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Abstract
Background: The use of non-ionizing electric fields from low-intensity voltage
sources (< 10 V) to control malignant tumor growth is showing increas-
ing potential as a cancer treatment modality. A method of applying these
low-intensity electric fields using multiple implanted electrodes within or adja-
cent to tumor volumes has been termed as intratumoral modulation therapy
(IMT).
Purpose: This study explores advancements in the previously established IMT
optimization algorithm, and the development of a custom treatment planning
system for patient-specific IMT.The practicality of the treatment planning system
is demonstrated by implementing the full optimization pipeline on a brain phan-
tom with robotic electrode implantation, postoperative imaging, and treatment
stimulation.
Methods: The integrated planning pipeline in 3D Slicer begins with import-
ing and segmenting patient magnetic resonance images (MRI) or computed
tomography (CT) images. The segmentation process is manual, followed by
a semi-automatic smoothing step that allows the segmented brain and tumor
mesh volumes to be smoothed and simplified by applying selected filters. Elec-
trode trajectories are planned manually on the patient MRI or CT by selecting
insertion and tip coordinates for a chosen number of electrodes. The electrode
tip positions and stimulation parameters (phase shift and voltage) can then be
optimized with the custom semi-automatic IMT optimization algorithm where
users can select the prescription electric field, voltage amplitude limit, tissue
electrical properties, nearby organs at risk, optimization parameters (electrode
tip location, individual contact phase shift and voltage), desired field coverage
percent,and field conformity optimization.Tables of optimization results are dis-
played,and the resulting electric field is visualized as a field-map superimposed
on the MR or CT image, with 3D renderings of the brain, tumor, and electrodes.
Optimized electrode coordinates are transferred to robotic electrode implanta-
tion software to enable planning and subsequent implantation of the electrodes
at the desired trajectories.
Results: An IMT treatment planning system was developed that incorporates
patient-specific MRI or CT, segmentation, volume smoothing, electrode trajec-
tory planning,electrode tip location and stimulation parameter optimization,and
results visualization. All previous manual pipeline steps operating on diverse
software platforms were coalesced into a single semi-automated 3D Slicer-
based user interface.Brain phantom validation of the full system implementation
was successful in preoperative planning, robotic electrode implantation, and
postoperative treatment planning to adjust stimulation parameters based on
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6056 IMT TREATMENT PLANNING SYSTEM

actual implant locations. Voltage measurements were obtained in the brain
phantom to determine the electrical parameters of the phantom and validate
the simulated electric field distribution.
Conclusions: A custom treatment planning and implantation system for IMT
has been developed in this study and validated on a phantom brain model,
providing an essential step in advancing IMT technology toward future clinical
safety and efficacy investigations.

KEYWORDS
brain tumor, electric field, electrotherapy, glioblastoma, optimization, treatment planning system

1 INTRODUCTION

Electric fields from low-intensity voltage sources are
showing increasing promise as a treatment modality for
brain cancer.1–10 Intratumoral modulation therapy (IMT)
is an emerging technique intended to restrict tumor
growth by applying low-intensity electric fields using
bioelectrodes implanted within or adjacent to tumor
volumes.7–10 Preclinical in vitro and in vivo investiga-
tions into the application of 200 kHz, low-intensity (±
2.00 V stimulation) electric fields to glioblastoma (GBM)
and diffuse intrinsic pontine glioma (DIPG) cells have
shown the efficacy of this modality as a monotherapy,9

and in conjunction with chemotherapy and radiation.8 A
single stimulating electrode paradigm was implemented
in these early studies but computer simulations and
optimization studies have since prompted the use of
multiple stimulating electrodes with optimized relative
phase shifts of input waveforms to increase the cov-
erage capacity of the IMT fields.7 The previous IMT
optimization study7 established a method for tempo-
rally maximizing tumor coverage from IMT electric fields.
This algorithm allowed for electrode location and stimu-
lation phase shift parameters to be optimized for multiple
electrodes,each with multiple separately programmable
contacts. The phase shifting of each electrode contacts’
sinusoidal voltage waveform creates an electric field that
rotates in 3D in both directionality and intensity, over
the waveform period.A simplified spherical tumor model
with parallel electrodes was used in this previous study,
which requires extension into patient-specific models
with non-parallel electrodes defined by insertion and tip
coordinates.

