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INTRODUCTION

One of the main concerns in the medical world today is the continuous and aggressive
rise of cancer cases every year, despite recent advances in diagnostic and treatment methods.
According to the American Cancer Society (ACS) and the World Health Organization
(WHO) cancer is the leading cause of death worldwide, currently with 7.6 million

deaths/year, with a projected rise to 13.1 million deaths per year by the year 2030 [1,2].

The main methods to treat cancer are: surgery, radiation, chemotherapy, hormone
therapy, biological therapy, and targeted therapy. For the purpose of this thesis I will focus on
the treatment of cancer using radiation therapy. Specifically, the research objective of this
thesis was to find an optimum device for the treatment of early stage breast cancer using

High Dose Rate Brachytherapy (HDR).

Radiotherapy plays an important role in the treatment of breast cancer, and depending
on the location and extent of the disease, it can be delivered as (1) External Beam Radiation
Therapy (EBRT) or internally, through (2) Brachytherapy. Brachytherapy is a method of
treatment that involves the irradiation of tumors by radioactive sources placed internally,
resulting in a reduction of the risk of irradiation of a large area of surrounding healthy tissues.
Compared to conventional EBRT, the physical advantages of brachytherapy result from a
superior localization of dose to the tumor volume. Different therapeutical approaches are
encountered in the field of radiation therapy, following standardized protocols and treatment
schemes, based on the stage, extent of the disease, and patient preferences. Breast conserving
therapy (BCT) it is the treatment of choice for the majority of women diagnosed with early
stage breast cancers. As mentioned above, this procedure can be employed by using either
EBRT or Brachytherapy. One method of treatment where the breast is kept intact and the
dose is targeted only to the tumor and a small margin around it, is Accelerated Partial Breast
Irradiation (APBI). The utilization of this technique results in shorter treatment schemes than
the traditional method, with a much higher dose per fraction since only a small volume of

tissue is being irradiated.

APBI has become in the last decade a popular choice in breast conserving therapy.
Several studies have shown that the outcome of BCT in terms of local control and survival
rates is comparable with that of modified radical mastectomy for early stage breast cancers

[3-6]. In its early days, APBI was carried out as interstitial brachytherapy, a method that has



not been largely embraced by many centers, mainly due to the complexity of this procedure
[7-10]. In addition, highly conformal external beam and intraoperative radiotherapy with
photons and electrons were employed as APBI treatment techniques [11-14]. The following
generation was represented by the MammoSite (MS) (Cytyc Corp, Marlborough, MA). Since
its approval by the American Food and Drug Administration (FDA) in 2002, the use of APBI
vastly increased due to the device’s easy and accurate placement, less complex dose
calculation and enhanced patient comfort. A number of studies described the dosimetric

characteristics, reliability, safety as well as weaknesses of the MS device [15-22].

In recent years the multicatheter device concept was developed, tested and introduced
in clinical practice. Strut Adjusted Volume Implant (SAVI, Cianna Medical, Aliso Viejo,
CA) and Contura Multilumen-Balloon (Contura MLB, SenoRx, Inc., Irvine, CA) are
probably the most popular multicatheter devices to date. A number of papers contrasted and
compared the single-lumen MS device with newly designed multicatheter configurations and
showed that the latter provides a greater flexibility in planning and also improvement in

terms of minimizing the dose to the normal tissue [23-30].

The present research was developed in order to obtain dosimetry data to determine the
best design for a new multilumen MammoSite device (MS-ML). All test devices were
balloon-based multilumen brachytherapy applicators intended to be used for APBI. The
devices were evaluated against the standard device dosimetric attributes and for their
potential to deliver increased dosimetric flexibility. The relative dosimetric strengths and
weaknesses of the different MSML design prototypes where compared for different clinical

situations, dose optimization, and coverage constraints.

For this purpose ten test devices were dosimetrically evaluated. Each device was
filled with a saline solution containing 5% contrast by volume, and suspended in a water
phantom. The phantom containing each device was CT scanned and the obtained images
were used for planning purposes. A number of 52 treatment plans were generated for two
situations: first, balloon to skin distance was considered larger than 10 mm and second,
balloon to skin distance larger than 5 mm, except over a continuous length of 1 cm on the
surface of the skin, where this distance is 5 mm. The following parameters were evaluated
using dose volume histograms (DVHs): Coverage Index (CI), Max Dose to Skin (MSD),
D90, V150, V200 and External Index (EI). Three sets of plans were generated for the second
scenario: maximum CI and D90 while MSD was kept below 145% of prescription; maximum

CI and D90 while MSD was kept at 120% of prescription and lowest MSD while D90 is



90%. V150, V200 and EI were also kept above their limits in all instances. All of the ten test
devices were able to achieve these goals, and they all proved to be a better dosimetric choice

than the classic MammoSite.

CHAPTER 2

THEORETICAL ASPECTS

This chapter includes a short literature review of the theoretical aspects regarding the
(1) interaction of ionizing radiation with matter, (2) a general description of brachytherapy
techniques with a special accent on High Dose Rate Brachytherapy, (3) radiobiological
considerations, and (4) the methods of calculation of dose distribution around linear sources,

such as "Ir.
2.1. Interaction of Photons with Matter

In radiological physics there are five types of interaction of x-ray and y-ray photons
with matter. These types of interactions were largely described in extant literature over the
years [31-36], however the author considered that a brief review would be beneficial. The
types of interactions are: (1) Coherent scattering, (2) Photoelectric effect, (3) Compton effect,

(4) Pair production and (5) Photonuclear interactions.

For this study’s research purpose the Compton effect is most relevant, due to the fact
that the targets are low Z materials and the photons are high energy. Therefore, only the

theoretical basis of the Compton effect will be synthesized in this thesis.
2.1.1. Compton effect

In the Compton type of interaction the energy of the incident photon is transferred to
an electron, after collision. The kinetics of Compton effect relates the energies and angles of
the participating particles when a Compton interaction occurs. At the same rate, the
probability that a Compton interaction will occur can be determined by quantum mechanical

rationale [31-34].
2.1.1.1. The Kkinetics of Compton effect

A photon with a 4v quantum energy hits an unbound stationary electron, which is

afterwards scattered with a kinetic energy K and momentum p, at an angle 0, relative to the



direction of the incident photon. After the collision the photon is scattered, with a lower
energy hv’ at an angle @, in a direction opposite to the original one. Because the electron is
considered to be free, the kinematic relationships are independent of the atomic number of

the medium.

