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ABSTRACT OF THE DISSERTATION

Dynamic Modulated Brachytherapy (DMBT) and Intensity Modulated Brachytherapy
(IMBT) for Treatment of Rectal and Breast Carcinomas

by

Matthew Julian Webster

Doctor of Philosophy in Physics
University of California, San Diego, 2014

Professor Henry Abarbanel, Chair
Professor William Y. Song, Co-Chair

The ultimate goal of any treatment of cancer is to maximize the likelihood of
killing the tumor while minimizing the chance of damaging healthy tissues. One of the
most effective ways to accomplish this is through radiation therapy, which must be able
to target the tumor volume with a high accuracy while minimizing the dose delivered to
healthy tissues. A successful method of accomplishing this is brachytherapy which works
by placing the radiation source in very close proximity to the tumor. However, most

current applications of brachytherapy rely mostly on the geometric manipulation of
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isotropic sources, which limits the ability to specifically target the tumor. The purpose of
this work is to introduce several types of shielded brachytherapy applicators which are
capable of targeting tumors with much greater accuracy than existing technologies. These
applicators rely on the modulation of the dose profile through a high-density tungsten
alloy shields to create anisotropic dose distributions.

Two classes of applicators have been developed in this work. The first relies on
the active motion of the shield, to aim a highly directional radiation profile. This allows
for very precise control of the dose distribution for treatment, achieving unparalleled dose
coverage to the tumor while sparing healthy tissues. This technique has been given the
moniker of Dynamic Modulated Brachytherapy (DMBT). The second class of
applicators, designed to reduce treatment complexity uses static applicators. These
applicators retain the use of the tungsten shield, but the shield is motionless during
treatment. By intelligently designing the shield, significant improvements over current
methods have been demonstrated. Although these static applicators fail to match the
dosimetric quality of DMBT applicators the simplified setup and treatment procedure
gives them significant appeal.

The focus of this work has been to optimize these shield designs, specifically for
the treatment of rectal and breast carcinomas. The use of Monte Carlo methods and
development of optimization algorithms have played a prominent role in accomplishing
this. The use of shielded applicators, such as the ones described here, is the next logical

step in the rapidly evolving field of brachytherapy.
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Chapter 1 Introduction

1.1 Radiation Therapy

Cancer is one of the most deadly diseases in the world, affecting almost all
people’s lives either directly or indirectly. There are over 200 types of recognized
cancers, each with its own unique cause and form of manifestation. As a result, treatment
is a difficult and complicated process. There are a number of treatment modalities
available to treat cancer, either as stand-alone treatments or as synergetic combinations.
The three main treatment techniques that are frequently used in current clinical settings
are surgery, radiation therapy, and chemotherapy. Radiation therapy, or radiotherapy,
utilizes high energy, penetrating waves or particles such as X-rays, gamma rays, proton
rays, or neutron rays to destroy tumor cells or keep them from reproducing. It utilizes
ionizing radiation in a strictly controlled environment to treat cancer. lonizing radiation
can be administered using external beam therapy or by placing a radioactive material
directly into a body tissue or cavity. Radiation therapy works by damaging the DNA
within cancer cells thus interfering with the cell’s ability to grow and reproduce.
Currently, most common cancer types are treated with radiation therapy in some way and
it can be used as the primary therapy or combined with surgery, chemotherapy, hormone
therapy or some mixture of them. Over past decades, radiation therapy has become the
most common way to treat cancer with nearly 2/3" of all cancers treated with some form

of radiation therapy.



Radiation therapy primarily Kkills tumors by compromising the reproductive ability
of each cell’s DNA, which, depending on the form of damage, can stop the cell from
reproducing, kill the cell or mutate the cell. In order to successfully eradicate a tumor,
every cell in it must be killed or stopped from reproducing. Otherwise, there will be local
recurrence. Therefore, relatively high amounts of radiation are necessary to fully treat a
tumor. Unfortunately, radiation is indiscriminate about which cells it kills. As a result,
damage and mutation of healthy tissues are a critical issue in radiation delivery. Too
much damage to healthy tissues can lead to serious detrimental side-effects or even cause
secondary cancers. Therefore, it is the aim of all radiotherapy treatments to very
specifically target the tumor while avoiding damage to all other tissues. The ultimate goal
of radiation therapy is to deliver maximum radiation dose to the tumor volume while
minimizing excessive dose to surrounding healthy tissues or organs surrounding the

tumor.

1.2 Brachytherapy

A. History

Brachytherapy derives its name from the Greek word ‘brachy’ meaning ‘short,’
which refers to the distance between the therapeutic agent and the target lesion. This
typically involves the placement of a radioactive gamma-emitter on or inside of a patient
to treat tumors. The basis of brachytherapy was proposed in 1901, five years after
radiation was discovered by Henri Becquerel in 1896. The first known suggestion of this
modality was from Pierre Curie, who had the idea of placing radioactive sources inside of

tumors as a method of treatment. It was quickly confirmed that this was an effective



method of reducing the tumor size. In the following decades, this method of inserting a
radioactive source inside of the tumor itself gained considerable popularity as a treatment
modality. During these early days of brachytherapy, radium was used as the primary
source of radiation. In the 1940’s and 50’s radium was replaced by cobalt and gold-
encapsulated radon. The gold was used as a method to block the high-energy electrons
coming from the source. By 1958, applicators had started using Iridium-192 as the main
radioactive source, which is still the predominant nucleotide used for modern day
brachytherapy treatments.

During the course of the early- and mid-twentieth century, the rapidly
increasing understanding of radiation led to more and more concerns regarding the use of
radiotherapy, especially brachytherapy. While many side-effects for the patients were
viewed as unavoidable, brachytherapy lost much of its support in the medical community
due to the greatly undesired high dosages of radiation the therapists and operators were
receiving during treatment regimens. However, in the 1950’s remote afterloaders were
developed to eliminate this problem. Remote afterloaders are specially designed
machines which are capable of precisely controlling the location of the radioactive
source. This allows the source to be safely shielded within the afterloader while it is not
in use. The therapist can control the afterloader from a safe location to deliver the desired
dose during treatment. By 1970, afterloaders had become an integral part in
brachytherapy, creating a renewed interest in the technique, which has grown ever since.

Remote afterloaders have the added benefit of being able to more precisely

control the position of the radioactive source than is allowed by manual control.



However, until the 1990’s, this generally had no major impact on treatment capabilities.
Until then, tumor localization was done primarily through 2D imaging techniques such as
X-ray projections. As a result, dose planning was fairly simple and treatment plans were
highly homogenous across most patients. However, the late twentieth century saw a
revolution in 3D imaging techniques with the implementation of ultrasound, magnetic
resonance imaging (MRI), computed tomography (CT), and positron emission
tomography (PET). These allowed for more precise definitions of tumor volumes, which
allowed for more precise, patient-specific, treatment plans.

Treatment planning did not reach its current level of precision and accuracy until
the beginning of the twenty-first century when treatment planning software (TPS)
became readily available. The development of 3D imaging techniques allowed for the
accurate description of the where the dose needed to be delivered, but until TPS was
advanced enough to quickly calculate dose distributions, it was difficult to determine
what the optimal dose was and how to precisely deliver it. This method of computerized
dosimetry integrates the imaged patient geometry with the brachytherapy applicators and
the identified potential source locations. This allows the software to precisely calculate
the optimal dwell times, how long the source delivers dose, at each dwell position, the
locations the source can be at within the applicator. In addition to allowing for more
precise dose delivery, TPS has also allowed for an increase in the complexity of
radiotherapy applicators. Prior to the usage of TPS, most applicators had very simple
designs with a relatively few dwell positions. Since then, applicators have become more

complex with the number of dwell positions increasing by orders of magnitude. This has



marked a shift from covering the target volume with radiation with considerable excess
dose to attempting to match the target volume precisely as possible. Better applicators are
constantly being developed to help achieve this goal.

B. Applicator placement

With regards to the placement during treatment, there are two main types of
brachytherapy treatments. These are known as interstitial and contact brachytherapy.
Interstitial brachytherapy involves the placement of the source into the tumor lesion. This
is most frequently done with hollow needles inserted into the patient. Depending on the
type of treatment being delivered the needle is either used to deposit the source into the
patient permanently or to act as a catheter for the source during treatment.

Contract brachytherapy involves placement of the radiation source adjacent to the
target tissue. This can be carried out in a number of ways. The simplest method is surface
brachytherapy where the applicator is typically placed on the outside of the body (e.qg.,
skin or eyes). Additional techniques require placement of the applicator into the patient’s
body, but still externally of the target volume. Methods for doing this include placing the
applicator directly within an existing body cavity (intracavitary), within a body lumen
(intraluminal), or within blood vessels (intravascular).

Individually, interstitial brachytherapy is able to give superior dose distributions
to any of the contact methods, but requires more highly trained staff, greater resources,
and is far more invasive and unpleasant for the patient. It is common to combine contact
techniques, especially intracavitary or intraluminal, with interstitial methods during a

single treatment to maximize the degrees of freedom in dose optimization.



C. Dose rate

The dose rate for a brachytherapy applicator refers to the instantaneous intensity
of the radiation, measured in grays (Gy), being delivered. The dose rate for a given
radiation source can fall into one of three categories, low-dose rate (LDR), medium-dose
rate (MDR) and high-dose rate (HDR). These refer to sources with dose rates up to
2Gy/hr, between 2 and 12 Gy/hr and over 12 Gy/hr, respectively. LDR treatments
typically involve leaving the source in place for long periods of time, often permanently.
For permanent LDR implants, commonly used to treat prostate cancer, the source must
have a relatively short half-life, so that the radiation delivery has an endpoint. Currently,
HDR brachytherapy is very widely used because it allows for very fast treatment times
and typically allows for outpatient care.

For each dose rate, radiation can be delivered continuously, fractionated, or
pulsed. LDR implants are an example of continuous delivery where the radiation is being
delivered continuously for a long period of time. Conversely, HDR treatments are
typically fractionated, which means a fraction of the total dose is delivered in short,
distinct, periods many hours apart. As discussed later in 1.3 , continuous brachytherapy
gives better outcomes. However, fractionated HDR treatments are far easier to deliver.
Pulsed rate methods have been developed to make HDR treatments take on some
characteristics of continuous treatment. This is done by delivering short pulses of
radiation approximately once per hour. Due to the clinical difficulty in implementation,

this is not a favored method of treatment.



1.3 Radiobiology of Brachytherapy

A. Role of brachytherapy

Brachytherapy, in all its forms is used primarily as a boost following EBRT with
some instances of radical treatments. The underlying reason for this is uncertainty in
carcinogenic cell locations due to microscopic nodal infiltration and nodal metastases.®
To combat this, it is necessary to irradiate the entire region around the palpable tumor
volume, regardless of how localized the dose could potentially be delivered. This is
typically done using EBRT techniques. Due to the relative number of cells present in
these regions versus the macroscopic region of the tumor, brachytherapy can be used to
deliver a very high dose to the palpable regions, to increase the tumor control. In some
cases, such as lumpectomies, there are no longer any macroscopic carcinogenic cells
present, but brachytherapy is used to irradiate the tumor bed. This can be done either
prior to or following EBRT treatments. Doing so afterwards often allows for tumor
shrinkage to occur. As a result, the high dose region of the brachytherapy techniques will
reach a larger percentage of the tumor volume making the treatment more effective. This
is only true however, if the tumor cell doubling time is long relative to the regression
rate.*
B. The linear quadratic formalism

When dealing with brachytherapy, it’s important to consider prolonged exposures.
For these situations, the LQ model gives the survival fraction, S, in terms of the dose, D.

The parameters o and 3 are constants for a given type of tissue, characterizing the

probability of double strand breaks (DSB) forming from a single ionizing particle or two



independent ionizing particles, respectively. The final component, G, is related to the
exposure time. It is there because as the exposure time increases, the chance of DSB
repair grows and so the quadratic term becomes less prevalent. Therefore, the longer the
exposure, relative to the half-time, Ty, repair of DSBs become more likely and the closer
this variable goes to zero. Conversely, for short exposures, G approaches unity since the
cells have not had a chance for DSB repair. For many cases, G can be calculated
analytically. For example, for PLDR implants, G = A/(A + u) where A is the decay
constant and u =1In2 /T;/,. Solutions for G have been found for other specific and
general cases.>® An example of the effect of exposure time can be seen in Figure 1-1.
C. Cell repopulation

The treatment time is the total time of treatment between the first delivered dose
and the last. For permanent LDR seeds, this is the same as the exposure time, but for
fractionated LDR or HDR treatments, it represents the time between the first and last
fractions. When given time between fractions, cells have a chance to not only repair, as
discussed above, but also repopulate as a function of T. After a treatment, an effective
delay in the repopulation, Tp, can be accounted for by substituting in T-Tp for T. With
this, the LQ model can be adjusted as

S = e~ (aD+GED2)+y(T-Tq) (1.2)

where 7 is inversely proportional to the repopulation doubling time.

In order for two treatment regimens to be equivalent, it is easy to see that the
exponentials for both regimens must be equal. This quantity, divided by -a, or -In(S)/«,

is referred to as the biological effective dose (BED). Therefore, when comparing different



brachytherapy treatment plans and treatment techniques, it is important to account for
dose size, dose rate, exposure time, and total treatment time. It is worth noting that the
LQ model can be further modified by accounting for resensitization and redistribution.

However, the effect of these, while important, is beyond the scope of this review.

Relative Effectiveness

0.001 0.01 01 1 10 100 1000
Time (h)

Figure 1-1. Variation of relative effectiveness of a single dose of 10 Gy with treatment time.
D. Non-uniform dose distributions

The LQ model implicitly assumes that the dose to a given volume is homogenous
across the entire volume. However, for most brachytherapy applications, this does not
hold. To apply the LQ model, it is therefore necessary to calculate the equivalent uniform
dose (EUD) which is the dose that, if deposited to the entire volume homogeneously,
would have the same biological effect. The easiest way to formulate its value is to add
together the survival fractions of every dose value multiplied by the fractional volume
receiving that dose, v;, for the doses, D;, in that cell. That is,

S(EUD) = X;v;S(Dy). (1.2)
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Therefore, for inhomogeneous brachytherapy dose distributions,
EUDpgp ==~ In%ivS(Dy). (13)
A more phenomenological generalized EUD (gEUD) has been developed.”?
gEUD = (3;v;DH)Y. (1.4)
For this formula, a is a tissue-specific parameter that describes the volume effect.
The parameter, a, can range from -co, for when the gEUD is minimal, to +oo for when the
gEUD approaches the maximum dose. In practice, tumors, which have the least response
have a negative value while serial organs have very high, positive, values. These values
are purely empirical and lack any mechanistic explanation at the moment. Nonetheless, it
is still used in treatment planning and comparison since it allows for the same functional
form to be applied to both tumors and healthy organs.
E. Features of different treatment techniques
E.1 Continuous LDR brachytherapy and permanent seed implants
CLDR and permanent seed implant treatments have provided excellent
therapeutic results. This is largely a result of the much shorter effective treatment times.
This reduces the repopulation effect of the tumor. However, where the previously
mentioned repopulation effects were considered discrete, it is now necessary to account
for continuous ongoing biological processes.” Doing so requires changing the BED

equation.

2R
L2

“(B)

BED = RT ll + <1 - y_lT (1- e—#T)>l. (1.5)



11

In this equation, the dose has been replaced with the dose rate, R. This equation
works well for CLDR, but its application to permanent implants fails to account for cell
repopulation and source decay. To accurately incorporate these effects, it is necessary to
consider that the effective treatment time, T, for a permanent implant is not infinite.
Instead, once the tumor kill rate is surpassed by the tumor repopulation rate, the treatment

is effectively finished and all excess radiation is wasted.'® This occurs at

__1 14
Teff = —Zln—

aDo )

(2.6)
As a result, the effective dose, Des, goes to zero after this point. That is, Desf =

D(1 — e*Terr). This model can be used in optimizing the choice of radionuclide for a
given permanent implant. It should be clear that the efficacy of a source is strongly
related to the o/f ratio, tumor growth rate, radiosensitivity and DSB repair rates. For any
given permanent seed implant, it is possible to calculate the optimal dose rate of the
seed.™ The calculation is beyond the scope of this work, but some of the results can be

found in Table 1-1.

Table 1-1. Optimum radionuclide half-life (h) for a tumor with o/f ratio of 10 Gy*

BED,, = 100 Gy, BED,, = 250 Gy.

