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Featured Application: This study developed a robust optimization algorithm to minimize dose
delivery uncertainties by potential applicator-positional errors for MRI or CT-based planning in
the Cervix Brachytherapy. It is important to improve clinical outcomes to minimize the dose to
the organ at risk (OAR) when covering the target.

Abstract: Brachytherapy is an important technique to increase the overall survival of cervical cancer
patients. However, a possible shift of the applicators in relation to the target and organs at risk
may occur between imaging and treatment. Without daily adaptive brachytherapy planning, these
applicator displacements can lead to a significant change in dose distribution. In order to resolve
it, a robust optimization method had been developed using a genetic algorithm combined with a
median absolute deviation as a robustness evaluation function. The resulting robustness plans from
our strategy might be worth considering according to the GEC-ESTRO guidelines. From the point
of view of dose delivery uncertainty from applicator displacement, the robust optimization may
be considered with caution in a single-plan approach for High Dose Rate brachytherapy treatment
planning and should be confirmed by a more thorough investigation.

Keywords: robust optimization; cervical cancer; high dose rate brachytherapy; single plan approach;
median absolute deviation

1. Introduction

Cervical cancer is the fourth most frequent cancer among women worldwide and
ranked second for both incidence and mortality in the lower Human Development Index
(HDI) [1,2]. According to previous reports, cervical cancer patients with initial stages
(stages IB—IIA) who undergo appropriate treatment will develop a recurrence with a risk
factor of 10-15% [3,4]. Therefore, early diagnosis and treatment are crucial for reducing the
mortality rate.

One of the most common treatment strategies for cervical cancer, when high dose
radiation is required to be curative, is a combination of external beam radiotherapy (EBRT),
chemotherapy and brachytherapy, such as EBRT alone, EBRT plus brachytherapy, or
combined EBRT plus brachytherapy with concurrent chemotherapy [5]. Several studies
have verified that the combination of EBRT, chemotherapy, and brachytherapy improves
treatment outcomes [6-8]. It is well known that the brachytherapy boost improves overall
survival by 5 years due to its superiority of rapid dose fall-off with distance from the source
and limited dose exposure to surrounding tissues in accordance with the inverse square
law [9]. Moreover, a remote after-loading platform, including radioactive sources, allows
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for a more precise configuration of the dose to the target and the optimization of dwell
times [10].

Excellent results were achieved with brachytherapy in combination with EBRT al-
though this approach is not without limitations. The dose distribution in brachytherapy has
a sharp dose gradient that is inherent to the radioactive source, and it is more sensitive to un-
certainties of patient setup and applicator position [11]. Uncertainties in brachytherapy for
cervical cancer are mainly related to source calibration, dose and dose-volume-histogram
(DVH) calculation, reconstruction of applicators, contouring, intra- and inter-fraction un-
certainties and dose delivery [12-22]. For the definition of the size and location of the
cervical cancer, magnetic resonance imaging (MRI)/computed tomography (CT)-guided
High Dose Rate (HDR) brachytherapy is currently defined by Groupe Européen de Curi-
ethérapie and the European Society for Radiotherapy and Oncology (GEC-ESTRO) as MR
imaging prior to the first fraction of irradiation with the applicator in place and subsequent
treatment planning of each fraction [23]. However, an MRI is not routinely available in
radiotherapy departments and this optimal approach requires a large amount of personnel,
time and equipment infrastructure. An alternative to using CT or radiographs for sub-
sequent fractions is the use of one implantation for several fractions of irradiation with
a standardized constant bladder filling [24,25]. In the view from above, the dosimetric
impacts of uncertainty should be considered to minimize therapy delivery variations and
to improve patient outcomes: Grigsby et al. [26] investigated the interfractional tandem
displacement between multiple insertions, and found a displacement of about 1.2 cm in
the caudal—cranial direction when a point A based-plan was generated on orthogonal
X-rays, and Hellebust et al. [27] applied one brachytherapy plan for several fractions and
demonstrated that the average relative standard deviation for 13 series of 3 to 6 fractions
were 15 and 17.5% for the rectum and bladder, respectively. Kiristis et al. [25] compared
individual MRI-based 3D treatment planning for each of four fractions with the use of
only one MRI treatment plan for 14 patients. They found significant mean differences the
brachytherapy dose of 9-28% variations.

