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Abstract Electroporation-based treatment combining
high-voltage electric pulses and poorly permanent cytotoxic drugs, i.e., electrochemotherapy (ECT), is currently
used for treating superficial tumor nodules by following
standard operating procedures. Besides ECT, another
electroporation-based treatment, nonthermal irreversible
electroporation (N-TIRE), is also efficient at ablating deepseated tumors. To perform ECT or N-TIRE of deep-seated
tumors, following standard operating procedures is not
sufficient and patient-specific treatment planning is
required for successful treatment. Treatment planning is
required because of the use of individual long-needle
electrodes and the diverse shape, size and location of deepseated tumors. Many institutions that already perform ECT
of superficial metastases could benefit from treatmentplanning software that would enable the preparation of
patient-specific treatment plans. To this end, we have
developed a Web-based treatment-planning software for
planning electroporation-based treatments that does not
require prior engineering knowledge from the user (e.g.,
the clinician). The software includes algorithms for automatic tissue segmentation and, after segmentation, generation of a 3D model of the tissue. The procedure allows the
user to define how the electrodes will be inserted. Finally,
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electric field distribution is computed, the position of
electrodes and the voltage to be applied are optimized
using the 3D model and a downloadable treatment plan is
made available to the user.
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Introduction
Electroporation is the phenomenon that occurs when a cell
is exposed to a sufficiently high external electric field
(Kotnik et al. 2012). During and after exposure, the plasma
membrane is transiently permeabilized, thus allowing the
material from outside to enter the cell, which would be
otherwise impeded (Kotnik et al. 1997). The phenomenon
is considered to be a universal method and platform technology because all types of cells (animal, plant and
microorganisms) are affected by electroporation (Miklavčič 2012). In fact, many electroporation-based applications have already been identified and developed, such as
electrochemotherapy (ECT) of tumors (Serša and Miklavčič 2008), nonthermal irreversible ablation of tumors
(Garcia et al. 2011; Maor et al. 2009), gene therapy (Heller
and Heller 2010), food preservation (Toepfl et al. 2007)
and others (Daugimont et al. 2010; Gusbeth et al. 2009;
Ušaj et al. 2010).
ECT, which is currently the most developed electroporation-based therapy (Mali et al. 2013; Serša et al. 2008),
improves chemotherapy outcome by increasing the plasma
membrane permeability to cytotoxic drugs with exposure of
target cells (i.e., tumor) to a high-strength electric field
(Serša and Miklavčič 2008). The electric field is caused by
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high-voltage electric pulses that are delivered to the target
tissue (i.e., tumor) using electrodes (Mir et al. 1991). ECT is
already used in clinical practice for treating metastases of
skin melanoma in more than 100 clinical institutions in
Europe (Miklavčič et al. 2012) and has already been
introduced to clinical trials for treating deep-seated metastases in the liver (Edhemović et al. 2011), brain (AgerholmLarsen et al. 2011; Linnert et al. 2012; Mahmood and Gehl
2011), bone (Fini et al. 2011) and soft tissue (Neal et al.
2011). While following standard operating procedures (Mir
et al. 2006) ensures safe and successful treatment of skin
melanoma metastases (Marty et al. 2006), patient-specific
treatment planning is nevertheless required for ECT of
deep-seated tumors (Pavliha et al. 2012). Namely, deepseated tumors are very diverse in shape, size and location in
the body; and long-needle electrodes are used for treating
such tumors; therefore, coverage of the whole target tissue
(i.e., tumor) with a sufficiently high electric field (which is a
prerequisite for successful ECT) (Miklavčič et al. 1998,
2006) can currently only be assured by means of numerical
modeling of electric field distribution. Electric field calculations based on real input data are performed, and imageguided insertion of electrodes is used (Kos et al. 2010;
Miklavčič et al. 2010).
