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Abstract
Intrafractional motion management is the key step in image-guided radiation
therapy. Prostate location can change vastly during treatment. This work is
to provide a way to implement and facilitate real-time MV tumor surrogate
tracking of the ﬁducial marker implanted for prostate cancer treatment. An
in-house program was developed to automatically extract ﬁducial marker locations based on patient planning CT images. The corresponding location
coordinates were used to determine the possibility of true marker presence
at that location with the approved radiation treatment plan. Various ways
and inter-ﬁducial-marker distance of implanted markers were investigated
to pinpoint the optimal combination for better tracking the ﬁducial markers using the MV imager. An optimal pattern and corresponding location
range for better tracking the ﬁducial markers were recommended based on
the calculation results. Experimental veriﬁcation was performed with a homogenous bolus phantom. Three diﬀerent MLC modulated arc therapy plans
were randomly selected to verify the predicted and measured detectability
score for ﬁve ﬁducial marker patterns (from all four pattern categories). All
the MV-cine images were recorded and analyzed. The results of predicted
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Abstract
and measured detectability score matched well with each other, conﬁrming
the suggested pattern and location range proposed in this study. Lastly, a
dose perturbation algorithm was examined. Diﬀerent types of errors were
introduced to radiation therapy plans. The modiﬁed plans were measured
by ArcCHECK QA device to evaluate the dosimetry impact of the induced
error.
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Introduction
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Chapter 1. Introduction
Since the discovery of X-rays in 1895, by Wilhelm Röntgen, researchers
have been striven to adopt it as a tool to ﬁght diseases, including cancer.
Later on, radiation therapy was gradually developed as a form of treatment
for cancer 1 . The last several decades has witnessed the rapid evolve in the
ﬁeld of radiation therapy. It took Intensity-Modulated Radiation Therapy
(IMRT) over two decades (from 1984 to 2005) to be gradually implemented
throughout US and worldwide 2–4 . However, the translation and commercialization of Volumetric-Modulated Arc Therapy (VMAT), starting from 2008 5 ,
is relatively faster than the progress of IMRT.
Compared with standard Three-Dimensional Conformal Radiation Therapy (3D-CRT), IMRT and VMAT generally have advantages, such as, more
sparing for critical structure 6,7 , consistently better plans quality 8 . While,
VMAT enjoys shorter treatment session compared to step-and-shoot IMRT,
making the treatment procedure more comfortable for the patient 9,10 .
As VMAT becomes a predominant tool in ﬁghting cancer, coupling with
state-of-art integrated linear accelerator (LINAC) and well-modeled treatment planning system (TPS), traditional clinic workﬂow gets changed dramatically. Starting from patient administration to patient discharge, current
standard patient care workﬂow was depicted in Figure 1.1. As illustrated,
the real-time monitoring/veriﬁcation is not always available for most of the
VMAT cases. This step of monitoring/veriﬁcation is of great importance due
to an unavoidable fact: organ motion.
One of the advantages that IMRT and VMAT technique share is having
2
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Figure 1.1: Illustration of a typical clinic workﬂow for treating patient
with VMAT technique. Most of the procedures have evaluations/checks to
catch mistakes/errors. However, real-time veriﬁcation is not usually available, which is marked in red.
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the capability to sculpt sharp dose gradient guaranteeing the radiation mostly
focused on the tumor itself, which would beneﬁt the patient with tighter
tumor margin and better organ-at-risks (OARs) sparing. However, this great
solution is not perfect. The organs and tissues inside the human body is not
as stationary as solid water phantom. Organs/tissues such as lung, prostate,
liver, esophagus, etc. move simultaneously with air/ﬂuid ﬂow inside our
bodies, e.g. regular breath, cardiac cycle, bowel movement, sneezing and
swallowing.
Organ motion (both interfraction or from fraction to fraction motion and
intrafraction or during fraction motion) has always been an issue in radiation
therapy 11,12 . Encompassing the clinical target volume (CTV) with a margin
to form planning target volume (PTV) by treatment planners is the classic
way to handle organ motion 13 . The idea is to conﬁne CTV in PTV. And by
irradiating the PTV adequately, the prescribed dosage to CTV is assured.
Over the years, many papers have been published to generate margins with
diﬀerent clinical data and formula. However, the ultimate challenging goal
in terms of physics is to minimize the tumor margin, with the intention of
eliminating it.
Except integrating motion into contouring structures, current motion
management techniques are: abdominal compression belt; respiratory gating; breath hold and real-time tracking. Even though respiratory cycle can
induce prostate motion 14 , there is no consistent relationship between the
breath rhythm and the prostate motion pattern 15 , which leaves real-time
4
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tracking the most feasible option for treating prostate.
Before looking into the online prostate intrafraction motion management,
the magnitude of the prostate motion has to be investigated. Using diﬀerent
tracking methods, including MRI cine and Calypso, researchers have shared
some similar ﬁndings. Prostate displacements were observed for a small percentage of the total treatment time on average for all patients. However,
for individual patients the percentage of time to observe same magnitude of
displacement increase dramatically 16–21 . Even though, signiﬁcant prostate
displacement can happen during individual fractions, the dosimetric contribution to the overall radiotherapy treatment course may be negligible 22,23 .
However, if the goal is to adapt hyperfractionated treatment or shrink the tumor margin through prostate intrafraction motion management, continuous
real-time prostate tracking is of great importance 24 .
Several commercial products have been released for the purpose of motion
management, such as, Calypso system 25 , Novalis system and VisionRT system 26 . Ultrasound-guided system and MRI-LINAC system 27 are also available for this functionality. Other than an add-on device, multiple methods to
track or compensate this type of motion have been investigated via sources on
the current version of LINAC, including motion tracking with kV imaging
technique 28–32 , kV-MV combined imaging technique 33–35 and MV imaging
technique 36–39 .
Among them, Calypso system, ultrasound-guided system and the newly
introduced MRI-LINAC system were lately tested in managing this speciﬁc
5
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motion type. However, both of them were specialized modalities not for
routine treatment so far. The implementation of them would potentially increase the health care bill, meanwhile each system has their limitations. The
electron transponder used in the Calypso system is much larger than the
traditional gold ﬁducial marker seeds, which has a higher tendency to cause
complications 40 . Plus, the transponder later on will introducing artifacts if
post-treatment MRI images have to be done 41 . The 3D ultrasound-guided
system highly depends on the ultrasound technique and skills of the personnel, which means the user has to acquire a valid image data set for the region
of the interest before every fraction. Also, the calibration of the entire localization system has to be maintained carefully. Papers have been published
giving thoughts about the ultrasound reproducibility 42,43 . The MRI-LINAC
would be an ideal solution except for claustrophobia patients. But, it is only
available in a few centers worldwide, which means it will only beneﬁt limited amount of patients. For the current LINAC-based tracking algorithm,
even though multiple papers have been published, the tracking capability
and sustainability remain an unresolved issue, which would be the reason
for not commercializing this technique. The major challenges are:(1) MLC
leaves constantly blocking the radiation ﬁeld and (2) low contrast MV images. Therefore, the real-time evaluation procedure is still an unveiling piece
of puzzle requiring urgent attention.
The ideal intrafraction motion management system should: (1) require
minimum amount of setup time, (2) require minimal human intervention,
6
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such as deﬁne marker location, contour marker, select marker type etc., (3)
add no radiation dose to patient, (4) not involve any invasive procedures,
(5) require minimal maintenance/QA, (6) be available to as many patient
as possible, (7) easily and aﬀordable to implement. However, such perfect
system is not yet existed. We found that MV-cine via acquire treatment exit
beam on electronic portal imaging device (EPID) fulﬁlls most of the aforementioned criteria than any other type of systems or techniques. Therefore,
it is meaningful to dive deeper into MV-cine technique and contribute our
innovative ideas to beneﬁt prostate cancer patients, and eventually ﬁducial
marker implanted patients.

Outline of the thesis
The goal of this project is to improve the feasibility of clinically implementing MV-cine ﬁducial marker tracking technique. Evaluate the possibility
of MV real-time tracking for individual patient before treatment. Moreover,
optimize the plan parameters to make this technique applicable to more
patient. The thesis is structured to gradually unfold the problem in each
chapter, provide solutions or veriﬁcation to the proposed ideas. The ﬁrst
chapter, Introduction, is to give the background and signiﬁcance about the
entire research. Also, a brief summary of each chapter is conclude here for
reader’s interest. Chapter 2 talks about the history and development of the
EPID device, its current role in the clinic and concludes with basics speciﬁcation of the EPID device which was used to conducting research throughout
7
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this manuscript.
To tackle with and improve the real-time evaluation procedure, Chapter 3 illustrates the fundamental concepts of the MV-cine image tracking
algorithm. Diﬀerent steps of imaging processing techniques were described
to automatically achieve an ideal image in terms of computer vision. Comparing the planning locations to the measurements, threshold of the regionof-interest (ROI) can be deﬁned for intervention purpose. And lastly, the
tracking accuracy was veriﬁed and reported.
Chapter 4 provides a detail analysis to pinpoint the optimal location for
gold ﬁducial marker insertion. Various insertion patterns combined with different separation distance were introduced. Using the proposed formula, the
averaged detection score were obtained through calculating individual score
for each control point. Diﬀerent weighting factors were added to compensate for each speciﬁed scenario. The previously approved prostate treatment
plans were investigated with the current scoring system. An pattern was
recommended as the optimal one based on the analyzed results.
To verify the model and the optimal location theory, validation experiment was described in Chapter 5. Both homogeneous phantom and Rando
phantom with ﬁducial markers embedded were tested to validate the tracking model in Chapter 3. Four unique ﬁducial marker patterns mentioned in
Chapter4 were also veriﬁed here using the Rando phantom. And real clinical
data was analyzed as the ﬁnal validation step.
To correlate marker displacements into dosimetric impact, Chapter 6 dis8
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cussed a promising method to estimate the real delivered dose based on the
treatment beam for every fraction. Throughout this chapter, various errors
were introduced to the treatment plan, to assess the accuracy of the proposed
method. Various treatment sites were included to evaluate the integrate of
the system. Based on the overall displacement information, perturbed DoseVolume Histogram (DVH) can be calculated and potentially added to obtain
the ﬁnal DVH. Methods such as adaptive treatment technique can be implemented to compensate the diﬀerence.
Chapter 7 summarized the entire thesis and laid on a foundation for future
works.

9

Chapter 2
Electronic Portal Imaging
Device
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Chapter 2. Electronic Portal Imaging Device
The primary goal of radiation therapy is to accurately deposit the prescription dose to the intended volume. To achieve this goal, the entire radiation oncology ﬁeld dedicates a lot of its resources to make sure every patient
gets exactly what is prescribed to the tumor. At the same time, strive to
spare extra dose spilled to the surrounding regions/tissues. This task cannot
be completed without the help of image guidance techniques 44,45 .
Typically, a treatment course lasts over several weeks. During the prolonged treatment course, tumor may react to the radiation dose and eventually reﬂect as the change of its size and shape 46 . Multiple weeks also
mean that the set-up reproducibility from day to day comparing to the time
of Computed Tomography (CT) simulation has to be veriﬁed before each
treatment. Every treatment plan may contain at least one radiation ﬁeld,
which was previously referred as port(s). Acquired by the EPID, textitPortal
Images has been one of the major ways to cross check the accuracy of the
patient set-up and location of the tumor position before treatment (for localization purpose) or during treatment (for veriﬁcation purpose). Therefore,
taking portal images has long been recognized of great beneﬁt in assuring
the correctness of radiation dose delivery 47 . Clinical guidance about how
to correctly utilize portal imaging device has been published by American
Association of Physicists in Medicine (AAPM) Task Group 58 48 .
Besides the originally designed purpose for daily patient positioning,
EPIDs equiped on the linear accelerators extended its functionality into other
areas. EPID-based dosimetry is one of the long-going research topics. . With
11
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the help of calibrating the pixel values to dose, dosimetric plan veriﬁcation
can be done using EPID. Van Elmpt et al. has wrote a sysmetic review
in 2008, covering both transmission and non-transmission EPID dosimetry
methods 49 . Actually patient speciﬁc quality assurance (QA) can also be done
through commerical products 50 . Other than portal dosimetry function, researchers also utilize EPID for machine checks, such as isocenter check 51–53 ,
multi-leave collimators (MLCs) check 54,55 , daily performance check 56 , etc.
Finally, real-time tracking with EPID is among the interest topics in medical
physics ﬁeld.

