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Breast cancer is the most common type of cancer in women. More than 287,000
cases of aggressive breast cancer were estimated to have been diagnosed in 2022, leading
to roughly 43,000 deaths. Breast radiotherapy has been shown through more than 50
years of clinical trials to be as effective as other treatments such as mastectomy. Clinical
efficacy combined with frequent breast cancer diagnosis means that a significant amount
of time will be spent by clinical staff planning breast radiotherapy treatments. If the
process of treatment planning could be automated, then this same clinical staff would
have more time to devout to other less routine cases. The aim of study is to design a
script protocol to automate the process of beam segment design and machine output
weighting, then to test this protocol against datasets of different geometries.

A beam segment generation and monitor unit (MU) weighting protocol was
developed and designed within the RayStation treatment planning system (TPS) python
software IDE. The design of the protocol is to take human designed open fields and

create sub-fields, or segments (FiF — or Field-in-Field), to increase the homogeneity of
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the radiation distribution. The protocol was tested on 10 CT datasets with five right side
breast targets and five left side breast targets. Dose-volume statistics, dose distributions,
and homogeneity index were calculated along with other plan parameters to test against
recent published literature.

The study found an average homogeneity index of 0.10 across all 10 plans, and no
hot spot above 107% when normalized to 95% of prescription dose to 95% of the target
volume (or D9s=95%). This normalization to the prescription dose level is the gold
standard in clinical trials, including the Fast, Fast-Forward, and RTOG-1005 trials. The
study also noted higher than expected out-of-field dose to the contralateral breast. The
homogeneity of the radiation distribution of the plan is the only factor which was
significantly affected via the running of the script protocol, and the dose to critical organs
at risk (OARs) was dependent on the initial design of the open fields.

Finally, the automated breast treatment planning script performed similarly to the
performance of other auto-breast planning scripts in published literature when using the
D9s=95% normalization. However, the protocol does not currently generate acceptable
plans at the normalization of 100% of prescription dose absorbed in 95% of the volume
due to large volume hotspots. The development cycle of the script auto-breast planning
script will continue until it can produce clinically acceptable plans at the hoped for
normalization. The protocol should be generalizable to other sites that are typically

treated with 3D-CRT. (3D conformal radiotherapy)
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Chapter 1

Introduction

1.1 Background

More than 287,000 cases of invasive breast cancer were estimated to have been
diagnosed in 2022 in the United States, along with roughly 43,000 deaths [1] [2]. The use
of radiation in conjunction with other therapies has been shown to be as effective as a
radical mastectomy at controlling disease and preventing local cancer re-occurrence [3].
Recent studies have explored the possibility of reducing the length of the treatment
course to just 5 fractions where a 5-6 week, 25-30 fraction course might once have been
prescribed [4]. One can expect an increase in the number of patients seeking radiation to
treat their breast cancer when the barrier of a multi-week daily treatment course
significantly reduced. Therefore, it becomes necessary to find strategies to reduce the
time expenditure of treatment planning and execution. The advent of treatment planning

systems which use CT data to accurately calculate the dose that would be delivered by
1



the execution of a radiation therapy plan have opened significant new opportunities for
the automation of a radiation therapy treatment planning via script automation and
iterative optimization.

Radiation therapy is a treatment technique that uses radiation sources to shower a
diseased region of the human body with photons or electrons. The radiation interacts
primarily with electrons in the human body and deposits energy there. The energy is
deposited in such a way that diseased (cancerous) cells are damaged more so than healthy
cells, which can be utilized to treat many illnesses. The energy imparted to the body can
be estimated, its unit of measure is the Gray which is the deposited energy per unit mass
at a point (Joules/Kilogram) or (Energy/Mass of absorbing material).

In this study we consider three different strategies for radiotherapy treatment
planning: 3D-conformal radiotherapy (3D-CRT), Intensity Modulated Radiation Therapy
(IMRT), and Volumetric Modulated Arc Therapy (VMAT). The different strategies
reflect differences in planning technique, levels of automation, and the need for patient
specific quality assurance. In forward planned strategies such as 3D-CRT, the human
planner defines the shape of each radiation field to be created via Multi-leaf Collimator
(MLC) and defines a radiation output for that field. The gantry of the linear accelerator is
stationary for each field, though it can be rotated in-between fields to achieve a more

conformal dose distribution. This is only feasible for a few fields and requires the time



and expertise of the human planner to make an acceptable plan. IMRT is a more
complicated version of 3D-CRT where MLCs are used to modulate the intensity of the
beam to achieve a better dose distribution than 3D-CRT, computers which optimize field
shape and intensity are used in a treatment planning technique called “inverse planning”.
VMAT, in contrast to static field IMRT, is a form of IMRT where the gantry is in
constant motion. Here gantry speed, dose-rate, and field shape are all optimized through
inverse planning techniques to achieve the desired dose distribution.

The choice of treatment technique is highly patient anatomy dependent. There is
evidence that IMRT inverse planning techniques decrease toxicities such as acute and
chronic radiation pneumonitis and dermatitis; however, they also increase low dose
spillage relative to 3D-CRT [5].

IMRT is a technique that hands total control of field shape and MU weightings to
the iterative optimizer in hopes that the computer will deliver superior dose distributions.
This can be done if enough sub-fields are added, at the expense of increased dose to the
surrounding tissue. Further issues arise with the fact that the treatment field shapes are
complicated and do not resemble human planned treatment techniques.

Parameters can be controlled through the optimizer. We can tell the optimizer to only
find the best solution by optimizing beam weightings. This leaves our human-made

control points alone, while finding the appropriate beam weightings to yield a



homogenous dose. This process would generally be done by a human in a similar
iterative manner. Where higher MU’s (Monitor units are a relative measure of the
machines output, as measured by a monitor ionization chamber in the head of the linear
accelerator) are gradually assigned to segments, with the dose being scaled each time
until the segment lends sufficient coverage to the low dose region. As the computer is
simply automating the same process that a human would use to come to the exact same
solution as the human planner in a shorter amount of time, we argue that this technique
would not be considered full IMRT, but a computer assisted 3D-CRT technique.

