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Abstract

Purpose. Patient-tailored intracavitary/interstitial (IC/IS) brachytherapy (BT) applicators may
increase dose conformity in cervical cancer patients. Current configuration planning methods in
these custom applicators rely on manual specification or a small set of (straight) needles. This work
introduces and validates a two-stage approach for establishing channel configurations in the 3D
printed patient-tailored ARCHITECT applicator. Methods. For each patient, the patient-tailored
applicator shape was based on the first BT application with a commercial applicator and integrated
connectors to a commercial (Geneva) intrauterine tube and two lunar ring channels. First, a large
candidate set was generated of channels that steer the needle to desired poses in the target region
and are contained in the applicator. The channels’ centrelines were represented by Bézier curves.
Channels running between straight target segments and entry points were optimised and refined to
ensure (dynamic) feasibility. Second, channel configurations were selected using geometric
coverage optimisation. This workflow was applied to establish patient-tailored geometries for
twenty-two patients previously treated using the Venezia applicator. Treatment plans were
automatically generated using the in-house developed algorithm BiCycle. Plans for the clinically
used configuration, TP;,, and patient-tailored configuration, TP,.,, were compared. Results.
Channel configurations could be generated in clinically feasible time (median: 2651 s, range
1826-3812 s). All TP,y and TP, plans were acceptable, but planning aims were more frequently
attained with patient-tailored configurations (115/132 versus 100/132 instances). Median CTV g
Dyg and bladder D, doses significantly improved (p < 0.001 and p < 0.01 respectively) in TP,
plans in comparison with TP, plans, and in approximately half of the patients dosimetric indices
improved. Conclusion. Automated patient-tailored BT channel configuration planning for 3D
printed applicators is clinically feasible. A treatment planning study showed that all plans met
planning limits for the patient-tailored configurations, and in selected cases improved the plan
quality in comparison with commercial applicator configurations.

1. Introduction

1.1. Clinical motivation

High-dose-rate (HDR) brachytherapy (BT) is an essential component in the curative treatment of locally
advanced cervical cancer in combination with external beam radiotherapy (EBRT) and concomitant
chemotherapy (Pétter et al 2007). Conventional BT applicators enable positioning of the radioactive source
in: (1) intracavitary (IC) channels, such as the intrauterine (IU) tandem and ring or ovoid channels, and (2)
interstitial (IS) needles inserted in tissue in or near the tumour. Despite high local control rates (Fokdal et al

© 2024 The Author(s). Published on behalf of Institute of Physics and Engineering in Medicine by IOP Publishing Ltd
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Figure 1. Schematic illustration of the ARCHITECT applicator concept in side and three-dimensional view. The assembly consists
of the following components: (1) needle lock insert (Elekta AB), (2) needle fixation template, (3) entry region, (4)
patient-tailored applicator body, (5) ProGuide IS needle (Elekta AB), and (6) Geneva IU tandem (Elekta AB).

2016), some disadvantages are still associated with standard IC/IS applicators. First, standard applicators may
be ill-adapted to large tumours or unfavourable anatomies (Fokdal et al 2016, Mahantshetty et al 2019,
Serban et al 2020). These patients require insertion of parallel and oblique needles using advanced applicators
through fixed guide holes (Lindegaard et al 2016, Petric et al 2016, Serban et al 2021). Transperineal needles
may be added to improve dose conformity (Bailleux ef al 2016), but this technique relies heavily on
experience of the clinician. Second, a relatively high incidence of mild to moderate morbidity is still observed
(Fortin et al 2016, Fokdal et al 2018), impacting quality of life (Kirchheiner et al 2016). Lastly, applicators
must ensure a good fit and contact with the tissue, and facilitate reliable placement (Tanderup et al 2008),
which may not be possible in patients with narrow or irregular vaginal vaults (Nilsson et al 2015).
Patient-tailored applicators that have been proposed previously may increase dose conformity (Wiebe
et al 2015, Lindegaard et al 2016, Logar et al 2019, Zhang et al 2019, Serban et al 2021, Cobussen et al 2023),
and ensure reliable placement (Magné e al 2010). For these applicators, the majority of methods to
determine customised source channel configurations require manual specification, and only some partially
automated methods have been proposed (Garg et al 2013, Duan et al 2014, Patil et al 2015, Zhang et al 2019).
However, optimality and convergence of these methods rely on expertise of the clinician or the quality of a
small set of a priori specified (straight) dwell segments. Within the ARCHITECT project, a single use
patient-tailored applicator concept has been developed (figure 1), for which IC/IS channel configuration
generation is automated. The ARCHITECT concept applicator design consists of two 3D printed halves that
contain the optimised channels, and are proposed to connect to a commercially available IU tandem
(Geneva, Elekta AB, Stockholm, Sweden). The workflow for this applicator is similar to that of commercial
applicators, including applicator placement, needle insertion, and treatment planning. By basing placement
of the needles on the patient’s anatomy, this applicator is expected to improve dose conformity, and
subsequently outcome. This paper describes the development and validation of software for automated
needle channel planning in these patient-tailored applicators.

