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Simple Summary: Electroporation has sparked great interest regarding its use in medicine. When
planning electroporation-based treatments, the main goal is to determine the best possible electrode
position and voltage amplitude that will ensure treatment of the entire target tissue’s volume. How-
ever, this process is still mainly performed manually or using computationally intensive genetic
algorithms. This study presents an algorithm for optimizing electrode positions based on spatial
information of the electric field distribution in the target tissue. The algorithm is currently designed
for the electrochemotherapy of vertebral tumors via a transpedicular approach but could be adapted
to other anatomic sites in the future. The algorithm performs successfully for different spinal seg-
ments, tumor sizes, and locations within the vertebra. Application of the algorithm significantly
reduces the time and expertise required to create a treatment plan for the electrochemotherapy of
vertebral tumors.

Abstract: Electroporation-based treatments such as electrochemotherapy and irreversible electropora-
tion ablation have sparked interest with respect to their use in medicine. Treatment planning involves
determining the best possible electrode positions and voltage amplitudes to ensure treatment of the
entire clinical target volume (CTV). This process is mainly performed manually or with computation-
ally intensive genetic algorithms. In this study, an algorithm was developed to optimize electrode
positions for the electrochemotherapy of vertebral tumors without using computationally intensive
methods. The algorithm considers the electric field distribution in the CTV, identifies undertreated
areas, and uses this information to iteratively shift the electrodes from their initial positions to cover
the entire CTV. The algorithm performs successfully for different spinal segments, tumor sizes, and
positions within the vertebra. The average optimization time was 71 s with an average of 4.9 iterations
performed. The algorithm significantly reduces the time and expertise required to create a treatment
plan for vertebral tumors. This study serves as a proof of concept that electrode positions can be
determined (semi-)automatically based on the spatial information of the electric field distribution
in the target tissue. The algorithm is currently designed for the electrochemotherapy of vertebral
tumors via a transpedicular approach but could be adapted for other anatomic sites in the future.

Keywords: treatment planning; numerical modeling; bone tumors; tumor treatment; minimally
invasive treatment

1. Introduction

Electroporation is a phenomenon in which short high voltage electric pulses are used
to change the structural integrity of the cell membrane and consequently increase the
membrane permeability. Depending on the pulse parameters, the phenomenon can be
either reversible, meaning that the cells remain unchanged in the long term, or irreversible,
meaning that the cells cannot recover from the changes in the membrane and eventually
die [1–4]. Both reversible and irreversible electroporation have sparked great interest
regarding their use in medicine. Reversible electroporation can be used in combination
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with chemotherapeutic agents, a treatment known as electrochemotherapy (ECT) [5–8], or
with genetic material, a treatment known as gene electrotransfer (GET) [9,10]. Irreversible
electroporation (IRE) has emerged as a promising alternative to thermal methods for the
ablation of tumors and soft tissues [11–17]. It is generally accepted that electroporation
occurs in tissues at a specific electric field strength, i.e., the electroporation threshold. A
complete coverage of the target tissue volume with an electric field above a certain value is
required to achieve a therapeutic effect in all electroporation-based treatments [18,19].

When planning electroporation-based treatments, the main goal is to determine the
best possible electrode position and applied voltage amplitude that will ensure the electro-
poration of the clinical target volume (CTV) and cause minimal damage to the surround-
ing healthy tissue [19–21]. The most common method for predicting the outcome of an
electroporation-based treatment is to apply a tissue-specific threshold to the computed elec-
tric field distribution and determine the coverage of the CTV, i.e., to calculate the fraction
of the target volume covered by an electric field strength of at least the (tissue-specific)
threshold value [19,22–24]. However, by calculating the fraction of the CTV above the
threshold, the computation results are reduced to a single numerical value, and the spatial
information about the distribution and local strength of the electric field that the calculation
provides is lost.

The determination of the optimal electrode positions is still mainly performed by hand.
Most attempts to optimize electrode positions and voltages are based on either genetic
algorithms (GA) or parametric sweeps [25–27], which are time-consuming and require
significant computational power. Moreover, the criteria used for optimization are mainly
the fraction of CTV coverage and the total volume of damaged healthy tissue, thus failing
to exploit the valuable spatial information provided by the computation.

In this study, we present an algorithm for the optimization of electrode positions for
the electrochemotherapy of vertebral tumors without using computationally intensive
genetic algorithms. The developed algorithm considers the electric field distribution in
the target tissue, identifies the regions not covered by a sufficiently high electric field
(i.e., undertreated regions) in the CTV, and uses this information to iteratively move the
electrodes from their initial positions to their final positions to cover the whole CTV. The
applied voltage is also adjusted by the optimization process. Technological constraints
such as ensuring the appropriate electrode spacing and accounting for the limitations
(e.g., maximum current and voltage) of commercially available pulse generators are also
considered by the algorithm.

The algorithm is developed for the treatment of vertebral tumors using two needle
electrodes inserted through the pedicles into the vertebral body. The concept is based on our
previous studies on the electrochemotherapy of spinal metastases using a transpedicular
approach [28,29]. However, the algorithm is designed according to the modular principle
and can be adapted to other anatomic sites in the future by adding new “modules” and
reusing some of the existing ones. The algorithm’s source code and all models of the
vertebral tumors created in this study are available in an open database at https://doi.org/
10.6084/m9.figshare.21270111.v1 (accessed on 5 October 2022).

2. Materials and Methods
2.1. Dataset Preparation

To construct anatomical models of vertebrae, six lumbar and six thoracic vertebrae (of
the lower thoracic region T8–T12) were segmented from medical images of three patients
using Slicer 3D [30] and Mimics 24.0 (Materialise NV, Leuven, Belgium). First, a threshold
was applied to the medical image to obtain a rough mask of the bone, which was then
sliced into individual vertebral masks, smoothed, and manually corrected. The individual
vertebral masks were saved as surface meshes and further smoothed and uniformly re-
meshed using the 3-matric 16.0 (Materialise NV, Leuven, Belgium).