A second opportunity presents itself in the form of the open field. When the open
field is defined in the treatment planning system, dose can be calculated. The machine
output can then be scaled to show the required machine output to achieve desired
coverage to the target volume. The dose appears to be very in-homogeneous, with areas
of high and low dose present. This is either due to patient geometry or the presence of
tissue inhomogeneities which change the rate at which radiation is absorbed. This
information is then used by the planner (computer or human) to generate smaller fields
which modulate beam intensity locally to create a more homogenous dose distribution. It
stands to reason that the dose gradients present in the open field could be used to inform

the creation of human-like control points in an automated fashion.



1.1.1 Tangential Field-in-Field (FIF) Technique

Both IMRT and 3D-CRT treatment planning techniques can utilize a method of
beam arrangements where the beam isocenter is place near the chest wall of the patient,
or just barely inside the ipsilateral lung [6]. Two parallel-opposed beams are generated
about the isocenter at oblique angles; one superior and one inferior to the patient as in
Figure 1-1 [7]. This shows an Axial CT image with the typical arrangement of parallel
opposed beams in the tangential field technique. The proximal half of each beam is close
off to the isocenter with MLCs to reduce collateral dose to organs at risk (OAR’s). The
proximal Jaws and MLCs are moved to the Isocenter to prevent beam divergence into
ipsilateral lung or heart. Care is taken to shield the humerus with MLCs and to allow the

distal Jaw and MLCs significant margin.



Beam 1

Figure 1-1: Beam arrangement for tangential breast radiotherapy.



DRR: Default

Figure 1-2: Beam arrangement for tanntial breast radiotherapy.



The field-in-field technique is a way of describing the process of starting with an
open field that roughly conforms to the target volume in the BEV, then creating smaller
sub-fields —also named beamlets or segments-- which increase the delivered fluence to
sub-regions of the target volume. This is used to shield regions of tissue that would
otherwise absorb too much dose from the open field (blocks). In the case of Breast
radiotherapy planning, the distal regions of the breast away from the chest wall are
significantly thinner the proximal chest wall region. They must be shielded by MLCs
from receiving the full open-field dose. This is typically called tissue compensation
because the MLCs are acting like missing tissue.

The increase in fluence to low dose regions allows the open field output to be
decreased, while achieving the same coverage as the initial dose distribution, which has
the effect of decreasing the dose delivered to high dose regions and an overall increase in
field uniformity. This process can be carried out iteratively for as many entrance
directions as is desirable, with an increasing number of open-field beams comes greater
field conformity and an increase in low dose to normal tissue. The typical beam
weighting is about 20% on the segments and 80% on the open field, though this is highly

dependent on the particulars of the patient anatomy.



1.2 Pseudo-forward Planning Strategy

To appropriately inform the creation of segments via the FiF technique, the
magnitude of tissue compensation must be assessed for each location relative to the
aperture. The treatment machine must solve a problem created in three dimensions, with
a 2-dimensional tool, the MLC collimator system. The segment shape must be created
which yields a homogeneous dose distribution in all three dimensions. The necessary
information can be gained by applying monitor units to the open fields, calculating the
dose imparted to the tissue, and normalizing the open field. The dose gradients caused by
geometry and tissue inhomogeneities can then be visualized and compensated.

The best method of calculation for each isodose level will depend on the initial
method of dose normalization. Isodose levels could be specified via a percentage of the
prescription dose level, but the amount of work each control point would have to do
would dramatically increase as the prescription would increase. If the breast prescription
was 5000 cGy, then the 105% isodose line would be at 5250, and each control point
might be responsible for smoothing 250 cGy of dose gradient. Whereas a 4000 cGy
prescription would require each control point to smooth out only 200 Gy of dose
gradient. This would exacerbate the “dose plateau” effect in plans with high dose

gradients and would decrease overall dose uniformity.



Another method of creating isodose levels would be to choose the level of dose
gradient that each control point is required to mediate, the number could be set at 150
cGy of dose deviation from prescription. This method would work most effectively if the
dose gradient to be mediated was the dose difference between the maximum dose of the
distribution when the dose created by the open field blocks are scaled to meet
prescription and the 105% dose level of prescription. The final method would be to only
scale the open fields until the max dose was equal to the prescription dose level, then
each control point could add fluence to the areas that still lack prescription coverage. This
method might require each control point to be added individually, scaling after the

creation of each control point to keep the maximum point dose at an acceptable level.

1.3 Historical Clinical Experience

The Fischer trial (NSABP-b04) [3] is an excellent example of an early trial of
whole breast radiotherapy which yielded the result that breast radiotherapy was just as
effective as a radical mastectomy in the sense that they had roughly equivalent disease-
free survival and hazard ratios [3]. A hazard ratio is defined as the ratio of a person’s
probability of receiving experiencing effect with or without an intervention, such as the
intervention and control arms of a randomized controlled trial. The trial popularized the
standard 50 Gy in 25 fractions, or the standard fractionation. This trial was published in

1974, so it has nearly 50 years to accumulate long-term data and acceptance.
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However early clinical trials all pre-dated the widespread use of 3D-CRT. Or the
use of CT scans and Organ contouring software to obtain accurate dose statistics for
volume regions of the human body. Even the UK fast trial protocol had no minimum
standards for heart dose or ipsilateral lung dose [8]. The IMPORT-HIGH trial and Fast-
Forward trials [4] all had dose volume statistics for heart and lung doses, but the most
comprehensive clinical trial protocol resulted from NRG’s RTOG 1005 [9] clinical trial
which contains comprehensive dose-volume statistics. The RTOG protocol will be
considered the minimum standard of acceptability because it is new enough to have a
comprehensive dose constraint table for both the target volume and for OARs. While also
having about 8 years of long-term data to support the efficacy of the radiotherapy plans

that were enrolled in the clinical trial [10].
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Chapter 2

Methods and Materials

2.1 Scripting

The RayStation (Raystation Laboratories, Stockholm) Treatment Planning System
(TPS) contains within it a scripting environment (Integrated development environment)
which includes custom libraries for integration into, and automation of, the planning
system. CPython 3.8 was chosen for the development of this program [11]. In keeping
with the stated aim of the study, the following method is designed to automate the
process of segmentation and segment weighting to optimize the dose homogeneity of the
tangential multi-segment breast radiotherapy plan with the protocol shown in Figure 2-1.
The program is designed to operate without human planning intervention from the point
of human block creation. Human derived blocks are required because human geometry

can vary significantly, and ideal Isocenter and beam angle can require clinical judgement.
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Methods have previously been developed to obtain the correct beam angle, but do not

address issues such as lung and heart sparing [12].