2.1

A brief history of EPID

Film based portal imaging technique adopted from the ﬁlm-screen cassettes
was initially used for therapy veriﬁcation. Similarly, adopting technologies
from other application, camera-based EPID system consisting of a x-ray
intensiﬁer and a camera has also been transferred for therapeutic veriﬁcation, which made the early application of electronic portal ﬁlm dated back to
1942 57 . Several innovative electronic portal imaging systems have emerged
since the late 1950s 58–60 , with a general design schematically demonstrated in
Figure 2.1. With the mature of relatively advanced technique, more reﬁned
and sophisticated camera-based portal imaging systems were developed and
commercialized in the late 1980s 61–66 . Even though the camera-based EPID
system enjoys the advantage of collecting all the signals at the same time, the
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design inherits the issue about light collection eﬃciency due to the optical
chain. Besides, the bulk part containing the mirror and lens are not ideal
in clinical practice 67 . Some variations of the camera-based system were developed around the same time, using ﬁber-optic to eliminate the mirror and
lens 68,69 . However, multiple corrections needs to be performed due to the
nonuniform light transmission rooted from the variations in screen thickness,
phosphor layer and other sources 70 .
Another type of EPID is made of the scanning liquid ionization chambers
or simply SLIC-EPIDs. One of the commercialized imaging system called
matrix ion chamber EPID was developed around late 1980s 71,72 . The portal
imaging system integrated an array (256 × 256) of ionization chamber with
a microcomputer system, which is capable of processing images. Due to the
reduced size and integration, the SLIC-EPID takes the form that is presented
in Figure 2.2. Compared to the camera-based EPID system, the SLIC-EPID
is obviously more compact and can be fully retracted. Moreover, it does not
have any geometric distortion, making the images easy to correct. However,
the speed of acquiring each image for matrix ion chamber EPID depends on
the rate of formation and recombination of the ion pairs generated in the
ionizing ﬂuid. Because of the characteristic of scanning radiation detector,
the image acquisition is typically slow and susceptible to sudden changes 67 .
Other than the aforementioned systems, a few diode-based systems were
explored. Diodes array based systems were developed ﬁrstly using silicon
diodes 73 . This silicon-based diodes suﬀers coarser spatial resolution (due to
13
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Figure 2.1: Illustration of a typical camera-based portal imaging system,
consisting of an x-ray converter, a mirror and a camera.
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Figure 2.2: Sketch of a typical modern electronic portal imaging device,
consisting of a detector and supporting robotic arm.
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larger inter-diode spacing) and generally requires large amount of doses to
form an useful image 47,70 . To overcome these disadvantages, a prototype of
photovoltaic diodes system were able to achieve better images in signiﬁcantly
shorter time 74 .
The most exciting development in EPID is the utilization of hydrogenated
amorphous silicon (a-Si:H). This material can be manufactured into a large,
radiation-resistant thin ﬁlm transistors (TFTs) or ﬁeld-eﬀect transistors (FETs)
array, which alternatively serves as a substitute of the mirror or ﬁber-optic
lines and the camera described in the camera-based EPID systems 47,67,70,75 .
This thin layer of a-Si:H array enjoys the features of higher charge recombination rate and low noise, paved the foundation of ﬂat-panel EPID 70,76 . Then
the concerns left are the conversion of incident x-ray into stored charges. Both
direct and indirect detection of x-ray can be manufactured, but commercially
available EPID systems solely rely on the indirect detection approach 47 .

2.2

Current EPID Technology

The extensive research and development eﬀorts of the current EPID started
from 1987 by a collaboration, led by Larry Antonuk, between University at
Michigan Medical Center in Ann Arbor and Xerox PARC 77,78 . A schematic
design of the prototype was illustrated in Figure 2.3. The two-dimensional
a-Si:H array consists of a uniformly arranged imaging pixels, each of which
contains a photodiode sensor and a TFT switch (Figure 2.3(a)). The signal
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Figure 2.3: Illustration of the design for the ﬂat-plane EPID:(a) Drawing
of the ﬂat-panel imaging array. The TFT was used as a switch for signal
collection generated by the sensor. And one such unit represent one pixel.
(b) Schematic diagram of one pixel unit of EPID detection array (not to
scale).
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is then controlled and collected by the lines extended to the external electronics for digital processing. The incident x-ray signals are ﬁrst converted
to charges then sampled by the sensor as depicted in Figure 2.3(b). For
therapeutic imaging, a metal plate is used to stop more X-ray, while keep
the sensors suﬃciently thin to avoid direct interaction of the incident x-rays.
During imaging procedures, the X-ray converter turns the incident megavoltage photons into charges. Then the photodiodes create electron-hole pair
after absorbing virtually all the incoming light photons. The recombination
of those electron-hole pair generates the output signal 78 .
After multiple trials and improvements, in 2000, Varian Medical System
introduced the ﬁrst commercial ﬂat-panel EPID system 78–81 . The name of
this ﬁrt commercial product is PortalVision aS500 (Varian Medical System,
Palo Alto, CA). This EPID system has a active detection area of 40 × 30
cm2 , consisting of 512 × 384 pixels with a 784 µm pixel interval. The metal
layer is made of copper and the scintillator material is Gd2O2S:Tb. The
maximum image acquisition rate of ﬁrst generation aS500 is 10 frame/s. A
year later, Elekta also announced their commercial EPID product iViewGT,
which shares virtually similar speciﬁcations as PortalVision aS500 except a
relative larger detector area (41 × 41 cm2 ). Siemens Medical System also
introduced their own EPID imager a couple of years later. Comparison between these commercial EPID products is beyond the scope of this thesis,
but can be found elsewhere 82 .
In 2003, aS500 was succeeded by the PortalVision aS1000 as shown in
17
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a

Ib
C

Figure 2.4: Illustration of aS1000 EPID: (a) Top view the aS1000 (b)
Bottom view of the aS1000 (c) Section view of the aS1000 electronics.
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Figure 2.4. Some major speciﬁcations of this upgrade include: (1) reﬁned
pixel matrix size, boosted from 512 × 384 to 1024 × 768; (2) Pixel interval/pitch, from 0.784 mm to 0.392 mm. The new features provide a better
image quality. Recently, in 2015, Varian released PortalVision aS1200, having larger detective area (43 × 43 cm2 , with 1280 × 1280 pixels) and slightly
ﬁner pixel pitch (0.336 mm). More advanced development of the ﬂat-panel
based EPID is still in the process 83 . However, this released upgrade from
Varian majorly beneﬁts the EPID-based dosimetric veriﬁcation. Therefore,
all the work in this thesis was conducted on PortalVision aS1000.
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Classic data has indicated that, in Linear-Quadratic (LQ) model, most
tumors share a typical α/β ratio ranging from 10 to 12 Gy, which have lower
sensitivity to fractionation than most of late-responding normal tissue (α/β
ratio equals to 2 to 4 Gy) 84 . This assumption remained true for prostate
cancer until Brenner et al. published an article in 1999, claiming a lower
α/β value, estimated to be 1.5 ± 0.7 Gy, for prostatic cancers, even lower
than normal tissues value 85 .
Immediate after Brenner et al. paper, there was a heated debate about
the value for prostate cancer. Researchers who were supporting the low α/β
ratio theory for prostate published results hypothesizing various low α/β
values 86–89 . However, there were still investigators insisting on a higher α/β
value 90,91 . Daşu brieﬂy summarized all the papers and concluded that more
data support the hypothesis: prostatic tumors tend to have a lower α/β value
than the surrounding organ-at-risks (majorly rectum and bladder) 92 .
In LQ model, α/β ratio is a factor for biologically eﬀective dose (BED)
calculation, describing how fraction size and total dose interact to diﬀerent
treatment regimens. Meanwhile, BED is used a matrix for comparing different fractionation regimens with regards to the eﬀects on corresponding
tissues. It was introduced by Dr Fowler in 1999 93 . The original equation is:

BED = nd (1 +

d
2 (T − Tk )
) − loge
α/β
αTp

(3.1)

where n fractions of d Gy dose are delivered in T days. Cells with a
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doubling time of T p repopulation doesn’t kick in until T k day (onset or kickoﬀ of the delayed repopulation during fractionated irradiation). However,
the most essential and practical part of aforementioned equation is called
the basic Barendsen formula 94 :

BED = T otal Dose × RE = nd (1 +

d
)
α/β

(3.2)

Table 3.1: Demonstration of BED calculation comparing conventional
and hypofractionated scheme for both early-responding tissues and lateresponding tissues. And a BED calculation for hypothesized α/β = 1.5 Gy
is added for comparison.
Single Dose (Gy)

Fractions

α/β

BED

2
2
2
10
10
10

40
40
40
5
5
5

1.5
3
10
1.5
3
10

186
133
96
383
216
100

where RE represents relative eﬀectiveness, directly related to α/β ratio.
Using the LQ model, a simple comparison was demonstrated in Table 3.1.
If the assumed α/β ratio = 1.5 was the ground truth, then the BED ratio
between tumor and late-responding tissue (rectum and bladder in case of
186
prostate cancer) for conventional scheme is
= 1.4 . Meanwhile, the ratio
133
383
for hypofractionated scheme would be
= 1.8 . Based on this theoretical
216
calculation, hypofractionated treatment could give more biologically eﬀective
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dose to the tumor then to the surrounding OARs, which eventually would
landed in a similar conclusion as Brenner et al. stated, prostate cancers can
be extremely sensitive to changes in fractionation regime than other types
of cancers. Besides, hypofractionation could beneﬁt the patient other than
dosimetric perspective. Shortened fractions could increase convenience for
the patients, especially for those need long-distance commute. It will also
lower the cost burden for the entire health system 95 .
However, hypofractionated treatment technique is not fully mature. Even
if the proposed stattement is true that α/β ratio for prostate tumor is lower
than the late-responding tissues, high-grade urinary and rectal toxicity is a
critical issue 96–98 . One of the potential reasons could be the larger tumor
margin added to compensate patient/organ movements and setup errors. A
schematic representation of relations between diﬀerent tumor contours in
diﬀerent clinical scenarios is illustrated in Figure 3.1(a). A full detailed deﬁnition of all the volumes can be found in International Commission on Radiation Units and Measurements (ICRU) Report No. 62 99 . A brief summary
is listed here:
GTV Gross Tumor Volume is the location of the malignant growth,
consisting of the primary tumor(s) and any metastatic lymphadenopathy (nodal) or other metastases.
CTV Clinical Target Volume refers to the volume containing GTV
and/or any clinically suspected structures (subclinical malignant
23
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(b)

Figure 3.1: Illustration of contours and potential relationship with OARs
(not according to scale) (a) various tumor contours deﬁned for various clinical
purposes; (b) potential scenario that PTV of prostate overlaps with bladder
and rectum.
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disease). Adequate dose should be delivered to this volume in
order to eliminate malignancy.
PTV Planning Target Volume is deﬁned as a dosimetric representative
of CTV to ensure the delivery of prescribed dose to actual CTV.
It incorporates the CTV volume and its encompassing margins
(Internal Margin or IM and Setup Margin or SM). The margins
are added to compensate for any variations in tumor position,
size and shape. Additionally, it should also account for, both intrafractional and interfractional, deviations of patient set-up position, and machine oﬀsets.
OAR Organ at Risk describes the normal tissue that is sensitive to
radiation and may need to be considered carefully when designing
the radiation treatment plan and/or prescription dose.
Ideally, OARs, such as bladder and rectum, should be as separate from
the prostate as possible. Usually, full bladder and/or rectal balloon would be
strategies for maneuvering and maintaining the reproducibility of the relative
position between these structures. However, sometimes, bladder and rectum
are right against the prostate gland/tumor starting from the simulation and
planning phase, as illustrated in Figure 3.1(b). This means the overlapped
volume will get full prescription dose as the target does. Especially for escalated dose delivery, the extra tumor margin may potentially cover part of
the OAR(s) and giving higher BED to them than traditional fractionated
25
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scheme, as indicated in Table 3.1.
Additionally, there are intrafractional prostate movement as mentioned
earlier in Chapter 1. However, the margins can’t be reduced without any
remedies, at the same time, act should be taken to boost the dose deliver
accuracy. In 2007, Berbeco et al. emphasized the clinical importance of
implementing the ﬁducial marker tracking technique. In another simulated
study, Hossian et al. also conﬁrmed that real-time prostate motion management is more meaningful in SBRT technique than prolonged treatment 100 .
Therefore, the rationale of provide a real-time tumor position monitoring capability is to see the potential reduction of tumor margin, in order to further
lower the radiation induced complication rate.

