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1 | INTRODUCTION

Abstract

Purpose: To present the development of an in-house coded solution for treatment
planning of tangential breast radiotherapy that creates single click plans by emulat-
ing the iterative optimization process of human dosimetrists.

Method: One hundred clinical breast cancer patients were retrospectively planned
with an automated planning (AP) code incorporating the hybrid intensity-modulated
radiotherapy (IMRT) approach. The code automates all planning processes including
plan generation, beam generation, gantry and collimator angle determination, open
segments and dynamic IMRT fluence and calculations. Thirty-nine dose volume his-
togram (DVH) metrics taken from three international recommendations were com-
pared between the automated and clinical plans (CP), along with median
interquartile analysis of the DVH distributions. Total planning time and delivery QA
were also compared between the plan sets.

Results: Of the 39 planning metrics analyzed 23 showed no significant difference
between clinical and automated planning techniques. Of the 16 metrics with statisti-
cally significant variations, 2 were improved in the clinical plans in comparison to 14
improved in the AP plans. Automated plans produced a greater number of ideal
plans against international guidelines as per EviQ (AP:77%, CP:68%), RTOG 1005
(AP:80%, CP:71%), and London Cancer references (AP:80%, CP:75%). Delivery QA
results for both techniques were equivalent. Automated planning techniques
resulted in an average reduction in planning time from 23 to 5 minutes.

Conclusion: We have introduced an automated planning code with iterative opti-
mization that produces equivalent quality plans to manual clinical planning. The

resultant change in workflow results in a reduction in treatment planning times.
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diagnoses in women.! Incidence rates tend to be significantly

higher in countries of higher levels of development with rates per

Breast cancer is the most common cancer in women worldwide, 100,000 populations of 111.9, 95.0, 92.9, and 86.0 for Denmark,

with almost 1.7 million diagnoses in 2012 or 25% of all cancer United Kingdom, USA, and Australia, respectively.? Radiotherapy
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has a significant role to play in the treatment of breast cancer; of
the 16,000 incidences of breast cancer in Australia in 2015, a total
of 13,969 (approximately 87%) cases received radiotherapy treat-
ment.®

With such a large number of clinical cases, breast radiotherapy
shows the potential for significant efficiency gains with the introduc-
tion of automation. This work focuses on the potential reduction in
planning times and changes in the plan-approval workflow in breast
radiotherapy.

Previous papers in the literature have described methodologies
for automated planning of breast patients using heuristic optimiza-
tion,*> external markers,*® database libraries,”® semiautomatic opti-

210 and  automatic

mization by component protocol scripts,
optimization following manual beam setup.?. Some initial papers are
beginning to show promising results for machine learning-based
techniques for automated planning of breast patients.!? We instead
propose a fully automated method (auto-plan) that mimics the pro-
cess adopted by human dosimetrists in iteratively optimizing with
changing optimization weights dependent on plan performance
against clinical objectives. To the author's knowledge this is the first
presentation in the literature of a fully automated methodology that
does not require a database of reference plans, nor hard-coded
heuristic optimization objectives; instead, planning objectives are
optimized iteratively in response to patient geometry/planning chal-
lenges.

The paper investigates the validity of such an approach for
fully automated lumpectomy breast patient plans, including com-
parisons of plan time, consistency, quality, and deliverability with
those of manually created plans that were previously accepted

clinically.

2 | MATERIALS AND METHOD

2.A | Patient cohort

All comparisons in this paper were performed retrospectively on a
cohort of clinical patients planned with tangential hybrid breast
radiotherapy at the site between June 2016 and November 2017.
Patients were excluded from the study where nodal irradiation was
included, or where a mastectomy had been performed. A total of
100 patients were selected for the study. All patients within the
cohort were of stage O, I, Il breast ductal carcinoma in situ. All
patient data used in this study were anonymized and all analysis and
data mining were performed under the approval of the local institu-
tional ethics board.

