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ABSTRACT PURPOSE: Without a clear definition of an optimal treatment plan, no optimization model can
be perfect. Therefore, instead of automatically finding a single “optimal” plan, finding multiple,
yet different near-optimal plans, can be an insightful approach to support radiation oncologists in
finding the plan they are looking for.

METHODS AND MATERIALS: BRIGHT is a flexible Al-based optimization method for
brachytherapy treatment planning that has already been shown capable of finding high-quality
plans that trade-off target volume coverage and healthy tissue sparing. We leverage the flexibility
of BRIGHT to find plans with similar dose-volume criteria, yet different dose distributions. We
further describe extensions that facilitate fast plan adaptation should planning aims need to be
adjusted, and straightforwardly allow incorporating hospital-specific aims besides standard proto-
cols.

RESULTS: Results are obtained for prostate (n=12) and cervix brachytherapy (n=36). We
demonstrate the possible differences in dose distribution for optimized plans with equal dose-
volume criteria. We furthermore demonstrate that adding hospital-specific aims enables adhering
to hospital-specific practice while still being able to automatically create cervix plans that more
often satisfy the EMBRACE-II protocol than clinical practice. Finally, we illustrate the feasibility
of fast plan adaptation.

CONCLUSIONS: Methods such as BRIGHT enable new ways to construct high-quality treatment
plans for brachytherapy while offering new insights by making explicit the options one has. In
particular, it becomes possible to present to radiation oncologists a manageable set of alternative
plans that, from an optimization perspective are equally good, yet differ in terms of coverage-
sparing trade-offs and shape of the dose distribution. © 2023 The Authors. Published by Elsevier
Inc. on behalf of American Brachytherapy Society. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/)
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Introduction

In the last decade, most clinically used treatment plan-
ning methods in brachytherapy (BT) have been semi-
automatic. Often, an inverse planning method - the most
prevalent ones being inverse planning simulated annealing
(IPSA) (1) and hybrid inverse treatment planning and op-
timization (HIPO) (2) - is used to generate a single treat-
ment plan. This plan is then manually adjusted, by chang-
ing parameters in the inverse planning method, modifying
specific dwell times, or dragging isodose lines graphically.
With many dwell positions, ranging from roughly 60 up
to over 400 for some patients, adjusting treatment plans
by hand can be challenging, resulting in a time-consuming
process and treatment plans that may still be improved
(3-9).

Therefore, automated optimization for brachytherapy
can play an important role, in quickly creating high-
quality patient-specific treatment plans. However, in order
to perform optimization appropriately, a clear definition is
needed of what constitutes the ideal treatment plan. Re-
cent studies, such as EMBRACE-I and EMBRACE-II for
cervical cancer BT (6), have laid important groundwork,
defining limits and desired values for planning criteria in
terms of dose-volume indices (DVIs).

Plan quality is typically evaluated using the set of DVIs
as given in a clinical protocol together with a visual inspec-
tion of the isodose lines. Nonetheless, other patient charac-
teristics such as comorbidity and the radiation oncologists’
preferences play a key role in determining what the most
suitable treatment plan is for the patient at hand. These
aspects are however difficult to quantify and therefore, not
straightforward to include in an optimization model used
for automated treatment planning.

Consequently, optimization models are inherently
flawed with respect to describing the characteristics of a
single, optimal treatment plan. Furthermore, most treat-
ment planning methods solely optimize on quantitative
metrics, in particular the DVIs, even though multiple dif-
ferent treatment plans (i.e., constituting different 3D dose
distributions) can exist that exhibit the same metric val-
ues. We believe that it is important to unveil this truth and
present radiation oncologists with insight into the possi-
ble options one has, even for plans that are optimized for
criteria such as DVIs. Upon inspecting these options, it
becomes clear what can be achieved for a particular pa-
tient, and the plan that is deemed most fitting can then be
intuitively selected.

It has to be noted, nevertheless, that methods that
generate only a single plan have successfully been de-
veloped. These include BiCycle (7,8) and intelligent in-
verse treatment planning via deep reinforcement learn-
ing (9). Both methods have been shown capable of out-
performing previously used manual planning. Although
it hides the fact that alternative plans are possible, the
single-plan output can be preferred by radiation on-

cologists for reasons of efficiency, simplicity, or other
preferences.