\ -

Define beam Optimize open field Crcleate Isl‘fglf’s‘: half

- volume s from
directions for beam weighting -

Define Blocks and scale dose open field dose from
y Dinax to 105% of Rx
~

Evaluate for the Optimize beam Generate segments

addition of a second weightings, scale to utilizing protect

energy open field dose margins for tissue
J compensation

Lo B manual step
Optimize beam

weightings, scale to
dose

Delete low MU beams,

M script-automated step
scale dose

Figure 2-1: Script auto-planner (SAP) flowchart.
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2.2 Segment Generation

The basic method of tissue compensation is to apply machine output (MU’s or
monitor units) to the open, parallel-opposed fields until the dose prescription is met for
the PTV volume. This ensures that the beam is outputting sufficient fluence to impart
prescription dose to the entire target volume. Areas with less tissue thickness will be
covered with very high doses, while thicker regions will necessarily experience “just
enough” dose to meet prescription. ROIs are then created at even dose levels between
dose-max and prescription. Figure 2-2 shows the isodose lines which are created from
the open fields of the Blocks. The SAP creates a dummy beam orthogonal to the tangents
and half-beam blocked on the medial edge. This beam is used to create a dose which
may be turned into an ROI bisecting the breast at the isocenter. The ROI algebra tool is
then used to assign each half of the field to the beam which enters on this side.

The dose gradient between each ROI from dose directly characterizes the amount
of work that control point is expected to do in smoothing out the dose gradient.
However, the curvature of the breast around the chest wall causes some cold spots to be

“shielded” by hot spots closer to the beam aperture.
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Figure 2-2: Isodose lines for control point design

Figure 2-3: Control point covering Near Isodose line.
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Each open field is then copied once per dose-ROI. Protect margins were assigned
to the near dose-ROI for each beamlet in the parallel opposed arrangement. This allows
the greatest contributor to the dose in that region to do most of the tissue compensation.
The aperture shape of each beamlet is conformed by moving the closest MLCs to cover
the assigned near dose-ROI. Figure 2-3 shows the resultant control point which is
assigned to the LPO Block. Also shown near the bottom of the figure is the left lung in
yellow and the heart in purple. The orange and yellow isodose volumes are of the same
isodose level. Beam segment conforming to the near-isodose volume to avoid screening
by the far isodose volume of the same dose level.

The standard FiF method is to only use the distal bank of MLCs to compensate
because the distal portion of the breast has the least tissue and requires the most tissue
compensation. To ensure that distal MLCs are always closest to the dose ROI’s, the
medial MLC bank is temporarily moved as far from the patient as possible (19 cm, the
absolute Max is 20 cm on the Varian Truebeam linear accelerator). This provides the
fundamental maximum patient dimension for which my code could be used at a Max
target width of 20 cm scaled to be measured in the beams eye, at the MLC bank. The
current function limit is 15 cm at the location due to the maximum leaf position

differential, this is machine specific.
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2.2.1 Automated beam weighting

The human derived block defines the absolute maximum extent of the human
body that is exposed to open field radiation and is affected by that target treatment
volume. Optimization goals are then created which focus on uniform dose and coverage.
The optimizer will focus on increasing dose uniformity via beam weighting. Asymmetric
tissue distribution necessitates asymmetric weighting because thicker tissue will require a
higher beam weighting to maintain adequate coverage. The MU values are then scaled on
each beam to the specified normalization, and isodose volumes are created along the dose
gradient at specified dose levels.

Each isodose volume represents a new area that is to be covered by MLCs using
the “Protect Margin” feature in the RayStation TPS which directs a beam to cover a
volume with MLCs in the linear accelerator’s beams eye view “BEV”.

The monitor unit is an arbitrary unit which corresponds to the amount of
lonization detected by the monitor chamber of the linear accelerator. This is directly
related to the amount of dose delivered by the linear accelerator via the method Described
in AAPM TG-51 through clinical reference dosimetry. [13] At our facility, 1 Monitor
Unit (MU) is set to 1 ¢cGy under the reference conditions of a 10x10cm? field, at 100 SSD
(the distance between the target and the surface of the attenuating medium), and 10 cm

depth in a minimum square water tank of 30 cm on a side. The modulation factor is a
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consequence of the fact that segments shield parts of the beam, requiring more machine
output to achieve the same dose per fraction.

We can quantify the relative extent that a radiation plan relies on its smaller sub-
fields (beam segments) by calculating the modulation factor (Mod Factor). This factor is

defined at the quotient of the total Number of MUs/fx and the delivered dose/fx.

Delivered monitor units per fraction

Mod Factor =

Dose delivered per fraction

2.3 Clinical Goals

Relevant plan quality parameters were chosen from a review of phase 3 clinical
trials that have informed the breast treatments that are commonly prescribed at our clinic.
This includes the international standard fractionation (popularized by the Fischer trial
[3]), accelerated fractionation (RTOG-1005 [9]), and hypo-fractionated whole breast
radiotherapy (Fast-forward trial [4]). Each trial specified minimum plan requirements.
The most recent clinical trials include requirements for 3D-planning on a CT, which
allows for organ contouring and the calculation of dose statistics over the resultant

volumes.
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2.4 Optimization Criteria

The built in RayStation iterative optimizer was utilized to modulate the output
(MUs) to each segment and the open field. The optimizer was prevented from changing
beam parameters such as aperture shape, field wedging, and beam direction. The
optimizer works to obtain the most acceptable outcome through iterative optimization.

The mechanics of which are beyond the scope of this paper.

2.5 Automation Evaluation Scale

The amount of time that the automated planning script saves is entirely dependent
on its ability to create a clinically acceptable dose distribution without human
intervention. Each improvement requires intervention that the planner must make costs
time.

The main task of the automated script is to create appropriate control points and
weigh them properly to create the most homogeneous distribution possible. Control
points are intended to compensate for a lack of tissue, smoothing out the dose gradient
that exists orthogonal to beam direction. However, sometimes that dose gradient is
screened near the chest wall by a buildup of dose owing to the increase in depth. Beam
segments like these may need to be adjusted. Other times some control points may

become long and thin near the chest wall, applying a significant amount of monitor units
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to increase fluence outside of the PTV, these control points must be deleted because they
buildup large amounts of fluence near to ipsilateral lung and heart, so intrafraction
motion could expose critical organs at risk to large amounts of radiation.