Each completed vertebral mesh was imported into COMSOL Multiphysics (COMSOL
Inc., Stockholm, Sweden), where a model of a spherical tumor was inserted at one of

https://doi.org/10.6084/m9.figshare.21270111.v1
https://doi.org/10.6084/m9.figshare.21270111.v1


Cancers 2022, 14, 5412 3 of 16

the three different locations in the vertebral body: central position (Figure 1a), anterior-
lateral position (Figure 1b), and posterior-inferior position (Figure 1c). Each tumor was
modelled with three different radii: 5 mm, 7.5 mm, and 10 mm. Therefore, 9 different tumor
models were created for each of the 12 vertebrae, resulting in a total of 108 models, which
served as the dataset for the computation. A block was built around each vertebral model
representing the surrounding healthy tissue. Two needle electrodes were added to each
model, modelled in COMSOL as cylinders with a fixed radius of 0.6 mm and exposure
length of 20 mm.

Figure 1. Three different tumor locations within the vertebral body: (a) central location, (b) anterior-
lateral location, and (c) posterior-inferior location. At each location, the tumor is modelled with three
different radii: 5 mm, 7.5 mm, and 10 mm. This illustration was created from an axial CT section of
an L3 vertebra and does not show the actual geometry of the numerical model used for computation.

A mesh convergence study was performed in COMSOL to ensure that the discretiza-
tion error was minimal. A physics-controlled mesh was used, and the element size varied
from “extremely fine” to “normal”. The volume of tissue exceeding 400 V/cm, CTV cover-
age, and computation time were evaluated at each mesh size and compared to the extremely
fine mesh. Using the “fine” mesh size resulted in no change in CTV coverage, a 1% change
in total electroporated tissue volume, and a 96% decrease in computational cost, so it was
selected as the final mesh size.

The block of healthy tissue also served as the boundary of the computational domain,
and convergence with respect to the size of the boundary block was assessed. The size of
the boundary block was gradually decreased in 5 mm increments in every spatial direction,
until the relative change in the electroporated tissue volume surpassed 1% between two
successive boundary block sizes. The CTV coverage remained unaffected at all tested sizes.
The final size of the boundary block was 130 × 120 × 75 mm, which was the same in
all models.

2.2. Computational Approach

COMSOL Multiphysics, a finite element analysis software, was used for the compu-
tations of electric field distribution in the models. MATLAB (MathWorks, Natick, MA,
USA) via LiveLink was used to control the model’s setup and solution. The electrode posi-
tions and orientations are determined by the algorithm in each iteration, and the electrode
parameters in COMSOL geometry are corrected accordingly. The applied voltage is also
determined by the algorithm and corrected accordingly in the model. The electric field
distribution is computed independently in each iteration with new electrode positions.
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The electric field distribution E in the target tissue is computed indirectly by solving the
partial differential equation for electric potential V (Equation (1)) for stationary conditions,
governed by the equation:

∇·(σ(−∇V)) = 0, (1)

where σ is the tissue conductivity, and V is the electric potential. The external domain
boundaries are set as electrically insulating. The increase in tissue conductivity due to
local electric field (Equation (2)) is modelled with a smoothed Heaviside function (with
continuous second derivative), which is defined for each tissue separately. Thus, the
conductivity in eq. 1 becomes a function of the local electric field:

σ→ σ(|E|). (2)

The parameters of the smoothed Heaviside function for each modelled tissue are listed
in Table 1. A detailed description of the computational approach can be found in previous
studies [28,31].

Table 1. Electrical properties of modelled tissues and electrodes are taken from [28]. The surrounding
tissue was assigned the properties of adipose tissue.

Tissue Property Bone Tumor Surrounding
Tissue Electrodes

Initial electrical conductivity [S/m] 0.07 0.30 0.02 106

Factor of electrical conductivity increase 2.9 2.8 3.0 -

Center of transition zone [V/cm] 600 600 300 -

Size of transition zone [V/cm] 400 400 400 -

2.3. Algorithm Structure

The algorithm was developed entirely in MATLAB, but the computations are per-
formed in COMSOL and connected to MATLAB via LiveLink (see Section 2.2 Compu-
tational Approach). From the entire model dataset, 12 models were randomly selected,
involving 4 samples of tumors in each radius studied. This group of models was used as
the “training set” for the development of the algorithm.

The algorithm was developed through computational experimentation with the train-
ing set; a series of evaluations was performed and analyzed to obtain the best overall
performance. The algorithm iteratively changes the positions of two electrodes within
the vertebral body. The goal is to achieve complete coverage of the clinical target volume
with a sufficiently high electric field in as few iterations as possible. The flowchart of the
algorithm’s structure is shown in Figure 2, while the algorithm’s structure is explained in
detail in Sections 2.3.1–2.3.5.
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Figure 2. Flowchart of the algorithm.
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2.3.1. Clinical Target Volume Coverage

The boundary between gross tumor volume (GTV—i.e., total tumor volume as seen
on medical imaging) and healthy tissue is usually not sharp; the presence of tumor cells
outside the tumor volume depends on the tumor’s type and growth pattern. Therefore, in
clinical practice, it is common to treat not only the GTV but also a margin of healthy tissue
(5–10 mm), i.e., a safety margin, around the tumor volume to treat possible tumor cells or
micrometastases. The tumor, together with the safety margin, forms the so-called clinical
target volume (CTV).

