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Abstract

Background: Intensity-modulated brachytherapy (IMBT) is an emerging tech-
nology for cancer treatment, in which radiation sources are shielded to shape
the dose distribution. The rotatable shields provide an additional degree of free-
dom, but also introduce an additional, directional, type of uncertainty, compared
to conventional high-dose-rate brachytherapy (HDR BT).

Purpose: We propose and evaluate a robust optimization approach to mit-
igate the effects of rotational uncertainty in the shields with respect to
planning criteria.

Methods: A previously suggested prototype for platinum-shielded prostate
169Yb-based dynamic IMBT is considered. We study a retrospective patient data
set (anatomical contours and catheter placement) from two clinics, consisting of
six patients that had previously undergone conventional '92Ir HDR BT treatment.
The Monte Carlo-based treatment planning software RapidBrachyMCTPS is
used for dose calculations. In our computational experiments, we investigate
systematic rotational shield errors of +10° and +20°, and the same systematic
error is applied to all dwell positions in each scenario. This gives us three sce-
narios, one nominal and two with errors. The robust optimization approach finds
a compromise between the average and worst-case scenario outcomes.
Results: We compare dose plans obtained from standard models and their
robust counterparts. With dwell times obtained from a linear penalty model
(LPM), for 10° errors, the dose to urethra (Dg 1..) and rectum (Dg 4. and Dq¢c)
increase with up to 5% and 7%, respectively, in the worst-case scenario, while
with the robust counterpart, the corresponding increases were 3% and 3%. For
all patients and all evaluated criteria, the worst-case scenario outcome with the
robust approach had lower deviation compared to the standard model, without
compromising target coverage. We also evaluated shield errors up to 20° and
while the deviations increased to a large extent with the standard models, the
robust models were capable of handling even such large errors.
Conclusions: We conclude that robust optimization can be used to mitigate
the effects from rotational uncertainty and to ensure the treatment plan quality
of IMBT.
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1 | INTRODUCTION

Intensity-modulated brachytherapy (IMBT) was first pro-
posed by Ebert,! and is a form of high-dose-rate
brachytherapy (HDR BT) in which static or dynamic
shields of high atomic number (Z) are used to allow for
an additional, directional, modulation of the dose dis-
tribution. While '92Ir is commonly used in conventional
HDR BT, alternative isotopes have been proposed for
IMBT, for example "°Se, 169Yb,and 93Gd,2'% which due
to their lower photon energy are easier to shield.

In HDR BT, the radiation source is placed close to
or within a tumor with catheters, needles, or applica-
tors. Each catheter has a number of dwell positions
from which the source can irradiate the surrounding tis-
sue. In IMBT, shields that can rotate are housed within
the catheters to reduce the radiation in various direc-
tions at each dwell position. Each combination of dwell
position and shield angle is associated with a separate
dwell time decision. The large number of such combi-
nations significantly increases the degrees of freedom
in the dose planning, compared to in conventional
HDR BT.

The purpose of our study is to propose a dose
planning approach that mitigates the possible adverse
effects from rotational uncertainty. The IMBT technique
is not yet used in clinical practice, but the awareness
of dosimetric effects from uncertainty in the deliv-
ery equipment and the possibility to mitigate such
effects are essential for assuring acceptance of the
IMBT technique.

1.1 | Treatment aims

The general treatment aims for HDR BT are to irradi-
ate the target with a high enough dose and to spare
nearby organs at risk (OARSs). For dose planning and
evaluation purposes, the anatomical structures of inter-
est are discretised into dose points, each corresponding
to a small volume. Important evaluation criteria are
derived from the dose—volume histogram (DVH), either
as volume-at-dose or as dose-at-volume. The former,
denoted V;, describes the volume (or portion) of a struc-
ture s that receives at least a dose x Gray (Gy); the
latter, denoted Df,, describes the smallest dose that is
received in the y cc of structure s that receive the high-
est dose. The measures V¢ and Dj are referred to
as dosimetric indices (DlIs). DIs are generally included
in clinical treatment guidelines; see for example HDR
BT guidelines for prostate cancer,'"~"3 and for cervical
cancer.'*

The purpose of IMBT is to achieve a dose distribu-
tion, which is more conformal to the target than what is
possible with conventional HDR BT. For prostate can-
cer, the aim can be to create a tunnel of reduced dose
around the urethra, which passes through the target,

hence sparing the urethra while the target is still irra-
diated with a sufficiently high dose. There are promising
results along this line, for example, by Famulari et al.,'®
in which the dose to urethra is reduced with on average
13%, and by Adams et al.,'® in which the dose to urethra
is reduced with between 29 and 44%, depending on the
considered DI. A difference between these studies is the
radiation source, 1%°Yb'® and 153Gd,"® respectively.

For cervical cancer, an important planning aim is
to deliver a nonsymmetric high-quality treatment by
only activating dwell positions inside an intracavitary
applicator without using a hybrid approach, which is a
combination of interstitial needles and an intracavitary
applicator. IMBT treatment with a rotating shield placed
inside the tandem of an intracavitary applicator with '92Ir
as the radiation source, has been shown'” to provide
dose plan quality comparable to conventional HDR BT
with a hybrid approach. Further, the IMBT plan qual-
ity was significantly improved when replacing the '%Ir
source with 169Yb.