Applicator displacements especially occurred randomly during interfraction treatments
so that the change-of-dose distribution could not be determined mathematically. For that
reason, a robust optimization method may be considered to address uncertain conditions.
There were many ways to deal with this uncertainty [28-30]; however, there is no direct
literature minimizing dose delivery uncertainty by applicator displacements. The most
relative and straightforward approach was to predict the worst-case objective value from
all scenarios and minimize their dose delivery uncertainty similar to robust optimization
strategies in intensity-modulated radiation therapy and proton therapy [31-35]. Consideration
of the worst-case scenario for dose delivery uncertainties in cervical brachytherapy is useful
for assessing resilience and robustness. In practice, the band of DVHs for a given structure
represents the range of possible dose variations. The evaluation of the band width on the
DVH can be used as a quantitative measure of robustness. The median absolute deviation
(MAD) is used as one of the well-known robustness estimators. It is not only often used
as an initial value for computing more efficient robust estimators but also as a good robust
estimator in regression problems [36]. To cope with the measurements of bandwidth at the
defined dose-volume points on the DVH, a MAD robust estimator was applied to design a
robust optimization algorithm in this study.

In real-world optimization problems, objectives can conflict, so there cannot be a
single solution [37]. Accordingly, the optimization of dwell times and dwell positions
using an inverse optimization technique needed to be carefully considered to improve
the target dose coverage and reduce the dose delivered to the organ at risk (OAR). The
objective function for determining the dwell times at each of dwell position for the desired
dose distributions is a multi-objective optimization problem requiring complex compu-
tation [38,39]. Classical optimization techniques are efficient at finding local minimum
points; however, they may not yield the global minimum point. To solve this problem, we
should search for the set of all optimal compromises. The so-called Pareto set, containing
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all Pareto-optimal points based on objective function, has more than one local minimum.
As previously mentioned, the feasible solution to a multi-objective problem in real-world
optimization is to find a set of solutions. Therefore, the genetic algorithm is well-suited
to solving multi-objective optimization problems due to the population-based search ap-
proach. Given the above, a preferred efficient genetic algorithm that can search global
minimum points as a multi-objective optimizer was selected to overcome the complexity
of global searches [39-42]. The focus of this research study was to assess the feasibility of
minimizing dose delivery uncertainty by potential applicator displacements of cervical
brachytherapy treatment using a MAD-constrained robust optimization method with a
multi-objective genetic algorithm.

2. Materials and Methods
2.1. Treatment Plans Data Set

Planning data from five patients who had previously been treated with EBRT followed
by cervical HDR brachytherapy with a Tandem-and-Ring (TR) applicator set was used as a
representative sample in this retrospective study. Each patient who underwent brachyther-
apy procedures was placed in a supine position with a CT/MRI applicator clamp attached
to a base plate, immobilized and transported during imaging and treatment. All patients
received the EBRT dose of 50.40 Gray (Gy) in 28 fractions with a consecutive brachytherapy
boost dose of 25 to 30 Gy in 5-6 fractions. For the first fraction of a brachytherapy patient’s
treatment, an MRI- or CT-based treatment plan was generated and delivered, and then
for subsequent fractions (2-5 or 2-6). The mobile C-arm X-ray imaging unit (WHA-50N,
Shimadzu, Japan) was used only for registration and applicator position verification prior
to each fraction of treatment. It should be noted that the initial brachytherapy plan (made
from the first fraction) was reused for subsequent fractions of treatment. This manually
optimized “nominal plan” (also called “initial plan”) was generated from the first fraction
image and compared with that of a robust optimized treatment plan taking into account ap-
plicator displacement assumptions. To incorporate dose delivery uncertainty by potential
applicator displacements, the translation of the applicator displacement set up 1 mm steps
in the upper and lower bound of 5 mm in the x, y and z directions based on assumptions
in the pre-study reports: the MRI-based 3D treatment plan for each fraction using only
one MRI treatment, interfractional tandem displacement between multiple insertions [26],
interapplication variation of doses and spatial location of the OAR [27] and several reports
by other groups [20-22]. Then, we applied our robust optimization method to anatomical
structures and applicator models delineated from the first fraction image to generate robust
treatment plans for all treatment fractions.