For safety reasons, the thresholds for electroporation used in practice are generally
quite high, and sometimes it may be difficult to cover the entire CTV for larger tumor radii.
However, if the safety margin is taken into account, very few or no cells are expected at the
outer edge of the CTV; therefore, the so-called soft coverage of the CTV is introduced in
this study, in which the threshold for electroporation at the outer edge of the CTV is not
strictly enforced. For this purpose, a weighting map of the CTV was created, where each
voxel in the map is assigned a weight based on how far the voxel is from the boundary of
the GTV. The GTV has a weight of 1, which means that it must be covered (at least) by the
threshold electric field. In the safety margin, the weighting decreases linearly and reaches
zero outside the CTV. The weighting map can be easily adapted to the tumor type. For
example, in metastatic tumors, a higher weight (e.g., 0.5) can be assigned to the outer edge
of the CTV to provide additional safety.

When calculating the center of mass of undertreated areas of the CTV (below the
desired threshold), the weighting map is taken into account; therefore, the resulting center
of mass is closer to the GTV boundary than to the outer boundary of the CTV. In the current
implementation, the safety margin for all tumor radii is set at 5 mm. The margin can be
easily adjusted (e.g., 10 mm) for different tumor types. An example of the CTV’s weighting
map is shown in Figure 3.

Figure 3. A weighting map of the clinical target volume (CTV). The contour (black) and center of
mass (CoM) of the tumor gross volume (GTV, black circle) are shown. The weight uniformly decreases
with distance from tumor border and reaches zero on the outer border of the CTV.

2.3.2. Input and Initialization

The operator must identify two points in the CT scan of the vertebra for each pedicle:
the entry point, positioned in the narrowest part of the pedicle, and a second point that
indicates the pedicle’s orientation/direction, as shown on Figure 4a–c. The position of
each electrode is determined with the coordinates of the electrode tip and the direction
vector pointing from the electrode tip to the entry point. The operator-selected points
determine the starting position of the electrode, with the second point serving as the
electrode tip (Figure 4d). Throughout the optimization, the entry point remains fixed
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to ensure transpedicular insertion, while the electrode tip is iteratively changed by the
algorithm. For this reason, the entry point must be chosen with care.

At the beginning of the optimization process, the electrode’s geometry is pulled
towards the tumor’s center of mass (Figure 4e)—as described in Section 2.3.3, Optimization
of Electrode Positions—to compute the initial field distribution. This initialization step
significantly decreases the solution time, compared to using the starting positions, selected
by the operator.

2.3.3. Optimization of Electrode Positions

The algorithm is constructed in a modular form, with different “forces” acting on
the electrodes. The final force acting on the electrode, and, therefore, effectively moving
the electrode to a new position, is a weighted sum of all acting forces. In the current
implementation, three main processes controlling the electrode positions are considered:
attractive force toward the tumor’s center of mass (CoM), attractive force toward the
undertreated areas of the CTV, and the repulsive force between the electrodes, maintaining
appropriate inter-electrode distance to prevent short-circuit. In the future, the algorithm
can be adapted for other anatomic sites by adding new forces and reusing some of the
existing ones.

Figure 4. An example of point selection shown on the (a) axial, (b) sagittal, and (c) coronal CT slice of
a thoracic vertebra. (d) An example of the model’s geometry in COMSOL Multiphysics, showing a
thoracic vertebra and a spherical tumor, with starting electrode positions, obtained from the selected
points. (e) Corrected electrode positions after algorithm initialization step.

Attractive Force to Tumor’s Center of Mass

By seemingly connecting the point of the first electrode to the rear of the second
electrode and vice versa, two lines are obtained. The line segment that is the shortest
distance between the lines is calculated; the point in the middle of this line segment is
considered the center of electrode geometry (illustrated on Figure 5a). The force Fgeo is the
vector pointing from the center of the electrode geometry to the CoM of the tumor. The
point of application of Fgeo is at the tip of the electrode.
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Figure 5. Illustration of the forces acting on the electrodes. (a) Attractive force (Fgeo1, Fgeo2) toward the
tumor’s center of mass (CoMtum). (b) Attractive force (at the electrode tip, FiT, and rear FiR) toward
the undertreated areas of the clinical target volume. (c) Repulsive force (Fdd1, Fdd2) maintaining
appropriate distance between electrodes. (d) Final forces (F1 and F2) acting on the electrodes are a
weighted sum of all forces. This figure is for illustration of the concept only; distances, vectors, and
sums do not represent actual values.

Attractive Forces to Undertreated Regions of the Clinical Target Volume

The areas of the CTV where the local electric field strength does not reach the threshold
for electroporation (400 V/cm) are considered undertreated regions. The undertreated
region is often disconnected, resulting in n undertreated “islands” within the CTV. The
islands that are less than 10% of the size of the largest island are discarded and the CoM
of each remaining island is calculated. Note that while computing the CoM of the island,
the weighting map of the CTV is considered as well (see Section 2.3.1. Clinical Target
Volume Coverage). The distance from each electrode rear and tip to CoM of each island I
(illustrated on Figure 5b) is calculated. The forces acting on the electrode tip (Fi,T) or rear
(Fi,R) are defined to mimic the gravitation force:

Fi,T =
mi

‖di,T‖2 ·
di,T

‖di,T‖
, i = 1, . . . , n (3)

Fi,R =
mi

‖di,R‖2 ·
di,R

‖di,R‖
, i = 1, . . . , n (4)
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where mi is the mass of the i-th island, calculated as the weighted number of voxels in the
island; di,T and di,R are the vectors from electrode tip (T) or rear (R) to the i-th islands CoM.
The application points of forces Fi,T and Fi,R are at the tips of the electrodes.

Repulsive Force between the Electrodes

To prevent an event where both electrodes would be pulled into the same position, or
very close together, the electrodes are forced apart. The repulsive force is proportional to
the inverse of distance between the electrode tips:

Fdd = 1
‖dd‖ ·

dd
‖dd‖ , (5)

where dd is the vector from tip of the electrode 1 toward tip of the electrode 2 (illustrated in
Figure 5c). The application point of force Fdd is at the tip of electrode 2 and the application
point of force −Fdd is at the tip of electrode 1.