K (Gyday ") RBE = 1 BBE = 1.5 BBE = 2 RBE = 1 RBE = 1.5 REE =2
0.01 926.0(1080.0)  611.0(7080)  4525(5240) 232207045  15300(17725) 11375 (1311.0)
0.05 4075 (484.0) 2755(324.0)  2065(410) 10205 (1212.5) 691.0 (811.0) 518.5 (605.0)
0.1 278.5 (335.5) 1920(2275)  145.0(171.0) 699.0 (841.0) 4825 (571.0) 365.0 (429 5)
0.3 1435 (179.0) 104.0 (126.5) 80.5 (96.5) 361.0 (4350.0) 262.5 (318.0) 204.0 (244.0)
0.3 101.5 (129.5) 76.5 (94.0) 60.0 (73.00 256.5 (327.5) 193.0 (238.0) 152.5 (185.0)
0.7 79.5 (103.5) 61.5 (76.5) 49.0 (60.0) 201.0 (261.5) 156.0 (194.5) 125.0 (153.0)
0.9 65.0 (86.5) 32.0 (65.3) 42.0(51.5) 163.5 (219.0) 132.0 (166.5) 107.0 (132.0)
11 55.5(74.5) 45.0(573 365 (45.5) 141.0 (189.5) 115.0 (146.5) 94.5 (117.0)

* Unbracketed figures correspond to the case where p, = p,.. = 0.5 b~ ". For the bracketed figures, po . Is increased to 1.5 b ",

In general, faster growing tumors are better treated with shorter-lived

radionuclides while slower growing tumors are more effectively managed with longer-
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lived sources. However, shorter-lived sources have additional value since they are less
sensitive to the tumor properties and LQ parameters. It has been determined that the
greatest variation in the treatment effectiveness comes when the treatment time is on the
same order as the half-life repair of sublethal damage. As a result, the effective treatment
time must be suitably long to accomplish this.

When the length of treatment reaches the same order of magnitude as the half-life
of the radioactive source, things become more complicated because dose rate is changing
as the dose is being delivered. For the case of CLDR or non-permanent implants, with a

source with an initial activity of Ry and decay constant of A,

_ _ AT 2R\ (A=B
BED = Ro(1—e™) (14 e =) (55) (1.6)
where:
A=—(1—e™T) (1.7)
1 -

B = m(l —e (/1+H)T) (18)
C=1-e"T, (1.9
For the case of permanent implants where the time is effectively infinite, this

simplifies to

— R R0

BED =% (1+ (u+l)(a/B))' (1.10)

E.2 Fractionated high dose brachytherapy
In recent years, there has been a trend towards using more HDR brachytherapy
treatments. This is largely influenced by the reduced cost and treatment time of these

techniques. In general, HDR treatments use one to twelve fractions, depending on the
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tumor and applicator. Regardless of the number of fractions, it can be assumed that there
is sufficient time between fractions to allow for the complete repair of damage within the
cells making it unnecessary to account for this in the LQ model.

The critical components of fractionated HDR therapies are the dose rates and
number of fractions. The dose rate effect and the choice of nucleotide are discussed in a
later section. It is well established that increasing the number of fractions helps increase

the tumor control.*?

This arises from the biphasic nature of the LQ model and that dense
fractionation can help keep the survival curve approximately in line with the linear
response segment. This results in relatively small changes in acute effects, such as tumor
control with large, beneficial contributions, on the late effects. The degree of this depends
largely on the number of fractions used for a given dose.

This is important because, in general, LDR per fraction is more effective than
HDR since high dose rates cause more relative damage and death to late responding
tissues than acute responding tissues. Ideally, brachytherapy treatments would be done
with fractionated LDR, but this is financially, logistically, and practically infeasible.
Instead, fractionated HDR treatments are compared to single fraction LDR treatments.

This is done by comparing the BED. Now, instead of a single dose, D, there are

now N fractions of dose d. From this,

BED = Nd (1 + ﬁ) (1.11)

An example case can be seen in Figure 1-2.” This figure compares a single
40Gy/48hr LDR treatment to HDR treatments with varying fraction quantities. The point

at which the late and early effects match is considered the matching point for the LDR
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and HDR treatments. In this case, o/p is 10Gy and 3Gy for early and late responding
tissues, respectively. For this particular case, the equivalence point occurs around 11
fractions. This particular example assumes that, other than o/, the biological responses
of the different tissue types are identical. In reality, this is not the case. It is possible to
show that the actual fractionation equivalence point could be as low as 3 fractions for

similar cases.'®

— -

- [A]
s
1=

w

Iso-effective dose/fraction (Gy).

-+ t—t— 1
-0 O O~ 1o
- = &N N N

Number of HDR fractions

Figure 1-2. Variation of Iso-effective dose for tumor and late-reacting normal tissue with changing
HDR fraction number.

The discussion above relates to the use of isotropic sources in both LDR and HDR
regimens. However, advancements in many brachytherapy technologies have made this
inaccurate. The most important improvement has been the sculpting of the radiation dose.
New applicators utilize geometric modulation of the source and tissue positions as well as

intensity modulation from the source itself to greatly improve the normal tissue sparing.
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It has been shown that doing so can reduce the number of necessary fractions to match
LDR to unity.***°

With modern applicators and setup, additional fractions serve to improve the dose
over LDR. However, it is important to determine the optimal dose per fraction for
treatment. If it is assumed, on average, the normal tissue receives a fraction, g, of the

dose to the tumor, then the optimal dose per fraction, z, is given by

— (a/ﬁ)late 2 _ _ _
(g (a/B) tum> z 2fgKz (a/ﬁ)late fK=0 (1.12)

where f is the time between fractions and K is defined by the intrinsic radiosensitivity, o,
and potential doubling time, Tpot as K = In2 /(aTy. - Typically, this gives the optimal
fraction dose size to be 3-8 Gy per fraction. In the case where tissue sparing cannot be
achieved or smaller fraction sizes are required, the time between fractions should be
reduced.
F. Radioisotope effectiveness

There are currently numerous radioactive sources that are used for different
brachytherapy treatments. The most commonly used isotopes have mean energies ranging
from 21 keV for ®*Pd to 662 keV for **'Cs. In addition, there are electronic x-ray sources
capable of delivering a wide range of energies.’® Beyond the range of the different
isotopes, each isotope has a complete spectrum of gamma-ray energies, in some cases
reaching a few MeV. This is critically important because biological effectiveness varies
with photon energy photons with different energies will deposit dose differently. This is
different from the energy gradients associated with the overall dose distributions

discussed above.
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The relative biological effectiveness (RBE) of the different isotopes can be
estimated directly from energy deposition patterns using mircodosimetry. In the
applicable range, the biological response per unit dose, R;, to a particular radiation, i, can
be calculated as

Ri = [w()d;(y)dy (1.13)
where y is the lineal energy, a stochastic quantity, defined as the energy deposited by a
single photon track divided by the average path length in the cellular target. The
microdosimetric single-event spectrum, denoted by d;, is the dose-weighted probability
that a photon will deposit lineal energy in the target volume of interest. Finally, w,
describes the cellular response by an individual target to the lineal energy. For sparsely
ionizing radiations, such as those used in brachytherapy it is reasonable to assume that
this quantity is proportional to y. Therefore, for LDR sources,

RBE; < [ yd;(y)dy. (1.14)

RBE values have been calculated for a number of brachytherapy sources. Using
%Co as a reference point, *Ir, **Am, **I, and ®Pd have RBI values of 1.3, 2.1, 2.1,
and 2.3, respectively. The approach described is only applicable to LDR brachytherapy
sources, but can be incorporated into HDR source calculations by simply modifying the

BED.Y That is,

BED =D (RBE + 0%) (115)

G. Effects of tumor shrinkage
The general effects of the tumor volume have already been discussed, but it is

important to consider what effect this has on the LQ model. In the case where the tumor
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is growing, the dose in the BED calculations must be adjusted to represent a greater dose
since now the average dose to the tumor is increasing. That is to say, when finding the
BED the following adjustments must be made for a tumor that shrinks exponentially with
rate constant z:
HDR: d—-d(+ (N —1)zt). (1.16)
CLRD: R - R(1 + zT).
For permanent seed implants, the equation becomes considerably more
cumbersome. Throughout the BED equation, A - A — 2z, T — T, , and then the entire

equation then gets scaled by a factor of (1 — e Mefr ) For this case,

_ an/RO
Tepp = == (1.17)

H. EBRT and brachytherapy

As previously discussed, brachytherapy is infrequently used as a radical
treatment, but instead is usually used in conjunction with EBRT. The survival fraction for
such a dual-modality treatment is simply S = SggrrSpre?”’. Again, v is determined by
the speed of repopulation. Here, T’ is the time between the different treatment techniques,
going to zero if the treatments overlap. It is useful to translate this information into an

equivalent EBRT reference regimen made of 2Gy fractions. In this case,

InS
EUD = —m. (1.18)

Figure 1-3 shows some of the potential uses of this formulation. It shows both
how the different modalities combine as well as how to calculate a specific component

when given a desired goal.
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Modalities Prescribed Dose” (Gy) EUD’ (Gy) TCP’ (%) EUD" (Gy)

. Permanent BT HDR BT
EBRTalone 702 68 2 66 Cumulative
EBRTalone 81 78 87 7 EUD° I-125  Pd-103 2 Fractions 3 Fractions 4 Fractions 5 Fractions
:J,‘l BTalone 145 l 43 7
‘EB‘;dIﬁT‘?,‘fﬂe ;@hm Tt W e z 68Cy  50Cy 34Gy 58Gyx2 45Gyx3 38Cyx4 32Gyx5
EBRT+'®Pd 45 (EBRT) + 100 (B) 103 100 104 72Gy  57Gy 40Gy 67Gyx2 52Cyx3 43Cyx4 37Gyx5
EBRT+HDR 45 (EBRT) + 3 x 6 Gy (BT) 78 87 97 80 Gy 72Cy 53Gy 84Cyx2 65Gyx3 54Cyx4 47Gyx5
EBRT, external-beam radiation therapy; BT, brachytherapy; EUD, equivalent uniform 90 Gy 92 G‘/ 70 Gy 102Gyx2 81Gyx3 68GCyx4 59Cyx5
dose; TCP, tumor control probability; LQ, linear-quadratic 100 Gy 112 Gy 87 Gy 122 Gy X295 Gy x3 80 Gy x4 70 GY %5
“For EBRT, 18-Cy fracton size assumed. ‘ 110Gy 133Gy 106Gy 138Gyx2 108Gyx3 92Gyx4 80Gyx5
LQ parameters:?™* a=0.15 Gy, o/B=3.1 Gy, T, = 16 minutes, 7; =42 days, K =
”(” 10 ! " ’ f : EUD, equivalent uniform dose; EBRT, external-beam radiation therapy.
LQ parameters:* =0.039 Gy, =10 Gy, 7,= 1.9 h and with repopulati e 5 e
dfttond. e~ IR TEROPUENON o) ) parameters: =015 Gy, o/B=31 Gy, T, = 16 minutes, T = 42 days, K = 11 x 10

Figure 1-3. Examples of combining EBRT with HDR BT and Permanent BT
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Chapter 2 Dynamic Modulated Brachytherapy (DMBT) for

Rectal Cancer

2.1 Introduction

The idea of intensity-modulated brachytherapy (IMBT) using collimated
brachytherapy source was first proposed by Ebert et al." in 2002. That work investigated
the advantages of having a radially asymmetric radiation point-source that was free to
rotate about its axis for treatment of idealized targets. The idea takes advantage of the fact
that an indexed rotation of the source about its axis would provide radial intensity
modulation, which could compensate for variations in the spatial relationship between the
source position and location of the target edge. The paper concludes that a collimation
angle (resolution) of 22.5-45° and shielded-side transmission of <10% (leakage) are
needed to see a worthwhile benefit of IMBT over conventional, non-shielded,
brachytherapy implants. Since then, a number of different investigations into the potential
implementation of anisotropic brachytherapy techniques have been conducted.>® Ebert®
and Shi et al. looked at the benefits of a 3D anisotropic source for treatment of prostate
and breast cancer, respectively, and found very positive results. However, they created
their radiation profiles using computer simulations and did not outline how to create these
distributions in practice. A similar idea was also investigated by Kim et al.* in 2003 and
Shi et al.® in 2012 using MC simulations. However, the 2003 study laid out theoretical
specifications as to how to achieve collimation using steel and/or tungsten alloy as the

housing for a beta-producing *°Sr/*®Y radioactive source, for intravascular brachytherapy.

21
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The beta-producing source was chosen as a candidate since an unrealistic amount of
shielding would be necessary to collimate a high-energy gamma-producing source such
as that used in high dose rate (HDR) **Ir brachytherapy. Unfortunately, although these
ground breaking works theoretically showed that significant improvements could be
achieved with a collimated radiation profile; no further development ensued to implement
them clinically.

This work builds upon the idea of IMBT for the treatment of rectal cancer. The
management of rectal cancer has progressed significantly over the last few decades. The
primary treatment modality is surgery, while preoperative chemo-and-radiation-therapy
(CRT) has proven to be quite beneficial in long-term survival.>® Therefore, the current
standard for treating rectal cancer patients is preoperative chemotherapy and external-
beam radiotherapy to the pelvis, followed by reduced field boost, and surgery 6-8 weeks
later. This schedule improves local control and is more tolerable than postoperative CRT;
however, toxicities are still quite significant with 27% acute and 14% late grade 3-4 Gl
toxicity.>*® These high toxicities are because the radiation needs to traverse a large
volume of healthy tissues in the pelvis and chemotherapy sensitizes pelvic organs such as
small bowel and rectum.™** Damage from radiation to these and other surrounding
organs can lead to problems or delays in post-surgical healing (e.g., anastomotic leak or
perineal wound infection).® In addition, for non-surgical candidates, due to health or
other contraindications, the problem is exacerbated since, in this situation, CRT is the

only alternative modality and must be given in a more intense, definitive setting.
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To reduce these toxicities while maintaining equivalent/better treatment outcome,

investigators in Canada™*">™"’

conducted an exploratory clinical trial to study the potential
role of HDR endocavitary brachytherapy. As an alternative to the preoperative CRT
portion of the standard of care, an 8-channel applicator known as an Intracavitary Mold
Applicator (ICMA, Nucletron, Netherlands).'®?! was used. The occurrence of grade >3
acute proctitis went down to 1% vs. 27%, and pathologic complete response rate rose to
29% compared with 8-12% using CRT. In addition, the shorter treatment duration (1
week vs. 5 weeks), no need for chemotherapy, and less surgical complications were
significant advantages. However, due to the near-isotropic nature of the HDR *’Ir
source, and limited use of shielding in the ICMA, there still is an appreciable amount of
radiation delivered to surrounding tissues. As shown in this work, this is especially true
for the tissues above and below the tumor, including the sphincter.

Building upon the foundations of early collimated IMBT work,'® we have
designed and carried out a study evaluating the use of a collimated **Ir source radiation
profile for treating rectal cancer. The basic idea is to collimate the radiation beam using a
cylindrical tungsten alloy shield, then dynamically rotate and translate this shield during
treatment using robotic hardware to achieve intensity modulation. The idea is similar to
the delivery of volumetric modulate arc therapy but from inside the rectal cavity. The
moniker Dynamic Modulated Brachytherapy (DMBT) is chosen to distinguish it from the
current IMBT-HDR brachytherapy techniques, such as ICMA, and two different

segmented shielded applicators (Nucletron, Netherlands and Varian Medical Systems,

Palo Alto, CA)**?® which are static after placement, in that the proposed applicator,
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robotic in nature, is in full motion, with two degrees of freedom. This paper will discuss
the concept, design, and performance analysis with 36 treatment plans clinically treated
with the ICMA using Monte Carlo (MC) simulations of the shielded applicator using N-
Particle Monte Carlo (MCNP5). This study aims to demonstrate that DMBT utilization of
a dynamic shield during treatment can improve treatment plan evaluation metrics in
comparison to the ICMA. While this investigation is limited to rectal cancer, the basic
DMBT concept can be extended to other disease sites treated with HDR brachytherapy

such as gynecological and breast.

2.2 Materials and Methods

A. System overview

The DMBT system proposed in this work uses a high-density tungsten-alloy
shield, cylindrical in shape, with a small window on one side to encapsulate an HDR **Ir
source, to create collimation that results in a highly directional radiation beam. Figure
2-1a-c illustrates our first shield design. The shield is cylindrical to allow smooth
translation up and down the rectal cavity, guided by a rigid cylindrical bio-safe
polycarbonate sheath that fits tightly around the shield. Figure 2-1d shows the design of
our robotic applicator that will be used to step the shield precisely into a planned dwell
positions. It consists of two precision EvoDrive ST-17 stepper motors with 1/500 degree

accuracy.?* The current gearing in the system allows for a translational and rotational

stepping precision of 0.0125 mm and 0.012°, respectively.
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(a)

2

2 stepper |
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Figure 2-1. DMBT schematic overview. (a) A CAD drawing of our first tungsten alloy shield design.
The shield is 19 mm in diameter and 45 mm in length, and has a moveable window that slides in and
out to variable distances to create continuous window opening size. (b) A sagittal cross section of the
shield. (c) In-plane cross section of the shield. Cartoon depictions of the (d) DMBT system overall
setup and (e) the DMBT system in an envisioned treatment, with a patient on the table.

The treatment planning and delivery processes will be similar to that of current
image-guided HDR **?Ir brachytherapy procedures. Starting in the imaging room, the
patient will be placed on a stabilization board in the supine position. An indexed
cylindrical polycarbonate sheath, which is encapsulated by a unidirectional endocavitary
balloon (e.g. Civco Medical Solutions, Kalona, 1A) will be placed into the rectal cavity.

