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Comparison of volumetric-modulated arc therapy and intensity-modulated

radiation therapy prostate cancer plans accounting for cold spots

Department of Health Sciences 3MD15509S Tran Thi Thao Nguyen

Purpose: To compare dosimetric indices of volumetric-modulated arc therapy (VMAT) with
intensity-modulated radiation therapy (IMRT) accounting for cold spots in prostate cancer

plans.

Materials and methods: IMRT plans were retrospectively generated from 30 prostate cancer
patients with 10 cases for each risk group, who received VMAT plans. The mean, maximum,
and minimum doses and conformity and homogeneity indices were evaluated for planning
target volume (PTV) and the mean dose and V20 to V70 for organs at risk (OAR) including
the rectum, bladder, right and left femoral heads, and rectum overlapped with PTV (ROP)
regions. The numbers and volume percentages of cold spots within PTVs and ROP regions
were measured using in-house software. Three-dimensional probabilistic distributions of cold

spots were generated using a centroid matching technique for visualization and analysis.

Results: There was a statistically better dose conformity in the PTV, rectum, and bladder
dose-sparing in VMAT compared to that in the IMRT plans, whereas VMAT plans had
statistically worse target dose homogeneity and right and left femoral head dose-sparing than
those of the IMRT plans. The average volume percentage of cold spots per PTV for the
VMAT plans was 4.37 £ 2.68%, which was smaller than the 5.72 + 1.84% observed for
IMRT plans (P = 0.007). The volume percentage of cold spots per ROP for the VMAT plans

did not significantly differ from those for the IMRT plans.

Conclusions: Compared with IMRT plans, the VMAT plans achieved better PTV dose

conformity, OAR dose-sparing, and smaller cold spots in the treatment of prostate cancer.

Keywords: Prostate cancer - cold spot - VMAT - IMRT - probabilistic distribution
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Abbreviations and keywords

Abbreviation Full spelling

Explanation

A radiation technique which delivers radiation doses
while varying the multileaf collimator motion, dose

rate, and gantry rotation speed.

An advanced form of three-dimensional conformal
radiotherapy which used multiple fixed angle radiation
beams and non-uniform intensity of the radiation

beams.

A plot of a cumulative dose-volume frequency
distribution which graphically summarizes the
simulated radiation distribution within a volume of
interest of a patient which would result from a proposed

radiation treatment plan.

Non-target tissues that could suffer significant
morbidity and might influence the treatment planning

and/or the absorbed dose prescription if irradiated.

A geometrical concept introduced to ensure that the
prescribed dose will actually be delivered to all parts of
the CTV with a clinically acceptable probability, despite
geometrical uncertainties such as organ motion and
setup variations, by adding margins surrounding the

CTV.

VMAT Volumetric-modulated
Arc Therapy

IMRT Intensity-modulated
Radiation Therapy

DVH Dose-volume Histogram

OAR Organs at Risk

PTV Planning Target Volume

ROP Rectum-overlap PTV

The region in which the rectum overlaps with the PTV

in prostate cancer radiation treatment.




Chapter 1 Introduction

1.1 Background
Recently, prostate cancer is one of the most common malignant diseases in men worldwide,

especially those in developed countries [Ferlay et al. 2015]. Prostate cancer is the seventh
leading cause of cancer death in Japanese men [Kitazawa et al 2015]. Figure 1.1 illustrates
several treatment options include prostatectomy, chemotherapy, hormonotherapy, and

radiotherapy to treat prostate cancer patients.

Immunotherapy

-

53

Fig. 1.1 llustration of treatment options for patient with prostate cancer.

There has been a significant increase in the number of prostate cancer patients treated
with volumetric-modulated arc therapy (VMAT) and intensity-modulated radiation therapy
(IMRT) in Japan [Ogawa et al. 2011] because of their lower risks of urinary and sexual
dysfunctions. In static IMRT (step-and-shoot technique), a multileaf collimator (MLC)
divides each radiation beam into a set of smaller segments of differing MLC shape to
conform to and administer high doses to the tumor and improve sparing of normal tissue and
organs at risk (OAR), resulting in the reduction of acute and late toxicities [King et al. 2000;

Ezzell et al. 2003]. In dynamic IMRT (sliding window technique), multiple fixed angle

1



radiation beams and continuously moving MLC are used to modulate the intensity of each
radiation beam [ICRU 83; Rana et al. 2013]. VMAT delivers radiation doses while varying
the MLC motion, dose rate, and gantry rotation speed [Otto et al. 2008]. Figure 1.2 shows the
arrangement of radiation beams for (a) VMAT and (b) IMRT in the representative axial

computed tomography (CT) slices.

Fig. 1.2 Representative axial computed tomography slices showing arrangement of radiation
beams for (a) volumetric-modulated arc therapy and (b) intensity-modulated radiation

therapy.

However, in VMAT and IMRT treatment plans, there are trade-offs in target coverage
and OAR dose-sparing, which result in routine encountering of high dose (hot spots) and low
dose (cold spots) regions in the planning target volume (PTV) [Jeraj et al. 2002; Mundt et al.
2005; Dogan et al. 2006; Bortfeld et al. 2008]. According to the study of Tomé et al. on the
effect of a small volume of cold spots on TCP for solid tumors, one of the causes of the tumor
recurrences is the occurrence of cold spots in target volume because cold spots could lead to
the decrease of TCP [Tomé et al. 2002]. In order to focus on the tumor control, we deal only

with cold spots in this study.



In general, cold spots are defined as volumes of tissue that receive doses less than an
applicable percentage of the prescribed dose [Mundt et al. 2005]. We should use the
definition of the cold spots for prostate cancer plans. However, to the best of our knowledge,
at present there is no generally acceptable consensus regarding the magnitude, volume, and
distribution for cold spots for most of cancer types, including prostate cancer. Therefore, we
employed the trial guidelines of the Radiation Therapy Oncology Group (RTOG) H-0222
[Mundt et al. 2005] for this study, which provided recommendations including cold spots for
head and neck cancer. The cold spots are defined as regions that receive doses lower than
93% of the prescribed dose within PTV [Mundt et al. 2005]. The total volume of cold spots
should be < 1% of the PTV [Mundt et al. 2005]. The locations of cold spots are important,
because they should not be located within the gross tumor volume (GTV) and ideally should
be at the periphery of the PTV, as far as from the GTV as possible [Mundt et al. 2005].
Therefore, it is essential to understand the distributions of the probability of the existence of
cold spots and the distributions of the cold spots if they were to occur in radiation therapy
plans. Several studies have shown that underdosing even small fractions of target volume can
result in a reduction of tumor control probability (TCP), which would cause recurrences of
tumors due to insufficient irradiation to PTV [Bortfeld et al. 2008; Tomé et al. 2002; Vora et
al. 2013; Zaorsky et al. 2016]. Vora et al. evaluated the long-term control of the disease and
chronic toxicities observed in patients treated with IMRT for prostate cancer [Vora et al.
2013]. The results of their study showed that local and distant recurrent rates of 5% and 8.6%,
respectively. In addition, the nine-year biochemical control rates were 77.4% for low-risk
patients, 69.6% for intermediate-risk patients, and 53.3% for high-risk patients who received

IMRT [Vora et al. 2013].