1.2. Related work

HDR-BT treatment plan optimisation is a complex multi-objective problem in which target coverage and
organ at risk (OAR) dose must be balanced, and goal values and limits (respectively soft and hard
constraints) on dose-volume histogram (DVH) parameters must be respected (Potter et al 2018). In case of
cervical cancer, prevention of hot or cold spots, and relative contribution of applicator components also need
to be taken into account (Oud et al 2020, Rossi et al 2024). The resulting multi-objective model is therefore
not convex, linear, nor smooth. Although most work in HDR-BT optimisation has focussed on dwell time
optimisation, several methods have been proposed for implant configuration optimisation
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(Morén et al 2021). The majority of these algorithms have been developed for HDR-BT of the prostate
assuming straight needle paths and small candidate needle sets. One class of methods aims to solve the
integrated problem of dwell time optimisation and needle selection, which results in a mixed integer
program that cannot be solved in clinically feasible time (Gorissen et al 2013). Therefore, heuristics are
applied and DVH constraints relaxed to linear or quadratic dose-calculation point penalty functions at the
expense of guaranteed optimality, convergence, and plan feasibility (Zhang et al 2019, Wang et al 2021). In
addition, the selected number of needles may be predetermined or used in a separate optimisation layer
(Karabis et al 2009, Holm et al 2016). Aforementioned models use a single (weighted sum) objective, but
bi-objective optimisation has also been proposed (Sadowski et al 2017, van der Meer et al 2018). Another
class of methods iteratively reduces or increases the number of needles based on their contribution to the
planning objective or dwell times (Guthier et al 2016, 2017, Bélanger et al 2024). In the last class of methods,
implant configuration optimisation is based on geometry and fully decoupled from dwell time optimisation.
Model formulations in this class have been based on the set cover problem (Siauw et al 2012), and centroidal
voronoi tessellation (Poulin ef al 2013, Chatigny et al 2022). Despite this simplification, clinically acceptable
configurations can be returned in short optimisation times that perform similar to other methods
mentioned above (Guthier et al 2017).

Several articles have described motion planning methods for curved HDR-BT IC channel configurations.
In these works, a set of (straight) dwell segments is a priori determined and needle or source behaviour is
assumed to be nonholonomic. The approaches used curvature-constrained rapidly-exploring random trees
(Garg et al 2013), sequential quadratic programming (Duan ef al 2014), and a two-stage planning approach,
with rapidly-exploring random trees and local (multi-) trajectory optimisation (Patil et al 2015). While the
proposed methods are of interest, they have some limitations: (1) convergence cannot be guaranteed for a
given dwell segment configuration, (2) the assumption of nonholonomic kinematics imposes a
high-dimensional configuration space resulting in clinically infeasible optimisation times for
multi-trajectory planning, and (3) quality of the motion planning solutions depends on the initialisation or
channel planning order.

To address the above issues of convergence, optimality and running times, we introduce a two-stage
approach in which first a large candidate set of feasible needle channel trajectories is generated, and second
an array of optimal channel configurations is returned using geometric coverage optimisation. The channel
centrelines are represented by Bézier curves. These provide a natural parameterisation of smooth and
dynamically feasible trajectories in 3D space, and are therefore frequently used in real-time motion planning
of vehicles such as quadrotors (Mellinger and Kumar 2011, Richter et al 2016, Gao et al 2018). In addition,
for a common approximator of the minimal bending energy of an inextensible Bézier curve, a closed-form
expression exists (Veltkamp and Wesselink 1995). Similar formulations have been used for modelling flexible
instruments (Fauser ef al 2019, Rajesh and Khatait 2021).

1.3. Contribution

The aim of this work is to introduce an automated approach for generating a large set of feasible needle
channel trajectories, and for selecting sets of optimal configurations that can be integrated in patient-tailored
applicators for locally advanced cervical cancer BT. Dosimetric advantages of these patient-tailored
configurations are illustrated through virtual automated treatment planning in a representative patient
cohort.

2. Materials and methods

2.1. General overview

The proposed method for generating and selecting optimal configurations for the ARCHITECT applicator is
outlined in figure 2, and pseudocode of the software is depicted in algorithm 1. The workflow can easily be
aligned with the current clinical workflow and requires additional user input only for the determination of
the outer shape of the applicator, target region selection, final needle configuration selection and quality
control. All code is implemented in MATLAB (R2021b, MathWorks, Natick, Massachusetts, USA).
Automated multi-criteria dwell-time optimisation is performed with the in-house developed optimiser
BiCycle (Oud et al 2020, Rossi et al 2024). For geometry processing, three toolboxes are used: gptoolbox
(Jacobson 2023), GIBBON (Moerman 2018), and MeshFix (Attene 2010). Computations are performed in
the computing cluster of the Erasmus MC, utilising two 8-core 2.90 GHz Intel Xeon E50-2690 CPUs. Several
processes are run in parallel using 12 computing threads.
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Figure 2. Schematic overview of the proposed method for generating the patient-tailored needle channel configuration. (1)
Patient data are imported and a clinical reference plan is established. For trajectory and coverage planning, (2) structures are
processed into meshes, and (3) applicator geometry and planning space are determined. To generate a candidate set of channels,
iteratively (4a-c) an IS and entry segment are sampled and a feasible curvature-minimising channel is computed. For the selection
of a configuration of channels from the candidate set, (5a-5b) geometric coverage optimisation is performed generating a series of
feasible configurations. From the resulting solution space a patient-tailored configuration is selected, and (6) treatment planning

is performed.

2.2. Process overview

2.2.1. Importing patient data and clinical plan
In this step, data from the first BT application with commercial applicator and gauze packing are obtained.