1.2 | Optimization models for treatment
planning

Mathematical models for dose planning of HDR BT were
first based on linear penalties.'® 2" The linear penalty
model (LPM) is a convex optimization problem, which
is easy to solve, but a weakness of the model is that
the aforementioned DlI-based evaluation criteria from
treatment guidelines are not explicitly included. Because
of the importance of Dls in clinical guidelines, models
with explicitly formulated DI constraints have later been
proposed.?2~28 Such models are nonconvex and hence
much harder to solve than the LPM. See the recent liter-
ature review?® of optimization models for HDR BT and
IMBT, and the recent review®® of IMBT approaches.

Dose plan optimization for IMBT has commonly been
based on quadratic penalty models (QPMs).3'-3* Such
models are generally convex and thus considered easy
to solve. However, a model with DIs has also been pro-
posed for IMBT and conventional HDR BT=° In our study,
we investigate models based on linear penalties as well
as on quadratic penalties.

1.3 | Robust optimization

Robust optimization approaches are well-studied for
intensity-modulated radiation therapy (IMRT) and
intensity-modulated proton therapy (IMPT)3% A com-
mon purpose of robust optimization modeling is to
improve upon the traditional margin-based formulation
of the planning target volume (PTV) to instead include
uncertainty in the delineation from medical images, but
it is also used to handle for example organ motion and
setup uncertainties.
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The data used for treatment planning is always
to some extent uncertain. A starting point for robust
optimization can be to model and estimate uncertainties
in the form of scenarios, for example, from a probability
distribution. Using the terminology from Unkelbach
et al.®% classifications for robust approaches are (i)
stochastic programming, which considers the average
over all sampled scenarios, (ii) minimax optimization,
which considers only the worst-case scenario, and (iii)
minimax stochastic programming, which considers the
worst-case of a number of probability distributions for
the sampled scenarios; the approaches (i) and (ii) are
special cases of (iii).

In HDR BT, there are two studies on robust
optimization.3”*® One study®’ considers uncertainty in
the delineation of the target, based on a number of
delineation scenarios, instead of the common practice to
extend the target with a fixed margin. Uncertainties in the
delineations of OARs are also studied. Another study?®
considers uncertainty in both catheter placement and in
volume delineations. To our best knowledge, there are
no IMBT studies using robust optimization.

1.4 | Purpose of our study

While previous studies have demonstrated the poten-
tial treatment benefits of IMBT, we focus on questions
related to rotational uncertainty in the IMBT treat-
ment delivery and the dosimetric effects from rota-
tional errors. Robust optimization is a well-established
way to take uncertainty into account in optimiza-
tion models, and we apply robust versions of com-
monly used dose planning models to mitigate these
dosimetric effects.

This uncertainty is due to the rotation of the
shields during the treatment in IMBT and is not
present in conventional HDR BT. Other types of uncer-
tainties in HDR BT have been analyzed previously
and published in a review article by GEC-ESTRO
and AAPM?° and in the above-mentioned robust
optimization studies.

2 | MATERIALS AND METHODS

Our study is based on the existing delivery prototype
for prostate IMBT with platinum shields, developed by
Famulari et al.,’® in which the isotope '®°Yb, with a mean
energy of 93 keV, is used. All catheters are identical and
interior shields are rotating in steps of 22.5°, which gives
16 angles, and thus 16 dwell time variables for each
dwell position. The shields rotate simultaneously in the
catheters, and, therefore, the shield angles are the same
in all catheters at each time during delivery. lllustrations
of the prototype and the shield design are presented in
Famulari et al.'®

2.1 | Monte Carlo simulations

The Geant4%4! based treatment planning system
RapidBrachyMCTPS*243 has been used for the study,
including the Monte Carlo-based dose calculations, the
implementation of the optimization models, and the
evaluation of the resulting dose plans. Ultrasound was
used for the medical imaging, and the patient geome-
tries were approximated to be water equivalent with
unit mass density. The high-Z material of the shields,
being the most important nonwater heterogeneity, was,
however, taken into account in the dose calculations,
because the shields are in place in the catheters dur-
ing the delivery. The number of photon histories for the
model-based calculations of each combination of dwell
position and shield angle was set to 107, in order to
achieve statistical uncertainties of less than 1% at the
40% and the 100% isodose levels, which are relevant for
OAR and target doses. Dose points representing voxels
of size 3 and 1 mm? are used for the optimization mod-
els and dose plan evaluations, respectively. Details about
the Monte Carlo simulations, according to recommenda-
tions from the AAPM task group 268 (TG-268),** can be
found in Appendix A, Table A1.

2.2 | Experimental design
We consider a nominal scenario in which there are no
errors in shield angles, and two additional scenarios in
which the shields have systematic rotational errors of
+10°. It is furthermore assumed that the rotational error
is the same in all catheters. This assumption and the
estimate of the rotational errors are based on Famulari
etal.'® The errors are chosen to be outcomes with small
probabilities to occur; hence, they can be regarded as
worst-case outcomes with respect to rotational uncer-
tainty. To test the proposed optimization models, we,
however, also investigate scenarios with errors of +20°.
To assess how sensitive the dose distribution is with
respect to rotational errors, we first obtain dwell times
from the standard model and evaluate this dose plan in
the scenarios with rotational errors. Of particular inter-
est is the worst-case outcome with respect to Dis. In a
second step, we take all three scenarios into account in
a robust model.