2.2. Optimization System Modelling

A In this study, Elekta microSelectronTM (Nucletron, Elekta AB, Stockholm, Sweden)
HDR after-loader unit with 192 Ir source was used. OncentraTM (Oncentra, version 3.5,
Elekta AB, Stockholm, Sweden) treatment planning system (TPS) was used for making
brachytherapy plans. The voxel sizes of the T2 MRI data used for dose calculations as
before were 0.5 x 0.5 x 4.0 mm3. Here, MR-compatible TR applicator sets (MR ring appli-
cator, Elekta AB, Stockholm, Sweden) of two differently sized (small and large) rings were
used, each with a 30-degree angle, 2.5 mm source position separation, and with a distance
from the first source to the applicator tip defined as 7 mm. Traditionally, an optimization
algorithm needs specific input data such as digitized positions, relevant anatomical struc-
tures and an applicator path to calculate a dose distribution matrix. Regions of interest
(ROIs) including the high-risk clinical target volume (HRCTV), intermediate-risk clinical
target volume (IRCTV), bladder, rectum, bowel, and sigmoid were manually contoured
on each first-fraction image by oncologists and delineation was based on MRI findings.
The contour-point lists for each structure were extracted in sequence from the Digital
Imaging and Communications in Medicine-Radiation Therapy (DICOM-RT) structure
files using C++ program language. Also, applicator paths were reconstructed and ex-
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tracted as radiation source positions in the treatment-planning system. The source dwell
positions provided in the applicator coordinate system were pre-defined according to the
applicator ring structure. Overall, volume delineation and dose constraints were made in
accordance with GEC-ESTRO recommendations and EMBRACE protocol guidelines for
both the nominal and robust plan [18,43,44]. Given the above facts, we only used positional
information of anatomical structures and source positions from the first fraction image to
make the optimization model; then, after determining the positional characteristics of the
source relative to the dose, calculations were completed with care in all robust optimization
processes (Figure 1).
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Figure 1. Detailed dose matrix calculation process from the delineation dataset.

2.3. Robust Treatment Plan Optimization

The robust optimization quality evaluation of the treatment plan is defined by the
relation of each objective function to an anatomical structure and source position. Thus,
the robust optimization is based on minimizing the sum of objective functions, fi, ..., fu.
During an optimization iteration, plan quality was optimized by adjusting dwell times
at each dwell position, x, and x C R” (the certain feasible set). The dose rate to a given
dose point i from dwell position j (d;;) was calculated using TG-43 formalism [45-47]. The
dose rate coefficient matrix under that dose delivery uncertainty scenario s is denoted by
D(x;s). Let S represent the set of all dose delivery uncertainties under consideration; then
for all scenarios, let s € S, and all possible dose distributions be D; [32]. In addition, the
constraint functions c¢(x; s) are scalar, so this constrained optimization approach is bounded
and feasible [35] and can be formulated as

n
minimize maxfr(D(x;s
nim k§1 max fi(D(x;s))

subject to D; = Y djjx; Vs € S(x) 1)
j

x]‘ Z 0
c(x;s) > Dy

The voxel dose was calculated as D; = Z]' djjx; (dose rate to a given dose point i from
a dwell position j in each structure) and k, and Dj, are bounds on the values of the constraint
functions and given in the unit Gy. In this formula, the trade-offs related to robustness
against uncertainty across a variety of scenarios was important for maximizing plan quality
and minimizing uncertainty during optimization. If the set of uncertainty were empty
for all decision variables x, then optimization could be a nominal problem. Therefore,
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we set up the manual plan, generated by the oncologist and medical physics staff, as a
nominal scenario, and it was considered a treatment plan without the shifting position
of the applicator (i.e., uncertainty is zero, s = 0). Additionally, we used the applicator
displacement assumption mentioned in Section 2.1 to create a worst-case scenario.

2.4. Plan Robustness

In this study, the DVH of the target volumes and OARs for each dose distribution
were calculated to encompass all applicator displacement scenarios and assess a large
number of scenarios for statistical interpretation [48-50]. For the statistical approach, we
considered the band width at critical dose-volume points on the DVH under uncertainties
used as a quantitative measure of robustness. Thus, the MAD of the bandwidth at the
critical dose-volume points on the DVH was calculated for how spread out a set of data
is. The worst-case value, determined from a random dataset in a bounded range, may
not reflect a normal distribution, so MAD was used as a robust estimator instead of the
standard deviation. Using the MAD function as a selection criterion served to protect
against potentially large noise in data uncertainties [36]. Therefore, we used the MAD
function to minimize the overshot and undershot dose-delivery uncertainty to the target
volume in this work. The median and MAD functions are

A = median{DVH,}, Vs € S(x), ¥; € V )
MAD = b x median{‘DVHs - X‘} Ve e S(x), V; €V 3)

where A is the median value of the DVH curve in a given region of interest (ROI) under
uncertainties (DV H;) and b is a constant scale factor: b = 1 was the unscaled default and
b = 1.4826 was used for the scaled version to maintain consistency with Gaussian distribution.