The region in which the rectum overlapped with the PTV along the anterior wall is
defined as the rectum-overlap PTV (ROP) region. Figure 1.3 illustrates the ROP region of a

prostate cancer patient as determined by radiation oncologists.

Fig. 1.3 Illustration of the ROP region of a prostate cancer patient as determined by
radiation oncologists. The yellow contour indicates a ROP region as viewed from the
inferior-superior (IS) direction.

Cold spots in ROP regions may be associated with recurrences of tumors. Therefore, the

investigation of cold spots in the ROP regions is necessary to understand how the magnitude,

volume, and distribution of these low dose regions in VMAT and IMRT plans.

Several reports on VMAT and IMRT plans have been published [Palma et al. 2008,
Wolff et al. 2009, Quan et al. 2012; Guckenberger et al. 2009; Kjaer et al. 2009; Yoo et al.
2009; Ost et al. 2011; Sze et al. 2012; Shaffer et al. 2009; Kopp et al. 2011]. Wolff et al.
reported that both VMAT and IMRT vyielded treatment plans of improved quality in

comparison with three dimensional (3D)-conformal treatments by analyzing their dose



distributions with various dosimetric indices [Wolff et al. 2009]. Quan et al. evaluated the
differences in plan qualities between VMAT and IMRT while considering the delivery time
and the number of beams in IMRT [Quan et al. 2012]. However, to the best of our knowledge,
no studies have compared VMAT and IMRT plans with respect to not only target dose
conformity and homogeneity, rectum overlapped with PTV (ROP) dose-sparing and OAR
(rectum, bladder, right and left femoral heads) dose-sparing but also the number, volume, and
probabilistic distributions (PD) of cold spots in the PTV and ROP region in the treatment of

prostate cancer.

1.2 Purpose
The purpose of this study was to compare VMAT with IMRT, accounting for cold spots in

prostate cancer plans. In this study, the mean, maximum, and minimum doses and conformity
and homogeneity indexes were evaluated for the PTV; the mean dose and V20 to V70 for
OAR including the rectum, bladder, right and left femoral heads, and ROP regions. In
addition, the numbers and volume percentages of cold spots within PTVs and ROP regions
were measured using in-house software. 3D PD of the probability and distributions of cold

spots were generated using a centroid matching technique for their visualization and analysis.



Chapter 2 Basic theories of intensity-modulated radiation therapy and volumetric-

modulated arc therapy

2.1 Intensity-modulated radiation therapy (IMRT)

IMRT is one of commonly used methods to treat cancer in the field of radiation therapy. The
initial developments on IMRT were evolved from the development of three-dimensional
radiation therapy (3DCRT) in the 1980s [Perez et al. 1995]. IMRT has been implemented in
clinical use since the late 1990s. The most important feature of this method is that the beam
intensity of each radiation fixed beam is modulated so that a highly conformal dose is
delivered to the target volume receives while the surrounding normal tissues and sensitive
structures can be spared. In this section, the main concepts of IMRT will be presented as
simple as possible. Firstly, let us try to clarify a main concept of the treatment planning in
IMRT: inverse treatment planning.

2.1.1 IMRT inverse treatment planning

IMRT uses the inverse treatment planning as mentioned above. The main concept of three
dimensional (3D) dose distribution is indicated by the following equation [Mayles et al 2007,

Webb 2005]
D = Mw; (2.1)

where D is a 3D dose distribution related to the set of beam-weights, M is the matrix linking
each beam-space element to each dose-space element, w; is the vector of individual beam-
weights, i is number of beams. The elemental entries into M depend on the physics of
photon-tissue interaction and can be pre-calculated using Monte Carlo calculation or

convolution and superposition algorithms.



The “inverse treatment planning” is that we can know the dose D as the prescribed
dose, and we also know M and we require to calculate the vector of individual beam-weights
w; . The basic idea is that the computer investigates a range of options for pixel
weights (w;) then calculates the delivered dose based on the equation 2.1. Depending on
whether the change in pixel weights makes the increase or decreases of the cost function, the
change is either accepted or rejected based on an acceptable cost.

2.1.2 Cost function
Cost function is a measure of the quality of a plan, i.e. how good or bad a treatment plan is
[Tagaddas et al. 2011]. The basic concept of the cost function, C, will be explained in the

following equation [Mayles et al 2007, Webb 2005]

N
C= Z I (D, - DY)’ 2.2)

where D; and DY are the delivered and prescribed doses to the ith voxel, respectively, N is
number of voxels. I; is the importance factor for the ith voxel. i is number of beams. The
importance factor allows the planner to bias the plan selectively towards either the required

dose in the PTV or that in the organs at risk [Webb 2005].

The iterative planning process might start off with empty beam. Given that the

delivered dose D, will be =zero, the starting cost function will be

c=>XI, (Df)’)z, and be at its highest. Now, considering offer a randomly small beam-weight
to each beam element. After each addition, the cost function is recalculated. Changes to beam
elements are accepted if they lead to a lower acceptable cost. In that ways, the delivered dose
D; gradually builds up while the cost function value will decrease. Simultaneously the
modulation of the beams will develop [Webb 2005]. In summary, such schemes attempt to

minimize the difference between delivered and prescribed dose, reduce the cost function. In
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other words, the iterative planning process is performed to reach the global minimum of the

cost function or optimization.

2.2 Volumetric-modulated arc therapy (VMAT)

VMAT was evolved from intensity modulated art therapy (IMAT) proposed by Yu in 1995
[Yu 1995]. The idea of IMAT is to involve continuous gantry rotation with dynamic MLC
motion to produce fluence modulation while the beam is on. Because the IMAT requires as
many arcs as there are segments to be delivered, this technique has been computationally
difficult in implementation in practice with respect to optimization of a treatment plan. In
2008, Otto overcame this difficulty and introduced a treatment planning algorithm for a
single arc VMAT [Otto et al. 2008]. In this section, let us attempt to explain a main concept
of optimization in the VMAT.