Sum of Forces

The final forces Fele1 and Fele2, acting on the electrodes, and, therefore, effectively
moving the electrodes to new positions, are a weighted sum of all acting forces:

Fele1 = w1·Fgeo + w2·∑
i

F1 i,T + w3·∑
i

F1 i,R + w4·(−Fdd), (6)

Fele2 = w1·Fgeo + w2·∑
i

F2 i,T + w3·∑
i

F2 i,R + w4·Fdd. (7)

The concept of the forces acting on the electrodes is illustrated in Figure 5. After
the new electrode positions are generated, the new voltage amplitude is calculated by
multiplying the voltage-to-distance ratio, set to 1000 V/cm, and the distance between
the electrode middle points, and rounded to 100 V. The electrode positions are changed
in each iteration according to Equations (3)–(7). If the new electrode positions produce
a decrease in CTV coverage, the algorithm reverts the positions to positions from the
previous iteration and increases the applied voltage amplitude to 10% of the original value.
The voltage-to-distance ratio is also increased accordingly and kept at an increased value
through the rest of the optimization process.

2.3.4. Termination and Handling of Errors

The optimization is terminated if 100% soft coverage of the CTV is achieved, if the
change in CTV coverage between iterations is less than 0.1 percentage point (i.e., tolerance),
or if either the maximum number of iterations (50 iterations), maximum allowed voltage
(3000 V), or maximum allowed electric current (45 A) are reached.

In case a meshing error occurs after moving the electrodes (usually due to self-
intersecting faces), the electrodes are displaced by 0.5 mm in a random direction. If
the error persists after correction, the optimization is terminated, and the last computed
results are saved.

In case the CTV is not completely covered after the optimization of electrode positions,
the final step is to increase the applied voltage in steps of 100 V until either complete
coverage of CTV or the maximum allowed voltage (3000 V) is reached.

2.3.5. Algorithm Output

The output of the algorithm provides the final coordinates of the electrode’s entry
point and the electrode tip, which correspond to the local coordinate system of the medical
image used for initialization. The amplitude of the applied voltage and the expected
current draw are also provided, as well as the expected coverage of the GTV and CTV with
the selected electric field threshold (e.g., 400 V/cm). The total computation time and the
number of iterations are also stored. All steps performed by the algorithm are stored in a
log text file so that detailed information about the optimization process is available.
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2.4. Full Factorial Experiment

The uncertainties in the algorithm stem from the four weights (w1, w2, w3, and w4)
belonging to the forces in the final sum (Equations (6) and (7)). To understand the effects of
the weights on the algorithm’s performance, a two-stage (low and high), four-factor, full-
factorial experiment was conducted. Each weight was tested at a low and high stages and
all combinations of the four weights were tested, resulting in a total of 16 groups, each with
108 replicates (models). The tested levels of parameters are listed in Table 2. The algorithm’s
performance was measured with respect to computation time, number of iterations, and
number of meshing errors. The goal was to achieve full coverage with minimum number
of iterations, errors, and the shortest time. The measured data (computation time, number
of iterations, and number of errors) in all 16 groups had the same non-normal distribution.
Therefore, the Kruskal–Wallis test was used to statistically determine the effects of the
weights. The Kruskal–Wallis test is a nonparametric version of the classic one-way ANOVA
and uses ranks of the data rather than numerical values to calculate the test statistics.

Table 2. Results of the full factorial experiments for weights w1–w4.

w1 w2 w3 w4 Average
Time (s)

Average
Iterations (−)

Number of
Errors (−)

Average
Voltage (V)

Group
Score (−)

0.7 0.1 0.02 5 81 5.1 3 2659 14

0.7 0.1 0.02 15 82 4.9 4 2687 11

0.7 0.1 0.14 5 84 5.5 2 2662 18

0.7 0.1 0.14 15 83 5.1 6 2682 20

0.7 0.7 0.02 5 84 5.6 4 2656 27

0.7 0.7 0.02 15 87 5.5 6 2689 28

0.7 0.7 0.14 5 86 5.7 2 2663 29

0.7 0.7 0.14 15 88 5.5 7 2693 34
1.3 0.1 0.02 5 71 4.9 5 2663 8 *

1.3 0.1 0.02 15 79 4.9 6 2694 12

1.3 0.1 0.14 5 72 4.9 8 2664 17

1.3 0.1 0.14 15 78 4.9 6 2693 11

1.3 0.7 0.02 5 83 5.5 8 2665 29

1.3 0.7 0.02 15 88 5.5 7 2690 34

1.3 0.7 0.14 5 85 5.6 7 2662 36

1.3 0.7 0.14 15 87 5.5 9 2693 37

The group with the lowest score (shadowed and indicated with *) has the best overall performance and was
selected as the set of final algorithm weights.

3. Results
3.1. Full Factorial Experiment

The results of the full factorial experiment showed no significant effect of the algorithm
weights on the performance (p = 0.917); therefore, no further optimization of the weights
was performed. The algorithm’s performance is determined by three factors: the mean
computation time, mean number of iterations, and number of meshing errors. All 16 weight
groups were sorted and ranked (from 1–16) according to each performance factor. The
three ranks were summed in each group to obtain the groups’ total scores, and the group
with the lowest score was selected as the set of final algorithm weights. The results of the
full factorial experiment along with the group scores are shown in Table 2.
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3.2. Algorithm Performance

The performance of the algorithm was evaluated on realistic models of six lumbar
(L1–L5) and six thoracic (T8–T12) vertebrae (created from patient images) with a total of
108 synthetic spherical tumors (created for simulation). The average computation time
was 71 s (range: 17–253 s); the average and median number of iterations were 4.9 and
4.5, respectively (range: 1–15); and the average applied voltage amplitude was 2663 V
(range: 1800–3000 V). The algorithm successfully completed the optimization in 103 models,
while a meshing error occurred in five models. In 87/108 models, 100% coverage of CTV
and GTV was achieved. In 17/108 models, a CTV coverage of more than 99% and a GTV
coverage of 100% were achieved. In four models, the CTV coverage was greater than 94%
and the GTV coverage was greater than 98%.