Similar to ECT, nonthermal irreversible electroporation
(N-TIRE) is another electroporation-based application that
is used for ablation of pathological tissue (i.e., tumor) using
electrodes (Davalos and Rubinsky 2008; Garcia et al. 2011;
Županič and Miklavčič 2009). N-TIRE performs tissue
ablation using electric field strengths above values used for
ECT and/or with a greater number of electric pulses and,
therefore, destroys target tissue without the use of chemotherapeutic drugs or heat (Davalos and Rubinsky 2008).
N-TIRE has been in use for treating, e.g., brain metastases
(Garcia et al. 2011) and soft-tissue sarcoma (Neal et al.
2011) and would also benefit from patient-specific treatment planning (Golberg and Rubinsky 2012). Although
N-TIRE is similar to ECT, it also requires calculations of
temperature increase to be included in treatment planning
(Županič and Miklavčič 2011).
Patient-specific treatment planning of electroporationbased treatments such as ECT and N-TIRE is based on
medical images of the patient, which are used to generate a
three-dimensional (3D) model of the target tissue (i.e.,
tumor) and the organ surrounding the target tissue (Pavliha
et al. 2012). Then, the 3D model is used for calculation of
the electric field distribution during the electroporationbased treatment (Županič et al. 2012). Since the standard
for medical imaging transfer and storage, i.e., digital
imaging and communications in medicine (DICOM)
(National Electrical Manufacturers Association 2009),
represents a common format for storage and transfer of
medical images, the images can be transferred over the
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Internet and, due to the standard format, the receiver will
be able to display them properly. This facilitates treatment
planning by developing treatment-planning software as a
Web application, which allows remote generation of
treatment plans (Olsen et al. 2000). Moreover, the treatment-planning software should be as automated as possible
since without treatment-planning software a clinician (i.e.,
a medical doctor) may otherwise need about 6 h to manually perform segmentation of a patient (Paulides et al.
2010). The advance from treating skin metastases to
treating deep-seated tumors would be facilitated by userfriendly treatment-planning software that would allow clinicians to prepare patient-specific treatment plans without
the need of an engineer or a medical physicist or specialized engineering knowledge (Pavliha et al. 2012). Here, we
describe implementation of a treatment-planning tool
including developed methods for image segmentation,
model building and determination of electroporation as a
Web-based application for treatment planning of electroporation-based therapies such as ECT and N-TIRE.

Materials and Methods
Web-Based Graphical User Interface
The functioning of the Web-based treatment-planning
software for electroporation-based treatments is presented
in Fig. 1.
The treatment-planning procedure consists of the following subprocedures: upload of medical images (Fig. 1a),
selection of series used for planning (Fig. 1b), generation of
a 3D model (which is done by preprocessing, segmentation
and postprocessing of the images; Fig. 1c), 3D model validation (Fig. 1d), manual correction of segmentation (if
decided by the user that it is required, Fig. 1e), virtual
insertion of electrodes into the model (Fig. 1f), calculation
of electric field distribution (with optimization of parameters: voltages and electrode positions; Fig. 1g) and downloading of the treatment plan (Fig. 1h). In case the images
have been previously segmented (Fig. 1i), steps c–e are not
executed and pregenerated segments are loaded instead.
In order to develop easy-to-use treatment-planning
software, user interaction (i.e., the number of parameters,
events or actions the user needs to execute or monitor)
should be minimal (Heymann and Degani 2007). Therefore, the most demanding subprocedures (i.e., generation of
the 3D model and calculation of the electric field distribution; Fig. 1c, g, respectively) are developed so that they
do not require user interaction. Namely, the subprocedures
of 3D model generation and electric field distribution calculation require engineering knowledge, such as medical
image processing (Birkfellner 2010) and numerical
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First, the user is required to upload the medical images
of the patient (Fig. 1a) by selecting the DICOM files that
contain image slices of the body area with the target tissue
(i.e., one or more metastases). After uploading the medical
images, the treatment-planning software automatically
examines them by reading metadata of the DICOM files
(i.e., the DICOM header). Parameters SeriesNumber, SeriesDescription and SliceLocation are read from the header;
then, the images are grouped by the series they belong to
(i.e., SeriesNumber parameter) and labeled using the original series name (i.e., SeriesDescription parameter).