2.3 | Patient cohort

We have used a data set of six patients treated for
prostate cancer. The data set comes from two clinics,
referred to as A and B, which use the same treatment
protocol, which is 50 Gy external beam radiotherapy and
two fractions of 10 Gy "92|r HDR BT boost. The strate-
gies of these clinics regarding the number of inserted
catheters and their placements are, however, somewhat
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TABLE 1 Characteristics of the patients in the data set. There is
one dwell time variable for each combination of dwell position and
shield angle.

Volumes (cc) Number of
Dwell
Patient PTV CTV Rectum Urethra Catheters time var.
A1 347 233 32 0.25 14 1424
A2 322 205 33 0.25 14 1216
A3 395 261 37 0.28 15 1520
B1 355 238 33 0.70 20 2560
B2 439 30.1 39 0.84 17 2448
B3 419 294 33 0.70 22 2816

different. At clinic B, more catheters are inserted than
at clinic A, on average 20 and 14, respectively, and
hence there are more possible dwell positions at clinic B.
For both clinics, the clinical target volume (CTV), the
PTV, the urethra, and the rectum were outlined on the
ultrasound images.

Table 1 presents characteristics of the patient data set
and Figure 1 shows examples of contoured structures
for two patients. The number of Monte Carlo simulated
dose distributions per patient is the number of scenar-
ios multiplied with the numbers of dwell positions and
shield angles. For our patient data set, the number of
simulations varied between 3648 and 8448.

2.4 | Mathematical model

We propose a robust extension of the LPM, referred to
as the robust linear penalty model (LPM-R); the model
is presented by equations (1a)—(1h) with the notation
given in Table 2. Clearly, with only one scenario, LPM-
R reduces to the LPM. A robust extension of a QPM is
presented in Appendix B.

TABLE 2 Indices, sets, parameters, and variables in the

optimization model

Indices

i Index for a dose point

J Index for a combination of a dwell position and shield
angle

s Index for a structure

r Index for a scenario

Sets

S Set of structures, including PTV, CTV, rectum, and
urethra

Ps Set of dose points in structure s € S

J Set of dwell position and shield angle combinations

R Set of scenarios

Parameters

dl.j’. Dose-rate contribution from dwell position and shield
angle j € J to dose point i € UgcsPs in scenario
rer

LS Prescription dose or lower dose bound for structure
seS

us Upper dose bound for structure s € S

wh Non-negative penalty for dose being too low in
structure s e S

wy Non-negative penalty for dose being too high in
structure s € S

Variables

7 Dwell time for dwell position and shield angle j € J

x,.” Penalty variable for dose being too low at dose point
i€ Ps, se€ S,inscenarior e R

X Penalty variable for dose being too high at dose point
iePs, se S inscenarior e R

zr Objective function value for scenario r € R

zv Objective function value for the scenario with the

worst-case outcome

t >0 jed (1h)

This model belongs to the class of minimax stochas-

1
minz% + — z 1a
A2 (ta)
subject to
YW X+ Y wi Y xv<z rer (1D)
seS i€ePg seS iePg
zZ<zv rerR (1c)
Qdit=Ls—x' iePyseSreR  (1d)
jed
A<V +x"  iePyseSreR  (le)
jed
x>0 ieP,seSreRr (1f)
x>0 iePs,seSrer (19)

I

tic programming. The objective function is a weighted
sum of the penalty for the scenario with the worst-case
outcome and the average penalty for the scenarios. The
weight on the worst-case scenario is significantly higher
than that of the other scenarios;with three scenarios, the
weight becomes four times higher. Using the terminology
of probability distributions, this model aims at minimizing
the worst-case probability distribution among the follow-
ing three distributions (i) (4/6, 1/6, 1/6) (ii) (1/6, 4/6, 1/6),
(iii) (1/6, 1/6, 4/6), where the probabilities correspond to
the three scenarios with errors of 0°, +10°, and —10°,
respectively (or 0, +20, —20).

Constraints (1b) ensure that the penalty variable
for each scenario takes the correct value, and con-
straints (1c) ensure that the penalty variable for the
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FIGURE 1 Contours for two patients. The urethra is the light green contour in the center, the CTV, the PTV, and the normal tissue are the
red, dark green, and light green contours, respectively, from inside to outside. The rectum is the brown contour at the bottom and the filled red
circles correspond to dwell positions.
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FIGURE 2 DVHs for patient A1 for rotational errors of +£10° and +20°. Results to the left are obtained from the LPM and results to the right

b 10 15 20 25
Dose (Gy)

(¢) +20 degrees, LPM

5 10 by 20 25
Dose (Gy)

(d) £20 degrees, LPM-R

are obtained from the LPM-R. The curves are, from left to right, for rectum, urethra, PTV, and CTV.
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TABLE 3

for Dgg, Dgg, Dg.1¢c» @and Dy is Gy and the unit for V4qg, V450, and Vo is percent.