2.2.1 VMAT optimization

VMAT also uses the inverse treatment planning as mentioned in Section 2.1.1. The cost
function in the inverse treatment planning is based on dose-volume constraints [Otto et al.
2008]. The main purpose of optimization procedure is to minimize the cost of function to
reach the global minimum of the cost function by using a computerised algorithm [Tagaddas
et al. 2011]. There are two commonly used approaches in optimization. They are the
stochastic approach and the deterministic approach [Chaos 2005]. The deterministic approach
only allows a change in plan with a decrease value of the cost function. However, the
stochastic approach also allows a change in plan with an increase of the cost function. There
are a number of VMAT optimization algorithms used in practice, and some of them use

simulated annealing algorithm.

Simulated annealing (SA) uses uphill and downhill changes to guarantees achieving

the global minimum [Khan 2007]. According to Aquaddas [Aquaddas 2011], in this method,



one of the variables in the simulated annealing is randomly selected and its value is randomly
increased or decreased by a small amount (grain). The grains represent the elemental changes
in the beam-weight. At first, any changes of the variables are accepted and changes may be
large to explore the solution space [Chao et al. 2005]. Then, the objective function is
recalculated until the value of the cost function is negative, which means that the change lead
to the decrease of the cost function, the change is accepted and the algorithm proceeds to the
next iteration [Khan 2007, Mayles et al 2007]. In the case of the value of the objective
function is positive, the change to the variable is rejected. However, there is an exceptional

case which is a probability P given by an equation [Webb 2003, Tagaddas 2011]:
P = exp(—AV/kT) (2.3)

where AV is small fraction of cases V, k is Boltzmann’s constant, T is temperature. The
variable kT is the controlling parameter which is used to decrease the probability P of
accepting a wrong way (uphill) as long as the iteration process of searching continues. The
temperature variable T is reduced gradually until the end of the iteration and only downhill
changes are accepted in practice. This process enables the algorithm to come out of local
minima into deeper minima that may be close to a global minimum [Tagaddas 2011]. Figure
2.1 illustrates the concept of simulated annealing by describing an analogy of a skier
attempting to reach the foot (global minimum) of a slope (cost function) with snowbumps
(local minima) [Mayles et al. 2007, Webb 2003]. In this figure, the hill represents the cost
function. At the top of the hill, a starting line for the skier refers to the initial conditions when
the cost function (slope) is high. The skier moves down the hill, i.e. the cost function begins
to decrease. The purpose of the skier is moves down the hill to reach a foot of the hill (i.e. a
global minimum) by avoiding to be trapped in any small snow bumps on the way of downhill

(i.e. local minima). This purpose is achieved as the skier has to pass through downbhill (i.e.



accepting a decrease) but also the small uphill changes (i.e. accepting a small decrease) in the

slope (the cost function).

1f AV < 0 accept grain

If AV > 0 accept grain with probability exp (- /\v/kT)
(T is temperature; k is Boltzmann’s constant)

- - +ve AV

trap
amorphous

state
(local minimum)

decreasing potential
energy

l global
crystal — e —— — =——  minimum
analogy — {crystalline state)

Fig. 2.1 An illustration of the concept of simulated annealing (SA) algorithms by describing
an analogy of a skier attempting to reach the foot (global minimum) of a slope (cost function)
with snowbumps (local minima) [Mayles et al. 2007, Webb 2003].
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Chapter 3 Comparison of volumetric-modulated arc therapy and intensity-modulated

radiation therapy prostate cancer plans accounting for cold spot

3.1 Clinical cases
This study was performed under the approval of the institutional review board of our hospital.

Thirty patients (median age: 72 years; range: 56-87 years; stage: T1-T3a) treated with VMAT
for prostate cancer were selected for this study. These cases included 10 low-risk patients, 10
intermediate-risk patients, and 10 high-risk patients. The reason for using three risk
categories is that the magnitude, volume, and distribution of cold spots within the PTVs may
depend on the contours of 3 risk clinical target volumes (CTVs). The low-, intermediate-, and
high-risk CTVs were defined as containing only the prostate, prostate plus 1 cm proximal
seminal vesicles, and prostate plus 2 cm proximal seminal vesicles, respectively [Boehmer et
al. 2006; Hayden et al. 2010]. PTV margins (internal and set-up margins) were added as 5
mm in posterior direction to spare additional rectal tissue from receiving radiation dose and 8
mm in other directions. The median volumes of the PTVs with its range were 101.62 cc
(52.35 — 132.73 cc) for the low-risk group, 106.87 cc (75.99 — 159.25 cc) for the
intermediate-risk group, 97.45 cc (75.59 — 137.63 cc) for the high-risk group, and 103.78 cc
(52.35 — 159.25 cc) for all risk groups. The volumes (means + SDs) of the PTVs were 96.22
+ 22.98 cc for the low-risk group, 111.85 + 22.42 cc for the intermediate-risk group, 100.44 +

21.18 cc for the high-risk group, and 102.44 + 23.16 cc for all risk groups.

IMRT plans were retrospectively generated from the 30 prostate cancer patients in
three risk groups who received VMAT plans with a prescribed dose of 76 Gy in 38 fractions.
The dose calculations for both techniques utilized an anisotropic analytical algorithm (AAA)
[Bragg et al. 2008], with a dose calculation grid size of 2.5 mm and 10-MV photon beam,
which was the algorithm implemented in the Varian Eclipse, version 10.0, treatment planning

system. In plans for both VMAT and IMRT in our hospital, the mean dose within the PTV
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was set as 100% of the prescribed dose [Michalski et al. 2004]. For the rectum, 65, 70, and 76
Gy covered less than 25%, 20%, and 3% of the volume, respectively. For the bladder, 40 and
70 Gy covered less than 60% and 35% of the volume, respectively. For the ROP, the average
dose ranged from 90% to 95% of the prescribed dose. For the right and left femoral heads,
the maximum dose was less than 50 Gy. Dose criteria in our institute follow the RTOG 0126
guideline [Michalski et al. 2004]. However, the OAR dose criteria were set as threshold
values lower than these of RTOG 0126 due to a concern of reducing toxicity to OAR.
Optimization parameters and their weightings (priorities) for VMAT and IMRT plans were

summarized in Table 1.

