer dose difference between EPID and the 2D-Array was found to be within 5% in the
central axis, with noticeable discrepancies at the edges of the field. The a-Si EPID dose
distributions showed significant differences comparable to the 2D-Array ion chamber
using the current criteria. Because of the large discrepancies observered between the
EPID and 2D-Array detector doses, a proper calibration model for EPID is required

before it can be used for the IMRT pre-treatment verification.

To summarize, a better understanding of the dosimetric properties of the a-Si EPID
detector is necessary before it can be utilized for portal dosimetry. Recognizing the
limitations of EPID and working around those limitations is necessary. The portal
dosimetry system still has some challenges to resolve before accurate dosimetry can be

performed using EPID. Future work requires improved calibration methods to be
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incorporated, algorithms for dosimetric verification to be developed and some resolved
dosimetric issues to be implemented in the commercially available system. Better

software analysis tools would be highly beneficial to the routine use of this technique.
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4. A comparative investigation of the IMRT fluence maps measured

using Kodak EDR2 and 2D-Array Seven29 detection systems

4.1 Introduction

The use of the IMRT technique increased rapidly in radiation oncology centers. This
increased use has accelerated the need for quantitative verification tools of intensity
modulated dose distributions. Therefore, efficient dosimetric and geometric methods for
performing patient-specific QA are required. Phantoms have been developed for
individual patient dose verification, and several IMRT phantoms are commercially
available for QA. Some of these phantoms use film alone, whereas others use film in
combination with ionization chambers or diode detectors. Although these phantoms have
been demonstrated to be useful in evaluating the IMRT plan qualitatively, their clinical

use was found to be limited by the resources and time required for analysis.

Previously, ionization chamber measurements were the devices that were commonly used
to commission IMRT TPS and to determine the absolute doses at specified points within
the irradiation field. Here, manual methods have been used to compare calculated and
measured doses; however, manual methods do not provide a comprehensive quantitative
assessment of the accuracy of the calculation. Radiographic films have been widely used
to measure the 2D dose distributions in IMRT. Kodak EDR?2 film has been widely used
to acquire a 2D dose distribution in a detector plane. X-Omatic Verification film (XV)
was first used to measure the dose distributions. Later, EDR2 film was used extensively
for patient-specific QA for IMRT. EDR2 film has proven to be a quality dosimeter that
results in measurements with relative differences of between 2 - 5% of the calculated
plans (Childress et al., 2005). Another option for 2D dosimetry is a 2D-array system
(Jursinic and Nelms 2003; Li et al., 2009; Low et al., 2011). Several studies have been
conducted on the use of 2D-Array dosimetry systems for IMRT QA, and they have
shown promise for use in IMRT fluence map verification. However, a comparison of
Kodak’s EDR?2 film and a 2D-Array system for fluence map measurements needs to be

performed to evaluate the accuracy of the dosimetry system.
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The work reported in this chapter shows that the 2D-Array Seven29 systems can assist in
accelerating the QA process. For the purposes of this study, IMRT head-and-neck plans
derived from CMS XiO TPS were delivered to both EDR?2 film and 2D-Array Seven29
dosimetry systems. The 2D-Array Seven29 ionization chamber and the EDR2 film
relative isodose distribution were quantitatively compared to that of the isodose
distribution generated by the CMS XiO IMRT plan. The efficiency, in terms of operator

time, of the two 2D verification methods was also compared.

4.2 Materials and methods

4.2.1 IMRT delivery and fluence map generation

Inverse treatment planning was performed using CMS XiO version 4.3.1, IMRT TPS
(CMS, XiO, St. Louis, MO, USA). Photon beams of 6 and 15 MV were used, and step-
and-shoot IMRT was delivered with a Siemens ONCOR Impression Linac (Siemens
Medical solutions, Concord, USA). The Linac was equipped with an OPIFOCUS MLC
with 82 leaves. Three head-and-neck IMRT plans were generated using CMS XiO TPS.
The IMRT fluence maps were generated using the head and neck IMRT treatment sites.

In the TPS for QA calculation purposes, the TPS allows the user to apply a patient-
specific plan to a user-defined phantom, which can be created with either an image-based
or a non-image-based dataset. A homogenous water-density phantom was created, and all
of the IMRT QA plans were performed using isocentric techniques. To compare the
calculated and measured fluences, a field-related approach was used in which all of the
treatment parameters were the same as those in real patient plans except for the gantry
angles, which were set to 0" for all beams. Each treatment field was reset to deliver the
dose perpendicular to the phantom and an SSD of 95 cm. The weight of each beam was
recalculated to deliver the dose at a depth of 5 cm in water while maintaining the same
number of monitor units as those that were found in the original patient plan. After the
IMRT plan was calculated, the saved plan file was transferred by using DICOM RT
through the LANTIS network. Each treatment field was treated separately with a

verification phantom.
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4.2.2 Kodak EDR2 film measurements

Radiographic film dosimetry was performed using Kodak EDR2 Film (Kodak, Rochester,
NY). EDR?2 film has been used because of the dosimetric properties of the extended dose,
the reduced energy dependence and the better linearity (Zhu et al., 2003; Jacob et al.,
2008; Olch 2002).

Before the use of the film for the fluence map measurements, a calibration curve of the
film must be established to relate the film optical density to the dose. The calibrations and
fluence map measurements were performed with a single irradiation and developing
session. Single sheets of Kodak EDR?2 film with the Kodak X-Ray film processor Model
319 were used. The film processor was warmed up with six blank films. The processor
QC checks were conducted on a regular basis, and the processor’s chemicals were
changed every three months. All of the working conditions that ensure the stable
functioning of the developer were used. These include the developer, fixer, and dryer

temperatures, which were set to 32.2 + 0.5 °C.

The film characteristic curve was determined as follows: single sheets of EDR2 film were
irradiated on the Linac with a 10x10 cm” field at an SSD of 100 cm and on the top of the
solid-water phantom (GAMMEX rmi, Middleton, WI), with a thickness of 10 cm. The
films were placed perpendicular to the beam central axis at a depth of 5 cm, and a photon
energy of 6 MV was used. To establish the characteristic curve of the film, the calibration
procedure delivered seven uniformly spaced dose levels of MUs to the film that ranged
from 50 to 600 MUs (see figure 4.1). This was done to convert the film’s optical density
values to a dose and to characterize the film dosimetry system’s reproducibility. All of
the calibration curves and measurements were processed and scanned sequentially. All of
the optical density values were converted to the net optical density by subtracting the

optical density of non-irradiated films from the measured optical density.
The statistical errors of the film’s characteristic curves were determined by consecutively

repeating the irradiation procedure three times on the Linac. All of the films were

processed at the same time. The optical density of each level and the background optical
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density were recorded for each film and averaged over all of the films. The overall
statistical error for the film’s characteristic curves was calculated as follows: the average
value and the standard deviation of the optical density at each level of three films were
determined. The statistical errors were indicated by error bars in the calibration curve.
The uncertainty varies from one department to another with different equipment and

techniques.

For the fluence map measurements, the RMI solid-water phantom (GAMMEX rmi,
Middleton, WI) and film were set up with the same geometry used to generate the QA
plan at the Linac couch (see figure 4.2). The calculated plans from the TPS were
downloaded to the Linac and used to irradiate the film with the same fields as those for
the patient with all of the gantry angles set to zero. This was done by placing the films at
the Linac couch with appropriate build-up and backscatter while maintaining the same

SSD as calculated.

After the irradiation of the films, all of the films were developed in one session, and all of
the film optical densities were measured by the VIDAR VXR-12 (Vidar Company,
Herndon, VA) film scanner (see figure 4.3) and were analyzed with the VeriSoft V 2.11
software (PTW, Fiebureg, Germany). The film optical densities were converted to 2D
dose distributions by using the calibration curve data. The film’s scanner usually
calibrated when a new scan is performed. The film’s scanner was calibrated with a
calibrated step wedge reference film that had 33 strips 0.73 cm wide and of certified
optical density steps that ranged from 0.07 to 3.79. The calibration enables the conversion

of the scanner numbers to optical density values.

© University of Pretoria



781 Page

0 50
MU MU

Figure 4.1 A schematic representation of the different monitor unit levels that were

applied to the radiographic Kodak EDR?2 film to establish a calibration curve.

100 cm

Buildup phantom

Backscatter phantom

Figure 4.2.The set-up geometry for film dosimetry.
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Figure 4.3.The VIDAR (VXR-12) film scanner.

4.2.3 2D-Array measurements

A 2D-Array Seven29 ionization chamber (PTW, Freiburg, Germany) detector system was
used for IMRT QA verifications. In the experimental set-up for the fluence map
measurements, the dosimetric parameters were set to be the same as they were in the TPS
plans (see figure 4.4). The 2D-array was placed at the treatment table perpendicular to the
radiation field; the center of the detector corresponded with the crosshair. A 5-cm build-
up and a 5-cm backscatter material were added. By downloading the treatment fields to
the Linac, each treatment field was delivered to the 2D-Array by using the same MUs and
multi-leaf file as in the original plan. All of the measured treatment fields were saved
under the same file for subsequent analysis. The 2D-Array detector was connected to the
2D-array interface and the PC, as shown in the structure system configuration (see figure
2.2). MatrixScan software was used to acquire the measured fluence maps. The software
used to control the 2D-Array was called the MatrixScan and was used to acquire the data.
The software determined the dose or the dose-rate data from the irradiation of the 2D-
Array by the Linac. It used 3D graphics to display the data and transfer the acquired data

to the VeriSoft software for analysis.
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Figure 4.4.The placement geometry of the 2D-Array Seven29 ionization chamber.

4.2.4 IMRT dose matrix registration and analysis

VeriSoft has been used for dose matrix registration and analysis (VeriSoft operator's
manual). The software provides a crosshair tool that allows the center of the calculated
and measured dose matrix to be set. There are also different tools that can be used for
dose matrix rotation, setting the crosshair zero position, scaling, the selection of a region
of interest, and the calibration and normalization of each image. These tools are used to
linearly scale and align the measured dose matrix to the TPS-calculated dose matrix. The
software allows for an automated display and a comparison of the measured and
calculated dose distributions. It consists of 3 modules: the profile presentation and/or
comparison, the 2D-isodose presentation and/or comparison and the 3D-isodose
presentation and/or comparison. For the dose matrix comparisons, the software requires
that the matrices have the same resolution. The software allows for the resampling of the
image with the highest resolution and sets its resolution to match that of the lower
resolution image. To compare two matrices, the user has to change all of the images’

pixel units to the same values. The matrices can be overlaid, the image centers can be
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aligned, and the remaining non-image-based region of the re-sampled image can be filled
with zero values. The measured images using the Kodak EDR?2 film dosimetry system
can then be calibrated using the established calibration curves. The calculated and
measured dose distributions are usually compared by normalizing them to a common
point and assuming that the doses are equal at that point. The software can also analyze
the matrices via isodose colorwash (or grayscale) subtraction. All three methods of

evaluation can be viewed simultaneously on-screen to aid in the overall image analysis.