ROBUST OPTIMIZATION FOR IMBT

Dosimetric index values for PTV and OARs for clinic A for 10° and 20° errors. Results for the nominal scenario are presented as
absolute values, while results for the other scenarios are presented as relative values compared to the corresponding nominal scenario. The unit

PTV Rectum Urethra

Pat. Model Scenario Dy Dqgg Vioo Viso V200 Do 1cc Dicc Do 1cc
A1 LPM 0 10.0 9.0 89.5 24.3 9.0 5.5 4.4 10.2
A1 LPM +10 1.01 0.99 1.02 1.00 1.01 1.00 1.00 1.03
A1 LPM —-10 0.99 1.00 0.97 1.00 0.99 1.00 0.99 1.00
A1 LPM +20 1.03 0.99 1.03 1.02 1.04 0.99 1.00 1.08
A1 LPM —20 0.97 0.97 0.95 1.00 0.99 0.99 0.99 1.00
A1 LPM-R 0 10.0 9.0 89.5 25.4 9.8 55 4.4 10.1
A1 LPM-R +10 1.00 0.99 1.00 1.00 1.01 1.00 1.00 1.01
A1 LPM-R —-10 1.00 1.00 1.00 1.00 0.99 1.00 0.99 1.01
A1 LPM-R 0 10.0 9.0 89.5 255 9.3 5.4 43 10.1
A1 LPM-R +20 1.00 0.99 1.00 1.00 1.05 1.00 1.00 1.00
A1 LPM-R —-20 1.00 0.99 1.00 1.01 0.98 0.99 1.00 1.01
A2 LPM 0 10.0 8.7 90.1 26.0 10.1 5.3 43 10.6
A2 LPM +10 0.99 0.99 0.99 1.04 1.01 1.07 1.06 1.00
A2 LPM —-10 1.00 1.00 0.99 0.96 0.99 0.96 0.96 1.03
A2 LPM +20 0.99 0.99 0.98 1.08 1.03 1.18 1.14 1.04
A2 LPM -20 0.96 0.93 0.95 0.95 0.98 0.93 0.94 1.07
A2 LPM-R 0 10.0 8.6 89.7 24.1 9.5 5.4 4.4 10.4
A2 LPM-R +10 1.00 0.99 1.00 1.02 1.01 1.03 1.03 1.01
A2 LPM-R -10 1.00 1.00 1.00 0.98 0.99 0.98 0.98 1.02
A2 LPM-R 0 10.0 8.8 90.0 235 9.1 5.5 4.6 10.3
A2 LPM-R +20 1.00 1.00 1.00 1.06 1.04 1.04 1.03 1.00
A2 LPM-R -20 1.00 0.98 1.00 0.95 0.96 1.01 1.01 1.00
A3 LPM 0 10.0 9.2 90.0 27.8 11.6 4.6 3.8 9.8
A3 LPM +10 1.00 0.99 1.00 1.01 1.02 1.00 1.00 1.04
A3 LPM -10 1.00 0.99 1.00 1.00 0.99 1.00 1.00 1.02
A3 LPM +20 1.00 0.98 1.00 1.01 1.03 1.02 1.02 1.11
A3 LPM -20 0.99 0.96 0.99 1.01 0.99 1.00 1.00 1.10
A3 LPM-R 0 10.0 9.0 90.0 28.2 11.3 4.7 3.9 9.9
A3 LPM-R +10 1.00 0.99 1.00 0.99 1.00 1.00 1.00 1.03
A3 LPM-R —-10 1.00 0.99 1.00 1.01 1.00 1.00 1.00 1.01
A3 LPM-R 0 10.0 9.3 90.0 26.7 10.6 4.8 4.1 9.9
A3 LPM-R +20 1.00 0.98 1.01 0.97 0.98 1.00 1.00 1.01
A3 LPM-R -20 1.00 0.99 1.01 1.02 1.01 1.01 1.00 1.00
worst-case scenario takes the correct value. Con- 3 RESULTS

straints (1d)—(1g) are definitional constraints for the
lower and upper linear penalty variables. Even though
there is only a single dwell time variable for each combi-
nation of dwell position and shield angle, its contribution
to the received dose at a dose point depends on the
scenario considered. Therefore, there is a set of penalty
variables for each scenario.

To solve the optimization models, Gurobi version 8.14°
(Gurobi Optimization, Inc., Houston, USA) was used.

Results for DlIs obtained from LPM and LPM-R for the
six patients are presented in Tables 3 and 4, for errors of
10° and 20°. For all presented results, we have normal-
ized the DYV for the nominal scenario to 10 Gy, which is
the prescription dose, to get comparable results between
LPM and LPM-R. Throughout this section, we primar-
ily consider the difference between the nominal and the
worst-case scenario.
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TABLE 4 Dosimetric index values for PTV and OARs for clinic B for 10° and 20° errors. The presentation is the same as in Table 3.