In the collision kinetics both energy and momentum are conserved. Energy

conservation requires that:
K=hv-hv’ (2.1)

This conservation of momentum along the original photon direction (0°) can

be expressed as:

hv = h—vcosqa + p cosO
c c
or
hv =hv’ cos@ + pc cosO (2.2)
Conservation of momentum perpendicular to the direction of incidence gives the
equation:

hv’sing = pcsin (2.3)

To determine pc in terms of kinetic energy, we have to consider the following three

relativistic relationships:

m
= —2 (2.4)
" J1-(v/c)’
K =mc’ - moc’ (2.5)
p=my (2.6)

In the above equations m is the electron’s relativistic mass, v is its velocity, m is its

mass and p is its momentum.

Therefore, pc can be written in terms of K in Eq (2.2) and (2.3) :

pe = JK(K +2m,c*) 2.7)

in which m, is the electron’s rest mass.



By substituting pc in Eq. (2.2) and (2.3) we obtain:

hv=hv’ cosp + \/K(K +2m,c”)cosf (2.8)

hv'sing = K(K +2m,c*) sin® (2.9)

Furthermore, by resolving the system of above equations, we obtain the energy of the

scattered photon as:

' hv
VvV =
1+ (hv/m,c*)(1-cosg) (2.10)
°°“9=(1+ hvz)tfm(g) (2.11)
m,c 2

Which is one solution of the kinematics of Compton interactions [33-34].

2.1.1.2. Probability of Compton interactions

The probability of Compton interactions was first introduced by J.J. Thomson. In his
theory Thomson considered the free electron oscillating under the influence of the electric
vector of an incident electromagnetic wave. Following this elastic scattering, the electron

retains no kinetic energy and it releases a photon of the same energy.

The differential cross section per electron for a photon scattered at an angle ¢, per

unit solid angle, could be expressed as:

d o r?
0 — 2 (] +cos? 2.12
o= lvcos’y) @12)

@

in typical units of cm® sr™' per electron. r, = ¢’/m,c’ =2.818 x 10" cm is called the “classical

electron radius”.

The total Thomson scattering cross section per electron, .0,, can be obtained by
integrating Eq. (2.12) over all directions of scattering. This will be simplified by assuming
cylindrical symmetry and integrating over 0 <g=m, noting that the annular element of solid
angle is given in terms of @ by dQ2, = 2n singp d:

=”d =t-r’ [l 2olsing-do =
o, é[o L0, =T F, f( +Cos (p)sm<p @

@=0



& - 1"02 25 2
=3 =6.65 x 10 cm*/electron (2.13)

In Thomson’s theory the value of 6.65 x10™° cm?/e was considered to be too large for

hv>0.01 MeV.

Following Thomson’s theory, Klein and Nishina applied Dirac’s relativistic theory of

the electron to the Compton effect. Their goal was to obtain an improved cross section [34].

According to Klein and Nishina the differential cross section for photon scattering at

angle @, per unit solid angle and per electron can also be written in the following form:

2 )2 ,
d,o _7 hv h1< N hv _sin’ @ (2.14)
aQ, 2\ hv){hv hv

2.1.1.3. Dependence of Compton effect on energy and atomic number

During a Compton interaction the incident photon transfers part of its incident energy
to a free electron in the attenuating medium. The energy of the incident photon is therefore
large compared to the binding energy of the electron. When the energy of the incident photon
increases beyond the binding energy of the loosely bound electron, the Compton effect
becomes more and more important [31,34,36]. Due to the fact that the electrons of the
attenuating medium, involved in the Compton interaction are loosely bound (free), its mass
attenuating coefficient (o/p) is independent of the atomic number Z, and depends only on the
number of electrons per gram [35,36]. It was demonstrated that in the range of photon
energies used in radiotherapy, the Compton effect is the most relevant mode of interaction of
the photons with the absorbing medium [31,33-36]. Also, in the region where the Compton
effect is the only possible mode of interaction, the same attenuation of the beam will occur in

any material of equal density thickness [35,36].

2.2. Brachytherapy — General Concepts

Historically, brachytherapy was described as a treatment with small-sealed

radioactive sources at a short distance from the target volume. Initially, the small



encapsulated sources used in the treatment of malignant tumors were radium and radon
sources. Afterwards, Cs-137, Ir-192, Au-198, Pd-103 and I-125 started to be used with this
method of treatment. This was due to their superiority over radium sources, in terms of
energy, source size, flexibility, half-life and potential radiation hazards to the hospital
personnel [36,37]. The concern regarding the radiation hazard was increasing in the 1950s,

phenomenon that led to a substantial decrease in the use of brachytherapy [37].

The principle of afterloading technique was introduced around that time to address the
concerns related to the harmful effects of radiation during brachytherapy treatments. The new
technique was carried out by inserting open empty applicators in the tumor, and then these
were loaded with radioactive sources [37-40]. In the past brachytherapy played an important
role in the management of cancers of several localizations, including brain, head and neck,
uterine cervix, prostate and endometrium, in recent years the treatment of breast tumors

became popular as well [41, 42].
2.2.1. Brachytherapy source specification

Traditionally the source strength was expressed in terms of activity. Since the sources
are encapsulated, the materials used for encapsulation attenuate and scatter the emitted
photons, the result being that the energy fluence will be altered. This is the reason why more
ways to specify a source strength were introduced: exposure rate at a specified distance,
equivalent mass of radium, apparent activity or air kerma strength [33-35, 44-48]. The
current recommendation by the American Association of Physicists in Medicine is to use air

kerma strength for source specification.
2.2.2. Dose calculation formalism

AAPM task group 43 and the subsequent updates [44,47,48] developed a dose
calculation formalism for the dosimetry of interstitial brachytherapy sources, in which the
source strength is expressed in terms of air kerma strength Sy In this formalism the tissue
attenuation factor is replaced by the radial dose function, g (r), the anisotropy of dose
distribution is described by the anisotropy function, F (r,0), and the exposure rate constant
has been replaced by the dose rate constant, A. In the calculation formalism developed by
AAPM in 1987 and updated in 2004 [44,47], the dose rate at a point with coordinates (r,0)
from the center of a source can be expressed as:

G(r,0)

D (1,0) =SIA ————
0 =Sh 22

F(r,0) g(r) (2.15)
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Where: Sk is the air kerma strength (U) of the source ; A is the dose rate constant
(cGy h™' U™); r is the radial distance (cm) of a point of interest from the source center; 9 is
the polar angle (radian) formed by the longitudinal axis of the source and the ray from the
source center to the point of interest; G(r,0) is the geometry function (cm™) that describes
inverse square falloff and accounts for the distribution of the radioactive material ; F(r,0) is
the anisotropy function that accounts for angular dependence of dose due to absorption and
scatter by the encapsulation and the medium, is dimensionless, and is equal to unity on the
transverse axis ; g(r) is the radial dose function that accounts for radial dependence of dose
on the transverse axis due to photon absorption and scatter in the medium, is dimensionless,

and is equal to unity at 1 cm on the transverse axis.