Table 1. Optimization parameters and their weightings (priorities) for VMAT and IMRT

plans.
Structure Volume (%) Dose (Gy) Priority
CTV 100 76 90-98
Rectum_O 0 36-38 30-90
30 20 40-65
70 10 50
ROP 0 69-73 30-60
100 68-70 50-80
PTV_Rectum 0 74-78 80-100
100 75-77 70-100
Bladder 30 40 50
Rectum 0 68-70 50-80
Large bowel 0 45-60 60
40 25 50

CTV: clinical target volume; PTV: planning target volume; Rectum_O: rectum minus PTV
with extra 5-mm margin; PTV_Rectum: PTV minus rectum; ROP: rectum overlapped with

PTV.
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The VMAT plans consisted of a single arc starting at a gantry angle of 179° and
stopping at a gantry angle of 181° in the counter-clockwise direction (Varian International
Electrotechnical Commission [IEC] scale). The collimator was set to 30°. From the VMAT
optimization, a series of MLC segments for each arc field was generated. One MLC segment
formed an aperture shape from a beam at every 2 gantry positions, which translated to 178
segments for 1 full arc. The IMRT plans consisted of seven coplanar fields modulated with
dynamic-MLC at gantry angles of 0°, 51°, 102°, 204°, 255°, and 306°. Leaf sizes of both
MLCs for VMAT and IMRT were 5 mm. The gantry angles of the beams were manually

selected based on the morphologic relationships between the PTVs and the OAR.

We employed different optimization algorithms, i.e., the progressive resolution
optimizer (PRO) algorithm for the VMAT plans and dose—volume optimizer (DVO)
algorithm for the IMRT plans. The PRO algorithm creates the VMAT plans based on dose-
volume objectives, and generates a sequence of control points, which define MLC leaf
positions and MU/degree as a function of gantry angle. A multi-resolution approach (i.e.
simulated annealing method [Otto et al. 2008]) and an objective function (the sum of the
dose-volume and user-defined objectives) are used to optimize the VMAT plans. The DVO
algorithm determines the optimal field shape and intensity by iteratively conforming the dose
distribution to the desired objectives until an optimum solution is reached by using simple

gradient optimization.

A four-slice computed tomography (CT) scanner (Mx 8000; Philips, Amsterdam, The
Netherlands) was used to acquire planning CT images with dimensions of 512x512 pixels, an
in-plane pixel size of 0.977 mm, and a slice thickness of 2.0 mm. Figure 3.1 illustrates the
contours of CTV, PTV, rectum, bladder, right femoral head, and left femoral head in an axial
view for a low-risk prostate cancer patient. The rectum contours were delineated by inferiorly
starting from the anorectal junction and superiorly extending up to the beginning of the

13



sigmoid at the rectosigmoid junction. The bladder contours were delineated from its base to
the dome. The femoral heads contours were delineated to the ball of the femur. The contours
of the CTVs, PTVs and OAR were delineated on the planning CT images for each patient
based on the consensus between a radiation oncologist (S.0.) and a medical physicist (T.H.)
using a commercial radiation treatment planning (RTP) system. The dose distribution images
had an in-plane pixel size of 2.5 mm and a slice thickness of 2.0 mm. The voxel size of the
original dose distribution data (2.5 mm x 2.5 mm x 2.0 mm) differed from that of the PTV
regions on the planning CT images (0.977 mm x 0.977 mm x 2.000 mm). Therefore, nearest-
neighbor interpolation and linear interpolation methods were used on the PTV regions and
dose distribution data, respectively, so that the isovoxel size (0.977 mm) of the PTV regions

was equal to that of the dose distribution data [Parker et al. 1983].

temeral head
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Fig. 3.1 Illustration of the contours of CTV, PTV, rectum, bladder, right femoral head, and left

femoral head in an axial view for a low-risk prostate cancer patient.

3.2 Plan evaluation
The following dosimetric indices were evaluated based on the dose-volume histograms of the

VMAT and IMRT plans: mean dose, maximum and minimum doses, conformity index (CI),
homogeneity index (HI) for PTV and the mean dose and V20 to V70 for OAR including the

rectum, bladder, right and left femoral heads, and ROP regions.

The PTV doses were evaluated for the average, minimum, and maximum doses. To
quantitatively evaluate dose the conformity and homogeneity in the PTV, the Cl and HI were
calculated [Hodapp et al. 2012; ICRU 1999; Paddick et al. 2000; Feuvret et al. 2006]. The CI
was defined as

L _TVop TVsp

- )
Very Vb,

(3.1)

where TV, was the PTV covered by the prescribed dose (cm?®), Vpry was the PTV (cm®), and
Vp, Was the volume of the prescribed dose (cm®). The HI in the International Commission on

Radiation Units and Measurements (ICRU) Report 83 is defined as

Dy — Dog
Dso '

HI = (3.2)

where D,, Dog, and Dz, were the minimum dose delivered to 2%, 98%, and 50% of the PTV.
An HI value closer to 0 indicates a more homogeneous dose distribution within the PTV. The
conformity index is a measure of how well the volume of the prescribed dose conforms to the
size and shape of the PTV. A CI value closer to 1 indicates that the volume of the prescribed

dose more closely conforms to the PTV.
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Vx (x = 20, 30, 40, 50, 60, 70) was defined as the percentage of OAR (rectum,
bladder, right and left femoral heads, and ROP regions) volume receiving x Gy and was used

to represent the high-dose OAR volume.
3.3 Analysis of cold spots in the dose distributions

Figure 3.2 shows the overall scheme for the detection of cold spots in dose distributions. First,
PTV regions were constructed from contours (DICOM structure data) on planning CT images.
Second, the dose distributions within PTVs and ROP regions were extracted from the total
dose distributions. Third, cold spot regions were detected by thresholding the dose
distributions within PTV regions according to the cold spot definition of dose regions lower
than 93% of the prescribed dose. Finally, the detected cold spot regions were labeled using
twenty-six connecting labeling [Shapiro et al. 1996; Lumia et al. 1983]. Figure 3.3 shows
examples of detected cold spots in planning target volumes of three risk groups for prostate
cancer patients. The gray regions indicate PTV and light red regions indicate cold spots. The
numbers and volumes of the labeled cold spot regions were then calculated. In addition, for
comparison of the VMAT and IMRT plans, the numbers and volumes of the cold spots were
normalized by the PTVs. We developed in-house software according to the algorithm

described above.
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3.4 3D PD of the probability and distributions of cold spots
Figure 3.4 illustrates an overall scheme developed as in-house software to generate the PD of

the probability and distributions of cold spots. The PD of the probability and distributions of
cold spots were constructed by registration of all PTV and detected cold spots to a reference
PTV (a median PTV) using a centroid matching technique [Shibayama et al. 2017]. The PD