One recent method that is capable of generating multi-
ple plans is GPU-based multicriteria optimization (gMCO)
(10,11). This method however requires certain weights to
be defined a priori for each organ (12). The most crucial
region of interest to spare will not be similar for all pa-
tients, however. Therefore, to be able to obtain good results
for all patients it is highly likely that these weights need
to be set for each patient individually (or for subgroups
of patients). Alternatively, many plans using many weight
combinations can be computed first, and a medical physi-
cist can attempt to a posteriori find the weights that lead
to a preferred plan, which is how gMCO is proposed to be
used in practice. However, the number of control parame-
ters is the number of weights to be set and the number of
potential plans to inspect is usually very large. Moreover,
as the optimization model concerns mainly DVIs, it is not
possible to discern different dose distributions with similar
DVI values.

Most methods, including BiCycle and gMCO, change
and simplify the problem formulation of optimizing BT
treatment plans by making the problem smooth and convex
so that gradient-based methods can be used. This means
that these methods no longer optimize directly on the DVIs
calculated according to the AAPM TG-43 dose calculation
protocol (13). Evolutionary algorithms (EAs) are artificial
intelligence (AI) based optimization techniques that do not
rely on gradients, making it possible to optimize DVIs di-
rectly. Moreover, EAs can do so in a multi-objective (MO)
fashion, finding multiple plans that trade-off key objectives
(14,15).

An MO problem formulation together with a state-of-
the-art EA has been introduced as BRIGHT (BRachyther-
apy via artificially Intelligent GOMEA-Heuristic based
Treatment planning) (16). Each clinical goal in a clinical
protocol is incorporated as-is in the optimization model
in BRIGHT. By leveraging the GPU-parallelizability of
BRIGHT, optimization on high-fidelity representations of
dose distributions (100,000 dose calculation points) can be
performed in within just 3 min (17). This then results in
multiple plans that trade-off coverage and sparing, which
has been proven to be insightful and can lead to desirable
treatment plans (18).

While the first version of BRIGHT was deemed suc-
cessful, challenges remain in the quest for the ideal treat-
ment planning system that offers both high-quality plans
and the most insight into what is possible for each patient.
In this work, we highlight three key challenges in auto-
mated BT treatment planning and show how BRIGHT can
be used to overcome these challenges. First, since differ-
ent distinct 3D dose distributions exist for treatment plans
which have similar DVI values, we demonstrate the need
to find and present these options. Second, we outline the
importance of being able to incorporate additional opti-
mization criteria. Moreover, these criteria should be easy to

Brachytherapy, https://doi.org/10.1016/j.brachy.2023.10.005

Please cite this article as: L.R.M. Dickhoff et al., Keeping your best options open with Al-based treatment planning in prostate and cervix brachytherapy,



https://doi.org/10.1016/j.brachy.2023.10.005

JID: BRACHY

[mNS;January 31, 2024;2:43]

L.R.M. Dickhoff et al. / Brachytherapy xxx (xxxx) xxx 3

extend and be kept separate from the criteria that are com-
monly accepted to be important, such as the EMBRACE-II
criteria for cervix brachytherapy. Lastly, we point out the
importance of being able to quickly re-optimize treatment
plans if the overall aims need to be altered (i.e., deviate
from the protocol) for a specific patient.

Methods and materials
BRIGHT

As there is an inherent trade-off between irradiating
the tumor target enough and sparing the organs at risk
(OARs) more, a bi-objective optimization problem for-
mulation that naturally reflects this has been introduced
(19,20). This problem formulation is based directly upon
the DVIs calculated according to the TG-43 formalism
(13), which contributes to making it a nonconvex, non-
linear, and nonsmooth optimization problem (14). EAs
are especially suitable for the optimization of such prob-
lems. However, EAs can be relatively slow. For this rea-
son, BRIGHT uses a modern model-based EA, called the
Multi-Objective Real-Valued Gene-pool Optimal Mixing
Evolutionary Algorithm (MO-RV-GOMEA) (21). MO-RV-
GOMEMA can leverage the vast parallel computing power of
modern GPUs (17). The use of MO-RV-GOMEA to solve
the bi-objective problem formulation tailored to high-dose-
rate (HDR) brachytherapy is called the BRachytherapy via
artificially Intelligent GOMEA-Heuristic based Treatment
planning (BRIGHT) method. The resulting output is a set
of multiple plans varying from high coverage to high spar-
ing, consisting of up to several hundred plans. However,
since different radiation oncologists might prefer to be pre-
sented with more or less options, the number of presented
plans is a user-defined setting. BRIGHT was shown to out-
perform both IPSA and HIPO, even when parameters in
both methods were automatically tuned (22). The devel-
opment of BRIGHT is done in close collaboration with
a team of radiation oncologists, medical physicists, and
radiation technologists, from two different treatment cen-
ters. Plans resulting from BRIGHT, including those from
techniques presented in this paper, are regularly presented
to them in feedback loops to ensure clinical acceptabil-
ity. Following a successful retrospective evaluation study
(18), BRIGHT has been clinically introduced at the Ams-
terdam University Medical Centers (Amsterdam UMC, lo-
cation Academic Medical Center) for prostate cancer pa-
tients (16).