3.1

Review of Current Tracking Algorithm

In 2000, Nederveen et al. proposed a kernel-based automatic ﬁducial marker
extraction method for on-line patient positioning with EPID, instead of bony
structures 101 . Similarly, a Mexican hat ﬁlter was used to identify spherical
markers 102 . Almost the same time, Pouliot et al. used the local minimum
methods to try achieve similar results 103 . Shortly after, Murphy analyzed the
accuracy of using ﬁducial marker based patient positioning methods for setup
purpose 104 . The article also suggested four ﬁducial markers are better than
three to accurately pinpoint the rotation of the target. Template macthing
algorithm was brought for ﬁducial marker matching in MV and kV imaging

26

3.2. Digital Imaging and Communications in Medicine
for IMRT technique in 2008, by a group of researchers from Stanford 33 , and
got further improved and tested by the same group 34,105–108 . Unlike template
matching technique, Slagmolen et al. tried to use ﬁlter to achieve the same
goal 109 . Comparable approach was investigated by another group, however,
their kV and MV detector doesn’t have a orthogonal relationship 110 . MV
only tracking algorithm was studied by Park et al. 37 and Lin et al. 111 , they
claimed a faster technique than template matching.
After rotational arc therapy or VMAT gradually replacing traditional
step-and-shoot IMRT, pure MV-cine tracking techniques were also explored
by several groups of people. Mixed ﬁlter and template matching methods
was discussed by Azcona et al. 112 . Yue et al. introduced a statistic approach
with prior information 38 .

3.2

Digital Imaging and Communications in
Medicine

In 1970’s, the advent of the CT and other digital imaging modalities, together
with the booming of computer implementation in clinics, forged manufacturers to urgently format their own methods for images and associated information communication between devices. The compelling need of one standard
way to uniform the chaos of digital image transfer method was recognized by
the American College of Radiology (ACR) and the National Electrical Manufacturers Association (NEMA). A joint committee was formed in 1983 to
27
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achieve this goal. After an entire decade, the ﬁrst version of Digital Imaging

and Communications in Medicine (DICOM® ) was published after substantial revision of previous publications.
The objective of DICOM standard is to facilitate inter-operability between various medical modalities. The importance scopes of DICOM are
listed:
‹ For network communications, devices complied to the DICOM stan-

dard can exchange information based on protocols. In radiation therapy, this can be information communicated among CT simulator, treatment planning system (TPS), record and verifying system (R&V) and
treatment console.
‹ For media communications, media, such as images, Radiation Ther-

apy Structures and Radiation Therapy dose, can be stored on interexchangeable media.
With the help of the DICOM standard, machines and computers from various manufacturers are capable of exchanging information. No matter which
vendor your clinic picks, your clinical objective can be achieved smoothly
without noticing the existence of DICOM. Images from completely diﬀerent modalities of the same patient, e.g. CT, Magnetic Resonance Imaging
(MRI) and Positron Emission Tomography (PET), can be merged for radiation therapy planning purpose. Images or treatment plans from previous
treatment or other clinics can be imported into any clinic that has devices
28
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claiming conformance to DICOM standard.
Some of the terms unique in DICOM standard, which are used in this
thesis, are summarized here:
Attribute the property of an informative object.
Conformance Statement A formal statement specify how certain product uses DICOM standard.
Data Dictionary A registry of DICOM data element.
Data Element is a unit of information as deﬁned in the DICOM dictionary. Each data element has a unique tag, a descriptive name associated
with the tag, a number indicating the length of the data element, a value
whose characteristics has already been deﬁned for the tag.
Data Set A set of Attributes, the value stored in each attribute is called
data elements.
Tag An attribute identiﬁer, composed of a Group Number and an Element Number, which can be found in Data Dictionary.
A Schematic illustration of the relationship between aforementioned terms
from a programmer’s perspective of view is presented in Figure 3.2. Detailed
registry of DICOM standard can be found in DICOM Part 6 113 . In the
graph, VR is Value Representation, specifying the type of the data, such as
’LO’ refers to ’Long String’. VL, Value Length, indicates the length of each
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attribute value. VM stands for Value Multiplicity, tells the number of values
this attribute has. In radiation therapy, there are quite a few DICOM ﬁles
crucial in making the correct accurate treatment, namely: (1) DICOM CT
ﬁle, (2) DICOM RT Structure Set (RTSS) ﬁle, (3) DICOM RT Plan (RP)
ﬁle, (4) DICOM RT Dose (RD) ﬁle and (5) DICOM Radiation Images (RI)
ﬁle. A brief introduction will be given to each type of the DICOM ﬁle except
RT Dose, which is not involved in the current thesis.

3.2.1

DICOM CT

DICOM has deﬁned a variety of medical imaging formats. Among those
imaging formats, CT has been used primarily in radiation therapy for a
variety of purpose. One of the most important aspects is calculating the
dose, which correlates pixel values to Hounsﬁeld Units (HUs) after applying
unique calibration curve.
One of the most important concept is the coordinate system. Within
radiation therapy, DICOM standard adopted the coordinate system deﬁned
by IEC 61217 114 , including the patient coordinate system deﬁned in DICOM
Standard Part 3 C.7.6.2.1.1:
“If Anatomical Orientation Type (0010,2210) is absent or has a
value of BIPED, the x-axis is increasing to the left hand side of
the patient. The y-axis is increasing to the posterior side of the
patient. The z-axis is increasing toward the head of the patient.”
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Figure 3.3: Schematic illustration of the Patient Coordinate System according to the Left-hand System or LAS. The relationship between the Patient
Position and one slice of DICOM image was also demonstrated.
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Such patient orientation and corresponding coordinate system is illustrated
in Figure 3.3. Though head-ﬁrst-supine is not the only patient orientation,
it is the most frequent used position. Other patient orientation can be found
in DICOM Standard 113 .
After going through the CT scanner, CT image set is generated after
reconstruction process. And the reconstructed CT images are stored in a
series of DICOM ﬁles, with the extension of ‘.dcm’. The way DICOM records
a series of images is presented in Figure 3.4. The pixel spacing, or pixel
pitch is the distance between two center of the pixels. The attribute Image
Orientation (Patient) stores six values for two separate vectors: x direction
and y direction. For head-ﬁrst-supine position, the value usually equals to
[1,0,0,0,1,0], meaning ~x = (1,0,0); ~y = (0,1,0). Image Position reports the
real location of the ﬁrst pixel on the top-left corner. For every slice, Image
Position attribute carries the same responsibility. With the example setting,
the only diﬀerence between two adjacent Image Position attribute is going
to be the absolute change in Z direction, which is exact the value of Slice
Thickness.

3.2.2

DICOM RTSS

Most likely, the DICOM RT Structure Sets, such as GTV, CTV, PTV and
OARs, are contoured on patient’s simulation CT by a clinician and possibly
a dosimetrist. This means the contours of these structure sets are coupled
with its original image series, the simulation CT. In the DICOM RTSS ﬁle,
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Figure 3.5: Schematic demonstration of the points data inside the RTSS
Contour attribute. Coupled with the information of the original DICOM
CT, the points can be used to reconstruct to boundaries.
only the absolute location of the outer contour is recorded, which means
the correct CT images are required to overlay the contours on top of the
them. Later on, in the TPS, the DICOM RTSS will be used for both dose
calculation and DVH (Dose-volume Histogram) generation.
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3.2.3

DICOM RP

One of the most important DICOM ﬁles for radiation treatment is the DICOM RT Plan ﬁle, deﬁned in DICOM Standard C.8.8. Of all the attributes
associated with DICOM RP ﬁle, BeamSequence carries all the information
related to the delivery of the treatment, such as gantry rotation orientation,
gantry angle, collimator angle, MLCs locations, etc. A demonstration of
the information contained is in Figure 3.6. The MLC leaf positions are of
signiﬁcant interest in this study. And will be further discussed in Chapter 4.

3.2.4

DICOM RT Image

RT Image in DICOM standard contains attributes describing all the radiation
related characteristics for a projection image. It can also be a type of DICOM
ﬁle used in Varian Eclipse TPS referring to the radiation generated images,
Digitally Reconstructed Radiograph (DRR). However, throughout this thesis,
DICOM RT Image represents all the radiation generate images, such as port
ﬁlms, kV projection images, and MV images. The attributes of DICOM RT
Image ﬁles are similar to DICOM CT ﬁles, with slight diﬀerent modiﬁcation
depending on which modality is used in generating the image.
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Figure 3.6: Schematic Illustration of two individual control points described
in ‘BeamSequence’. The change of attributes between two control points (not
to scale), namely gantry rotation orientation, gantry angle, collimator angle
and MLCs locations, are demonstrated here.
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3.3

Combined Filter and Thresholding
tracking algorithm

The major way to precisely segment out the designed feature fulﬁlling the
real-time tracking capability and to accurately estimate the correctness of
one task is through computer vision and image processing. The rationale
behind computer vision is to fully enable and automate the process that can
be achieved by human eyes. While image processing is to perform certain
actions, such as image contrast enhancement, background de-nosing, geometric transformation, image thresholding, image summation/subtraction, etc,
to convert the original image to some designed image form. Therefore, computer vision acts like a human brain giving out the assumptions/estimation,
while image processing serves as the eye, sifting out the valuable message
conveyed by the processed image.
Several important image processing methods are implemented in the algorithm: (1) Image Thresholding, (2) Image ﬁltering and (3) Dynamic range
selection. They will be discussed brieﬂy in the following sections.

3.3.1

Image Thresholding

The objective of ‘Image Thresholding’ is to separate some pixels from the
others. As indicated by the word thresholding, it can be similar as using
a sift to give rid of the small objects. Meanwhile the radius of the hole,
as a threshold, determines how large the ﬁnal remaining objects are going
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to be. This basic thresholding technique is the most common thresholding
methods and can be referred as ﬁxed thresholding. It can be found described
in paper 115 . However, to set aside one number and compare all the pixel
value to one single number is based on the assumption that the image shares
a uniformally distributed feature. However, if there are variations between
various regions of the image, one ﬁxed value would not work ideally for the
entire image.
For images with illumination gradient, adaptive thresholding methods
can provide a better solution. It has been tremendous implemented in the
industry, one classic example is Optical Character Recognition (OCR). The
basic concept of Adaptive thresholding or locally adaptive thresholding relies
on dividing the entire image into small blocks of mini-images. Then for each
mini-images, diﬀerent local process procedures will be applied to determine
the threshold level. Nine locally adaptive thresholding methods were also
summarized by Sezgin et al. 115 .

3.3.2

Image ﬁltering

Images acquired by most of the imaging systems may often suﬀer from corruptions, such as random intensity variation, variant background illuminations,
poor contrast-to-noise ratio, etc. Image ﬁltering is one of the techniques to
potentially address the aforementioned issues and modify/enhance the original image for human/computer vision processing.
An image ﬁlter is, mathematically, values inside a matrix, which can be
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also referred as mask or kernel. Typically, image ﬁlters are square matrix.
The basic idea of applying an image ﬁlter is to convolve image matrix with
the image ﬁlter. The 2D convolution will be performed between the image
ﬁlter and a pixel with its surrounding neighborhood of the image sharing a
same sized matrix with the ﬁlter. Thus, the image ﬁlter has to be an uneven
sized matrix, which has a center.
If the original image is Io (x,y), the convolved image is Ic (x,y) and the
image ﬁlter is f (x,y), then the mathematical form of convolution is 116 :

Ic (x, y) = Io (x, y) ? f (x, y)
Z +∞ Z +∞
=
Io (x0 , y 0 )f (x − x0 , y − y 0 )dx0 dy 0 .
−∞

(3.3)

−∞

And for discrete image matrix, the equation becomes:

Ic [x, y] = Io [x, y] ? f [x, y]
=

n X
m
X

(3.4)
Io [i, j]f [x − i, y − j].

i=1 j=1

Image ﬁltering is an essential part of this study. There is a wide variety
of image ﬁlter types, including edge detection, sharpen, blur, can be used for
image process. In our study, a number of ﬁlters have been integrated in the
feature detection algorithm to accomplish the ﬁnal goal of real-time tracking.
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3.3.3

Combined Thresholding and Filtering tracking
algorithm

Combined Thresholding and Filtering (CTF) tracking algorithm has been
proposed here. A brief description of the entire CTF algorithm is demonstrated in a pseudocode format (Algorithm 1), together with the main MVcine image processing function (Algorithm 2). The proposed CTF tracking
algorithm was fully implemented in the MATLAB environment (The Mathworks, Inc., Natick, MA). A collection of data was given as the initial input.
The dataset contains:
‹ n MV-cine Images with the size of 1024 × 768
‹ DICOM CT ﬁles with m ﬁducial markers implanted inside the prostate
‹ DICOM RTSS ﬁle with the contoured PTV or CTV structure
‹ DICOM RP ﬁle with all the gantry and MLC movements