(P(x;)) of the probability and distributions of cold spots was calculated as

1 N
PGx) =3 D falx), (33)

where x; was the 3D coordinate of i-th voxel, n was the case number, N was the number of

cases, and f,,(x;) was the i-th voxel value (one or zero) of cold spots regions for a n-th case.
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Fig. 3.4 An overall scheme for generating a probabilistic distribution of the probability and

distributions of cold spots

Furthermore, we investigated the volumes of the cold-spot-existence PD by changing
the probabilities. For 3D visualizations and analyses of the PD of the probability and
distributions of cold spots, a red color with an opacity, which represented the degree of color
transparency, was set to the value of the probability of the existence of cold spots ranging
from 0 to 1. A logical OR indicates the mathematical operation in logic or the logical

disjunction. The logical OR region of the PTVs is a set of voxels, in which the logical ORs
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are one after registering all PTVs to the reference PTV. Each PTV consists of a one-value
voxel, but the outside voxels include a zero-value voxel. The logical OR region of the PTV

was also visualized as a green color in order to analyze the location of cold spots in the PTV.

The visualization tool presented in this study can be used for verification of the
presence or absence of cold spot regions in the CTV, because cold spots should not be
located within the CTV but should be at the periphery of the PTV [Mundt et al. 2005]

according to RTOG H-0222.

3.5 Statistical analysis
To evaluate the differences between the VMAT and IMRT plans, statistical analysis was

performed using two-sided paired Student’s t-tests. The difference was considered

statistically significant for P-values less than 0.05.

3.6 Results
Tables 2 — 5 show the averages and standard deviations of the dosimetric indices for the PTV,

rectum, bladder, ROP, right femoral head, and left femoral head of the VMAT and IMRT
plans for the low-risk group, the intermediate-risk group, the high-risk group, and all risk
groups, respectively. As for the PTV, there were no statistical significant differences in the ClI
and HI between VMAT and IMRT plans among the three risk groups (Tables 2 — 4).
However, VMAT had statistically better dose conformity than that of the IMRT plans,
whereas VMAT had statistically worse dose homogeneity than that of the IMRT plans for all

risk groups (Table 5).

For the rectum, the VMAT plans resulted in a lower average mean dose to the rectum
and lower volume percentages of the rectum at every dose (20, 30, 40, 50, and 60 Gy) than
those of the IMRT plans (Table 5). All differences between the VMAT and IMRT plans were
statistically significant. These results indicate that the VMAT provided a dosimetric

advantage by sparing the dose to the rectum compared to the IMRT plans. The bladder
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received a greater average mean dose in the VMAT compared to that in the IMRT plans
(Table 5). However, the difference between the plans was not statistically significant. The
VMAT resulted in statistically lower volume percentages received by the bladder at 50, 60,
and 70 Gy than those of the IMRT plans (Table 5). Therefore, VMAT could reduce higher

dose volumes for the bladder, compared with IMRT.

For the ROP region, the average mean dose was lower in the VMAT compared with
the IMRT plans, and the difference was not statistically significant (Table 5). The V40 of the
ROP region was 100% for both VMAT and IMRT plans (Table 5). For the femoral head,
compared with the IMRT plans, average mean doses to femoral heads were greater in the
VMAT plans for both the right and left femoral heads (Table 5). The V40 of the right and left
femoral heads was 0% for both the VMAT and IMRT plans (Table 5). These results indicated

that IMRT produced better dose sparing of the femoral heads than VMAT.

Table 2. Averages and standard deviations of the dosimetric indices for PTV, rectum, bladder,

ROP, right femoral head, and left femoral head of VMAT and IMRT plans for the low-risk

group.
VMAT IMRT
Average +SD  Average +SD P value
PTV
Mean dose (Gy) 76.00 0.00 76.00 0.00 -
Maximum dose(Gy) 79.51 0.65 78.13 0.36 <0.001
Minimum dose (Gy) 61.37 2.37 62.19 2.36 0.111
Cl 0.964 0.013 0958 0.014 0.118
HI 0.103 0.022 0.096 0.021 0.344
Rectum
Mean dose (Gy) 26.82 2.78 28.41 2.48 <0.001
V20 (%) 53.71 4.28 58.81 517  0.005
V30 (%) 34.89 6.19 38.81 406  0.007
V40 (%) 23.35 5.60 25.46 492  0.003
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V50 (%) 15.79 3.97 17.41 4,00 <0.001

V60 (%) 10.03 2.59 11.16 2.62 <0.001

V70 (%) 3.80 1.25 3.71 125 0.612
Bladder

Mean dose (Gy) 26.29 1161 2729 1159 0.008

V20 (%) 46.96 23.07 49.34  23.09 0.004

V30 (%) 38.04 2154 4026 21.58 0.004

V40 (%) 28.91 16.98 30.15 1691 0.017

V50 (%) 21.67 1227 2276 1253 0.015

V60 (%) 16.23 8.86 16.71 1253 0.207

V70 (%) 10.15 5.96 10.76 552  0.012
ROP

Mean dose (Gy) 69.89 1.01 69.92 1.19  0.890

V40 (%) 100.00 0.00 100.00 0.00 -
Right femoral head

Mean dose (Gy) 15.35 2.96 14.03 2.73 0.217

V40 (%) 0.00 0.00 0.00 0.00 -
Left femoral head

Mean dose (Gy) 16.12 1.55 13.89 2.73 0.020

V40 (%) 0.00 0.00 0.00 0.00 -

PTV: planning target volume; ROP: rectum overlapped with PTV; VMAT: volumetric
modulated arc therapy; IMRT: intensity modulated radiation therapy; SD: standard deviation;
ClI: conformity index; HI: homogeneity index; VX: percentage volume receiving at least x Gy.

Values in bold are statistically significant.

Table 3. Averages and standard deviations of the dosimetric indices for PTV, rectum, bladder,
ROP, right femoral head, and left femoral head of VMAT and IMRT plans for the

intermediate-risk group.