At the authors department two dose and fraction regimes are
permitted for breast radiotherapy, namely 5000cGy in 25 fractions
and 4240cGy in 16 fractions. The distribution of patients in this
study was 57 right breast (40 at 5000cGy, 17 at 4240cGy) and 43
left breast (32 at 5000cGy, 11 at 4240cGy) patients. All patients
within the study had received and completed whole breast hybrid
IMRT tangent radiotherapy.
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2.B | Clinical planning

The hybrid technique has been shown to provide high-quality plans
that are robust to patient breathing motion.*>*¢ The primary charac-
teristic of the technique is conformal fields that deliver the majority
of breast dose accompanied with a small weighting of modulated
multileaf collimator (MLC) fields to fine tune the distribution.

Clinical plans (CPs) in this study applied the hybrid technique
using an extensive clinical protocol with asymmetric conformal tan-
gential fields and dynamic MLC (DMLC) modulated tuning fields.
Plan parameters including jaw size, beam energy, MLC distribution,
beam weighting, gantry angle, collimator, angle and isocenter place-
ment were all determined by the dosimetrists to achieve the best
possible dose distribution. Evaluation of plan performance was aided
in clinical practice by conformance to a list of clinical DVH criteria
(clinical goals). Open fields were weighted to give approximately
85% of the total target dose, with maximum dose from open fields
limited to 95% of the total target dose. IMRT fields of identical
geometries were then added to improve the plan by ensuring opti-
mal coverage with minimal hotspots. To prevent fluence escalation
at the skin from surface optimization,**>'” the PTV was retracted
5mm from the skin for planning. Target coverage with setup varia-
tions was ensured by adding “flash,” where MLCs are extended past
the typical PTV margin to account for breathing motion, to the open
beams. By delivering the prescribed dose predominantly by the open
beams, there was no need for anterior MLC “flash” in the IMRT
beams.

2.C | Automated Planning

The automated plans (APs) were created using code written in Iron-
Python 2.7 and run through the Raystation 6.0 planning system
(Raysearch Laboratories, Stockholm, Sweden) scripting environment.
The entire code implementation is the combination of several inter-
nally developed modules, which are created to run on the standard
Raystation IMRT license without installing further python libraries
and the need of previous plan databases.

The AP code is reliant on approved contours (Figure 1) from
the oncologist/dosimetrist for standard breast planning. These are
outlined in guidelines set out by ESTRO'® and RTOGYY and
include;

-Whole Breast PTV
-Ipsilateral Lung
-Contralateral Lung

-Heart

-Contralateral Breast

-Liver

-Body/External

-Support Structures (Couch)

In some clinical cases a CTV boost volume is included clinically
for a sequential boost. Plans for sequential boosts were not included
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Medial Border

Isocentre

Ficure 1. An adequately contoured dataset for iterative Breast
auto-planning (isocenter and borders are shown for clarity, they are
created in the auto-planning code and are not a requirement of the
software).

in this study. The CTV for the whole breast PTV is the palpable
breast.

These contours are generated by auto-segmentation code not
explored in this paper. The auto-generation is a combination of
atlas-based segmentation, heuristic ROl algebra, and intensity-based
structure optimization. Also created automatically are relevant tattoo
markers, a tangent geometry, medial and posterior border points,
and planning structures (including rings and dose control volumes).
All auto-segmented structures are reviewed and edited as necessary
by Oncologists prior to planning.

On initiation of the AP code, a user interface is presented. Users
are required to specify target dose, fractionation, treatment machine,
delivery technique, the primary PTV, and any boost PTV or nodal
PTV to be treated. For the purpose of this paper the breast PTV
was selected to be the only PTV and the Hybrid technique was
selected as the only planning technique. All CPs and APs were cre-
ated with a Varian iX beam model. The machine is dual energy (6MV
and 18MV), with a millennium 120 leaf MLC of 0.5cm leaf width
centrally (inner 80 leaves) and 1cm leaf width at larger field sizes
(outer 40 leaves). The machine has a maximum possible field size of
40cm x 40cm with leaf modulation possible along all MLC pairs.