While the primary mechanism of low-intensity elec-
tric fields has yet to be definitively elucidated, there
are a number of mechanisms that have been sug-
gested to play a role in selective tumor control.
These include antimitotic mechanisms, enhanced cell
membrane permeability, increased immunogenic cell
death, impairment of DNA repair, antimigratory, and
autophagic influences.11–15 The most well-supported
theories remain antimitotic, where mitotic spindle and
septin ring formation are impacted in metaphase
and cytokinesis respectively,16–18 and impact on cell

membrane permeability, which has been observed
experimentally.19 While the synergistic mechanisms of
action and their effects on tumor control are still under
investigation, the applied electric field is the basis of
each proposed mechanism. With tumor control found
experimentally to depend on electric field intensity and
frequency,17 maximizing the tumor coverage with thresh-
old electric field magnitudes is the current therapy
objective.

A review of the published literature on treatment
planning systems that simulate the electric field from
electrode sources highlighted both external and internal
electrode applications. The clinical use of an exter-
nal electric field device for glioblastoma (NovoTTF™),
using a treatment planning system (NovoTAL™)2,4,20–22

establishes personalized array layouts, found through
simulation studies to enhance electric field coverage
to certain brain regions.23 A recent optimization study
of electric fields from the external device highlighted
the importance of minimizing the anisotropy of elec-
tric field components while maintaining field intensity,24

supporting the use of rotating fields in IMT. Similarly,
both deep brain stimulation (DBS) to treat neurologi-
cal disorders25–30 and irreversible electroporation (IRE)
to ablate tumor volumes31–35 require electric field and
implanted electrode trajectory planning to reach the
target volume. Stereoelectroencephalography (SEEG)
uses multiple depth electrodes implanted in the brain
to identify seizure zones, with robotic and computer
assisted trajectory planning gaining interest.36–38 Treat-
ment planning systems play a large role in radiotherapy,
including brachytherapy,39–46 where the radiation dose
to patient-specific targets and organs at risk (OAR)
are analyzed and treatments are planned accordingly.
IMT differs from external electric fields devices in
that electrodes are implanted directly in or adjacent
tumor volumes, requiring trajectory planning of multi-
ple electrodes. Advantages of long-term implanted IMT
electrodes compared to external electric field devices
are the potential for improved quality of life, similar to
DBS which is well tolerated, and the potential to reach
tumors deep in the brain. The goal of IMT is to cover
a large tumor volume (>1 cm3) with intermediate fre-
quency (200 kHz) electric field using multiple electrodes,
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IMT TREATMENT PLANNING SYSTEM 6057

to avoid neural activation, as opposed to DBS where a
small volume (∼1 mm3) is commonly targeted by one or
two low-frequency electrodes (∼130 Hz) to initiate neu-
ral activation.30 While the goal of electroporation is to
ablate a tumor volume using multiple electrodes,33 the
permanent implantation and low-intensity nature of IMT
fields requires additional optimization considerations,
where we maximize the electric field tumor coverage
with minimal input voltage, achieved by optimizing rel-
ative phase shifts of the delivered waveforms between
electrode contacts.7 Lastly, radiotherapy treatments con-
sider the delivered ionizing radiation dose to the tumor
volume and nearby organs at risk, whereas IMT con-
siders nonionizing electric fields that interfere with one
another. The differences between IMT and other modal-
ities necessitate the creation of a custom treatment
planning system for IMT.