The patient-tailored applicator’s body is based on this distended shape of the vaginal cavity. Therefore, in
addition to the target volumes and OARs, contouring of the vaginal cavity is performed in MIM (MIM
Software Inc., Cleveland, Ohio, USA), resulting in segmentation list S (RTStruct file). MR images Z and
treatment plan P (RTPlan file) are obtained from Oncentra Brachy (version 4.6, Elekta AB), of which the
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Algorithm 1. Pseudocode used in this work for the generation of the ARCHITECT applicator geometry containing optimised needle
channels and corresponding treatment plan.

Algorithm 1 : (A, TP,q,) < ChannelPlanner(D, T, Qo, id, rus, fisol, £, W, A\, Emax, Kmax, )

1. Importing patient dataand clinical plan

1: (Z,P,S) < ImportPatient (id) #Getdata

2: TPgin < BiCycle (P,S) #Plan clinical config.
2. Processing anatomical structures

3: Sui ¢ InterpStructure (S) #Get triangle mesh
3. Determiningapplicator geometry and coverable region

4: A < ImportApplicator (P) #Getgeometry

5: (A,Cree,En) < ProcessApp (A, E, Sui, t,w, \) #Process geometry and freespace
6: (Ceit, T) < CoverRegion (A, T) #Get coverregions

4. Determining channel candidate set

7: Nis < GenerateChannel(A, Cee, Cexit, En, Qo, T , 115, Fmax) #Algorithm?2
5.Selecting needle channels using integer programming

8: (I,e) « Cover (MNis,Sui, T, A, Emax) #Get coverage

9: V<« Collision (M, t,w) #Getcollision

10 : Z; <+ SelectChannel(&y, M, V, I, figol, €, Emax ) #Algorithm3

6. Generating plan for patient — tailored configuration

11: P’ < ModifyPlan (P, Z) #Getnewplanfile

12 : TP, < BiCycle (P’,S) #Plan ARCH. config.
13 : return (A, TP,.p) #Exportfiles

latter defines the clinically used configuration. Automated multi-criterial treatment planning is performed
with BiCycle to establish a clinical reference plan, TP gip,.

2.2.2. Processing anatomical structures

In order to enable efficient computations, the code works with triangular meshes to represent structures and
the outer applicator geometry. Triangular meshes, Sy, of regions of interest are obtained from contours
based on an interpolation method capable of handling branching, similar to that proposed by Sunderland

et al (2015). In our approach, however, overlap of contours is checked by exact methods in order to deal with
concave contours. Meshes are subsequently closed, processed, and subjected to a series of quality control
checks.

2.2.3. Determining applicator geometry and coverable region

The concept ARCHITECT applicator embodiment attaches to the Geneva IU tandem and contains two
lunar-shaped ring channels similar to the Venezia applicator (Elekta AB). Geometries of these components
are matched and aligned with the clinically used configuration, and added to applicator structure A. The
outer geometry of the ARCHITECT applicator is further based on contouring of the vaginal cavity and
(user) specification of an entry region £. A swept tapered section connects the patient-tailored top to a
circular entry region with a diameter of 25 mm. Laplacian smoothing in accordance with a user parameter \
is performed. The applicator body is split in two halves (the distinction between halves is henceforth
omitted), and connectors to the IU tandem are created.

For the generation of the large candidate set of needle channels several inputs are required. A standard
entry configuration is determined that enables four needles to be inserted per half, &, next to the lunar ring
IC channel. The available space in which the curved channels can be planned, called free space or Cee, is
computed by offsetting the outer geometry and IC channels by a distance equating to the channel lumen
radius w/2 (w = 2.8 mm, enabling insertion of 6F needles) plus wall thickness ¢ ( = 1.0 mm, ensuring wall
integrity after 3D printing). The user is asked to specify a target structure 7, either the CTVyy or the
combined CTVyg and CT Vg, which is to be geometrically covered. This structure is subdivided into
coverable regions, each associated with an entry pose, to be used for biased IS segment sampling. In addition,
an exit region Cey; is defined where IS needles exit the applicator.

2.2.4. Determining channel candidate set

2.2.4.1. Determining channel candidate set: Sampling IS dwell segments

A large candidate set is created by computing a set of njg (1153 = 200 in this work) needle channels for each
entry point, e; € &, in parallel (algorithm 2). A straight IS dwell segment is first generated by sampling exit
region point p € Ceyir and coverable region point py, see figure 2 step 4a. Three sampling strategies are
implemented for p: uniform sampling on the surface of target structure 7, biased sampling according to the
entry point, or biased sampling just outside the target surface. Segment feasibility is checked by determining
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Algorithm 2. Pseudocode used in this work for fast needle channel generation.

Algorithm?2 : A5 + GenerateChannel(A, Ctee, Cexit; En, Qo, T, 1115, Kmax)

1: parfore; € &, do

2: whilen < nisdo

3: (pg,pr) < SampleLine (Cexit, T) #Sample IS segment
4: if isFeasible (A,p.,pr) then #Check feasibility
5: (Acq,beq) < Pose(ei,pc,pr) #Constrain pose

6: x< MinProg(Qu,Acq,beq, [],[]) #Plan Bézier curve
7:  if CompCurv(x) < Kmax then #Check curvature
8: if - Feasible (X, Cfee, Kmax) then #Check feasibility
9: repeat

10 [lbL,ubL] < Bounds (x,, Ctree) #Get Cpree bounds

11 X, < MinProg (Qo,Aeq, beq, lblwublu) #Re-optimisecurve
12 until converged or stop

13: endif

14: N, + CreateNeedle (x) #Getneedlestructure
15: N+ NisUN, #Append tostructure
16: n=n+1

17 : endif

18 : endif

19 : endwhile

20 : end parfor

21 : return s

the angle (maximum angle 35°) with respect to the IU tandem (Serban et al 2021), and possibility for OAR
perforation (minimum radial and axial distances 4 and 10 mm respectively). In addition, limits to the exit
angle or region can be imposed to minimise deviations from a straight path in tissue.