A meshing error occurred in 5/108 models, corresponding to 4.63%. All five errors
occurred in the anterior-lateral tumor locations in the thoracic vertebral region with tumor
radii of 7.5 mm or 10 mm. In all five models, 100% CTV and GTV coverage was achieved
by an additional voltage increase after the last successful iteration. The termination criteria
were complete CTV coverage in 70 models, maximum voltage in 22 models, minimum
tolerance in 11 models, and meshing error in 5 models.

The dependence of the computation time and the number of iterations on the following
variables was evaluated: vertebra type (lumbar/thoracic), tumor location, and tumor radius.
Since the distribution of the data (computation time and number of iterations) does not
follow a normal distribution, a nonparametric Kruskal–Wallis test was used. According to
the test, the only variable with a statistically significant effect is the tumor radius (p < 0.01).
This result is to be expected because only two electrodes were used, which makes it more
difficult to cover larger tissue volumes. Table 3 shows the average computation time,
number of iterations, and applied voltage for each tumor radius group.

Table 3. Tumor radius is the only variable affecting the algorithm’s performance. The average
computation time, iterations, and applied voltage are shown for each modelled tumor radius.

Tumor Radius (mm) Average Time (s) Average Iterations (−) Average Voltage (V)

5 31 1 2331

7.5 70 5 2667

10 113 9 2992

4. Discussion

This study is one of the first attempts to use spatial information about the electric field
distribution in tissues to optimize electrode positioning and pulse amplitude without using
computationally intensive genetic algorithms. The algorithm is developed for the treatment
of vertebral tumors using two needle electrodes inserted through the pedicles into the
vertebral body. The concept is based on our previous studies on the electrochemotherapy
of spinal metastases using a transpedicular approach [28,29]. The vertebral column is the
most common site for bone metastases, with the incidence reaching up to 70% depending
on the primary cancer type [32]. Electroporation offers several advantages over other
treatment options, as it preserves the integrity of bone tissue, enables bone regeneration,
and has low neural toxicity [33–36]. Studies have shown that bone metastases can be
effectively treated with ECT with significant improvements in patients’ pain level and
quality of life [29,33,37–39]. The transpedicular approach is a well-established technique
used for tumor ablation, cement injection, and for the insertion of fixation screws in spinal
fixation surgery [40–42]. Combining ECT with the technology used for transpedicular
access could facilitate the introduction of the ECT or IRE ablation of vertebral tumors into
clinical practice to further improve tumor control [28,43].

The treatment planning for electroporation-based treatments is still in the early stages
of development [22,44,45]. The treatment plans are made prior to the procedure, and the
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electrode positions and voltage amplitudes are still primarily determined manually (by
hand). This process usually requires several iterations where the operator changes the
electrode positions between computations. After each iteration, the operator must visually
inspect the electric field (usually as an overlay over the medical image), determine the
potentially undertreated areas of the CTV, reposition the electrodes accordingly, and repeat
the process. This approach requires a high level of expertise in the distribution of the
electric field in inhomogeneous tissue and the impact of electrode positioning and pulse
parameters [44,46].

When designing the algorithm, we followed the concept of the manual approach;
however, the goal was to automate the process so as to require minimal operator input.
The algorithm is modular, in a sense, and considers various requirements. For example,
an appropriate distance between electrodes needs to be maintained at all times to avoid
short circuits; it is also intuitive to move the electrodes toward the center of mass of the
tumor or toward large regions of undertreated tissue. Furthermore, the concept of soft
coverage is introduced, where we consider an electric field strength below the threshold
in the CTV margin to be acceptable. The reason for this decision is that the thresholds
currently used in treatment planning are only a very rough estimate. The threshold itself
is a difficult property to determine. The determined threshold values are influenced by
biological variability (small and large animals and humans), the condition of the tissue
sample (in vivo vs. ex vivo), and the measurement method, among other factors. Therefore,
there are a range of values in the literature, even for the same tissue type. Whether the tissue
is electroporated also depends on the pulse protocol used, i.e., the number of pulses, pulse
duration, and repetition rate. In addition, certain parts of the tissue may be cumulatively
exposed to more pulses than other parts due to multiple pairs of active electrodes. Studies
suggest that electroporation can occur at lower thresholds when the exposure time is
increased with more and/or longer pulses [47–50].

The current implementation considered the technical limitations of the Clinipora-
tor Vitae (IGEA S.p.A., Carpi, Italy), a commercially available pulse generator for elec-
trochemotherapy. The allowed voltage amplitudes are 500–3000 V, rounded to 100 V, which
correspond to the default step size of the generator, and is commonly used in clinical
practice. With pulse generators, it is possible to set the voltage step size manually; therefore,
this parameter was also included in the algorithm. However, decreasing the voltage step
also increases the number of iterations required to obtain the optimal solution. The current
limit is set at 45 A, which is 5 A lower than the pulse generator’s limit (50 A). Biological
tissue is a very inhomogeneous material, and its actual electrical conductivity can vary
significantly from the modelled values. Bones have low electrical conductivity compared
to other tissues; therefore, the current is unlikely to reach the limit. However, in tissues
with high conductivity, this may become a legitimate concern, and the algorithm’s limit
should be set to lower values, since high current consumption will immediately terminate
the pulse’s delivery.