Huang et al. [14] created an automation grading system which grades patients on
a 1 to 5 scale in their 2022 paper on automated whole-brain automated radiotherapy
treatment planning where a grade 5 plan required no human intervention, and a grade 1
plan was not usable. This type of system produces a quick metric for script performance.
The automation grading system uses an opposite numbering system, where grade 1
requires no human intervention and grade 5 is not usable.

This system was augmented to provide for the specific types of changes that
might need to be made when working on tangential whole-breast radiotherapy. The
automation grade is a method for describing the effectiveness by which the Automated
breast planning script achieves a clinically acceptable plan beyond normal human

interaction with the script.
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Table 2-1: Adapted Automation Grading System

Automation grade
1 | Clinically acceptable plan with no human intervention required
clinically acceptable plan with less than 3 un-necessary changes per
beam direction
less than 3 necessary changes per beam direction required to achieve a
clinically acceptable plan
Several adaptations of aperture shapes required to achieve a clinically
acceptable plan
clinically acceptable plan not attainable without significant human
intervention

2.6 Quantitative Description of the Dose Distribution

The primary goal of the Script Automated Planner (SAP) is to create a
homogeneous dose distribution. Therefor the primary dose statistics should relate to the
dose distributions adherence to the prescription and normalization, and the homogeneity
of the dose distribution. Therefore, the primary metrics we consider are minimum dose
covering some percentage of the target volume, Dmean, Dmax, HI, and volumes at fixed
relative doses above prescription (Rx) (103%, 105%, and 107%).

The mean dose (Dmean) is the average dose when considering voxel doses
calculated across the target volume. This is averaged on a per voxel basis and extracted as
a part of the code. The maximum dose (Dmax) is defined as the high dose level which is

absorbed by a volume of at least .01cm?. This was chosen as the smallest value which
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could be set with certainty of the volume being specified. This is extracted with the
OARs dose-volume statistics.

Isodose volumes at a dose level were specified in Mitchell et al. at 103%, 105%,
107% [15]. These definitions were used due to the similarities in the Mitchell auto-
planner to the current study, the dose level statistics were calculated from the plan DVH
curve and function to specify the size and magnitude of the plan hot spot [15].

The homogeneity index (HI) is a dose level resistant description of dose
homogeneity for a radiation plan dose-volume histogram. It functions as a single
quantitative assessment of dose adherence across the volume, and therefore is an
important plan quality indicator for breast radiotherapy. Further discussion can be found
in chapter 3.3. The definition used in this study follows was advocated for by Kataria et

al. and is used in Mitchell et. al. so the HI will be directly comparable [16] [15].

D98-D02
D50

HI=

Where Dog is the maximum dose level absorbed by 98% of the target volume and
Do 1s the maximum dose level absorbed by only 2% of the target volume. D5 is the
maximum dose absorbed by 50% of the target volume. The ideal value for the HI is zero,
which would describe a “shoulder of zero width”, which essentially means that the entire

target volume has the same dose value.

22



Where ranges are given for mean statistics, the format will be mean follow by the
range of one standard deviation from the mean high and low of it. Values that approach
zero will not display negative values in the mean if a negative value has no physical

meaning.

2.7 Organs at Risk Evaluation

The RTOG 1005 [10] protocol sets comprehensive minimum dose statistics for
organs at risk because it was designed for 3D radiotherapy with dose statistics being
calculated for organs that are contoured on to the treatment planning CT [9]. This
requires only that beam directions and apertures be defined, and dose calculated and
normalized to the prescription. The aim of this section is to determine whether the auto-
planner creates dose distributions that would be acceptable to relevant clinical trials for
which we have long term data. This is a basic form of clinical acceptability that allows
for data comparison to other literature such as Mitchell et al. and Archibald-Heeren et al
[15][12].

The doses to be evaluated for each plan will include those structures deemed
critical based on the previously mentioned clinical trials and will include: the volume of
the heart contour that receives 20 Gy (heart V2o), the volume of the heart contour that
receives 10 Gy (V1o), the mean heart dose (heart Dmean). The mean heart dose is a good

single indicator for the effect of treatment proximity to the heart. Heart dose should be
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minimized because it can lead to the long-term morbidity of radiation related heart
disease. RTOG recommends the following constraints on mean heart dose: maximum
acceptable dose constraint is 500 cGy and the RTOG ideal constraint is 400 cGy. The
heart is typically shielded as part of the blocks, and therefore out of field. This means that
the heart dose can be kept low. However, a build-up of high MU segments near the heart
region could increase the mean heart dose through scatter [10].

The maximum point dose of a plan is the maximum dose delivered to at least
0.01cm’ to the Target volume. The volume of the Max point dose was not defined in
relevant literature. The maximum point dose should be as close to the prescription (Rx)
dose level as possible. The maximum point dose is an indicator of the homogeneity of the
radiation distribution across the breast, which is the overall goal of the SAP. The
homogeneity of the radiation dose distribution across the breast has been linked to the
cosmetic outcome of the breast, especially for increases in dose [17].

The purpose of lung objectives are to preserve basic lung function and to guard
against acute and late forms of Radiation Pneumonitis [17]. As per RTOG 1005 protocol
(Appendix VII), these set maximum volume sizes which can absorb a set dose level and
vary by [9] Three volume constraints exist for 3 different dose levels of the Ipsilateral
lung, which absorbs the most dose due to proximity to target. Each dose level may be

absorbed by a maximum ipsilateral lung contour volume. Which means a maximum
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volume (in % of the total volume) of that organs contour may absorb a maximum dose
level (in cGy, this is not prescription dependent because the primary endpoint is lung
function for the constraint). The contralateral lung is more distal to the target, and

therefore only needs one maximum dose level at maximum volume constraint.