DICOM CT and DICOM RTSS are majorly responsible for the extraction
of the ﬁducial marker locations inside the prostate. Due to the nature of high
Z value with element Au (gold), the ﬁducial marker will appear to be whiter
than its neighborhood, which makes it easy for simple image thresholding to
separate them out. 3D coordinates of all the ﬁducial markers can then be
acquired.
The DICOM RP ﬁle along with the an edge detection algorithm (Canny 117 )
are used to generate the image mask of the MLC shape, which is used later
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Algorithm 1: Psudocode of the main procedures in real-time MVcine Fiducial Marker Tracking algorithm.
input : n MV Images IM V of size w × l, RP, RTSS and CT Images
with m ﬁducial markers
output: Detection results
1
2
3
4

5
6
7

8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

initialization and read in all the data;
m MarkerLocation ← RTSS and CT Images;
MLCMask ← RP and IM V ;
for i ← 1 to n do
// Loop through each IM V
m FMMask ← FiducialMarkerMaskGenerate (MarkerLocation);
Pre-ImageProcess;
for j ← 1 to m do
// Loop through each marker location
CandidateDetection ← ImageProcess;
if CandidateDetection blocked by MLCMask then
DecisionMaking: Not detectable.;
end
switch CandidateDetection do
case CandidateDetection = 0 do
DecisionMaking: None detected.;
case CandidateDetection = 1 do
DecisionMaking: Successfully detected.;
otherwise do
MoreImageProcess;
DecisionMaking;
end
end
if Successfully detected then
CalcPositionDifferece;
end
end
end
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on to determine whether the Fiducial Marker is blocked by the MLC. By
searching for the gradient of local maxima after smoothing in the image, the
advantage of Canny methods lies in the application of two thresholds, strong
and weak. This enable the edge detection function to connected the weak
edges with the strong edges, therefore less likely to be fooled by the other
features.
Combined with the gantry angle information in DICOM RP ﬁle, the 3D
ﬁducial marker coordinates are projected on to the MV imager to generate
the 2D coordinates according to the treatment position. A pre-determined
ROI mask will be calculated for each 2D coordinate, resulting n ﬁducial
marker masks (FFMask). Customized ROI mask can be generated by choosing diﬀerent shapes and sizes parameters. For our study, a rectangle shape
with 8 mm length was used.
After the initial processing of all the input data, ImageProcess will be executed to locate the potential region that fulﬁll the quality of a ﬁducial marker
on the Image. Pre-ImageProcessing will be ﬁrst done for each MV image, to
get rid of the noisy region blocked by the MLC and scale the image intensity
value for further procedures. For each FFMask, the adaptive thresholding
function and the LoGFiltering function will be used to obtain a CandidateDetection, respectively. Then the two CandidateDetections will be reconstructed to form one ﬁnal CandidateDetection. Then using the ROIMask,
generated by FFMask and MLCMask, to get rid of the outside region. Then
an analysis procedure will be performed to evaluate the CandidateDetection.
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Algorithm 2: Psudocode of the Function to identify markers and
its corresponding locations on the MV images.
th
1 Function ImageProcess(MVImage,MLCMask,i FMMask)
Data: MVImage, MarkerLocation, FMMask
Result: CandidateDetection
2
ModImage ←BackgroundThreshold (MVImage,MLCMask);
3
ModImage ←ContrastAdjustment (MVImage);
4
CandidateDetection [A]←AdaptieveThresholding (ModImage);
5
CandidateDetection [F]←LoGFiltering (ModImage);
6
CandidateMaskReconstruction (CandidateDetection [A&F]);
7
ith ROIMask ← ImageROISearch (ith FMMask &MLCMask);
8
ROIAnalysis (CandidateDetection, ROIMask);
9
return ith CandidateDetection;
10 end

Based on the evaluation, the algorithm will proceed to decide whether this
CandidateDetection is a valid one or not. And a ﬁnal result for each ﬁducial
marker will be given.
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Chapter 4
Recommendation of the
optimal marker implantation
locations for better MV-cine
tracking capability
(Part of this chapter is accepted in one of the Clinically related Medical
Physics Journals)
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4.1

Introduction

The motion of prostate has historically been an issue in radiation therapy 20 ,
which has been previously discussed in Chapter 1. Since the implementation
of Intensity Modulated Radiation Therapy (IMRT) technique, dose has fallen
more rapidly at the boundaries of targets, which makes it increasingly crucial
to minimize and monitor the prostate motion during the treatment delivery,
especially for cases that are to be treated with VMAT and SBRT techniques.
Real-time prostate motion management techniques have been studied for
almost a decade 29,33,37,38,105–107,109,111,112 . Initially, the ﬁducial markers implanted inside the prostate served as a surrogate of organ margin for precise
alignment of prostate using portal imaging. In most of the recently developed
techniques, ﬁducial markers were used as a prostate margin tracker either by
MV, kV or kV-MV combined images 33,105,106 . And this has also been thoroughly summarized in Chapter 3. It is important to note that the use of
kV imaging techniques is not available in all clinics, and the additional dose
that would be applied for every treatment fraction is of concern as well. Specialized equipment such as Calypso system (Calypso Medical Technologies,
Inc., Seattle, WA) was also used, but not as widely as radiopaque ﬁducial
markers.
With the help of the MV imager, real-time target localization can be
achieved by tracking the implanted ﬁducial markers without added dose to
the patient. However, there are two major fundamental challenges with MV
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based ﬁducial marker tracking techniques for VMAT deliveries: 1) frequently
blocked radiation ﬁelds by the multileaf collimator (MLC) and 2) potential
large time intervals between two detections 38 . There should be some optimum way to maximize the possibility of being detected as a real-time target
tracker, as well as serve its original purpose of being a prostate surrogate.
In this study, we aim to develop a model based on several simulated ﬁducial marker locations in the prostate to identify the optimal marker locations
for MV EPID based tracking during VMAT treatments. In addition, we propose a detectability score to predict the detectability for MV based ﬁducial
marker tracking techniques and recommend locations within the prostate to
implant the ﬁducial markers to increase detectability of the prostate during
treatments.

4.2

Methods and Materials

The ﬁrst part of the study focused on developing a marker location prediction
model based on several simulated ﬁducial marker locations. The origin of
imaginary ﬁducial marker locations was positioned in the center of patient
prostate, which was at the center of the MLC ﬁeld. DICOM RT plan ﬁles
from previously treated patients were used to generate the detectability score
as described in the following sections.
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4.2.1

Fiducial Marker Locations

The radiopaque ﬁducial marker used in our institution, having a size of
0.8 × 0.8 × 5 mm3 , was modeled as a 2 × 2 × 6 mm3 cuboid volume due
to the scatter on the CT images. Typically, in our institute, four ﬁducial markers are inserted into the patient via an ultrasound guided needle
and a grid template (CIVCO Medical Solutions, Coralville, IA), a tool for
pinpointing the prostate location in transverse plane to accurately deposit
the marker into the designated spot. Throughout this manuscript, X-Y deﬁnes the plane parallel to the template plane (transverse plane), from left to
right (X) and posterior to anterior (Y) directions, accordingly. The inferiorsuperior direction is indicated by letter Z. In the X-Y plane, the resolutions
of the ﬁducial marker center locations were generated according to the resolution of grid template, which is 5 mm, while interval along the Z direction
was determined by the size of the ﬁducial markers and the average-sized
prostate 118,119 . Total of 40 diﬀerent ﬁducial-markers-implant-patterns for 4ﬁducial-marker-combinations were studied. The patterns include 16 simple
planar cases and 24 combinations of scattered cases categorized into 4 groups
(A, B, C and D). Each pattern group is divided into 4 sub-groups (sub-group
I through sub-group IV), as shown in Table 4.1. To elaborate on the assignment of each group, the location identiﬁcation for each ﬁducial marker, and
their locations were given as a pattern group letter, followed by parameter
‘a’value (X-Y plane separation) and a sub-group number after the dashed
line at the end. Example of ﬁducial marker locations in three-dimensional
48

4.2. Methods and Materials
space is shown in Figure 4.1.
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Pattern (X,Y,Z)

[a,0,z; -a,0,z; a,0,-z; -a,0,-z]

[a,a,z; -a,-a,z; a,a,-z ; -a,-a,-z]

[0,0,3z;a,a,z;-a,-a,-z;0,0,-3z]

Y-Z Plane
Group B

Cross
Group C

Scattered
Group D

[-3a,0,0; -a,0,0; a,0,0; 3a,0,0]
X-Y Plane
Group A [a,a,0; -a,a,0; a,-a,0; -a,-a,0]

Format

D5-I
D10-I
D15-I

5 (D5)
10 (D10)
15 (D15)

D5-II
D10-II
D15-II

B5-II
B10-II
B15-II
C5-II
C10-II
C15-II
z=3

z=9

z=3
B5-I
B10-I
B15-I
C5-I
C10-I
C15-I
z=1

A5-II

A5-I

Group III

D5-III
D10-III
D15-III

B5-III
B10-III
B15-III
C5-III
C10-III
C15-III
z=5

z = 15

A10-III

z=0

Group II

D5-IV
D10-IV
D15-IV

B5-IV
B10-IV
B15-IV
C5-IV
C10-IV
C15-IV
z = 6.67

A15-IV
z = 20

Group IV

Marker Location Identiﬁer
Group I

(B5)
(B10)
(B15)
(C5)
(C10)
(C15)

5
10
15
5
10
15

5 (A5)
10 (A10)
15 (A15)

Minimum
separation on
X-Y Plane (a)

Table 4.1: List all of the locations for the 40 ﬁducial marker patterns and their corresponding groups/IDs
(unit in mm for parameter ‘a’and ‘z’).
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(A) X-Y Plane Group A: Solid Color A5-I, A5-II, A 10-111, A 15-IV
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(C) Cross Group C: Solid Color C5 -1, C5 -11, CS-Ill, CS- IV
Lighter Color Cl O Groups
Lightest Color C 15 Grou s
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I
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-20
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X(Width)
(D) Scattered Group D: Solid Color D5-1, D5-11, D5-111, D5-IV
Lighter Color D 10 Groups
Lightest Color D 15 Grou s

I
I
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\~

-1 0

I
I
I
I
I
I
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------- ~

''

- -~
I[
_,
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''

''
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-10

X(Width)

Figure 4.1: Fiducial marker location demonstration. Each sub-plot shown
the examples of the corresponding pattern group, in which sub-group I was
plotted in black color, sub-group II: gray, sub-group III: blue and sub-group
IV: red. Diﬀerent X-Y plane separations (‘a’value) were demonstrated in various transparencies. In sub-plot D, partial length indicated that the markers
were partially overlapped with the adjacent ones.
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4.2.2

Prostate Plans

Total of 101 previously treated prostate VMAT cases, containing 202 arcs
were used in this study. All plans were created using Varian Eclipse treatment planning system (Varian Medical Systems, Inc., Palo Alto, CA). The
plans were chosen such that the target was limited to the prostate with corresponding PTV margin only.

4.2.3

Overlapping Ratio

The projected ﬁducial marker locations that overlap at a particular EPID
projection will reduce the detectability of the prostate at that EPID projection angle, therefore, the overlap ratio was introduced to take into account
the reduction of prostate detectability due to overlap of projected ﬁducial
marker locations on the EPID images. The overlapping ratio was deﬁned
as the ratio of number of control points having overlap of projected ﬁducial
markers on EPID images to the total control points in an arc.

4.2.4

Detectability Score Calculation

A particular ﬁducial marker is considered to be detectable if the area comprising a 3 mm radius around the corresponding ﬁducial marker center was
unblocked by the MLC or the jaws. The unblocked area (Aij
u ) is calculated
for each ﬁducial marker i at control point j. The detectability score was
calculated as the percentage of the summed unblocked area over the total
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area (A) for all ﬁducial markers at control points j.
The detectability of the prostate location on an EPID image is greatly affected by the number of ﬁducial markers detected on that image. A detectionnumber weighting factor (wd ) was introduced to penalize the control points
that had less than three unblocked ﬁducial markers detected (a valid ﬁducial
marker detection has an area larger than 3/4 of its original area unblocked,
which is 3/16 of A). The wd weighting factor was set to 1 if three or more
markers were visible on a projected EPID image for a particular control
point. The factor is set to 2/3 for only two marker detections, 1/3 for only
one marker detection, and zero if no markers were detected.
In addition, an overlap weighting factor (wo ) was incorporated into the detectability score to take into account the overlapped markers on the projected
EPID images. This factor is diﬀerent from the aforementioned overlapping
ratio in two aspects: (1) it was applied only for the unblocked markers while
the overlapping ratio was calculated for the open ﬁeld, and (2) for each control point, the total number of overlapped markers are counted and treated
diﬀerently. The wo weighting factor was set to 1 if there is no overlap between all four ﬁducial markers, wo was set to 1/2 when two markers overlap,
and 1/3 for all other cases.
The ﬁducial markers that were blocked by the MLC or jaws for consecutive control points were additionally penalized in the detectability score with
a weighting factor (wts ). wts was given for the entire arc. Each segment
of consecutive control points that had no detection was ﬁrst counted. The
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threshold of 15 control points was given to sift out the segments that were
not deemed as large time interval. One minus the half of summed control
points of all remaining segments over the total number of control points was
the ﬁnal wts value.
Thus the detectability score (D) was calculated as:

D = wts

Xn
j

P4
wd wo

Auij
A

i

(4.1)

where i is the ﬁducial marker number, j is control point number, n corresponds to the total number of control points for that arc, wd is the weighting
factor of detectable number of markers, wo is the overlapping weighting facth
tor, wts is the time span weighing factor, Aij
u is the unblocked Area for i

ﬁducial marker at control point j, and A is the total area of the 4 ﬁducial
markers.