4.2.5 Gamma evaluation and acceptance criteria

To compare the dose matrices, the gamma evaluation method (Low et al., 1998) has been
used. This method is a theoretically based method that utilizes user-defined factors, the
so-called gamma index. The index factor is based on user-acceptable percentage dose
differences and distance-to-agreement to obtain a schematic of areas that pass or fail to
meet the user-defined criteria. The VeriSoft software was chosen to implement the level
based on the assessment criteria of Depuydt et al. (2002) for quantitative evaluation
method; Gamma evaluation becomes a very useful tool in analyzing co-registered dose
distributions containing both high- and low-dose regions along with steep dose gradient
areas. This aspect makes this approach one of the tools of choice for the analysis of
IMRT fields. The gamma index factors that are utilized in evaluating the gamma
evaluation function in the software were + 3%/3 mm of the dose difference and the

distance-to-agreement values, respectively.

4.2.6 Testing the pass-rate criteria

An IMRT plan will be satisfactory even if as little as 90% of the tested points comply
with the gamma criterion (Low et al., 1998). When comparing the dose distributions
using the gamma evolution criteria, the reasoning for using a 3%/3 mm cut-off and the
criterion that a certain percentage must pass a level of 90% is based on what is
technically achievable and not what would have a clinical impact. In this test, the aim is
to see if a plan that fails the fluence QA with the current criteria and 90% would it be

clinically unacceptable.
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A head-and-neck IMRT plan generated using CMS XiO TPS was used. The plan was
chosen from the clinically approved and treated IMRT plans. The plan has multiple target
volumes and multiple organs at risk that are distributed throughout the treatment volume.
This plan was considered to be an error-free IMRT plan and was used for the IMRT QA
dose plans and patient doses. Another IMRT plan was created by introducing errors into
the chosen plan. The errors were introduced into the plan to create dose differences in the
IMRT fluence maps. Artificial changes of more than 10% of the fluence area in the field
were made by a value of +5% in areas of a high dose gradient and dose levels in the field
to simulate a few miscalibrated leaves; these changes were followed by a recalculation of
the IMRT plan. For fluence QA purposes, IMRT plans were recalculated in a
homogenous water-density phantom. The error-free plan and the error-induced plan were
compared in terms of fluence maps and with the dose-volume histograms (DVHs).
Finally, the suitability of both IMRT plans in terms of their dose matrices and patient
anatomy dose differences were assessed; the clinicians in our department assisted with

the assessments.

4.3 Results and discussion
The results of the measurements that were conducted for this study are presented in the
following sections. In addition, results based on the time efficiency will be presented

following the experimental data.

4.3.1 Kodak EDR2 film measurements

A calibration curve for EDR2 film is shown in figure 4.5. The response of the film to the
dose is not strictly linear. To accommodate this variation in the response, all of the IMRT
films were converted with optical density dose functions prior to the generation of the
isodose plots. The film becomes saturated following direct exposure to approximately
700 cGy. The calibration curve was confirmed by repeating the experiment three times.
The average total optical density uncertainty for all of the levels was 3%. The increased
error is mainly due to the processor effects. The calibration curve data will be used as

input for converting the optical densities to doses for fluence map comparisons.
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Figure 4.5.The calibration curve of the EDR2 film. The curve shows the approximately
linear relative dose response of the EDR2 film. The film becomes saturated with a direct

exposure to approximately 700 cGy.

Figures4.6, 4.7 and 4.8 show comparisons between the film and TPS dose distributions
and the gamma evaluation for the first IMRT plan containing three fields: the anterior
field, the left-posterior field and the right-posterior field. These results enabled the
evaluation of the degree of agreement between the measured and calculated dose
distributions in the regions of the dose gradient. Level-based assessment criteria were
used for dose distribution comparisons. The criteria would only allow a 1* pass; 1%pass
and 2™ pass only; or 1%, 2" and 3" pass. Details of 1%, 2" and 3" pass definitions are
provided by Depuydt et al. (2002). By using level-based assessment, the acceptance
criteria were user definable with user inputs for distance-to-agreement (in mm) and
percentage dose difference. The dose range to which the distance-to-agreement and
percentage difference matching criteria are applied vary (i.e., the user can elect to use a
higher percentage tolerance below a nominated threshold of the total dose). The currently
used version of the VeriSoft gamma evaluation does not report any numerical solutions

of the gamma function; instead, a pass/fail criterion was implemented.
Figures 4.6 (a), (c) and (e) show the isodose overlay for the three IMRT fields. The

results present the concurrence of the two datasets. This concurrence was quantitatively

confirmed by the gamma map plots and vertical and horizontal line scans through the
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isocenter (see figures 4.9 (a) to (f)). Figures 4.6 (b), (d) and (f) illustrate the dose-
difference gamma function pass/fail criteria. The results are illustrated in the green area,
which fulfilled the criterion for the entire irradiated field. Regions in red represent areas
where the gamma evaluation criteria were not fulfilled. The results for the first and
second IMRT fields showed discrepancies in which there were areas that did not meet the
criteria due to the film dosimetry. Figures 4.7 and 4.8 also show comparisons between the

measured and calculated datasets for the second and third IMRT plans.
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Figure 4.6.(a), (c) and (e) show IMRT isodose overlay comparisons (solid line: TPS;
dotted lines: film); (b), (d) and (f) show gamma function pass/fail criteria. The green
color represents areas for which the gamma index criterion is met, and the red color
represents the areas for which the gamma index criterion is not fulfilled. These results are
for the first IMRT plan. The areas indicated by the arrows on the top of the figure

represent systematic errors.
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Figure 4.7.(a), (c) and (e) show the IMRT isodose overlay comparisons (solid line: TPS;

dotted lines: film); (b), (d) and (f) show gamma function pass/fail criteria. The green

color represents areas for which the gamma index criterion is met, and the red color

represents the areas for which the gamma index criterion is not fulfilled. These results are

for the second IMRT plan.
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Figure 4.8.(a), (c) and (e) show IMRT isodose overlay comparisons (solid line: TPS;
dotted lines: film); (b), (d) and (f) show gamma function pass/fail criteria. The green

color represents areas for which the gamma index criterion is met, and the red color
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represents areas for which the gamma index criterion is not fulfilled. These results are for
the third IMRT plan. Areas indicated by the arrows on the top of the figure represent

systematic €Irors.

Figures 4.6 (a), 4.8 (a) and (b) show noticeable discrepancies between the measured and
calculated dose distributions. These discrepancies were indicated by a small peak in the
fluence maps. This is an error in the calculation of the IMRT fluence maps within the
TPS. This is an example of how routine QA picked up a systematic error that could be
rectified. This behavior was also observed in figures 4.10 (a), 4.12 (a) and (b) and the
dose profiles (4.13 (a)). Examples of these errors were also observed in the calculated

segments in IMRT field in the TPS, as shown in figures 4.9. (a) and (b).

The error occurred because CMS XiO TPS required the MLC jaws to close (MLCs from
both banks touching each other) in the middle of the current beamlet. For very large
fields, only this position can be beyond the over travel limit of one of the MLC leaf
banks. Therefore, instead of closing, the MLC leaf, a small gap appears. This can be
remedied by either closing the leaves at another position closer to the center or by
bringing in the jaws from the side. Once this problem was discovered through the QA

processes, a computer program was developed to fix this problem.
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Figure 4.9. An example of two cases for the systematic errors that occur in CMS XiO

TPS.
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Figures 4.10 (a) to (f) show profiles that were extracted from the measured intensity maps
that used film and from the calculated intensity maps that used TPS. The comparison was
done by tracing the dose values along a straight scan line, as indicated in the 2D plot, in
the X and Y directions for three IMT fields in the first plan. The normalization point was
the same for the film and the TPS. The graphs below clearly demonstrate that the
measured and the calculated data fit each other well. The graphs also show that the
correspondence is within the tolerance range for film dosimetry with noticeable
discrepancies that were also observed at the field edges with high gradients. Figures 4.10
(a), (c) and (e) show maximum dose differences of 12.0% between the film and TPS in
the X-direction, whereas the average dose differences were 4.0 = 0.9%, 3.4 + 0.9% and
2.5 £ 0.8% for fieldl, field2 and field3, respectively. In figures 4.10 (b), (d) and (f), the
maximum dose difference between the film and the TPS in the Y-direction is 10.0%,
whereas the average dose differences were 3.4 £ 1.4%, 2.7 + 1.2% and 2.6 £ 0.8% for
fieldl, field2 and field3, respectively. These deviations were caused by the processor
effect in film dosimetry and by the overreaction of the radiographic EDR2 films to low-
energy photons (Yeo et al.,, 2004; Wiezorek et al., 2005), which is expected in higher
mass energy absorption coefficients for energies up to 150 KeV. Similar results have

been previously published (Van Esch et al., 2002).
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Figure 4.10. Comparisons of the plots of the measured (red line) and calculated (blue
line) doses of the three IMRT dose profiles normalized to the maximum dose taken by

the Kodak EDR2 film.

4.3.2 2D-Array measurements

Figures 4.11, 4.12 and 4.13 display comparisons between the measured dose distributions
from the 2D-Array and the calculated dose distributions from the TPS. These figures
depict the isodose overlay, which shows the agreement of the measured and calculated
dose distributions. These agreements were quantitatively confirmed by the gamma
evaluation criteria, in which the green indicates the area or point that met the criteria,
whereas the red indicates the points at which the criteria were not reached. As mentioned
previously, the criteria were implemented in the software set for a DTA of 3 mm and a

dose difference of 3%. This dose difference can be tolerated up to 10%, especially in
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treatment cases of the head and neck in which highly modulated beams are used and are

subject to relatively higher discrepancies.

The first IMRT plan is shown in figure 4.11. In this figure, the gamma evaluation plot of
the dose distributions shows an agreement for most of the points among the datasets for
the three fields with the exception of small deviations shown at the edges of the field,
which were confirmed with the plotted profiles along the field (see figure 4.15). The
disagreements resulted from the high dose gradient. The results for the second and third
IMRT plans showed more points that failed to meet the criteria in comparison to the first

plan. These results are illustrated in figures 4.12 and 4.13.

Overall, the evaluation criteria for head-and-neck IMRT plans were set to investigate the
possible dependence of the gamma agreement on the measurement technique. The
acceptance criteria were not met, and those areas were observed at the edges of the fields
and at high dose gradient areas; these deviations were due to the measuring device, which

had a higher relative error level.
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Figure 4.11.(a), (c) and (e) show IMRT isodose overlay comparisons (solid line: TPS; dotted
lines: 2D-Array); (b), (d) and (f) show the gamma function pass/fail criteria. The green color
represents areas where the gamma index criterion is met, and the red color represents areas
where the gamma index criterion is not fulfilled. These results are derived from the first
IMRT plan. Areas indicated by the arrows on the top of the figure represent systematic

CITOrS.
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Figure 4.12.(a), (c) and (e) show IMRT isodose overlay comparisons (solid line: TPS;
dotted lines: 2D-Array); (b), (d) and (f) show the gamma function pass/fail criteria. The

green color represents areas where the gamma index criterion is met, and the red color
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indicates areas where the gamma index criterion is not fulfilled. These results are for the

second IMRT plan.