2.8 Evaluation of SAP plans

The Script automated breast planner was run on 5 CT datasets intended to
simulate real world treatments: using right breast and left breast targets for 2 plans per
dataset. The goal of the study is to determine the quality of the SAP produced dose
distributions and segment quality. Segment quality and dose distribution quality are
assessed in the automation score, which beam quality parameters only interrogate the
dose distribution. The datasets were prepared with organs-at-risk (OARs) contours, and

two blocks for half-beam blocked and parallel opposed beams.
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Chapter 3

Results and Discussion

3.1 Dose to Organs at Risk

The evaluation of the plans run on each of the sample datasets are presented
below. The scripted protocol was run more than once to determine the optimal set of
beam energies as needed. Dose statistics were added, calculated, and exported via the
script to ensure data consistency. What follows is a comprehensive list of statistics for the
dose distributions of the 10 auto-generated breast plants for which plans were created.

While the ipsilateral breast is considered a target structure, it nevertheless has
maximal dose constraints to consider. Figure 3-1 shows the maximum point dose to the
Target volume, defined as the maximum dose which is absorbed by 0.01 cm? volume.
The maximum point dose is sorted by coverage normalization and site, and the value by
plan can be found in Appendix A-1 and A-2.

V1o and Vo can be found in Appendix A, Tables A-5 — A-8, and approaches zero

in all cases. Individualized plan data can also be found in Appendix A. The low values
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are a result of the way blocks are set up (The Heart is shielded by MLCs in the beams eye

view) and is not an indication of SAP effectiveness.

Max Point Dose
116.0 RTOG Max Point Dose

114.0

110.0

108.0

106.0

104.0

Max Point dose (% of Rx)

102.0

100.0

98.0

96.0

Treatment site and normalization to Rx
B Dy =100% left breast Ml Deso;=95% left breast Ml Dgso=100% right breast M Daso=05% right breast

Figure 3-1: Maximum point dose of the target volume by site and normalization.
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When evaluating mean heart dose, SAP has no part in controlling heart dose
because good blocks will shield the heart before the script is run. It is the responsibility of
the planner to control heart dose through beam direction and Block design. The
evaluation of mean heart dose is presented in Figure 3-2. As can be seen, the mean heart
dose achieved in the sample dataset is well below the constraints specified in the RTOG
1005 trial [9]: the RTOG protocol maximum acceptable dose constraint is 500 cGy and
the RTOG ideal constraint is 400 cGy, which are off the scale and therefore not
displayed.

Contralateral breast dose should be minimized to reduce the likelihood of
radiation-induced cancer. Once again, much of the work is done with cleverly chosen
beam direction and block choice. Contralateral breast dose failed or was close to failing
in all right breasted cases based on the criteria selected for this study. Figure 3-3 shows
the distribution of the maximum dose delivered to the contralateral breast for the selected
plans. The cause of this out-of-field dose is a product of initial block design and
potentially planning system and machine model and is therefore beyond the scope of this
study.

The target volume often directly abuts the ipsilateral lung and may even curl
around its outside edge. This has the effect of placing a portion of the lung directly in the

path of the beam. Therefor it is important to pay attention to the dose levels which are
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delivered to the ipsilateral lung because radiation exposure is associated with the
development of acute, and then chronic pneumonitis [17]. While most of the work in
shielding the lung is carried out via block design, the method of tissue compensation will
inevitably increase dose to the medial beam edge. This is the edge that will irradiate the
most ipsilateral lung tissue. The cost of homogeneous dose will be slightly more lung

dose.
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Figure 3-2: Mean heart dose by site and normalization.
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Figure 3-3: Maximum dose delivered to the contralateral breast.
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Figure 3-4: Ipsilateral Lung Volume at 20% of Rx dose.
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Figure 3-5: Ipsilateral lung volume at 10% of Rx Dose.
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Figure 3-6: Ipsilateral lung volume at 5% of Rx Dose.
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3.2 Plan Parameters not related to Dose

Table 3-1: non-Dosimetric, plan-related parameters for the sample dataset.

Dataset # of MU/fx Total CPs Dose/fx Modulation factor
dataset 1R 325.2 5 266 1.22
dataset 2L 365.4 11 266 1.37
dataset 3L 339.8 8 266 1.27
dataset 4R 314.4 16 266 1.18
dataset 5L 330.4 4 266 1.24
dataset 6R 313.2 4 266 1.17
dataset 7L 310.5 10 266 1.16
dataset 8R 297.9 3 266 1.11
dataset 9L 308.9 3 266 1.16
dataset 10R 320.5 7 266 1.20

Average 322.62 7.1 266 1.21

Table 3-2: Dose homogeneity using a Dos%=95% normalization.

Target dose metrics
(D9s5%4=95%)
Coverage (at 95% of Rx dose)
D max (% of Rx)

D mean (% of Rx)

HI
V_103% (%)

V_105% (%)
V 107% (%)

Mean (range)

Mitchell et al. (2017)

95.1
105.3
99.7

0.10
4.51

0.37
0.00

(94.9 - 95.4) 95.4
(102.7-106.0) | 106.5
(4179 - 4241) 100.8

(0.08 - 0.12) 0.11
(3.21-5.82) 11.8
(0.0 - 2.01) 0.6

(0.0 - 0.0) 0.0

(88.1-99.1)
(104.8 - 108.0)
(98.5 - 102.0)

(0.09 - 0.28)
(5.2 -28.9)

(0.0 - 4.9)
(0.0 - 0.4)
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3.3 Dose homogeneity

The main contribution of SAP to plan quality is to create the most homogeneous
distribution possible. The tissue compensation method of creating beam segments
attempts to solve dose gradients stemming from the extreme variation in tissue thickness
within the breast. Therefor several methods are used to describe the homogeneity of the
distribution of radiation created by the breast auto-planner.

The results in Table 3.2 show that the dose homogeneity using the Dos%=95%
normalization is comparable to that of published literature, shown compared with the
Mitchell et al. dataset (n=40) to as a benchmark [15]. It accomplished this by using a
similar mechanism to the Breast auto-planner Mitchell et. al. That the Michell Breast
auto-planner was scripted in pinnacle and the SAP was scripted in RayStation or the fact
that the beam weighting technique of the SAP is automated appear not to affect the
homogeneity of the dose distribution with respect to DVH statistics. Since the HI is
essentially a numerical representation of the steepest gradient of the dose-volume
histogram (DVH), the DVH curve is provided in Figure 3-7.