The balloon is then inflated to move the healthy tissue away from the applicator site and
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help stabilize the sheath within the cavity. Next, the sheath will be affixed to a
mechanical arm which itself is attached to the stabilization board the patient is on. The
CT and/or MRI imaging will commence, and after imaging is completed, the patient will
be transported into the HDR room. Once the patient is in the room, the DMBT applicator
will be locked into position inside the polycarbonate sheath. Figure 2-1e illustrates a
cartoon depiction of the treatment setup. Once plan optimization had been completed, the
treatment will commence with the approved plan. Figure 2 shows a simulated delivery of
an envisioned treatment. At a given indexed translational position, the DMBT system

carries out the treatment in a dynamic arc fashion, pre-programmed with angular dwell

times and positions.

Figure 2-2. An example patient plan with snapshots of cumulative radiation dose distribution as the
DMBT robotic applicator rotates counterclockwise to carry out the treatment delivery.

B. Intracavitary mold applicator (ICMA)
The ICMA applicator, which was used in the McGill University trial,*"**% is the
10-12,15-17,25-

most widely used rectal applicator with the most promising dosimetric results.

2" This is the applicator that the DMBT system will be compared to in this work. The
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custom designed 8-channel flexible applicator is 280 mm in length and 20 mm in
diameter. It also comes with an optional 8 mm diameter tungsten alloy rod which can be
inserted in the central cavity to create a modest directional radiation profile. An inflatable
30 ml endocavitary balloon (CIVCO Inc, Kalona, lowa) can be wrapped tightly around
the applicator to push the contralateral rectum away.
C. Patient dataset

Patient data was acquired from The McGill University, Canada.'” The data set
used was comprised of 36 treatment fractions (fx) of 13 patients each treated using the
ICMA applicator. The patients were not surgical candidates due to health or other
contraindications, and thus required radiotherapy in a definitive setting. For the purpose
of this study, this patient group was chosen over more conventional surgical patients.
Therefore, this cohort represented the most extreme cases that can be treated with HDR
%Iy brachytherapy, and thus was a suitable group to evaluate the performance of the
DMBT system. Due to the absence of surgery, a higher HDR **?Ir prescription dose of 10
Gy/fx x 3 fxs was delivered, as opposed to 6.5 Gy/fx x 4 fxs. Most patients were first
treated with the external-beam radiotherapy prescription dose of 2.5 Gy/fx x 16 fxs while
some received 1.8 Gy/fx x 25 fxs prior to the HDR *Ir treatment. All cases evaluated
were non-circumferential tumors for which no more than 3 channels were utilized in the
applicator, The size of the clinical target volume (CTV) was 9.0 + 3.5 cm®. The inflatable
balloon, mentioned in Section 2.2 A. and the tungsten alloy rod were used. Due to the
limitations of the treatment planning software, the plans did not account for the tungsten

alloy rod during dose calculations. Therefore, MCNP Monte Carlo (MC) simulations
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were used to reconstruct the doses delivered to the identified critical structures. However,
presence of the rod does not obstruct the CTV dose coverage if 3 or fewer channels are
used, however, !

Figure 2-3 shows typical structures contoured for planning. The main critical
structures are the contralateral rectum, superior spill, and inferior spill. The superior and
inferior spills are cylindrical structures located above the distal and below the proximal
edges of the CTV, respectively. Typically they were 10 mm in length and 40 mm in
diameter. These structures are used to describe the extent of the radiation as seen in the

coronal or sagittal view and become especially important if the CTV location is close to

the sphincter (< 50 mm), in which case, an extra effort was made to spare this organ.

“Rectal Balloon
with Contrast” “Contra”

“Contra-"lateral
Healthy Rectum

(a)

“Inferior Spill”

Figure 2-3. Typical structures contoured for treatment planning with the ICMA applicator. (a) 3D plot
of the contours. (b) An axial CT slice with structures shown. Also seen is the endocavitary balloon
filled with contrast.
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D. Monte Carlo simulations
D.1 *%Ir source

The ICMA applicator was used with the Nucletron afterloader. However, for
completeness, both Nucletron and Varian sources were simulated with MCNP for
comparison. Energy levels were specified according to the National Nuclear Data
Center.”® Patients were treated with the Nucletron mHDR-v2 source.” This design
consists of an iridium core, which is 0.65 mm in diameter and 3.6 mm in length, and is
surrounded by a steel capsule 5.0 mm in length and varying diameter from 0.9-1.10 mm.
For the VariSource iX HDR source,* there are two identical adjoining cores 0.34-mm in
diameter and 2.5 mm in length each, and are encapsulated by a 0.59 mm nitinol wire of
density 6.45 g/cm® 3! In all simulations, unless explicitly stated, the Nucletron source was
used.
D.2 ICMA applicator

The ICMA applicator is composed of flexible silicone rubber (density=1.14
g/cm®), and is 280 mm in length and 20 mm in diameter.?>?* The applicator contains 8
straight channels distributed every 45° and 3.5 mm inside from the edge and can be seen
in Figure 2-3b. The central cavity is occupied by an 8 mm diameter and 254-mm long
tungsten alloy rod (density=18.0 g/cm®).
D.3 DMBT applicator

The tungsten alloy shield design presented here is cylindrical in shape to allow
smooth translational motion along the polycarbonate sheath, as illustrated in Figure 2-1d.

The shield has a density of 18.0 g/cm?®, the same as the ICMA applicator shield, and a
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length of 45 mm. In order to load the *Ir source a 3 mm diameter hole was placed
parallel to the axis of rotation extending 30 mm into the shield. As discussed in Section
2.2 G.1, this hole is strategically located 3 mm radially away from the center of the
shield (Figure 2-1c). The window opening is wedge-shaped in-plane and is 45° with
respect to the radial center of the shield and tapered to match the edge of the central
cavity. The window opening parallel to the axis of rotation is 5.5 mm. This length was
chosen to allow up to +1 mm in positioning uncertainty of the (active part of the) source
and still have a relatively unobstructed fluence exiting the window. An indexed
polycarbonate sheath (density=1.2 g/cm®) was placed tightly around the shield as a
barrier to protect the patient from the device and vice versa.

The shield and the iridium source were modeled as combinations of cylinders and
other macro-bodies. All elements of the shield and the source were modeled according to
their molecular composition and density.3* By atomic fraction, the tungsten alloy used
was 95% tungsten, 3.5% nickel, and 1.5% copper. In addition, the polycarbonate sheath
was modeled with 75.6% carbon, 18.9% oxygen, and 5.5% hydrogen.

D.4 MCNP dose calculations

MC simulations were run with the MCNP code, version 2.6.0.** Cubical voxels
with size of edge length 2.5 mm were used within a cubed region of length 50 mm and 5
mm cubed voxels were used beyond that. In addition, 0.833 mm voxels were used to fill
in gaps directly next to the shield. The dose was measured in mean energy deposited over
each cell (measured with the F6 tally in MCNP5). For each decay event of **Ir, 2.363

gamma emissions were generated.®* Bremsstrahlung X-rays, electron-induced X-rays,
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knock-on electrons and secondary electrons were used for photon interactions. Other
interactions used were incoherent scattering, coherent scattering (Rayleigh scattering),
fluorescence emission, Compton scattering, capture, and pair production. In order to
achieve better simulation efficiency, a lower energy cutoff of 10 keV for electron
transport simulations was enforced. All space outside of the applicator was treated as
water.
E. Uncertainty analysis

There are a number of potential uncertainties in the delivery of DMBT treatment,
including 1) uncertainty in the initial positioning of the applicator after movement from
the CT room to the treatment room, 2) patient motion relative to the applicator, and 3)
uncertainty in the *Ir source positioning with a commercial afterloader. These were
evaluated with 1) systematic translational shield misplacement of 1-5 mm, 2) systematic
rotational misplacement of 1-20°, and 3) source positioning uncertainty of £1 and £2 mm
inside the shield. Each scenario was examined on all 36 plans. For the shield
misplacement simulations, the shield and the source were offset together with respect to
the patient anatomy, whereas for the source positioning uncertainty analysis, the MCNP
dose calculation was performed for each source positional offset within the shield, and
that resulting dose distribution was used for plan evaluation.
F. DMBT plan optimization
F.1 The optimization model

For the DMBT plan optimization algorithm, for almost all cases the resolution of

dwell positions was set to 5 mm and 1° steps in the translational and angular directions,
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respectively. In one case, the translational step size was set at 2 mm in order to compare
to the 5 mm step size and validate that choice. The complete set of all dwell positions is
denoted by T. Dwell times, which are the decision variables to be optimized, are given for
each dwell position, jeT, as ;. The set of voxels inside each contoured structure (Figure
3) is given by V. From here, we denote z; as the dose to voxel i€V, and the prescribed
dose to that same voxel as p;. In addition, each voxel i€V is assigned a user defined
importance weight, w;. This weight is set heuristically to achieve the best results for each

plan. The voxel dose is calculated as z, :ZDijxj where D is the dose deposition
jeT

coefficient matrix where Dj; represents the dose to voxel i€V by dwell position jeT per
unit time. The dose deposition vector d; is the set of doses received by voxel ieV by each

dwell position jeT such that di(j)=Dj. It is related to the voxel dose, z;, by z, =d; x. We

construct our objective function, F(x), in a quadratic form to ensure convexity as:

min F(x) = %Zwi (d."x—p,)? subjectto x; >0, V ieV (2.1)

ievV

The above equation can be rewritten in the form:
min F(x) :%XT Hx+ f'x subjecttoxi>0,VieV (2.2)

where

H Ezwidi(di)T (2.3)

iev
and

= _ZWi pi(d)" - (24)

ieV
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Notice the linear term, %pi®, has been dropped for convenience, since it is just a
constant offset.
F.2 The optimization algorithm

As mentioned, the objective function is convex quadratic. Therefore, the direction
of the steepest decent is that of the negative gradient. However, our decision variables,
which are the dwell times, x, must be non-negative (i.e., cannot have a dwell time < 0
seconds). Thus, optimizing along the path of the steepest decent may lead to unacceptable
solutions so a gradient projection method was used to limit our dwell times to be > 0.
This method is iterative and begins by forcing the gradient to be partially along the
boundary of the feasible space, and subsequently project the unconstrained solution from
that step into the feasible space.****3® To do this, first, it is necessary to define the initial
condition x°. The initial condition must lie within the constrained space, so that all
elements are non-negative. Although any initial guess leads to an optimized solution
eventually, an educated initial guess can reduce the number of iterations necessary for
convergence. To do this, we set x°(i) = ¢ (constant) if that dwell position points toward
the target volume and zero otherwise. The constant, ¢, was selected such that the initial
mean dose to the target volume equals the prescription dose. The projected gradient
direction is given by:

V. F(x* if x>0
g?={ o) (2.5)

min{0, v, F(x)}  if x*=0
Here, k denotes the iteration number and VF(x*) is the gradient of F(x) at x*. This

gradient direction is used to find the next step:
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¥kt =(Xk _akgk)+ (2.6)
where (), = max{0,x}.
The optimal step size, denoted by ¢, is given by:*’

Tyk k
ak = %ﬂzﬁx) (2.7)
(9')"Hg

In summary, the pseudo code for our algorithm can be summarized as:
Initialization

(1) Letk=0
(2) Select an initial solution x° such that x° > 0.

Main iterative loop

(3) Calculate g
(4) Calculate o
(5) Calculate x*** :(xk —ockgk)+

(6) If ‘F(xk“)— F(x* }/ F(x**) <5, then stop; else k = k + 1, and go back to

step (3). In this work the stopping criterion was set at 5= 107.

We implemented this algorithm on an Intel Core i7 CPU. Due to the high degree
of vector algebra in the optimization process, MATLAB (MathWorks Inc, Natick, MA)
was a suitable choice for coding.

Our algorithm does not put any constraints on the solution other than requiring
non-negativity. However, after each completed optimization, we enforced a criterion that
the 98% of the CTV receives the prescription dose. This constraint was easily enforced
by scaling the final dose distribution, without altering the final solution. This is possible

because it is mathematically equivalent to increasing the target prescription dose, which
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only acts to scale the function F(x), and does not change its shape and, therefore, the
solution is unchanged.
F.3 Plan comparison indices

The mean dose, the maximum dose delivered to 98% of the volume (Dgg), and the
maximum dose delivered to 5% of the volume (Ds) were calculated for all structures. The
dose heterogeneity index (DHI),** defined as (Dmax-Drmin)/Dmean, Was calculated as well,
where Dmax, Dmin, @nd Dmean represent the maximum, minimum, and mean dose received
by the CTV, respectively. Lastly, the total cumulative dwell time (i.e., treatment time)
was calculated assuming an air-kerma strength of 40.25 kU (i.e., 10 Ci).
G. DMBT shield design
G.1 Radial source position

The radial location of the **Ir source within the shield affects both the radiation
anisotropy and the overall treatment time. As the location moves radially towards the
surface, the contralateral side of the shield opening allows greater attenuation, and hence
less leakage, while the collimated beam becomes wider and decreases in directionality.
At the extreme when the source is at the surface, it becomes like the ICMA design. These
effects were analyzed by simulating and optimizing with the source in the center, radially
offset by 3 mm, and 6 mm. Unless otherwise specified, the results are based on the 3 mm
radial offset design as shown in Figure 1c.
H. Diameter of the shield

Diameters of 10, 15, 19, 25, and 30 mm were simulated. The diameter of 19 mm

was chosen instead of 20 mm so that, with the addition of the polycarbonate sheath (1
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mm thick), the total diameter would closely match that of the ICMA applicator (i.e., 20
mm). The length of the shield and window opening were kept the same while the
diameter was scaled.

The patient plans, described in Section 3.2 E. , could not be used to compare
different shield diameters because they were planned with the ICMA applicator, which is
20 mm in diameter. Instead, scalable phantom geometries were used. They were
cylindrical in shape, and the CTV was comprised of a 90° wedge cylindrical shell and 40
mm in length, and the diameter of the cylinder was adjusted to fit tightly around the
DMBT shield size being evaluated. The size of the CTV was adjusted radially to fix the
volume at 10 cm®. All plans were generated using the same conditions set forth in the

optimization code described in Section 3.2 H.

2.3 Results

A. MCNP dose calculations

In all simulations, a sufficient number of decay events were simulated to keep the
variance to all voxels under 5%. In most regions of interest, the variance was kept under
1%. For example, 10 mm from the shield opening for the 19 mm diameter shield the
variance was about 0.1%, while 10 mm from the shield on the back side the variance was
0.5%. The high variance regions occurred in the areas with the highest degree of
shielding and therefore would not be directed towards the tumor volume. The end results

4
339, 0

for open source simulations were compared and normalized to the TG-4 standard.

We found the radial dose function to be in agreement with TG-43 within 2%.
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Figure 2-4. MCNP simulation results in [cGy/s]. (a) ***Ir open source in water, (b) sagittal cross
section of and (c) axial cross section of the collimated beam profile of a DMBT shield design in Figure
2-1 (19 mm diameter), and (d) sagittal cross section of and (e) axial cross section of the ***Ir source in

one of the channels in the ICMA applicator, with the tungsten alloy rod inserted.

B. ICMA vs. DMBT plan quality

Figure 2-4 shows the resulting dose distributions for an open source, DMBT and
ICMA applicators in a homogenous water phantom. The DMBT shield design gives a
more collimated radiation profile with reduced dose spills in all directions around the
92|r source, except for radiation from the source directed towards the solid angle
covering the window opening. The rotational and translational flexibility of the device
adds more degrees of freedom than the multichannel ICMA applicator, leading to
superior overall dose conformality, especially for irregular tumor shapes. Figure 2-5
illustrates a typical plan obtained with the ICMA and DMBT applicators, as well as the

differential dose. As the arrows indicate, the DMBT plan produces a more conformal
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plan with minimal spill to the contralateral healthy rectum. This trend was consistent for
all plans and is demonstrated in Figure 2-6 and Table 2-1. As the figure and the table
show, per equal CTV coverage (Dgg), the DMBT plans provide >30% decrease in Ds
(high dose volume) resulting in a ~40% decrease in DHI. In addition, mean dose, Dgs,
and Ds showed a marked reduction (typically 40-60%) on all critical structures evaluated.

However, there was an increase in total treatment time from 7.62 to 20.78 minutes.

ICMA - DMBT

Figure 2-5. A typical dose distribution for a plan generated by (a) ICMA, (b) DMBT, and (c) the
relative difference between the two in Gray [Gy] for a 10 Gy prescription dose.
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Figure 2-6. Average DVH comparing the ICMA (dashed) and DMBT (solid) plans, which were
averaged over all 36 patient cases Shown are the for CTV(red), contralateral rectum (black), inferior
spill (green), and superior spill (blue). Prescription dose was 10 Gy.