140 :

100 e
o

S O

10
21

_a0l

_apl

(l)) —150 —100 -50 ] a0 e 150
IR A N N NI R |

e B ot of tol. - 140

Jid pass [

1 2rd |:|ass__12G

[ 1stpass L 100

140

i
rnm

mm

&0
_an
—togd
~120] : : :
-0 L T B S I B

—-150 —1GO —50 o] 50 100 150

—1I50 —1‘00I —I50 0 a0
140
120
160
BD—_
60
40
20

=
o

140 T e L B outof ol 140
Jrd pass [
[ 2nd pass| 2
om0 Tstpass 1600

(d) —150 —100 =40 i A0 100 150
L n 0 n N o

— 1 G LT @ i G0 LD 6D =
cHEESZZERER S
DU TR REFT N BY ST HE 20

mm

e

=
I

| | I |
12(}__
100
80—_

6o

(f) -150 —100 -50 0 50 100 150
[ |

I ot of tol [~ 140

8 2nd pass[
o [ Tstpass 100
am

rimsganEnnnEn-ne B0
" :

100
&0
60
40
QD—_
E o]

P L3 e O ) 0D 60 D D
ocodocoocomamo
ERE TR R S RS

mm

_QQ;
—4D—_
780;
~1004
~120 _ :
a8 . ‘ . ; . | . ; . | , .{.‘ : ;”W..”
—150 —100 _50 o 50 100 150 150 —100 -&0 0 a0 100 150

© University of Pretoria



Y OF PRET

961 Page

Figure 4.13.(a), (c¢) and (e) show IMRT isodose overlay comparisons (solid line: TPS;
dotted lines: 2D-Array); (b), (d) and (f) show gamma function pass/fail criteria. The
green color represents areas where the gamma index criterion is met, and the red color
represents areas where the gamma index criterion is not fulfilled. These results were
based on the third IMRT plan. Areas indicated by the arrows at the top of the figure

represent systematic errors.

In figure 4.14, the calculated beam profiles are shown by a blue line, whereas while the
measured profiles from the 2D-Array are shown by red points. Although the results
showed some discrepancy at the edges of the fields for some of the beam profiles, which
was likely in response to the high dose gradients, a close correspondence between the
beam profiles for the calculated and measured data was observed. Figures 4.14 (a), (c)
and (e) show the maximum dose difference of 8% between the film and TPS in the X-
direction, whereas the average dose differences were 3.2 £ 0.9%, 3.4 £ 0.8% and 2.8 +
0.8% for fieldl, field2 and field3, respectively. In figures 4.14 (b), (d) and (f), the
maximum dose differences between the film and TPS in the Y-direction was 8%, whereas
the average dose differences were 3.1 + 1.4%, 4.3 £ 1.2% and 3.0 = 0.9% for fieldl,
field2 and field3, respectively. Agreement between the calculated and measured data is
shown for the line profiles along the X-axis and Y-axis despite the fact that the inverse-

planning demands were complex and required strongly modulated IMRT fields.
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Figure 4.14. A comparison of the measured (red points) and calculated (blue line) results
of the three IMRT dose profiles normalized to the maximum dose determined by the 2D-

Array Seven29 detector.
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4.3.3 Testing the pass-rate criteria

Figures 4.15 and 4.16 show comparisons among the three measured and calculated IMRT
plans. Figure 4.15 depicts an error-free IMRT plan, whereas figure 4.16 depicts an IMRT
plan with introduced errors. Figure 4.15 shows that most of the points in the IMRT plan
met the criteria, and only a few points failed for the three fields: the anterior, the left-
posterior and the right-posterior fields. In figure 4.6, the anterior and the left-posterior
field passed by a few points; the points that failed to meet the criteria are in red. The
right-posterior field exhibits the most of the points in the field that did not meet the
evaluation criteria. These points fell within areas of a high dose gradient. The results
showed that the IMRT plan failed to meet the criteria of 3%/3mm for the dose difference

and distance-to-agreement.
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function pass/fail criteria for three IMRT fields of a head-and-neck treatment plan (a).
The green color represents areas where the gamma index criterion is met, and the red

color represents areas where the gamma index criterion is not fulfilled.
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Figure 4.16. Isodose overlays (solid line: TPS; dotted lines: 2D-array) and gamma
function pass/fail criteria for three IMRT fields of a head-and-neck-treatment plan (b).
The green color represents areas where the gamma index criterion is met, and the red

color represents areas where the gamma index criterion is not fulfilled.

Figure 4.17 shows representative axial CT slides that indicate the isodose distributions
that were obtained for the two IMRT plans. Both of the IMRT plans met the prescription
goal for PTV1 and PTV2. For plan (a), the deviations of Dgy (Gy) from the prescribed
dose were 2.38 and 0.98 Gy for PTV1 and PTV2, respectively. For plan (b), the
deviations of Dgy (Gy) from the prescribed dose were 3.38 and 0.90 Gy for PTV1 and
PTV2, respectively. The mean and the maximum dose differences between PTV1 and
PTV2 were less than 2%. Tables 4.1 and 4.2 list the Djgo, Dioo, Vioo, Voo, mean and
maximum dose values for target volumes for both plans. Table 4.3 summarizes the
maximum dose received by the organs-at-risk, in which the OAR received doses lower
the tolerance doses for each. The DVHs of the target volumes and of the organs-at-risk
for both plans are shown in figures 4.18 and 4.19, respectively. The results demonstrated

that both IMRT plans were acceptable.
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Figure 4.17.The isodose distributions in an axial view in a patient with head and neck

cancer. (a): the error-free IMRT plan; (b): the IMRT plan with errors. The colors wash

represent sets at 80, 75, 65, 54 and 50 Gy.

Table 4.1. A dosimetric summary of the target volumes for plan (a).

Plan (a) DIOO (GY) D90 (GY) VIOO (%) V95 (%) Dmean (GY) Dmax (Gy)

PTV1 22.15 51.62 84.76 91.34

PTV2 38 64.02 87.2 95.58

61.27 82.72

69.31 80.72

Djo: the dose received by 100% of the volume

Dyo: the dose received by the 90% of the volume

Vi0o0: the volume receiving 100% of the prescribed dose
Vos: the volume receiving 90% of the prescribed dose
Diean: the mean target-volume dose

Dpax: the maximum target-volume dose
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Table 4.2. A dosimetric summary of the target volumes for plan (b).

Plan (b) Djo (Gy) Doo (Gy) Vigo(%) Vos(%) Duean (GY) Dmax (GY)

PTVI 21.35 50.62 81.12 87.94 60.95 81.16

PTV2 36.76 64.1 87.82 94.7 70.56 81.16

Table 4.3. A dosimetric summary of organs at risk for both plans.

Dmax (Gy) Dmax (Gy)
OAR Plan (a) Plan (b)
Brainstem 47.38 46.61
Spinalcord 41.17 39.62
Larynx 57.76 57.35

100

80 -

60 -

PTV1

volume %

40 |-

solid line: plan (a)
dotted line: plan (b)

0 I I I D
0 2000 4000 6000 8000 10000

dose / cGy

Figure 4.18. A dose-volume histogram of differences between the error-free IMRT plan

(solid line) and the IMRT plan with errors (dashed line). The DVH shows PTV1 and
PTV2.
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Figure 4.19. A dose volume histogram of differences between the error-free IMRT plan
(solid line) and the IMRT plan with errors (dashed line). The DVH shows the organs at

risk.

From these results, it can be concluded that the generally accepted norm for fluence map
pass/fail criteria does not have a sound foundation in clinical practice. A better approach
would be to substitute the measured fluence map into the TPS and recalculate. If the
differences are not clinically significant, then treatment can continue; otherwise, the

IMRT plan and QA can be repeated.

4.3.4 Kodak EDR?2 film dosimetry versus 2D-Array dosimetry systems

Different gamma agreements were obtained for the IMRT fluence map measurements
that use the Kodak EDR?2 film and the 2D-Array Seven29 dosimetry system as a result of
the different characteristics of the two dosimetry systems. The differences in gamma
criteria between the Kodak EDR2 film dosimetry system and the TPS and 2D-Array
Seven29 dosimetry system with the TPS occurred because of different aspects of the
experimental techniques. Although, the currently used version of the VeriSoft gamma
evaluation does not report any numerical solutions of the gamma function, instead a
pass/fail criterion was implemented. The concomitant agreements for isodose overlay and

gamma map evaluations were evaluated visually and judged to be satisfactory.
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Table 4.4 shows the time required to complete the experimental procedures for the two
different dosimetry systems. As shown from the results, the Kodak EDR?2 film dosimetry
system required more time than the 2D-Array Seven29 dosimetry system to perform the
entire dosimetry procedure. The results demonstrated that the 2D-Array Seven29 detector
system is more time efficient and is therefore a more clinically practical measurement

device.

Table 4.4 The time required for the different steps of the verification procedure per single
IMRT plan.

Ste Kodak EDR2 film 2D-Array
P (average time) (average time)
Experimental set.-up and 1.0 hr 35 mins
data collection
Developing/processing 1.0 hr n/a
Scanning 45 mins n/a
Analysis of the 1.15 hrs 30 mins
measurements

The results show that Kodak EDR2 film is less suitable than the 2D-Array detector
system even though EDR2 film has a high spatial resolution and has been commonly
used for IMRT patient-specific QA. In addition, the EDR2 film can introduce many
dosimetric uncertainties if the film is not used properly. The uncertainties in the
experiments can be attributed to different factors as follows. (i) Errors in the film
positioning during the experimental procedures. Although some of the results in the
extracted beam profiles showed some agreement, there were noticeable errors in many
regions of the film where there were areas that did not meet the selected gamma criteria.
(i1)The intermittency effect; according to Childress et al. (2005), “The intermittency
effect refers to the change in a film’s OD response when exposed to many small doses
compared to a single exposure of the same total dose”. Childress et al. (2005) clearly
indicated that the intermittency effect can introduce uncertainties of greater than 2%. The
change in the optical density of the film would cause a significant difference between the
EDR?2 film dose distribution and the TPS-calculated dose distribution. This is clinically

important for IMRT patient-specific QA because the step-and-shoot technique delivers
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short bursts of radiation over a substantial period of time. (iii) The effect of the
processing time delay for the EDR2 film, which is defined as the time taken between the
irradiating and developing stages of the EDR2 film. It has been demonstrated that
increasing the time between irradiating and developing EDR?2 film can affect the absolute
dose response of EDR2 film by between 4 and 6% (Childress et al., 2005). Unfortunately,
in this experiment, a short period of time was given between the irradiating and
developing stages. A previous study showed that a delay of at least one hour between the
irradiation and developing of the EDR2 films would guarantee that the film optical
density had reached 99% of its stable optical density (Childress et al., 2004).