The most important and impactful functionality that SAP can have is on the dose
homogeneity. A clinically acceptable auto-planner must be able to make reasonable
human looking segments, and then also use those segments to create clinically acceptable

dose distribution with minimal remaining dose gradients. However, the parallel dose
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gradient caused by beam attenuation is still an issue that the SAP has some trouble

resolving. Figure 3.1 shows one of the more ideally shaped dose distributions where there

is still a significant surface hot spot. This hot spot exists because the beam weightings are

optimized for coverage on the interior of the medial line. The beam intensity of the last 2

segments is increased until the center was sufficiently covered, however this leaves the

surface of the dataset to absorb higher than prescription dose levels because it is exposed

to the un-attenuated fluence of the beam. With the fluence being defined as the total

particles per unit area resulting from machine output. This weakness, if not fixed before

the script was clinically accepted could lead to higher risk of patient acute and long-term

morbidity as described in the introduction of this study [6].

Table 3-3: Dose homogeneity using a Dose%=100% normalization.

Mitchell
Dose homogeneity for all plans et al.
(D95%=100%) Mean (C.1.) (2017)
Coverage (at 100% of Rx dose) 95.1 (94.9-95.4) --
D_max (% of Rx) 111.02 (109.5-112.6) -

D_mean (% of Rx) 104.09 (4395.2-4464.7) -
HI 0.10 (.08-.12) -
V_103% (% of target volume) 70.22 (70.0-70.4) --
V_105% (% of target volume) 34.50 (33.7-35.3) --
V_107% (% of target volume) 17.87 (16.5-19.3) --
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Table 3-3 shows the same homogeneity analysis as before with the dose scaled to
Dos%=100% to the target volume. The HI is numerically the same which is an expression
of how the shape of the should does not change in a DVH during scaling, the whole shape
is simply shifted laterally in the direction of increasing or decrease dose depending on the
direction of the scaling. We can accept this without question because the aperture shapes
and relative MU weighting is not changing, the dose at each point in the dataset
simulation receives a dose that is perfectly linearly proportional to the delivered MU’s
with the modulation factor as the proportionality between MU and absorbed dose. This is
also what allows us to conclude that this will work for all prescriptions, because the dose
would simply be scaled without the need to re-optimize for block setup. However, the
dose level specific benchmarks with respect to the set prescription of 4270 cGy do not
stay the same, we can see that SAP plans normalized to Dos%=100% would be seen as not
homogeneous enough. This conclusion is reached by assume the minimum coverage
describes the overall floor of the radiation distribution, Dmean describing the overall
adherence to the prescription of all points in the target volume, the clinically significant
value is the volume of target exceeding a 107% dose and Dmax since those values have
been link to poor cosmetic outcome, especially with the hotspots near the surface. With
17% of the target exceeding an absorbed dose of 107% of prescription. These plans on

average would not be considered clinically acceptable at this normalization.
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Figure 3-7: DVH curves for all left sided radiotherapy treatment sites.
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Figure 3-7 and Figure 3-8 show the dose volume histograms with laterality
separated to increase clarity. The purpose is to make clear the comparison with HI
because the same information is contained in the DVH as in HI. The values that make up
the HI have been added to Figure 3-8 for the benefit of the reader. The theory behind the
homogeneity index is that the Ideal DVH will make a perfect square with the graph axis,
meaning that a perfect distribution would have Do2=Ds0%=Dogo and the entire volume
would absorb the same dose; here the HI would reach zero. In the opposite extreme, the
worst distribution the DVH would form the hypotenuse of a right triangle with the axis
being the legs, Do2e-Dog~Do2, and the HI would be greater than 2.5 [16]. It is better to
have an HI that is closer to zero, also the HI is not affected by dose level. Which means
this plan quality metric is resistant to normalization. Because the HI of the SAP radiation
distributions is equivalent to that of published literature, we can say that the radiation
distribution is equivalently homogeneous overall, however the average Dmax values are
higher and the average Dmean values are lower. This could indicate a lower, more
homogeneous overall distribution which is offset by smaller high dose regions which

achieve higher absorbed doses than what is present in published literature.
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One possibility for this discrepancy is that the SAP at UTMC is less effective at
rejecting bad segments. Currently the script is designed to close MLCs that are less than 1
cm apart to avoid long, thin control-points, however this has the un-intended side effect
of also closing thinner portions of good segments, which may reduce overall field
homogeneity. It has been proposed that the appropriate solution is to just segment quality
by overall aperture open field area. This would add a human-like tool into the toolkit of

SAP.
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Figure 3-9: SAP developed radiation distribution for a left breast
plan.

Figure 3-10: SAP developed radiation distribution for a right breast plan.
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3.4 Automation grade

Table 3-4: Table of automation grade by dataset.

Dataset Rx RTOG passing normalization Automation grade
dataset 1R 4256cGy/16 Fx D95/V95 3
dataset 2L 4256cGy/16 Fx D100/V95 3
dataset 3L 4256cGy/16 Fx D100/Vv95 2
dataset 4R 4256cGy/16 Fx D100/V95 1
dataset 5L 4256cGy/16 Fx D100/Vv95 3
dataset 6R 4256cGy/16 Fx D100/V95 3
dataset 7L 4256cGy/ 16 Fx D100/V95 1
dataset 8R 4256cGy/16 Fx D95/V95 1
dataset 9L 4256cGy/16 Fx D100/V95 2

dataset 10R 4256cGy/ 16 Fx D100/V95 4

Average -- -- 2.3

The judgement as to what makes a clinically acceptable dose distribution
sometimes depends on the planner and the tradeoffs in organ dose that they are willing to
make. However, it is prudent to maintain a standardized system to track the overall ability
of automated software to produce a clinically usable outcome. This can be used in later
work to track improvements to the software. Efforts should be made to improve the
specificity of the automation grading system to a protocol that can be followed by the end
user. Requiring an automation grade to be assigned to an auto-generated plan also

provides an important opportunity to remind the end user to critically evaluate the quality
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of the resultant dose distribution. Table 3-4 shows the automation grade for each plan
generated, using a distinct variation on the automation grading system proposed in
Heeren et al., based on a grade of 1 being clinically acceptable and 5 being not clinically

usable.
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Chapter 4

Conclusions

Breast cancer is the most common cancer in women [18]. Nearly 50 years of
research has consistently shown radiotherapy treatment to be as effective at treating
breast cancer as other therapies such as mastectomy [4] [19] [3]. With a successful
history of long-term survival, radiotherapy will continue to be in demand as a breast
cancer treatment. This means that the burden of treatment planning will also continue to
cost the time of our healthcare professionals.