2.2.4.2. Determining channel candidate set: minimum energy curve
Between each feasible IS dwell segment and given entry point a smooth IC channel is generated by planning a

minimum energy Bézier curve. A Bézier curve B (t) of degree n is defined by a set of control points ¢ € X and
Bernstein polynomials b/:

B(t):fjclb;(t), 0<t<1 (1)
1=0

b;(t)z(’;)zf(l—t)”‘l, 1=0,1,...,n )

In this work quintic Bézier curves (n = 5) are used to represent the channel’s centreline. As twist of the
channel is not constrained and of minor influence on HDR-BT needle behaviour in applicator channels
(Straathof et al 2024), we reduce the planning space to R® and consider only bending energy Epend, which can
be approximated as follows (Veltkamp and Wesselink 1995, Gao et al 2018):

1 2
d’B,,
Ebend(B)%/HB”(t)szt: 3 (ﬁfﬁ) dr = x"Qpx 3)
0

pe{x,y,2}

Here, x = vec(X), and Qy is the Hessian matrix of which the construction is shown in the appendix.
Specifying desired entry and exit poses of the needle channel as linear equality constraints (defined by Aq
and b.q), the minimisation procedure can be formulated as a quadratic programming (QP) problem, which
can be solved fast using MATLAB’s quadprog:

min  x Qux
X
S.t. AegX = begq (4)

Curvature of the resulting trajectory is computed and the solution is discarded if the local maximum
curvature exceeds a curvature constraint (kmax = 1/50 mm™~!) (Laan et al 2019, Straathof et al 2024).
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2.2.4.3. Determining channel candidate set: refine boundaries

IC channels need to be confined to the free space Ceee. As Cpree has a relatively high convexity rank, initial
feasibility checks are simplified by utilising the convex hull property of a Bézier curve and checking whether
the control points lie in Ce. If control points are not contained in Cpe, feasibility is checked for a fine
discretisation of the curve. When the found trajectory is still infeasible, it is re-optimised taking into account
applicator boundary constraints. In order to retain the fast quadratic programming formulation and making

use of the trajectory decomposition in R?, the complex nonconvex boundary constraints are converted into

1
1

previously (Zhao et al 2019). The problem is re-optimised alternating the direction of the projections until
all control points or the curve are in Cee, or until a maximum number of iterations is exceeded, see the loop
at steps 4b and 4c in figure 2. Once a feasible solution has been found, the channel V, is generated with dwell
positions 5 mm apart and is appended to the set AVs.

lower and upper bounds on individual control points per direction , {lbiﬁ ub L} , as has been described

2.2.5. Selecting needle channels using integer programming

From the large candidate set, a small set of needle channels must be selected that is feasible, and enables
treatment plans to meet clinical objectives, referred to as the patient-tailored configuration. The channel
selection algorithm is based on geometric coverage and inspired by NPIP (Siauw et al 2012), which attempts
to solve a set cover problem with conflicts. To ensure convergence and consider target region coverage as the
main priority, the channel selection problem is formulated as a max k-cover problem (MKCP) with
conflicting pairs instead. In our formulation of max k-cover, the inputs are a collection of sets
U={Uh,lUs,... .Uy, } that signify which dose points t,, € T are covered by a needle. The integer k
specifies how many sets may be chosen, and the goal is to maximise the cardinality of the union of selected
sets, i.e. [U'|, where ' C U. In addition, channels or needles that are in collision may not be selected
simultaneously, as distinguished by the pairwise validity matrix V. An integer linear program formulation of
this problem is the following:

max Z Zim (MKCP)
tmn€T

s.t. sz <k
Z Xs 2 Zm

stu€ U,
x+x, <1 V(y,z) €V

xs € {0,1}

z, € {0,1} (5)

Here, z,, is an integer which marks whether the mth dose point is covered, and x; an integer which
indicates whether the sth needle channel is selected to be part of ¢’. Pairwise collision constraints are defined
by x, +x, < 1, V(y,2) € V. The formulation in equation (5) can be cast in the compact form

min { fTE ’Ameq? < bineg A Z € {0, 1}\M5\+|tmeT| } , where Z = [x; z]. Pseudocode for this procedure is

outlined in algorithm 3.

2.2.5.1. Computing coverage and collision matrices

A channel \V; is defined to ‘cover’ dose point t,, if it contains a dwell position d, such that the Euclidean
distance to the dose point is less than the coverage radius € (Siauw et al 2012). Whereas in previous
formulations the coverage radius is fixed, i.e. assuming a constant dwell time for every position, we scale the
coverage radius depending on the proximity of the dwell position to any of the OARs:

p = min (/25 1y — 12 2o ®

Here, subscript o is used to denote any of the OARs, and a planning aim ratio A,/A 7 (e.g. Dy Versus
Dyy) is used to scale the coverage radius. The maximum coverage radius €may is defined as a fraction (here
empirically determined at 0.4) of the radius of the minimum enclosing sphere around the target structure.
Dose points are generated in 7 using a regular grid with 3.0 mm spacing. This enabled fast (parallel)
distance check queries between grid points and dwell segments, adaptively using line-line, point-line, and
point-point checks. The resulting coverage matrix is denoted by I.