Optimization objectives

The DVIs in a clinical protocol can be divided into
sparing and coverage aims, depending on whether the as-
sociated DVI should be minimized (“<”) or maximized
(“>"). For cervical cancer BT, the aims follow from the
EMBRACE-II protocol, except for the A point aims (23).

We do not include these, since this can lead to unnatu-
rally forced dose distributions in that specific point only,
instead of the whole parametrial area that point A clin-
ically represents. For prostate cancer, the protocol from
the Amsterdam UMC is used. All DVIs can be found in
Table 1.

A detailed technical description of the two objective
functions can be found in Supplementary Material A. In
short, the objectives - called the least coverage index (LCI)
and the least sparing index (LSI) - for a plan p are com-
puted as the sum over either every coverage or sparing aim
a as:

LCL() = Y  wa((DVI)
a € coverage aims
LSL(p) = Y  wa(3(DVI%)) M

a € sparing aims

where §(DVI?) is the difference between the current DVI
value and its aim. Originally, LCI and LSI represented only
the value of the worst achieved aim, that is, the largest &
(19). The weighted version above was introduced later so
that, while the most violated DVI will still be given by
far the most attention, other DVIs will still be improved
in case the most violated DVI cannot be improved further
(17). To this end, exponentially higher weights w, are at-
tributed to larger §(DVI?) values. This also implies that
optimization is continued even when all planning aims are
reached to obtain the best possible trade-off between cov-
erage and sparing even beyond the aims.

Data

Data used for this work includes both cervical cancer
as well as prostate cancer patients. All experiments show-
cased in this paper are done retrospectively.

The cervical cancer dataset includes 36 patients, treated
with four fractions of 7 Gy HDR BT each at the Leiden
University Medical Center (LUMC). This encompasses a
total of 81 treatment plans with mostly MRI-based treat-
ment planning (since most patients are treated with the
same treatment plan in 2 consecutive fractions after CT-
based verification of the patients’ anatomy relative to the
applicator implant). The patients were treated during 2017-
2020 after the EMBRACE-II protocol was introduced.
Only patients for which all regions of interest as stated in
this protocol were delineated and were treated with four
fractions, were included.

The clinically used plans were manually optimized, in
Oncentra Brachy (Elekta, Veenendaal, The Netherlands),
by starting from a so-called library plan in which only ap-
plicator dwell positions are used, and which is normalized
to a slight adjustment of the A points (closer to the appli-
cator). Then, the plan is modified by adjusting (blocks of)
selected dwell times and by manual optimization through
drag-and-drop of isodose lines.

The prostate cancer dataset comprises 12 HDR BT pa-
tients, which were treated with a single fraction of 15 Gy.
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Table 1

HDR BT aims for prostate and cervical cancer. Prostate aims are based on the protocol used by the Amsterdam UMC, given as a percentage of the single planning-aim dose of 15 Gy. Cervix aims
are based on the EMBRACE-II protocol, based on a single fraction in percentages of 7 Gy (limits are provided between brackets).