Figure 2.1. illustrates the dose rate at a point with coordinates (r,0) from the center of

a source.

P(r, 8)

Figure 2.1. Schematic diagram illustrating the geometry of a dose calculation

formalism for a linear radioactive source.

2.3. High Dose Rate Brachytherapy — General Aspects

The use of remote afterloaders provides the ability to irradiate tumors at a variety of

dose rates, from high dose rate to conventional low dose rate. Since the method of testing

11



used in this project utilized High Dose Rate Brachytherapy (HDR), only the characteristics

related to this method of treatment are presented in the following pages.

2.3.1. Radiobiological concepts

Although there are several advantages of HDR over LDR [44,49,51], the biggest
controversies over the two techniques of dose delivery, were related to the radiobiological
effects. It was demonstrated, that the dose-rate effect is greater for normal cells than for
tumor cells and this is the reason why the fractionation and dose-rate are playing major roles
in both external beam radiation therapy and brachytherapy [51-55]. Based on this theory, in
order to obtain comparable clinical results with HDR as with LDR, the dose per fraction and

fractionation needed to be increased.
2.3.1.1. The linear quadratic model

Historically, the comparison between LDR and HDR was done by the application of
the Linear Quadratic Model (L-Q model). In this model the biologically effective dose [56]
(BED) is expressed as:

BED =-(InS.F.)/o.=NRt[ 1 + G x Rt / (a/B)] — kT (2.16)

Where: S.F. is the cell surviving fraction; N is the number of fractions; R is the dose rate
expressed in Gy/h; t is the time for each fraction; T is the overall time, expressed in days,
available for repopulation; a, 3 are tissue specific parameters, with a relating to the
initial slope of the cell survival curve, and B defining its curviness; a/f is the dose in Gy for
which a and B are equal [53]; G 1s a function of the irradiation time, the dose rate, the cellular

repair and time between fractions.
2.3.2. High Dose Rate unit description and source calibration

The HDR remote afterloading device uses one single '*Ir source, of high activity.
The choice of '*Ir as the radioisotope of preference for HDR afterloaders, was based on the
radioisotope’s small dimensions, due to its high specific activity, and low photon energy. The
921 source is a small linear source embedded at one end of a flexible cable, called the source
wire. This source wire is placed in a shielded safe inside the HDR unit and is extended,
travelling automatically from the storage space and into the applicators during treatment.

The design of the HDR unit includes several channels, through which the source is retracted

12



or extended in a sequential manner. A computer controls the transit of the source wire
remotely. The source wire travels from the safe, through the unit’s channels into the
transferring tubes and finally in the applicators that are placed into the tumor. The '**Ir source
has a half-life of 73.82 days with a rate of decay of 1%/day, so it needs to be replaced every 3
to 4 months to ensure an optimum rate of dose delivery [57]. After the source is installed, a
series of tests are performed, among them mechanical and safety checks which are testing

HDR unit’s response to emergency situations, positioning accuracy and reproducibility.

In Radiotherapy one of the most important tasks for a medical physicist is patient
specific quality assurance (QA) [58,59]. One of the most important steps is the source

calibration.

The calibration of '“Ir sources is routinely performed using a well-type re-entrant
ionization chamber. One type of a well-type ionization chamber is filled with air and
communicates to the outside air through a vent hole. The chamber has an outer shell of
conductive material with walls that are forming an inner well disposed within and electrically
connected to the outer shell [60,61]. The active volume of the chamber is big enough to give
an optimum ionization current that is measured with an electrometer. The value of air kerma
strength can be determined from the measurement of the ionization current produced by the
192

Ir source in the ionization chamber, corrected for pressure, temperature and ion

recombination at the time of source and chamber calibration [35,60]:
Sk =1x Crp X Net X NeX Ajon X Pion (2.17)
where: | is the current reading, expressed in nA; Crpis the correction for temperature and

pressure; N is the electrometer calibration factor; N is the chamber calibration factor;

Ajon1s the ion recombination correction factor at the time of chamber calibration; P, 1s the

ion recombination correction at the time of source calibration.

2.3.3. High Dose Rate Brachytherapy dose calculation

Computer Tomography (CT), Magnetic Resonance Imaging (MRI) and Ultrasound
techniques (US), are the imaging modalities that allow a full 3D anatomy reconstruction,
dose calculation and isodose distribution [62-64]. These methods are the standard of practice
in imaging for planning in external beam radiation as well as brachytherapy [65,66]. The

recommended dose calculation formalism for point and linear sources is AAPM’s TG-43

13



[44,47]. Following this formalism, the dose rate at a given distance r in the medium is given

by the following equation:
D(r) = A Si [g(r)/ 1°] Qan (2.18)

where: A is the dose rate constant for the source; g(r) is the radial dose function; @,,1s the
average anisotropy factor; r is the distance in the medium, for which the dose rate is

calculated, and is measured from the center of the source at each dwell position.

The most effective method to analyze the dose distribution in the irradiated volume is
done using dose-volume histograms (DVH’s) [67,68]. These are the consecrated helpful tools
in evaluating plans for individual patients. They are particularly useful in assessing dose
uniformity and the degree to which normal tissue is irradiated. DVH’s can facilitate the
brachytherapy planning process. The DVH is the starting point for calculation of tumor

control probabilities and normal tissue complication probabilities.

CHAPTER 3

DOSIMETRIC ANALYSES TO DETERMINE THE OPTIMAL
DESIGN FOR MAMMOSITE MULTILUMEN (MS-ML)
DEVICES

3.1. Device description and selection

Ten prototype balloons were evaluated for dosimetric characteristics. All test devices
are 4-5 cm variable diameters spherical, multilumen polyurethane balloons with 3 mm lumen
center to balloon shaft center spacing (test devices 1-5), and 2 mm lumen center to balloon
shaft center spacing configurations (test devices 6-10). The cross-sections of the devices are

presented in Figure 3.1.

3.2. Equipment

In addition to the ten test articles previously described, the following equipment was
also used in our attempt to determine the optimum device to be used for APBI, and also to
provide the users with the best selection of dummy wires, imaging and planning techniques.
The CT scanner used in this study was an 8 slice GE discovery CT Scanner. All treatment
plans were created and optimized using a Varian BrachyVision Treatment Planning System —

Brachytherapy Planning Software (Version 8.2).