For the comparison of the 2D-Array Sven29 measurements versus the TPS, the areas that
did not meet the selected criteria were relatively smaller compared to the EDR2
measurements versus the TPS. The results also proved that the 2D-Array Seven29
dosimetry system has much more promise than the EDR2 film does. However, the 2D-
Array Seven29 dosimetry system also has considerable limitations. As mentioned above,
the EDR2 film has a high spatial resolution compared to the 2D-Array dosimetry system;
here, the measured points for the EDR2 film are almost identical with the TPS-calculated
points. This type of resolution cannot be achieved with the 2D-array Seven29 because the
ionization chambers within the array are fixed at positions with distances of 5 mm, and
the commonly used 2D-Array detector systems (PTW, Freiburg) have a maximum of 729
ionization chambers that are used to evaluate the dose distribution compared to the
thousands pixels of the film. This limitation of the sampling resolution of the 2D-Array
detector raises questions about the usefulness of 2D-Array dosimetry system compared
with film dosimetry. Further study will be useful to develop analysis software for the film
to match the calculation method of the 2D-Array detector. This would allow for an
accurate representation of the comparison between the 2D-Array detector and EDR2 film

for the measurement of IMRT fluence maps.
4.4 Conclusion

The main purpose of this chapter was to evaluate the IMRT dose distributions, to assess

the ability of the Kodak EDR2 and 2D-Array Seven29 ionization chamber detector
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system to measure the dose distributions and to compare the measured and calculated
dose distributions using CMS XiO TPS. The EDR2 film dose distributions showed some
agreement with the CMS XiO TPS data using the current criteria of 3%/3mm. The results
were confirmed by the beam profiles along the fluence field. The maximum dose
difference was approximately 10%. For the 2D-Array Seven29 detector system, the
gamma evaluation plot of dose distributions showed an agreement for most of the points
between the datasets except for small deviations shown at edges of the field, which were
confirmed with the plotted profiles along the field. The maximum dose difference was
approximately 8%. In general, the differences in gamma criteria between both dosimetric
methods with the TPS resulted from different aspects of the experimental techniques;
both dosimetric methods have the ability to identify systematic errors. The obtained
results were based on different calculation methods and, as a result, yielded different
results for IMRT dose distributions; it was not easy to determine which dosimetry
method was a more accurate tool for IMRT dose distributions. Nevertheless, the 2D-
Array was demonstrated to be superior to EDR2 film as a result of its ease of set-up. In
addition, the results showed that, based on the evaluation of IMRT clinical plans using
the pass-rate criteria, the generally accepted norm for the use of a fluence map with
pass/fail criteria does not have a sound foundation in clinical practice. A better approach
would be to substitute the measured fluence map into the TPS and recalculate. If
differences are not clinically significant, then continue with treatment; otherwise, redo

the IMRT plan and QA.

Based on the results, the 2D-Array Seven 29 detector system has generally proven to be
the detector of choice due to its superior dosimetric characteristics in terms of time
efficiency. The 2D-Array Seven29 detector system results were shown to have overall
smaller areas that failed to meet the given criteria compared to Kodak EDR2 film.
Additionally, the 2D-Array Seven29 detector system significantly reduced the amount of
time to perform measurement procedures and analyses. Although the EDR2 film has a
high resolution, but a reduced cost efficiency; it proved to be a very unreliable tool for
performing IMRT patient-specific QA, especially in a busy department. The EDR2 film

required twice the time required by the 2D-Array to perform the measurements and triple
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the time for the entire process (i.e., developing, scanning and analysis of the results).
Therefore, the time required to perform patient-specific QA for IMRT is very
inconvenient in a busy clinical setting. The accuracy of EDR2 film is also reduced
because of the insensitive nature of the EDR2 film, which requires almost ideal
processing conditions and calibration. However, the accuracy could be improved by
utilizing more accurate film dosimetry procedures, which is a potential topic for follow-
up studies. The study concludes that the 2D-Array Seven29 dosimetry system is a
practical dosimetric tool that is both reliable and time-saving for patient-specific QA for

IMRT.
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5. The application of an amorphous silicon electronic portal imaging

device for IMRT pre-treatment verification

5.1 Introduction

The intensity modulated radiation therapy (IMRT) technique requires new and accurate
methods and tools for the verification of dose delivery. Numerous dosimetric methods are
used for quality assurance (QA) of the IMRT. The commonly used method for dose
delivery verification is film dosimetry. Although several radiation oncology clinics have
used a film dosimetry system for patient-specific QA for IMRT (Dogan et al.,
2002;Winkler et al., 2005; Budgell et al., 2005; Bucciolini et al., 2007; De Martin et al.,
2007), film dosimetry is not the only dosimetry technique that is used. Other dosimetric
devices for 2D dose measurements include 2D diode arrays, ionization chamber arrays
(Buonamici et al., 2007; Jursinic and Nelms 2003) and electronic portal imaging devices
(EPIDs) (Warkentin et al., 2003; Van Esch er al., 2004; Talamonti et al., 2006; Howell et
al., 2008; Wendling et al., 2006; van Zijtveld et al., 2007). EPIDs have been adapted for
dosimetric purposes and are increasingly used. Several studies have confirmed the
appropriateness of the amorphous silicon EPIDs for IMRT portal dosimetry (Talamonti et
al., 2006; Greer and Popescu 2003; McCurdy et al, 2001; Kavuma et al., 2008).
Recently, van Elmpt et al. (2008a) published a review of EPID dosimetry. A number of
studies of EPID dosimetric characteristics have been conducted. The a-Si EPID response
is linear with the dose and is dose-rate dependent, which is advantageous in providing
accurate portal dosimetry. However, the conversion of the EPID signal into a dose is a
complicated procedure; the field-size-dependent output factors and EPID response
kernels need to convert the acquired EPID images into 2D dose distributions with or
without using a beam attenuator (Warkentin et al., 2003; Winkler et al., 2007; McCurdy
et al., 2001).

There are different methods used in EPID dosimetry. It can be used for pre-treatment
verification, in which the dose distribution in the plane of the detector is measured with
or without an attenuator in the beam (van Esch et al.,, 2004; Howell et al., 2008; van

Zijtveld et al., 2006). However, portal dose measurements are used to reconstruct the
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dose in the phantom (Wendling et al., 2006; Van Zijtveld et al., 2007; McDermott et al.,
2006; Van Elmpt et al., 2008b). EPID dosimetry can also be performed using a beam
attenuator in the treatment path (McDermott et al., 2007; Van Zijtveld et al., 2009).

Recently, EPID dosimetry has been considered superior to the film dosimetry method.
The main advantages of using an EPID instead of film are that EPID measurements are
easy to perform; the experimental set-up can be simple; and the data can be obtained
digitally, are easy to handle and can be used directly for processing. In addition, EPID
produces more reproducible results and eliminates film processing problems.
Additionally, EPIDs are built-in at the Linac’s gantry; this makes them ideally suited for
measuring individual fields at the treatment gantry angles, which is a more complicated
task with film. At the Department of Radiation Oncology, SBAH, the film dosimetry
system has been used for IMRT patient-specific QA. Recently, we found that the film is
less suitable than the 2D-Array dosimetry system. However, the aim of this chapter to is
develop a dosimetric set-up for a-Si EPID for use in IMRT pre-treatment verification. An
experimental set-up has been developed and validated for portal dosimetry using Siemens
equipment for the pre-treatment verification of individual fields of head-and-neck IMRT
plans, and the criteria for analysis have been established. The measured portal images are
compared with the calculated IMRT plans at the level of the EPID without any scatter

material between the source and the detector.

5.2 Materials and methods

For dosimetric purposes, a comprehensive calibration of the a-Si EPID is required. This
includes gain calibration, dose linearity, an evaluation of the a-Si EPID stability, field-
size dependence, the ghosting effect, the effect of build-up, the effect of the transmission
thickness and the conversion of the EPID grayscale value into EPID dose values. These

parameters were investigated in detail in chapter 3.

5.2.1 IMRT dose maps
5.2.1.1 EPID dose maps
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The portal images were acquired with the available amorphous silicon electronic portal
imaging device (a-Si EPID) (OPTIVUE 1000ART) incorporated in a Siemens ONCOR
Linac (Siemens Medical solutions, Concord, USA), which was equipped with 160-leaf
standard MLC. The linac produced 6 and 15 MV photons with two different dose-rate
modes. The a-Si EPID detector had an imaging area of 40 cm x 40 cm. The detector
utilized 1,024 x 1,024 pixels, with a pixel size of 0.8 mm (there are more details about the
imager in chapter 3). The IMRT plans were downloaded from the network to be treated at
the EPID. No attenuator was used in the beam axis. The IMRT plans were measured
using the EPID by acquiring the EPID images for the different IMRT fields. The acquired
fluence images were measured with the EPID at a depth of maximum dose for each
energy used in the IMRT fields. The source-to-detector (SDD) distance was chosen such
that the maximum dose fell within 115 cm, with the gantry angle zero degree
perpendicular to the beam axis. The acquired EPID images were then saved to be
imported and analyzed for comparisons with the calculated CMS XiO treatment planning
dose maps for the same set-up. The EPID experimental set-up and the CMS XiO TPS

calculation phantom are shown in figure 5.1.
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Figure 5.1. A diagram of the EPID experimental set-up for acquiring EPID images versus

the CMS XiO TPS calculations set-up on a homogenous phantom for the comparisons.

5.2.1.2 CMS XiO TPS dose maps

In this study, the IMRT dose maps were calculated by using a CMS XiO TPS (CMS, St.
Louis, MO). Three IMRT plans were used for the verifications. All three plans were for
the head-and-neck and used a step-and-shoot IMRT treatment technique; each plan
contained five fields except for the third plan, which had only three fields. The
convolution algorithm and a 2.5-mm grid spacing were used for dose calculations in these

plans.

For the IMRT quality assurance procedure, the CMS XiO treatment planning system
offers different options to ensure that treatment is verified and delivered properly. These
options include relative dosimetry and absolute dosimetry. Here, the relative QA option
was used to recreate the dose for individual beams perpendicular to a flat, homogenous
phantom without the need to create a separate plan after the IMRT plan was completed.

The dose was then normalized to 100% along the weight-point fan. The IMRT plans were
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calculated using the field-related approach, in which each treatment field was reset to
deliver the dose within the beam in a plane perpendicular to the central beam axis and to
the phantom for a gantry angle of zero degrees. The plans were performed using
isocentric techniques. The source-to-detector distance (SDD) was chosen as
approximatelyl115 cm. The weight of each beam was recalculated to deliver the dose at
1.5 and 3.5 cm depths in water for 6 and 15 MV intensity-modulated fields, respectively,
while maintaining the same number of monitor units as that found in the original patient

plan.

The calculated dose maps were saved with a unique file name, and the IMRT plans were
then transferred through the LANTIS network in preparation for treatment. The IMRT
plans for each treatment field were imported to RIT 113 software Version 5.2 (Colorado
Springs, CO) to be compared with the acquired EPID images to a verification phantom.

Figure 5.1 shows the experimental set-up of the calculated and measured dose maps.

5.2.2 Dose map comparison methods

For the comparisons of the measured IMRT dose maps using the a-Si EPID to the
calculated dose maps using CMS XiO TPS, the dose distributions were evaluated for
three IMRT plans that contained 15 IMRT fields. All of the acquired EPID images were
stored as DICOM files, and all of the calculated dose maps were saved as ASCII files.
Both datasets were imported for analysis and evaluation, which were performed by using
Radiological Imaging Technology (RIT) 113 Dosimetry Software, Version 5.2 (Colorado
Springs, CO). The software currently available in the department does not have the
functionality to compare EPID images, and a third party was approached to evaluate their

software.

The RIT 113 software introduced a new calibration method called plan-based calibration.
This method can be used to develop relative dosimetric calibration curves between the
TPS-calculated dose maps and the acquired EPID images or between the treatment TPS-
calculated dose maps and the 2D-Array images. This method allows a relative dose

comparison to be conducted without conducting a separate calibration. The calculated
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dose maps that are obtained using the CMS XiO TPS from the IMRT fields will first be
normalized to their maximum values; this will be followed by the creation of a dose
histogram. The dose histogram will be obtained by dividing the calculated dose map into
dose bins. Here, both the calculated dose maps and the acquired EPID images will be
registered, and by using the mean dose value on the pixels found on each image, a
calibration curve will be created. The calibration curve will be used to convert the

obtained EPID images and the treatment planning images into dose maps for comparison.