4.2.5

Optimal Marker Separation Distance Analysis

The detectability score was determined for the 40 ﬁducial marker implant
patterns illustrated in Table 4.1 and Figure 4.1. An optimal distance from
the center of the prostate to implant the ﬁducial markers was determined
based on the detectability score results. The markers were assumed to be
distributed as a circular pattern in X-Y plane. The shortest radius to the
center was assumed to be the marker separation distance of the X-Y plane.
Along the Z direction, the score was evaluated via shortest separation dis-
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tance between marks; if the markers happened to share the same Z value,
they were considered as not separated at all.

4.2.6

The Modulation Complexity Score (MCS)

MCS value was calculated for each arc of all the prostate plans. The calculation method was based on the equation described by McNiven 120 . Analysis
was performed between the MCS and the detectability to see the correlation
between complexity of the MLC motion and the ﬁducial marker detection.

4.3

Results

As shown in Figure 4.2, within each group (group A, B, C and D), the
overlapping ratio decreases as ﬁducial markers become more separated in
the X-Y plane (indicated by the 5, 10, 15 suﬃx), indicating that markers are
distinguished from each other more as their separation increases in the X-Y
plane. The overlapping ratio remains constant when the ﬁducial markers are
scattered further away from each other along the Z direction (indicated by
the sub-group, from I to IV, gradually moving away from the central axis
along the Z direction) until there is no overlap (group D, sub-group III and
IV).
The overall detectability scores are shown in Figure 4.3(A). In general,
the detectability score decreases as the ﬁducial markers get more separated
along the superior-inferior (Z) direction (comparing sub-group I to IV, the
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(A) Final Detecability Scol'e, with weighting wd, w 0 and w ,.
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Figure 4.3: (A) Final detectability score with all the weighting factors applied and (B) Color coded results of the ﬁnal detectability score in decreasing
order. Scattered group D was highlighted in the same dark gray, while all
the other groups were colored in diﬀerent scale of gray.
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average detectability score decreased from 0.268 to 0.221). Sub-groups II, III
and IV in the scattered group D show high detectability scores compared to
the other groups. The group D is characterized by having marker locations
that are more scattered from each other than the other groups. The groups
A and C, on average, had the lowest detectability score. If the results were
sorted in order, as shown in Figure 4.3(B), the marker positions in group D
occupied the most area in the high detectability region.
Figure 4.4 shows the detectability score as a function of ﬁducial marker
location (distance) from the central axis (CAX). Figure 4.4(A) displays the
score as a function of distance in the X-Y plane while Figure 4.4(B) shows
the score as a function of distance in the Z direction. The detectability
score remains constant from the 10 mm ﬁducial marker location to 15 mm
in the X-Y plane. Beyond 20 mm, the detectability of the ﬁducial markers
decreases, indicating that as the markers are placed beyond 20 mm from
the CAX in the X-Y plane, the detectability of the prostate decreases. The
optimum detectability occurs when the markers are placed between 6 to 13
mm from CAX in the superior-inferior direction. If additional markers are
positioned at the peripheral region, they should be place twice as far away
as the markers close to the CAX. The reason is groups A, B and C have only
two Z values, which means every two ﬁducial markers share one transverse
plane. But group D has four diﬀerent Z coordinates for each marker, hence
they will be detected more than the markers in groups A, B and C.
Figure 4.5 shows the linear relationship between MCS and the detectabil59
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ity score. The highly modulated plans (low MCS scores) result in a low detectability score, indicating that complexity of the plan also is a factor in the
detectability of the prostate during treatments.

4.4

Discussion

As seen from Figure 4.2, the overlapping ratio decreases as markers are separated in the X-Y plane. The ratio will drop to 0 in the superior-inferior
(Z) direction if the separation interval between two marker centers is greater
than the length of one ﬁducial marker; otherwise it will remain constant.
These results indicate that the markers should be placed as far away from
each other in each direction to avoid overlap in the projected EPID images.
Figures 4.3 and 4.4 shows that the ﬁducial markers are best detected when
placed between 10 to 15 mm from the center of the prostate (assuming the
CAX is placed at the center of the prostate) in the X-Y plane and between
6 to 13 mm from the center of the prostate in the superior-inferior direction.
Fiducial markers placed beyond 20 mm will have low detectability on the
projected EPID images. This can be explained by the fact that in a typical
arc ﬁeld, the dynamic MLC is more likely to be open around the CAX. The
markers placed around the center are less likely to be blocked by the MLC,
hence will be detected more in the projected EPID images. The markers
placed towards the periphery of the PTV (beyond 20 mm from the center of
the prostate) will have reduced detectability since they are mostly blocked
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by the MLC.
Meanwhile, placing the ﬁducial markers closer to the CAX means that the
changes limited to the very peripheral region of the prostate would possibly
not being detected. It‘s a balance between to see the marker more often
and to pinpoint the surrogate more accurately. We tended towards observing
markers more often, since MLC blockage is one major limitation of using MVbased real-time tracking technique. To compensate the localization accuracy,
the markers are recommended to be placed, within the proposed range, as
far away from each other as possible, if such concern arises.
The relationship between MCS and detectability indicated that lower
complexity of the treatment ﬁeld would improve the overall performance of
the marker tracking technique via MV imager. Future work can be done to
maintain the same treatment plan quality while decreasing the complexity
of the MLC movements.
Figure 4.6(A) and (B) shows the recommended marker deposition locations in 2D and 3D, respectively. The relative location of grid-template and
the ultrasound probe were labeled on each graph. The distribution depicted
in Figure 4.6(A) is a combination of transverse view on the template plane
and a sagittal view on the central prostate plane for visualization guidance
in ultrasound. The four markers in red on the sagittal view are the suggested
pattern for the inserted ﬁducial markers. Due to the nature of symmetry,
the two markers closer to the central line can also be implanted at locations
in blue on the transverse view. In addition to the 2D demonstration, a 3D
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(B)
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Less Preferable locations

Recommended Locations
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Figure 4.6: (A) Example of suggested marker locations, red color was the
planted position, while blue ones could be an alternative for the two marker
locations in the middle. The prostate is contour in solid black, while the
PTV is contoured in dotted red line (B) Highlight of the suggested locations
from the proposed method, where ΔD is the interval between each plane.
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distribution is shown in Figure 4.6(B) via 5 diﬀerent planes (4 transverse
planes and 1 central coronal plane) to directly illustrate the possible spatial distribution and orientation of these ﬁducial markers in a real prostate.
More importantly, give a clear indication about the spatial interval between
each markers along the Z direction. ΔD designates the interval between each
transverse plane. 6 to 13 mm is recommended for ΔD. The color from dark
blue to white (transparent) indicated the degree of preference from highly
recommended to not-recommended marker placement. Dark blue indicates
the recommended ﬁducial marker location bands/spots. The rate gradually
decreased as the position moves away from the central dark blue region.

4.5

Conclusions

Tracking the movement of the prostate is crucial during treatment to ensure
the intended dose is given to the target while minimizing the dose to surrounding healthy organs. From our results, the optimal locations to place
the ﬁducial markers are determined to be 10 to 15 mm from the center of
the prostate in the transverse plane and 6 to 13 mm in the superior-inferior
direction. These ﬁducial marker locations will enable the best detectability
of the prostate to provide better real-time tracking with the MV imaging
technique.
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Chapter 5
Experimental veriﬁcation of the
optimal marker locations
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5.1

Introduction

The detectability concept introduced in chapter 4 is purely based on theoretical calculation. Since the proposed algorithm suggested the potential region
where ﬁducial marker could be as either a rounded circle or square, the ﬁnal
detectability score are calculated as the ratio of total unblocked area of ROI
over total area of ROI. However, in reality, the standard ﬁducial markers cannot ﬁll up the entire area of ROI. Instead, they only occupy a small portion
of the area. In addition, ﬁducial markers implanted inside the prostate may
migrate from its original spot, angle in various ways or take forms of dots or
various shapes when overlapping happens other than simple line structures.
In this chapter, experimental validation of the detectability prediction
algorithm was performed for all ﬁducial marker patterns mentioned in Table
4.1. Experiments were performed on selected optimal distances as calculated
in chapter 4 to investigate the accuracy of the prediction and the correctness
of the suggested optimal distance.

5.2
5.2.1

Methods and Materials
RT Plan

Among all the 202 arcs, three arcs were selected for detectability score prediction veriﬁcation purpose. Each one of the three represents one type of
the prostate plans: (1) highly modulated, (2) medially modulated and (3)
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Histogram of MCS Score for 202 Arcs
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Figure 5.1: Histogram of MCS score for 202 Arcs.
simply modulated. The criteria used to categorize the MLC modulation was
selected via the value of MCS score calculated in Chapter 4. Higher MCS
score means low MLC modulation (relatively less total MLC travel distance
during the entire treatment), whereas lower MCS score represents higher
modulated plans. As indicated in Figure 5.1, the distribution of MCS score
for the 202 plans was plotted. Thus, a high MCS score arc (0.52, low MLC
modulation plan), an average MCS score arc (0.32, normal MLC modulation for most prostate plans) and a low MCS (0.23, high MLC modulation)
were randomly selected from all the individual arcs to represent three diﬀerent modulation levels respectively. The corresponding arcs were investigated
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throughout this chapter.

5.2.2

Phantom

Figure 5.2: Demonstration of a bolus phantom on the treatment couch.

The experiment was performed on a hand-made bolus phantom consisting of four ﬁducial markers. The bolus slices (0.5 cm thickness) were cut
into the size of 6 × 6 cm2 . And together layers of such bolus slices were
used to build such phantom, as shown in Figure 5.2. Such dimension of the
phantom allows enough space to hold all the ﬁducial markers for their designated locations. All ﬁducial marker patterns of optimal distance calculated
in Chapter 4 were investigated here, namely ﬁve diﬀerent ways of implanting
the ﬁducial markers, the names of the ﬁve patterns were listed in Table 5.1.
70

5.2. Methods and Materials

Figure 5.3: Demonstration of two example ﬁducial marker patterns inside
in-house phantom.
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Two examples of how ﬁducial markers were sandwiched inside the bolus was
presented in Figure 5.3. They were positioned in the corresponding location
per suggestion of optimal detectability score.

5.2.3

Experimental environment

The entire study was performed on the Varian TrueBeam STx machine with
the EPID aSi-1000. The machine is equipped with an HD120-MLC for precise
dose delivery. All the plans were delivered in Treatment Mode using ‘File
Mode’. The ﬁducial markers of each tested pattern were positioned relatively
to the center of the prostate if there was any original shifts of the target in the
treatment plan, simulating real clinical treatment environment. MV imaging
were added as continuously collecting exposure and generating a series of
MV-cine images for ﬁducial marker tracking analysis purpose. All the MV
images were exported from the TrueBeam Service Mode, ‘IPS’tab for oﬄine
evaluation.
The analysis was performed in an in-house developed MATLAB program.
The collected DICOM RT Images (MV-cine images), as well as locations of
every ﬁducial markers in each pattern were used as the input for generating
the results.
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5.2.4

Detectability Score

Two types of detectability scorse were compared here in this chapter: (1)as
long as one ﬁducial marker is available in the image, that frame is considered
as a valid detection, indicated as D1 and (2) weighted detectability score as
calculated in Equation 4.1, Dw . Each type of the detectability scores were
also calculated for measurement (Dm ) and pre-treatment prediction (Dc ).
Dm was calculated using the equation 4.1, except area related parameters,
such as A, were substitute with actual detection numbers.