Volume Use Coverage criteria Sparing criteria Added aims
Prostate Target Vi00% > 95% Doo, > 15 Gy Vis50% < 40% V200% < 15%
Vesicles Target Viiy > 95%

Prostate Bladder OAR D3 < 13 Gy Dy 3 < 12 Gy
Rectum OAR D3 < 11 Gy Dy 3 < 9.5 Gy
Urethra OAR D3p, < 16.5 Gy Dy 1em3 < 18 Gy
CTVhr Target Doy, > 7.8 Gy (> 7.1 Gy) Dogq, > 5.8 Gy Doge, < 83 Gy V1i00% > 99.9%
CTVRr Target Dogq, > 3.5 Gy Vsoa > 99.9%
GTVRes Target Dogq, > 8.3 Gy (> 7.8 Gy)
Bladder OAR Dy3 < 5.5 Gy (< 6.3 Gy)
Rectum OAR Dy < 4.0 Gy (< 6.3 Gy)

Cervix Sigmoid OAR Dy 3 <4.5 Gy (< 6.3 Gy)
Bowel OAR Dy < 45 Gy (< 6.3 Gy)
Recto-vaginal point OAR Dyoint < 4.0 Gy (< 6.3 Gy)
Mid-CTVr Target V1i00% < 25%
Mid-normal-tissue OAR Vioow < 0.1%
Top-normal-tissue OAR V1i00% < 0.2%

Aims: D,: dose index - minimum dose to the most irradiated subvolume v cm?; V,;: volume index - subvolume which is planned to receive at least dose d Gy; Dpoin: dose at point.

Abbreviations: CTVyr =high risk clinical target volume; CTVir =intermediate risk clinical target volume; GTVRgs =residual gross tumor volume; see Supplementary Material Figure 1 for
definitions of Mid-CTVr, Mid-normal-tissue, Top-normal tissue.
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The clinically used plans were optimized using BRIGHT in
2020-2021 at the Amsterdam UMC (16). The plans which
were used for clinical treatment are not further utilized in
this work.

Adding custom DVIs for the cervix

For cervical cancer BT, treatment plans optimized solely
on the planning aims from the EMBRACE-II protocol were
deemed not clinically acceptable by radiation oncologists
(24). Consequently, additional aims were formulated (20).
The necessary regions of interest and corresponding aims
were tuned through an iterative feedback loop in close col-
laboration with radiation oncologists, a BT medical physi-
cist, and a BT technologist. The added aims are shown in
Table 1, and definitions of the corresponding regions of
interest are visualized in Supplementary Material Figure 1
(20).

A key question now is how to incorporate these aims
intuitively, separating adherence to protocol from achiev-
ing additional, hospital-specific aims. In BRIGHT, this can
be achieved relatively straightforwardly, by adding a third
objective. Thus, using a similar form as Eq. (1), for cer-
vical cancer BT, we define as a third objective the least
added index (LAI):

LAL(p) = Y

a € added aims

wq (8(DVIY)) @

We present preliminary results from using tri-objective
BRIGHT by means of a retrospective numerical compari-
son with the clinically used plans for the cervical cancer
dataset as described in the last subsection. The BRIGHT
plans were obtained by running BRIGHT for 3 min.

Radiation oncologists might opt for a higher coverage
in one of the fractions due to a favorable applicator/needle
implantation. This could be counteracted in a later frac-
tion, as EMBRACE-II describes a total EQD2 dose over
all fractions. Therefore, we compare the cumulative dose
per patient, over all four fractions combined (where two
different implantations at fraction 1 and 3 and possible
plan adjustments for fractions 2 and 4 are taken into ac-
count). As such, the clinical plans were evaluated using
the true planned dose based on (potentially) four different
plans. BRIGHT plans have also been optimized whenever
a new clinical plan was constructed.

The rationale is that in clinical practice, the radiation
oncologist will be able to inspect the set of high-quality
plans generated by BRIGHT, each plan representing differ-
ent trade-offs between the objectives, and thereby enabling
making a well-informed decision regarding the preferred
treatment plan for the patient at hand. Because we do not
perform a clinical validation study in this work, but still
want to be able to compare the clinical plans for a pa-
tient with BRIGHT plans, we selected a single BRIGHT
plan for each fraction of the patient. Specifically, we chose
plan p for which the LCI and LSI are most balanced in

the sense that the worst of them is maximized, that is,

p = argmax [min (LCI(p), LSI(p))] 3)
peplans

Picking BRIGHT plans this way is solely meant to give
an indication of whether BRIGHT plans, accumulated over
all fractions, could achieve better coverage and sparing
compared to the clinical plans. BRIGHT plans are taken
as resulting directly from the algorithm, without further
manual optimization.