In the RIT software, the data were classified into two categories for comparison: the
target images and the reference images. Here, the EPID images are denoted as target
images, and the calculated treatment-planning dose maps are considered reference
images. This software also allows the acquired image to be converted into a dose image
and provides a host of regular MLC and IMRT QC analysis routines for the images.
These routines provide a suite of measurements and dose map comparisons including
gamma function, dose profiles and isodose overlay plots, and subtraction and pixel
histogram distributions. The agreements between the measured and calculated data were
assessed for each field based on a gamma function algorithm (Low et al., 1998) with the

DTA and AD, criteria of 3 mm and 3%, respectively.

The software also provides different comparison criteria, such as isodose overlay, gamma
maps and the subtraction of gamma maps, for the target and the reference image. For the
RIT 113 software, the gamma method is implemented such that a gamma value is
calculated with the value 1 corresponding to the 3 mm and 3% criteria. Thus, any gamma

values< 1 meet the criteria.

5.3 Results and discussion

The results obtained for the comparisons of the measured dose maps using the a-Si EPID
to the calculated dose map using the CMS XiO TPS are presented in this section. A
comparison between the calculated dose maps generated by the CMS XiO TPS and the
measured dose maps generated by the a-Si EPID using the gamma evolution method will

be described in the subsections.
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5.3.1 IMRT dose maps
The acquired dose maps using the a-Si EPID were saved as DICOM images, and the
calculated dose maps using the CMS XiO TPS were saved as ASCII files. These dose

maps were saved in separate files to be used for the comparisons.

5.3.2 Dose map comparison methods

5.3.2.1 Isodose color wash

Figures 5.2 to 5.6 show examples of isodose color wash comparisons of the measured
dose maps using a-Si EPID (left) with the calculated dose maps using the CMS XiO TPS
(right) for the first IMRT plan, which contains five IMRT fields: the right-posterior
oblique, anterior, left-posterior oblique, right-anterior oblique and left-anterior oblique
fields. The measured and calculated dose maps were normalized to the maximum values
in a homogenous region. Figures 5.2 (a) and 5.2 (b) show the results of the 2D dose maps
that were measured with the a-Si EPID and calculated with the CMS XiO TPS for the
right-posterior oblique field. The dose map comparison shows a close agreement between
the IMRT fields. For the five IMRT fields (figures 5.2 to 5.6), the isodose color wash
comparisons were evaluated visually and were determined to be satisfactory. The
quantitative assessment (isodose overly, gamma index, dose profiles, etc.) of the
agreements between the dose maps can be performed using the gamma analysis method
with the RIT 113 Software. More details on the quantitative assessments are shown in

subsequent sections.
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Figure 5.2. A comparison between (a) the dose maps measured with a-Si EPID versus (b)
the dose maps calculated with the CMS XiO treatment planning system for the right-

posterior oblique field.
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Figure 5.3. A comparison between (a) the measured dose maps with a-Si EPID versus (b)
the calculated dose maps using the CMS XiO treatment planning system for the anterior

field.
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Figure 5.4. A comparison between (a) the dose maps measured with a-Si EPID versus (b)

the dose maps calculated with the CMS XiO treatment planning system for the left-

posterior oblique field.

(a) EFID

5101520
cm

(b TRPS

5101520

cm

Figure 5.5. A comparison between (a) the dose maps measured with a-Si EPID versus (b)

the dose maps calculated with the CMS XiO treatment planning system for the right-

anterior oblique field.
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Figure 5.6. A comparison between (a) the measured dose maps with a-Si EPID versus (b)
the calculated dose maps using the CMS XiO treatment planning system for the left-

anterior oblique field.

5.3.2.2 Gamma evaluations

For a quantitative evaluation of the agreement, the gamma criteria were used. As
commonly accepted, the reference values for the agreement are 3% and 3 mm for the
dose differences and distance-to-agreement, respectively. Figures 5.7 to 5.11 show
examples of gamma evaluations for the five IMRT fields. Although the viewer options in
the EPID dosimetry software permit the user to apply different settings in the
presentation of the gamma maps, a default setting was chosen that displayed areas with
gamma values less than or equal to 1.0 (agreement is within the 3%/3mm criteria) in gray
and areas with gamma values greater than 1.0 (agreement outside the 3%/3mm criteria) in
red. Figure 5.7 (a) shows the isodose overlay of the measured and calculated dose maps
depicted together for the first IMRT field, the right-posterior oblique field; the isodose
lines correspond with dose values of 30, 40, 50, 70, and 90 cGy. In figure 5.7 (b), the
corresponding gamma map shows that most of the field has gamma values of less than or
equal to 1.0 (indicated by the large area shown in gray); the small area in the center of the
field has gamma values that are greater than 1.0, corresponding to a high dose-gradient
region (shown in red). In addition, there are areas at the edges of the field (shown in red)
that show gamma values greater than 1.0; most of these areas fell outside the treatment

field. Because the majority of the field has gamma values less than or equal to 1.0, and
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areas with gamma values greater than 1.0 are confined to a high dose-gradient region,

there is agreement between the measured and TPS-calculated dose maps.

The results were confirmed by evaluating the percentage of pixels that did not meet the
specific criteria for each field. The percentage difference refers to the percentage of the
measured pixels that did not meet the criteria (shown in table 5.2). For the first IMRT
field, the right-posterior oblique field (as shown in figure 5.7), the portal dosimetry
software yielded acceptable results. Of the 55,209 pixels that were analyzed, only 4,862
pixels, or 8.81% of the total pixels, had a gamma value greater than 1.0. The second
IMRT field, the anterior field, is shown in figure 5.8; this field resulted in the largest
discrepancy, with 22.67% of the pixels analyzed having a gamma value of greater than
1.0. Figures 5.9 to 5.11 show the gamma evaluation results for the other three IMRT
fields: the left-posterior oblique, the right-anterior oblique and the left-anterior oblique

fields.

All of the IMRT fields showed reasonable qualitative results. A summary of the
agreement results for the 15 IMRT fields is shown in table 5.2. Agreement (gamma index
less < 1.0) of 90% or more was found for the IMRT fields. The minimum discrepancy or
percentage difference was 4.25%, the maximum discrepancy was 23.49%, and the

average discrepancy was 13.54%, with a 6.72% standard deviation.

In all of the compared results for the IMRT fields, the discrepancies were usually highest
in areas around the field edges. These effects were also found in other studies (Howell et
al., 2008) and can be traced back to the registration steps in the images during the
analysis phase. From the results, it was also demonstrated that 15 IMRT fields were
acceptable. The experimental set-up used to validate the calculated dose maps was highly
satisfactory. In general, an agreement between the measurements and the calculations and
the comparisons demonstrated the robustness of the a-Si EPID for IMRT pre-treatment

verification purposes.
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Figure 5.7. A comparison between the right-posterior oblique IMRT field and the left
isodose overlay; a-Si EPID isodoses are depicted as dashed lines, and CMS XiO TPS
isodoses are depicted as solid lines (doses are specified in ¢cGy). Right, a gamma map
plot. The gamma index was < 1 for the DTA and the ADp,x criteria of 3 mm and 3%,

respectively.
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Figure 5.8. A comparison between the anterior IMRT field and the left isodose overlay;

a-Si EPID isodoses are depicted as dashed lines, and CMS XiO TPS isodoses are
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depicted as solid lines (doses are specified in cGy). Right, a gamma map plot. The

gamma index was < 1 for the DTA and the ADp, criteria of 3 mm and 3%, respectively.

— |lzodoze Overlay — izamma PazsiFail Plot on Reference image.
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Figure 5.9. A comparison between the left posterior oblique IMRT field and the left
isodose overlay; a-Si EPID isodoses are depicted as dashed lines, and CMS XiO TPS
isodoses are depicted as solid lines (doses are specified in cGy). Right, a gamma map
plot. The gamma index was < 1 for the DTA and the AD,x criteria of 3 mm and 3%,

respectively.
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Figure 5.10. A comparison between the right anterior oblique IMRT field and the left
isodose overlay; a-Si EPID isodoses are depicted as dashed lines, and CMS XiO TPS
isodoses are depicted as solid lines (doses are specified in cGy). Right, a gamma map

plot. The gamma index was < 1 for the DTA and the ADp,x criteria of 3 mm and 3%,

respectively.
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Figure 5.11. A comparison between the left anterior oblique IMRT field and the left
isodose overlay; a-Si EPID isodoses are depicted as dashed lines, and CMS XiO TPS
isodoses are depicted as solid lines (doses are specified in cGy). Right, a gamma map
plot. The gamma index was < 1 for the DTA and the ADy, criteria of 3 mm and 3%,

respectively.

Table 5.1. A summary of the results for 15 IMRT fields using the gamma criteria of 3%

and 3mm for the dose difference and distance-to-agreement, respectively.

Field | Total number Total number Percentage difference
number of pixels of matching pixels
1 55,209 50,346 08.81%
2 81,875 63,316 22.67%
3 49,259 44,491 09.68%
4 55,209 48,247 12.61%
5 58,483 49,524 15.32%
6 47,765 37,135 22.25%
7 57,479 49,852 13.27%
8 54,731 46,262 15.47%
9 50,561 38,781 23.30%
10 52,789 46,486 11.94%
11 52,741 48,273 08.47%
12 46,989 44,992 04.25%
13 56,715 43,391 23.49%
14 49,473 46,845 05.31%
15 49,557 46428 06.31%

5.3.2.3 Subtraction histogram

Figure 5.12 shows an example of the results of the subtraction histogram extracted from
the dose differences between the measured and the calculated dose maps on a pixel-by-

pixel basis for one IMRT plan. These results were obtained by setting the dose difference
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to 3% and the distance-to-agreement to 3 mm. The graph exhibited a distribution centered
on zero, which showed that the differences are statistically distributed around +3 dose

differences. The results confirm that an average of 85% of the pixels are within +3%.
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Figure 6.12. The subtraction histogram for the target and reference images.

5.3.2.3 Relative dose profile

Figures 5.13 to 5.17 show examples of beam profiles extracted from the five IMRT fields
as indicated by the lines across the isodose color wash that correspond to the five
displayed IMRT fields in sections 5.3.2.1. The vertical profiles are shown in red solid
lines, and black dashed lines correspond to reference images and target images,
respectively, whereas the horizontal profiles are shown in green solid lines and black
dashed lines corresponding to the reference images and the target images, respectively. In
both profiles, the corresponding dose differences are plotted in blue lines, which are
measurements that fell between +3 dose differences. The obtained dose profiles were in
close agreement, as shown previously in the dose maps. These results also confirmed the

dose map correspondences.
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Using the 3%/3mm gamma criteria, the agreement (gamma index less than or equal to 1)
between the measured and the calculated dose profiles was good. Figures 5.13 to 5.17
show that most of the agreements are at the center of the fields for the five IMRT fields.
The results also showed that there were clear discrepancies around the edges of the fields.
The details of agreement between measured and calculated dose profiles for each field

are shown in table 5.3 and figure 5.18.
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Figure 5.13. (a) vertical and (b) horizontal dose profiles measured and calculated along
the lines of the a-Si EPID images and the CMS XiO TPS images and the corresponding
dose difference profiles for the right-posterior oblique field. The DTA and the ADpax

criteria were 3 mm and 3%, respectively, were used.
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Figure 5.14. (a) vertical and (b) horizontal dose profiles measured and calculated along
the lines of the a-Si EPID images and the CMS XiO TPS images and the corresponding
dose difference profiles for the anterior field. The DTA and the ADy,, criteria of 3 mm

and 3%, respectively, were used.
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Figure 5.15. (a) vertical and (b) horizontal dose profiles measured and calculated along
the lines of the a-Si EPID images and the CMS XiO TPS images and the corresponding
dose difference profiles for the left-posterior oblique field. The DTA and the ADpax

criteria of 3 mm and 3%, respectively, were used.
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Figure 5.16. (a) vertical and (b) horizontal dose profiles measured and calculated along

the lines of the a-Si EPID images and the CMS XiO TPS images and the corresponding

dose difference profiles for the right-anterior oblique field. The DTA and the ADp.x

criteria of 3 mm and 3%, respectively, were used.
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Figure 5.17. (a) vertical and (b) horizontal dose profiles measured and calculated along

the lines of the a-Si EPID images and the CMS XiO TPS images and the corresponding
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dose difference profiles for the right-posterior oblique field. The DTA and the ADj.x

criteria of 3 mm and 3%, respectively, were used.