The performance of the algorithm was evaluated on realistic vertebral models of
the lower thoracic (T8–T12) and lumbar (L1–L5) segments (created from patient images)
with inserted synthetic spherical tumor models of different sizes (created for simulation),
resulting in 108 models in total. The results have shown that the algorithm performs
successfully for different segments of the spine, different tumor sizes, and different locations
within the vertebral body. A meshing error occurred in 4.63% of models; however, the
algorithm still achieved complete coverage of the CTV and GTV. The most time-consuming
step of the optimization process is the creation of the anatomical model based on medical
imaging. However, this step is also required for any other treatment-planning concept.
Once the model is completed, the operator only needs to select two points per pedicle
in the patient’s medical image, and the treatment parameters are calculated within a few
minutes. The average time to find a solution using the algorithm was 71 s (range: 17–
253 s), and the average number of iterations was 4.9 (range: 1–15). This is a significant
improvement over the solution-finding ability of a genetic algorithm, which requires at
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least 100 generations (equivalent to iterations in this case). It can also be assumed that
optimization with the algorithm is faster than determining electrode positions by hand,
since it essentially automates the same process, and a significantly lower level of expertise is
required from the operator. It is worth noting that the process of image segmentation could
also be automated to some degree, given the high contrast of bone tissue in CT imaging.

The algorithm returns the coordinates of the final electrode positions, which corre-
spond to the coordinates of the medical image used for initialization. To produce an output
that is useful to the surgeon performing the procedure, the electrode positions can be
written into the DICOM files of the medical images by manipulating the brightness of the
pixels in a manner that corresponds to the electrode positions. This way, the optimal posi-
tions can be inspected using medical image-viewing software that is available in hospitals.
Alternatively, the electrode coordinates can be transformed into a set of morphological
parameters that are commonly used to position transpedicular screws in spinal fixation
surgery: the transversal angle, sagittal angle, distance from the sagittal plane (entry point),
and insertion depth [51].

The main limitation of this study is the lack of validation towards realistic vertebral
tumors. Before a treatment-planning workflow can be established, validation must be per-
formed towards real clinical cases, either prospectively or retrospectively. A realistic tumor
geometry could lead to some meshing issues that have not currently been encountered and
would need further investigation. Another limitation is that the current implementation
of the algorithm allows for the use of only two electrodes, which limits its use to tumors
located mainly within the vertebral body, i.e., to the earlier stages of the disease.

In the future, additional electrodes could be added either in the same vertebra or
in adjacent vertebrae using a similar concept, which would allow for the treatment of
larger tumor volumes that are less well-contained (extend outside of the vertebral body).
When adding new electrodes, the overlapping contributions of the different electrode pairs
should be investigated and considered when calculating the soft coverage of the CTV.
Furthermore, the size of the safety margin and the length of electrode exposure could be
adjusted to the tumor size, the entry point could be shifted within the pedicle to allow for
even better electrode positioning, and additional boundary conditions could be introduced,
such as defining the minimum allowed distance to the center of the spinal cord, to ensure
treatment safety, especially in IRE ablation, where high voltages are used and a substantial
temperature rise around the electrodes is expected. [52–54]. Adapting the algorithm for
other anatomic treatment sites, such as deep-seated soft tissue tumors, would require a
slightly different approach to determining electrode placement, for example, in relation to
the center of mass of the tumor. However, most of the concepts remain the same or require
minimal modification.

5. Conclusions

This study introduces and presents an algorithm developed for the optimization of
electrode positions (and pulse amplitudes) based on the spatial information of the electric
field distribution within the target tissue. The algorithm is currently designed for the
electrochemotherapy (and potentially irreversible electroporation ablation) of vertebral
tumors using a transpedicular access but could be adapted to new anatomic sites in the
future. The algorithm performed successfully for different segments of the spine, tumor
sizes, and locations within the vertebral body. This study serves as a proof of concept
that the electrode positions can be determined (semi)automatically based on the spatial
information of the electric field distribution in the target tissue. The algorithm’s source code
and all models of vertebral tumors created in this study are available in an online repository.
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Mocellin, S.; et al. Electrochemotherapy—Emerging Applications Technical Advances, New Indications, Combined Approaches,
and Multi-Institutional Collaboration. Eur. J. Surg. Oncol. J. Eur. Soc. Surg. Oncol. Br. Assoc. Surg. Oncol. 2019, 45, 92–102.
[CrossRef] [PubMed]

9. Rosazza, C.; Meglic, S.H.; Zumbusch, A.; Rols, M.-P.; Miklavcic, D. Gene Electrotransfer: A Mechanistic Perspective. Curr. Gene
Ther. 2016, 16, 98–129. [CrossRef]

10. Gothelf, A.; Gehl, J. Gene Electrotransfer to Skin; Review of Existing Literature and Clinical Perspectives. Curr. Gene Ther. 2010,
10, 287–299. [CrossRef]

11. Davalos, R.V.; Mir, I.L.M.; Rubinsky, B. Tissue Ablation with Irreversible Electroporation. Ann. Biomed. Eng. 2005, 33, 223–231.
[CrossRef]

12. Edd, J.F.; Horowitz, L.; Davalos, R.V.; Mir, L.M.; Rubinsky, B. In Vivo Results of a New Focal Tissue Ablation Technique:
Irreversible Electroporation. IEEE Trans. Biomed. Eng. 2006, 53, 1409–1415. [CrossRef] [PubMed]

13. Rubinsky, B. Irreversible Electroporation in Medicine. Technol. Cancer Res. Treat. 2007, 6, 255–259. [CrossRef] [PubMed]
14. Jiang, C.; Davalos, R.V.; Bischof, J.C. A Review of Basic to Clinical Studies of Irreversible Electroporation Therapy. IEEE Trans.