To accompany ongoing in vitro and in vivo valida-
tions of IMT, the preparation for future single center
patient safety and efficacy trials will require a way
to plan animal and patient-specific electrode trajecto-
ries and stimulation programming to cover their tumor
with a threshold electric field. Precursory pathways
from preclinical to clinical investigations substantiate
the need for a treatment planning system to be devel-
oped.To advance this technology to allow clinical testing,
optimal treatment parameters and electrode config-
urations on a patient-specific basis are required. In
this study, the treatment stimulation parameters and
electrode placement is determined by designing a treat-
ment planning system that utilizes and expands upon
the IMT optimization algorithm previously established.7

The goal of this study is to amalgamate the numer-
ous steps in the optimization pipeline into a cohesive,
user-friendly system using the 3D Slicer47,48 platform
and to validate the trajectories and plan in a brain
phantom. All planning steps are accessed in a sin-
gle application with ordered steps, with options for
preoperative or postoperative planning, human or pre-
clinical in vivo animal planning, and different electrode
models (multi-contact cylindrical electrodes, custom
electrode arrays, or preclinical multi-electrode wire
constructs).

The completed system allows the user to upload,
segment and smooth the patient magnetic resonance
imaging (MRI) or computed tomography (CT) data,
plan the electrode trajectories, and optimize the elec-
trode tip location, phase shift, and voltage parame-
ters. The treatment planning system was validated
by completing a treatment plan on a phantom brain
model and implanting the electrodes using a neu-
rosurgical robot (Neuromate R©)49 to demonstrate the
full treatment pipeline, encompassing implantation, field
delivery, and postoperative planning adjustment. The
IMT treatment planning system development pro-
vides an essential step in advancing future clinical
studies.

F IGURE 1 Pipeline of custom IMT Slicelet in 3D Slicer including
the tissue segmentation, smoothing and simplification of segmented
volumes (custom module), electrode trajectory planning (custom
module), electric field optimization (custom module) and the
visualization of the completed optimized treatment plan (custom
module)

2 MATERIALS AND METHODS

2.1 Slicelet design

The user interface for the IMT treatment planning sys-
tem was developed in a custom 3D Slicer application,
called a Slicelet.50 A Slicelet is a custom coded applica-
tion that combines all necessary modules into a num-
bered pipeline. The design of the custom IMT Slicelet
(Figure 1) begins with the setup, which includes patient
selection and DICOM import (create new patient or open
existing patient), the selection of patient type (human
or preclinical), and the patient status (preoperative or
postoperative) (Figure S1a).

After setup of the patient model, the planning pro-
cess includes five main steps: (1) segmentation of brain,
tumor, organ at risk, and surgical resection cavity vol-
umes, (2) the smoothing of the segmented volumes, (3)
the planning of electrode implantation coordinates, (4)
the optimization of tip coordinates, phase shift and volt-
age amplitude, and (5) visualization of results. Step 1
is included as the built-in segmentation module in 3D
slicer, where users can segment the brain and tumor
regions using any of the existing 3D Slicer segmenta-
tion features including paint, draw, erase, level tracing,
fill between slices, threshold, margin, smoothing and
islands.Steps 2–4 are custom coded modules explained

 24734209, 2022, 9, D
ow

nloaded from
 https://aapm

.onlinelibrary.w
iley.com

/doi/10.1002/m
p.15825 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [29/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6058 IMT TREATMENT PLANNING SYSTEM

in sections 2.2 and 2.3.Step 5 is the custom coded visu-
alization module, which displays the numerical results
of the optimization (electrode coordinates, phase shift,
voltage amplitude) in tables. The electrode locations
are also visualized as an interactive 3D model of the
brain, tumor, and electrodes. An electric field volume
histogram (EVH) is displayed showing the percent of
tumor (and organ at risk) volume covered by at least the
corresponding electric field. The resulting time average
electric field maps are displayed on the MR or CT image
as coronal, sagittal and axial interactive slices. Built-in
3D Slicer Models51 and Volumes52 modules were added
to allow users to adjust the DICOM image parameters
and 3D volume displays.

2.2 Smoothing and electrode
implantation modules

The custom smoothing module (Figure S1b) utilizes
the Python command line interface to access selected
MeshLab (v2021.05) filters to smooth and simplify brain,
tumor, organ at risk, and surgical resection cavity vol-
umes. The selected filter options include Quadratic
Edge Collapse Decimation (simplification), Laplacian
Smooth, HC Laplacian Smooth, Uniform Mesh Resam-
pling, Clustering Decimation (simplification), Smooth
Face Normals and Merge Close Vertices. A Run Filters
button allows users to continue smoothing and sim-
plifying with different filters until the target file size is
reached (<100 kB). Real time display of the smoothed
volumes and contours on image slice views are included
to ensure accuracy is maintained and volumes have not
been oversimplified.