2.5. Robust Optimization with a Genetic Algorithm Optimizer

In this study, given an n-dimensional decision variable vector of dwell times
X = {X1,...,Xn} in the solution space X, the decision variable vector x was called a chro-
mosome. Normally, the first generation of a chromosome is created randomly and called
the initial population [51-53]. Randomly generated initial values were used when solving
the problem in this work. To find a vector x* that maximized or minimized a given set
of k objectives functions F(x*) = {f;(x*),...,fx(x*)}, we generated fitness functions to
minimize the given objective functions and constraints for our purpose.

. ):V(Di — Drarcer)’ + o vH(Di — Doar)(D; — Doar)” + ..
1 e

b x median{ ‘DVHS -Af} 4)

where (1/Nrarger) Li ev(D; — Drarcer)’ and (1/Noar) ¥ ey H(Di — Doag)(Di — Doar)?
were objective functions for all contoured organs and V was the set of all voxels inside
each contoured structure. The Dyarcer and Dpoag were the prescription dose of the target
volume and the dose constraints of OARs, and b x median{ ‘DVHS - /N\‘} was a robustness
function of the bandwidth at the critical dose-volume points on the DVH of the target
volume and OAR under uncertainty. The constant b was a scalar factor linked to the
assumption of normality of the data and the disregard of abnormality induced by out-
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liers. Then, we needed to set b = 1.4826, as previously mentioned above. The following
constraints of the problem were given.

subject to D; = Y djjx; Vs € S(x)
jeT
xXj > 0
1, D;>Dopga
H(D; — Doar) = l 8 (5)
0, D; <Doar
DV HrarGer(x) = DTARGET

_ DVHouar(x) < Doar
A = median{DVH,(D;)} Vs € S(x)

where H(D; — Dpar) was the step function defined as H(D; — Dpoag) = 1if D; > Doag;
otherwise, H(D; — Poar) = 0if D; < Dpag. T was the set of all dwell positions. The
DVH of the target volume and OAR were controlled by each organ’s prescription dose in
accordance with the EMBRACE protocol guidelines as dose constraints, respectively.

The overall objective functions were optimized by the genetic algorithm in a multi-
criteria optimization setting. This robust optimization was performed by calculating the
delivered dose to the target and OAR in all worst-case scenarios and searching for the best
alternative (a given fitness function) through chromosome evolution in each generation
(Figure 2). We performed the multicriteria robust optimization problem with dose delivery
uncertainty to maximize the fraction of the target volume receiving at least the prescribed
dose and to minimize the maximum dose to the OAR [48].

MAD-constrained robust optimization method with multi-objective genetic algorithm pseudocode

Robust optimization based on genetic algorithm (x, Fitness, P¢, Py)
x: population size
Fitness: determines the quality of solutions

P crossover rate
P,,: mutation rate

1: Initialise population: X < Generate x individuals (candidate solutions) at random
2: Evaluate: for each k in X, calculate Fitness(k), check constraints violation

@

- MAD function: b x median{|DVH, — 4|}

+ EMBRACE protocol guidelines functions
Realize the non-dominated population sorting
: while termination criterion is not met (stopping criteria)
Xy « Create new population for generation g

(a) Sorting: sort the solutions in the in ascending order
(b) Assign: crowding distance
(c) Select: tournament selection, individuals for the next generation

A

o0

: end while

- Perform crossover between a pair of selected of individuals according to P,
« Perform mutation on a selected individual according to P,
Update: X « X,
Evaluate: for each k in X, calculate Fitness(k)
-« MAD function, EMBRACE protocol guidelines functions

9: Return the individual with the highest fitness from X

Figure 2. Detailed algorithmic process of the robust optimization scheme.

3. Results

We demonstrated what occurs on the curve of the DVH when applicator displacements
occurs and then validated the performance of the robust algorithm with random scenario
sets of applicator displacements in any direction (x, y, and z). Lastly, we compared treatment



Appl. Sci. 2021, 11, 2592

7 of 16

plans between nominal and robust methods. Five patients” MRI cases were analyzed with
the cervical brachytherapy of 5 Gy x 5-6 fraction prescription after receiving the EBRT of
1.8 Gy x 28 fractions. All patients received the EBRT dose of 50.40 Gray (Gy) in 28 fractions
and consecutive brachytherapy boost doses of 25-30 Gy in 5-6 fractions.

3.1. DVH Variation under Uncertainty

We investigated how DVH curves were changed to the targets and OARs by applicator
displacements according to data uncertainty. With the assumption that the applicator
moves randomly in any direction in accordance with pre-reported data [20-27], the dose-
distribution variation from applicator positional errors for each target and organ was
plotted (Figure 3, grey curve). We only considered a total of 79 error scenarios chosen
randomly under certain assumptions and a nominal (manual) scenario generated by the
oncologist and medical physics staff (Figure 3, blue curve).