14



Test Device 6

Test Device 2 Test Device 7

Test Device 3 Test Device 8

Test Device 4 Test Device 9

Test Device 5 Test Device 10

Figure 3.1. Cross-section of test devices
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An in-house made water bath imaging phantom and a CT compatible positioning
system designed to keep the test article’s long axis perpendicular to the scanning plane were
used. The solution used to inflate the balloons was Optiray 350 Contrast Solution (Ioversol
Injection 74% 350mg/ml Organically Bound lodine) - with a 5% concentration by volume in

0.9% saline solution.
3.3. Treatment Planning Technique

The CT images were exported to the BrachyVision Planning Station (Varian Medical
Systems, Inc, Varian Oncology Systems, Charlottesville, VA). Each test device was
evaluated in axial and multiplanar reconstruction views for skin spacing, symmetry and
conformance of the applicator. All the structures created were theoretical, simulating all

potential clinical conditions.

3.3.1. Contouring and structure definition

The Body structure was automatically reconstructed by the BrachyVision software
following the import of CT studies into the system. Several structures associated with the
device and with the hypothetical surrounding healthy tissue were created for prescription and
optimization and they are reported as follows. For each device studied the Body represents
the body contour when the distance between the balloon surface and the skin surface is larger
than 10 mm. Body 1 represents the body contour when the distance between the balloon
surface and the skin surface is larger than 5 mm except over a continuous length of 1cm on
the surface of the skin, were this distance is S mm and 1 lumen is oriented toward the skin.
Following the same pattern, Body 2 represents the body contour when the distance between
the balloon surface and the skin surface is larger than 5 mm except over a continuous length
of 1 cm on the surface of the skin, were this distance is 5 mm and 2 lumens are oriented
toward the skin (where applicable). MammoSite (MS) represents the actual reconstructed
balloon of the test device. MS+1+Opt represents the actual balloon plus 1 cm margin in all
directions when the distance between the balloon surface and the skin surface is larger than
10 mm (Body) and it is used to generate other structures and for volume optimization at its
surface. In the same fashion MS+1+Optl and MS+1+Opt2 represent the actual balloon plus 1
cm margin in all directions, except over the continuous length of 1 cm on the surface of the
skin, were this distance is 5 mm and 1 lumen is oriented toward the skin (Body 1),
respectively 2 lumens are oriented towards the skin (Body 2). The Planning Target Volume

(PTV) was generated as a uniform layer of 1cm around the MS structure when the distance

16



between the balloon surface and the skin surface is larger than 10 mm (Body). Subsequently
PTV1 and PTV2 were created as a uniform layers of 1 cm around the MS structure except
over the continuous length of 1 cm on the surface of the skin, were this distance is 5 mm and
1 lumen is oriented toward the skin (Body1), 2 lumens respectively (Body 2). Healthy Breast
tissue was created as a 2 cm layer around the PTV when the distance between the balloon
surface and the skin surface is larger than 10 mm. In the same fashion Healthy Breast 1 and 2

were created in direct correlation to the definition of Body 1 and Body 2. The structures

created for optimization purposes are presented in Figure 3.2.

Figure 3.2. Structures created for optimization purposes: a) represents the Healthy Breast
structure; b) represents the MS+1+Opt structure and c) represents the PTV.

3.3.2. Dose prescription and optimization

The prescription was 340 cGy per fraction to the surface of PTV, PTV1 and PTV2. The
planning criteria applied in these cases followed the National Surgical Adjuvant Breast and
Bowel Project B-39/Radiation Therapy Oncology Group 0413 [69] guidelines for APBI
irradiation with respect to D90, V100, V150, V200, V300 and MSD. D90 represents the
percentage of the prescribed dose delivered to 90% of the PTV. MSD is the Maximum Skin
Dose, V150, V200 and V300 represent the volumes (cc) covered by the percentage (%) of the

17



dose. Wazer et al. [70] first showed in their paper that escalated values for these entities are
linked to the development of fat tissue necrosis. Lately, several authors [27-29,41,42,68]

analyzed early tolerances and late toxicities related to these dosimetric parameters.

The Coverage Index (CI) is a measure of the fraction of the breast target volume

receiving a dose equal to or greater than the prescribed dose, i.e. V100 expressed in %.

The External Index (EI) was calculated by dividing the volume of Healthy Breast that
is receiving at least 340cGy/fraction (in cc) by the total volume of the whole breast volume,

expressed in %. The planning criteria are presented in Table 3.3.

EI= Volume (cc) of Healthy Breast receiving 340 cGy/fx
Total Volume (cc) of Healthy Breast and PTV

The planning criteria are presented in Table 3.1.

Planning D90 V150 V200 MSD CI El
Criteria

1 >90% < 50cc < 10cc < 145% | High < 5%
2 >90% < 50cc < 10cc =120% | =90% <5%
3 =90% < 50cc < 10cc Low - =5%

Table 3.1: Planning criteria

Three potential clinical situations were considered during the planning process. (a)
each device has an arbitrary position in the tissue and the minimum skin and chest wall
spacing is equal or greater than 10 mm; (b) one catheter being oriented toward the skin, with
a minimum skin spacing of 5 mm for 1 cm” and a minimum chest wall spacing equal or
greater than 10 mm; (c) two catheters were oriented toward the skin with a minimum skin
spacing of 5 mm for 1 cm” and a minimum chest wall spacing equal or greater than 10 mm.
Depending on the device’s design, two or three sets of plans were created for each of the
scenarios described above. A total of 52 dosimetry treatment plans were developed. The
isodose distribution for all the plans was obtained by volume optimization of the
MS+1cm+Opt structures, followed by slight manual adjustments. All the plans generated for
each of the situations described above were evaluated by means of dose volume histogram

(DVH) analysis.
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3.4. Results and Discussions

For all devices and clinical situations described in this study the PTV volumes were
found to be between 78.8 cc and 86.7 cc with a mean value of 81.95 cc and standard
deviation of 2.06.

One set of plans was optimized for high Coverage Index (CI) and high D90, with a
Max Skin Dose less than 145% (493¢cGy), EI <5%, V150=<50cc and V200=<10cc. Relevant
details are listed in Table 3.2.