VMAT IMRT
Average +SD  Average +SD P value
PTV
Mean dose (Gy) 76.00 0.00 76.00 0.00 -
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Maximum dose(Gy) 79.40 0.47 78.32 0.60  0.001

Minimum dose (Gy) 60.27 2.73 62.92 2.22 0.037
Cl 0.966 0.012 0965 0.013 0.937
HI 0.089 0.016 0.083 0.016 0.154
Rectum
Mean dose (Gy) 28.90 1.89 31.40 2.12 0.001
V20 (%) 61.38 6.96 69.17 6.40 <0.001
V30 (%) 38.77 6.72 45.75  10.00 0.020
V40 (%) 24.44 3.49 28.91 3.90 0.003
V50 (%) 16.40 2.43 18.96 2.46  <0.001
V60 (%) 10.33 1.58 12.13 1.66 <0.001
V70 (%) 4.12 0.68 4.47 0.75  0.015
Bladder
Mean dose (Gy) 26.36 9.61 26.90 9.69  0.216
V20 (%) 46.55 18.84 4793 1848 0.162
V30 (%) 37.65 16.55 39.06 16.48 0.054
V40 (%) 28.70 1298 2952 1285 0.135
V50 (%) 2151 9.90 2261 10.34 0.011
V60 (%) 16.10 7.57 16.99 820 0.016
V70 (%) 10.06 5.32 11.39 594  0.003
ROP
Mean dose (Gy) 70.62 0.95 70.79 0.73 0.237
V40 (%) 100.00 0.00 100.00 0.00 -
Right femoral head
Mean dose (Gy) 14.14 4.65 13.03 482  0.148
V40 (%) 0.00 0.00 0.00 0.00 -
Left femoral head
Mean dose (Gy) 15.33 5.16 13.73 4.89 0.038
V40 (%) 0.00 0.00 0.00 0.00 -

PTV: planning target volume; ROP: rectum overlapped with PTV; VMAT: volumetric
modulated arc therapy; IMRT: intensity modulated radiation therapy; SD: standard deviation;
ClI: conformity index; HI: homogeneity index; Vx: percentage volume receiving at least x Gy.

Values in bold are statistically significant.
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Table 4. Averages and standard deviations of the dosimetric indices for PTV, rectum, bladder,

ROP, right femoral head, and left femoral head of VMAT and IMRT plans for the high-risk

group.
VMAT IMRT
Average +SD  Average +SD P value
PTV
Mean dose (Gy) 76.00 0.00 76.00 0.00 -
Maximum dose(Gy) 79.20 0.48 78.35 0.80 <0.001
Minimum dose (Gy) 62.11 1.89 62.87 2.73 0.329
Cl 0.959 0.017 0967 0.015 0.187
HI 0.091 0.019 0.081 0.018 0.050
Rectum
Mean dose (Gy) 27.63 3.26 29.91 351 <0.001
V20 (%) 57.29 9.63 62.62 9.88  0.007
V30 (%) 36.73 8.09 42.63 7.82 <0.001
V40 (%) 24.26 4.59 28.45 5.09 <0.001
V50 (%) 16.53 2.98 20.65 498  0.002
V60 (%) 10.45 1.95 14.47 6.13  0.039
V70 (%) 4.19 1.02 6.64 567  0.174
Bladder
Mean dose (Gy) 27.24 9.97 25,55 10.24 0.261
V20 (%) 48.90 19.80 46.08 1945 0.343
V30 (%) 38.19 19.84  36.05 18.86 0.445
V40 (%) 28.65 16.36  27.05 15.63 0.429
V50 (%) 20.21 11.47 2096 1246 0.860
V60 (%) 15.55 8.08 15.64 9.09  0.929
V70 (%) 10.02 5.23 10.43 594  0.009
ROP
Mean dose (Gy) 70.44 0.62 70.92 1.27  0.219
V40 (%) 100.00 0.00 100.00 0.00
Right femoral head
Mean dose (Gy) 12.57 4.44 12.00 452  0.418
V40 (%) 0.00 0.00 0.00 0.00
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Left femoral head
Mean dose (Gy) 14.03 5.24 12.46 12.46 0.014
V40 (%) 0.00 0.00 0.00 0.00

PTV: planning target volume; ROP: rectum overlapped with PTV; VMAT: volumetric
modulated arc therapy; IMRT: intensity modulated radiation therapy; SD: standard deviation;
ClI: conformity index; HI: homogeneity index; VVX: percentage volume receiving at least x Gy.

Values in bold are statistically significant.

Table 5. Averages and standard deviations of the dosimetric indices for PTV, rectum, bladder,

ROP, right femoral head, and left femoral head of VMAT and IMRT plans for all risk groups.

VMAT IMRT
Average +SD Average +SD P value
PTV
Mean dose (Gy) 76.00 0.00 76.00 0.00 -
Maximum dose(Gy) 79.36 0.53 78.28 0.61 <0.001
Minimum dose (Gy) 61.28 2.38 62.68 2.39 0.007
Cl 0.963 0.014 0954 0.014 0.046
HI 0.094 0.019 0.086 0.019 0.010
Rectum
Mean dose (Gy) 27.81 2.75 29.96 296 <0.001
V20 (%) 57.59 7.85 63.67 8.47  <0.001
V30 (%) 36.86 7.02 42.54 8.01 <0.001
V40 (%) 24.05 444 2772 473  <0.001
V50 (%) 16.27 3.04 19.12 4.07 <0.001
V60 (%) 10.29 1.98 12.71 422 <0.001
V70 (%) 4.05 0.97 4.95 3.66  0.130
Bladder
Mean dose (Gy) 26.67 9.97 2652 10.10 0.511
V20 (%) 47.14 19.73 4766 1832 0.017
V30 (%) 37.97 1859 3830 1832 0.701
V40 (%) 37.97 1859 2874 1490 0.126
V50 (%) 21.44 11.39 22.04 11.39 0.019
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V60 (%) 15.94 8.45 16.41 8.45 0.001

V70 (%) 10.09 5.61 10.85 561 <0.001
ROP

Mean dose (Gy) 70.34 0.88 70.58 1.14  0.115

V40 (%) 100.00 0.00 100.00 0.00 -
Right femoral head

Mean dose (Gy) 13.70 4.20 12.79 4.18 0.038

V40 (%) 0.00 0.00 0.00 0.00 -
Left femoral head

Mean dose (Gy) 14.92 4.20 13.19 433 <0.001

V40 (%) 0.00 0.00 0.00 0.00 -

PTV: planning target volume; ROP: rectum overlapped with PTV; VMAT: volumetric
modulated arc therapy; IMRT: intensity modulated radiation therapy; SD: standard deviation;
ClI: conformity index; HI: homogeneity index; VX: percentage volume receiving at least x Gy.