5.3

Results

The ﬁnal results of ﬁducial marker detectability score (both measured and
calculated) for all three arcs were listed in Table 5.1. The results for highly
modulated MLC movement gave really low detectability score values for both
measurement and calculation. For average modulated plans and low modulated plans, the detectability scores are much higher in general.
Two detectability score were compared The calculated detectability scores
had a tendency to give lower values than the measured score for D1 related
matrix. On the other hand, for weighted detectability score, prediction would
give a relatively higher value. Comparing each pair of the detectability score
(D1m to D1c and Dwm to Dwc ), the prediction and the measurement shared
similar values and trendency.
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Table 5.1: Results of measured and predicted detectability score for three
diﬀerent arcs and ﬁve diﬀerent ﬁducial marker patterns. Subscription 1
means that as long as one ﬁducial marker is visible in the image, the detection is valid, whereas w indicates that it is a weighted score calculated by
Equation 4.1. Subscription m stands for measurement and c for calculation.
MCS Pattern Name

5.4

D1m

Dwm

D1c

Dwc

0.23

A5-I
A10-III
B10-II
C10-II
D10-II

0.09
0.11
0.13
0.15
0.15

0.05
0.04
0.04
0.04
0.04

0.08
0.08
0.09
0.10
0.09

0.05
0.04
0.04
0.05
0.04

0.32

A5-I
A10-III
B10-II
C10-II
D10-II

0.59
0.64
0.68
0.68
0.62

0.28
0.31
0.36
0.37
0.42

0.55
0.54
0.53
0.49
0.52

0.47
0.43
0.44
0.37
0.42

0.52

A5-I
A10-III
B10-II
C10-II
D10-II

0.64
0.61
0.79
0.77
0.91

0.41
0.33
0.48
0.45
0.54

0.64
0.62
0.64
0.65
0.65

0.53
0.47
0.51
0.51
0.53

Discussions

As mentioned earlier, the calculation of predicted detectability score is based
on the ratio of unblocked total ROI area to total ROI area. However, ﬁducial markers won’t be able to occupy the entire area, which resulted some
discrepancy between prediction value and measured value in Table 5.1.
The detectability score values for the highly modulated MLC were low
primarily due to the blockage of ﬁducial markers by the MLC for most of
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time. The entire arc was trying to deliver dose to the peripheral region of
the target. Thus majority of the time, most of the ﬁeld was blocked. This
kind of scenario was caused by treating the PTV with more than one arc.
The plan optimizor may choose to deliver most of the dose to the target in
one arc, which left the other arc(s) hard to track ﬁducial markers with the
MV-cine images.
The weighted detectability score values were lower than the non weighted.
This was the result of the penalizing detection number weighting factor, overlapping weighting factor and time span weighting factor. All the weighting
factors are less than or equal to one, which end up with a lower detectability
score for the weighted detectability score.
For highly modulated MLC movement, the recommended pattern (D10II) is of the slightly better or equivalent to the other patterns tested there.
For simply modulated arc, the recommended pattern is signiﬁcantly better
than all the other patterns. For average modulated arc, the predicted detectability score is slightly lower than some of the other patterns. This is
expected since the recommended pattern is based on the average weighted
detectability score value. There will be cases that output a lower value than
other patterns. However, the measured Dwm score gave a slightly higher
results for recommended pattern. Overall, the recommended pattern from
Chapter 4 is of equal or superior detectability than the other patterns investigated in this study.
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5.5

Conclusion

Experimental veriﬁcation of the optimal ﬁducial marker implantation location were conducted for three selected arcs and all types of ﬁducial marker
patterns. The comparison results demonstrated that the recommended ﬁducial marker pattern suggested in Chapter 4 would yield equal or superior MV
ﬁducial marker tracking capability. The proposed MV-based ﬁducial marker
tracking system would have a better performance in less modulated radiation therapy treatment plans. If the treatment plan is highly modulated, this
technique might not be the best option.
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Chapter 6
Accuracy of one per-fraction
dose estimation algorithm
(Part of this chapter has been published on Journal of Applied Clinical Medical Physics1 )

1

Ma, T., Podgorsak, M.B. and Kumaraswamy, L., 2016. Accuracy of one algorithm
used to modify a planned DVH with data from actual dose delivery. Journal of Applied
Clinical Medical Physics, 17(5), pp.1-10.
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6.1

Introduction

The delivery of an optimum dose distribution is made possible by the complex
motions of the multi-leaf collimators (MLC) in intensity modulated radiation
therapy (IMRT). The sharp dose fall-oﬀ at the boundary between the target
and neighboring organs-at-risk (OAR) demand appropriate quality assurance
(QA) to ensure that the planned dose is delivered accurately. The advent
of volumetric modulated arc therapy (VMAT) employing dynamic MLCs,
variable dose rate, and variable gantry speed further escalates the need for
extensive quality assurance prior to treatment delivery. Also, to quantify
the variation induced by prostate motion per-fraction, a proper method is
needed.
Conventional gamma analysis is a powerful tool for quantitative evaluation of dose delivery with IMRT and VMAT techniques 121–123 . This tool
compares the calculated dose distributions from the treatment planning system (TPS) to the measured dose distribution from either a combination of an
ion chamber and a radiographic ﬁlm or detector arrays consisting of a matrix
of ion chambers/diodes. Similar to gamma index (GI) analysis, distance-toagreement (DTA) analysis indicates how the measured dose to the phantom
agrees with planned dose in the TPS. GI searches for dose tolerance within
the distance tolerance, whereas the DTA searches for the exact dose within
distance tolerance. Even though GI and DTA are good indicators of deliverability of dynamic treatment plans, larger diﬀerences in a relative small
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volume might be overshadowed in the overall passing rate, resulting in clinically unacceptable doses to target structures and OARs 124,125 . Thus, new
approaches based on measurement-reconstructed dose distributions are being
investigated to predict clinically relevant results 126 .
DVH-based quality assurance (hereafter referred to as the Planned Dose
Perturbation method used in 3DVH (Sun Nuclear Corporation, Melbourne,
USA)) has been discussed by various groups recently 127–132 . Validations of
this DVH-based QA were performed by diﬀerent researchers, proving that
dose reconstructed via 3DVH is consistent with dose reconstructed through
other detectors and algorithms 126,133,134 . Signiﬁcant errors were discovered
via DVH-based QA, where the GI/DTA methods did not ﬁnd the errors, indicating potential pitfalls of using recommended GI/DTA metrics and action
levels 135 . Signiﬁcant clinical errors were observed in DVH metrics where the
GI analysis incorrectly showed high pass rates 130 . Positive results were also
reported by the GI analysis method when numerous types of errors, including MLC positioning errors, wrong dynamic wedge angle, cold/hot spots of
varied sizes and collimator rotation errors were introduced to test the sensitivity of DVH-based QA 129,131,136 . To overcome the limitations of traditional
evaluation, a hybrid-QA concept, involving a combination of DVH-based QA
and GI analysis, was recommended 128,137 .
In this study, three types of clinically relevant errors were introduced into
deliverable treatment plans to test the sensitivity of 3DVH software. The
ability of 3DVH software to ﬁrst detect these errors and second, properly ac79
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count for the error through evaluation of delivered DVH was studied. Further
investigation about implementing DVH-based dosimetry veriﬁcation tool to
measure/compensate the impact of tumor motion is therefore possible.

6.2
6.2.1

Materials and Methods
Treatment Plans and Error Introduction

A total of 18 clinically used VMAT plans were randomly chosen for this
study. The sample included six brain plans, six prostate plans, and six head
and neck (H&N) plans. All plans were created with 6 MV photon beams
utilizing the ECLIPSE TPS version 11.0 (Varian Medical System, Inc, Palo
Alto, USA). Analytical anisotropic algorithm (AAA) and 0.2 cm grid size
were used for plan calculation.
Three types of errors, namely monitor unit (MU) diﬀerence, control point
(CP) deletion and gantry angle shift, were investigated in this study. A typical full arc VMAT ﬁeld in ECLIPSE has 178 CPs, and each CP contains
information for MLC shape, dose fraction, gantry speed, etc. In MU diﬀerence error, speciﬁc MU changes (ranging from -3% to +3% at 1% interval)
were applied to each arc of the error-free plan. This error was designed to
test the sensitivity of the 3DVH system in detecting dose deviations due to
changes in MU. For CP deletion study, three, ﬁve and eight control points
were deleted from each arc of the error-free plans to simulate the potential
data loss resulting in transferring plans via the network 138 . Finally, uniform
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gantry angle deviations were introduced to six of the plans to test the magnitude of dose ﬂuctuation that could potentially be introduced from gantry
angle variation. MUs were changed directly in the TPS for dose diﬀerence
errors. For the other two types of errors, the error-free treatment plans were
exported to MATLAB (The MathWorks, Inc, Natick, USA) for manipulation of the control points and gantry angles. Consequently, the error induced
plans were imported back into the TPS for validation.

6.2.2

Dosimetric Veriﬁcation

Nine treatment plans were delivered on a Varian TrueBeam equipped with
HD Millennium 120 MLC (Varian Medical System, Inc, Palo Alto, USA),
while the rest were delivered on a Varian Trilogy coupled with Millennium
120 MLC (Varian Medical System, Inc, Palo Alto, USA). Most of the H&N
cases were treated on the Trilogy LINAC due to the ﬁeld size limitations of
the TrueBeam. ArcCHECK (Sun Nuclear Corporation, Melbourne, USA)
was used to collect measurements with cavity plug inserted as recommended
by the 3DVH manual for ECLIPSE. Veriﬁcation plans on this phantom for
each patient were calculated in the ECLIPSE TPS from their own error-free
treatment plans. An array calibration was performed at the beginning of
this study, and absolute dose calibration was measured each day prior to
measurement. Four DICOM ﬁles from the TPS: radiotherapy (RT) plan,
RT structure, RT dose for patient treatment and RT dose for veriﬁcation on
phantom, all from error-free plans, were sent to 3DVH. Here, the original
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RT dose from ECLIPSE were considered as standard throughout this study.
Composite ArcCHECK measurements for both error-induced and error-free
plans were saved and imported to 3DVH. The imported measurement ﬁle and
DICOM ﬁles were used to reconstruct a measurement guided dose reconstruction on the corresponding patient structures in the 3DVH environment.

6.2.3

Analysis

The sensitivity investigation of 2D and 3D global DTA passing rate was conﬁned to only two acceptance criteria (3%/3mm and 2%/2mm) with respect
to dose diﬀerence errors, control point deletion errors and gantry angle shift
errors for VMAT plans. The tolerance levels for passing rate evaluation were
set to 95% for 3%/3mm and 90% for 2%/2mm.

2D DTA Analysis
2D global DTA were obtained from comparison between measured planar
ArcCHECK dose ﬁles (measured planar dose ﬁle) and ECLIPSE veriﬁcation
dose ﬁles using SNC Patient software (Sun Nuclear Corporation, Melbourne,
USA). Measurement uncertainty option in the SNC Patient software was not
used for the analysis.

3D DTA Analysis
A concise introduction to the dose reconstruction process in 3DVH employing ArcCHECK, speciﬁcally the ArcCHECK planned dose perturbation
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(ACPDP), is presented here. The detailed version is presented in the article
by Nelms et al. 139 . ArcCHECK measurement is synchronized to each control
point via recorded gantry angle information collected by virtual inclinometer
at 50 ms intervals. A set of time-resolved sub-beams are established based
on the ArcCHECK measurement according to their time intervals. Utilizing
a pre-deﬁned planned dose perturbation (PDP) model conﬁguration, which
contains a set of speciﬁc parameters to a single permutation of LINAC model,
MLC model and beam energy, the 3D relative dose grid is calculated for each
sub-beams 140 . Subsequently, this 3D relative dose grid for each sub-beams
is morphed with the ArcCHECK cylindrical phantom via scaling factors determined by relevant entry and exit absolute doses. The summation of all
the absolute sub-beam dose grids, scaled by a global correction factor, gives
the output of cumulative measurement-guided dose grid on the phantom. Finally, a correction matrix is calculated as the ratios of reconstructed phantom
dose and the planned phantom dose for every voxel. The voxel correction
matrix is applied to the planned patient dose, resulting in the perturbed 3D
patient dose. Further analysis is then carried out comparing this perturbed
dose to the original patient dose from ECLIPSE. For 3D DTA analysis, all
the data were normalized to maximum dose. A low-dose threshold of 10%
was applied; thus, dose values below 10% of the max value were excluded
from the analysis.
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DVH Based Analysis
Since the passing rate would not yield any clinically relevant data, reconstructed DVH curves and DVH parameters in 3DVH were generated by applying the dose distribution to patient structures and compared to corresponding parameters calculated directly from the error-free ECLIPSE treatment plans. The following parameters (based on treatment anatomy) were
evaluated for the DVH based study: Dmean and D95 for PTV; D50 for bladder, rectum, left parotid, and right parotid. Dmax for spinal cord and optic
chiasm. Percentage diﬀerences for all these DVH parameters between 3DVH
and ECLIPSE were determined as:

%Dif f =

6.3
6.3.1

D3DV H − DECLIP SE
× 100%.
DECLIP SE

(6.1)

Results
Evaluation of dose diﬀerences: DTA versus
DVH parameter

All eighteen error-free plans had a composite passing rate of more than 95%
for both 2D and 3D DTA evaluation using the 3%/3mm criteria. For the
2D analysis using the 2%/2mm criterion, four cases yielded passing rates less
than 90%, whereas all cases passed the 90% passing rate criteria for 3D DTA
analysis using the 2%/2mm criteria.
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The detailed results of DTA analysis for error-induced and error free
plans are presented in Table 6.1, while the number of plans passing the
preset criteria (error detection rate) is shown in Table 6.2. For 2D 3%/3mm
analysis, over half of the -3% and +3% MU modiﬁed plans yielded passing
rates less than 95% due to fact that 3% are at the tolerance boundary. Also,
the 2%/2mm analysis detected most of the -3%/+3% MU changes. The 3D
global passing rates generally gave higher values than 2D, but they decreased
dramatically when the magnitude of MU errors reached +3% (2 and 8 cases
passed 2D 2%/2mm and 3%/3mm, respectively, while 0 and 2 cases passed
the criteria for 3D DTA 2%/2mm and 3%/3mm.). For -3% MU changes, the
number of cases fell into the action level was about the same.
Percentage diﬀerences of selected dose-volume parameters between 3DVH
perturbation and ECLIPSE are listed in Table 6.3. Deviations in parameters
between error-induced DVH parameters and error-free DVH parameters for
PTV and chosen OARs agreed with the magnitude of the induced error in
general, but slightly larger variation existed for some OARs, such as optic chiasm and spinal cord. Figure 6.1(a) shows an example of corresponding DVH
changes for an H&N case. The bold lines (DVHs from ECLIPSE calculation)
were aligned with corresponding thin lines (DVHs from 3DVH estimation)
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Table 6.1: Results of the DTA passing rate of all cases for dose diﬀerence
errors, control point deletion, and gantry angle shift are presented. In this
table, averaged 2D and 3D passing rate and standard deviation for two criteria (2%/2mm and 3%/3mm) were presented, followed by minimum and
maximum values in the bottom.
2D

Induced Errors

+3% MUs
+2% MUs
+1% MUs
Error-Free
-1% MUs
-2% MUs
-3% MUs
3CPs deleted
5CPs deleted
8CPs deleted
+2 Gantry Shift
-2 Gantry shift

3D

2%/2mm

3%/3mm

2%/2mm

3%/3mm

66.1±22.5
(30.4,97.4)
77.9±17.3
(44.7,98.9)
87.1±11.1
(67.6,98.5)
92.9±4.4
(84,98.7)
92.5±4.8
(83.3,99.7)
88.6±9.1
(70.9,99.5)
81.7±12.6
(64.1,98.2)
87.1±3.5
(82.8,92.7)
82.4±4.5
(77.2,90.1)
74.1±5.5
(68.2,85.3)
79±2.9
(75.2,82)
79.5±4
(73.3,83)

89.3±10.8
(66.7,99.9)
95.7±4.8
(86.2,100)
98.3±2.2
(91.9,100)
99.3±0.7
(97.6,99.9)
98.9±1.2
(95.4,100)
97.2±3.2
(90.1,100)
92.9±6.8
(80.6,99.7)
94.9±2.5
(90.6,97.7)
90.1±3.4
(85.1,93.9)
84.1±4.8
(77.5,91.1)
93.6±2.6
(89,96.5)
93.2±2.8
(89.3,95.2)

81.6±7
(68.3,89.9)
88.7±4.5
(79,95)
94.8±2.3
(91,99.2)
97.4±1.6
(93.6,99.8)
96.9±1.6
(94.2,99.7)
92.7±3.9
(83.3,99.3)
86.2±6.3
(69.2,99.9)
98±0.9
(96.7,99.7)
96.7±1.7
(93.3,99)
92.7±3.8
(85.9,97.1)
97.1±1.4
(95.4,99.1)
96±2.1
(93.3,99.1)

91.2±3.1
(84.9,96)
96.2±2
(91.9,99)
98.7±1.5
(93.7,99.9)
99.6±0.5
(97.8,100)
99.7±0.3
(99,100)
98.6±1.2
(96.2,99.9)
95±2.9
(90.2,100)
99.7±0.3
(99.1,100)
99.4±0.4
(98.6,99.9)
97.4±1.7
(94.6,99.7)
99.2±0.6
(98.3,99.9)
98.7±0.8
(97.5,99.9)
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Table 6.2: The ratio of number of plans passed the preset criteria (value in
the bracket underneath the criteria) over the total number of plans analyzed
for corresponding categories.
2D DTA

3D DTA

Induced Errors

2%/2mm
(90%)

3%/3mm
(95%)

2%/2mm
(90%)

3%/3mm
(95%)

+3% MUs
+2% MUs
+1% MUs
Error-Free
-1% MUs
-2% MUs
-3% MUs
3CPs deleted
5CPs deleted
8CPs deleted
+2Gantry Shift
-2Gantry shift

11.1%
33.3%
55.6%
77.8%
72.2%
50.0%
33.3%
25.0%
12.5%
0.0%
0.0%
0.0%

44.4%
66.7%
94.4%
100.0%
100.0%
72.2%
50.0%
62.5%
0.0%
0.0%
33.3%
16.7%

0.0%
44.4%
100.0%
100%
100.0%
77.8%
22.2%
100.0%
100.0%
75.0%
100.0%
100.0%

11.1%
72.2%
94.4%
100%
100.0%
100.0%
55.6%
100.0%
100.0%
87.5%
100.0%
100.0%
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Figure 6.1: Three DVH groups (DVHs from ECLIPSE calculation compared to DVHs from 3DVH estimation), each group of DVHs represent one
type of error induced in this study: (a) MU diﬀerence (+3%/-3%) errors for
an H&N case, (b) control point deletion errors (CP) for a brain case and (c)
gantry angle shift error (GA) for a prostate case. In the ﬁgures, every bold
and darker line is a DVH calculated from ECLIPSE, whereas thinner and
lighter lines are results from 3DVH analysis.

6.3.2

DTA passing rate versus DVH parameter in
detecting deleted control points

Table 6.1 also shows the passing rates for the control point deletion plans
studied. Most of the error induced plans failed the 2D DTA analysis, for
both 2%/2mm criteria as well as for the 3%/3mm criteria. As the number of
deleted control points increased, the number of plans failing the criteria also
increased for both 2%/2mm and 3%/3mm. The 2%/2mm is more sensitive
than the 3%/3mm in detecting these errors, as seen from Table 6.1.
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The 3D analysis did not show signiﬁcant diﬀerences in pass rates when
measurements of CP-deletion-induced plans were compared with error-free
plans from the ECLIPSE TPS. The average pass rates for the 3 CPs missing,
5 CPs missing and 8 CPs missing cases were above the passing criteria (90%
for 2%/2mm and 95% for 3%/3mm, respectively), as seen from Table 6.1.
Also, the number of plans passing both the 3D DTA analysis (2%/2mm and
3%/3mm) is high for all CP deletion cases as illustrated in Table 6.2.
The percentage diﬀerence in dose-volume parameters between the CP
error induced plans and error-free ECLIPSE plans are listed in Table 6.4.
Most of the DVH parameters did not show signiﬁcant diﬀerences between the
two plans even for 8 CPs deletion plans, indicating that DVH analysis for CP
deletion may not detect the errors. Diﬀerences for optic chiasm showed slight
overdose compared to other structures, while the left parotid was relatively
under-dosed. All the other percentage diﬀerences were close to zero. Most of
the 3DVH predictions agreed with the same error-induced plan re-calculated
in the ECLIPSE TPS. An illustration of these changes can be seen in Figure
6.1(b).

6.3.3

Sensitivity to gantry angle: comparison of DTA
passing rates and dose-volume parameters

The results for the 2 degree gantry angle shift in the clockwise (indicated by
‘+2’) and counterclockwise (indicated by ‘-2’) direction are shown in Table
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DVH
Parameter
Dmean
D95
D50
D50
DM ax
DM ax
DM ax
D50
D50

Structure

PTV
PTV
Rectum
Bladder
Optic Chiasm
Brainstem
Spinal Cord
Left Parotid
Right Parotid
-2.7±0.9 (-4.5, 0.1)
-3.1±1 (-4.8, -0.3)
-2.6±0.7 (-3.6, -1.8)
-3.1±0.9 (-4, -1.7)
-1.7±2 (-4.5, 0.6)
-0.8±2.1 (-4.5, 1.4)
-0.5±2.4 (-3.7, 1.4)
-2.3±2.2 (-6.1, 0)
-2.1±2.1 (-4.6, 1.1)

-3%

+3%

0.3±0.9 (-1.6, 2.6) 3.3±1 (1.1, 5.4)
-0.1±0.9 (-2, 2.2)
2.8±1 (0.8, 5)
0.4±0.8 (-0.5, 1.2) 3.6±0.9 (2.2, 4.4)
0±1 (-0.9, 1.5)
3.2±1.2 (1.9, 5.1)
1.3±1.9 (-1.2, 3.4) 4.3±2 (1.6, 6.8)
2.2±2 (-1.3, 4)
5.4±2 (1.9, 7.5)
2.4±2.1 (-0.3, 4.9) 5.2±2.1 (2.3, 7.2)
0±2.1 (-3.7, 1.8)
2.3±2.3 (-1, 4.8)
0.3±1.8 (-1.4, 3.4) 2.6±2.3 (0.5, 6.7)

Error-free

Percentage diﬀerence

Table 6.3: Average percentage diﬀerence and standard deviation of selected dose-volume parameters
calculated by 3DVH software and ECLIPSE TPS for dose diﬀerence errors, followed by minimum and
maximum values in the bracket. PTV refers to all 18 cases, while selected OARs for the corresponding six
cases are: (1) rectum and bladder for prostate cases, (2) optic chiasm and brainstem for brain cases and (3)
spinal cord, left parotid and right parotid for H&N cases.
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6.4. Discussion
6.1. A gantry angle shift of 2 degrees roughly corresponds to 3 mm spatial
shift on the detector level of ArcCHECK phantom. The 3D DTA analysis
did not detect any errors indicated by the high passing rates for all plans
as shown in Table 6.2. In contrast, the 2D DTA analysis did show low pass
rates for most of the cases. Table 6.2 also suggested that moving clockwise
and counterclockwise seems to produce similar results in terms of the passing
rates.
Table 6.5 illustrates the changes in DVH parameters due to gantry angle
shift errors for both target and critical structures. Minor diﬀerences between
error-free plans and gantry angle shifted plans were found, mostly less than
2% (except the optic chiasm in one case). This suggests that DVH based analysis provides similar results as 3D DTA analysis in Table 6.1. Re-calculation
in ECLIPSE of the same error-induced plans agreed with 3DVH prediction
as shown in Figure 6.1(c).

6.4

Discussion

3D analysis yielded higher pass rates than 2D analysis for the error induced
plans, as shown in Table 6.1. For example, the 2 degree uniform gantry
angle shift represents a 3 mm shift at the level of the ArcCHECK detectors.
The 2D analysis was able to detect these errors since any spatial shift in
the 2D analyzing plane will result in incorrect dose comparisons between the
measured and predicted dose matrix. For 3D analysis, addition of the third
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DVH
Parameter
Dmean
D95
D50
D50
DM ax
DM ax

Structure

PTV

PTV

Rectum

Bladder

Optic Chiasm

Brainstem

0.4±0.5
(-0.4, 1.2)
-0.2±0.6
(-1.1, 0.9)
0.4±0.4
(-0.2, 0.6)
0±0.9
(-0.9, 1)
1.1±1.7
(-1, 3.4)
1.6±1.9
(-1.1, 3.4)

3DVH
0.2±0.3
(-0.3, 0.5)
-0.2±0.4
(-0.7, 0.5)
0.4±0.6
(-0.5, 0.7)
0.5±0.4
(0, 0.8)
0.3±0.6
(-0.6, 0.7)
0.8±0.7
(0.1, 1.7)

ECLIPSE

3CPs deleted

0.1±0.6
(-1.3, 1.6)
-0.4±0.7
(-1.7, 1.2)
-0.2±0.3
(-0.6, 0)
-0.7±0.9
(-1.7, 0.4)
0.7±1.9
(-2.4, 2.5)
0.9±2.1
(-2, 3.4)

3DVH
0.2±0.5
(-0.6, 0.8)
-0.7±0.9
(-1.9, 0.5)
0.3±1.4
(-1.6, 1.4)
1.1±0.6
(0.2, 1.5)
0.5±1.3
(-1.5, 1.4)
1.5±0.5
(1.1, 2.2)

ECLIPSE

5CPs deleted

Percentage diﬀerence

-0.9±0.9
(-2.3, 0.4)
-1.6±1
(-2.9, -0.4)
-1.1±0.5
(-1.9, -0.6)
-0.9±1.2
(-2.4, 0.3)
0.3±1.8
(-2.1, 1.8)
0.2±2.4
(-3.1, 3.6)

3DVH

0.2±0.8
(-1.2, 1.3)
-1.6±1.6
(-4.1, 0.5)
0.4±2
(-2.5, 2.1)
2.3±1.4
(0.5, 3.8)
1.2±1.2
(-0.4, 2.6)
2.8±0.3
(2.5, 3.2)

ECLIPSE

8CPs deleted

Table 6.4: Average percentage diﬀerence and standard deviation of selected dose-volume parameters for
control point deletion errors with minimum and maximum value in the bracket. PTV refers to 4 prostate
cases and 4 brain cases, while selected OARs for corresponding cases are: (1) rectum and bladder for prostate
cases and (2) optic chiasm and brainstem for brain.
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Table 6.5: Average percentage diﬀerence and standard deviation of selected
dose-volume parameters calculated by 3DVH software and ECLIPSE TPS for
gantry angle shift errors with minimum and maximum value in the bracket.
PTV refers to 3 prostate cases and 3 brain cases, while OARs for the corresponding cases are: (1) rectum and bladder for prostate cases and (2) optic
chiasm and brainstem for brain cases.