Device | Device MSD | CI EI D90 | V150 | V200
# position | (cGy) | (%) | (%) (%) (cc) (cc)
1 1 cts® 455.1 |98.4 10493 |106.0 | 31.0 |8.6
1 2 cts 466.0 |98.4 [0.695 | 106.5 |31.5 |89
2 I cts 4559 199.0 [0.592 | 106.5 |31.0 |89
2 2 cts 464.7 199.0 | 1.092 | 107.8 |32.1 |9.6
3 I cts 455.8 |95.7 | 1.586 | 106.1 |31.5 |9.6
4 1 cas’ 430.1 |97.6 |1.218 |107.3 |31.3 |8.7
5 I cts 475.1 952 [0.764 | 104.6 | 2.5 8.3
6 I cts 456.6 |98.4 |0.558 |106.1 |31.0 |84
6 2 cts 469 98.4 | 0.468 | 1059 |31.0 |84
7 I cts 449.1 |97.5 [ 0335 | 1049 299 |7.6
7 2 cts 451.1 |97.5 | 0.868 | 1063 |31.2 |8.6
8 I cts 4494 1975 | 1.170 | 107.1 |31.2 |85
9 1 cas 4724 |96.5 10942 | 1058 |31.2 |85
10 I cts 449.6 |96.5 (0372 | 1044 |30.0 |6.9

icts - catheter toward skin ~ "cas — catheter away from skin

Table 3.2 : Results of plan optimization for high CI, high D90 & Max Skin Dose < 145%
when the minimum skin spacing is Smm
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For all clinical situations the MSD was kept under 493 cGy with a maximum value of
475.1 cGy for the test device #5, planned with 1 catheter towards the skin. The Coverage
Index was well above 90% with a minimum of 95.2% for the test device #5. For all the
clinical situations the External Index was below 5% with a maximum of 1.586% for the test
device #3 and the plan developed with 1 catheter toward the skin. More than 100% of
prescription dose delivered to 90% of the PTV was obtained for all three clinical situations.
As we expected, V150 and V200 were kept below 50 cc’s respectively 10 cc’s, for all
dosimetric plans created for these dose constraints.
The second set of plans was developed having less than 120% (408 ¢cGy) MSD and high D90,
CIz90%, El<5%, V150=<50cc and V200<10cc as main optimization goals. The results are
listed in Table 3.3.

Device | Device MSD CI EI D90 V150 | V200
# Position | (cGy) | (%) (%) (%) (cc) (cc)
1 1 cts® 408 90.7 10.308 | 100.5 |26.5 6.6
1 2 cts 407.9 932 |1.140 | 103 29.5 8.8
2 I cts 407.9 [92.8 [0.179 | 101.9 |26.6 6.5
2 2 cts 4079 932 |1.329 | 103.1 29.2 8.7
3 I cts 408 93.0 |1.680 |103.2 |30 9.5
4 1 cas’ 407.8 942 |[0.511 | 1034 |279 7.0
5 I cts 408.0 |[91.9 |1.208 |102.0 |28.3 8.4
6 I cts 407.9 | 943 |0.404 | 103.1 28.2 7.4
6 2 cts 408.0 |94.7 |1.511 |104.7 |31.0 93
7 I cts 407.9 |93.1 |0.381 |102.2 |27.6 6.7
7 2 cts 407.9 934 ]0.968 |103.3 29.2 8.4
8 I cts 407.8 93.8 |1.241 | 103.9 |29.1 8.0
9 1 cas 408.0 |91.6 |0.852 |101.4 |28.1 7.8
10 I cts 407.9 96.3 |0.557 | 104.6 |30.0 7.6

Table 3.3: Results of plan optimization for high D90 & Max Skin Dose < 120% when the
minimum skin spacing is Smm
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Analyzing Table 3.3 we can see that it was possible to keep the MSD below 120%
from the prescription dose and still achieve an optimal CI as well as a high D90. The MSD
of 408 cGy and the lowest CI of 90.7% were obtained for test device #1 in the scenario with
one catheter toward the skin. In all situations EI, V150, V200 were well below 5%, 50 cc’s
and 10 cc’s respectively. D90 was more than 100% for all the devices and clinical situations
considered for the present study.

The idea of creating a third set of plans was to demonstrate that even in the most
challenging clinical situations (i.e. distance to skin of 5 mm in more than 3 slices, which with
the simple MS device was considered an exclusion criteria) we can still achieve a small skin
dose while maintaining the criteria described in Table 3.1. Table 3.4 reflects the results

obtained for plans optimized for 90% D90 and low skin dose.

Device | Device MSD | CI EI D90 V150 | V200
# Position | (cGy) | (%) (%) (%) (cc) (cc)
1 1 cts® 359.8 | 74.9 | 0.060 |90.0 18.4 4.7
1 2 cts 3254 | 79.7 |1.330 |90.0 23.9 8.6
2 I cts 338.6 | 74.2 | 0.039 |90.0 17.8 4.2
2 2 cts 317.4 | 80.0 | 1.735 |90.0 24.4 93
3 I cts 332.1 | 78.9 |0.444 |90.0 21.0 6.6
4 1 cas’ 311.0 | 80.5 | 1.447 |90.0 24.5 8.7
5 I cts 3242 | 79.2 | 0.818 |90.0 21.8 7.2
6 I cts 3454 | 752 |0.096 |90.0 18.6 5.1
6 2 cts 326.8 | 77.5 |0.103 |90.0 20.5 6.4
7 I cts 348.2 | 754 |0.189 |90.0 18.7 53
7 2 cts 339.2 | 75,5 |0.102 |90.0 19 52
8 I cts 3314 [ 76.2 |0.131 |90.0 18.7 4.6
9 1 cas 344.1 | 77 0.241 |90.0 19.8 5.8
10 I cts 3346 | 75.0 | 0.200 |90.0 19.0 52

Table 3.4: Results of plan optimization for 90% of D90 and Low Skin Dose when the
minimum skin spacing is Smm
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In all instances presented in Table 3.4 the dose to the skin was low, even for the
situations where the distance to the skin was 5 mm and the catheters were oriented toward
skin. D90 was equal to 90% for all cases and EI, V150 and V200 were kept below their
limiting values.

For the situation when the devices have an arbitrary position in the phantom (tissue)
and the minimum skin and chest wall spacing is at least 10 mm all the optimization goals
described in Table 3.1 are successfully met by all the balloons studied. As expected, the MSD
was kept below 100% of the prescription dose. The CI was above 95% for all situations with
a minimum of 95.2 % and a max of 99% having a mean value of 97.54% and standard
deviation of 1.18. The EI was kept well below 5% for all devices with a minimum of 0.263%
and a max of 1.586%. D90 was above 104% for all the cases. V150 was found to be below
50cc with a maximum value of 32.1 cc and V200 was kept below 10cc without any difficulty.