The custom electrode implantation module (Figure
S1c) uses the Python command line interface for the
placement of fiducial points. Based on the number of
electrodes selected, the locations of the insertion and
tip coordinates for each electrode are selected on the
MR or CT image by the user. Also included is the ability
to import existing electrodes.

2.3 Optimization module

The optimization module (Figure S1d) requires con-
nection to preexisting MATLAB (v2021a) code7 that
communicates with COMSOL Multiphysics (v5.4) for
model creation and electric field computation at each
iteration using the COMSOL-MATLAB Livelink. A MAT-
LAB function was created to connect to the Livelink
automatically and run the optimization code. This func-
tion is connected to the 3D Slicer module graphical
user interface (GUI) inputs using the 3D Slicer MAT-
LAB Bridge.The existing optimization code was updated
to automatically generate a unique COMSOL model
based on the user inputs at the start of an optimization

(smoothed volumes, patient type (human or preclinical),
preoperative or postoperative, organ at risk or resection
cavity presence). The COMSOL model build generates
cylindrical multi-contact electrodes with customizable
contact height, spacing, and radius, with default values
included (0.800 mm radius, 5.00 mm contact height,
1.00 mm contact spacing) for human models, or wire
electrodes (0.125 mm radius, 3.00 mm contact height)
for preclinical models.

To automatically generate cylindrical electrodes in
COMSOL, the insertion coordinate, electrode length,
and spherical coordinates of the electrode trajectory
are required. Electrode length (Equation 1), and spheri-
cal coordinates Θ (Equation 2) and Φ (Equation 3) are
calculated for each electrode using the insertion coor-
dinates (xin, yin, zin) and tip coordinates (xtip, ytip, ztip).

L =

√
(xin − xtip)2

+ (yin − ytip)2
+ (zin − ztip)2 , (1)

Θ = cos−1

[
−

(
zin − ztip

)
L

]
, (2)

Φ = −
yin − ytip||yin − ytip

||cos−1

⎡⎢⎢⎢⎣−
xin − xtip√

(xin − xtip)2
+ (yin − ytip)2

⎤⎥⎥⎥⎦ .
(3)

Contacts are generated along the electrode length by
using calculated coordinates (xc, yc, zc) for each contact
based on the contact spacing cs, contact length cl and
contact number n (Equation 4).

xc = xin +
(
xtip − xin

) [L − n (cl + cs) − cs
L

]
. (4)

At each iteration of the pattern search optimiza-
tion, the electric field is calculated from the COMSOL
model for the list of iteration parameters. The mesh
size for all geometrical entities is dependent on the
material, with electrodes and contacts as a fine mesh
size (1.73–13.8 mm element size), tumor as a normal
mesh (3.11–17.3 mm element size), and surrounding
brain as a course mesh (4.84–25.9 mm element size).
Validation of the material dependent mesh sizes was
completed to ensure convergence to the more accu-
rate solution using the finest material independent mesh
sizes (0.035–3.5 mm). The use of different mesh sizes
allows for preservation of accuracy within the tumor
volume and around electrodes while minimizing nodes
in the surrounding brain to improve computation time.
The electric field is computed using COMSOL’s AC/DC
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IMT TREATMENT PLANNING SYSTEM 6059

electric currents module, in the frequency domain at
200 kHz. To improve computation time, the electric field
“kernel” is computed for each electrode contact at 1
V with all remaining contacts at 0 V. This allows for
the superposition of electric field (summation of electric
field vectors from each voltage source contribution) to be
used to compute the electric field distribution in MATLAB
for the set of phase shift and voltage amplitude param-
eters for that geometry. For each electrode location
change, the “kernel” fields are calculated in COMSOL,
and for each phase shift or voltage change, only the
superposition calculation is required as the “kernel”
fields only need to be calculated upon a location change.