(a) HRCTV (b) IRCTV (c) RECTUM
100 T r T 100 T T T 100 T - T - T . T -
—— Nominal ——Nominal Nominal
Error Scenarios | Error Scenarios Error Scenarios |
80 1 80 80+ 4
o @ ]
: P :
o 40 4 o 404 ° 40 - -
> > >
204 20 204 1
0 T ! . 0 r T r 0 T = Y 1
0 5 10 15 20 0 5 10 15 20 0 1 2 3 4 5
Dose [Gy] Dose [Gy] Dose [Gy]
(d) BOWEL (e) BLADDER ()] SIGMOID
T T T 100 T T T 100 T T T T
Nominal Nominal Nominal
Error Scenarios Error Scenarios ; Error Scenarios
1 80 1 80+ &
9 ST £ o0
o @
E £ £
2 S 40 5 404
2 > >
B 20 4 204 4
- . . 0 . = : (R e
2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Dose [Gy] Dose [Gy] Dose [Gy]

Figure 3. DVH curve variation of the targets (a,b) and OAR (c—f) under applicator positional errors with the assumption of

shift scenarios. The DVH for the nominal plan setting that does not contain uncertainties is the blue curve; the DVHs for

79 error scenarios containing dose uncertainties are the grey curves.

3.2. Performance of the Robust Optimization Algorithm
3.2.1. DVH Curves

The effect of the proposed robust optimization is demonstrated in Figures 4 and 5.
Figure 4 illustrates the DVH curves from the nominal and robust planning for cervical
brachytherapy, including inverse planning without considering the applicator displacement
parameter. The target received a sufficient dose in all plans with improved rectal and
sigmoid dose sparing. We found no severe violation of EMBRACE protocol guidance in
any DVH curves of the target volume or OAR using the robust planning.
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Figure 4. DVH curves for the nominal (manual) plan, inverse plan, and robust plan in EBRT brachytherapy boost treatment
of cervical cancer were plotted using colors indicating HRCTV (Black), IRCTV (Teal), Rectum (Dark Yellow), Sigmoid (Pink),
Bladder (Royal) and Bowel (Violet). Graphs (a,b) are the magnification of the DVH curves of the target and OAR.
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Figure 5. The bandwidth variation at the critical dose-volume points on the DVH of the targets
(HRCTV and IRCTV) and OAR (BLADDER, BOWEL, RECTUM, and SIGMOID) under uncertainty
with the applicator-shift scenario assumptions. The dose to 98% for target and dose to 2 cc for OAR

were shown using a black square (nominal plan) and a red circle (robust plan) with a standard

deviation of dose variation based on error scenarios.

In order to show the difference of dose variations between nominal and robust plans,
in this case the dose to 98% for target and dose to 2 cc for OAR (with dose variations under
applicator-displacement uncertainty) were plotted using colors. The standard deviations
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of robust planning were less than the others in most of the target and OARs. They ranged
in standard deviation from 32.72 to —18.99%.

Moreover, although both plans satisfied the requirements for the dose coverage of the
target and the OAR, the band width of the DVH curves under the uncertainty of the robust
plan in all organs was much narrower than its nominal plan.

3.2.2. Isodose Lines

Figures 6 and 7 illustrate the comparison of isodose lines calculated in the Oncentra
Brachytherapy TPS of the nominal (manual) plan, inverse plan and robust plan for a
cervical cancer patient. In all treatment plans, dwell times at each position for the desired
target coverage were successfully encompassed based on EMBRACE protocol guidance. As
shown in Figure 6, the bladder contour is encompassed by a minimum of percent isodose
line in the robust planning while maintaining target-dose coverage and OAR sparing,
rather than both coverage and sparing in the nominal and inverse planning.

(a) Nominal Planning (b) Inverse Planning (¢) Robust Planning

150.00)
120.00)

‘ s . ‘ : 90 .00)

Figure 6. Isodose-line comparison of (a) nominal (manual) planning, (b) inverse planning, and (c) robust planning standard
planning in EBRT brachytherapy boost treatment of cervical cancer: axial view. An EBRT total dose of 50.40 Gy was
delivered in 28 fractions, and an ICR total dose of 30 Gy was delivered in 6 fractions using a TR applicator.