In order to prevent collisions of the channels or needles, minimum inter-centreline distances must be
respected determined by lumen diameter w and channel wall thickness ¢. Channel and dwell segment
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Algorithm 3. Pseudocode used in this work for needle channel selection.

Algorithm 3 : Z, < SelectChannel (&, Nis, V, I, 11501, €, Emax)

1: parfork € [1,|&4|] do

2: whilen < ny,do

3: (Aineqs bineq) < CovConst (V,I,k) #Getmatrix form

4: Zyx < IntProg (f, Aineq, bineq) #Solveprogram

5: (fr,fo) < Obj (Zu . f, €, Emax) #Get functionvalue
6: F< AddPareto (fr,f) #Addto Pareto plot
7: V< VUConst(z,x) #Markas colliding
8: Z <+ ZUAddNeedle(Nis,Z, ) #Append to structure
9: n=n+1

10 : end while

11 : end parfor

12 : Z; < SelectConfig (F, Z) # User select configuration
13 : return Z

collision checks are sped up by first considering the entry point of the potentially colliding pair. If required,
straight IS dwell segment distance checks or discretised IC channel collision checks are performed, the latter
by approximating curved channel centrelines with a sequence of straight segments. The resulting collision
matrix is denoted by V. To reduce the number of collision constraints, pairwise collision constraints are
turned into group cuts by considering all collision pairs for a certain channel (Kulkarni-Thaker et al 2021).

2.2.5.2. Performing integer needle optimisation

The integer linear program in equation (5) is solved for a range of values of k, that is, the number of selected
needle channels. For each k, the intlinprog solver with default settings in MATLAB is called to find a solution.
This solver uses among others relaxation, heuristics and branch-and-bound. Once a feasible non-empty
solution Z is found, the configuration is added to the matrix of conflicts V and the problem is re-solved to
diversify the found solutions for a given number of channels. For a configuration, we define a coverage score
fr =0, er2n)/|tm € T| expressing how many points are covered (0 = none covered, 1 = all dose points
covered), and an OAR score f, = std ({ (emax — €p) /Emax|dp € N; : x, = 1for some s}) quantifying the
proximity of dwell positions to OARs (0 = no overlap with OARs, 1 = full overlap with OARs). The tuple
{fr.fo} can be plotted for all found sets to generate a Pareto front F and other near-optimal solutions
(Sadowski et al 2017, Bélanger et al 2020). One can explore this solution space trading off the coverage score,
OAR score, or the number of IS needles (see schematic overview in step 5b, figure 2). A graphical user
interface is provided to show the selected patient-tailored configuration. For this study, a configuration with
the same number of IS needles as the clinical configuration was automatically selected based on a combined
coverage and OAR score.

2.2.6. Generating plan for patient-tailored configuration
Dwell time optimisation with BiCycle is performed for the selected ARCHITECT configuration to obtain the
plan TP,.q,. Treatment plan parameters are computed, and the final applicator geometry A is created.

2.3. Patient evaluation
For this study, first fractions of twenty-two patients with FIGO stage IB3-IV locally advanced cervical cancer
were considered that were treated with the IC/IS Venezia applicator (Elekta AB) between 2021 and 2022.
There were no other patient selection criteria. Treatments included EBRT (25 fractions of 1.8 Gy) and
MRI-guided BT (3-4 fractions). Patient details are shown in table 1. For both TP, and TP, plans, the
clinical BT wish-list for cervical carcinoma was used with BiCycle automated treatment planning that
adheres to the EMBRACE II aims and considers dose to the CTVyg, CTVir, OARs (bladder, rectum, sigmoid
and bowel) and dose points (Point A, vaginal top points, and recto-vaginal point) (Potter et al 2018), as well
as smoothing and relative needle contribution (Rossi et al 2024). Planning aims and limits for the full
treatment were converted to those for a single fraction considering the amount of fractions the patient
received in clinic. Clinical IS needle depth measured from applicator top was estimated based on the most
distal DP in the clinical plan.

The ability of our approach to generate high-quality patient-tailored configurations was demonstrated by
generating plans with the same number of needles as used in the clinical plan. Clinically relevant

DVH-parameters in accordance with EMBRACE II aims, and the conformity index

VEIVHR - CTVHR Ve . A .
(COIN = ¥ - e 11 (1 — %) with superscript o denoting OARs) (Baltas et al 1998), were extracted
100
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Table 1. Patient characteristics used in the virtual planning study (n = 22).

Parameter Value

FIGO 2018 stage (1,%)

IB 2(9)

I 5 (23)

I 13 (59)

IVA 2(9)

Number of BT fractions (1,%)

3 17 (77)

4 5(23)

Median (range) CTVyg volume at BT (cm?) 34.7 (13.3 = 52.1)
Median (range) number of needles 4(2—-6)

from TP, and TPy, plans. Results for the GTV . and bowel are not shown here, as the former was not
considered in the wish-list, and for the latter planning aims were always highly met. To allow for comparisons
between patients treated with a different number of fractions, the projected total treatment dosimetric
parameters were computed assuming remaining doses would be constant throughout the remaining number
of fractions. Statistical significance between the medians of two (paired) groups was determined using paired
Wilcoxon signed-rank or Wilcoxon rank-sum tests, with Bonferroni-Holm correction applied and
significance level o = 0.05. Correlations were investigated using Spearman’s rank correlation.