Values in bold are statistically significant.

Figure 3.5(a) shows the average numbers of cold spots per PTV of the three risk
groups for the VMAT and IMRT plans. The error bars indicate the standard deviations. The
averages = standard deviations of the numbers of cold spots per PTV of all risk groups for the
VMAT and IMRT plans were 0.21 + 0.10 cm™ and 0.24 + 0.08 cm™, respectively (P = 0.158).
There was no significant difference between the VMAT and IMRT plans for the average
numbers of cold spots per PTV for each type of risk. Figure 3.5(b) shows the average volume
percentages of cold spots in the PTV of the three risk groups in the VMAT and IMRT plans.
The average volume percentage of cold spots per PTV for all risks was 4.37 + 2.68% for the
VMAT, which was smaller than the 5.72 + 1.84% observed for the IMRT plans (P = 0.007).
As for the high-risk group, the average volume percentage of cold spots for VMAT was

statistically smaller than that for IMRT plans (P < 0.001).
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Fig. 3.5 (a) Average numbers and (b) volume percentages of cold spots per PTV of 3 risk
groups for VMAT and IMRT plans. The error bars and asterisks indicate the standard

deviations and statistical significances (P < 0.05), respectively.

Figures 3.6(a) and 3.6(b) show the average numbers and volume percentages of cold
spots per ROP region of the three risk groups for the VMAT and IMRT plans, respectively.
The average of cold spots per ROP region of all risk groups for VMAT number (0.99 £ 0.85
cm®) did not significantly differ from that (0.96 + 0.94 cm™) for IMRT plans (P = 0.827), as
shown in Figure 3.6(a). Additionally, the average volume percentage (70.61 + 14.77%) of
cold spots per ROP region for the VMAT did not significantly differ from that (65.07 +
19.3%) for the IMRT plans (P = 0.087), as shown in Figure 3.6(b). There was no significant
difference between the VMAT and IMRT plans regarding the average number and volume

percentage of cold spots per ROP region for each type of risk.
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Fig. 3.6 (a) Average numbers and (b) volume percentages of cold spots per ROP region of 3

risk groups for VMAT and IMRT plans. The error bars indicate the standard deviations.

Figure 3.7 shows the 3D PDs of the probability and distributions of cold spots in the
VMAT and IMRT plans for the low-risk group, the intermediate-risk group, the high-risk
group, and all risk groups. The logical OR region of the PTVs is shown in light green, while
the PD of the probability and distributions of cold spots is shown in red with opacity. Figures
3.7(a) — (d) show that the cold spots are widely distributed throughout PTVs in both VMAT
and IMRT plans. However, in the anterior-posterior (AP) and left-right (LR) views, most of
the cold spots are distributed on the posterior and upper PTVs for both plans. In addition, the
3D PDs of the probability and distributions of cold spots in the ROP regions in the VMAT
and IMRT plans for low-risk group, intermediate-risk group, high-risk group, and all-risk

groups are shown in Figures 3.8(a) — (d).
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Fig. 3.7 Three-dimensional probabilistic distributions of the probability and distributions of
cold spots in VMAT and IMRT plans in anterior-posterior (AP), inferior-superior (IS), and
left-right (LR) views for (a) low-risk group, (b) intermediate-risk group, (c) high-risk
group, and (d) all-risk groups.

Table 6 shows volumes of cold-spot-existence-probability distributions more than
several probabilities for VMAT and IMRT plans. The probabilistic volumes of cold spots
were estimated at different distribution probabilities of cold spots for VMAT and IMRT plans.
The volume (3.86 cm®) more than a distribution probability of 0.3 of cold spots for VMAT
was smaller than that (5.10 cm®) for IMRT plans. These probabilistic volumes of cold spots
indicate that the probability of the existence of cold spots in VMAT is smaller than IMRT
plans. However, at low probabilities of cold spots (0.1), the volume of cold spots for VMAT
(239.08 cm?®) was larger than that for IMRT plans (235.91 cm?®). This is because the cold

spots in VMAT are more widely distributed than those of IMRT plans, as shown in Figures

3.7(a) - (d).
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Fig. 3.8 Three-dimensional probabilistic distributions of the probability and distributions of
cold spots in ROP regions in VMAT and IMRT plans in anterior-posterior (AP), inferior-
superior (I1S), and left-right (LR) views for (a) low-risk group, (b) intermediate-risk group, (c)
high-risk group, and (d) all-risk groups.

Table 6. Volumes of cold-spot-existence-probability distributions for several probabilities in

VMAT and IMRT plans.

Probabilistic volume of cold spots (cm®)

Probability for threshold

VMAT IMRT
0 1019.24 1019.14
0.1 239.08 235.91
0.2 44.35 4451
0.3 3.86 5.10
0.4 0.03 0.11

VMAT: volumetric modulated arc therapy; IMRT: intensity modulated radiation therapy.

29



3.7 Discussion
This study compared the dosimetric qualities of VMAT and IMRT plans using dosimetric

indices and analyzed cold spots in prostate cancer. The VMAT provided dosimetric
advantages over the IMRT plans with respect to target dose conformity, dose sparing of the
rectum and bladder (Table 5), and cold spots (Figure 3.5(b), Table 6), but achieved worse
target dose homogeneity and dose sparing of the right and left femoral heads compared to

those of the IMRT plans (Table 5).

Previous studies have reported similar results for target dose conformity and OAR
dose-sparing in dosimetric comparisons for the treatment of prostate cancer [Palma et al.
2008; Wolff et al. 2009; Quan et al. 2012; Guckenberger et al. 2009; Kjaer-Kristofferesen et
al. 2009; Ost et al. 2011; Shaffer et al. 2009]. However, some dosimetric comparison results
in the present study differed from those reported other studies [Yoo et al. 2009; Sze et al.
2012; Kopp et al. 2011]. Yoo et al. showed a better dose conformity in the PTV but worse
rectum and bladder dose-sparing by VMAT compared to those in IMRT plans [Yoo et al.
2009]. Differences in VMAT and IMRT techniques, plan objectives, beam angles, etc., may
have contributed to this difference in results. Another factor may be related to differences in
the volume and shape of the PTV due to different CTV definitions at different institutes and

differences in patient risk groups. All of these factors might affect the dosimetric outcomes.