Within each group, the images are sorted according to their
spatial location (i.e., according to their Z index, i.e.,
SliceLocation parameter). Afterward, one median image
from each group (i.e., each detected series) is presented to
the user, who, finally, by clicking on the corresponding
series’ image, selects which series will be used for planning
the electroporation-based treatment (Fig. 1b).

Automatic Segmentation of Medical Images
Web-based treatment planning for electroporation-based
treatments is based on algorithms for automatic segmentation of medical images (Fig. 1c). First, the selected series
(Fig. 1b) of the uploaded medical images (Fig. 1a) is preprocessed; all the images (slices) are first transformed
using a sigmoid function, described in Eq. (1).
output range
output ¼
ð1Þ
inputWC
1 þ e4 WW

Fig. 1 Flow diagram of Web-based treatment planning for electroporation-based treatments

modeling based on the finite element method in order to
perform them. Since users of Web-based treatment-planning software for electroporation-based treatments are
expected to be clinicians, all subprocedures are presented
in a nonengineering way so that users are able to generate
treatment plans effortlessly.

Parameters window center (WC) and window width (WW)
are part of the volume-of-interest metadata located in the
DICOM header of each image. The output_range parameter
defines the maximum value of the preprocessed image.
Parameters input and output are the source and preprocessed
data, respectively. All the parameters’ values are bits. After
transforming each slice using the transformation from Eq. (1),
the slices are debiased using a publicly available
inhomogeneity correction algorithm (Zheng et al. 2009).
Then, each slice is filtered using an average and a gaussian blur
filter (r = 3), both with window sizes of 3 9 3 pixels.
Finally, a fixed-value sigmoid transformation (WC = 20,000,
WW = 100, output_range = 216) is applied to each slice in
order to ensure appropriate intensity distribution, which is
necessary for segmentation; fixed values were defined
empirically using real-case data.
After preprocessing, image segmentation is performed.
Currently, three possible liver segmentation methods are
implemented: region growing, adaptive threshold and
active contours (i.e., snakes) algorithms. Region growing is
a semiautomatic algorithm (because it requires the user to
place an initial seed, i.e., to click on the liver on a single
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slice), while adaptive threshold and active contours are
automatic algorithms that generate 3D liver models without
user interaction. Three liver segmentation algorithms have
been implemented because different segmentation algorithms provide different results (De Pasquale and Stander
2009) and user requirements on how the 3D model is
constructed may vary. After the liver is segmented, segmentation of tumors and vessels is executed. Algorithms
for segmentation of tumors and vessels combine intensitybased and morphological characteristics of given objects to
identify them in source images. The basis of the algorithms
is a multiscale filter, described in Frangi et al. (1998),
which detects local second-order structures based on the
relationship between their eigenvalues. The filter distinguishes between linear (or cylindrical in 3D) and round (or
spherical in 3D) structures, which can be used for detection
of vessels and tumors, respectively. Results of filtering are
two image layers: the first includes enhanced tumors, while
the other includes enhanced vessel structures. After filtering, the resulting enhanced image layers of tumors and
vessels are thresholded using a method based on maximization of entropy (Kapur et al. 1985).
Additionally, region growing is performed in 3D based
on thresholding results in order to collect neighboring
voxels with intensity values within and below the threshold
as these voxels are also part of the segmented structure
(Beichel et al. 2004). Region growing is performed iteratively with lowering of the threshold by a factor of 0.001 in
each step. The procedure stops once no new voxels have
been added in an iteration step. Segmentation of tumors
and vessels is performed based on segmentation of the
organ that includes them (i.e., the liver) since the segmented target organ is used as a mask for tumor and vessel
segmentation. Therefore, tumors are detected if they are in
or on the boundary of the organ.