The automated planning functionality performed by this code

includes;

2.D | Automated beam generation

The tangent beam geometry is created by the auto-segmentation
code. The position is optimized by incremental translation and affine
transformations such that the intersection of the tangent with the
external contours approaches the intersection of the tangent and
PTV plus a volume margin to account for the field edge-to-PTV mar-
gin. The optimization of the tangent geometry is simplified by a con-

dition of entry through the midline tattoo as per the protocol of the

center which primarily limits the transformations to rotations pinned
at the midline tattoo. An optimized tangent geometry is shown in
Figure 1. The medial and posterior border are calculated from the
intersection of the posterior aspect of the tangent with the tissue
edge at the superior/inferior mid-plane level of the PTV. This is per-
formed through a series of code driven algebraic functions that
determine the outer rim of the tangent geometry and external con-
tours and take their intersections at the level of the midline tattoo.

Simple trigonometry (equations 1 and 2) is utilized to determine
the optimal medial gantry angle for the tangent beams, rounded to
the nearest full angle as per clinical protocols at the site. Lateral
angles are taken at the opposing angle to promote a closed-jaw non-
divergent posterior edge.

For left-sided breast patients;

Om =360 —tan "1 <M> (1)
ym - yp

For right-sided breast patients;

Om=tant (Xm 7Xp> 2)
Ym - Yp

where;

@® (X, Ym) are the x and y (lateral and anterior—posterior) DICOM
coordinates of the medial border,
® (X,, ¥p) are the DICOM coordinates of the posterior border; and

@® 0., is the medial and posterior tangent gantry angles.

Isocenter placement (figure 1) is determined by the mid separa-
tion of the posterior beam edge (equation 3). The isocenter position
allows for a nondivergent posterior edge (i.e., posterior jaw =
0.0cm).

Xm+Xp Ym+yp

2 2
Ym_Yp

Xm£10),ym £10x (222 ) |x, —x,| 210
mexp

[Xm —x,|<10,

XisosYiso =

where;

@ Xiso, Viso are the x and y co-ordinates of the plan isocenter
@ =+ is dependent on laterality of patient

The isocenter placement is rounded along the tangent angle to
ensure full centimeter shifts from the midline tattoo to facilitate
setup. Jaw size, collimator angle, and MLC apertures are determined
through Raystation 3D conformal radiotherapy beam optimization, to
ensure that the mean dose from open segments accounts for
approximately 85% of the prescribed dose, with equivalent weight-
ing between medial and lateral beams. The optimization includes
dose controls on heart and lung doses, minimum posterior PTV cov-
erage, and maximum PTV dose to promote apertures that effectively
spare the proximal organs at risk.

For very large patients, the code attempts mixed photon energy
beams to improve target coverage. Where the straight-line distance

between the medial and posterior border (i.e., medial and posterior
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beam entry points) exceeds 25cm, the two open conformal fields are
copied, and the resulting four beams are split equally between 6MV
and 18MV. This process is implemented on suitable patients in clini-
cal plans on discretion of the planner. 18MV fields were used in 6 of
the 100 patients treated. Figure 1 provides a visual representation
of the beam angle, medial border, and isocenter placement.

A secondary dynamic MLC intensity-modulated radiotherapy
(IMRT) beam set is created with beams of identical tangent collima-
tor and gantry angles. The beam set is created such that objective
functions are optimized with consideration of the initial open beam
dose as background dose as per instructions from the well-published
hybrid IMRT technique.}*-1¢2021 At this point the plan is passed to

the iterative optimization code.