Table 5.2 shows the IMRT field number with the corresponding mean dose differences
that were obtained from the vertical and horizontal dose profiles along the calculated and
measured dose maps. The maximum values for mean difference for the vertical profile
and the horizontal profile were 2.12% and 2.11%, respectively. The variances of the
mean dose differences were 0.31 and 0.44 for the vertical and horizontal profiles,
respectively. Figure 5.18 shows a summary plot of the comparisons of the measured with
the calculated dose maps for the 15 IMRT fields. In this figure, a plot of the mean dose
difference versus the IMRT field beam number/field number is presented. In each of the
15 IMRT fields, the mean dose difference agreement met the selected criteria. The
regions where the gamma index exceeded 1 were always located around the edges of the

fields or in the low dose-gradient region.

Table 5.2. Comparisons of the mean dose difference between the calculated and

measured dose maps for the vertical and horizontal dose maps for 15 IMRT fields.

IMRT field number Mean dose difference (%)

Vertical profile | Horizontal profile
1 121 1.82
2 1.64 T3
3 121 1.66
: 205 1.29
5 2.12 0.72
6 1.89 o
7 0.96 STT
8 0.44 0.28
0 2.09 0.83
10 0.7 14
11 1.07 85
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12 1.33 0.56
13 1.14 0.01
14 1.79 0.96
15 2.14 1.73

Mean dose difference versus IMRT beam number
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Figure 5.18. The mean dose differences in percentages versus the IMRT field or beam
number for the vertical profile (blue dots) and for the horizontal profile (red dots). The

DTA and the AD,x criteria of 3 mm and 3%, respectively, were used.

5.4 Conclusion

IMRT 1is an increasingly popular technique among radiation therapy treatments.
However, due to the complexity of IMRT, sophisticated dosimetric devices are required
to verify the treatment delivery. In this work, an amorphous-silicon electronic portal
imaging device (a-Si EPID) was used for the IMRT pre-treatment verification. The
agreements between the measured and the calculated dose maps with the help gamma
function were satisfactory. However, the observed disagreements between the measured
and the calculated dose maps (agreement outside the 3%/3mm criteria) occurred at
detectors outside of the useful fluence map field. The experimental set-up used for the

IMRT pre-treatment verification demonstrated the possibly of using an a-Si EPID for
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portal dosimetry. Further work should be done to incorporate the effect of the
transmission thickness on the IMRT field to reduce the discrepancy in simulating normal
patient set-up. The preliminary results demonstrated the usefulness of the amorphous-
silicon electronic portal imaging device (a-Si EPID) as a pre-treatment IMRT QA device

for planner dose verification.
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6. Absolute dosimetry and monitor unit verifications for intensity-

modulated radiation therapy

6.1 Introduction

At the Steve Biko Academic Hospital (SBAH), there are a large number of palliative
head-and-neck cases (the most prevalent cancer in males treated in our hospital). We
have developed a simple three-field IMRT plan with a concomitant boost that delivers
superior dose distribution, is faster and easier to treat and requires fewer fractions than
the alternative plan. This saves time and resources. This technique is for the treatment for
palliative cases; however a five-field IMRT plan is also used for the radical treatment.
However, physical quality assurance must still be performed and can become a
bottleneck. Different dosimetric tools have been used for quality control (Low et al.,
2001; Ezzell et al., 2003; Bortfeld 2005). A 2D-Array Seven29 ionization chamber has
replaced film dosimetry for relative dose distributions (Wiezorek et al., 2005; Buonamici
et al., 2007). For absolute dosimetry, an ionization chamber has been used to measure the
absorbed dose in the IMRT field (Capote et al., 2004; Kumar et al., 2007; Leonid et al.,
2003; Low et al., 2003; Hugo et al., 2004).

Due to the need for efficient tools for IMRT patient-specific QA, experimental methods
were and are still commonly used for IMRT plan verification. For this reason, different
dosimetric approaches have been used. Although most of the QC has been conducted
using experimental methods are; however, time consuming for the physicist, in addition
the Linac’s need to be used for more time. However, with the increase in inverse
planning efficiency, the number of IMRT patients must continually increase; the
experimental IMRT verifications methods it may be impractical to check a large number
of plans, and it might also affect the workflow. An alternative to the experimental method
is the independent MU calculation method. MU verifications from the inverse planning
system represent a problem. Therefore, an alternative method is being sought to replace
the absolute dose measurements to speed up the process. Different methods have been
used for the monitor unit (MU) calculations in IMRT verifications using independent

computer programs. Xing et al. (2000) developed a computer algorithm for the
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verification of MLC leaf sequences and derived a formula for MU calculations for IMRT
by using a simple scatter-summation algorithm. Boyer et al. (1999) investigated some of
the theoretical aspects of MU calculations for an intensity-modulated field. Their
approach was independent of the specific form of leaf sequence algorithms. Another
method used to verify the MU calculation in IMRT treatment is to sum the fractional
MUs that correspond to the segmented fields. A modified Clarkson integration method

was used to determine the dose at a given point in the patient (Kung et al., 2000).

The aim of this work is to develop a novel approach for monitor unit calculations and to
check the feasibility of replacing the absolute dosimetry method in our department. The
MU check program calculates the average area product and uses this to estimate the MU
for each field in the IMRT plan. The resultant MUs are used to calculate an equivalent
dose based on a conventional MU check program. Because the dose is non-uniform, the
calculated dose cannot be compared to the prescribed dose. A volume-weighted average
dose of various target volumes is calculated from the DVH and is compared to the

calculated dose.

6.2 Theory

In radiotherapy, several factors such as, radiation type, beam energy, calculation
algorithm, the field size, irregularity of the treatment field, field-shaping device (blocks,
MLC), the depth-to-dose reference point and the beam modifiers are used to determine
whether the calculated MUs are realistic (Stern et al., 2011). However, in IMRT,
conventional monitor unit calculations cannot be performed because of the complexity of
the beamlets. One solution is to calculate the dose to only a single point; however, this
approach gives very limited information and simply tests the planning system. In this
novel approach, attempts are made to use the contribution from each beamlet and bring it

in line with the doses in the whole target through the dose volume histogram (DVH).
The basic premise of an MU checking program is that the dose that is deposited in a

tumor volume is given by the incident energy minus the energy departing the volume

divided by the mass of the volume. This principle can be used to calculate the delivered
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energy per field to the target volume. The energy deposited in the whole volume of the
target(s) can then be estimated by applying the normal planning principles of attenuation.
However, because the dose distribution in the target(s) is non-uniform, this total energy
cannot be compared to the prescribed dose. However, the dose volume histogram can be
used to determine the average dose per target. Because the volume of each target is
known, we can estimate the total energy deposited in the target(s) as determined by the

TPS. These two values should be closely related.

Let us consider the energy passing through an area due to a field segment; the fluence can
be converted to the total energy delivered by the segment. From the definition by

Podgorsak et al. (2004), the energy fluence ‘¥ is the quotient of dE overdA , where dE

is the radiant energy incident on a sphere of cross-sectional areadA . Thus, the energy

fluence is

Hence, energy is the product of the energy fluence and the area(dE =wdA) .

The total energy available for deposition by a segment is proportional to the MU (Khan
2003), thus;

Taking into considerations the scatter contributions from the incident photon fluence per
MU, which is changes with the change of the collimator settings; equations 6.2 can be

written as:

E=MUXAXS, (n* )i (6.3)

when the scatter in the patient is not considered. Because the scatter inside the patient is

made up of all the contributions from each segment, it is reasonable to assume that the

total energy deposited to d_  is the sum of the equation (6.3) for all the segments

multiplied by the phantom scatter for the whole patient.
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Assuming that there are k segments in the treatment t field, we have

E, =(ZfMU xA xS, (A))S, (A,)(MUn® ). (6.4)

where

MU _ is the monitor units for segmentS
A, 1s the area of segment §

S 1s the in-air output ratio (Zhu et al., 2009), and

S, is the phantom scatter.

An additional term, E

s » 15 Needed to account for the dose transmitted through the
collimators, which will be accounted for later. This energy can be compared to that
deposited in the target(s). However, to make this calculation more intuitive, we prefer to
determine the number of MUs that must be given to a standard 10 x 10 cm? field to

deposit the same amount of energy:

[l xa s, (4))]5, (4.)  Eu y
g = AxS ) (6.5)

Most beamlets are smaller than 10 x 10 cmz, S, (AS)< 1. As a first approximation, we can

argue that the transmitted energy makes up for this; therefore, we can remove the

term E,  and replace S (A, )withS_(A,,):

trans s

ZfMUs X As X Sp,c (Atm‘) MU 2
avg = A ( "/mz)

tot

where A, _is the total area, and A< XX A because of the beamlet overlap.
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The average MUs for the various fields can be plugged into a conventional MU

spreadsheet to determine the average dose received by the target(s).

This calculated dose can be compared with the delivered dose at the target

volume (D, .. ). Multiple target volumes are often used in IMRT; therefore, the

arget

deposited dose at the target volume (D, )can be deduced from the dose volume

[p—target
histograms (DVHs) by looking at the 50% dose (D>)or the mean dose with a

corresponding volume for the different target volumes.

ot = (20" XV%Vt ) (L7 I— 6.7)

D

Where
D

iprarger 18 the deposited dose at the target volume,

Dfois the mean dose at the of the target 1 and

V,is the volume of the target ¢

(In addition, there must be no target volume overlap).

6.3 Materials and methods

6.3.1 IMRT plans used

Three consecutive head and neck cancer cases were used. The plans were generated by
using the CMS XiO treatment planning system (TPS) and consisted of three isocentric
fields. There were up to three targets to allow for concomitant boosts. The radiation
source was a Siemens ONCOR Linac (Siemens Medical solutions, Concord, USA),
which utilizes 6 and 15 MV photon beams for IMRT treatment delivery using a step-and-
shoot IMRT mode. The Linac was equipped with an OPIFOUCS MLC with 82 leaves

and an amorphous silicon electronic portal imaging device (a-Si EPID).