Table 2-1. Comparison between the ICMA and DMBT plans. % Diff is defined as = 100% x (ICMA-

DMBT)/ICMA.
Structure Index ICMA DMBT Mean %Diff STDEV
Mean Dose | 19.89 16.39 -17.02 9.41
CTV
Dos 10.00 10.00 NA NA
[Gy]
Ds 3240 21.97 -31.23 9.17
Mean Dose | 6.19  2.29 -60.01 9.92
Contralateral Rectum
Dos 249  0.97 -51.61 20.78
[GyY]
Ds 12.78  4.92 -59.38 8.44
Mean Dose | 2.57 1.32 -47.46 9.95
Inferior Spill
Dos 0.99 0.40 -56.33 13.71
[Gy]
Ds 481 284 -39.43 11.09
Mean Dose | 3.00 1.31 -54.93 10.08
Superior Spill
Dos 1.05 0.34 -64.15 12.53
[Gy]
Ds 6.02  3.02 -48.42 11.91
Time [min] | 7.62 20.78 179.03 41.64
DHI 195 1.17 -38.35 11.22

C. DMBT shield design

C.1 Ir source type

39

The Nucletron and Varian **Ir sources yielded similar results. The Nucletron

source had a slightly higher DHI and reduced Ds to the spills by ~3% while increasing

Dgs about the same amount due to the shorter length of the “active” source, which

produces a more directional beam per given window opening. However, due to this more
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collimated beam, the treatment time increased by ~4.5%, compared to the Varian source.

Otherwise, the difference between the two source types was statistically insignificant.

Table 2-2. Dependence of the plan quality indices on the radial position of the 192Ir source inside the
DMBT shield. The parenthetical value, % Opt., is the percentage of fractions in which that design gave
the best value among the three options.

Structure Radial Position [mm] 0 (% Best) 3 (% Best) 6 (% Best)
Mean Dose 16.47 (52.8) 16.39(30.6) 16.84 (16.7)
CTV [Gy] Dgg 10.00 10.00 10.00
Ds 21.95(55.6) 21.97(33.3) 23.78(11.1)
Mean Dose 4.32 (0.0) 2.29(0.0) 1.68 (100.0)
Contralateral
Dgs 2.35(0.0)  0.97 (0.0)  0.44(100)
Rectum [Gy]
Ds 6.84 (0.0)  4.92(52.8)  5.12(47.2)
Mean Dose 1.54 (2.8) 1.32(86.1) 1.49 (11.1)
Inferior Spill [Gy] Dgs 0.79 (0.0) 0.40 (0.0) 0.22 (100.0)
Ds 2.71(75.0)  2.84(19.4) 3.67 (5.6)
Mean Dose 1.48 (5.6) 1.31(83.3) 1.49 (11.1)
Superior Spill
Dgg 0.67 (0.0) 0.34(0.0) 0.20(100.0)
[Gy]
Ds 2.80(86.1) 3.02 (5.6) 3.80 (8.3)
Time [min] 32.72 (0.0) 20.78 (0.0) 12.03 (0.0)
DHI 1.19 (41.7) 1.17 (41.7) 1.26 (16.7)

C.2 Radial source position in the shield
Among the various positions of the **Ir source within the shield, for the average

patient, the 3-mm offset design produced the best overall results. As shown in Table 2-2,
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on average, the design with the source located in the center reduced the Ds values by less
8% compared to the 3-mm offset for all the critical structures while performing the worst
in many other indices, including Ds for the contralateral rectum. The 3-mm offset design
was a good balance in many areas as well as outperforming either other design in the
mean dose to all structures except the contralateral rectum where it had the best Ds result.
Finally, the 6-mm offset design produced a mixed result giving the best sparing in low
doses to the contralateral rectum as well as Dgs to the spill and had the lowest delivery
time, but the worst results for many of the remaining parameters.

It is important to note that although these are the average results, they cannot be
generalized to every patient case. While Dgs to all structures, Dmean, and time were all
consistent across all fractions, there were some variations in all other comparisons. The
biggest variation was to the CTV with no design being optimal for more than 56% of the
fractions. The parenthetical values in Table 2-2 give the percent of fractions in which the
given design was the best of the three designs for that value.

C.3 Diameter of the shield

As expected, the thicker shields produced less back-side leakage. There is a near
exponential decrease in the leakage as a function of the shield diameter. For shield
diameters of 10, 15, 20, 25, and 30 mm, the transmission coefficients were 9.7, 4.4, 2.3,
1.2, and 0.7%, respectively.

Table 2-3 shows the impact of the shield size on plan quality. In all indices,

except the treatment time, there is an improvement as the shield size is increased. The
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treatment time scales linearly with the shield diameter, due to the fact that the source is

geometrically further away from the CTV as the shield size is increased.

Table 2-3. Dependence of the plan quality indices on the DMBT shield size.

Diameter ICMA
Structure [mm]: 10 15 19 25 30 (20)
Mean Dose 2252  21.37 18.84 16.59 15.64 20.75
CTV
Dos 10.00 10.00 10.00 10.00 10.00 10.00
[Gy]
Ds 4418 38.39 30.41 24.11 21.80 40.31
Contralateral Mean Dose 7.34 4.48 3.31 2.34 1.95 7.24
Rectum Dog 2.80 1.55 0.99 0.60 0.39 1.10
[Gy] Ds 1599 1049  9.47 7.86 7.85 17.36
Mean Dose 2.87 1.99 1.55 1.16 1.00 3.64
Inferior Spill
Dos 0.90 0.53 0.40 0.26 0.20 0.61
[Gy]
Ds 6.99 5.49 4.40 3.48 3.05 7.05
Mean Dose 2.76 1.90 1.41 1.02 0.90 3.85
Superior
Dos 0.86 0.51 0.38 0.24 0.19 0.61
Spill [Gy]
Ds 6.62 5.16 3.81 2.84 2.56 7.79
Time [min] 12.02  16.45 21.68 28.76 38.85 7.18
DHI 2.68 2.24 1.73 1.39 1.38 2.63
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D. Uncertainty analyses
D.1 Translational shield misplacement

The greatest impact of translational shield misplacements on plan quality to the
CTV was on the Dgg (low dose). At 5 mm shift, the CTV Dgg dropped by 24%. The Ds
(high dose volume) increased by 6% and 19% for the 3 mm and 5 mm offset,
respectively, as shown in Table 2-4. Changes of up to 2 mm led to up to 3% changes in
dose while dose to the contralateral rectum increased by 5-10%. The biggest change was

to the spill structure in the direction of the shift, where dose was increased by 10-15%.

Table 2-4. Impact of the systematic translational shield misplacement on the plan quality indices.

Structure Shift [mm]: 0 1 2 3 5
Mean Dose | 16.39 16.82 16.78 16.78  17.89
CTV
Dos 10.00 9.84 9.48 8.80 7.66
[Gy]
Ds 21.97 2269 2294 2337  26.12
Contralateral Mean Dose 2.29 2.44 2.43 2.43 2.58
Rectum Dos 0.97 1.07 1.05 1.02 1.04
[Gy] Ds 4.92 5.13 5.12 5.13 5.54
Mean Dose 1.32 1.50 1.58 1.66 1.91
Inferior Spill
Dos 0.40 0.45 0.46 0.47 0.52
[Gy]
Ds 2.84 3.24 3.46 3.67 4.30
Mean Dose 1.31 1.30 1.21 1.13 1.07
Superior Spill
Dog 0.34 0.37 0.36 0.35 0.35
[Gy]
Ds 3.02 2.88 2.64 2.43 2.25




D.2 Rotational shield misplacement

Systematic rotational shield misplacements cause the entire dose distribution to
rotate away from the CTV towards the contralateral healthy rectum, thus compromising
target coverage and normal tissue sparing. However due to the cylindrical nature of the
rectal cavity, the spills structures did not see any change. These effects are reflected in
Table 2-5. Rotations of 5 degrees changed the mean dose to the CTV by 8% while Ds and
Dgs increased by <3%. At larger rotational shifts, however, the dosimetric indices begin
to change by larger amounts, with the mean dose dropping an additional 10-15% per 5
degrees of rotation. In all cases, the mean dose to the CTV was increased by around 10%

and the Ds increased approximately proportionally with the rotation with a 22% increase

for a 20 degree rotation.

Table 2-5. Impact of the systematic rotational shield misplacement on the plan quality indices.

Structure Shift [Degree]: 0 1 5 10 15 20

Mean Dose 16.39 16.81 16.58 16.62 15.98 15.86

CTVv
Dog 10.00 10.00 9.24 7.88 6.29 5.38

[Gy]
Ds 21.97 22.57 22.48 22.84 22.47 22.86
Contralateral Mean Dose 2.29 2.45 2.44 2.54 2.60 2.80
Rectum Dos 0.97 1.08 1.07 1.08 1.06 1.08
[Gy] Ds 492 516 517 568 636  7.61
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Table 2-6. Impact of the **Ir source positioning uncertainty, inside the shield, on the plan quality

indices.
Inf Inf Sup Sup
Structure Source Pos.:

2-mm 1-mm 0-mm 1-mm 2-mm
Mean Dose 17.79 16.49 16.39 16.55 18.09

CTV
Dos 10.10 9.64 10.00 9.75 10.43

[Gy]
Ds 24.25 22.27 21.97 22.33 24.62
Contralateral Mean Dose 2.57 2.41 2.29 2.44 2.67
Rectum Dos 1.12 1.05 0.97 1.07 1.17
[Gy] Ds 5.42 5.07 4.92 5.14 5.61
Mean Dose 1.63 1.45 1.32 1.33 1.38

Inferior Spill

Dos 0.47 0.43 0.40 0.42 0.45

[Gy]
Ds 3.55 3.13 2.84 2.80 2.87
Mean Dose 1.14 1.31 1.31 1.43 1.66

Superior Spill

Dos 0.36 0.37 0.34 0.39 0.43

[Gy]
Ds 2.76 2.91 3.02 3.25 3.84
DHI 23.75 22.10 20.78 22.15 24.24

D.3 Source positioning uncertainty

The effect of a translational source positioning offset is to tilt the dose
distributions in the craniocaudal direction, resulting in the dose to the spills structures to
increase in the opposite direction of the source shifts and vice versa. Table 2-6 lists the
dosimetric changes. For the target coverage, the changes are less than 4% within £1 mm

shifts and with 2 mm shifts there is an increase of around 10% for Ds and Dgg. The dose
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changes to the spills were greater with Ds changing by as much 10% and 30% for the 1
mm and 2 mm offsets, respectively. Even if dose escalation is used to match the
prescription dose, shifts of 1 mm still outperform ICMA from a dosimetric standpoint.
This shift is within the positioning accuracy for the considered current commercial
afterloaders.*?*
D.4 Translational Step Size

The dwell position step resolution of 5mm was chosen to reflect the size of the
iridium seed. A step size of 2 mm was also simulated and it was found that this higher

resolution had less than 1% improvement to all indices, while greatly increasing the

optimization time.

2.4 Discussion

A. Overall system design

The concept of a dynamic applicator proposed here is novel and represents a
significant step forward in HDR **Ir brachytherapy technology. Dynamic motion of the
applicator in combination with collimation of the radiation beam is the key innovation.
We have compared and analyzed 36 clinical ICMA-based plans, and have shown that the
DMBT dosimetric results are superior.
B. ICMA vs. DMBT plan quality

The DMBT plans showed significant improvements over the 36 ICMA plans. The
CTV DVH in Figure 6 showed a steeper dose drop-off beyond the prescription point.
This means that the severity of high dose volumes in the CTV will be less and perhaps

with that an opportunity exists to escalate the dose, since dose to rectal mucosa typically
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limits the prescription. Simultaneously, all critical structures were spared with a dose
reduction of 40-60% which should lead to decreases in clinical complications.”*%

The DMBT design increases the treatment time (i.e., total dwell times) from on
average 7.62 to 20.78 minutes. However, such an increase should still be within clinically
acceptable range since the overall treatment takes about 1 hour from setup, imaging,
planning, to delivery, and all this with patient in the lithotomy treatment position. In
addition, our comparison was presented for a 10 Gy/fx prescription, employed for the
relatively rare inoperable patients. For a more common HDR **Ir treatment involving
surgery (6-8 weeks later), the prescription is 6.5 Gy/fx. This translates into treatment
times of approximately 13.5 minutes. Furthermore, by including an adjustable window
size as part of our plan optimization, we can likely reduce the treatment times even
further.

C. DMBT shield design
C.1 Diameter

As the shield diameter increased, there was a pattern of consistent decrease in
dose to all critical structures, while keeping the prescription dose constant. However, the
improvements begin to plateau as the size approached 30 mm diameter as a result of the
CTV size chosen. Because most of the CTV volume was sufficiently close to the opening
of the shield for this shield size, the dynamic aspect of the treatment was under-utilized

and was limited to a few angular dwell positions, thus reducing the benefits of the

dynamic motion.
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Shield sizes, as small as 10 mm in diameter, performed better than the ICMA
applicator. Recall that Ebert’s 2002 study™ (discussed in Introduction) concluded that, for
an effective IMBT, a collimation angle of 22.5-45° and shielded-side transmission of
<10% (leakage) are needed to see a worthwhile improvement. The 10 mm diameter
shield satisfied these criteria. This gives DMBT a greater degree of freedom to treat a
variety of patients. Not all patients are equally capable of tolerating devices as large as 20
mm in diameter, which means having the potential option of smaller shields is beneficial.
In addition, some applicators such as the CAPRI™ system (Varian Medical Systems, Palo
Alto, CA)* used in GYN and rectal sites, are as large as 30 mm in diameter. Therefore an
equally large DMBT shield, which provides better plans than the 19 mm shield evaluated
in this study, may be advantageous for some patients. Depending on the clinical need and
the patient tolerance, an optimal shield size should be selected to maximize the
therapeutic ratio.

C.2 Radial Source Position

As discussed in Section 3.3 C.1, although on average having the source 3 mm
offset within the shield is optimal, this result cannot be generalized to all patient
fractions. Even within a single patient’s set of fractions, the best choice may vary.
However, the 3 mm offset design was the only one to consistently outperform ICMA for
all fractions in all areas except delivery time. Therefore, it is the best option if it is only
feasible to have a single choice, but if more options are available, it is advisable to decide

the shield to be used in a case-by-case basis.
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D. Uncertainty analysis

Commercial afterloaders have a maximum positioning uncertainty of +1 mm.***2
In addition, from experience with image guided brachytherapy treatments, including
accelerated partial breast irradiation applicators, the anticipated positioning uncertainty of
the applicator with respect to the tumor volume should be around 1° and 2 mm in angular
and translational positions, respectively. In this range of uncertainties, the plan quality
indices did not vary by more than 5%. Various combinations of uncertainties were not
simulated thoroughly, as the intent of this paper was to present the concept and design of
the DMBT system. In addition, since the DMBT plans are much more conformal, there is
room to add some small margins to incorporate the uncertainties as well. This and other
issues related to the design will be examined in a more thorough follow up study.
E. Future work

The optimization algorithm can be accelerated with GPU coding.*® The goal is
that plans can be optimized near real-time. In addition, the algorithm will be updated to
allow for more DVH constraints, which may require the use of hybrid-stochastic
methods.*

Additionally, work will be conducted on the hardware aspects of DMBT. The
results presented herein are exclusively obtained through simulations. Therefore, it is a
necessary next step to build a working prototype of the device which can be

experimentally validated. From there, guidelines for quality assurance can be created.
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2.5 Conclusion

Dosimetric properties of a novel DMBT system have been described and
evaluated. Comparison with the ICMA commercial applicator has shown its potential as a
clear step forward in high-dose-rate *Ir brachytherapy technology. Dynamic motion of
an applicator during treatment, to any site in general, can provide additional degrees of
freedom that, if properly considered, can potentially increase the plan quality
significantly. The design presented in this paper is by no means complete. There are
many aspects of the system that can be improved, such as the use of a variable window
opening as an added degree of freedom to further fine-tune the dose distribution,
development of DVH constrained,  uncertainty-robust, and faster optimization

algorithms, a smaller applicator design, and more systematic uncertainty analysis.
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Chapter 3 HDR Brachytherapy of Rectal Cancer Using a

Novel Grooved-Shielding Applicator Design

3.1 Introduction

Improvements in imaging technologies have made tumor localization increasingly
accurate.™ While external-beam radiotherapy (EBRT) has been able to capitalize on
these advancements with non-uniform beam intensities, brachytherapy has not kept up in
delivering dose distributions that are congruent to the tumor volume. Even so,
brachytherapy offers significant advantages in treatment of certain sites, including rectal,
when compared to EBRT. A major reason for this is that EBRT delivers an appreciable
dose to all the tissue the beam traverses while targeting the tumor volume; this problem is
exacerbated because chemotherapy sensitizes pelvic organs such as the small bowel and
rectum.>* Damage from radiation to these and other surrounding organs can lead to
problems or delays in post-surgical healing (e.g., anastomotic leak or perineal wound
infection).® The situation is even worse for non-surgical candidates, due to health or other
contraindications, since in those cases the only alternative treatment modality is chemo-
and-radiation-therapy (CRT) in a more intense, definitive setting. Therefore, it is highly
desirable to have a brachytherapy applicator that could surpass the tumor conformality of
EBRT, thus avoiding dosing much of the healthy pelvic organs. This can be achieved
through judiciously designed intensity modulated brachytherapy (IMBT) applicators.