We note that BRIGHT is a stochastic approach that re-
sults in slightly different treatment plans after each opti-
mization run (unless the random seed is fixed). In practice,
BRIGHT would be run only once. However, in a research
setting, it is prudent to run BRIGHT 30 times for each
fraction. The median result overall runs is then taken for
further analysis as it is a fair expectation of what would be
achieved in clinical practice. Note that differences between
runs are very small and therefore most likely not clinically
significant; this is verified by calculating the interquartile
ranges.

A comparison is made by examining the number of
times for which all the aims and limits of the EMBRACE-
IT protocol are reached for a patient, since abiding by
this internationally recommended protocol is important. As
the added aims are included in the third objective, result-
ing plans exhibit corresponding desirable properties up to
the maximum degree. These aims were however not an-
alyzed further in our evaluation as the aims and limits
from the EMBRACE-II protocol are internationally ac-
cepted whereas the added aims include local preferences.

Finally, we evaluate whether BRIGHT plans or clinical
plans have overall better coverage and sparing for the lim-
its in the EMBRACE-II protocol over all four fractions.
Here, better is defined as the LCI and LSI simultaneously
being at least 1% higher.

We further perform a two-sided Wilcoxon signed rank
test with significance level « =0.05 to investigate whether
results differ significantly. This is done separately for levels
of sparing (of OARs) and coverage (of targets), on a per-
patient basis over all given fractions.

Note that a retrospective observer study for prostate can-
cer BT has already been conducted (18), which is why we
solely present experiments for cervical cancer BT in this
section.

Distinct dose distributions with the same DVI values

Treatment plans which have the same DVI values can
still be characterized by different dose distributions. These
alternatives cannot be found if just a single plan is opti-
mized based solely on DVIs. With BRIGHT, however, it
is possible to optimize for multiple sets of treatment plans
that each exhibit coverage-sparing trade-offs, while each
set is focused on a distinctly different shape of the dose
distribution.
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To achieve this, we run BRIGHT multiple times and
for each run t, we take a plan p, from the resulting set
of solutions. For this, we choose again the most balanced
plan as outled in Eq. (3). We define a fourth objective that
maximizes the distance to these plans in terms of dose
distribution. We denote the set of all previously selected
plans po, pi,...,pi—1 by Py

For run ¢, the distance between plan p and set P, is
defined as the minimal Euclidean distance to any plan in
P,. Plan distances are calculated in the space of dose cal-
culation points d’, where d’ is the i-th dose calculation
point for plan p, i.e.:

n—1

> (@ -at) 4)

i=0

distance(p, IP,) = min
prEl;

In the first run of BRIGHT, the normal problem for-
mulation is used. In four subsequent runs, the new fourth
objective is also taken into consideration. It is worth not-
ing that multiple runs are only necessary here to show that
different dose distributions are possible at all - in future
work, we incorporate optimizing for different dose distri-
butions in one single run. We thereby find sets of treatment
plans that differ from each other in that the values in their
respective dose calculation points are as different as pos-
sible.

This extension is retrospectively tested on all 36 cervical
cancer patients and 12 prostate cancer patients as described
above.

Reoptimization

Occasionally, patients can have a challenging organ-
tumor geometry, an unfavorable applicator/needle implan-
tation, or other specific characteristics that require deviat-
ing from the standard clinical protocol in a specific way.
These desirable deviations can be too large to be repre-
sented by one of the trade-off plans that results from us-
ing BRIGHT on the standard clinical protocol. It can be
the case that one only sees this after optimization is per-
formed. In such situations it is important to be able to
actively steer the optimization to these desirable deviating
aims and thus to specify how much to deviate from the
standard clinical protocol.

Should the need to deviate from the protocol be dis-
covered only after optimization has been performed al-
ready, reoptimization is required. Instead of restarting from
scratch, BRIGHT can be configured to continue optimiza-
tion using plans obtained so far as the starting point. This
results in a substantial speed-up compared to starting from
scratch, requiring only 30 s instead of 3 min to achieve
similar outcomes (25).

As seen in clinical practice for BRIGHT, manual ad-
justments were sometimes needed in the generated plans
for prostate cancer (16). Therefore, a technique for re-
optimization is desired. We present first results of running

Table 2

Statistics for cervical treatment plans from BRIGHT and clinical plans in
terms of reaching planning limits and aims of the EMBRACE-II protocol
(percentage of patients indicated for which these are achieved).