As all test devices were able to achieve the goals of this study, it is difficult to
dosimetrically rank them, especially since their asymmetry is different. However, after taking
into account all the planning aspects, the flexibility and complexity of the dose optimization
for any clinical situation, we can state that test device #1 has the best configuration among all
ten devices tested. Its configuration with 3 mm offset of the lumen center to balloon shaft
center can achieve a more off-center dose coverage in practice. Another notable attribute of
test device #1 is the fact that it can achieve a dose shift in multiple planes, compared to the
other devices tested which can achieve a dose shift only in one plane (test device #3) or none
at all.

This study contributes to extant literature by bringing further proof that a multilumen
design provides more flexibility in patient selection, planning and dosimetric outcome [71].
The possibility of planning with all or just a few of the lumens offers a better control of the
dose distribution with significantly lower dose at the skin, chest wall and lung level [27-

29,71].
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CHAPTER 4

DETERMINATION OF THE CLINICAL SUITABILITY OF A 23 CC INFLATED
MS-ML BALLOON

There are certain clinical situations when the use of a balloon type device faces
geometrical limitations (i.e. small breasts, tumor is located too close to the skin and/or the
chest wall). In an attempt to address and overcome such issues we developed a parallel study
in order to obtain dosimetric data that characterizes the MammoSite-Multilumen (MS-ML)

containing only 23cc of fluid.
4.1. Planning Technique

Eight scenarios were considered for planning, assuming that the closest distance to the
skin and to the chest wall were in a plane orthogonal to the MS-ML lumens and passing

through the center of the MS-ML balloon.

A total of 16 plans were generated, 8 plans for each of the 2 situations: the plastic
(non-tissue) areas located outside the balloon and containing the catheters (tip and shaft) were
subtracted or not from the PTV. The thickness of the PTV considered was 3, 5 and 10mm
toward the skin and 3, 5 and 10mm toward the chest wall. The chest wall was assumed to be
directly opposed to the skin. The thickness of the PTV on the perpendicular to the skin to
chest wall direction was 5, 7 and 10mm.The thickness of the PTV at the lumens ends of the

balloon was always as 10mm.

The following parameters were evaluated using DVHs: PTV size; Max Skin Dose;
Max Chest Wall Dose; V100, V95, V90, D90, V150, V200, V300 and Min, Max and Mean
Dose in the PTV.

All 16 plans were designed to achieve the NSABP B-39/ RTOG 0413 protocol
requirements for treatment, even though in some scenarios the evaluation parameters were

close to the edge of acceptability.

4.1.1. Structure reconstruction and definition
Planning for small breast patients can be challenging sometimes due to the device’s
proximity to the skin and chest wall and it was an exclusion criteria for balloon based

Accelerated Partial Breast Irradiation in the past [69,70,72]. In an effort to overcome this
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issues we created several optimization structures to aid in the planning process, offering a
greater flexibility in dose prescription and optimization. We started with the reconstruction of
the MS-ML balloon and we found that the total volume was 25.6cc: 23cc fluid and 2.6¢cc

central catheter volume.

MS+1cm represents the actual balloon plus a variable margin in 6 directions for a
total of 8 scenarios. The margin toward the tip and the shaft of the balloon was 10mm. We
considered three potential clinical situations in creating the margins towards the skin, chest
wall, and at +/- 90deg left and right of the balloon. So, the margin for the MS+1 around the
MS-ML balloon toward the skin and chest wall was considered 3, 5 and 10mm, while
towards left and right was 5, 7 and 10mm each at a time. We also contoured the tip and the
shaft of the balloon as they will play a role in the generation of one of the PTV volumes. The
PTV Evl structure was created following the NSABP B-39/ RTOG 0413 [69] definition by
subtracting the MS-ML from the MS+1 structure as we can see in Figure 4.1.

Based on the NSABP B-39 / RTOG 0413 protocol definition, the PTV Evl has to be
generated as the volume of breast tissue surrounded by the uniform expansion of the balloon

radius in all dimensions by 1 cm minus the balloon volume [69].

PTV Evl

PTV Evl

PTV EvI

PTV Evl

Figure 4.1. The PTV Evl structure
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At this reconstruction stage I considered that it would be highly appropriate to
introduce a new PTV structure, which will be used for dose prescribing and reporting. PTV
Est is the PTV Evl structure from which the Tip structure and the Shaft structure were

subtracted. PTV Est structure is represented in Figure 4.2.

- !lE M Plan 7 - Unapproved - Model Vi... ‘T@X

PTV Est

PTV Est

PTV Est PTV Est

Figure 4.2. The PTV Est structure

Two new optimizing structures were created for the purpose of determining a
structure designed to contain the Max Skin Dose, Max Chest Wall Dose respectively. The
Max Skin structure has at least 8 cm? of its surface common with the anterior side of the
MS+1cm structure. The Max Chest Wall structure has at least 8 cm” of its surface common
with the posterior side of the MS+1cm structure. Both newly created structures are at least

&mm thick.

4.1.2. Dose prescription and optimization
The author tried to generate all possible clinical situations, including the most
challenging scenarios, when the distance to the skin and / or the chest wall would be a

limiting factor with other types of devices. Following the NSABP B-39 / RTOG 0413
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protocol recommendation [69] the prescription dose used was 340cGy to the outer surface of

PTV (Evl or Est), for all the plans generated in this study. All the doses reported for all the

structures created in this study are based on this nominal prescription of 340 cGy.

The thickness of the PTV (Evl or Est) in the 6 main directions for each plan as well as the

MS-ML lumens orientation is shown in Table 4.1.

PTYV thickness toward the
Plan
Skin CW (+)90° & (-)90° Shaft & MS-ML lumens orientation

i (mm) (mm) from Skin (mm) Tip (mm)

1 10.0 10.0 10.0 10.0 arbitrary

2 5.0 5.0 5.0 10.0 arbitrary

3 3.0 3.0 10.0 10.0 1 catheter toward skin
4 3.0 3.0 7.0 10.0 1 catheter toward skin
5 3.0 3.0 5.0 10.0 1 catheter toward skin
6 3.0 5.0 10.0 10.0 1 catheter toward skin
7 3.0 5.0 7.0 10.0 1 catheter toward skin
8 3.0 5.0 5.0 10.0 1 catheter toward skin

Table 4.1: PTV thickness and lumens orientation

The number of lumens used, number of radiation source positions and size of the

dwell times were chosen in such a fashion to deliver optimal dose coverage of the target

volume while following the subsequent optimization goals:

Planning
D90 Vo0 Vo5 V100/CI V150 V200 V300 MSD MCWall
Criteria
>90% | >90% | >85% >80%
of the of the of the of the < 50cc =< 10cc < lcc
< 120% = 120%
Rx PTV PTV PTV
Dose

Table 4.2: Planning criteria

4.2. Results and Discussions

The i1sodose distribution, the maximum Dose to the Skin and the Maximum Dose to the

Chest Wall are similar in these 2 cases; the PTV is not the same and then all the parameters
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calculated as reference to them are not identical (PTV volume,V100, V95, V90, D90, V150,
V200, V300, Min, Max and Mean Dose in the PTV).