2.E | Iterative optimizer

The iterative optimizer is code developed by the authors within
Raystation’s IronPython scripting environment and leverages the
Raystation dose optimization algorithm. The code optimizes modu-
lated radiotherapy deliveries by incremental changes to objective
functions in response to changing plan quality. Changes in plan
quality are periodically monitored by querying pass or failures of
defined clinical goals. In this study the code is utilized for tangen-
tial breast radiotherapy. For various sites both objective functions
and clinical goals are loaded from comma separated variable (CSV)
reference files. Each objective function is linked by a search code
to a clinical goal (CG) by reference of structure, structure objective/
CG type, proximity of objective/CG dose, and dose volume his-
togram (DVH) metric. As an example, if a clinical goal for the left
lung of V30Gy <10% existed, the code would search through the
objectives for function for the left lung with dose objectives below
30Gy. In finding several functions it would link only to the closest
dose level DVH metric objective function. In the cases of minimum
dose goals, the search is limited to corresponding functions with
higher target doses. Optimization is performed for 100 iterations
before a full collapsed cone convolution (CCC) dose calculation.
DVH statistics of the calculated dose are compared against clinical
goals. Failing clinical goals result in an increased weighting for cor-
responding objective functions. The initial optimization is intention-
ally weighted to OAR sparing. This promotes simpler optimization
problems where primarily target coverage and a competing OAR
are the focus of optimization, rather than several simultaneous
competing OARs.

In some favorable geometries clinical goals may all be easily met
with minimal optimization. To prevent under-planning, where dose
reduction to organs is not as low as possible due to adherence of
clinical goals in first instance calculations, any organ at risk objective
function easily met (objective function value = 0) has its objective
dose reduced to 90% of the achieved dose after CCC calculation
and a new optimization loop will be initiated.

If any objective function, for either targets or OARS, requires
adjustment, the loop is repeated from the 100 iterations of opti-
mization with the newly weighted objective functions. As an
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example, let us say that the clinical goal for PTV coverage is
4750cGy to 95% and there is an objective linked to that clinical
goal with a weighting of 100. Based on the proximity of the
achieved coverage to the clinical goal, the objective function will be
increased by a multiple between 1.2 and 3. As an example we set
an appropriate factor as 2. The weighting is increased to 200 and
the optimization runs for another round of iterations. The same
would be true for a lung objective at a higher dose than its clinical
target. This process is applied for all failing clinical goals at each
iteration round.

The use of 100 iterations was chosen from testing on a separate
cohort of 15 patients to determine the optimal parameters to
achieve plan improving changes in a short amount of time but pre-
venting narrow optimization that overly preferences a single particu-
lar failing goal.

The code loops repeatedly until all clinical goals are met or until
a predetermined maximum number of iterations (600) are reached. It
is not expected that this maximum number of iterations will be
reached, which typically reflects very difficult cases. In cases where
all clinical goals are met this results in a single click planning process.
In clinical practice, any failed dose goals after the maximum set itera-
tions could be further optimized by the user. In this study, human
changes after the iterative optimization were prohibited. A visual
representation of the automated planning workflow is shown in
Figure 2.

While other groups have provided heuristic- and knowledge-

based optimization,*%%?

where optimal objective functions are pre-
dicted, the iterative nature of this code provides a method poten-
tially more able to deal with large changes in patient geometry.
Small patient changes that would result in poor plan quality with ini-
tial objective functions are tailored by the incremental adjustment of
weightings, in the same manner that human dosimetrist would adjust
IMRT weightings to improve plan quality. This also means that this
iterative optimization code can be applied to any anatomical sites
and delivery techniques without feeding it with additional rules or
training sets, a potential advantage over machine learning or regres-
sion techniques.

All AP plans were created blind of the associated CPs, with no
input of the quality of the retrospective CPs. All plans were free of
any human interactions with the exception of starting the script. The
automated plans were created on the identical protocol as the CPs
and variations in beam geometry, weighting, and optimization are
purely a result of variations between human and software interpreta-
tion of optimal solutions.

Following the iterative optimizer all plan DVH statistics were
exported for analysis within the AP code.

2.F | Plan quality

Analysis was performed separately depending on the laterality of the
disease (left or right). While two dose regimes exist and were used
in planning, for simplicity of presentation all results were scaled to
5000cGy equivalent for evaluation. As an example, for a plan
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prescribed with the 4240 cGy dose regimen, a lung dose value of
424cGy will have the analysis DVH data scaled by 5000/4240,
resulting in a value of 500cGy.