When the segmentation is finished, the user has to validate the generated 3D model (Fig. 1d): segmented layers
with the liver, tumor and vessels are presented and manual
correction of the generated segments is possible for each
slice by dragging the overlaid contours of the generated
segments to the desired positions (Fig. 1e). In the final
stage, the electrodes are inserted into the 3D model
(Fig. 1f). For each identified tumor, a selection of basic
electrode configurations is presented to the user. The
electrodes are positioned relative to the center of gravity of
the tumor at the appropriate depth (Kos et al. 2010) and are
parallel to each other. Depending on the planned direction
of access, the user can change the direction of insertion of
the electrode array, number of electrodes, rotation of the
outer electrodes with respect to the electrodes inserted in
the tumors, distance between electrodes as well as basic
electrode configuration and number of electrodes. When
initial positions of all electrode arrays are defined, electric
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field distribution calculation and optimization of electrode
voltage and position are performed.
Electric Field Distribution Calculation
and Optimization
The electric field distribution is the most important predictor of electroporation (Miklavčič et al. 1998, 2006). The
electric field distribution can be determined by solving the
Laplace equation for electric potential (V) in the static case,
described in Eq. (2).
r  ðr  rV Þ ¼ 0

ð2Þ

Comsol Multiphysics (Comsol, Stockholm, Sweden) is
used with the connection to Matlab (Mathworks, Nantick,
MA) to automatically build the patient-specific model by
using the segmented images for setting location-specific
electric properties (Aström et al. 2009), including the
electrodes, and solving the electric field distribution.
Briefly, the automatic process (Fig. 1g) proceeds as
follows: the conductivity of the region of interest is set
as a location-based function. The electrodes are then
inserted as conductive cylinders of appropriate dimensions
(Fig. 1f), and boundary conditions are set. When electrodes
are active (i.e., potential is present on them), they are
considered as fixed potential, while the nonactive
electrodes are left floating with an undefined potential.
The simulations are run with a sequential algorithm for
increasing conductivities during pulse application (Pavselj
et al. 2005; Šel et al. 2005). In brief, the algorithm for
determining conductivity changes is based on sequential
updating of the conductivity based on the electric field
strength from the previous step. Typically, a sigmoid (Šel
et al. 2005) or a discrete step-based, piecewise linear
function (Županič et al. 2012) is used, although, based on
the most recent data, the smoothed Heaviside function
offers the best fit to measured in vivo data (Čorović et al.
2013). After the final iteration of the sequential algorithm,
the electric field and current density are extracted and the
simulations are repeated for all the electrode pairs.
Conductivity values of the different tissues are taken
from the literature (Gabriel et al. 1996; Haemmerich et al.
2009), while the change of conductivity due to electroporation is set to a factor of 3.5 (Cukjati et al. 2007). The
magnitude of conductivity change has also recently been
confirmed on ex vivo chicken liver using magnetic resonance electrical impendance tomographic imaging (Kranjc
et al. 2012). Data for conductivity changes of other tissues
are still not available, so the same parameters are used for
all tissues, with just the reversible and irreversible thresholds changing based on the data available.
The postprocessing of the computed electric fields and
currents is handled by Matlab using built-in Comsol
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functions for extracting the electric fields and integrating
the current density. The Matlab–Comsol integration provides easy coupling with optimization algorithms, which
have access to the output of the models, as well as the
ability to subsequently modify electrode positions and
applied voltages (Županič et al. 2008, 2012).
The electric field distribution is optimized using a custom-written genetic algorithm, with the entry direction of
electrodes specified as an input parameter. The relative
electrode positions are optimized, along with the applied
voltages (Županič et al. 2008). The constraints of the
electric pulse generator (electroporator) are also taken into
account. The resulting treatment plans have also been
evaluated for robustness to variations in electrode positions
and voltages (Kos et al. 2010). The computation of temperature rise can also be included if treatment plans for
N-TIRE are desired (Županič and Miklavčič 2011).
Finally, the results of treatment planning can be downloaded as a portable document format (PDF) file (Fig. 1h).