Various studies have shown that preoperative high-dose rate (HDR)

brachytherapy, instead of the typical preoperative CRT, has proven to be quite beneficial
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in recurrence rates and long-term survival.”" The most exciting improvements have come

811 \which

from use of the intracavitary mold applicator (ICMA) (Nucletron, Netherlands)
is an 8-channel cylindrical applicator. When using this applicator, the occurrence of grade
>3 acute proctitis went down to 1% vs. 27%, and pathologic complete response rate rose
to 29% compared with 8-12% using CRT. In addition, the shorter treatment duration (1
week vs. 5 weeks), no need for chemotherapy, and less surgical complications were
significant advantages. One reason for large benefits seen from this applicator is the
optional shielding, which is in the form of an 8-mm diameter tungsten rod, which can be
used for treatment of non-circumferential tumors.*°

While the tungsten allows for some dose anisotropy, the geometry of the design
places the **?Ir seed 2.5-mm away from the shield surface, resulting in a 285° spread of
completely unshielded cross-sectional dose,® thus limiting how conformal the delivered
radiation profile can be. Therefore, while outcomes with the ICMA have been very
encouraging, there still exists a large potential for improvement in dose congruence. Our
previous design of an applicator we called Dynamic Modulated Brachytherapy (DMBT)*?
has shown that by insetting the **Ir seed into an intelligently designed shield itself,
extreme improvements in dose conformality and sparing of the healthy tissues can be
achieved. The reason for the DMBT’s extreme improvements in results is that it takes
shielding to its logical extreme, creating a highly collimated dose profile which then

could be modulated by rotating and translating the entire system to direct the dose exactly

as desired for optimal dose distributions. While this design gave extraordinary results, it
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had some drawbacks including increased treatment time and complexity of setup and
delivery.

With these issues in mind, a new IMBT applicator has been designed to strike a
balance between the ICMA and DMBT. This novel applicator retains the stationary
multi-channel design of ICMA, but insets the channels into grooves within a larger
shield, borrowing from the ideas of DMBT. This way, a much greater amount of
shielding is introduced, allowing for more directional dose profiles. A 2002 study by
Ebert found that for an effective IMBT, a collimation angle of 22.5-45° and shielded-side
transmission of <10% (leakage) are needed to see a worthwhile improvement.® While
ICMA produces 5% leakage, the collimation angle of 285° is well above the values
suggested by Ebert. There are also a couple of available shielded applicator sets
(Nucletron, Netherlands and Varian Medical Systems, Palo Alto, CA)**** which have
collimation angles of 90 or 180°, but these is still well short of the recommended value.
These applicators are also single channeled, thus greatly reducing the available degree of
dose modulations. While the grooved design put forth here would lack the extremely high
conformality of the DMBT, it would be able to achieve these criteria recommended by
Ebert and represents a major improvement in the potential of treatment using immobile
applicators for IMBT. This current investigation examines the dosimetric benefits of such
a design. Multiple variations of this applicator are simulated and compared to both the
ICMA and DMBT. The new applicators should not only increase the possibility of
conforming to the target volume, but also sparing of relevant sensitive structures without

increasing complexity of setup and treatment (e.g., no moving parts during treatment).
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3.2 Methods and Materials

A. System overview

The tungsten-alloy shields simulated in this study were all 16-mm in diameter,
with equally spaced grooves running longitudinally along the entire edge of the shield.
The alloy used in this work was comprised of 95% tungsten, 3.5% nickel, and 1.5%
copper; this is the highest density tungsten alloy available which is completely non-
magnetic, thus making it MR-compatible. Each shield design was simulated at a length of
60-mm, with every groove, 1.2-mm in width running the entire length of the shield. The
source was located inside a catheter, which was 1.2-mm in diameter, matching the
channel size, at the base of the groove, putting the source center 0.6-mm from the deepest
point in the groove. The applicator was then encapsulated in a 2-mm thick indexed
silicon sheath, giving the entire system a total diameter of 20-mm.

The treatment planning process would follow the same procedure as other
existing image-guided HDR **?Ir brachytherapy devices. While in the imaging room, the
patient will be placed on a stabilization board in the supine position. The silicon sheath,
which would be encapsulated in a unidirectional endocavitary balloon (e.g. CIVCO
Medical Solutions, Kalona, IA), would then be inserted into the rectal cavity. In order to
assure dwell position accuracy, the sheath will be affixed to the stabilization board. This
would not only keep it from moving laterally, but would also allow for rotational fixation.
Furthermore, in order to avoid geometrical discrepancies that may arise from inserting
the shield, it may be necessary to have a dummy shield, which is transparent to CT in

place while imaging. In addition, this would allow for the placement of a dummy source
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for easy catheter identification. The balloon would then be inflated in order to displace
the healthy tissues away from the applicator and stabilize the sheath within the cavity.
Imaging will then be done and the patient will be transported to the HDR room. Once
there, the tungsten shield will be placed within the sheath and locked into place. Once
this has been completed, an optimized treatment plan will be delivered.
B. Modeling of the **Ir HDR source

The *Ir source used in our clinic is the VariSource iX HDR source."® The source
is comprised of two identical adjoining cores, each 0.34-mm in diameter and 2.5-mm in
length, which are encapsulated together by a 0.59-mm diameter nitinol wire of density
6.45 g/cm®}” The energy levels used were in accordance with the National Nuclear Data
Center.'®
C. Shield design variations

A systematic approach was used to identify the optimal design(s) for a grooved
channel system. Three different groove depths and five channel counts were used to make
fifteen simple designs and then one complex design with two usable dwell positions per
channel were used for a total of sixteen different variations simulated and optimized for
this work. In the different variations, there were a total of 8, 10, 12, 14, or 16 equally
spaced longitudinal grooves. The range of channels was chosen to reflect the fact that
more channels means a greater degree of freedom for optimization, but it does so at the
cost of reduced shielding. That is, more dwell positions mean a less anisotropic dose
distribution for each dwell position. A lower limit of 8 channels was chosen to allow

sufficient overlap of doses delivered by adjacent dwell positions and therefore severe
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hotspots would not become an issue. Conversely, a maximum of 16 channels was chosen
simply because it would be impractical to attempt any more than that on a shield with a
16-mm diameter.

For each groove count, three designs were considered, each with the groove at a
different depth. Similar to the tradeoff of adding more channels, making each groove
deeper has advantages and disadvantages. Specifically, a deeper channel means that the
dose distribution becomes more directional, but then there is a greater degree of
transmission to the contralateral side of the shield. Also, a deeper set source would
require more total time to deliver the same dose as a source near the shield’s surface. To
analyze these issues, designs with the source centered at 1, 2, and 3-mm from the surface
of the tungsten were looked at. This was done for each number of channels, making 15
total designs of this nature, the schematics for which can be seen in Figure 3-1. For
convenience, the format a.b will be used to refer to specific designs, where a and b
represent the number of channels and the depth of the source, in millimeters, for that
particular design, respectively.

In addition to these, one more unique design was considered, in which two
channels were constructed per groove. See Figure 3-1 (“Dual Depth” design on bottom
left). Using a design with 10 channels, each groove contained two catheter channels,
creating a total 20-channel system. The depths were chosen to be 1 and 2.5-mm because
it was concluded that, given the tradeoffs previously mentioned, these two would
generate the best results. Only the 10-channel system was considered because the

VariSource iX HDR afterloader has a maximum of 20 allowable channels.*® Therefore,



while similar designs with more channels may produce better results, they would be

impractical to implement with the currently available clinical tools.

Number of Channels
8 10 12 14 16

DUAL ICMA DMBT

Source Depth (mm)

Silico

LOOO

Figure 3-1. A transverse cross section of the design schematics for all applicators. Shown

are the 15 grooved designs with a single dwell position depth, the 10-channel design with

two dwell position depths, ICMA, and DMBT. Finally the bottom right image shows a 3D

CAD rendering of the 12-channel applicator with the source located 2-mm deep from the
edge of the tungsten, for example.

Tung
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D. Reference applicators (ICMA and DMBT)

To assess the quality of the shield designs in comparison to currently available
commercial IMBT applicators, they were evaluated against the ICMA. The ICMA was
chosen as a baseline point of comparison because it is a widely used rectal applicator and
has the most promising dosimetric results.>** The ICMA system is comprised of a
flexible silicon applicator, 280-mm in length and 20-mm in diameter. See Figure 3-1
(“ICMA”). For non-circumferential target volumes, for which no more than 3
consecutive channels of the applicator are used, sparing can be improved by inserting an
8-mm diameter tungsten rod into the center of the applicator. In addition, an inflatable 30
ml endocavitary balloon (CIVCO Inc, Kalona, lowa) may be used to distance the healthy
tissues from the applicator.

All the designs listed were also compared against the DMBT applicator.’? By
using a shield with single small opening to create a very narrow dose profile and then
rotating and translating the shield itself with specialized robotics it is possible to create a
very conformal dose distribution, far better than ICMA. Therefore, this applicator was
also considered, as a gold standard of comparison for our applicators. See Figure 3-1 for
design (“DMBT”). While, several design options for DMBT were outlined previously,*
for this work, the design used was a 45-mm long, 19-mm diameter, tungsten cylinder
with the source located 3-mm from the radial center of the shield at the vertex of a 45°
wedge-shaped opening that was 5.5-mm long. For this applicator, a 1-mm thick

polycarbonate sheath was placed around the outside of the shield.
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E. Patient dataset

To quantify the quality of the applicators, patient geometries were used from
planning datasets acquired from McGill University, Canada.”® From this dataset, 36
clinical treatment plans from 13 patients previously treated with ICMA were used. Due to
health or other contraindications, these patients were not candidates for surgery and
required higher, more definitive prescription of 10 Gy x 3 fractions, as opposed to 6.5 Gy
x 4 fractions. In addition, these patients presented with non-circumferential tumors,
making the geometries ideal for treatment with applicators with higher dose conformality
capabilities. In fact, the CTV for each fraction was suitably shaped such that no more
than 3 channels were used with the ICMA, thus allowing for the use of the tungsten rod
for shielding during treatments. The average volume of the CTV was 9.0 + 3.5 cm®.
Finally, in all cases, the inflatable balloon mentioned previously was utilized. The organs
at risk (OAR) which were used in treatment planning were the contralateral rectum,
defined as the healthy rectum with the same inferior and superior edges as the CTV, and
the inferior and superior spills. The inferior and superior spills were cylindrical
structures, typically 10-mm in length and 40-mm in diameter located approximately 10-
mm from the inferior or superior edge of the CTV, respectively. These structures did not
represent any physical structures, but were used to limit and assess the extent of radiation
being delivered above or below the applicator. See Figure 3-2. The inferior spill is
especially important in limiting the dose to the sphincter, since sphincter preservation is a

high priority in these treatments.
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Figure 3-2. Sample patient geometry with all of the relevant structures. Distances are in-mm.

F. MCNP5 dose calculations

Every applicator mentioned thus far was simulated using an MCNP Monte Carlo
code, version 2.6.0,* including the tungsten shields in ICMA, grooved-applicators
proposed here, and DMBT. All components of the devices which would be present
during treatment were created using the set of built-in macro-bodies. For each simulation,
the specifics of the dose calculations and voxel geometry are the same as from the
previous DMBT work.'? For each decay event simulated, on average 2.363 gamma
emissions were generated.”? Bremsstrahlung X-rays, electron-induced X-rays, knock-on
electrons and secondary electrons were used for photon interactions. Other interactions
used were incoherent scattering, coherent scattering (Rayleigh scattering), fluorescence
emission, Compton scattering, capture, and pair production. In order to achieve better

simulation efficiency, a lower energy cutoff of 10 keV for electron transport simulations
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was enforced. All space outside of the applicator was treated as water. All simulations
were run through the San Diego Supercomputer Center, using 512 CPU cores, each
simulating 100,000 particles. Due to the rotational symmetry of the applicators, it was
only necessary to simulate one dwell position for each design.
G. Plan Comparison Indices

To assess the plan qualities of each design, the mean dose, D98, and D5 were
calculated for all critical structures, where D98 and D5 represent the maximum dose
which is delivered to 98% and 5% of the structure volume, respectively. In addition, the
dose heterogeneity index (DHI)?® was calculated, which is given by (Dmax-Dimin)/Dmean,
where Dmax, Dmin, and Dmean represent the maximum, minimum, and mean dose received
by the CTV, respectively. Finally, total dwell times were calculated assuming source
strength of 40.25 kU (10 Ci). To ensure a fair comparison, all plans for both ICMA and
the grooved applicators, were normalized such that 95% of the CTV volume received at
least 95% of the 10Gy prescription dose.
H. Dose optimization

All plans calculated were done so using an in-house coded gradient projection
convex optimization algorithm. A quadratic objective function was used to minimize the
dose to the OARs while keeping the CTV dose as uniform as possible. Except for a non-
negativity condition on the dwell times, no dose constraints were implemented. A
rigorous explanation of the optimization process used is presented in the DMBT work.*?

For all applicators, including the DMBT and ICMA, a lateral dwell position resolution of
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5-mm was used. For all the multi-channel applicators, every available channel was

optimized on, while 360 rotational steps were considered for the DMBT.

Number of Channels

Source Depth (mm)
N

1 mm

2.5 mm

Figure 3-3. Transverse cross sections of the isodose plots for the applicator designs. Included
are the 15 grooved designs with a single dwell position depth (a), the 10-channel design with
two dwell position depths (b), ICMA (c), and DMBT (d). Each isodose line is a factor of two

different from the adjacent lines.
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3.3 Results

A. MCNP dose calculations

Each simulation required approximately 1.5 hours to complete on the super
computer cluster. The characteristic isodoses for each applicator are shown in Figure 3-3.
The isodose lines are given in Gy/h, with each line representing a factor of two difference
from the adjacent lines. In all simulations, a sufficient number of decay events were
simulated to keep the variance to all voxels under 5%. In most of the regions of interest,
the variance was kept under 1%. Typically, the variance 10-mm from the shield surface
was 0.1% at the point nearest the source and around 0.5% for the point 10-mm from the
shield surface and directly behind the source. The regions of high variance occurred
where a large amount of shielding was present and therefore would not be directed
towards the tumor volume. The end results for open source simulations were compared
and normalized to the TG-43 standard.?** We found the radial dose function to be in
agreement with TG-43 within 2%, as shown in Figure 3-4. In addition, the simulated Air
Kerma strength was found to be in high agreement (<1%) with reported values. Within 5-
cm of the source, the anisotropy function was within 1.5% for 6 = 0° with up to 5% error
for up to 6 = 80°. Beyond this, the accuracy diminished, but this was not view as a being
detrimental to the to the results since in the design simulations most of this region was
either contained within the applicator was sufficiently far away from the source to cause

any appreciable change in the results.
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Figure 3-4. MCNPX (dashed blue) and TG-43 (solid red) calculations of the radial dose function of the
VariSource iX HDR source.

Table 3-1. The simulated dosimetric data for all applicators. For each applicator, the given values are
the average for that design over all 36 plans optimized and simulated. All doses are in Gy. Dwell times
are in minutes. Dose was normalized such that 95% of the CTV volume received at least 95% of the 10

Gy prescription dose.

CTV Spill Contra Dwell
Depth  Channels | Mean D5 Mean D98 D5 Mean D98 D5 Times DHI
8 1535 22.78 1.84 0.21 471 1.84 0.44 5.37 8.33 1.42
10 1526 2249 1.83 0.22 4.64 1.97 0.46 5.53 7.96 1.41
1 12 1513 2217 1.79 0.21 4.58 1.83 0.43 5.26 8.04 1.4
14 1511 2212 1.79 0.21 4.59 1.88 0.44 5.33 7.95 1.38
16 15.08 22.06 1.81 0.21 4.56 1.92 0.44 5.39 7.85 1.38
8 1541  22.78 1.87 0.26 4.63 2.13 0.63 5.52 11.24 1.47
10 1515 2201 1.83 0.26 4.55 2.14 0.63 5.45 10.85 1.4
2 12 15.1 21.86 1.85 0.27 4.56 221 0.63 5.53 10.33 1.38
14 14.92 215 1.83 0.27 4.47 2.25 0.65 5.62 10.24 1.34
16 1499 2171 1.89 0.28 4.5 2.39 0.67 5.93 9.72 1.32
8 1597  24.27 2 0.35 4.8 2.66 0.94 6.08 15.05 1.6
10 15.61 23.4 2.09 0.38 4.7 3.04 0.99 6.96 12.62 1.52
3 12 1524  22.09 1.96 0.35 4.57 2.73 0.93 6.2 13.44 1.37
14 15 21.64 1.96 0.36 4.49 2.81 0.94 6.38 12.69 1.34
16 1509 21091 2.02 0.36 4.53 2.91 0.95 6.67 12.16 1.32
Dual 10 15.35 22.78 1.84 0.21 4.71 1.84 0.44 5.37 8.33 1.42
ICMA 1566  23.99 2.09 0.55 4.34 3.84 1.25 8.31 5.51 1.50
DMBT 13.80 1854 1.10 0.29 2.54 1.92 0.82 411 17.57 1.18
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B. Plan quality comparison

The results presented hereafter represent the average outcomes. For each
applicator, the given values are the average for that design over all 36 plans optimized
and simulated. The dosimetric data is given in Table 1. Figure 3-5 shows the average of
all designs divided by the corresponding ICMA value with the standard deviation for the
DHI, contralateral D5, spill D5, and total dwell time. The raw data was sorted based on
several criteria, such as CTV volume or depth, but no correlation was seen in how these
affected the preference of one shield design over another. While some of the standard
deviations were somewhat large, it is immediately clear that, while the grooved designs
failed to match DMBT in many areas, they were still consistently better than the ICMA.
Also, although there is a fair amount of variation in the data comparing the grooved-
designs to each other, there are some clear trends in the data that are discussed in the
following sections.