The previous requirement for manual MATLAB com-
mand line inputs was removed and replaced by buttons
and boxes in the Slicelet GUI. The necessary inputs are
set to default values, and include voltage amplitude limit
(2 V),prescription electric field (1 V/cm),brain and tumor
electrical conductivity and dielectric (0.25 S/m and 3000
for brain, 0.24 S/m and 2000 for tumor23,53–60), nearby
organ at risk, the electrical properties and weighting fac-
tor of the organ at risk, and electrical properties of a
surgical resection cavity.The choice of optimization type
includes two options per electrode optimization: phase
shift only or location + phase shift. Three options are
included for individual contact optimization: phase shift
only, voltage amplitude only, or phase shift + voltage
amplitude. The desired field coverage percentage, the
use of a random starting point,and the option to save the
COMSOL model file are all additional user selections.

Initial geometrical conditions for the optimization of
electrode trajectories and programming are the user
selected insertion and tip coordinates of each elec-
trode. Insertion coordinates remain fixed, and the tip
coordinates are an optimization variable, along with
phase shift and voltage amplitude. A gradient free pat-
tern search technique was used in the planning system,
due to the nonconvexity of the objective function,7 to
broadly search parameter space. The success of an
iteration at finding an improved objective value deter-
mines if parameter step size is increased (successful)
or decreased (unsuccessful) at the next iteration. The
pattern search algorithm first minimizes the objective
function f (Equation 5), which maximizes the voxels
covered by the prescription electric field Epres while
simultaneously maximizing the electric field of uncov-
ered voxels and minimizing the electric field to nearby
organs at risk.

f =
1

Ns

∑
j𝜀s

H
(
Epres − Ēj

)
(Ēj − Epres)2 + w

1
NOAR

∑
i𝜀OAR

Ē2
i .

(5)
The Heaviside function (H) term differentiates tumor

voxels j covered and uncovered by the prescription field,
and the squared difference term weighs voxels with time
average electric field Ēj closer to the prescription field
preferably. The weighted OAR term minimizes the time

average field Ēi to the OAR voxel i. The OAR weighting
factor w is by default 0 unless an OAR is present. Ns
represents the number of voxels in the tumor, and NOAR
is the number of voxels in the organ at risk volume.

The optimization of electric field conformity is
included as a second step, to minimize the power con-
sumption of active electrode contacts and to shape the
field in 3D, by minimizing the electric field outside of the
tumor while maintaining field coverage inside the tumor.
The default objective function f (Equation 5) is changed
to the inverse conformity index CI−1 (Equation 6) when
this option is selected:

C I−1 =
VEpres

TVEpres

, (6)

where VEpres
is the total volume covered by at least the

prescription electric field, and VTEpres
is the tumor vol-

ume covered by at least the prescription electric field.
The inverse of the conformity index objective CI−1 is
minimized by the pattern search algorithm, to minimize
the electric field outside of the tumor. Display boxes
show the prescription field coverage percentage and
conformity index of the optimized electric field.

2.4 Planning system testing

The complete treatment planning system pipeline was
tested using two DICOM MRI data sets: a sample built-
in 3D Slicer T1-weighted MRI of a human brain with
a 3.5 cm diameter tumor,61 and a T1-weighted MRI
of a realistic brain phantom with a 1.9 cm diameter
tumor in the frontal lobe (Synaptive Simulate, Toronto
Canada).62 The human MRI was used to test the human
preoperative,postoperative surgical resection cavity,and
preoperative with organ at risk planning pathways. The
phantom MRI was used to test the human preoperative
pathway using single and multiple insertion sites. The
brain and tumor visible on MR images manually seg-
mented using the paint, fill between slices, draw, and
smoothing features. The electrode dimensions used for
the phantom model were customized in the planning
system to mimic AdTech SEEG electrodes (Surgi-One
Medical Technologies Inc.; 0.430 mm radius, 2.29 mm
contact height, 1.71 mm spacing). SEEG electrodes
(0.860 mm diameter) were chosen over larger diame-
ter DBS electrodes (1.27 mm)63 based on the contact
height and number of contacts per electrode (10) that
would be sufficient to cover tumors with IMT fields. Opti-
mization parameters for these models were chosen as
the default values with a voltage limit of 4.00 V, pre-
scription electric field of 1 V/cm, 95.0% desired tumor
coverage, brain conductivity 0.25 S/m, brain dielectric
3000, tumor conductivity 0.24 S/m, and tumor dielectric
2000.23,53–60
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2.5 Phantom electrode implantation