3. Results

For all patients, a patient-tailored applicator configuration could be generated. Clinically used and selected
patient-tailored channel configurations are shown in figure 3 for all 22 patients. Patient-tailored needles were
often not parallel to the IU tandem and instead diverged in the direction of target volume extension.
Coverage scores (median, IQR) were significantly higher for the patient-tailored configuration in
comparison with the clinical configuration (0.88; 0.85-0.91 versus 0.83; 0.74—0.88, p < 0.01, z = 3.88), but
proximity to OARs also increased significantly (0.14; 0.12—-0.17 versus 0.08; 0.06-0.11, p < 0.01, z = 3.07).
To prevent collisions with the IC lunar ring channels and allow for sufficient wall thickness for 3D printing,
needles exited the applicator more laterally than the clinically implanted needles. Insertion depth (median;
IQR) measured from applicator top was significantly greater (p < 0.001, z = 10.21) for the patient-tailored
needles (37 mm; 32—44 mm) than the estimated depth of the clinically implanted needles (24 mm;

22-28 mm). Median computation times for patient-tailored needle channel generation (algorithm 3) and the
full applicator development (algorithm 1) were respectively 407 s (range 56—498 s) and 2651 s (range
1826-3812 s).

All generated TP;, and TP, plans were considered to be acceptable considering that no EMBRACE 11
limits were exceeded (figure 4). However, with the clinical configurations, goal values for the CTVygr Do,
CTVur Deg, or CTVg Dog were not met in 4 (18%), 2 (9%), or 5 (23%) patient cases respectively, opposed to
0 (0%), 1 (5%), or 1 (5%) cases for the patient-tailored configurations. Similarly, OAR bladder, rectum and
sigmoid Dj,3 goal values were exceeded in 12 (55%), 4 (18%), and 5 (23%) of the clinical configurations,
compared to 10 (45%), 2 (9%), and 3 (14%) for the patient-tailored configurations. For TP,/ TPy, plans
the projected total treatment doses (median; IQR) were comparable for the CTVygr Dgg (90.15 90.1-90.1 /
90.1; 90.0-90.1 Gy EQD2 g = 10Gy)> CTVhr Dog (80.7; 77.6-81.3 / 79.0; 76.3-80.5 Gy EQD2 o/ = 10 Gy)s
rectum Dy (62.15 52.2-64.6 / 60.4; 51.9-65.0 Gy EQD2 g = 3 Gy)> and sigmoid D3 (63.8; 57.7-69.7 /
64.2; 57.9-69.8 Gy EQD2yp — 3 y). Median (IQR) projected total treatment CTVig Dog doses were
significantly lower (p < 0.001, z = —3.33) for clinically used configurations in comparison to
patient-tailored configurations, amounting to 60.2 (60.0-61.0) versus 60.5 (60.1-61.2) Gy EQD2 /g — 10 Gy-
Moreover, total treatment bladder D, doses were favourable (p < 0.01, z = 2.61) for patient-tailored
configurations at 79.9 (74.4-81.0) versus 80.6 (74.9-86.8) Gy EQD2,p — 3 gy for the clinical configurations.
Median COIN scores were comparable for TP ;e /TP (0.52; 0.48-0.57 / 0.53; 0.45-0.59). No significant
difference in relative contribution of needles in TP,,, and TP;, was found (23.2; 21.0-34.4 / 24.4; 19.4-39.5
%). Also, no correlations were observed between any of the tested variables, including number of needles,
CTVyg volume, coverage or OAR scores, and plan quality (DVH parameters).

Figure 5 shows the difference between fraction doses for TP,,, and TPy, per patient and per dosimetric
index. In several patients a better trade-off could be achieved with the patient-tailored configuration. As an
example consider patient 15, in which the CTVyg Dy for the clinical configuration was higher than the
planning aim. For the patient-tailored configuration this index was reduced whilst still respecting the
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Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6
Patient 7 Patient 8 Patient 9 Patient 10 Patient 11 Patient 12
Patient 13 Patient 14 Patient 15 Patient 16 Patient 17 Patient 18
Patient 19 Patient 20 Patient 21 Patient 22

— Clinical configuration
— Patient-tailored configuration
= IC channels
P Target volume
\/ \/ \/ Applicator outline
Figure 3. Overview of patient-tailored implant configurations per patient, consisting of Geneva tandem and two lunar-shaped
ring channels (in black), and optimised needle configuration (in red). For comparison purposes needles of the clinical Venezia
configuration are shown in blue. Patients have the same ordering as used in figure 5.

planning aim (marked by the black arrow), and the CTVg Dyg, and bladder, rectum and sigmoid D,
improved. Representative axial and sagittal slices for the clinical and patient-tailored configuration for this
patient are shown in figure 6. The positioning of needles in the patient-tailored configuration aligns better
with the target region’s geometry, resulting in lower OAR doses and improved target coverage.