(2) Nominal Planning (b) Inverse Planning (¢) Robust Planning

-1
jinal_R_Point \ \Vaginal_R_Point

Figure 7. Isodose-line comparison of (a) nominal (manual) planning, (b) inverse planning and (c) robust planning. Standard
planning in EBRT brachytherapy boost treatment of cervical cancer: axial view. An EBRT total dose of 50.40 Gy was
delivered in 28 fractions, and an ICR total dose of 30 Gy was delivered in 6 fractions using a TR applicator.
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In Figure 7, the cervical brachytherapy plan showed the isodose line from a coronal
view. Figure 7 demonstrated a reduced dose to the international commission on radiation
units (ICRU) vaginal right (R), left (L) point, and sigmoid than nominal and inverse plans
(blue arrow with a single arrowhead). Furthermore, the robust plan not only minimized
the dose delivery of the ICRU vaginal R and L point, but it also minimized doses to the
OAR, while maintaining coverage of uneven HR- and IR-CTV contours. The most distinct
difference between the methods in the results for the target and OAR is that the robust
optimization method improved the dose distribution and decreased the dose delivery
uncertainty. Table 1 displays the numerical results corresponding to Figures 6 and 7.

Table 1. The dose constraints in accordance with EMBRACE recommendation and the total EQD2 (EBRT + BT) of each
target and OAR for nominal, inverse and robust plan strategy.

EQD2 and Standard Deviation of Dose Distributions

. Nominal Plan EQD2 Inverse Plan EQD2 Robust Plan EQD2
Target/OAR EMBRACE Recommendation (Gy)(opT) (Gy) (05r) (Gy) (o51)

a/B=10Gy - - -

HRCTV D98 > 75 * 88.59 (£1.0177) 86.71 (£0.9393) 84.84 (+0.9085)

- D90 > 90 * 92.15 (+1.8840) 92.63 (4+0.10983) 91.56 (+1.0341)

IRCTV D98 > 60 * 74.96 (£0.6424) 73.29 (£0.6063) 72.24 (£0.5883)

- D90 > 66 * 82.18 (£0.7418) 80.66 (+0.6927) 78.83 (£0.6737)
a/B=3Gy - - -

Rectum Dyee <75 % 55.29 (+0.4927) 54.94 (+0.4620) 54.09 (+0.4052)

Sigmoid Dpee <75 % 68.20 (+1.2491) 69.13 (£1.2718) 67.25 (£1.1199)

Bladder Doee < 90 * 84.98 (+£2.1211) 81.25 (+£1.9764) 81.35 (+£2.1459)

Bowel Dyee < 60 * 51.06 (+0.1864) 51.41 (+0.2270) 51.58 (+0.2474)

* Hard constraints which can be used in the treatment plan optimization.

The quantitative results in Table 1 indicate the EQD2 and the standard deviation of each
nominal, inverse and robust plan strategy. For cervical cancer treatment, a prescription dose
of 50.40 Gy to the target was delivered by EBRT as previously mentioned. Then, the total
EQD2 (EBRT + BT) of HRCTV D98 for all plans (nominal, inverse, and robust plans) was
estimated at 88.59 Gygqpy, 86.71 Gygqgpy, and 84.84 Gygqp,, respectively, and the standard
deviation for each plan was £1.0177, £0.9393, and 4-0.9085, respectively. Also, EQD2 and the
standard deviation of the rectum D;., < 75* for all plans were also estimated at 55.29 GyEQD2
(£0.4927), 54.94 GyEQDZ (£0.4620) and 54.09 GyEQD2 (£0.4052), respectively.

3.3. Evaluation of Robust Optimization Algorithm with Various Cases

Further validation of our robust strategy compared plan robustness in the nominal and
robust plans. Four case-sets of applicator displacements can be divided into two categories.
Two cases were a challenge to fit with the EMBRACE protocol guidance, but the other two
were easier because of the shape of targets. There was not an enormous difference in total
time between the two nominal and robust plans, whereas the dose-delivered results of
EQD2 of all cases were affected differently as shown in Figure 8.

It shows the comparison of the EQD2 and the standard deviation values of each
target and OAR using both strategies. Regarding quantitative results, this proposed robust
optimization could reduce the standard deviation of the target and OAR compared to the
nominal plan in most of the cases, whereas the standard deviation of a few organs was not
promising. In addition, the proposed robust optimization also reduced EQD2 in most of
the cases. Although the standard deviation in a few organs was not sufficiently minimized,
the resulting robustness plans from our strategy might be worth considering according to
EMBRACE protocol guidance.