Based on volume optimization the results from DVH analysis are summarized in the

following 4 tables: 4.3.A, B, C, and D:

PTYV thickness toward the MS-ML Properties
(H)90° & Main
Plan Shaft PTV Est
(-)90° MS-ML lumens Long Diameters
# Skin CW & Volume | Volume
from orientation Axis
(mm) | (mm) Tip 1 2 (co) (cc)
Skin (cm)
(mm) (cm) | (cm)
(mm)
Limit N/A N/A N/A N/A N/A
1 10.0 10.0 10.0 10.0 arbitrary 4.10 3.44 343 25.6 70.3
2 5.0 5.0 5.0 10.0 arbitrary 4.10 3.44 343 25.6 38.8
3 3.0 3.0 10.0 10.0 1 catheter toward skin 4.10 3.44 343 25.6 48.4
4 3.0 3.0 7.0 10.0 1 catheter toward skin 4.10 3.44 343 25.6 394
5 3.0 3.0 5.0 10.0 1 catheter toward skin 4.10 3.44 343 25.6 33.7
6 3.0 5.0 10.0 10.0 1 catheter toward skin 4.10 3.44 343 25.6 51.0
7 3.0 5.0 7.0 10.0 1 catheter toward skin 4.10 3.44 343 25.6 41.9
8 3.0 5.0 5.0 10.0 1 catheter toward skin 4.10 3.44 343 25.6 36.3
Table 4.3.A: Optimized plans results — Part 1
PTYV thickness toward the Max Skin Dose Max CW Dose | Coverage Index | Fraction of
(+)90° (fraction of PTV Est
Shaft
Plan & (1)90° (% of (% of PTV Est receiving at
Skin CW &
# from (cGy) Rx (cGy) Rx receiving at least
(mm) | (mm) Tip
Skin dose) dose) | least 340 cGy) = 323 cGy =
(mm)
(mm) V100 (%) V95 (%)
Limit <425 <125 | <425 | <125 N/A N/A
1 10.0 10.0 10.0 10.0 344.8 1014 | 350.5 | 103.1 98.00 99.31
2 5.0 5.0 5.0 10.0 346.1 101.8 | 354.6 | 104.3 97.44 99.12
3 3.0 3.0 10.0 10.0 408.0 120.0 | 408.0 | 120.0 80.85 85.91
4 3.0 3.0 7.0 10.0 408.0 120.0 | 408.0 | 120.0 94.23 97.81
5 3.0 3.0 5.0 10.0 408.0 120.0 | 408.0 | 120.0 99.86 99.98
6 3.0 5.0 10.0 10.0 408.0 120.0 | 408.0 | 120.0 86.03 90.98
7 3.0 5.0 7.0 10.0 408.0 120.0 | 408.0 | 120.0 98.28 99.91
8 3.0 5.0 5.0 10.0 350.5 103.1 | 366.5 | 107.8 97.98 99.75

Table 4.3.B: Optimized plans results — Part 2
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PTYV thickness toward the V150 (volume of | V200 (volume of
Fraction of % of the Rx
(+)90° tissue receiving | tissue receiving
Shaft PTV Est dose delivered
Plan & (-)90° at least 150% of | atleast 200% of
Skin CW & receiving at to 90% of the
# from the Rx dose) the Rx dose)
(mm) | (mm) Tip | least 306 cGy = PTV =D90
Skin
(mm) V90 (%) (%) (cc) (%) (co) (%)
(mm)
Limit >90 >90 <50 N/A <10 N/A
1 10.0 10.0 10.0 10.0 99.70 104.92 27.06 38.49 9.10 12.94
2 5.0 5.0 5.0 10.0 99.58 103.85 9.46 24.38 2.67 6.88
3 3.0 3.0 10.0 10.0 90.44 90.53 12.44 25.71 4.40 9.10
4 3.0 3.0 7.0 10.0 99.75 104.33 11.97 30.39 4.08 10.35
5 3.0 3.0 5.0 10.0 100.00 113.83 11.91 35.35 4.07 12.07
6 3.0 5.0 10.0 10.0 95.00 96.05 15.06 29.53 4.28 8.39
7 3.0 5.0 7.0 10.0 99.99 108.46 14.51 34.64 3.90 9.31
8 3.0 5.0 5.0 10.0 99.95 105.54 9.81 27.03 3.23 8.90
Table 4.3.C: Optimized plans results — Part 3
PTYV thickness toward the PTV Est PTV Evl
V300 V300
(volume of (volume of
(+)90°
Shaft tissue PTV Est Min, Max & tissue PTV Evl Min, Max &
Plan & (-)90°
4 Skin CcwW & receiving at | Mean doses as % of | receiving at | Mean doses as % of
from
(mm) | (mm) Tip least 300% Rx dose least 300% Rx dose
Skin
(mm) of the Rx of the Rx
(mm)
dose) dose)
(ce) | (%) | Min | Max | Mean | (cc) | (%) | Min | Max | Mean
Limit N/A | N/A | N/A N/A N/A N/A | NJA | N/A N/A N/A
1 10.0 10.0 10.0 10.0 | 0.11 | 0.16 | 76.0 | 385.7 | 147.2 | 0.26 | 0.36 | 73.7 | 535.0 | 148.0
2 5.0 5.0 5.0 10.0 | 0.25 | 0.64 | 74.7 | 4353 | 1372 | 0.64 | 1.59 | 71.0 | 788.5 | 140.6
3 3.0 3.0 10.0 100 | 0.81 | 1.67 | 70.8 | 517.7 | 136.6 | 1.36 | 2.73 | 70.7 | 830.2 | 140.6
4 3.0 3.0 7.0 100 | 0.69 | 1.75 | 86.7 | 489.8 | 145.0 | 1.22 | 2.99 | 82.3 | 806.5 | 1494
5 3.0 3.0 5.0 10.0 | 0.69 | 2.05 | 91.6 | 4894 | 1522 | 1.21 | 3.45 | 82.4 | 806.9 | 156.9
6 3.0 5.0 10.0 100 | 0.62 | 1.22 | 77.4 | 471.1 | 139.1 | 1.21 | 2.31 | 77.2 | 784.5 | 1424
7 3.0 5.0 7.0 100 | 0.50 | 1.19 | 86.7 | 444.2 | 146.6 | 097 | 2.24 | 78.1 | 778.0 | 150.0
8 3.0 5.0 5.0 100 | 048 | 1.32 | 83.1 | 4554 | 141.3 | 097 | 2.58 | 76.1 | 886.9 | 145.8

Table 4.3.D: Optimized plans results — Part 4
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The required limits for all required parameters were achieved in all 16 plans even though
in some scenarios the evaluation parameters were close to the edge of acceptability. Larger
the difference between the thickness of the PTV (Evl or Est) in the Anterior (Skin) to
Posterior (Chest Wall) direction compared to the thickness in the Left [(+) 90°] to Right [(-)
90°] direction, more difficult is to achieve a high Coverage Index (V100), V95, V90 and D90
while keeping the Max Dose to Skin, Max dose to Chest Wall, V200 and V150 in the
required limits. The most difficult cases to plan were Plan #6 and especially Plan #3, due to
the close proximity to the skin and Chest Wall of the PTV expansion.