PTV Rectum Urethra
Pat. Model Scenario Dqy Dgg Vioo Viso V200 Do 1cc Dicc Do 1cc
B1 LPM 0 10.0 9.0 90.1 22.0 9.0 4.6 3.8 9.4
B1 LPM +10 1.00 1.00 0.99 0.99 1.00 1.02 1.01 1.03
B1 LPM -10 1.00 1.00 1.01 1.02 1.01 1.03 1.01 1.04
B1 LPM +20 0.99 0.99 0.98 0.99 1.00 1.06 1.05 1.13
B1 LPM -20 1.00 0.99 1.00 1.04 1.03 1.09 1.06 1.14
B1 LPM-R 0 10.0 9.0 90.1 23.6 9.7 4.5 3.8 9.3
B1 LPM-R +10 1.01 1.01 1.01 1.00 1.00 1.01 1.02 1.03
B1 LPM-R -10 1.00 1.00 1.00 1.00 1.00 1.03 1.01 1.02
B1 LPM-R 0 10.0 9.2 90.1 20.5 7.8 4.4 3.6 9.6
B1 LPM-R +20 1.01 1.01 1.02 0.99 1.00 1.06 1.05 1.02
B1 LPM-R -20 1.01 1.01 1.01 1.06 1.04 1.04 1.02 1.02
B2 LPM 0 10.0 9.0 90.0 234 9.8 4.7 3.9 9.5
B2 LPM +10 1.01 1.00 1.02 1.01 1.00 1.00 0.99 1.05
B2 LPM -10 1.00 1.00 1.00 0.98 0.99 1.06 1.03 1.03
B2 LPM +20 1.03 0.98 1.03 1.02 1.00 1.03 1.01 1.17
B2 LPM -20 1.00 0.98 1.00 0.96 0.97 1.15 1.09 1.14
B2 LPM-R 0 10.0 9.0 90.0 26.6 10.2 4.7 3.9 9.3
B2 LPM-R +10 1.01 1.02 1.01 1.01 1.00 1.02 1.01 1.03
B2 LPM-R -10 1.00 1.01 1.00 0.99 0.99 1.03 1.01 1.03
B2 LPM-R 0 10.0 9.2 90.0 21.4 8.6 4.6 3.7 9.7
B2 LPM-R +20 1.01 1.00 1.01 1.03 1.01 1.05 1.05 1.01
B2 LPM-R -20 1.00 0.99 1.01 1.02 1.00 1.06 1.06 1.01
B3 LPM 0 10.0 9.3 90.1 19.9 8.6 4.7 3.7 9.8
B3 LPM +10 0.99 0.99 0.98 1.01 1.00 1.01 1.00 1.00
B3 LPM -10 1.00 1.00 1.01 1.00 1.01 1.04 1.04 1.02
B3 LPM +20 0.99 0.97 0.97 1.02 1.01 1.05 1.04 1.05
B3 LPM -20 1.00 0.98 1.00 1.02 1.02 1.13 1.1 1.09
B3 LPM-R 0 10.0 9.2 90.0 18.9 7.7 4.7 3.7 9.7
B3 LPM-R +10 1.00 1.00 1.00 1.01 1.00 1.01 1.01 1.01
B3 LPM-R -10 1.00 1.00 1.00 1.00 1.01 1.02 1.02 1.00
B3 LPM-R 0 10.0 9.2 90.0 19.0 7.8 4.6 3.6 9.6
B3 LPM-R +20 1.00 1.01 0.99 1.00 1.00 1.03 1.05 1.01
B3 LPM-R -20 1.00 1.00 0.99 1.06 1.04 1.02 1.05 1.02
First, for errors of 10°,the deviations are most notable decrease of \/F’TOV with LPM-R is 0.4 percentage points

for the OARs. The average increase in Dgffé’;’a is 3.5
and 2.2% for the standard model LPM and the robust
model LPM-R, respectively, and the average increase
in DM is 3.3 and 1.7% for the standard model
LPM and the robust model LPM-R, respectively. For
LPM, the largest increases for the worst-case sce-
nario for Dg_rfg;’a and Dg‘fff:“cm are 5 and 7%, respectively,
while corresponding numbers for LPM-R are 3 and 3%,
respectively.

Doses to the PTV are generally stable for both LPM
and LPM-R. However, for patient A1, Vi7" is reduced
with 3 percentage points with LPM while the largest

(patient A2), compared with the value of the nominal
LPM scenario.

The dose to the CTV changes similarly as the dose to
the PTV, and the range of Dl values for the six patients is
smaller for the robust model than for the standard model.
For Vi)', the range is 92.0-98.8% and 95.3-98.7% for
the worst scenarios for LPM and LPM-R, respectively.
The values for DSV are in the range 10.1-10.8 and
10.3-10.7 Gy for the worst-case scenarios for LPM and
LPM-R, respectively.

Second, for errors of 20°, the pattern for OARs is sim-
ilar, although there are larger deviations with LPM than
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TABLE 5 Relations between number of active dwell positions,
longest dwell time, and the total dwell times, between LPM and
LPM-R, calculated as LPM-R/LPM (%). For example, a value of 125%
means that the number of active dwell positions in the dose plan
obtained from LPM-R is 25% higher than in the plan from LPM.