4. Discussion

This study introduces and dosimetrically validates an automated approach to generate and select channel
configurations that can be integrated in patient-tailored applicators. In our proposed method, the
patient-tailored applicator shape is derived from the distended vaginal geometry with a conventional BT
applicator and packing in situ. Curved needle channels, of which the centreline is represented by a Bézier
curve, are optimised and refined using quadratic programming between iteratively sampled straight IS
segments and entry points. An array of sparse needle configurations is generated that maximises geometric
coverage, from which the user can select a configuration and plan that best meets clinical objectives. In a
treatment planning study for a patient cohort of 22 patients clinically acceptable treatment plans could be
generated for clinical and patient-tailored configurations using the same number of IS needles. It was
demonstrated that the dose conformity for the patient-tailored configurations was at least as good as for the
clinical configurations in all patients, and that in a considerable amount of cases both the number of attained
planning aims and dose conformity could be improved.

At the core of the automated approach to generate needle channels introduced in this work is fast
quadratic programming. In order to ensure feasibility, nonconvex problem bounds are refined into bounds
on the channel’s control points. Whereas this method is computationally efficient, it requires: (1) a high
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Figure 4. Boxplot showing projected total doses for selected DVH-parameters from treatment plans generated with clinical and
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horizontal dotted lines, and limits with solid ones. Significance levels: * = p < 0.05, ** = p < 0.01, *** = p < 0.001.
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CTVr + O Rectum
CTVir Sigmoid
[ Bladder Bowel

Figure 6. Dose distributions generated for the clinical configuration (upper row) and patient-tailored configuration (bottom row)
for an example patient with FIGO 2018 IIIC1 cervical cancer (patient 15 in figure 5). Large blue dots with white filling indicate
active dwell positions that are projected on the slice, and small blue dots indicate inactive dwell positions. The white line denotes
the 100% isodose line prescribed to the CTVyr Dyg. Solid arrows mark regions in which the target region may be underexposed,
whereas hollow arrows indicate OAR overexposure. With the patient-tailored configuration the dose distribution conforms better
to the patient’s geometry, improving coverage in superior and vaginal extensions. In addition, decreased dead space in the tip of
the Geneva tandem (Elekta AB) in comparison with that of the Venezia (Elekta AB) allows for the dose distribution to extend in
superior direction.

convexity rank of the bounded volume, (2) the existence of smooth feasible curves connecting start and entry
poses, and (3) fast distance computations. If the first or second condition is not guaranteed, the volume may
be decomposed in simple (convex) regions and (piecewise) trajectories may be confined to these regions
(Mellinger and Kumar 2011, Gao et al 2018). Bézier curve replanning to enforce problem bounds can also be
done via subdivision or degree elevation of the curve (Mehdi et al 2015). Inter-centreline distances were
computed using straight line approximations, but could alternatively make use of culling approaches (Chang
etal 2011).

Algorithms that integrate dwell time and implant configuration optimisation typically allow for tens of
possible candidate needles in order to solve in clinically feasible times (Gorissen et al 2013, van der Meer et al
2018). Previously proposed methods to customise implant configurations for treatment of cervical cancer
have therefore relied on expertise of the treating physician or quality of a small set of a priori specified
(straight) needles or dwell segments. Instead, by decoupling dwell time and implant configuration planning
and opting for geometric coverage optimisation for the latter, a large candidate set of potential needle
trajectories can be used (Siauw et al 2012). Although treatment planning may be complex in gynaecological
cancers due to the irregular anatomy, considering spatial coverage seems to be a reasonable simplification
(Guthier et al 2017). The adaptive coverage radius defined in this work is based on the distance of a dwell
position to OARs and scaled accordingly. Interestingly, coverage and OAR scores as defined in this study were
not directly related to any of the evaluated dosimetric indices. Data-driven approaches using distance metrics
are able to predict dosimetric indices accurately (Yusufaly et al 2020, Reijtenbagh et al 2022), and such
approaches might be interesting to establish optimal configurations (Amit et al 2015).

For every patient in the cohort, a large set of channel trajectories could be generated in a limited amount
of time (less than 500 s), and the end-to-end runtime for the full patient-tailored applicator generation was
generally within one hour. User actions are limited to quality checks and selection of a final configuration,
implying this can be integrated without disrupting the current clinical workflow. Computations can be sped
up by providing heuristics in the needle selection program (Lee et al 2011), iterative constraint enforcement
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(Lee et al 2014, Kulkarni-Thaker et al 2021), biasing of trajectory generation considering geometric spacing
(reducing the candidate set size), and further parallelisation of subprograms.

Excellent dosimetric outcomes have been reported for patient-tailored applicator IC/IS configurations in
earlier works (Lindegaard et al 2016, Serban et al 2021, Cobussen et al 2023), which were favourable in
comparison with standard IC/IS applicators without oblique needles (Logar et al 2019, Zhang et al 2019).
This study additionally indicates that patient-tailored applicators may outperform advanced standard
applicators with oblique needles. The number of soft planning constraint violations was reduced for
patient-tailored configurations in comparison with clinically used configurations. In addition, median
CTV1r Dgg and bladder D, ,,; dose improved significantly with the patient-tailored configuration. Similar
effects were not observed for the rectum or sigmoid, likely due to the presence of the lunar ring channel
which forced needles in the posterior direction. Needle channels can be planned to replicate the dwell
positions in the ring-shaped channels of a conventional applicator, improving positioning flexibility and
turther increasing dose conformity (Lindegaard et al 2016, Serban et al 2021). Whereas these IC channels
were automatically selected in the formulated integer program, our method can be extended to remove these
channels if geometrically or dosimetrically favourable. It has been remarked that advanced IC/IS techniques
also benefit smaller target volumes or less complex geometries (Fokdal et al 2013, Logar et al 2019, Serban
et al 2020). In approximately half of the patients, dosimetric indices showed a clinically relevant
improvement -and was not linked to target volume or complexity of the implant- which suggests that
automated patient-tailored needle selection may help a patient population not typically associated with IC/IS
application.