Divergent delineation policies for the three risk groups in prostate cancer cases may
lead to differences in the results of VMAT and IMRT plans. There were some differences in
the results among risk groups, for example, results for PTV and femoral head in Table 5
(summary of all risk groups) were partially different from those in Tables 2 (low-risk group),
3 (intermediate-risk group), 4 (high-risk group). For instance, there were no statistically

significant differences in average minimum doses to PTV between VMAT and IMRT plans
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in low- and high-risk groups (Tables 2 and 4), whereas average minimum doses in VMAT
plans were significantly lower than those in IMRT plans, with respect to intermediate-risk
and all risk groups (Tables 3 and 5). In addition, there were no statistically significant
differences in the CI and HI among VMAT and IMRT plans between the 3 risk groups
(Tables 2 - 4); however, there were statistically significant differences in those parameters
when all risk groups were analyzed together (Table 5). Furthermore, the delineation policy of
three risk groups in prostate cancer cases could have an impact on the results pertaining to the
femoral head. In the intermediate-risk and all risk groups (Tables 3 and 5) the average mean
doses to left femoral heads in VMAT plans were significantly greater than those in IMRT
plans. Additionally, only analyzing all risk groups together (Table 5) showed that the mean
dose to the right femoral heads was significantly greater in VMAT compared with IMRT

plans.

The difference of optimization algorithms between VMAT (PRO algorithm) and
IMRT (DVO algorithm) may affect the dosimetric results of VMAT and IMRT plans. While
a simple gradient method was employed for the IMRT plans, a simulated annealing method
was employed for the VMAT plans. In the latter, one of the variables in the simulated
annealing is randomly selected and its value is randomly increased or decreased by a small
amount [Tagaddas 2011]. This could result in better optimization results and may achieve
better plans, because trapping in the local minimum is avoided [Khan 2007]. For example,
the effect of difference in optimization algorithms was shown in Figure 3.5(b) for the high-
risk group. In addition, we think that VMAT could reduce cold spot occurrence by irradiation

from many gantry angles and delivery times optimized in that algorithm.

Because cold spots in the PTV could induce tumor recurrence, we also analyzed the
numbers, volumes, and distributions of cold spots between the VMAT and IMRT plans.
Figures 3.5(a) and 3.5(b) indicate that VMAT plans result in cold spots with smaller volumes
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in the PTV than those in the IMRT plans, as shown by the probability of 0.3 of cold spots in
Table 6, whereas the cold spots in the VMAT were distributed more widely than those in the
IMRT plans, as shown in Figures 3.7(a) — (d). The reason for this phenomenon is that the
VMAT can irradiate from more directions than IMRT, which averages the VMAT irradiation
to a rotating target, whereas IMRT irradiates from only seven directions. Figures 3.7(a) — (d)
show the distributions of cold spots on the posterior and upper PTVs for all types of risk
groups in the VMAT and IMRT plans. The reason for this distribution is that the ROP region
is not regarded as a target for dose calculation in planning the radiotherapy of prostate cancer
in order to avoid high irradiating doses to the rectum (OAR) [McLaughlin et al. 1999;
Serrano et al. 2017]. Therefore, cold spots were distributed throughout nearly all of parts of
the ROP regions (Figures 3.8(a) — (d)), as also evidenced by the volume percentages of cold
spots per ROP for the VMAT and IMRT plans in Figure 3.6(b). Considering the differences
in the distributions of cold spots between the VMAT and IMRT plans, the volumes of cold
spots in the VMAT was smaller than those of the IMRT (Figure 3.5(b)), whereas there was
no significant difference in the volume of cold spots in the ROP regions between the plans
(Figure 3.6(b)). These results indicated that the volume of cold spots in other parts of the

PTV (except for the ROP regions) in VMAT was smaller than that of the IMRT plans.

To understand how much the cold spot occurrence affects DVH, we investigated the
relationship between the volume percentage of cold spots per PTV (%) and Dgs (Gy) for (a)
VMAT and (b) IMRT plans, as shown in Figure 3.9. Figure 3.9 indicated that Dgg
representing the minimum dose delivered to 99% of the PTV decreased with increasing of the
volume of cold spots for both VMAT and IMRT plans. The average = SD of Dgg for VMAT
plans was 68.68 = 2.63 Gy, which was smaller than 69.42 + 1.73 Gy for IMRT plans (P =
0.002). In other words, there are negative correlations between the cold spot volume per PTV

and D99 for VMAT and IMRT plans. This result does not correspond that the average
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volume percentage of cold spots per PTV for the VMAT plans was 4.37 £ 2.68%, which was
smaller than the 5.72 + 1.84% observed for IMRT plans (P = 0.007). Consequently, the cold

spots would not affect the DVH at least Do.
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Fig. 3.9 Relationship between volume percentages of cold spots per PTV and Dggy for (a)
VMAT and (b) IMRT plans.

This study had three limitations. First, we used definition of the cold spots based on
the use of the trial guidelines of the RTOG H-0222 in head and neck cancers. Second, many
cold spots were distributed on the upper PTVs, as shown in Figures 3.7(a) — (d). Further
consideration is needed to assess the distributions of these cold spots in VMAT and IMRT
plans. Third, 30 patients with only 10 cases for each risk group were selected for this study.
Therefore, data from a larger number of cancer patients in each risk group are required in

order to improve the accuracy of the prediction of the PD of cold spots.
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Chapter 4 Conclusions

In this thesis, we compared the dosimetric indices, i.e. the mean, maximum, and minimum
doses and conformity and homogeneity indexes were evaluated for the PTV; the mean dose
and V20 to V70 for OAR including the rectum, bladder, right and left femoral heads, and
ROP regions, and analyzed the numbers, volume percentages, and probabilistic distributions

of the probability and distributions of cold spots for VMAT and IMRT prostate cancer plans.

In Chapter 1, we introduced the potential of analysis (magnitude and volume) and
visualization of cold spots of the PTV and ROP region and the potential of comparison of

VMAT and IMRT plans accounting for cold spots.

In Chapter 2, we introduced the basic theory of inverse treatment planning and

optimization in IMRT and VMAT.

In Chapter 3, we compared VMAT with IMRT in prostate cancer plans accounting for
cold spots in 3 risk groups. We proposed an analysis and visualization of cold spots in the
PTV and ROP regions for prostate cancer radiation therapy. Additionally, we evaluated the
results by using a statistical analysis and visualization to compare dosimetric indices and
number, volume of cold spots of the VMAT and IMRT plans. We concluded that VMAT
plans achieved better target dose conformity, OAR (rectum, bladder) dose-sparing, and

smaller cold spots than those of the IMRT plans in the radiation treatment of prostate cancer.
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