The author tried to emphasize the difference between the required and relevant
parameters, as well as the limiting factors followed during the planning and optimization
process. Therefore, the required limits of the required parameters are shown in the tables 4.2.
under Limit, in Bold Red characters. The most significant data from the plans in tables 4.3.

are shown in Bold Blue characters (required) or Bold Black characters (important).

Tables 4.3.A., 4.3.B. and 4.3.C. are showing the results for the plans in which PTV
Est was used. The results for the plans in which PTV Evl was used are very close to the ones

shown.

Table 4.3.D. shows the results for V300 and the Minimum, Maximum and Mean Dose
in the PTV when the PTV Est and the PTV Evl were used in planning. As we can see, V300
is always better when using PTV Est. The Maximum Dose in the PTV is by far better when
PTV Est was used in planning. This is due to the fact that the PTV thickness in the direction
of the central catheter (Head to Feet) was always 10mm, forcing the high isodose lines
(200%) to penetrate pretty deep into the PTV. But in these areas, the structures getting the
highest doses are actually not tissue but the Tip and the Shaft of the central catheter of the
MS-ML. This is why the recommendation is to use the PTV Est rather than the PTV Evl,
especially when the Maximum Dose in the PTV Evl is high.
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CONCLUSIONS

As pointed out throughout this thesis, the rationale for this study was to determine the
optimal option for a device utilized in Accelerated Partial Breast Irradiation that would
provide increased flexibility in regard to patient selection as well as to planning aspects. The
existing Mammosite device, which had been successfully utilized since 2000 to treat early
stage breast cancers following breast conserving surgery with High Dose Rate Brachytherapy
has several limitations. This situation led to the impetus for the development of a new type of
device that would accommodate a larger patient selection and that would also provide a
superior dose distribution over the planning target volume. One of the main disadvantages of
the classical Mammosite balloon was due to the fact that it only had a single central channel,
therefore the therapeutical dose could only be delivered with the same intensity all around the
inflated balloon. In clinical practice this constraint was sometimes challenging, due to the
asymmetrical inflation of some of the balloons, or due to the proximity of the skin and/or
chest wall, risking to create hot spots at the skin or chest wall level. In an effort to eliminate
these constraining factors, ten new multichannel balloon based prototype devices were tested
for dosimetric efficacy, flexibility, and complexity of dose distribution, and also to facilitate

an improved clinical implementation.

The current research consisted in the testing of ten prototype devices under three potential
clinical situations following three alternative sets of planning criteria. As a result I developed
52 treatment plans. From all the 10 test articles I generated treatment plans that met all the

reference criteria (CI, D90, Max Dose to skin, V150, V200, EI).

All the reference criteria were clearly achieved by each of the test devices and met the
requirements previously defined for all planning criteria. This shows that each of the 10
tested devices is at least as effective dosimetrically as any MS of the same balloon size. Also,
each of the test devices can better spare the skin than any symmetrical MS of the same
balloon size. Furthermore, in some extreme scenarios, all the tested balloons can drastically
reduce the dose to the skin, while also meeting all the reference criteria. This was not
achievable for any of the symmetrical MS. All 10 of the MSML test devices are

dosimetrically superior to the symmetrical MS of the same balloon size.

I conclude that the best prototype device among the ten balloons studied in this
research is test device #1, as it proved to have the optimum configuration for an MS-ML to

be used in Accelerated Partial Breast Irradiation.
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For the clinical situations when the use of a balloon type device is limited by the
geometrical location of the tumor, a parallel study was developed, where the balloon was
minimally inflated, to a volume of 23 cc. In this scenario 8 clinical situations were considered
for planning, assuming that the closest distance to the skin and to the chest wall were in a
plane orthogonal to the MS-ML lumens and passing through the center of the MS-ML
balloon. PTV Evl and PTV Est were created considering two scenarios: the plastic (non-
tissue) areas located outside the balloon and containing the catheters (tip and shaft) were
either subtracted or not from the PTV. A number of 16 plans, 8 for each of the scenarios were
developed and the dosimetrical requirements were defined. Following the process of structure
reconstruction, planning, and optimization the following parameters were evaluated using
DVHs: PTV size, Max Skin Dose, Max Chest Wall Dose, V100, V95, V90, D90, V150,
V200, V300 and the Min, Max, and Mean Dose in the PTV.

The limits required of all the defined parameters were achieved in all of the 16 plans,
even though in some scenarios the evaluation parameters were close to the edge of

acceptability.

In all of the 16 plans, the reference criteria defined for all the potential clinical situations
were met. The simplest case was Plan #1 and the most complex was Plan # 3. I recommend
the use of PTV Est rather than PTV Evl, especially when the Maximum Dose in the PTV Evl
is high. If the Maximum Dose in the PTV Evl remains high, the coverage of the PTV Est
toward the Tip and toward the Shaft has to be diminished.

At least for the scenarios described in this study, the MS-ML device inflated using only
23cc of fluid can achieve all the required limits of all the required parameters for clinical use

by taking advantage of some or all of the 4 available lumens in planning.

As a general conclusion I argue that a multilumen balloon type device (MS-ML) is
dosimetrically superior to a single lumen balloon, and should be used clinically especially in
challenging situations, where the breast size, the location of the tumor and its size, as well as
the asymmetry of the balloon would be limiting factors for the use of Mammosite for

Accelerated Partial Breast Irradiation [71].

Finally, as a direct result of this research, a prototype of the device indicated in this study
as being optimal in terms of dosimetrical effectiveness and of sparing the organs at risk, was
developed and launched by Hologic (Hologic, Inc., Bedford, MA), and is being successfully

used in clinical practice in the United States since 2010.
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