Biomed. Eng. 2015, 62, 4–20. [CrossRef] [PubMed]

https://doi.org/10.6084/m9.figshare.21270111.v1
https://doi.org/10.6084/m9.figshare.21270111.v1
https://www.slicer.org/
https://www.mathworks.com/matlabcentral/fileexchange/29130-shortest-distance-between-two-lines-in-n-dimensions
https://www.mathworks.com/matlabcentral/fileexchange/29130-shortest-distance-between-two-lines-in-n-dimensions
http://doi.org/10.1007/BF01867861
http://www.ncbi.nlm.nih.gov/pubmed/4667921
http://doi.org/10.1146/annurev-biophys-052118-115451
http://www.ncbi.nlm.nih.gov/pubmed/30786231
http://doi.org/10.1016/j.bioelechem.2021.107871
http://www.ncbi.nlm.nih.gov/pubmed/34147013
http://doi.org/10.1016/0277-5379(91)90064-K
http://doi.org/10.1186/1475-925X-13-29
http://doi.org/10.1016/j.ejso.2018.11.023
http://www.ncbi.nlm.nih.gov/pubmed/30528893
http://doi.org/10.2174/1566523216666160331130040
http://doi.org/10.2174/156652310791823443
http://doi.org/10.1007/s10439-005-8981-8
http://doi.org/10.1109/TBME.2006.873745
http://www.ncbi.nlm.nih.gov/pubmed/16830945
http://doi.org/10.1177/153303460700600401
http://www.ncbi.nlm.nih.gov/pubmed/17668932
http://doi.org/10.1109/TBME.2014.2367543
http://www.ncbi.nlm.nih.gov/pubmed/25389236


Cancers 2022, 14, 5412 15 of 16

15. Reddy, V.Y.; Koruth, J.; Jais, P.; Petru, J.; Timko, F.; Skalsky, I.; Hebeler, R.; Labrousse, L.; Barandon, L.; Kralovec, S.; et al. Ablation
of Atrial Fibrillation With Pulsed Electric Fields: An Ultra-Rapid, Tissue-Selective Modality for Cardiac Ablation. JACC Clin.
Electrophysiol. 2018, 4, 987–995. [CrossRef]

16. Wittkampf, F.H.M.; van Es, R.; Neven, K. Electroporation and Its Relevance for Cardiac Catheter Ablation. JACC Clin. Electrophysiol.
2018, 4, 977–986. [CrossRef] [PubMed]

17. Stewart, M.T.; Haines, D.E.; Verma, A.; Kirchhof, N.; Barka, N.; Grassl, E.; Howard, B. Intracardiac Pulsed Field Ablation: Proof of
Feasibility in a Chronic Porcine Model. Heart Rhythm 2019, 16, 754–764. [CrossRef]
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Transpedicular Approach—A Numerical Feasibility Study. Technol. Cancer Res. Treat. 2018, 17, 1533034618770253. [CrossRef]

29. Cornelis, F.H.; Ben Ammar, M.; Nouri-Neuville, M.; Matton, L.; Benderra, M.A.; Gligorov, J.; Fallet, V.; Mir, L.M. Percutaneous
Image-Guided Electrochemotherapy of Spine Metastases: Initial Experience. Cardiovasc. Intervent. Radiol. 2019, 42, 1806–1809.
[CrossRef]

30. Fedorov, A.; Beichel, R.; Kalpathy-Cramer, J.; Finet, J.; Fillion-Robin, J.-C.; Pujol, S.; Bauer, C.; Jennings, D.; Fennessy, F.; Sonka,
M.; et al. 3D Slicer as an Image Computing Platform for the Quantitative Imaging Network. Magn. Reson. Imaging 2012, 30,
1323–1341. [CrossRef]

31. Kos, B.; Voigt, P.; Miklavcic, D.; Moche, M. Careful Treatment Planning Enables Safe Ablation of Liver Tumors Adjacent to Major
Blood Vessels by Percutaneous Irreversible Electroporation (IRE). Radiol. Oncol. 2015, 49, 234–241. [CrossRef]

32. Choi, D.; Crockard, A.; Bunger, C.; Harms, J.; Kawahara, N.; Mazel, C.; Melcher, R.; Tomita, K. Review of Metastatic Spine Tumour
Classification and Indications for Surgery: The Consensus Statement of the Global Spine Tumour Study Group. Eur. Spine J. 2010,
19, 215–222. [CrossRef]

33. Fini, M.; Salamanna, F.; Parrilli, A.; Martini, L.; Cadossi, M.; Maglio, M.; Borsari, V. Electrochemotherapy Is Effective in the
Treatment of Rat Bone Metastases. Clin. Exp. Metastasis 2013, 30, 1033–1045. [CrossRef] [PubMed]

34. Tschon, M.; Salamanna, F.; Ronchetti, M.; Cavani, F.; Gasbarrini, A.; Boriani, S.; Fini, M. Feasibility of Electroporation in Bone
and in the Surrounding Clinically Relevant Structures: A Preclinical Investigation. Technol. Cancer Res. Treat. 2016, 15, 737–748.
[CrossRef] [PubMed]

35. Song, Y.; Zheng, J.; Yan, M.; Ding, W.; Xu, K.; Fan, Q.; Li, Z. The Effect of Irreversible Electroporation on the Femur: Experimental
Study in a Rabbit Model. Sci. Rep. 2015, 5, 18187. [CrossRef] [PubMed]

36. Tam, A.L.; Abdelsalam, M.E.; Gagea, M.; Ensor, J.E.; Moussa, M.; Ahmed, M.; Goldberg, S.N.; Dixon, K.; McWatters, A.; Miller, J.J.;
et al. Irreversible Electroporation of the Lumbar Vertebrae in a Porcine Model: Is There Clinical-Pathologic Evidence of Neural
Toxicity? Radiology 2014, 272, 709–719. [CrossRef] [PubMed]

37. Bianchi, G.; Campanacci, L.; Ronchetti, M.; Donati, D. Electrochemotherapy in the Treatment of Bone Metastases: A Phase II Trial.
World J. Surg. 2016, 40, 3088–3094. [CrossRef] [PubMed]