Structure

Percentage diﬀerence

DVH
parameter

PTV

Dmean

PTV

D95

Rectum

D50

Bladder

D50

Optic Chiasm

DM ax

Brainstem

DM ax

+2◦

-2◦

3DVH

ECLIPSE

3DVH

ECLIPSE

0.9±0.6
(0.1, 1.6)
0.3±0.8
(-0.7, 1.5)
1.1±0.2
(0.9, 1.2)
0.9±1
(0.2, 1.6)
1.8±2
(-0.4, 3.5)
1.7±1.9
(-0.5, 4)

0.1±0.1
(0, 0.2)
-0.3±0.3
(-0.7, 0.2)
-0.3±1.1
(-1.1, 0.5)
0.1±0.3
(-0.1, 0.4)
-0.3±1.2
(-1.1, 1.1)
1.1±1.1
(0.2, 2.4)

1.1±0.7
(0.3, 2.3)
0.5±0.9
(-0.4, 1.7)
0.7±0.7
(0.1, 1.2)
1±0.9
(0.3, 1.6)
2.1±1.5
(0.4, 3.4)
2.1±1.4
(0.7, 4)

0±0.1
(-0.1, 0.1)
-0.3±0.3
(-0.7, 0.2)
0.9±1.1
(0.1, 1.6)
0±0.7
(-0.5, 0.5)
0.6±0.6
(-0.1, 1.1)
-0.5±1.4
(-2.1, 0.6)
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dimension results in more points to search within the evaluation criteria
and conﬁguration of low-dose threshold results in a fairly large amount of
points involved in the comparison. Thus, an error within a relatively small
area/volume will be neglected, resulting in higher passing rates.
As seen from Table 6.2, none of the 8-CP-deleted plans passed the 2D
DTA 2%/2 mm criteria, whereas 75% of the 8-CP-deleted plans passed the
3D DTA 2%/2mm criteria. Even though the beam weight of 8 CPs could
contribute up to 4% of the total dose per ﬁeld, the detected dose might also
be aﬀected by the MLC shape, which made it hard to estimate the expected
deviation from error-free plan. The cold spot formed by the consecutive
deleted CPs may be detected by the 2D DTA analysis, but might be hidden
within the entire volume comparison in the 3D DTA analysis. Therefore,
as shown in Table 6.2, 2D DTA analysis demonstrated a superior errordetectability for all three error types studied.
Minor diﬀerences between reconstructed DVH parameters from 3DVH
and TPS DVH parameters were observed as seen in Tables 6.3, 6.4 and 6.5.
These results indicate that 3DVH can accurately predict errors in treatment
delivery. However, there are small diﬀerences in the slopes of the 3DVH
curves and the TPS DVH curves as evident from Figure 6.1(c). These slope
diﬀerences can be a consequence of uniform built-in machine conﬁguration
in the model library (not our LINAC model) in the 3DVH, such as machine
type, photon energy and MLC model. Also, alignment of ArcCHECK before measurements might have a slight eﬀect on the slope. Moreover, the
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3DVH algorithms might also make some contributions to the DVH diﬀerences. Larger discrepancies were seen in some OARs with small volume, or
to volume where the doses were reconstructed using the measurements from
the end of the ArcCHECK detectors. In brain cases, as presented in Figure
6.1(b), the perturbed DVH curves of optic chiasm, which had an extremely
small volume, were relatively coarse due to the limited number of voxels
within the structure.
Unlike the 2D analysis, the 3DVH and ECLIPSE re-calculation did not
show signiﬁcant diﬀerences in the DVH parameters when comparing the
error-induced plans to the error free plans for both the CP deletion and
gantry angle shift plans. This is evident from Tables 3 and 4. These results
imply that some of the errors do not signiﬁcantly aﬀect the dose distribution
within the patient. But a good QA system must detect errors in treatment
planning and delivery regardless of how signiﬁcant the resulting error in delivery impacts delivered dose to the patient.

6.5

Conclusion

Detection of delivery errors is crucial in radiation therapy. The 2D DTA
analysis is sensitive to detecting errors in plan delivery compared to 3D DTA
analysis. DVHs from 3DVH were found to correspond to DVHs of errorinduced plans in ECLIPSE. Thus any dose discrepancy or uncertainty should
be further analyzed through DVH-based QA to evaluate clinically relevant
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results.
DVH based evaluation matrix can also be utilized for estimation of tumor
motion induced dosimetric variation. Tumor motion management system,
together with Per-frcation-based DVH analysis tool should be integrated into
adaptive treatment planning system, which would have a great potential in
beneﬁting patients’ outcome.
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Chapter 7. Conclusion
Volumetric Modulated Arc Therapy (VMAT), a form of Intensity Modulated Radiation Therapy (IMRT), is a standard way of utilizing radiation
to ﬁght cancer. Meanwhile, the mature of linear accelerator (LINAC) based
Stereotactic Body Radiation Therapy (SBRT) re-ignites the clinical investigation of hypofractionated treatment regimen. Due to the nature of SBRT
treatment, the demand of narrower tumor margin and more rapid fall-oﬀ
dose-gradient is increasing. Researches have been done to provide solutions.
Real-time Tumor motion tracking technique is therefore among the optimal
solutions. Per-fraction dosimetry evaluation also would be a powerful tool in
handling hypofractionated regimen. Currently, there are some commercial
real-time tumor tracking techniques, such as MRI-guided Radiation Therapy,
Calypso, VisionRT, etc.. But they are not the perfect solution for applying
directly to everyday treatment without any compromise. Neither has perfraction dosimetry evaluation been an option for clinical implementation.
In this work, a methodology has been proposed to fulﬁll the capability
of real-time tumor surrogate tracking with currently available LINAC-based
technology. Electronic Portal Imaging Device (EPID) or MV Imager is an
ideal equipment for facilitating this critical task. The aS1000 EPID has an
active detection area of 40 × 30 cm2 . The newer version aS1200 EPID has
an even larger detective area of 43 × 43 cm2 , which is suﬃcient to collect
treatment beam for almost all type of radiation treatment. In addition, the
radiation resistant feature greatly allows this type of device to withhold numerous radiation without degradation. Besides all the aforementioned great
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features, the EPID is an standard patient position veriﬁcation device, which
means it is ready for implementation to almost every LINCA worldwide. Last
but not the least, the utilization of this EPID tumor surrogate technique is
not going cause additional radiation if no/minimal motion is presented, which
would control the total un-prescribed dose to patient.
The proposed real-time tracking algorithm utilize computer vision and
image processing methods to achieve the goal of automatically detect the
ﬁducial markers/tumor surrogates inside patient’s prostate. Based on the
shape of Multileaf Collimator (MLC), the tracking system is able to separate
the blocked ﬁducial markers prior to the treatment. Based on the pre-set
tolerance, the calculated displacement between the ideal locations of the
implanted ﬁducial marker and the detected locations on the EPID will be
used to inform the related personnel about any abnormality.
One of the drawback about taking advantage of the treatment beam to
generate image is the potential to be blocked by the MLCs. The MLCs
constantly move in and out to create a shape dose edge between tumor and
surrounding normal tissues. One way to tackle this critical issue is through
dose optimization, focusing the dose to the ﬁducial marker region and control the plan complexity but not at the cost of compromising the treatment
quality. In this work, another way of approaching this dilemma has been
proposed. A variety of patterns to insert ﬁducial markers has been investigated. And a more general form and separation distance of implanting
ﬁducial markers has been recommended to boost the real-time MV tumor
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tracking capability.
To better use the tumor displacement information acquired by the realtime tracking algorithm, per-fraction-based DVH estimation can be very useful for future investigation of online adaptive planning. In this work, a dose
perturbation algorithm has been investigated based on a surrogate device
instead of real patient. This system can provide DVH estimation based on
the real-delivered treatment and compare the measurement to the calculate
treatment doseage from the treatment planning system (TPS). Three types
of purposely induced errors were evaluated. And the results showed great
promising about per-fraction-based DVH evaluation.
Future work will be done to integrate the real-time motion tracking system with the per-fraction-based DVH evaluation. Thus the information of
the tumor tracking system can be used as the input information for conducting image registration for dose perturbation and/or plan recalculation.
After a thorough DVH re-analysis, any non-ideal situation can therefore be
able to found out during the designed treatment period. Immediate remedy/adjustment will be made for better patient outcome.

101

Bibliography
[1] R. Baskar, K. A. Lee, R. Yeo, and K.-W. Yeoh, Cancer and radiation
therapy: current advances and future directions, International journal
of medical sciences 9(3), pp. 193–199 (2012).
[2] A. Brahme, Dosimetric precision requirements in radiation therapy,
Acta Radiologica: Oncology 23(5), pp. 379–391 (1984).
[3] T. Bortfeld, Imrt: a review and preview, Physics in Medicine & Biology
51(13), p. R363 (2006).
[4] L. K. Mell, A. K. Mehrotra, and A. J. Mundt, Intensity-modulated
radiation therapy use in the us, 2004, Cancer 104(6), pp. 1296–1303
(2005).
[5] K. Otto, Volumetric modulated arc therapy: Imrt in a single gantry
arc, Medical physics 35(1), pp. 310–317 (2008).
[6] C. L. Ong, W. F. Verbakel, J. P. Cuijpers, B. J. Slotman, F. J. Lagerwaard, and S. Senan, Stereotactic radiotherapy for peripheral lung tumors: a comparison of volumetric modulated arc therapy with 3 other

102

Appendix . Bibliography
delivery techniques, Radiotherapy and oncology 97(3), pp. 437–442
(2010).
[7] G. G. Zhang, L. Ku, T. J. Dilling, C. W. Stevens, R. R. Zhang,
W. Li, and V. Feygelman, Volumetric modulated arc planning for lung
stereotactic body radiotherapy using conventional and unﬂattened photon beams: a dosimetric comparison with 3d technique, Radiation oncology 6(1), p. 152 (2011).
[8] J. Cai, H. K. Malhotra, and C. G. Orton, A 3d-conformal technique
is better than imrt or vmat for lung sbrt, Medical Physics 41(4), pp.
040601–n/a (2014), ISSN 2473-4209, 040601, URL http://dx.doi.
org/10.1118/1.4856175.
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[88] C. Proust-Lima, J. M. Taylor, S. Sécher, H. Sandler, L. Kestin, T. Pickles, K. Bae, R. Allison, and S. Williams, Conﬁrmation of a low α/β ratio for prostate cancer treated by external beam radiation therapy alone
using a post-treatment repeated-measures model for psa dynamics, International Journal of Radiation Oncology Biology Physics 79(1), pp.
195–201 (2011).
[89] A. Dasu and I. Toma-Dasu, Prostate alpha/beta revisited–an analysis
of clinical results from 14 168 patients, Acta oncologica 51(8), pp. 963–
974 (2012).
[90] C. R. King and C. S. Mayo, Is the prostate α/β ratio of 1.5 from brenner & hall a modeling artifact? 1, International Journal of Radiation
Oncology Biology Physics 47(2), pp. 536–538 (2000).
[91] J. Z. Wang, M. Guerrero, and X. A. Li, How low is the α/β ratio for
prostate cancer?, International Journal of Radiation Oncology Biology
Physics 55(1), pp. 194–203 (2003).
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