A typical patient plan is shown for ICMA, DMBT and the 12.1 applicator in
Figure 3-6. The differences between the dose distributions delivered by the different
applicators can be clearly seen in this figure. It is seen that the ICMA applicator has the
least dose conformity, with the prescription isodose reaching well into the contralateral
rectum. All grooved-designs exhibited a spill to this region as well, but in this case it was
much smaller and often the prescription dose barely reached the contralateral rectum
region, if at all. Finally, the DMBT design preformed the best, conforming nearly

perfectly.
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Figure 3-5. A comparison of the 15 single-depth grooved designs, 10 channel dual-depth
grooved design, and DMBT. The comparison indices are (a) the DHI, (b) the contralateral D5,
(c) the spills D5, and (d) total delivery time. Values were calculated as the mean of that
applicator’s value divided by ICMA.
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Figure 3-6. Typical dose distributions for (a) ICMA, (b) the grooved type applicator with 12-
channel and 1-mm source depth, and (c) DMBT.

C. Standard designs
C.1 Source depth

The dose distributions from the different applicator designs can be seen in Figure
3-3. Optimized plans on the patient data showed almost all the new applicator designs
outperforming that of the ICMA in every metric. This was especially apparent regarding
the sparing of the healthy rectal tissues. While none of them managed to do as well as
DMBT, a dose reduction of up to 50% compared to ICMA was seen. The dose to the spill
regions was also reduced and the dose conformality to the CTV saw a benefit or no
change with each of the grooved designs, with one exception. The exception was the 8.3
design. This shield gave a dose profile that was too directional, while lacking a sufficient
number of channels, meaning that severe hot spots were induced in some areas, both in
the tumor and healthy tissues to achieve the prescribed dose to the entire CTV. While this

effect was less prevalent in the other designs with the source located at this depth, they
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still yielded poorer results than the other options. For the same number of channels, with
the exception of the DHI, the 2-mm depth designs, on average, did better than their 3-mm
depth counterparts in every single metric measured.

For the remaining two depths considered, the shallowest 1-mm depth designs
gave the best sparing to both the contralateral rectum and the spill regions, but failed to
match the 2-mm depth designs in terms of CTV coverage. For any given number of
channels, the maximum sparing to the contralateral rectum was achieved with the source
placed at a depth of 1-mm. Depending on the number of channels, the difference in the
mean dose to the contralateral rectum was increased 11-18% by increasing the depth of
the grooves, with the greatest effect seen for the designs with more channels. Similarly,
there was approximately a 30% increase in the D98 dose to the contra for the same shifts.
In terms of CTV coverage, the shallowest channels preformed slightly worse, with the 2-
mm depth performing the best. However, the changes in these values were typically
under 3%. Furthermore, for each 1-mm increment in depth, an approximate increase of
20% in total dwell times was observed. With all elements considered, it appears that the
1-mm depth designs give the best overall performance.

C.2 Channels

The shields with 8 channels preformed noticeably worse than the rest of the
grooved designs. For these designs, especially with the deeper depth channels, the
optimizer struggled to deliver a conformal dose to the CTV, often at the cost of the
contralateral rectum sparing. Up until 14 channels, adding more grooves improved the

average CTV dose conformality, with the 16-channel system being a slight step down
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from 14. With regards to contralateral rectum and spill region sparing, the best designs
were those with 12 channels. Finally, the total dwell times decreased marginally with
each additional pair of channels, with the difference between 8 and 16 channels being
approximately 3 seconds per Gy delivered (e.g., a 10 Gy prescription had a 30-second
difference).

When combining the effects of the different parameters, two of the applicators
stood out as being superior to the rest. These were the 12.1 and 14.2 designs. These two
designs were selected as the ones with the best sparing of the healthy tissues and best
coverage of the CTV, respectively. The 12.1 design gave the best sparing of the healthy
tissues in all categories except that of the D5 dose of the spills, for which the 14.2 design
was optimal. The 14.2 design also gave the best average conformality to the CTV. The
only dosimetric values that neither of these designs showed the best average results for,
of the 15 designs, were the total dwell time and the DHI, which had the best results for
the 16.1 and 16.3 designs, respectively.

D. Dual depth design

The final design considered, the dual depth 10-channel system vyielded better
results than any of the other 15 single depth designs. This setup gave both the best
balance of CTV coverage and OAR sparing. The difference in the CTV dose
conformality between this design and the 14.2 shield was minimal. It also yielded
comparable results to the 12.1 design with regards to sparing, achieving slightly better, 2-
5% sparing, in terms of D5 dosages. While failing to outright outperform every other

design in every metric, this balance easily makes it better on the whole than any of the
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single depth options simulated, despite not being able to have as many total grooves as
the designs it was compared against. The DVH for this applicator, as well as ICMA,
DMBT, and the two best results of the single channel design are shown in

Figure 3-7.

===12 Channel, 1 mm

14 Channel, 2 mm 4
==«ICMA
==DMBT !
=10 Channel, Dual Depth

% Volume

350

Figure 3-7. The mean DVHs for DMBT, ICMA, the dual depth 10-channel design, and the
two best single depth designs, 12.1 and 14.2. For each applicator, the given values are the
average for that design over all 36 plans optimized and simulated The two groups of DVHs
shown are for the CTV (right) and Contralateral Rectum (left).

3.4 Discussion

It is clear from the simulations that a recessed groove-type applicator is capable of
delivering a plan that is superior to the existing ICMA applicator. The increased degree
of shielding makes it so that an applicator of this design is capable of reducing the
radiation dose to healthy tissues while maintaining equivalent or better dose conformality

to the CTV. This is a direct result of the increase in shielding given to the applicator and,
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to a smaller extent, an increase in the number of channels. By recessing the source into
the shield, as opposed to having it 2.5-mm from the shield surface, which is the case for
ICMA, and doubling the shield size, the amount of dose exiting the applicator anywhere
except directly out the front is greatly reduced. As previously mentioned, the dose
collimation of ICMA is at 285° (see Figure 3-1 and Figure 3-3), while these new designs
have collimation angles of 10-30°. A drawback of the additional shielding is that it
requires more time to deliver the same amount of dose. The various designs showed an
increase of 36-145% in comparison to ICMA. For a 40.25kU (10 Ci) source, the
increased time, of up to 10 additional minutes should be acceptable. This is partly
because the total treatment time is not limited to the delivery time. There is also setup,
imaging, and dose planning to consider leading to a total treatment time around an hour,
regardless of the applicator. However, for weaker sources the delivery time could as
much as double the delivery times given in Table 3-1. This should still not create too
much concern since, for the two recommended applicators, 12.1 and 14.2, this would
only generate a total of 4.5 and 7 minutes of additional treatment, compared to ICMA, an
acceptable tradeoff for the superior treatment plans.

Normalizing the dose to a point 10-mm from the shield edge, closest to the
source, the degree of shielding can be directly compared between the ICMA and grooved
applicators. The dose lateral to the shield is consistently around 25% that of the ICMA
dose for all the applicators, while the dose on the contralateral side falls to around 20-
35% of the ICMA, with the best results coming from the shallower grooves. The most

extreme difference is in the area below the midpoint of the shield where the tungsten rod
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of the ICMA applicator fails to block the dose. That is, between 90 and 142.5° from the
source. The top left subfigure of Figure 3-3 shows the coordinate system used in this
description. Furthermore, the 142.5° mark can be inferred by looking at the isodose lines
shown in ICMA plot of Figure 3-3. In this region, the dose is at 5-15% of the ICMA,
again with the shallower grooves yielding the best results. This makes it clear why the
mean dose and D98 dose values drop so significantly when using the grooved type
applicators.

While not as extreme, similar effects can be seen with regards to the spill regions
superior and inferior to the CTV. While the D5 value was better for the grooved designs,
the biggest difference came from the mean dose and D98. This is important because the
inferior spill region often can correspond to the dose delivered to the sphincter and
reducing the dose can help increase the chance of preserving it. In addition, previous
studies have shown that higher treatment doses can improve outcomes. In one study, it
was found that patients receiving greater than 93Gy biological effective dose had 5 year
disease-free survival rate of 77%, compared to 50% for patients who received less than
93 Gy biological effective dose.?® The use of the proposed groove-type applicators would
make dose escalation like this more feasible and could even allow for even higher doses
without increasing the risk of normal tissue complications.

Although some clear trends did emerge concerning the optimal number of
channels and depth of the radioactive seed, it should be stressed that these were average
results, with noticeable variations in the shield rankings for different patient geometries,

especially regarding the ideal number of channels. This indicates that the tumor shape
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and position may play a role in which applicator is ideal, and therefore it may be prudent
to have multiple applicators available so that the best possible treatment can be delivered
for each and every patient. With our design, this would be straightforward to implement
in clinic. This is because the silicon sheath would be first inserted and fixed in place
before imaging would be conducted. After which, any one of the applicators chosen
could be inserted into the silicon sheath before the treatment commences.

These inter-patient variations may be diminished or even removed altogether if
greater care was given to the initial setup, however. In the results presented, the
applicators were setup so that the first channel of each one was consistently aligned with
an arbitrarily selected 0° mark (i.e., the 12 o-clock position). It is perhaps the case that if
more attention was given to the exact rotational position of each shield before
optimization, more consistent, and even better, results could be seen.

It is also important to consider that the results presented herein are for highly non-
circumferential tumor volumes. Specifically, these were all cases where the ICMA used
no more than three of the eight available channels because if more channels are needed,
the tungsten rod is not inserted. That is, in treatment if the tumor is not of this
geometrical category, all benefits of a shield are lost. However, even for tumor
geometries more circumferential than this, the grooved applicators would still have a
large amount of shielding to spare the surrounding healthy tissues. This also means that if
this work had included larger, but still non-circumferential cases, an even greater

disparity between the two applicators would have been seen, since no shielding would be
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present in any form for the ICMA and sparing could only be achieved by manipulating
the geometric placement of the source channels.

While the grooved type applicators are a clear step forward from the ICMA, it
should be noted that they failed in most aspects to match the DMBT design.*? This was to
be expected because the DMBT was able to produce a far more directional dose
distribution(s) which then could be easily translated and rotated as needed. While the
grooved type applicators represented a small step back in regards to tumor coverage, they
are superior to the DMBT in some aspects. The most important of these is that these
applicators are static in nature (i.e., no moving parts during treatment). While this limits
the capacity for high CTV conformality, it means easier implementation in clinic. The
DMBT system, while highly effective, requires specialized robotics for moving the
applicator which makes treatment setup more difficult. Also, the extremely high number
of potential dwell positions for the DMBT makes dose optimization and calculation a
more demanding process. However, the grooved applicators have far fewer dwell
positions and therefore dose can be calculated as fast as any other standard multi-channel
brachytherapy applicator.

Overall, the implementation of this sort of applicator in clinic would be fairly
manageable. Another point of consideration is the uncertainty in dwell positions for these
devices. While DMBT requires the source position to be very well known and accurately
placed in order to get the desired dose distribution, the new applicators’ translational

symmetry makes this less important. Although there are still uncertainties in the source
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position of +1 mm,?"?

this shouldn’t affect the plans any more than other commercially
available applicators.

Although the tungsten shields in these applicators have a considerably larger
diameter than the ICMA’s tungsten rod (i.e., 16-mm vs. 8-mm), the total applicator size
is the same at 20-mm diameter. This means that these applicators should be comparable
to the ICMA for both ease of placement and patient comfort. Moreover, this would mean
that minimal additional training would be required for learning how to use these
applicators. However, the shielding, which make the applicator designs so advantageous,
does create one major hindrance, which is the need for new dose calculation software.
Currently, almost all clinically used dose planning software assume TG-43 dose
distributions in water. Under these circumstances, it would be impossible to implement
any shielded applicator. However, due to the rotational and nearly translational symmetry
of the designs, it is a straightforward task to calculate and optimize dose once given the
channel locations. Also, a new technique which may be applicable to these shielded
applicators, called tufts, has been developed recently for complex MC-based
brachytherapy dose distributions using conventional TPS.?**® Furthermore, there has
been more and more work done on programs capable of accounting for inhomogeneity in
the surrounding materials, such as with the grid-based Boltzmann solvers.**? In 2012,
the Task Group 186 report strongly recommended using these sorts of programs for
calculating brachytherapy doses and specifically mentioned the need to be able to account

for shielded applicators.®® Therefore, although it is not currently the case, wide spread use

of these sorts of programs should be seen in the coming years.
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A greater use of inhomogeneity calculations could also allow for an improvement
upon the designs presented here. For a non-circumferential tumor requiring only a subset
of the available channels, one potential option would be to block off the remaining
channels with additional tungsten inserts. This would limit the spill to healthy tissues at
practically no cost to the CTV coverage. This would be especially useful when using the

shields with more numerous or deeper channels.

3.5 Conclusion

Intensity modulated brachytherapy is an evolving field, with many opportunities
for advancement. The manipulation of the spatial dose distribution rather than just the
geometrical positioning of dose is starting to be more widely considered and this
investigation has explored a more extreme case of this concept than is currently used in
clinic, with the source being physically placed into grooves within the shielding itself. In
this work, the efficacy of such designs has been explored and determined to be very
encouraging. With tumor volume becoming easier and more accurate to define, using 3D
imaging technologies such as CT and MRI, a shift towards more “modulating” HDR
brachytherapy applicators such as the ones put forth in this work are the next logical step

in rectal cancer treatment.
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Chapter 4 Analysis of Potential Applicators for intensity
Modulated Brachytherapy for Accelerated Partial Breast

Irradiation

4.1 Introduction

During the last decade, accelerated partial breast irradiation has rapidly gained
acceptance as a major treatment modality for clinical practice on a wide scale. It has
slowly replaced traditional postoperative radiotherapy which consists of external-beam,
whole-breast irradiation (WBI) delivered daily for 5-6 weeks. Recently, evidence has
suggested that the main benefit of this technique is to reduce recurrence risk within the
tissue surrounding the surgical cavity."? Therefore, evidence suggests, that for properly
selected patients, WBI is unnecessary and APBI is acceptable.**? Many techniques have
been used for the implementation of APBI, including external beam teletherapy, multi-
catheter interstitial implantation, single-channel MammoSite, and multi-catheter
intracavitary brachytherapy.**° External beam teletherapy is limited by its requirement
to have dose traverse much of the patient, including delivering high dose to skin.
Interstitial implantation allows for much better dose conformality. However, this
technique requires highly trained physicians with specialized technical skills.
MammosSite intracavitary brachytherapy has been widely implemented, and is technically
easy to perform, but provides little opportunity for dose sculpting. The spherically
symmetric distribution from the source is a major disadvantage. Recently, several devices

have been developed to merge the versatile dose conformality of interstitial treatments
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with the convenience and ease of single-entry devices. These are multi-catheter
intracavitary applicators and include Contura and the Strut-Adjusted Volume Implant
(SAVI). To date, these devices have shown much promise for APBI treatment.®3

While these newer treatment modalities have been fairly successful and been
widely accepted for APBI treatment in clinic, the benefits versus WBI have remained
controversial.*** While the reports which exposed the potential drawbacks of
intracavitary APBI applicators failed to distinguish between the types of applicators
studied and did not account for proper patient selection, they do raise a realistic concern
about the efficacy of SAVI and similar applicators. Despite the quality of multi-catheter
designs, there is still a non-negligible amount of dose received by healthy tissues,
especially the skin, ribs, lungs, and heart. This has been shown to be especially important
for dose to the heart. The risk of a major coronary event increases linearly with the mean
dose to the heart by 7.4% per gray with no threshold.*® In addition, 5-year follow up
studies have reported 13.4% local tumor recurrence as well as 9.4% of patients with
fair/poor cosmetic outcomes.®” In addition, 23% of patients have reported skin late
toxicity and 45% reported subcutaneous late toxicity.®

All of these factors lead to the need for an applicator with better dose-sculpting
capabilities. In order to achieve this, this study explores the abilities of two classes of
new potential applicators. The first set of applicators was designed as an extension of
SAVTI’s multi-catheter system. Currently, there are three SAVI designs available for
different lumpectomy sizes. These include a central catheter plus 6, 8, or 10 peripheral

channels which form an eggbeater like shape (6+1, 8+1, and 10+1 catheters,
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respectively). There are two possible ways to expand upon this setup. The first is to
simply add more channels along the periphery for more dwell positions which can be
used for treatment planning. Within the current SAVI designs, the more channels the
applicator has, the larger the applicator is and therefore the larger the cavity it is intended
for. That is, the 6-strut design is only intended for smaller cavities and the 8-strut design
is only intended for larger cavities. However, smaller tumor volumes may benefit from
more struts since smaller cavities often present more difficult treatment geometries. For
all cavity sizes, the addition of more peripheral catheters may prove very useful. The
logical extreme of this is to reduce the number of peripheral channels to unity and allow
that channel to rotate, thus effectively creating infinite dwell positions. The second way
to potentially improve the abilities of a multi catheter system would be to add additional
catheter layers. Currently SAVI has a central channel and multiple channels on the
boundary of the lumpectomy volume. Conversely, Contura has a central channel and 4
additional channels located slightly off center, but still several centimeters from the
lumpectomy edge. Neither device explores the possibility of catheters placed at varying
depths from the lumpectomy edge. Therefore, several designs with multi-depth catheters
will be explored for their potential use in future APBI treatment.