6.3.2 Absolute dose measurements
The absolute dose measurements were performed using a Farmer 0.6-cc ionization

chamber type TM 30013 connected to a PTW UNIDOS electrometer (PTW, Freiburg,
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Germany) (see figures 6.2 and 6.3). The chamber was inserted into a Gammex RMI
solid-water phantom as shown in figure 6.1. The phantom had dimensions of 30x24x24
cm’. The experimental set-up was analogous to the calculated IMRT plans except for the
gantry angle, which was changed to a zero-degree angle to simplify the phantom
positioning. A computed tomography (CT) scan of the RMI Gammex solid water IMRT
phantom with a Farmer 0.6-cc ionization chamber was taken at 2-mm in the CT scanner
and was used to recalculate the plans. For the ionization chamber measurements, the
readings were corrected for the temperature and pressure. Measurements were repeated
three times separately for each field (in step-and-shoot IMRT). The measured doses were
compared with the calculated values at the ionization chamber location. The percentage

of the dose difference for each case was calculated as follows:

Deuenases = Dueassred) 1005, (6.8)

Percentagedifference = D

Calculated

. P
Figure 6.1. The IMRT solid-water phantom (Gammex RMI) that was used for the

absolute dose measurements with the Farmer ionization chamber.
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Figure 6.2. The PTW UNIDOS electrometer that was used for the absolute dose

measurements.

Figure 6.3. The Farmer ionization chamber that was used for the absolute dose

measurements.

6.3.3 The monitor unit check program (MUCP)

A computer program was written in Microsoft Visual Basic (VB) programming language
(version 3.0). The code read the IMRT plan file as an input file to calculate the MU
contributions from each field in the plan. Several parameters, such as the cumulative area
MU product, the field area, the normalized MU, the average and the maximum and
standard deviation for each field, were calculated. The code also calculated the intensity-

level distributions for each field. The results obtained from this program were used as the
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input data for the standard MU check spreadsheet to calculate the average dose to the

target volume(s).

Instead of comparing the calculated dose to the prescribed dose, the spreadsheet was
modified to accept the D,5 ®doses that were obtained from DVH and the volumes of the

target(s). The volume-weighted average dose was thus calculated and compared to the

dose that was found from the average MUs.

G -ofx
MUJI_II@IﬁI@hI °°|:<?I | 1080.11
_.ﬁ {

=\Oix]
Select File

Processing Field: RPS

x|

Mext segment

oK | Cancel |

Figure 6.4. A screenshot of the MU calculator for the IMRT window. This window

allows the user to view the field segments.
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34 control points

Segment 1 has an area of 57.00 and 12.08 MUs

Segment 2 has an area of 101.00 and 11.73 MUs
Segment 3 has an area of 137.00 and 11.58 MUs
Segment 4 has an area of 156.00 and 11.53 MUs
Segment 5 has an area of 191.00 and 11.46 MUs
Segment 6 has an area of 149.00 and 11.54 MUs
Segment ¥ has an area of 114.00 and 11.66 MU=
Segment 8 has an area of 115.00 and 11.66 MUs e
Segment 9 has an area of 123.00 and 11.63 MUs
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Segment 11 has an area of 111.00 and 11.67 MUs

Segment 12 has an area of 111.00 and 11.68 MUs =

X
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Figure 6.5. A screenshot of the MU Calculator for the IMRT window. This window

allows the user to read and calculate the field area and the MU for each segment.

6.4 Results

6.4.1 IMRT plans used

Three IMRT plans consisting of nine IMRT fields with an average of 19 beamlets per

field were used.

6.4.2 Absolute dose measurements
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Table 1 shows the results obtained for the point dose measurements for the nine IMRT
treatment fields. The results show a comparison between the measured and the planned
doses for the three IMRT plans. The dose per fraction varied between 1.8 and 2 Gy. The
percentage differences between the calculated and measured doses fell between a

minimum value of 1.0% and a maximum value of 3.9 %.

Table 1 shows a comparison between the calculated and measured doses for nine IMRT
treatment fields; the difference is expressed as a percentage of the field dose {i.e.,

[100*[(D¢ai-Dpes)/Deai] } in column 4.

Measured dose Percentage
Treatment field | Calculated dose (cGy)
(cGy) ionization difference
CMS XiO TPS
chamber (%)
1 89 88 1.0
2 64 65 1.5
3 91 88 33
4 103 102 1.0
5 31 30 3.2
6 103 100 2.9
7 76 73 3.9
8 51 50 2.0
9 72 71 1.4

6.4.3 The monitor unit check program (MUCP)
6.4.3.1 Calculations of the MU

MU calculations were conducted for the three IMRT plans. The results of the calculations
of the MU data are shown in tables 2, 3 and 4. The cumulative area MU product, the field
area, the normalized MU, the average MU, the maximum MU and the standard deviation
are given. Figures 6.6 to 6.8 show the intensity-level distributions for the three IMRT
plans. Figure 6.9 is an example of the segments making up a single field, whereas in
figure 6.10, the fluence map together with its equivalent square field intensity is

displayed.
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Table 2. The results of the calculations of the MU parameters for the first IMRT plan.

ORIA
VERSITY OF PRETORIA
ITHI YA PRETORIA

Calculated data
Plan (1) Field1 Field 2 Field 3
Cumulative area MU product 19,212.13 | 24,985.84 | 19476.47
Field area 320 460.65 322
Normalized MU 60.04 54.24 60.49
Average MU 60.61 61.19 61.05
Maximum MU 116.81 98.85 134.12
Standard deviation 18.75 21.7 18.57

Table 3. The results of the calculations of the MU parameters for the second IMRT plan.

Calculated data
Plan 2) Field1 Field 2 | Field 3
Cumulative area MU product 14153.53 | 13064.36 | 14231.20
Field area 221 281 223
Normalized MU 64.04 46.48 63.82
Average MU 64.33 47.29 64.10
Maximum MU 135.89 87.94 151.48
Standard deviation 39.25 18.94 37.34

Table 4. The results of the calculations of the MU parameters for the third IMRT plan.

Calculated data Field1 Field 2 | Field 3
Plan (3)
Cumulative area MU product 14903.08 | 13783.60 | 12878
Field area 237 240 225
Normalized MU 62.88 5743 57.24
Average MU 2.88 57.43 57.24
Maximum MU 149.30 115.19 138.90
Standard deviation 32.55 20.73 29.32
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Figure 6.6. The intensity distributions for the first IMRT plan.
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Figure 6.7. The intensity distributions for the second IMRT plan.
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Figure 6.8. The intensity distributions for the third IMRT plan.
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Figure 6.9. An example of the IMRT field segments that are calculated by the MU
program. The IMRT fields contain 16 segments.
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Figure 6.10. The intensity maps for the three IMRT plans. The square on the right

represents the calculated average intensity for each field, A, B and C.
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6.4.3.2Calculations of Dtarget
All of the IMRT treatment plans used multiple target volumes. The target volumes and
the associated mean doses were extracted from the dose volume histograms (DVHs). For
each treatment plan, the total volume and the mean dose were used as the input data in
the MU verification program. Table 5 shows the results of the extracted data for the three
IMRT plans and the target volumes with the delivered mean dose for each. The results

also showed that the IMRT plans can contain two or more target volumes.

Table 5. The extracted data from the IMRT plans for the three treatment fields.

IMRT Plan Target Number Volume (cc) | Mean Dose (cGy)

Target 1 1239 5310

Plan 1
Target 2 81.2 5954
Target 1 784.81 5310

Plan 2 Target 2 30.51 1805
Target 3 53.96 6446
Target 1 605.60 5687

Plan 3
Target 2 154.28 6315

6.4.3.3 Dose verifications for the IMRT plans

The doses calculated from the fluences and DVHs were compared. Table 6 shows the
results of the verification of the three IMRT treatment plans. Each plan was verified
separately for the total dose delivered. The difference was less than 1% for all of the
treatment plans. This was obtained by plugging the calculated MU data and the mean

dose with the associated volume into the modified MU check spreadsheet.
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Table 6. The verification of the doses delivered for three IMRT fields using the MU

calculation program.

Prescribed dose Delivered dose Dose difference
Plan (cGy) (cGy) (%)
1 214.0 213.7 0.14
2 208.0 207.5 0.24
3 181.6 180.5 0.56

6.5 Discussion and conclusion

IMRT quality control (QC) was performed using absolute dosimetry verifications and a
new MU calculation verification method in this study. The absolute dosimetry showed
good results for most of the IMRT plans (IMRT treatment fields). The results showed
that most of the IMRT fields agreed well with the calculated weighted dose as compared
with the measured point doses for each field and fell within an average deviation of
approximately 2.4+1.2% and a maximum dose difference of 3.9%. The discrepancies
resulted from the heterogeneity of the IMRT fields, and there was a volume averaging
effect for the Farmer-type ionization chamber (Low et al., 2003). The MU verification
was conducted in two steps. The first step was to calculate MU parameters such as the
average MU for the treatment fields, with the standard deviations, and the field’s areas
using the computer code. For the second step, the obtained results were used as the input
data for the verifications of the delivered dose. These parameters were plugged into an
MU check spreadsheet to verify the delivered dose. The evaluation of the program
showed that the dose calculated by the program agreed well with the does calculated by
the planning system. The results of the MU calculation verifications showed better
conformance than the absolute dose measurements. This method can therefore safely

replace absolute dosimetry in our IMRT quality assurance program.
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7. Conclusions and future work

The main purpose of this study was to develop and validate a streamlined patient-specific
QA program for IMRT at the Department of Radiation Oncology, Steve Biko Academic
Hospital (SBAH). This was realized by several parts of the study that are detailed in
chapters 2 to 6.

In chapter 2, the dosimetric characteristics of the 2D-Array Seven29 ionization chamber
detector were studied and validated for implementation in IMRT QA. The results showed
that the Array signal was very stable, the maximum standard deviation was 0.3%, and
during the start-up period, the Array required a pre-irradiation dose of approximately 500
cGy to reach the stable signal. The results demonstrated that the output factor of the
Array is linear to the dose response within the range of 2-500 MUs and is dependent on
the radiation beam energy in the range of 6 to 15 MV. The output factors matched very
well, to within 2%, to the Pin-Point and Farmer ionization chambers under the same
experimental conditions. Moreover, the Array had a sensitive detection system design
that could detect errors in a range of 2 mm for the MLC leaf system. Finally, for the open
and wedge-modulated fields, the Array beam profiles matched the Pin-Point beam
profiles that were measured in a water tank. Agreement was within 4% for the large field
sizes and was within 3% for small fields. However, there were small discrepancies for the
dose profiles for the small field sizes at the edges of the fields. The source of these
discrepancies was the sampling capabilities of the Array resulting from the geometric
configuration system of the detector. The same results were reported by Spezi et al.
(2005). Further modifications of the Array design by the manufacturer may eliminate the
problem. It is concluded that the 2D-Array Seven29 ionization chamber presents the
required characteristics for performing the QA dosimetry for step-and-shoot IMRT

deliveries.
The second part of the study (chapter 3) focused on the dosimetric properties of the

newly installed a-Si EPID at Steve Biko Academic Hospital and its feasibility to be used

for portal dosimetry purposes. The accuracy of portal dosimetry is dependent on the dose-
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response characteristics. Without a comprehensive assessment of the dosimetric

properties of the a-Si EPID, the a-Si EPID cannot produce reliable dose measurements.