Active Longest Total
Patient Scenario dwells dwell time
A1 +10 125% 110% 101%
A2 +10 111% 114% 100%
A3 +10 123% 66% 99%
B1 +10 122% 133% 105%
B2 +10 106% 77% 101%
B3 +10 119% 81% 100%
A1 +20 143% 89% 99%
A2 +20 134% 85% 100%
A3 +20 125% 54% 97%
B1 +20 150% 85% 101%
B2 +20 141% 99% 98%
B3 +20 129% 121% 103%

for the case with 10° errors. The deviations for OARs
with LPM-R are, however, closer to the ones from the 10°
errors, although a bit higher for the rectum. For the PTV
coverage, there are larger deviations for LPM with 20°
errors than for the case with 10° errors, while the PTV
coverage is stable for LPM-R also for this larger error.

Figure 2 compares scenarios with rotational errors of
10° and 20°, for patient A1. From the DVHs, it is clear
that there are larger deviations when using LPM with
20° errors, as illustrated in Figure 2c, than for 10° errors
shown in Figure 2a,in particular for the urethra. However,
the DVHs are similar when using LPM-R with 10° and
20° errors as presented in Figures 2b, and 2d, respec-
tively, which shows that the robust model is capable of
handling rotational errors larger than 10°. Hence, if there
are larger rotational errors than expected, the robust
model will be even more useful.

As presented in Tables 3 and 4 no clear relationship
between the number of catheters and the robustness
of the nominal scenario can be observed. One system-
atic difference in the results for the patients from the
two clinics is that V7Y and V7 are higher for patients
from clinic A, which can be an effect of fewer catheters
being inserted.

Table 5 shows a comparison of the dwell time statis-
tics for LPM and LPM-R, with 10° errors; a value above
100% means an increase for LPM-R. There is a system-
atic trend of more active dwell positions in dose plans
obtained from LPM-R than with LPM, on average 18%
more dwell positions are active with LPM-R. The differ-
ences in total dwell times for the two models are small,
but the average dwell time is shorter for LPM-R, due to
its higher number of nonzero dwell times.

Finally, we also tested extensions of the LPM and
LPM-R with both linear and quadratic penalties, instead
of only linear penalties. These models are referred to as
the QPM and the QPM-R, respectively; see Appendix B
for the mathematical models. Results for patients A1 and
B1 are given in Table 6.

4 | DISCUSSION AND FUTURE
RESEARCH

The results presented in Section 3, for example, in
Table 3, show that for the dose plan obtained from
the LPM, the Dls for both target coverage and OARs
are impaired in the worst-case scenario. This possibly
detrimental effect was shown to be effectively mitigated
by the robust approach LPM-R. Hence, the robust
extension of the LPM provides a safeguard against
rotational uncertainty. Although the patient material is
rather limited, results for OAR doses regarding the devi-
ations obtained from LPM and LPM-R are consistent
between the patients. For all patients and evaluation
criteria for OARs, the deviation of the worst-case sce-
nario is smaller with LPM-R than with LPM. The benefits
in DIs when replacing LPM with LPM-R may not be
of clinical significance, but as the nominal plans from
LPM-R are slightly better than those from the LPM,
there is no trade-off in terms of dose plan quality. From
a mathematical optimization point of view this seems
to be unexpected. However, as can be expected, the
objective function value for the nominal scenario is
higher in LPM-R than in LPM, but the higher objective
value is not reflected by the Dls. This can be explained
with the previously observed weak correlation between
the objective value of the LPM and the Dls.'®%

The drawback of using the LPM-R is that more dose
calculations are needed (three times more due to the
three scenarios), resulting in considerably longer com-
puting times for such a dose planning model. In this
concept study, we have not worked on improving com-
puting times, and we expect that they can be significantly
shortened, for example, by using deep learning for the
model-based dose calculations.*®

In this study, we consider only systematic rotational
errors, that is, rotational errors that are common for all
dwell positions. There can also be random rotational
errors for individual dwell positions. However, we con-
sider the effects from these random components to
be considerably smaller than the systematic ones, and
hence we only studied the latter.

Our results are based on a specific delivery
prototype.'®> The same modeling approach can be
applied to other delivery techniques, although the mod-
eling of scenarios and worst-case errors might differ.
We expect that the robust optimization approach works
well also for other suggested techniques for IMBT.
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TABLE 6 Dosimetric index values for PTV and OARs obtained from QPM and QPM-R, in comparison with LPM and LPM-R for 10° errors.

The presentation is the same as in Table 3.