Planning limits

BRIGHT 100.0% 83.6%
Clinic 88.9% 47.2%

Planning aims

the re-optimization once for a patient as a proof of con-
cept. For illustration purposes, it is tested by adjusting the
bladder D,.s and D, to stricter values on 36 patients
for cervical cancer and 12 patients for prostate cancer BT.
The effects thereof are displayed via dose distributions.

Results
Adding custom DVIs for the cervix

The BRIGHT results presented in Table 2 indicate that
the inclusion of the added aims does not prevent the stan-
dard planning aims and limits from being met. Clinical
choices often included planning a slightly higher dose at
the cost of some sparing due to which not all limits could
be achieved. Often, more dose was planned for the CTVygr
to ensure that the CTVgr would not be underdosed. Impor-
tantly, all OAR limits were always satisfied. Only the limit
for the recto-vaginal point was violated for two patients.

Results for achieved LCI and LSI values (medians, in-
terquartile ranges, minima, and maxima) for both BRIGHT
and clinical plans, their median differences for each indi-
vidual DVI, as well as a per-fraction comparison can be
found in the Supplementary Material C and D.

For 41.7% of the patients, both better overall cover-
age and sparing is achieved by BRIGHT compared to the
clinical plans. For all other patients, equal levels of cov-
erage and sparing were achieved. The two-sided Wilcoxon
signed rank test (¢ =0.05) leads to a p-value of 0.12 for
coverage (LCI) and 1.08 x 10~7 for sparing (LSI). Thus,
BRIGHT plans are significantly better than the clinically
used plans in terms of sparing, and perform equally in
terms of coverage. These results further emphasize that
BRIGHT can generate plans with at least equally favor-
able DVIs for the clinical protocol, whilst also shaping
the dose distribution according to additional aims. A vi-
sualization thereof is provided in Fig. 1, which shows the
difference in accumulated LCI and LSI over four fractions
between the picked BRIGHT plans and the clinical plans.
As can be seen, the patients for which equal performance
is found between BRIGHT plans and clinically used plans,
are characterized by a high level of sparing and/or cover-
age, though not necessarily both. This could suggest that
manual optimization was a complex procedure. It is how-
ever more likely that additional patient-specific information
was incorporated into the decision to go for high cover-
age or high sparing plans. This underlines the need to not
only present one automatically optimized plan, but a set of
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Fig. 1. Comparison of cervical brachytherapy BRIGHT plans and the
clinically used plans, for each patient, accumulated over all fractions for
that patient. Values for the black dots are calculated by, first, for each
fraction, selecting the plan according to 3 from the set of plans generated
by BRIGHT. Then, the selected four plans are added together to evaluate
the cumulative dose given over four fractions. Subsequently, for both LCI
and LSI, per patient, the total value associated with the clinical plans
is subtracted from the total value associated with the BRIGHT plans
(both calculated using 1). This way, dots in the green quadrant denote
that for those patients, better LCI as well as LSI (by at least 1%) was
achieved using BRIGHT as compared to the clinic. Dots in the upper-
left quadrant indicate that BRIGHT achieved a higher LSI but lower LCI
value, whereas dots in the lower-right quadrant imply a higher LCI but
lower LSI value. Dots in the red quadrant would mean that the clinic
performed better than BRIGHT. (For color figure the reader is referred
to the web version of this article.)

plans representing the full spectrum of different trade-offs
between coverage and sparing.

Benefits of being presented with options are further em-
phasized by the fact that in this work, we solely included

cervical cancer patients who were treated with four frac-
tions. Clinically, depending on the target volume, the im-
plant, and the favorability of the position of the OARs,
some patients are treated with three fractions to reduce
hospitalization time and patient discomfort. However, to
achieve the same target dose with three fractions instead
of four, plans with much higher coverage are required.
Arguably, therefore, it would be favorable to present these
high coverage plans, even if some sparing aims would be
achieved less. This would aid in identifying those patients
for whom a more favorable coverage/sparing ratio can be
achieved using three fractions.

It has to be noted, however, that this comparison ex-
clusively considers the objective values and neglects the
dose distributions which play an important role in defining
the quality of a treatment plan. A full blinded observer
study still has to be conducted, but discussions with ra-
diation oncologists that occurred in the process of tuning
the added aims, have nonetheless already indicated that
BRIGHT plans are clinically acceptable.