Evaluation of the plan was performed by DVH comparison and
assessment of specific clinical targets against the original CPs. The
volumes considered within the analysis were the PTV, ipsilateral
lung, contralateral lung, combined lung, contralateral breast, and
heart. The metrics assessed for the regions of interest included dose
delivered to a certain volume (e.g., d50 = dose delivered to 50% of
the volume), volume receiving a certain dose (V5 = percentage vol-
ume of structure receiving 500cGy), and mean dose (dMean). For
left-sided patients, three metrics were added for the heart that were
unnecessary for the right-sided patients. As such the total number
of metrics analyzed were 18 for the right breast cases and 21 for
the left. The distribution of each metric was checked to ensure it
was normally distributed. For each evaluation metric, a paired two-
tail t test was performed to determine statistically significant varia-
tions in plan quality between the CPs and APs. Significance was

Iterative Optimizer

I 1
H |
H 1
L 1
1
0 Objectives Set i
|
| |
| |
5 i
|
+ Open and IMRT Beam Generation ! H
. i H . . P . H
Gantry/Collimator Angle Determination | Adjust Failed Optimization :
* Open Tangent Weighting Optimization H Obiective Weight: P s '
+ Calculation ! jective Weights arameters Set |1
« Opt Volume Creation | 1
| 1
| |
| |
| |
| |
I |
H |
| 1
' |
B |
| 1
I |
| |
I |
| |
| H
b |

Auto Beam
Generation
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Clinical Goal Fails

* Clinical Goals Set
Run Optimization

Al Clinical

Plan Presented Goals Pass
for Review or

Counter=7

Ficure 2. The iterative optimization workflow.

Clinical Goals
Assessed

TaeLe 1 Ideal and Acceptable criteria per assessed protocols [16-19]

determined at a P value < 0.05, with a P value < 0.005 considered
highly significant.

A secondary DVH analysis was performed by comparison of plan
quality against determined ideal and acceptable metrics (where pro-
vided) as outlined in three documents, the RTOG 1005 protocol,22
the Australian EviQ guidelines,23 and the London Cancer breast
radiotherapy guidelines.?*?> A summary of the constraints used for
analysis are shown in Table 1.

A comparison of clinical and automated beam angles was per-
formed across the 100-patient cohort to assess the ability of the
automated software to correctly identify the appropriate angles for a

given patient geometry.

2.G | Deliverability

To ensure the created auto-plans could be delivered on treatment, a
random selection of 10 auto-plans was delivered to an ArcCheck
quality assurance (QA) device (Sun Nuclear Corporation, Florida,
USA). Gamma analysis was performed at a global 3%/3mm criteria
with a 10% threshold, the result of which was compared to that of
the QA of the corresponding clinical plan.

2.H | Planning time

Of the 100 patients used in the plan quality study, a subset of 20
random patients was used to evaluate the potential efficiency gains
of automated planning. In each of the 20 cases, an expert dosime-
trist replanned the cases free from interruptions. Measurements
were timed from the beginning of plan generation to the final calcu-
lation at the end of optimization when the dosimetrist deemed the
plan fully optimized. To keep the measurements as similar as possi-

ble the same scripted timing code was incorporated for the manual

Paper/Protocol

EviQ

RTOG 1005

London Cancer

Ideal Constraints

Ipsilateral Lung V20 (V16) < 15%
Heart V25 (V20) < 10%

Heart Mean<4Gy

Ipsilateral Lung V20 (V16)<15%
Ipsilateral Lung V10 (V8)<35%
Ipsilateral Lung V 5 (V4)<50%
Contralateral Lung V5<10%

Target Constraints

PTV d95%> 95%

PTV d95%> 95%
Max<110%

Contralateral Breast<3.1Gy
Contralateral Breast d5<1.9Gy
Heart V10 (V8)<30%

Heart V20 (V16)<5%

Heart Mean<4Gy

Ipsilateral Lung V22 (V18)<15%
Heart V15 (V13)<10%
Contralateral Lung V2.5<15%

PTV d95%> 95%
Max<110%

Contralateral Lung Mean<2Gy

Acceptable Constraints

Ipsilateral Lung V20 (V16)<20%
Ipsilateral Lung V10 (V8)<40%
Ipsilateral Lung V 5 (V4)<55%
Contralateral Lung V5<15%
Contralateral Breast<5Gy
Contralateral Breast d5<3.1Gy
Heart V10 (V8)<35%