PTV Rectum Urethra
Patient Model Scenario Dgq Dgg V100 Viso V00 Do 1cc Dice Do 1cc
A1 LPM 0 10.0 9.0 89.5 243 9.0 5.8 4.4 10.2
A1 LPM +10 1.01 0.99 1.02 1.00 1.01 1.00 1.00 1.03
A1 LPM -10 0.99 1.00 0.97 1.00 0.99 1.00 0.99 1.00
A1 LPM-R 0 10.0 9.0 89.5 254 9.8 5.8 4.4 10.1
A1 LPM-R +10 1.00 0.99 1.00 1.00 1.01 1.00 1.00 1.01
A1 LPM-R -10 1.00 1.00 1.00 1.00 0.99 1.00 0.99 1.01
A1 QPM 0 10.0 8.9 89.3 18.9 7.2 6.3 4.3 10.2
A1 QPM +10 1.01 0.99 1.01 1.02 1.01 1.01 1.01 1.03
A1 QPM -10 0.98 1.00 0.97 0.99 0.99 1.00 0.99 0.99
A1 QPM-R 0 10.0 9.0 89.5 19.1 7.0 5.3 4.2 10.1
A1 QPM-R +10 1.00 0.99 0.99 1.01 1.00 1.01 1.01 1.00
A1 QPM-R -10 1.00 1.00 1.00 1.00 1.00 0.99 0.99 1.01
B1 LPM 0 10.0 9.1 90.0 23.3 8.2 4.5 3.7 9.4
B1 LPM +10 1.00 0.99 1.00 0.99 1.00 1.02 1.01 1.03
B1 LPM -10 1.00 0.99 1.01 1.02 1.02 1.03 1.01 1.03
B1 LPM-R 0 10.0 9.1 90.0 24.6 8.4 4.4 Shi/ 918
B1 LPM-R +10 1.01 1.01 1.01 1.00 1.00 1.01 1.02 1.03
B1 LPM-R -10 1.00 1.00 1.00 1.01 0.99 1.02 1.01 1.02
B1 QPM 0 10.0 9.0 90.0 26.2 7.7 4.5 3.8 8.9
B1 QPM +10 1.00 1.00 1.00 1.00 1.00 1.02 1.01 1.03
B1 QPM -10 1.00 1.01 1.01 1.02 1.01 1.04 1.02 1.04
B1 QPM-R 0 10.0 9.0 90.0 28.8 7.9 4.6 3.9 8.8
B1 QPM-R +10 1.00 1.02 1.00 1.00 0.99 1.02 1.02 1.03
B1 QPM-R -10 1.01 1.02 1.01 1.01 1.01 1.03 1.01 1.04

In terms of robustness, the improvements gained
when replacing QPM with QPM-R are similar to those
gained when replacing LPM with LPM-R. Thus, the
robust modeling approach, including both the average
penalty and the worst-case penalty, does not appear to
rely on the specific choice of dose planning model to
be able to produce robust dose plans. The computing
times are significantly longer with QPM-R, but with a tai-
lored implementation, we expect computing times to be
acceptable from a clinical perspective.

The dose distributions used in this study were sim-
ulated based on ultrasound images. The geometries
on these images are smaller than the actual patient
geometries and the total dose is hence somewhat
underestimated due to reduced contribution of dose
from scattered photons. The dose reduction due to the
shields in the phantoms used are, however, accurately
estimated. A reason for not extending the ultrasound
geometries is that a larger phantom increases the com-
putational complexity, both regarding the model-based
calculations for each combination of dwell position and
shield angle, and the memory requirements of the

RapidBrachyMCTPS. We have further compared the
dose distributions used in this study with those obtained
when extending the ultrasound images with a surround-
ing water phantom. Results for DlIs from the latter dose
distributions were very close to the ones included in this
study; we compared the outcomes from the two dose dis-
tributions for the different scenarios and the differences
for dose-at-volume criteria between the nominal sce-
nario and the worst-case scenario were generally within
0.1 Gy.

We have in this work conducted the dose planning
based on a catheter placement, which was used clin-
ically for the conventional '%2Ir HDR BT treatment. In
order to spare the urethra, the catheters were thus not
placed close to the urethra. It is, therefore, likely that
there is room for improvements in the dose planning by
also including the catheter placement in the model. By
allowing catheters to be placed closer to the urethra, we
could achieve better target coverage while also taking
advantage of the shields to spare the urethra. However,
such a dose plan may be less robust with respect to
rotational shield errors, and the potential of using robust
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optimization for the combined catheter placement and
dose planning problem could, therefore, be higher than
what is shown in this study. Such a study on catheter
placement would benefit from faster dose calculations,
for example using deep learning for the model-based
dose calculations.

We have tried two dose planning models, LPM and
QPM. It could be of interest to consider also a dose—
volume model, for example, with the aim to minimize
Dgffé’(’:ra in the worst-case scenario. A robust approach
based on a dose—volume model is very challenging
computationally, but the results in terms of DIs can
probably be improved.

An extension of this study would be to consider a
larger number of scenarios, for example with rotational
errors, which are specific for each catheter or even for
each dwell position. This might be relevant for another
delivery system. It is also possible to include scenar-
ios with translational errors in the source positioning.
The proposed robust models can be used also in such
a study.

A straightforward continuation of this work would be
to apply the proposed robust models to other treatment
sites, such as, for example, cervical cancer.

5 | CONCLUSIONS

The proposed robust optimization model for dose plan-
ning of IMBT improves the results for the worst-case
scenario, without impairing the outcome for the nominal
scenario in terms of dose plan quality. Hence, the robust
approach can be used as a safeguard against rotational
uncertainty, without sacrificing the expected outcome of
the treatment.
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APPENDIX A: MONTE CARLO SIMULATION METHODS
See Table A1 for details about the Monte Carlo simulations, according to recommendations of TG-268 4

TABLE A1

Monte Carlo simulation methods used to calculate the dose-rate contributions for this work. The simulation methods are based

on the recommendations of TG-268.