Appl. Sci. 2021, 11,2592

110f 16

IRCTV

HRCTV
" N Nominal Plan
1201 I Robust Plan | 120+
92.17
90 o . 89.25 88.66) 90
84.03 g3 59 7931 78.22 84.71
> =
o) )
o 604 o 60
-3 @
o -]
a a
304 304
[ B 0
Case 1 Case 2 Case 3 Case 4 Case 1
Adpog Aopgg Adpgg Ao peg Aopeg
=-2.39% =1.22% =-10.90% = 2.61 2.87%
Bowel
1 I Nominal Plan | ]
0 N Robust Plan 2o
01 906228 81.66
5 g
= 50.84 50,61 6216 <g <~ =2
g %1 . i 5331 521652260 8 07
]
a 8
304 30+
0 04

Case 1
Aayp,,,
3.68%

67.22 67.23  66.05 4 37

I Nominal Plan
I Robust Plan

72.85 79,19 71.25 70.91

Case 2 Case 3 Case 4
Ao pog Ao pog Ao pog
-1.05% = 1.34% 2.61%
Bladder

Case 2 Case 3
Aap,, Aayp,,.

56.62% =

Case 4
Aadp,,,
30.11% =

Case 1
Aagp,,,

0.53% =-1.69%

I Nominal Plan |
B Robust Plan

8625 92.09 91.98
8301 78.39 -

Case 2 Case 3 Case 4
JU”;H A(r“lu Aop,,,
=30.96% 112.15%= 44.53%

Rectum

120 ' ! " I Nominal Plan
I Robust Plan

90 83.42 a4
79.26
= 74.46 71,61
e 60 60.99 60.66
o 152.96 52.01 &
o
o
=]
30
0
Case 1 Case 2 Case 3 Case 4
dop,,  Bop,, Adp,, Aap,,
=-7.17Y% =32.87%=-0.14% = -2.06%
Sigmoid
120 - d -Nomm'al Plan
I Robust Plan
90

78.21 78.01

= 7326 7057 74487 6
e
> 60|
@
o
[=]
30
0-
Case 1 Case 2 Case 3 Case4
Aap,,, Aagp,,, Aﬂ”_’u Aoy,
=-0.42% =5.17% 27.07% = 8.26Y

Figure 8. Comparison of the total EQD2 (EBRT + BT) of each target and OAR for both the nominal and robust plan for

For the evaluation of the effects of irregularly shaped targets on robust optimization
outcomes, the degree of asymmetry for HRCTV was measured. The measurements of
asymmetric ratios were obtained from the distance difference between the maximum and
minimum distances from the activated dwell positions inside the HRCTV to the surface of

Figure 9 gives a comparison of the measured asymmetric ratios along the given dwell
positions inside the HRCTV. When the asymmetric ratio is close to the value of 1, the target
shape has symmetry. The results of cases that have lower asymmetric ratio variations along
the given dwell positions had a greater standard deviation reduction than the results from
the cases of the higher asymmetric ratio as compared with the optimized results as shown

all cases.
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Figure 9. The asymmetric ratio variations along the given dwell positions located inside the HRCTV in all cases.
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4. Discussion

We would like to emphasize that the applicator displacements during brachytherapy
treatment for cervical cancer led to radical changes in dose distribution [54]. With the
advent of MRI-guided brachytherapy, the opportunity to improve outcomes by increasing
the target dose while minimizing the dose to the OAR is essential for the management
of locally advanced cervical cancer. Hence, the dose-delivery uncertainty by applicator
displacements is of significant relevance within the dose distribution. Many studies have
demonstrated that applicator displacement is a problem of critical importance.

Joshua et al. [22] quantified the dosimetric impact of applicator displacements and appli-
cator reconstruction uncertainties through simulated planning studies of virtual applicator
shifts. In addition, Tanderup et al. [21] reported 2 mm errors in applicator reconstruction.
However, the reconstruction approach was rather limited due to the finite slice thickness,
resulting in several sources of uncertainty. Junyi et al. [29] developed a real-time applicator
position monitoring system with a 1 mm accuracy during long wait times between imaging
and treatment. Nevertheless, the real-time monitoring system still depends on the accuracy of
distance computability between the camera and marker. Furthermore, the applicator shift
and intra- and inter-fractional organ movement are inevitable, and this leads to errors in
fractional dose delivery. De Leeuw et al. [16] found geometrical shifts as large as 6 £ 7 mm in
the posterior direction during PDR delivery. Several studies have previously reported such
movements relative to target and organs [16-18,28]. While these efforts may reduce required
dose-delivery errors, there will always remain residual uncertainties.