38. Gasbarrini, A.; Campos, W.K.; Campanacci, L.; Boriani, S. Electrochemotherapy to Metastatic Spinal Melanoma: A Novel
Treatment of Spinal Metastasis? Spine 2015, 40, E1340–E1346. [CrossRef] [PubMed]

39. Campanacci, L.; Bianchi, G.; Cevolani, L.; Errani, C.; Ciani, G.; Facchini, G.; Spinnato, P.; Tognù, A.; Massari, L.; Cornelis, F.H.;
et al. Operating Procedures for Electrochemotherapy in Bone Metastases: Results from a Multicenter Prospective Study on 102
Patients. Eur. J. Surg. Oncol. J. Eur. Soc. Surg. Oncol. Br. Assoc. Surg. Oncol. 2021, 47, 2609–2617. [CrossRef]

http://doi.org/10.1016/j.jacep.2018.04.005
http://doi.org/10.1016/j.jacep.2018.06.005
http://www.ncbi.nlm.nih.gov/pubmed/30139498
http://doi.org/10.1016/j.hrthm.2018.10.030
http://doi.org/10.1016/j.ejcsup.2006.08.006
http://doi.org/10.1186/1475-925X-9-10
http://doi.org/10.1007/s00232-010-9274-1
http://doi.org/10.1177/153303460700600403
http://doi.org/10.1016/j.bioelechem.2012.01.007
http://www.ncbi.nlm.nih.gov/pubmed/22341626
http://doi.org/10.1109/TPS.2008.2000996
http://doi.org/10.2478/v10019-012-0026-y
http://www.ncbi.nlm.nih.gov/pubmed/23077449
http://doi.org/10.2478/v10019-008-0005-5
http://doi.org/10.1088/0031-9155/57/17/5425
http://doi.org/10.1177/1533034618770253
http://doi.org/10.1007/s00270-019-02316-4
http://doi.org/10.1016/j.mri.2012.05.001
http://doi.org/10.1515/raon-2015-0031
http://doi.org/10.1007/s00586-009-1252-x
http://doi.org/10.1007/s10585-013-9601-x
http://www.ncbi.nlm.nih.gov/pubmed/23832763
http://doi.org/10.1177/1533034615604454
http://www.ncbi.nlm.nih.gov/pubmed/26351303
http://doi.org/10.1038/srep18187
http://www.ncbi.nlm.nih.gov/pubmed/26655843
http://doi.org/10.1148/radiol.14132560
http://www.ncbi.nlm.nih.gov/pubmed/24766034
http://doi.org/10.1007/s00268-016-3627-6
http://www.ncbi.nlm.nih.gov/pubmed/27443372
http://doi.org/10.1097/BRS.0000000000001125
http://www.ncbi.nlm.nih.gov/pubmed/26274530
http://doi.org/10.1016/j.ejso.2021.05.004


Cancers 2022, 14, 5412 16 of 16

40. Tian, N.-F.; Huang, Q.-S.; Zhou, P.; Zhou, Y.; Wu, R.-K.; Lou, Y.; Xu, H.-Z. Pedicle Screw Insertion Accuracy with Different
Assisted Methods: A Systematic Review and Meta-Analysis of Comparative Studies. Eur. Spine J. Off. Publ. Eur. Spine Soc. Eur.
Spinal Deform. Soc. Eur. Sect. Cerv. Spine Res. Soc. 2011, 20, 846–859. [CrossRef]

41. Knez, D.; Likar, B.; Pernuš, F.; Vrtovec, T. Computer-Assisted Screw Size and Insertion Trajectory Planning for Pedicle Screw
Placement Surgery. IEEE Trans. Med. Imaging 2016, 35, 1420–1430. [CrossRef]

42. Levy, J.; Hopkins, T.; Morris, J.; Tran, N.D.; David, E.; Massari, F.; Farid, H.; Vogel, A.; O’Connell, W.G.; Sunenshine, P.; et al.
Radiofrequency Ablation for the Palliative Treatment of Bone Metastases: Outcomes from the Multicenter OsteoCool Tumor
Ablation Post-Market Study (OPuS One Study) in 100 Patients. J. Vasc. Interv. Radiol. 2020, 31, 1745–1752. [CrossRef]

43. Mohme, M.; Riethdorf, S.; Dreimann, M.; Werner, S.; Maire, C.L.; Joosse, S.A.; Bludau, F.; Mueller, V.; Neves, R.P.L.; Stoecklein,
N.H.; et al. Circulating Tumour Cell Release after Cement Augmentation of Vertebral Metastases. Sci. Rep. 2017, 7, 7196.
[CrossRef] [PubMed]

44. Gallinato, O.; de Senneville, B.D.; Seror, O.; Poignard, C. Numerical Workflow of Irreversible Electroporation for Deep-Seated
Tumor. Phys. Med. Biol. 2019, 64, 055016. [CrossRef] [PubMed]

45. Perera-Bel, E.; Yagüe, C.; Mercadal, B.; Ceresa, M.; Beitel-White, N.; Davalos, R.V.; Ballester, M.A.G.; Ivorra, A. EView: An Electric
Field Visualization Web Platform for Electroporation-Based Therapies. Comput. Methods Programs Biomed. 2020, 197, 105682.
[CrossRef] [PubMed]

46. Beyer, L.P.; Pregler, B.; Michalik, K.; Niessen, C.; Dollinger, M.; Müller, M.; Schlitt, H.J.; Stroszczynski, C.; Wiggermann, P.
Evaluation of a Robotic System for Irreversible Electroporation (IRE) of Malignant Liver Tumors: Initial Results. Int. J. Comput.
Assist. Radiol. Surg. 2017, 12, 803–809. [CrossRef] [PubMed]

47. Pucihar, G.; Krmelj, J.; Reberšek, M.; Napotnik, T.B.; Miklavčič, D. Equivalent Pulse Parameters for Electroporation. IEEE Trans.
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