The a-Si EPID signal was highly reproducible; the short-term reproducibility had a
maximum standard deviation of 0.3%. The long-term reproducibility was found to be
within £1.7% over a period of 3 months for a 6 MV photon beam. The a-Si EPID
response was linear to the applied MUs within the range of 5-100 MUs; the response
across the panel became stable for MU greater than 200 MUs, and similar behaviors were
reported for the a-Si EPID by Greer et al. (2007). Limitations of the a-Si EPID system,
such as errors resulting from the saturation of the detector in high MUs, were identified.
Therefore, the detector calibration should be conducted within this range. The field-size
dependence requires further investigation to understand the optimal calibration for
accurate dosimetry. The ghosting effect was not significant, and it was found that 15 sec
is a suitable time interval between image acquisitions. The a-Si EPIDs were found to be
suitable for measuring relative transmission doses. The intensity of the beam could be
decreased when the patient was positioned at the isocenter of the beam, which has an
impact on the amount of the dose that reaches the EPID. The calibration procedure
outlined in this study has several limitations because it does not include off-axis
corrections of the response of the EPID. Furthermore, the calibration model was not
accurate enough to be used for absolute dosimetry. However, the a-Si EPID shows

promise in use for portal dosimetry after the establishment of a proper calibration model.

In part three (chapter 4), a quantitative evaluation of the IMRT dose distributions using
the Kodak EDR?2 film and 2D-Array ionization chamber system was performed. The 2D-
Array Seven29 detector system results showed that the QA procedure can identify
systematic errors that can be rectified. The resultant dose distributions demonstrated that
the Array has overall fewer areas that failed to meet the currently used criteria of

3%/3mm dose differences and distance-to-agreement.

The Array showed superior dosimetric behavior to the EDR?2 film; the detector is easy to

handle and is less time consuming. Therefore, the Array can significantly reduce the time
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required to perform measurements, procedures and analyses. Although the resolution of
the EDR2 film is unrivaled, the EDR2 film is time consuming and is therefore an
impractical dosimetry system for performing IMRT patient-specific QA, especially in a
busy department. However, the film is necessary for commissioning an IMRT program,
and the 2D-Array Seven29 dosimetry system is ideal for QA after an IMRT system is
fully commissioned. EDR2 film introduces many uncertainties in different stages of the
experimental procedure (i.e., exposing, developing, scanning and analysis). This could
reduce the accuracy of the results. However, more accurate results can be achieved by
utilizing proper dosimetric procedures for the EDR2 film. The study concluded that the
2D-Array Seven29 dosimetry system is a practical and reliable dosimetric tool that is also
a time-saving detector for patient-specific QA for IMRT. It is recommended that the

IMRT patient-specific QA be performed using the 2D-Array Seven29 dosimetry system.

The use of gamma index criteria appears to be arbitrary; therefore, the critical impact of a
failure to meet the criteria was investigated by purposely changing the intensity-
modulated fluences. When the intensity-modulated fluences were changed to the point
where the gamma index failed the plan, the clinician still found the plan to be acceptable.
Rather than summarily failing a plan and redoing it when it fails to meet the gamma
criteria, we should then rather substitute the measured fluences into the TPS. Only if

there is a clinically significant difference should we redo the entire plan.

Part four (chapter 5) investigated the feasibility of using a-Si EPID for IMRT pre-
treatment verification. The results showed that the agreement between the measured and
the calculated dose maps with the help of the gamma function was acceptable. However,
the observed disagreements between the measured and the calculated dose maps
(agreement outside the 3%/3mm criteria) occur at the detectors that are outside of the
useful fluence map field. The preliminary results demonstrate the usefulness of an
amorphous-silicon electronic portal imaging device (a-Si EPID) as a pre-treatment IMRT
QA device for planner dose verification. An a-Si EPID can be used to replace the 2D-

Array Seven29 dosimetry system when portal dosimetry software is available.

© University of Pretoria



Y OF PRET

1481 Page

In the last part of this study (chapter 6), an independent monitor unit verification method
was developed. The method is intended to be used as an independent verification method
for the IMRT patient-specific QA. The accuracy and performance of the independent
monitor unit verification method were also investigated. The independent monitor unit
check program (MUCP) was found to be simple, fast, easy and accurate enough to be

used in routine verifications for head-and-neck IMRT.

The study proposed that the 2D-Array Seven29 dosimetry system and the developed
monitor unit check program (MUCP) could be used for our routine IMRT patient-specific
QA program. The 2D-Array Seven29 dosimetry system can be used for the IMRT fluence
map measurements with reasonable accuracy while maintaining the large number of
IMRT plans in our department. When a plan fails to meet the 3%/3 mm criteria for more
than 10% of the points inside the field, then the measured fluence must be used to
calculate the actual delivered dose, and only if there is a clinically significant deviation
from the prescribed plan must it be redone. The monitor unit check program can be used
with the help of the absolute dosimetry for the point-dose verification for the step-and-

shoot-IMRT deliveries.

Further studies could include the implementation of the a-Si EPID imager as a portal
dosimetry tool for IMRT pre-treatment verification. This requires a proper calibration
model for the a-Si EPID and portal dosimetry software. This is currently being

investigated as a possible follow-up research project.
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Summary

Intensity modulated radiation therapy (IMRT) aims to deliver highly conformal radiation
doses to the target volume while sparing organs-at-risk (OARs). This can be achieved
with the complex motion and irregular shapes of the multi-leaf collimator (MLC) by
using inverse treatment planning systems (TPS). Pre-treatment patient-specific quality
assurance (QA) has become an essential part of IMRT programs to ensure that the actual
dose distributions that are delivered to the target volume (TV) match the doses that are
intended for that volume. At Steve Biko Academic Hospital (SBAH), we use IMRT plans
for radical as well as for palliative patients to save time and resources because a
concomitant boost and simplified set-up can save time per fraction and for the total
duration of the treatment. A cumbersome, time-consuming QA step can negate these
advantages. The main purpose of this work was to develop and validate a streamlined
patient-specific QA program for IMRT at Steve Biko Academic Hospital (SBAH). The
IMRT planning was performed on a CMS XiO treatment planning system (TPS) (CMS,
XiO, St. Louis, MO, USA) using an inverse planning algorithm to generate the IM
photon beams. The treatment was delivered with a Siemens ONCOR Linac (Siemens
Medical solutions, Concord, USA) with 6 and 15 MV photon beams for the IMRT
treatment delivery and a step-and-shoot IMRT mode. The Linac is equipped with an
OPIFOUCS MLC with 82 leaves and an amorphous silicon electronic portal imaging
device (a-Si EPID).

Understanding the dosimetric characteristics of the detector is a requirement for any
clinical dosimetric application. Therefore, in the first phase of the study, (chapters 2 and
3), the dosimetric characteristics of the 2D-Array Seven29 (PTW, Freiburg, Germany)
and the a-Si EPID were investigated. The dosimetric properties of the 2D-array that were
investigated included the reproducibility, the linearity and energy dependence, the output
factor, the sensitivity and the clinical applications. The dosimetric properties of the a-Si
EPID that were investigated included the detector reproducibility, the detector response
as a function of the applied MUs, the field-size dependence, the ghosting effect, the
build-up effect of the detector, the detector response as a function of the transmission

thickness and an investigation of the use of the detector as a dosimeter.
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In the second phase of the study (chapters 4 and 5), relative dosimetry for the IMRT
fluence maps was performed. In chapter 4; the delivered dose was measured using two
different methods: the Kodak EDR?2 film dosimetry and the and the 2D-Array Seven29
dosimetry system. In the study, several IMRT plans for the head-and-neck treatment sites
were used. The measured relative isodose distributions and the dose profiles of the EDR2
film and the 2D-Array Seven29 were compared to the relative isodose distributions and
dose profiles of the CMS XiO TPS IMRT plans. A quantitative evaluation of the IMRT
dose distributions was performed with the gamma index method and 3%/3mm criteria.
The two techniques were compared on the basis of time efficiency and accuracy. The use
of the gamma index criteria appeared to be arbitrary; therefore, the critical impact of a
failure to meet the criteria was investigated by purposely changing the intensity-
modulated fluences. Chapter 5 investigated the feasibility of using a-Si EPID for IMRT
pre-treatment verification. During the last phase, an independent monitor unit verification
method was developed and validated by comparing the results with the absolute
dosimetry using a dedicated IMRT QA phantom (Gammex RMI, Middleton, WI) with a
Farmer 0.6-cc ionization chamber. The MUCP uses the patient plan with a specific
format as the input data. The program simply calculates the average dose area product.
This yielded MUs for the equivalent fields, which were then plugged into a standard MU
verification program. The calculated dose was compared to the volume-weighted average

of the various target volumes from the dose volume histogram (DVH).

The dosimetric characterizations of the 2D-Array Seven29 ionization chamber showed its
suitability for use as a dosimetric tool in IMRT verifications. The overall results show
that the 2D-Array is more accurate and time efficient than the Kodak EDR2 film for
IMRT pre-treatment verification. When the intensity-modulated fluences were changed to
the point at which the gamma index failed to meet the criteria for the plan, the clinician
still found the plan to be acceptable. The EPID signal was reproducible; the long-term
reproducibility was found to be within £1.7% over a period of 3 months for a 6 MV
photon beam. The a-Si EPID demonstrated a good response to the applied monitor units,
and the field-size dependence was acceptable. The ghosting effect for the period of time

for the image acquisition was negligible for the short time interval of 15 seconds. A
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comparison of the relative transmission measurements between the EPID and the ion
chamber indicated maximum deviations of 10% and 4.5% at 6 and 15 MV, respectively.
However, when the EPID-measured dose maps were compared with the calculated doses
from the TPS using the gamma index at a 3% dose difference (DD) and a 3-mm distance-
to-agreement (DTA), an agreement (gamma index less < 1.0) of 90% or more was found
for the IMRT fields. The preliminary results demonstrate the usefulness of an
amorphous-silicon electronic portal imaging device (a-Si EPID) as a pre-treatment IMRT
QA device for planner dose verification. For the IMRT absolute dosimetry, the deviations
between the ionization chamber measurements and the calculated weighted doses showed
an average deviation of approximately 2.4+1.2% and a maximum deviation of 3.9%
among the IMRT fields. The dose deviations between the MUCP and the TPS were 0.14,
0.24 and 0.56% for the three IMRT plans. The average deviations were 0.31+£0.21%.

However; the total dose deviation was approximately 4%.

The 2D-Array Seven29 ionization chamber proved that it has desirable dosimetric
characteristics and can effectively be used for IMRT patient-specific QA; however, the a-
Si EPID requires further investigation before it can be used as a tool for portal dosimetry
purposes. Close agreement between the 2D-Array measured dose and the TPS calculated
dose distributions was obtained. There were noteworthy deviations between the TPS and
2D-Array doses on the field edges. However, it should be emphasized that the 2D-Array
is a time-efficient tool. It is concluded that a combination of a 2D-Array dosimetry
system and a monitor unit check program (MUCP) is an accurate and convenient method
for IMRT patient-specific QA. Rather than rejecting a plan and redesigning it when it
fails to meet the gamma criteria, we should substitute the measured fluences into the TPS.

Only if there is a clinically significant difference should we redesign the entire plan.

Keywords: IMRT, quality assurance, TPS, EDR2 film, 2D-Array, a Si-EPID, monitor

units (MUs), absolute dosimetry

“There is no region of regret when the dose you see is the dose you get."(Peter Metcalfe
1994)”
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