Heart V25 (V20)<5%

Heart Mean<5Gy
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and AP time measurements, and the AP plan dose was provided to
the dosimetrist to prevent time costs of optimizing past the auto-
mated plan quality. As such this provides an approximate minimum
time for a dosimetrist to recreate a known dose distribution using
the software. Comparisons were made between the average plan-

ning time for the manual and automated plans for the 20 subset

patients.
3 | RESULTS
3.A | Plan quality

The dose volume histograms for both the CP and the AP plans of
both left and right breast patients are shown in Figure 3. In each fig-
ure the median distributions of the automated and clinical plans are
represented by the thin solid and dashed lines, respectively. The first
and third quartiles of the distributions are represented by the opa-
que regions in the distributions.

Comparisons of the evaluation metrics for each dose regime and
laterality are shown in Table 2. P values and significance in variance
are displayed for each metric along with the dosimetrically superior
planning technique.

Of a total of 39 metrics analyzed, 23 showed no significant vari-
ation between CPs and APs. Of the 16 metrics that did show statis-
tically significant variations, 14 were improved on the APs.

The two metrics in which the CPs were superior were d95 PTV
coverage in right breast patients, and the mean dose of the con-
tralateral breast in left-sided patients. The average improvements in
these metrics were 22cGy and 2cGy, respectively.

In comparison against national/international breast protocols the
AP plans adhered to 77%, 80%, and 80% of cases for ideal con-
straints of RTOG, EviQ, and London Cancer guidelines, respectively.
Left-sided cases had lower ideal plan rates (RTOG: 34/47, EviQ: 37/
47, London Cancer: 36/47) than right-sided cases (RTOG: 43/53,
EviQ: 43/53, London Cancer: 44/53).

100

PTV

Ipsilateral Lung
Contralateral Lung
Combined Lung
Heart

Contralateral Breast

80

WILEY—"

CPs had a consistently lower adherence to guidelines, with 68%
of cases meeting constraints for RTOG guidelines, 71% for EviQ,
and 75% for London Cancer dose recommendations. CPs demon-
strated the same poorer plan performance for left-sided cases in
comparison to right-sided cases.

Both the CPs and APs met all acceptable criteria of the RTOG
guidelines in all cases.

Of the 100 patients analyzed, the variation in automated and
planned beam angle was within 1 degree in 72% of cases (0°- 34,
1°- 38) with an overall mean variation of 0.17 +/-1.97 degrees.
For the 28 cases in which the gantry varied by more than 1
degree (2°- 8, 3°- 5, 4°- 11, 5°- 4) the auto-segmentation code
selected gantry angles that irradiated less tissue in 89% of cases
(25/28).

3.B | Deliverability

For the 10 delivered patients the average percentage of points pass-
ing the gamma criteria were 97.9% (+/- 2.5%) and 99.4% (+/- 0.4%)
for the clinical and AP deliveries, respectively. P = 0.0714, indicating
no statistically significant difference.

3.C | Planning time

Table 3 shows the average, maximum, and minimum planning times
for each of the cohorts between clinical and automatic produced
plans.

4 | DISCUSSION

APs were consistently better at reducing lung doses across all met-
rics. The significant improvements seen in auto-planning is partially
a function of the number of lung metrics assessed in the analysis.

Of all heart metrics there were no significant variations between

100

— PTV

Ipsilateral Lung
Contralateral Lung
Combined Lung
Heart

Contralateral Breast

80

60
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3 : 3
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Ficure 3. Median and first-third quartile distributions for clinical (dotted lines) and automated (solid lines) plans for the (left) left and (right)

right breast cases.
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either planning technique, although APs tended to produce lower
heart doses. It should be emphasized that the improvements are sta-
tistically significant but not necessarily clinically significant in all
cases.