Distinct dose distributions with the same DVI values

We show two examples of optimized treatment plans
with similar DVI values, yet different dose distributions,
for both cervix and prostate BT, respectively in Figs. 2
and 3. For reasons of legibility, results are showcased only
on one cervical and one prostate cancer patient, which
were found to be representative of all other patients. All
aims from the respective protocols were achieved for the
visualized treatment plans.

In Fig. 2, two plans for cervical cancer are illustrated.
The corresponding DVI values are given in Table 3. As
can be seen in the coronal view along the applicator axis,

GTVpgs .CTV,,R CTV M Bladder [ Rectum [ Sigmoid Bowel

Fig. 2. Distinct dose distributions with similar DVI values for cervix HDR BT. The 100% isodose line equals the prescribed dose of 7 Gy. Visualized
with Oncentra Brachy (Elekta, Veenendaal, The Netherlands). (For color figure the reader is referred to the web version of this article.)
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Table 3 Table 4
DVI values for plans with distinct dose distributions from Fig. 2. DVI values for plans with distinct dose distributions from Fig. 3.
DVI Left plan Right plan DVI Left plan Right plan
GTVRgs Dog% 9.9 Gy 9.9 Gy Prostate Dogq, 16.3 Gy 16.3 Gy
CTVyr Dgo% 8.1 Gy 8.1 Gy Prostate Vioos 95.5% 95.4%
CTVyr Dog% 7.0 Gy 7.0 Gy Prostate Viso9 38.5% 39.5%
CTViR Dog% 4.2 Gy 4.2 Gy Prostate V2009 15.2% 15.7%
Bladder D, s 5.1 Gy 5.1 Gy Vesicles Viigy 99.8% 100.0%
Rectum D, s 2.2 Gy 2.2 Gy Bladder D3 12.5 Gy 12.5 Gy
Sigmoid D, 3 4.2 Gy 4.2 Gy Bladder D, s 11.0 Gy 11.0 Gy
Bowel D, 3 3.6 Gy 3.6 Gy Rectum D 3 10.0 Gy 9.8 Gy
Recto-vaginal point 3.3 Gy 34 Gy Rectum D, 3 8.4 Gy 8.4 Gy
Urethra D, s 17.6 Gy 17.6 Gy
Urethra D3pq, 16.0 Gy 16.0 Gy

different dwell positions in different needles have been
loaded. Despite these differences, the DVI values differ
by at most a couple of cGy. For prostate cancer, similar
results are found (see Fig. 3 and Table 4). Rather large
differences occur in used dwell positions and thus in the
3D dose distribution. Analogous to the cervix case, the
differences in DVI values are again negligible.

Reoptimization

The capability of BRIGHT to re-optimize treatment
plans after a (small) protocol adaptation is shown for two
cases, one for cervix and one for prostate BT. These two
cases are found to be representative of results found for
other patients.

Figure 4 shows the transverse view from a patient with
cervical cancer, where the left dose distribution corre-
sponds to a tri-objective BRIGHT treatment plan obtained
using the clinical protocol and the added aims. Then, the
protocol was modified such that, for the bladder, instead
of the initial D, 3 < 5.5 Gy, the aim was set to D, 3
< 4.8 Gy, that is, more sparing for the bladder is needed.
The dose distribution on the right displays the reoptimized
plan, generated in under 30 s. It is characterized by a shift
of the dose distribution, especially visible when focusing

on the yellow 75% isodose line. The bladder now receives
less dose. The plan is assuredly evaluated using the aims
from the original protocol, which have still all been met.

Similarly, Fig. 5 shows the dose distributions for a
prostate cancer patient. The treatment plan on the left is
optimized on the regular prostate protocol with the bladder
aims being D3 < 13 Gy and D, < 12 Gy. For the
reoptimized treatment plan on the right, the aims for the
bladder have been reduced to D3 < 12 Gy and D,
< 10.5 Gy. The reoptimized treatment plan shows that the
dose distribution is now shifted more towards the outside
of the bladder, most notably resulting in the cyan 100%
isodose line being located closer to the prostate. The cor-
responding DVI values for the bladder have been reduced
by 0.5 Gy whilst still achieving all of the other aims, ex-
cept for a very slight violation of the prostate Visos, and
V200%-

Discussion and conclusion

To this day, treatment plan evaluation consists of inspec-
tion of the DVI values and visual inspection of the asso-
ciated 3D dose distribution. Clinical practice is guided by
protocols in which desirable values for the DVIs are given.