Results
Treatment-planning software for electroporation-based treatments is developed as a Web application. The front-end uses
Hyper-textMarkupLanguage5(HTML5)and JavaScript(JS)
forcontentgenerationanduserinteraction,whiletheback-endis
a Matlab application invoked by the front-end using Asynchronous JS and XML (AJAX) and a PHP hyper-text preprocessor (The PHP Group, 2001–2012). Three-dimensional
visualization is performed using X Toolkit (The X Toolkit
Developers, 2012, www.goXTK.com), which is a Web
GraphicsLibrary-basedtoolkitforscientificvisualization.The
graphical user interface (GUI) of the treatment-planning software for electroporation-based treatments is presented in
Fig. 2,wherethreeexamplescreensareshown:theinitialscreen
(Fig. 2a), the interface for series selection (Fig 2b, procedure
from Fig. 1b) and an example generated 3D model of the liver
withvessels andanidentifiedtumor(Fig. 2c).
While the GUI is rendered at the client side (i.e., in the
user’s Web browser), all the processing that involves 3D
model generation (Fig. 1c) and electric field distribution
calculations (Fig. 1f) is executed on the treatment-planning
server; therefore, the user’s computer is not overloaded by
the functioning of the treatment-planning software (Fig. 3).

Discussion
Here, we present the possibility of generating treatment
plans for electroporation-based treatments remotely (Olsen
et al. 2000), i.e., using Web-based treatment-planning
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software and without prior engineering knowledge or the
help of an engineer. The software is based on algorithms
for automatic segmentation; currently, three different
algorithms for liver segmentation are implemented.
Because the software is developed as modular, future
inclusion of additional segmentation modules is possible
with instantaneous deployment. Namely, the developed
software provides a modular framework that allows
inclusion of additional segmentation algorithms; therefore,
modules for segmentation of other tissue (e.g., bone, softtissue sarcoma) may be included in the Web application.
Computation of electric fields in additional tissues is also
possible since segmented images are used as postprocessing and electric property masks in the simulation step. One
of the largest limitations is the availability of data on
electrical properties of tissues and data on changes of
electric conductivity during pulse application, which,
however, can be obtained through an iterative procedure
(i.e., modeling and measurements) or by inverse analysis
(Čorović et al. 2013). However, this can be circumvented
to some degree by approximating the values using data
from the literature and keeping the relative conductivity of
the target tissue versus surrounding tissue high, which
gives a conservative estimation of field distribution (Kos
et al. 2010).
Currently, the software cannot perform real-time (i.e.,
online) calculations because both image segmentation and
numerical calculations of the electric field distribution are
time-consuming processing operations. Nevertheless, realtime visualization of the electric field distribution could
contribute to a better understanding of the electrode positioning during the virtual placement procedure. To this end,
a software application, ApiVizTEP, which performs simplified, rough calculation of the electric field distribution
for visualization purposes, has already been developed
(Mahnič-Kalamiza et al. 2012). ApiVizTEP is open-source
and can be downloaded from http://sourceforge.net/
projects/apiviztep/. In the future, an integration of ApiVizTEP into the Web-based treatment-planning software
could be considered.
The presented software allows loading cases that were
previously segmented (Fig. 1i), which is important for
historical evaluation of patients who were already treated.
The possibility of loading presegmented cases brings two
major benefits: (1) the clinicians can perform historical
evaluation of cases who were previously treated with ECT
or N-TIRE and evaluate if there is a correlation between
the calculated coverage of the tumor with the electric field
and (2) the software is able to perform calculations of the
electroporation-based treatment regardless of the tissue/
organ that is subjected to treatment provided that segmentation data are available. If the segmentation is performed by radiologists, the presented treatment-planning
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Fig. 2 Graphical user interface
(GUI) of the Web-based
treatment-planning software for
electroporation-based
treatments. Presented are three
example screens: initial screen
a, interface for series selection
b and an example generated 3D
model of liver with a tumor and
major vessels c
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treatment plan, showing an
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overlaid with the original
patient image a, cumulative
coverage curves showing the
volume fraction of tumor treated
above a certain electric field
b and electrode pair
contributions indicating the
contribution of each individual
electrode pair c
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software allows calculations and optimization of the electric field distribution in the segmented tissue/organ. In
Fig. 4, an example of model geometry representing the
prostate is shown. The model was previously segmented by
a radiologist, segments were then imported into the treatment-planning software and, finally, a treatment plan for
N-TIRE was calculated.