The trends in the statistics are supported by lower heart and
lung doses on the DVH distributions in Figure 3. Another advantage
of the automated planning implementation is an improved consis-
tency in plan quality, with reduced first and third quartile ranges and
standard deviations for the contralateral breast, ipsilateral lung, and
heart distributions in comparison to clinical plans.

The contralateral breast mean dose metric was the only statisti-
cally significant improvement in the CPs for left-sided patients. Con-
versely there appears to be a trend toward slightly higher
contralateral breast doses in right-sided CPs, although the difference
is not statistically significant. Considering this effect is not mirrored
in right-sided cases and the slightly lower (although not significant)
heart doses in the AP cases, this suggests a divergence of the rela-
tive importance given to heart and contralateral breast between
human and software optimization, even in the presence of identical
clinical goals.

A highly significant variation is noted in the 95% PTV coverage
of right breast plans. This increase in coverage on the clinical plans
is associated with an equivalent negative variation of mean dose
(away from target dose) and maximum dose to the PTV, as well as a
cost to the lung dose. Again, this highlights a difference between
optimization strategies, with smaller ranges in variation between the
AP metrics and a reduced emphasis on dose escalation at the cost
of OAR metrics.

Compared to the clinical plans, automatically generated plans
were consistently better performers against the three analyzed pro-
tocol dose regimes with 9%, 9%, and 5% more ideal plans by the
RTOG, EviQ, and London Cancer protocols, respectively.

The automatically generated plans were thus equivalent, and in
some cases superior, to clinical treatment plans. In most cases the
superior AP plans were a result of a combination of very small
changes in the open beam arrangements (gantry angle and reduced
postedge margin) and slight under optimization in the clinical plans
where optimization was ceased prior to the optimal solution as a
result of favorable geometries that easily met clinical goals. Given
that the hybrid breast technique is highly sensitive to beam angle

selection, it is likely that the variation in selected gantry angles

TaeLe 3 Comparison of average, maximum, and minimum planning
times between clinical and auto-planning strategies

N = 20

Time Measured (N = 20) Min Average St Dev Max

Automated Plan (minutes:seconds) 04:48 05:31 00:42  06:21

Clinical Dosimetrist Time 17:53 25:33 05:03 34:35
(minutes:seconds)

Relative Planning Time (%) 27% 22% 14% 18%

Time Saving (minutes) 17 25 4 35
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between the AP and manual plans also contributes to the variation
in plan quality. Of the 28 plans where the gantry varied by more
than 1 degree, automated plans selected a gantry angle that irradi-
ated less tissue than the manual plans while achieving the planned
clinical goals, suggesting that in some cases manual plans utilized
suboptimal beam geometries. The overall mean gantry angle varia-
tion across the cohort reflects a strong similarity between user
determined and AP selected gantry angles. The mean and variation
across the cohort also correlates well with the results of Purdie
et al.* in which surface markers were implemented for angle detec-
tion.

In comparing the plan quality results against other studies, Purdie
et al.* showed similar equivalent plan quality variation between AP
and manual plans. While their work did not result in any significant
reduction in organ doses, a slightly different step and shoot IMRT
method was incorporated in the study. Reductions in ipsilateral lung
doses in automated plans are not unique to this study, with similar
results across multiple planning systems by Mitchell et al.,*° Wang,

Sheng and Yo00,° and Sheng et al.l?

with techniques ranging from
semiautomated planning to machine learning plan creation.

While the results suggest that automated planning can produce
equivalent or even slightly improved plans to clinical dosimetrists, it
is not the case that the automated plans necessarily produce the
absolute most optimal plan, as demonstrated by the higher contralat-
eral breast dose in left-sided patients. A limitation of this study is
that the metrics used do not allow for any particular dose distribu-
tion preferences of an oncologist not covered within the selected
DVH metrics. Any future studies should incorporate a blind assess-
ment by multiple oncologists of the CPs and APs. This was not pos-
sible in this paper due to availability of sufficient numbers of
appropriate specialists at the time of research. Given the solutions
adherence to clinical goal metrics it is likely that in some cases, APs
may instead provide an initial near-optimal plan that a dosimetrist or

oncologist may wish to further optimize.