. Prostate Vesicles

Bladder . Rectum [ Urethra

Fig. 3. Distinct dose distributions with similar DVI values for prostate HDR BT. The 100% isodose line equals the prescribed dose of 15 Gy. Visualized
with Oncentra Brachy (Elekta, Veenendaal, The Netherlands). (For color figure the reader is referred to the web version of this article.)
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Hcrv, Mcrvg

M Biadder [ Rectum [ Sigmoid Bowel

GTVges

Fig. 4. Left: initial dose distribution of a treatment plan for cervix HDR BT optimized by BRIGHT, resulting in D, s =5.5 Gy for the bladder. Right:
reoptimized treatment plan with a lower aim for the bladder, obtaining D,  s=5.2 Gy. Visualized with Oncentra Brachy (Elekta, Veenendaal, The
Netherlands). (For color figure the reader is referred to the web version of this article.)

. Prostate Vesicles Bladder . Rectum . Urethra

Fig. 5. Left: initial dose distribution of a by BRIGHT optimized treatment plan for prostate HDR BT optimized with the regular aims, resulting in
D, 3 =123 Gy and D, 3=10.8 Gy for the bladder. Right: reoptimized treatment plan with lower aims for the bladder, leading to D, s =11.7 Gy
and D, 3 =10.3 Gy. Visualized with Oncentra Brachy (Elekta, Veenendaal, The Netherlands). (For color figure the reader is referred to the web version

of this article.)

Although modern optimizers (of which relevant literature an Al technique which can handle nonconvex optimization,
is presented in the introduction as a motivational point) are for which EAs are particularly suited.
capable of optimizing plans using the DVIs, when using Even so, it is likely that for the foreseeable future, mul-
DVIs only, not all clinical wishes can be optimized. This tiple different 3D dose distributions exist for plans which
makes it impossible to calibrate models and algorithms so have similar values for the criteria that we optimize for. At
that they can generate for each individual patient a single the same time, the quality of a BT treatment plan is ad-
preferred treatment plan, making overcoming this a key ditionally defined by other non-quantifiable characteristics
challenge. (e.g., comorbidity or the radiation oncologists’ preferences)
Overcoming this includes developing criteria that can which cannot easily be included in the current optimization
be optimized, to more closely describe plan properties that criteria. It is therefore important to find all plan alterna-
are desirable or undesirable. For instance, by including the tives and present these as options to the radiation oncol-
use of contiguous volumes, hotspots can be detected and ogists so that they can pick the best plan according to
minimized (26), or specific shapes of the dose distribution (their expertise and) all plan characteristics. In this work,
can be optimized. As an example, in cervical cancer BT, we demonstrate that it is possible to explicitly find plans
since the introduction of the A points, favorable dose dis- with similar values for the optimization criteria but differ-
tributions were historically described to resemble a pear ent underlying 3D dose distributions for both prostate and
shape (27,28). Incorporating contiguous volumes requires cervix BT.
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Even if in the (near) future a more detailed definition
of what entails a good treatment plan would be known, in
clinical practice different patients can have particular dif-
ferences in anatomy (i.e., OARs position relative to the tar-
get), needing distinct implants, and therefore leading to in-
dividual problems and needs. Thus, approaches with which
it is possible to quickly deviate from a standard protocol
are desirable to obtain a tailored high-quality treatment
plan for the specific patient at hand.

In this work, we focus on BRIGHT, an Al-based treat-
ment planning method for BT. The optimization algorithm
in BRIGHT is sufficiently flexible to support the required
functionality outlined above. Bringing this all together and
extending this with an intuitive user interface that allows
insightful and fast plan selection and comparison, is a near-
future vision that has the potential to innovate BT treat-
ment planning while keeping options open to discover what
it is we wish to see in optimal treatment plans, rather than
become overly focused on single plans that are deemed
optimal by DVI-based optimization models.

Supplementary materials

Supplementary material associated with this article can
be found, in the online version, at doi:10.1016/j.brachy.
2023.10.005.
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