The addition of more catheters will undoubtedly add to the degrees of freedom in
the dose-modulation abilities of intracavitary APBI applicators, allowing for greater
control in dose delivery. However, regardless of the number and position of the catheters
used, there is still an inherent limitation of this type of design which comes from the

isotropic nature of the source at each dwell position. Having numerous catheters only aids
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in the treatment planning by allowing for the geometric modulation of the dwell
positions. It is therefore necessary to explore new applicator designs capable of intensity
modulated brachytherapy (IMBT). In the last few years, there have been a number of
intracavitary high-dose-rate (HDR) applicators proposed for different cancer sites,
including colorectal and cervical, which utilize shielding to modulate the dose profile.**
These applicators have shown very promising results for potentially being the next
generation of HDR brachytherapy devices. They are all based on the idea of having a
directional beam profile at each dwell position which can be aimed as needed. This
allows for a level of dose modulation completely unachievable with isotropic open source

systems. To assess the applicability of IMBT to APBI treatments a set of shielded

applicators have been designed and simulated.

4.2 Materials and Methods

A. Isotropic dwell position modulation
A.1 Applicator design

A series of applicators, extending the concept of the SAVI design, were
developed. These applicators were created to examine the potential benefits of adding
more isotropic dwell positions within the PTV cavity. For these new designs, there are
effectively two main degrees of freedom; the depth of each strut and the quantity of struts
at each depth. The first set of applicators considered retained the basic SAVI design, but
added more struts around the edge of the PTV. Specifically, designs with a central
channel plus 3, 4, 6, 8, 10, 12, 15, 20, 25, 30, 36, 72, and 360 channels were considered.

Designs with fewer channels than the current SAVI devices were used to determine the
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relative efficiency of the current designs and to ensure that fewer channels would not be
just as useful.

From a practical standpoint, designs with more than approximately ten channels
may prove very difficult to manufacture and use in clinic. Therefore, to gain the same
effect as adding additional peripheral channels to the system, it would be more practical
to have a single strut that can be rotated within the cavity. This forces an unavoidable
deviation from the SAVI design. Since SAVI uses the struts themselves to expand the
cavity, invagination of tissue between the struts can occur. The tissue penetrating
between the struts would make a rotating design very difficult to implement and likely
very uncomfortable for the patient. Instead, a balloon, such as the type used for the
MammosSite applicator is considered as the means of expanding the cavity and allowing
the strut(s) to move freely. In addition, accurately modeling the geometry of tissue
invagination is very difficult for an arbitrary number of struts. Therefore, for all the
designs mentioned above, ellipsoidal cavities, similar to one that an inflated balloon
would create, were used in dose planning, as described later in this section.

Using a balloon for the cavity expansion allows for the struts to move freely
without affecting the patient geometry. Likewise, replacing all the struts at a given depth
with a single rotating strut allows for the added benefit of being able to easily add other
struts at different depths. The effect of both these ideas is that additional dwell positions
may be added at depths other than the center and the periphery of the cavity. This
possibility was explored by adding a second depth of dwell positions to the standard 8+1

catheter design. Three methods of doing this, shown in Figure 4-1, were considered. The
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first is derived from the simple expansion of a single catheter stopping at an intermediate
depth. That is, it still spans the length of the cavity and at all points the ratio of the depth
of the peripheral channel away from the central channel to the depth of this second
channel from the central channel is constant. For this study, the ratios of depths used
were 0.75, 0.5 and 0.25. The remaining designs require the presence of a second strut,
dedicated to shallower dwell positions. The first of these looked at having an additional
strut that keeps the distance from the geometric center of the cavity at a constant. That is,
it is a scaled version of the larger strut. This allows for a greater number of dwell
positions at a given distance from the edge of the cavity. The final design is a hybrid of
the other two. It is based on the idea of having a second strut with an endpoint preceding
the outer struts. This may be more practical than the previous design because it would
share the same initial point of curvature as the outer catheter, but still allows for more
centralized dwell positions. For this design, endpoints at half and three-fourths the depth

of the cavity were considered.

Figure 4-1. Proposed methods of adding an addition catheter depth to a SAVI-like design. The
additional strut can expand in the same way (top) have a different end point (bottom left) or be
centered (bottom, right) relative to the peripheral catheter
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To test the absolute limit of geometric modulation for intracavitary ABPI
brachytherapy, a multi-depth fully rotational system was simulated. This designed
mimicked a single rotating catheter which could be set at any depth. In the simulations,
10 depths were used with 360 points of rotation at each depth.

A.2 Phantom geometries

To test the new isotropic dwell position applicators, simulated, idealized, phantom
geometries were used. As previously mentioned, changing the number of struts
significantly changes the geometry of the system and so a balloon is necessary for
accurately comparing these types of applicators. As a result, available patient geometries
from SAVI treated cases could not be used for these simulations. Instead, idealized
geometries were used. An example can be seen in Figure 4-2. For these, the PTV was
treated as an ellipsoidal shell, 1 cm thick at all points, unless otherwise specified. A 10
mm diameter cylinder was removed from one end to simulate the entrance point of the

applicators.

\ ot/

Figure 4-2. Example of phantom geometries used showing the PTV/(light blue), high risk chest wall
(red), lungs (orange), and skin (green).
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To account for the variety in tumor size seen in clinic, the semi-minor and semi-
major axes of the ellipsoid were varied for a total of 9 tumor sizes. The semi-major axis
was defined as the radius of the cavity (i.e., the inner edge of the PTV) in the direction
parallel to the central catheter. The semi-minor axis refers to the radius of the cavity
perpendicular to the direction of the applicator. The semi-minor access ranged from 10 to
20 mm in increments of 5 mm and the semi-major axis was set to 1, 1.25, or 1.5 times the
length of the semi-minor axis. Therefore, the maximum semi-major axis considered was
30 mm. Within each tumor size, 10 shapes were considered to simulate difficult patient
geometries, such as the chest wall impinging on the PTV and causing a deviation from
the uniform 1 cm rind. Using a Cartesian coordinate system, where the z-direction is
along the semi-major axis, tissue was excluded if it exceeded a certain distance off the z-
axis in the x-direction. See Figure 4-2 for an example. This distance was set equal to the
semi-minor axis length plus 0, 2, 4, 6, 8 or 10 mm. The last of these cases does not
remove anything from the 10 mm rind and is a perfect elliptical shell. The high-risk (HR)
chest wall was defined as the area of the PTV removed by the shaping criteria. This
means that for the last case, there is no HR chest wall.

The HR lung tissue was set as a cuboid starting 3 mm from the outer edge of the
HR chest wall and PTV system, extending 20 mm in the x-direction. In the y- and z-
directions the length was set to 10 cm. The y- and z-coordinates of the center of the HR
lung tissue was set to match the center of the PTV. That is, it was symmetric with relation
to the PTV. Finally, the HR skin was simulated as a portion of an ellipsoidal shell, 3 mm

thick. The center of the inner edge was set to be 1 mm from the outer edge of the PTV in
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the negative x-direction such that it was positioned exactly opposite from the HR lung
tissue and chest wall. It was given a semi-major axis of 10 cm and a semi-minor axis
which was 1 mm greater than the semi-major axis of the PTV.
B. Intensity modulated applicators
B.1 Shield designs

Two classes of IMBT applicators were developed to test the capabilities of
shielded applicators for use in APBI. The first of these effectively adds a shielding
component to the existing SAVI design. This was done by replacing the isotropic dose
distributions of each dwell position with an anisotropic, shielded, dose distribution. To
determine the optimal shield design, 6 shield designs were considered. All the shields
simulated were 1 cm long cylinders and made of high-density tungsten (18.5 g/cm?®).
Three sizes of shields were simulated. These were given 1, 2, and 3 mm radii. Anything
larger than that would most likely be too large to enter the cavity and move along the
struts. For each of these sizes, a design was simulated with an **Ir source located at the
center of the shield with opening in the tungsten on one side to create the anisotropic dose
distributions. The openings ran the length of the shield and were 2 mm thick, extending
from the source to the edge of the shield. For the larger radii shields, other locations for
the source were considered. For the 2 mm diameter shield, an additional design with the
source located 1 mm off-center in the radial direction, putting it halfway between the
center of the shield and the edge. For the 3 mm diameter shield, two more designs were
simulated, one with the source 1 mm from the center and one with the source 2 mm from

the center. These three additional, off-centered, designs were created to minimize the
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amount of dose spilling to the contralateral side of the shields. However, this comes at the
cost of reducing the shielding to the sides of the shield.

An additional highly unrealistic shield design was also simulated. This design was
created by taking an open source distribution and reducing the magnitude of dose by 90%
to all areas that did not fall inside an 18 degree conical window while keeping the dose
within that cone unchanged.

The second class of shielded applicators investigated in this study departs
entirely from the designs of the current APBI brachytherapy applicators. These designs
were long-cylindrical shields, made of tungsten alloy, that are to be placed in the center
of the cavity. Each cylinder was made to be 1 cm in diameter to match the typical size of
the surgical opening left after a lumpectomy. There were seven designs of the type
considered in this investigation. The first three designs each had eight equally spaced
channels running along the length of the shield. The next set of three matched this design
with the addition of a central channel running through the center of the shield. This
central channel was implemented to allow for greater dose control to the PTV at the distal
end of the cavity, where dose modulation is the most difficult. The benefit of being able
to add an extra dwell position capable to delivering dose to this region comes at the cost
of losing some shielding throughout the rest of the shield. To further improve the dose to
this region, the 9-channel designs had a conical section, 1 cm in depth, removed from the
shield at this end. This allows for more dosage to reach the far end of the PTV while
reducing the likelihood of overdosing the nearby tissues. For both the 8-channel and 9-

channel sets three sub-designs were created. Similar to the SAVI-like shielded designs,



96

the sub-designs were created to test the tradeoffs of putting the source deeper into the
shield, thus trading shielding for collimation. To do this, in each case, outer channels
placed at depths of 1, 2, and 3 mm were considered. An additional shielded design with 8
channels was also considered. Design had 8 channels, each 1 mm from the shield edge,
but instead of being a cylinder, it had a 1 cm long ellipsoidal cap to it, allowing the
channels to converge at the end of the shield. A schematic of this design, referred to as

the ‘bullet applicator’ can is shown in Figure 4-3.
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Figure 4-3. A schematic of the cross-section of the 'bullet' applicator.

B.2 Patient Dataset

To test these shielded applicators, patient data from UCSD was used. The
geometries from 36 patients, previously treated using the SAVI device at UCSD, were
optimized upon. While the use of a balloon for cavitation makes the most sense for the
cylindrical, and perhaps the SAVI-like, shields the desire to test the systems on real
patient data outweighed this issue. Therefore, plans optimized using the new shielded
applicators could be directly compared to the treatment plans delivered using SAVI. For

each patient, the plan used for comparison was that of the first fraction within a 3 fraction



97

plan. Each fraction was delivered with a 3.4 Gy prescription. All plans included dose
calculations to the PTV, chest wall, skin, and lungs.
B.3 Reduced cavity size

Using a centrally located shielded applicator has a disadvantage compared to a
strutted applicator since the dwell positions are located far from the PTV edge. This
results in the shielded applicators being unable to take advantage of the high dose
gradient near the source in limiting the dose further away. While this reduces hotspots, it
also increases dose to healthy tissues. Therefore, treating while not expanding the cavity
may prove beneficial. This is especially important since the purpose of expanding the
cavity for isotropic source applicators is partly to allow for dose fall off across the cavity.
However, a shielded applicator would have far less need for this and could do without the
balloon or struts. To explore this possibility, two phantom geometries were simulated.
The first mimics the geometries from the previous sections for the isotropic source
designs with a 1.5 cm semi major axis and 2 cm semi-major axis. The second geometry
resembles the first, but replaces the ellipsoidal PTV with a cylindrical one with
hemispherical caps, while keeping the distances between the PTV and the remaining

structures constant. See Figure 4-4.
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Figure 4-4. ldeal phantom geometries with no cavity expansion used.

C. MCNP5 dose calculations

Every applicator mentioned thus far was simulated using an MCNP Monte Carlo
code, version 2.6.0,*> All components of the devices which would be present during
treatment were created using the set of built-in macro-bodies. For each simulation, the
specifics of the dose calculations and voxel geometry are the same as from the previous
DMBT work.*® For each decay event simulated, on average 2.363 gamma emissions were
generated.”® Bremsstrahlung X-rays, electron-induced X-rays, knock-on electrons and
secondary electrons were used for photon interactions. Other interactions used were
incoherent scattering, coherent scattering (Rayleigh scattering), fluorescence emission,
Compton scattering, capture, and pair production. In order to achieve better simulation
efficiency, a lower energy cutoff of 10 keV for electron transport simulations was
enforced. All space outside of the applicator was treated as water. All simulations were
run through the San Diego Supercomputer Center, using 512 CPU cores, each simulating
100,000 particles. Due to the rotational symmetry of the applicators, it was only

necessary to simulate one dwell position for each design.
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D. Plan comparison Indices

To assess the plan qualities of each design, dose to the PTV, chest wall, skin and
lungs were considered. For the PTV, the maximum dose, V90, V100, V150, and V200
were calculated. Vy represents the volume, in cm®, of the PTV receiving at least  percent
of the prescription dose. Finally, the dose heterogeneity index (DHI) was calculated. The

DHI is defined by the following formula:

_ V100-V150
T vi100

DHI (4.1)
For each of the healthy tissues, the maximum dose, V0.5, Vgyl, Vgyl.5, and
V2, were calculated. Here, Vgyy refers to the total volume, in cm?®, receiving x Gy.
Statistically significant differences between plans across all patient data were determined
using the two-tailed pair t-test.
E. Dose optimization
All plans calculated were done so using an in-house coded gradient projection
convex optimization algorithm. A quadratic objective function was used to minimize the
dose to the OARs while keeping the CTV dose as uniform as possible. Except for a non-
negativity condition on the dwell times, no dose constraints were imposed. A rigorous
explanation of the optimization process used is presented in the DMBT work.* For all

applicators a lateral dwell position resolution of 5-mm was used. All plans were set to

have a 3.4 Gy prescription.
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4.3 Results

A. Additional peripheral channels

For all tumor sizes and shapes simulated, the effective maximum dosimetric
quality plateaued for systems with 8 or more peripheral channels. Furthermore, after
about the 4™ peripheral channel was added, even in the most extreme cases, there was
little benefit seen from adding more outer channels. The DVH for the PTV and HR chest
wall can be seen in Figure 4-5. As can be clearly seen, there is virtually no difference in
dose coverage between optimizing on 8 and 18 channels. Not shown are the DVH curves
for the HR lung tissue and skin. These were omitted because effectively no difference
was seen in the dose distribution to them for any of the channel quantities used. Also, the
systems with even more channels are not shown in this figure, but yield nearly identical
results, even when 360 rotational dwell positions were used. This result comes from the
fact that in all cases, the central channel was used for a baseline dose to the PTV and
then, in optimization, the outer channels were used to refine the dose distribution.
However, it appears that the dose sculpting is not sensitive enough to the precise location
of the outer channels to see a major change in the plan quality. In all cases, the outer
channels away from the chest wall were used the most and ones close to the chest wall
were effectively unused. Therefore, channels approximately every 45 degrees yielded the
same ability to modify the dose distribution as channels more closely spaced since the
major dose optimizing ability came mostly from gross channel location away from the

chest wall.
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Figure 4-5. DVHs for ideal geometries of the PTV (solid line) and high risk chest wall (dashed line) for
SAVI like applicators. The designs had a central catheter with 1 (red), 2 (magenta), 3 (blue), 4 (green),
5 (teal), and 6 (yellow) peripheral catheters (left) and with 8 (red), 9 (magenta), 10 (blue), 12 (green),
15 (teal), and 18 (yellow) peripheral catheters (right)

B. Additional channel depths

Allowing more depths of channels between the central catheter and the edge of
the PTV resulted in only negligible improvements in the simulated plan qualities.
Regardless of which of the three designs was used, the result was to create a marginal
improvement in the PTV coverage with no significant change in the healthy tissues. In
each case, the V150 saw a drop of no more than 2% and the V200 dropped by no more
than 5% for any of the geometries simulated. Again, the largest benefits were seen for the
smaller, more asymmetrical geometries used. Analysis of the dwell times at each dwell
position showed little usage of the intermediate channels in the dose optimization. The
designs with the channels closer to the center showed the best results, but still lacked any
significant improvements.