Item name

Description

Code, version
Validation
Timing

Geometry

Materials

Source description

Cross sections

Transport parameters

Variance reduction
technique

Scored quantities

#histories & statistical
uncertainties

Statistical methods

Postprocessing

RapidBrachyMCTPS 243 Geant4 10.24041
Previously validated*?
Up to 10 min per dwell position on a 2 x Intel E5-2683 v4 Broadwell 2.1 GHz.

Voxelized geometry (egsphant) extracted from DICOM ultrasound images and DICOM RT Structure Set files. Voxel
size: for dwell time optimization a) 3 mm? and for final dose calculation b) 1 mm3.

Patient geometry estimated to be water equivalent with unit mass density, with the density of the shields taken into
account.

MicroSelectron v2 source geometry. Explicit simulation of radioactive decay spectra from ENSDF*"8 Source
positions and orientation imported from DICOM RT Plan files.

EPDL97, EEDL97, EADL97 4951

PENELOPE low-energy electromagnetic physics list with default transport parameters. Electron transport off.
Production cut: 0.1 mm.#2

Tracklength estimator using mass-energy absorption coefficient library provided in RapidBrachyMCTPS 5253

Absorbed dose (collisional kerma approximation) scored to water. Voxel size: (@) 3 mmS3 and (b) 1 mm?.

107 decay events. Type A uncertainty for final dose calculation is 0.7% on the 100% isodose line and 0.9% on the
40% isodose line.

History-by-history method.

Dose to voxels converted into dose—volume parameters using RapidBrachyMCTPS.

APPENDIX B: ROBUST QUADRATIC PENALTY MODEL
The robust linear-quadratic penalty model (QPM-R) is presented below. The notation is given in Tables 2 and B1.

The only difference to the model LPM-R is the first constraint, in which the penalty for each scenario is calculated.

1
mnz¥+ — » 7z (B1a)
R 2
subject to
I\ rl I (1l 2 U, ru U (yru 2 r
DD (WX 4+ gL (x)T + wiXY 4 qU(x) ) < z rer
SieP

e zZr< v rer
dit; > L°~x! i€Ps,seSreR

= (B1b)

Zd,}’,t,-guux;u iePy,seSreRr
jed
x>0 iePg,seSrer
x‘> 0 iePs,seSreRr
>0 jed

Here, the penalty is a weighted sum of linear and quadratic components. If the set R contains only the nominal
scenario, we get the formulation QPM.

TABLE B1 Parameters in the quadratic penalty model

Parameters

q’S Non-negative quadratic penalty for dose being too low in structure s € S
q4 Non-negative quadratic penalty for dose being too high in structure s € S
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APPENDIX C: ADDITIONAL RESULTS
Figures C1-C5 show DVHs for patients A2—A3 and B1-B3, for both LPM and LPM-R and for each of the three
scenarios for 10° and 20° errors.

100 ¢ — X0PTV 100 — *0PTV
— *0CTV — 0CTV
—— 0 Rectum —— %0 Rectum
80 4 —— =0 Urethra 80 —— =0 Urethra
-=-- -10PTV -=- -10PTV
--- -10CTV --- -10CTV
3 604 ~=- -10 Rectum 3 60 -=- -10 Rectum
5 === -10 Urethra 5 —=—- -10 Urethra
e | %  h A% e +10 PTV e | v K \r e +10 PTV
§ o ¥ 00 b Ry = +10 CTV § ol PP \& 0 +10 CTV
----- +10 Rectum <= +10 Rectum
----- +10 Urethra «-=-- +10 Urethra
201 20
04 0
[ 5 10 15 20 25 0o 5 10 15 20 25
Dose (Gy) Dose (Gy)
(a) £10 degrees, LPM (b) £10 degrees, LPM-R
100 — 0PV 100 1 — *0PTV
— x0CTV — 0CTV
—— *0 Rectum —— *0 Rectum
80 4 —— 0 Urethra 80 —— 0 Urethra
=== -20 PTV === -20 PTV
=== -20CTV === -20CTV
3 60 === -20 Rectum 3 60 === -20 Rectum
$ $
= === -20 Urethra = === -20 Urethra
|- | S T X\ O P +20 PTV -2 R T SR \\ S e +20 PTV
§ S O I\ +20 CTV § ol VX +20 CTV
----- +20 Rectum -+-- +20 Rectum
----- +20 Urethra «es=s +20 Urethra
204 20
04 0
[ 5 10 15 20 25 [ 5 10 15 20 25
Dose (Gy) Dose (Gy)

(c) £20 degrees, LPM

(d) £20 degrees, LPM-R

FIGURE C1 DVHs for patient A2. The curves are, from left to right, for rectum, urethra, PTV,and CTV.
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FIGURE C2 DVHs for patient A3. The curves are, from left to right, for rectum, urethra, PTV, and CTV.
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FIGURE C3 DVHs for patient B1. The curves are, from left to right, for rectum, urethra, PTV, and CTV.
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FIGURE C4 DVHs for patient B2. The curves are, from left to right, for rectum, urethra, PTV, and CTV.
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FIGURE C5 DVHs for patient B3. The curves are, from left to right, for rectum, urethra, PTV, and CTV.
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