The question remains: what is the best use of the radiotherapy planners time and
talents? They should be maximizing their time, concentrating on solving planning
problems that the computer cannot solve. The job of the planner should be maximizing
patient benefit. Automation techniques such as the SAP (Script Automated Planner) offer
a method for creating segments and weightings that at least match the expectations of the
Phase-3 trials that supply data on patient outcomes such as fast, fast-forward, and RTOG-
1005 [4] [19] [20] [10]. While these plans will not produce the “perfect” plan on every

patient geometry, the segments are made and can be easily tweaked and edited. This
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times savings allows for rapid “plan prototyping” which and run in the background while
the planner attends to other matters.

The SAP successfully created control points which compensate for the lack of
tissue in the tissue regions which are distal to the patient. This was accomplished by
interrogating the open field “Block™ dose distribution with beam-direction specific
isodose lines which mark dose gradients which must be compensated against. The plan,
with optimized beam weightings then deletes under-used beams and closes unacceptably
small control points, this can detriment the system if a segment aperture completely
closes.

Dose distributions produced by the SAP have a most probably HI of 0.10, which
is on par with previous studies [15]. The homogeneity is assessed at the standard clinical
trial normalization of Dos%=95% at which no volume received 107% dose. The dose
distribution was also evaluated at the UTMC standard of Dos%=100%. Dose to OARs is
mainly controlled via the initial human design of blocks and therefore do not factor into
the main function of the SAP. However, only two plans out of ten had 20% of their lung
volume reach 20% of the prescribed dose. Mean heart dose average 37 £ 6.5 cGy for
Right breast plans and 80 cGy =+ 2.79 for left breasted plans. These dose statistics are not

significant.
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It becomes apparent that there is still room to improve the method by which SAP
creates control points. A dose gradient also exists parallel to the beam direction which is
not adequately accounted for in the final two to three control points, causing over
coverage. Future work will include fine tuning the segmentation engine of SAP, while
also controlling for minimum aperture size and shape. The small size of the dataset
decreased the significance of the results, further study should be performed on an
adequately sized data set to encompass most target volumes and geometries.

The final stage of the development cycle should include clinical acceptance
testing which will inform the development of a strategy for quality management of auto-
generated segmentation, to ensure a consistent quality of plan despite the lack of human
beam segmentation and weighting.

The principles that undergird the segmentation engine of the SAP are
generalizable to N beam directions, but are hindered by limits on MLC jaw travel, and
therefore target size. This research has uncovered no other signs that the home-built SAP

cannot be generalized to many sites with little to no effort.
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Chapter 5

Future work

The script auto-planner is still in the development stages of its development and is
not clinically accepted. It has not been used on patients in prospective or retrospective
research or clinical use. It has been tested on a training atlas of CT datasets, only some of
which may have originated from a breast treatment. Future research will require an
approved application by the institutional review board. This however will provide a
significant research benefit, allowing for testing in a broad range of different scenario’s,
this will also allow for comparison between the human generate dose distribution and the
auto-generated plan, providing sufficient data for more complex and useful statistics.

Further research could include a generalization of the script automated protocol to
other forms of 3D-CRT including sites such as whole brain, pelvis, spine, and
extremities. There is no reason why other sites can’t use the same method of interrogating
the open field distribution with isodose lines. The SAP was written in such a way that the
code will create segments based on dose gradients for N number of beams in the Blocks.

An increase in beams and directions generally increases conformality of the dose
46



distribution. The script lays the foundation for the script automation of many 3D-CRT
plans, and therefore has the potential to save planning staff a large amount of time.
Furthermore, the effectiveness of the SAP could be increased with the addition of
more “human-like” functionality, such as sectioning off the thickest part of the breast,
centered on the isocenter with an additional dummy beam and isodose ROI algebra which
can be used to optimize beam weighting to reduce hotspot bridging across the medial
portion of the target volume. One addition that is in the process of being added is the

functionality to reject poor segments.
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Appendix A

Table A-1: Max point dose for left sided breast plans.

Left Breast: Max Point dose (% of Rx)

Plan Dos%=100%

Dataset 3L
Dataset 7L
Dataset 5L
Dataset 9L
Dataset 2L
mean

1.993501179

S.D.

1.648352316

Dos%=100%

constraint

Adequate

RTOG Max point dose*

120

Table A-2: Max point dose for right sided plans.

Right Breast: Max Point dose (% of Rx)

Plan Dose,=100%

Dataset 4R
Dataset 8R
Dataset 6R
Dataset 10R
Dataset 1R

mean
S.D.

1.120801

Dos50,=95%

1.555695056

constraint

Adequate

RTOG Max point dose*

120
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Table A-3: Mean Heart dose for left sided plans.

Left Breast: Mean Heart dose (cGy)

Plan Dos%=100% Do9s59,=95%
Dataset 3L 84.11 80.67
Dataset 7L 78.94 75.01
Dataset 5L 76.6 72.93
Dataset 9L 80.43 76.34
Dataset 2L 78.67 74.76
Mean 79.75 75.942
S.D. 2.793608777 | 2.909049673
constraint Ideal Adequate
RTOG Maximum Mean heart dose* 400 500

Table A-4: Mean heart dose for right sided breast plans.

Right Breast: Mean Heart dose (cGy)

Plan Dos%=100% Dos5%=95%
Dataset 4R 44,72 42.51
Dataset 8R 34.39 32.68
Dataset 6R 44 41.82
Dataset 10R 31.5 29.93
Dataset 1R 32.1 30.52
Mean 37.342 35.492
S.D. 6.501647484 6.181825782
constraint Ideal Adequate
RTOG Maximum Mean heart dose* 400 500
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Table A-5: Volume of heart receiving 20 Gy in left sided breast plans

Left Breast: Heart V2o ey (in % Volume)
Plan Do5%=100% Do5%=95%
Dataset 3L 0 0
Dataset 7L 0 0
Dataset 5L 0.01 0.01
Dataset 9L 0 0
Dataset 2L 0 0
Mean 0.002 0.002
S.D. 0.004472136 0.004472136
constraint Ideal Adequate
RTOG Max volume at dose* 20 Gy 25 Gy

Table A-6: Volume of heart receiving 20 Gy in right sided breast plans

Right Breast: Heart Vo ey (in % Volume)
Plan Dos5%=100% Do5%=95%
Dataset 4R 0 0
Dataset 8R 0 0
Dataset 6R 0 0
Dataset 10R 0 0
Dataset 1R 0 0
Mean 0 0
S.D. 0 0
constraint Ideal Adequate
RTOG Max volume at dose* 20 Gy 25 Gy
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Table A-7: Volume of heart receiving 10 Gy in left sided breast plans.