In the extreme case where ten channel depths were used for 360 rotational steps

per depth, there was still minimal improvement. Compared to the applicators with only
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peripheral channels, this extreme situation preformed nearly identically to the applicators
with just a high number of rotational points.

C. Shielded strut applicators

Ideal shield
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Figure 4-6. Resulting relative dose distributions for the strut-based shield designs. Distances are
in centimeters.

The resulting dose distributions from the shielded strut-based applicators can be
seen in Figure 4-6. The anisotropy of the smaller shields is minimal and the directionality
from these shields is not extreme. However, it still allows for greater potential dose
modulation than purely isotropic sources. The shielded applicators placed in the same
dwell positions as the SAVI applicator had mixed results. These applicators were able to
reduce the maximum dose to the PTV and reduce dose to the HR chest wall. However, all
other plan parameters increased. For all cases, the maximum dose to the PTV decreased
by approximately 50% and the chest wall saw decreases of 20-50% for all dose levels

measured. In contrast, the V150 and V200 values both increased dramatically as did the
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doses to the HR lung tissue and skin, the HR skin being the worst. In addition, for the low
dose values, Vg,0.5 and Vgyl for the lungs and Vg,0.5 for the skin, the shielded
applicators did slightly better than SAVI. However, as the minimum dose criteria
increases, the results switched to highly favor SAVI. The values of selected parameters
can be seen in Table 4-1. Between the different applicators, the ones with the least
shielded did the best. The 1 mm diameter shield was among the best in all metrics for the
simulated shields. Conversely, the 3 mm diameter shields consistently did the worst,
regardless of the depth of the source within the shield. The most dramatic effect was with
the dose to the skin, which increased approximately 20% with for each additional cm of

shielding.

Table 4-1. Dosimetric plan indices for shielded peripheral strut-based applicators. The ideal shield had
an 18 degree canonical opening with 10% spill elsewhere. The SAVI design had no shielding.

Shield Description Plan Indices

Diameter Source
(mm) Depth (mm) Dimax  CWiax LUNGmax  SKinge, V90 V100 V150 V200

1 1 43.81 7.90 3.39 5.51 95.09 90.85 56.89 30.15
2 2 35.95 8.63 3.78 6.17 94.61 91.04 6252 36.25
1 40.73 8.28 3.74 7.05 94.45 9118 65.01 39.96

3 3 51.49 10.25 5.34 8.65 94.49 9157 68.23 44.44
2 48.49 8.31 3.61 7.96 94.68 91.62 67.14 43.89

1 49.74 8.84 3.86 8.55 94.26 91.60 70.39 49.53

Ideal shield 12.99 5.60 3.24 9.11 96.78 91.31 47.57 14.68
SAVI 90.29 11.89 2.74 3.30 97.06 91.37 4580 22.90

With regards to the source depth within the shield, results varied greatly. For the 2 mm
diameter shield, the design with the centered source had better PTV coverage and HR skin
sparing, but did worse for sparing the lungs and chest wall when compared to the design with the
off-center source. For the 3 cm diameter design, the best results all came for the shield with the

source 1 mm off-center. This was true for both PTV coverage and normal tissue sparing, although
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the differences for many of the metrics were negligible. Of the remaining two designs, the results
were the opposite as with the 2 mm diameter shields in that the shield with the centrally located
source did better normal tissue sparing, but worse for PTV coverage.

The final, idealized, system with the conical dose distribution was able to achieve
significantly better results than any of the other realistic applicators. Furthermore, it fully

outperformed SAVI, with the exception of the skin dose.

Figure 4-7. In-plane (a) and sagittal views of the dose distributions formed by the 8-channel, 3-
mm deep shielded applicator

Table 4-2. Dosimetric plan indices for the large rod shaped applicators. The ‘bullet’ design had 8
channels coming to a point with an ellipsoidal cap. The channels were 1 mm deep for this design. The
SAVI design had no shielding.

Shield Description Plan Indices
Source
Channels Depth (mm) Dimax  CWiax LUNQmax  Skingex V90 V150 V200
8 1 18.74 5.25 2.66 3.94 95.58 49.06 22.27

2 19.16 5.24 2.67 3.90 95.52 48.82 21.75

3 18.58 5.64 2.84 4.16 96.28 46.32 19.80

9 1 17.29 5.05 2.62 3.84 96.05 46.83 20.48
2 17.00 4.99 2.55 3.72 96.04 46.89 20.43

3 18.18 5.08 2.67 3.78 96.06 45.66 18.88

Bullet 15.84 4.96 2.57 3.84 96.22 46.58 20.18

SAVI 90.29 11.89 2.74 3.30 97.06 45.82 2293
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D. Large shielded applicators

The larger cylindrical applicators gave the best results of all the designs tested.
The resulting dosimetric data can be found in Table 4-2. A typical dose distribution for
one of the dwell positions of the cylindrical applicators can be seen in Figure 4-7. In all
cases, the maximum dose to the PTV was significantly reduced by approximately 80%
compared to SAVI, 90Gy versus ~18Gy. V150 and V200 were not statistically
significantly affected. Meanwhile the dose to the chest wall was reduced by 40-60% for
all dosimetric parameters compared to SAVI. In addition, the maximum dose to the lungs
was within 10% of the dose from SAVI, with some shield designs doing slightly better
and others doing slightly worse, but not the difference was not statistically significant for
any of these. Therefore, the dose to the lung can be considered comparable. However, the
dose to the skin was increased by 15-25% and was statistically significantly different. It
is worth noting however, that the Vs,0.5 of the skin was reduced using the shielded
applicators. This indicates that less of the skin received significant amounts of radiation,
but the areas that which did receive radiation, got larger amounts.

Of the purely cylindrical applicators, the 9-channel designs outperformed or
matched the 8-channel designs in all dosimetric criteria. For practically all the
comparison criteria, the 9-channel system did 5-10% better than their 8-channel
counterparts. In addition, for both the 8-channel and 9-channel systems, the best results
were seen for the shields where the outer channels had a depth of 2 mm. Most of the
comparison criteria were approximately 5% better using these designs. The only

noteworthy exception is that the maximum dose to the PTV was greatest for the 8-
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channel system with the 2 mm deep channel. Of the remaining two depths, the shallower
channels produced consistently better results by approximately 3% compared to the
deeper channels. Overall, the best of these simple applicators was the 9-channel, 2 mm
deep system.

The final design simulated with the ellipsoidal-cap “bullet” shaped applicator.
This applicator produced the lowest maximum dose to the PTV at only 15.8 Gy on
average. In addition, the dose to the chest wall was the second lowest of all the
applicators, being beaten by only the 9-channel, 2 mm deep system. However, with

regards to skin dose, the bullet design gave results similar to all the purely cylindrically

shaped shielded applicators.
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applicator with no cavity expansion (red).
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E. Unexpanded cavity

Removal of the balloon to not expand the cavity resulted in significantly reduced
dose to all the healthy tissues in the system for the ideal geometry. The DVH comparing
the SAVI applicator to the “bullet” design with no cavity expansion is shown in Figure
4-8. As can be clearly seen, the dose to the chest wall and lungs dropped significantly
while the high-dose region to the skin also was greatly reduced. The maximum dose
delivered to the HR chest wall was 3% lower than SAVI and the dose to the maximum
dose to the skin and lungs each were 18% lower than the SAVI doses. Furthermore, the
approximately 20% decrease in dose to these regions was fairly consistent for all dose
levels down to the minimum dose received by the phantom structures. Conversely, the
dose to the PTV was significantly increased when the balloon was removed. The V150

was 20% higher than for SAVI while the V200 was 35% higher.

4.4 Discussion

A. Capabilities of isotropic dwell positions

Several possibilities for increased dose modulation, through the addition of more
dwell positions, from isotropic sources have been explored. It has become clear through
the simulations of these applicators that the use of geometric source modulation has
reached its maximum effective potential. In the simulations conducted, neither adding
more channel depths nor more channels at a given depth, most importantly, on the
periphery of the system, allowed for significant improvements to the dose distributions to
the critical structures. This results largely from mainly rotationally symmetric nature of

the PTV. As a result, much of the dose, for all cases, came from the central dwell
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positions. Furthermore, the existing dose sculpting all came from the outermost dwell
positions. For the geometries tested, the implementation of more catheter depths proved
irrelevant.

The addition of more channels on the periphery of the cavity failed to add any
notable dosimetric benefits after the 8" channel was added. This may have been a result
of the geometries used. In the most extreme cases of modulating the PTV shape, the
tissue removed from the volume spanned a 60 degree angle. This matches closely with
the fact that once the peripheral channels were placed more closely than 60 degrees the
dose sculpting was maximized. At this point, the applicator would have enough degrees
of freedom to easily add dose fairly uniformly to the remainder of the PTV while
avoiding this region. Therefore, it may be the case that more complex geometries would
benefit more from the additional channels.

Similarly, the ineffectiveness of the other strut could be a consequence of the
practically uniform depth of the PTV. That is, since the PTV extended 1 cm to almost all
places, these middle-located catheters could contribute very little in comparison to the
central catheter. A more gentle change in the PTV volume, one which skews the general
shape of it, may be able to benefit from these added channels. However, geometries
matching this description, as well as the one for the ones potentially benefitting from
adding more peripheral channels, are very uncommon in clinical practice. Typically the
asymmetry of the PTV is a consequence of the chest wall or skin impinging on the

volume. These scenarios closely match the geometries used for this study.
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B. Shielded strut-based designs

For clinically plans, treated with the SAVI applicator, replacing the isotropic
sources with partially shielded anisotropic sources proved ineffectual. Furthermore, the
results proved detrimental for several criteria. This result likely has two major factors
contributing to it. The first of these is that the source-to-PTV edge distance is increased
with the addition of the shield. For the isotropic sources in the SAVI applicator, located
directly against the PTV edge, the ability to take advantage of the high gradient dose fall
off of the source is maximized. As the source is placed further from the edge, especially
at these small distances, the dose drop-off becomes less significant. This results in more
dose extending past the PTV to the normal tissues. This suggests that additional shield
designs, with the source located at the edge of the shield may prove useful. These could
take the form of simply placing a shield contralaterally to the source, reducing back-spill.
This would have the added benefit of being easier to manufacture and implement.

The second cause of the dosimetric degradation from the shielded strut-based
applicators is the limited dwell positions. While isotropic dwell sources reach a
maximum ability after about eight channels, this isn’t the case for shielded applicators.
By reducing the lateral spill of the shields, the ability to deliver dose to angles between
the strut positions was compromised. This is especially true for the PTV tissue which
penetrated between the catheters. Therefore, these same shield designs may perform

better if given more dwell positions to optimize upon.
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C. Strut-less shields

Of all the systems simulated, these showed the most promise. At 1-cm in
diameter, these shields gave significantly more intensity modulation than the much small
strut-based shields. This allowed for finer dose modulation, leading to encouraging
results. This was especially true for the structures closest to the shields, the PTV and
chest wall. The absence of similar results for the other structures is related to the source-
to-structure distance. Without channels located at the periphery of the system, it is
impossible to take advantage of the dose fall off near the source. As a result, the dose
penetrates further into the skin and lungs. One simple way to work around this problem
would be to add a SAVI-like component to the shielded applicators. That is, have struts,
which could be partially shielded, with the ability to extend away from the shield as part
of the system. This would complicate the system and possibly require the shield diameter
to be reduced to allow for the addition of these struts.

Another way to increase the benefit of the high dose gradient near the source is to
not expand the cavity, thus placing the applicator as close to possible to the PTV. The
results of simulating such a system were very encouraging. The dose to the healthy
tissues was significantly reduced, even beyond that of the SAVI applicator, while the
PTV was given much high V150 and V200 values. However, these numbers are partially
misleading. In the geometries considered, the PTV was reduced in overall size, but the 1-
cm rind was kept constant. Therefore, overall volume of the PTV was considerably
smaller when the cavity was not expanded. Therefore, a higher percentage of the volume

receive a certain dose does not necessarily mean more total volume of the structure
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received that given dose. However, it is still clear by looking at the maximum dose to the
PTV from the two applicator designs that the PTV is still receiving a more intense
hotspot. This likely comes from the high degree of collimation created by the shield. This
results in the tissue of the PTV which is adjacent to the shield, but in between channels
being very difficult to deliver dose to without causing much higher doses to be received
by the adjacent tissues which are directly next to the opening.

There are two ways to work around this issue. The first would be to partially
expand the cavity, to an intermediate level. This would allow for the PTV to receive a
more homogenous dose while keeping the dose to the normal tissues relatively low. The
other method to avoid these hotspots would be to increase the capabilities of the shield,
either by adding more channels or reducing the number of channels, but then allowing the
shield to rotate. The first option would compromise some of the dose anisotropy for each
channel, but give more channels to work with. The second option would see a benefit of
more shielding, but at the cost of making the system more complicated and harder to

implement.

4.5 Conclusion

Based on these findings, it is clear that any device based on open radiation source
modulation could not be improved much further. Therefore, it is necessary to consider
shielded designs to create better treatment plans. The basic designs considered thus far
using tungsten shielding have given some noteworthy results. While results are
unfavorable for strut-based shielded applicators, there is still much potential for this type

of applicators and refined designs should be tested before the idea is considered a dead-
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end. However, tungsten rod applicators showed a great deal of promise to be the next
generation in APBI brachytherapy technologies. It has been shown that basic designs are
capable of reducing dose to the chest wall and improve PTV coverage. Adjusting these
designs and the use of cavity expansion can provide even better results and merits much

consideration for future work.
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Chapter 5 Conclusions and Future Work

This dissertation presents multiple novel applicator designs for improved
dosimetric quality in brachytherapy treatment. It has been shown that the use of
geometric modulation of isotropic sources has reached a plateau and new innovations
must be developed to improve the field. This has been accomplished by implementing
tungsten-alloy shielding to create highly anisotropic dose distributions which can be used
to accurately direct dose. Monte Carlo and in-house optimization methods were used to
account for the shields in calculating dose distributions.

In Chapter 2 the capabilities of dynamic modulated brachytherapy was
investigated for applications in the treatment of rectal carcinomas. It was shown that a
shield, used to create a highly collimated dose profile, if rotated and translated
intelligently is capable of delivering unparalleled treatments compared to any known
clinical applicator. Due to the complexity of the system, the consequences of potential
errors were evaluated. It was determined that, errors of any reasonable magnitude in the
system would lead to negligible detriments to the plan quality.

In Chapter 3 a set of static grooved applicators were presented as another option
for the treatment of rectal carcinomas. These devices were developed as alternatives to
the DMBT system in order to reduce the complexity of treatments to allow for easier
clinical implementation. It was shown that these applicators, while failing to match the
extraordinary abilities of DMBT, were still significantly better than the current

applicators in use and therefore would be very reasonable for use in future treatments.
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In Chapter 4 the potential of intensity modulated brachytherapy for the treatment
of breast cancers was analyzed. First, it was shown that there is no further room for
improvement in APBI by using only isotropic sources within a lumpectomy cavity. Next,
several intensity modulated brachytherapy applicator designs were proposed to get
around this issue. The strut-based IMBT applicators designed failed to provide significant
improvements over the SAVI design. However, the tungsten rod applicators yielded
encouraging results, showing an ability to provide better PTV coverage and chest wall
sparing. The absence of cavity expansion allowed for better healthy tissue sparing at the
cost of losing PTV coverage quality.

Future work includes improvements upon the applicators developed and reported
in this work. This is especially true for the APBI applicators, given the difficult nature of
the location. Several design adjustments have been proposed in this dissertation, which
warrant further consideration. In addition the concepts applied in this work for rectal and
breast cancer treatments have a great deal of promise for other tumor sites. These include
cervix, vaginal, skin, and esophageal cancers.

Once optimal designs have been developed, the next steps are to build the
shielded applicators and begin testing. This process includes the building of the shields,
robotic applicators, and any additional components needed to apply them. These then
must be thoroughly tested for quality assurance and dose accuracy.

The last couple decades have witnessed a rapid evolution in brachytherapy as
technologies and radiobiology continually improve. DMBT and IMBT applicators are a

very promising candidate for the next leap forward in cancer treatment.