4.A | Deliverability

Automated and clinical plans show equivalent deliverability and QA
results. Little can be drawn from the slight 1.1% improvement in
average passing gamma points of the APs, with no statistical signifi-
cance (P = 0.0714) owing to a small sample size. While a greater
number of QA deliveries may result in statistical significance, as the
primary concern of this paper is plan quality and efficiency gains, the
current analysis is sufficient to show equivalence in deliverability and

further QA measurements were not undertaken.

4B | Planning time

The implementation of automated planning shows considerable
advantages in both efficiency and workflow processes over manual
clinical planning. The results in Table 3 show an average fourfold
reduction in planning time as a result of the single session workflow

change. It should be emphasized that the comparison here is of
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manual planning time free of interruptions. In clinical practice, it is
likely that the actual planning times are significantly longer than
those demonstrated in this paper due to possible interruptions and
distractions, and as such efficiency gains from automated planning
greater than reported.

The reported automated planning time presented in this study

.12 (5 minutes) and

compares favorably with work by Sheng et a
Mitchell et al.!° (5 minutes 48 seconds) for plan creation. Work by
Purdie et al* produced clinical plans in 6 minutes and 52 seconds
inclusive of structure creation excluded in our study. All three stud-
ies above incorporated step and shoot IMRT whereas DMLC modu-
lated planning was used in this work. The time cost related to
modulated techniques is not investigated here but is likely to have
an impact on results between the various papers.

This AP code can be run simultaneously on up to five patients
on one terminal, providing further magnified efficiency improve-
ments. With the help of automated contouring, together an oncol-
ogist and a dosimetrist can simultaneously run automated planning
on multiple patients, review these completed plans, and make
changes if necessary while waiting for the remaining plans to
complete. In the initial development of the iterative optimization
code, over 50 patients were able to be planned within 4 hours.
This in particular opens up the possibility to a large change in the
planning process of such patients. By incorporating high speed
planning with dosimetrists into the oncologist target review work-
flow it is possible to eliminate the time cost of a separate con-
touring, planning and review session separated by hours or days
depending on particular staff availability. There still remain poten-
tial issues with such a workflow with regards to patient simulation
appointment scheduling—the advantage of simultaneous fast plan-
ning is negated if the contouring process for some patients are
delayed for several hours after simulation to do so—and staff
availability—oncologists often review contours late in the evening
after patient consults are complete when dosimetrist are unavail-
able—however, the potential remains if logistical considerations
can be addressed.

It should be noted that the current implementation of automated
planning is not inclusive of auto-contouring, which is accommodated
by a separate script in the clinic. While as previously discussed, this
results in a small time cost in comparison to some AP techniques

that integrate auto-contouring,”®

ensuring oncologists review con-
tours prior to planning allows for flexibility of implementation with
various techniques. By determining optimal tangent angles by adher-
ence to approved oncologist contours, the code has the potential to
support step and shoot IMRT, short-arc breast VMAT, breast and
node VMAT, and integrated boosts delivery techniques. The variabil-
ity of nodal treatment extent poses a difficult problem for auto-
mated planning in the absence of volume review prior to plan
creation.

Following the results of this research the described code has
been implemented clinically at the authors’ site for both hybrid
DMLC and step and shoot whole breast techniques.

5 | CONCLUSION

The IronPython programming language has been used to develop an
iterative optimization platform that automates the planning process
of inversely planned radiotherapy. In application of the code on
hybrid breast patients the automated plans have shown to be equiv-
alent to clinically accepted plans across 100 retrospectively analyzed
patients.

While plan quality and deliverability show little variance between
the manual plans and the APs, vast efficiency improvements have
been demonstrated for automated planning, with an average reduc-
tion in planning time of 78% from manual clinical planning as a result
of the workflow change, allowing the completion of a plan in under
5 minutes.

By validating the automated planning code via comparison
against accepted clinical plans, this paper has provided the grounding
for the clinical implementation of automated hybrid IMRT breast
planning in RayStation.
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