There are several limitations to the methodology introduced in this work. The primary focus of this study
was to demonstrate the feasibility of our workflow and planning methods, and to validate the results in a
small cohort. In the validation context of the ARCHITECT concept applicator, the applicator may be used
only from the second application onwards as it is currently based on a first BT fraction with conventional
applicator. In some institutes, a pre-BT MRI is performed with applicator (Fokdal et al 2013), which could
also enable use of our patient-tailored applicator concept in the first fraction. Treatment plans for
patient-tailored configurations to be used in the second application were compared in this exploratory study
with those generated for the first clinical application. Several factors could have influenced this comparison.
In the majority of patients in our cohort, the number of needles was increased in the second clinical
application, with 1 (6/22 patients), 2 (4/22), 3 (2/22), or 4 (2/22) additional needles. In order to mitigate the
effects of a suboptimal first implant, the number of needles was kept the same in the clinical and
patient-tailored configurations. One of the benefits of our approach is that trade-offs between the number of
needles and plan quality can be explored. In an upcoming planning study we will therefore investigate the
potential benefits of informed needle selection. Additionally, more dwell positions were available for dwell
time optimisation with patient-tailored configurations owing to a greater needle depth. Nevertheless, IS
needle depths in the patient-tailored configurations were similar to those reported for other custom
applicators (Serban et al 2021, Cobussen et al 2023). Although we routinely use pre-BT MRI without
applicator and US to guide needle insertion in all BT applications, we tend to be cautious with regards to the
number and depth of inserted needles in clinic to avoid OAR or blood vessel perforation. Insertion of
patient-tailored needle configurations in practice might be challenged by similar factors such as the location
of blood vessels or inability to visualise needles. A clinical study is needed to investigate whether preplanned
configurations can be achieved. Moreover, the robustness of the patient-specific configurations to
inter-application changes needs to be investigated. In particular, OAR positional and volumetric changes
may alter the location of the D,,,;s and make a pre-planned configuration suboptimal. The impact of such
changes on plan quality may be limited (Logar et al 2019). In addition, robust treatment planning or implant
configuration optimisation may be used to further reduce the potential effects of these changes (Jo et al 2021,
Gerlach et al 2024). Lastly, several important planning parameters were not reported in this study, including
the GTV,es Dos, point A, and rectovaginal point doses. These, along with overall plan quality, will be
evaluated in an upcoming study.

5. Conclusions

This study presents a method for automatically generating and selecting brachytherapy needle channel
configurations in patient-tailored applicators which was demonstrated to be clinically feasible. Treatment
planning results illustrated that in approximately half of the patients, dosimetric indices showed a clinically
relevant improvement for the patient-tailored configuration in comparison with the clinically used
configuration using the same number of needles. The benefits of our two-stage approach are that it
automatically generates a large set of candidates to select from, and that an array of sparse needle channel
configurations is returned in all tested patient cases. Trade-offs in these solutions between plan quality and
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the amount of inserted needles can therefore be explored. Current work is focused on automated planning of
IC source channels, exploring plan trade-offs and generating configurations for the full treatment.

Data availability statement

The data cannot be made publicly available upon publication because they are not available in a format that
is sufficiently accessible or reusable by other researchers. The data that support the findings of this study are
available upon reasonable request from the authors.

Acknowledgment

The authors are grateful to Sebastiaan Breedveld and Andrds Zolnay for their help with the BiCycle
optimisations, and to Remco Dirks for the discussions on integer programming. Moreover, we want to thank
patients, clinicians and radiotherapy technologists who contributed by making patient data available. This
project was supported by a grant from the Dutch Research Council (NWO), Dutch Cancer Society (KWF)
and Top Sector Life Sciences & Health (LSH) (Project No. 17921).

Conflict of interest

Remi Nout has received research grants from the Dutch Research Council (NWO), Dutch Cancer Society
(KWE), Elekta, Varian, and Accuray. The remaining authors have no relevant conflicts of interest to disclose.

Appendix. Derivation of Hessian matrix for minimum energy

The kth derivative of B,, (t) can be written as:

" n—k
S = o 2 Al - (A1)
=0

Here, Akdl, is recursively defined as the forward difference operator (A*c, = A*1cF — AF=1 ),
The derivative can be expressed in matrix form:

TBul7) — (1) Dhp, (A2a)
where

bk(T)T: [bg—kabi_ka'“abZ:z} (AZb)

—1 1
Dt = (nflk)!’ (A2¢)

-1 U L —tyxn)

0 1 n T d
p.= [CM»,CM»7 sl (A2d)

Therefore, equation (3) can now be written as:

Hk
—_——~
1
Eoea™ Y. p,"D* |[8"(r)b}(7) dr| Dip, . (A3)
pe{xy.z} 0
n—k n—k
b
A component of the tensor HF can be written as H’; b= a 5 Y Zn—;k g which follows by
, n—
( a+b )

multiplying two Bernstein bases and observing that the definite integral is a constant for a given n.

Considering x” = [pf, Py, pZT} , One may now write:

T
> p, D" HD'p, =x"Qux | (A4)
pef{xy,z}
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. . T .
Here, Q, contains entries of D¥" H*D¥ on the diagonal.
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