Left Breast: Heart Vipay (in % Volume)

Plan Do5%=100% Do5%=95%
Dataset 3L 0 0
Dataset 7L 0 0
Dataset 5L 0.01 0.01
Dataset 9L 0.01 0.01
Dataset 1L 0 0
Mean 0.004 0.004
S.D. 0.005477226 0.005477226
Ideal Adequate
RTOG Max volume at dose* < 30% <35%
Table A-8: Volume of heart receiving 10 Gy in Right sided breast plans
Right Breast: Heart Vi sy (in % Volume)
Plan Do5%=100% D95%=95%
Dataset 4R 0 0
Dataset 8R 0 0
Dataset 6R 0 0
Dataset 10R 0 0
Dataset 1R 0 0
Mean 0 0
S.D. 0 0
Ideal Adequate
RTOG Max volume at dose* < 30% < 35%
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Table A-9: Max point dose to the Contralateral —Right—Breast in Left sided breast plans.

Table A-10: Max point dose to the Contralateral —Left—Breast in Right sided breast

plans.

Left Breast: Contralateral Breast Maximum Point dose (cGy)

Plan

Dataset 4R
Dataset 8R
Dataset 6R
Dataset 10R
Dataset 1R
Mean
S.D.

RTOG Max point dose*

Dos%=100%

100.0971715

Dos5%=95%

96.01281644

Adequate

330

Right Breast: Contralateral Breast Maximum Point dose (cGy)
Plan Do5%=100% Dos5%=95%
Dataset 4R
Dataset 8R
Dataset 6R
Dataset 10R
Dataset 1R
Mean 314.88
S.D. 115.3794789 109.5639146
Ideal Adequate
RTOG Max point dose* 300 330
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Table A-11: Volume at dose statistics for Ipsilateral —left-- Lung in left sided breast
plans.

Left Breast: Ipsilateral --Left-- Lung (Volume % of contour)
Plan: Dgs%=100%
Dataset 3L
Dataset 7L
Dataset 5L
Dataset 9L
Dataset 2L
mean

6.204836823 6.841052551 8.154753

RTOG Volume at dose: acceptable

Table A-12: Volume at dose statistics for Ipsilateral —Right-- Lung in Right sided breast
plans.

Right Breast: Ipsilateral --Right-- Lung (Volume % of contour)
Plan: Dgs%=100%
Dataset 4R
Dataset 8R
Dataset 6R
Dataset 10R
Dataset 1R
mean
S.D.

RTOG Volume at dose: acceptable

Vsay

4.024922359 | 4.65832588 | 5.176872
15 35 50
20 40 50
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Table A-13: Volume at dose tables for Ipsilateral —left—Lung in left sided breast plans
when normalized to the literature standard of Dos%=95%.

Left Breast: Ipsilateral --Left-- Lung (Volume % of contour)

Plan: Dos%=95% Vaoa6y Vioay Vsay
Dataset 3L
Dataset 7L
Dataset 5L
Dataset 9L
Dataset 2L

mean

6.107372594 7.245688373 8.288546
15 35 50

RTOG Volume at dose: acceptable 20 40 50

Table A-14: Volume at dose tables for Ipsilateral —left—Lung in left sided breast plans
when normalized to the literature standard of Dos%=95%.

Right Breast: Ipsilateral --Right-- Lung (Volume % of contour)
Plan: Do5%=95%
Dataset 4R
Dataset 8R
Dataset 5L
Dataset 9L
Dataset 1R
mean

4.037325848 4.38178046  5.09902
15 35 50
20 40 50

RTOG Volume at dose: acceptable
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Table A-15: Proportion of each dataset that received dose of 103%, 105%, and 107% for
plans normalized to Dose,=95%.

Proportion of PTV at Dose Levels above Rx (Dgs%=95%)

Dataset 103% 105% 107%
dataset 1R 0.01 0 0
dataset 2L 0.00305 0 0
dataset 3L 0.00305 0 0
dataset 4R 0.025 0.00175 0
dataset 5L 0.015 0 0
dataset 6R 0.065 0.005 0
dataset 7L 0.01 0 0
dataset 8R 0.025 0.00175 0
dataset 9L 0.115 0.00818 0

dataset 10R 0.18 0.02 0
Average (%) 4.511 0.3668 0
S.D.% 1.3051031 1.732601693 0

Table A-16: Proportion of each dataset that received dose of 103%, 105%, and 107% for
plans normalized to D95%/V100%.

Proportion of PTV at Dose Levels above Rx (Dg5%=95%)

Dataset 103% 105% 107%
dataset 1R 0.495 0.17 0.045
dataset 2L 0.74 0.32 0.025
dataset 3L 0.715 0.25 0.03695
dataset 4R 0.725 0 0
dataset 5L 0.835 0.835 0.835
dataset 6R 0.835 0.59 0.235
dataset 7L 0.49 0.045 0.08
dataset 8R 0.6419 0.23 0.07
dataset 9L 0.76 0.48 0.265

dataset 10R 0.785 0.53 0.195
Average(%) 70.219 34.5 17.8695
S.D.(%) 0.177096041 | 0.757761461 | 1.39179573
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Table A-17: Homogeneity index values calculated using the Dso, as the denominator
instead of the prescription.

Dataset HI
dataset 1R 0.094
dataset 2L 0.080
dataset 3L 0.079
dataset 4R 0.107
dataset 5L 0.130
dataset 6R 0.132
dataset 7L 0.062
dataset 8R 0.098
dataset 9L 0.110

dataset 10R 0.118

Average 0.101

S.D. 0.022
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