Algorithms for segmentation of tumor and vessel
structures need to be robust, especially with respect to
different imaging modalities of source images. Based on
our experience with real-case data, MRIs may include
representations of tumors and vessels with very similar
intensities. Therefore, intensity-based segmentation methods such as thresholding cannot successfully separate
tumors from vessels in MRIs. This drawback can be
overcome by incorporating structural information into the
segmentation algorithm: by observing the structures in
three dimensions through all slices, it is possible to separate blob-like structures which might be tumors from line
structures which are typical for vessels. After execution of
the segmentation algorithm which detects blobs, an additional step is required to define whether the identified
structures are tumors or healthy tissue. Such verification is
performed in the validation step (Fig. 1d), where segmentation of all the tissues is manually validated by the user,
who has the possibility of accepting the segmentation
results or correcting them manually (i.e., each slice) before
continuing with virtual electrode insertion.

Finally, the results of treatment planning that are produced by electric field distribution optimization need to be
presented in understandable and human-readable form. We
have previously developed several novel visualization
methods, allowing visualization of the contribution of each
electrode pair toward the total treatment and visualization
of the coverage of tissues above a certain electric field (as
well as visualization of predicted electroporation) overlaid
on the original medical images. In the future, the treatment
plan can be transferred directly to electroporation devices
(e.g., electroporators or devices for robot-assisted surgery),
which will facilitate electroporation-based treatments even
more.
An important concern involves the implementation of
the software among end-users, which is related to liability
when preparing treatment plans using the software. Since
in radiotherapy, a well-established treatment plan we followed (Pavliha et al. 2012), the clinician is always
responsible for final validation of the treatment plan, the
validation of image segmentation for electroporation-based
treatment planning is an imperative step. Also, use of the
treatment-planning software will be introduced in stages:
first, we formed a closed group of beta testers who were
offered the possibility to evaluate the functioning of our
software. The information they provided will serve us for
improving the functioning, and afterward the software will
be made available for research purposes. A final step will
be certifying the software for clinical use.
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Fig. 4 Excerpt from a prepared
treatment plan for N-TIRE of
prostate cancer. a Electrode pair
contribution, b model with three
needle electrodes, c cumulative
coverage curves showing that
the whole tumor is covered with
fields in excess of 700 V/cm
and [95 % of the tumor is
covered with fields in excess of
800 V/cm, d voltages used in
the proposed treatment plan
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Conclusion
Because a well-defined target (i.e., tumor or other pathological tissue) needs to be determined when planning
electroporation-based treatments (such as ECT or
N-TIRE) of deep-seated tumors (Pavliha et al. 2012) and
distribution of the electric field in biological tissue is the
most important predictor of electroporation (Miklavčič
et al. 1998, 2006), clinicians and eventually patients can
greatly benefit from the Web-based treatment-planning
software we have developed. Namely, the software allows
generation of electroporation-based treatment plans without prior engineering knowledge and generates 3D models
based on patient images that are used for calculation and
optimization of the electric field distribution during
electroporation. Moreover, it is possible to import previously segmented cases, which allows historical evaluation
of patients who were already treated as well as preparation of treatment plans for tissue types which are currently not supported by the automatic segmentation
algorithms but could also benefit from Web-based treatment planning. Finally, the treatment plan is presented in
a clearly understandable, human-readable form. Therefore, the Web-based treatment-planning software could
contribute to the faster advance of clinicians already
practicing electroporation-based treatments of superficial
tumor nodules toward treating deep-seated tumors, such
as bone metastasis and soft-tissue sarcoma (Miklavčič
et al. 2012).
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