As mentioned in the above sections, the variations of the DVH parameter due to
the applicator displacements could have occurred (Figure 3). The incorporation of ap-
plicator displacement worst-case scenarios into the robust optimization with the use of
a MAD function may enable the robust optimization approach to minimize the dose de-
livery uncertainty in a single plan approach for HDR brachytherapy treatment planning.
Meerschaert et al. [55] found the importance of adaptive planning method for cervical
cancer HDR brachytherapy; however, a simulation device is not routinely available in
some institution. Hence, a robust optimization method with a multi-objective genetic
algorithm in a single plan approach for minimizing dose delivery uncertainty by potential
applicator displacements was proposed. In our study, the robustness of the treatment plan
was quantified using the MAD function and could have found the optimal solution of
the area of DVH bands defined by worst-case scenarios. We demonstrated the feasibility
of using our robust optimization strategy to minimize the dose-delivery uncertainty by
potential applicator positional displacements. The dwell positions and times were deter-
mined in a way that optimally improved the plan quality according to GEC-ESTRO Gyn
Working Group recommendations. Compared to manual plan approaches, our robust
optimization method resulted in a reduced standard deviation on DVH parameters while
maintaining the target-dose coverage and sparing the OAR, as well as reducing EQD2 in
most of the cases. Similarly, the EQD2 and the standard deviation of DVH parameters
of robust optimized plan in the Table 1 showed their values to be lower compared to
those of the inverse plan without considering applicator displacement assumption. The
resulting robustness plans from our strategy might be worth considering according to
EMBRACE protocol guidance. Evaluation of the effects of irregularly shaped targets on
robust optimization outcomes shows that it was difficult to find an optimized plan for
the target with a higher asymmetric ratio because the dose distribution of brachytherapy
sources was symmetrically isotropic. As a result of irregularly shaped targets, the OAR
(bladder) received a slightly higher radiation dose in some robust optimization process.
This difficulty is unavoidable: optimization may not improve on, or reduce, variation
under specific circumstances. We should consider the asymmetric ratio of the target to
deal with exceptional cases such as overshot and undershot of the target and OAR. Fur-
thermore, applicator displacement relative to important anatomical structures can occur
during treatment delivery due to organ mobility [56]. To minimize the intrafractional dose
variations, EM tracking [57] and real-time applicator position monitoring system using
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an infrared camera and reflective markers may also be considered [29]. Lastly, the quality
assurance (QA) could eventually decrease the source of uncertainties whether technical
(source/equipment related) or clinical [58].

On another issue, optimized dwell times at certain dwell positions may have been
very high compared to adjacent dwell positions, and there may have been almost no dwell
times in adjacent source positions. This may carry a very high risk if a small volume of
OARs is close to certain source positions. In the manual planning, the planner makes the
safer plan by smoothing out dwell times manually over adjacent positions. To resolve this
problem in the robust optimization, the algorithm can make the constraint of the difference
between dwell times at adjacent source positions in the iteration step.

Nonetheless, one advantage of the proposed method is its applicability to an intensity-
modulated brachytherapy (IMBT) system with modifications on the dose matrix and robust
measure function. The IMBT, which is a promising method for cervix brachytherapy, is
capable of increasing the dose to the target by 36.3% while decreasing the dose to the OAR
by 4.7% to 22.4% compared with conventional HDR brachytherapy [59]. However, there are
still a number of uncertainties related to the dose delivery in the IMBT system that include
(a) uncertainty in the orientation of the shields, (b) uncertainty in source positioning and
(c) uncertainty in patient/applicator relative movement [60]. These uncertainties occurring
during treatment can decrease target coverage and increase the dose to organs at risk. There
is a rising question about minimizing the dose-delivery uncertainty in the IMBT system.
For that reason, the implementation of the proposed algorithm into the IMBT system will
be investigated in a future study.

5. Conclusions

Here, our results with proposed algorithm show the feasibility of robust planning to
reduce dose-delivery uncertainty by potential applicator displacements and EQD2 dose
distribution compared to conventional brachytherapy plans. The fundamental assumption
is that only random displacements of applicators were used for objective functions. Subse-
quently, a mathematical robust optimization algorithm was used to minimize the objective
function value for meeting the best planning goals. Indeed, although this work concen-
trated only on a limited number of cases, the implication, at least from the point of view of
dose-delivery uncertainty by applicator displacement, is that the robust optimization may
be cautiously considered in a brachytherapy plan. Furthermore, our proposed algorithm
in treatment planning systems could additionally be updated to incorporate both dwell
position rotation and shield angle as degrees of freedom for minimizing the dose-delivery
uncertainty in the promising IMBT system. Reducing the dose delivery uncertainty by
applicator displacement should be confirmed by a more thorough investigation using
different geometries and clinical cases. Additionally, the results mentioned earlier are only
used for research reporting and not real treatment planning, including dose constraints.
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