Validation of the full pipeline implementation included a
preoperative CT of a brain phantom (Synaptive),used to
plan the tip coordinates, phase shift and voltage ampli-
tude of a four-electrode, dual entry model on a virtual
1.7 cm diameter tumor. The insertion and optimized tip
coordinates, and planning CT were inputted into the
neurosurgical robot’s (Neuromate R©) planning system
(Neuroinspire™)64 for registration to the robot coordi-
nate system using the Neurolocate™ fiducial apparatus
and frameless patient registration module. A 2.11 mm
diameter cannula fixed to the robot arm with an adap-
tor was used to place each electrode. The phantom was
secured to the robot table using a cranial stabilization
frame (Mayfield R©). Postimplantation CT imaging was
performed on the phantom and analyzed for geometrical
accuracy and postoperative treatment planning.

Electric field is established by applying voltages and
their phase shifts across electrodes. For each electrode,
phase shift and voltage programming were applied
as per phase shift optimization and voltage scaling
results for the phantom CT model, to deliver the 1
V/cm electric field treatment to the tumor. The voltage
drop and simulated electric field distribution were val-
idated by measuring the voltage at two measurement
electrodes and various contacts on the stimulating elec-
trodes. A four-channel waveform generator (Highland
Technology T340 4-channel compact function genera-
tor) was programmed based on optimized voltage and
phase shift parameters and connected to five contacts
per stimulating electrode using custom BNC to five
measurement probe cables. The voltage waveform at
the measurement electrode locations was measured
using a four-channel oscilloscope (Siglent SDS1104X-
E). Uncertainties in voltage measurement values from
the waveform generator and oscilloscope were added
in quadrature as ±40 Hz for frequency and ±0.03 V
for recording electrodes and ±0.05 V for measurement
contacts on the active electrodes. Uncertainties in the
computer simulations comprised uncertainty in elec-
trical properties (phantom conductivity ±1.0 e-7 S/m,
phantom dielectric ±1.0, electrode insulation ±1.0 e-4
S/m) and trajectory (±1.10 mm). A parameter sweep
for all uncertainty parameters and the effects on volt-
age and electric field tumor coverage was performed
for each measurement scenario to obtain electrode
contact-specific simulation uncertainties.

3 RESULTS

3.1 Slicelet design

The completed custom IMT Slicelet (Figure S1) contains
all necessary planning steps within the workflow illus-
trated by Figure 1. All components and modules of the

custom IMT Slicelet were tested for functionality.No user
interaction with external software was required and the
entire user experience of IMT treatment planning was
contained within the Slicelet. Live connection between
3D Slicer and the MATLAB-COMSOL Livelink during
optimization was successfully observed.

3.2 Smoothing and electrode
implantation modules

The smoothing module was demonstrated on seg-
mented volumes from the human and phantom MRI data
sets. Brain and tumor volumes were smoothed and sim-
plified to <100 kB and were successfully implemented
in the patient-specific COMSOL model build. A combi-
nation of the filters included in the module was required
to reduce the file size while maintaining accuracy of
the segmentations. The electrode implantation module
was also tested on the human and phantom MRI data
sets. For the human case, six electrodes were placed
on the MRI from two burr holes (three electrodes per
entry point) by selecting the insertion and tip coordinates
of each electrode. For the phantom scenario, four elec-
trodes were placed from either a single insertion site or
two different insertion sites.

3.3 Optimization module

The five main optimization types (electrode phase shift,
electrode location + phase shift, individual contact
phase shift, individual contact voltage amplitude, and
individual contact phase shift + voltage amplitude) were
tested for functionality on the human and phantom mod-
els. Optimal parameters that provide the necessary
tumor coverage by the prescribed electric field were
determined by the optimization algorithm. Any electrode
contacts that did not contribute to the tumor coverage
were automatically turned off to minimize the number of
active contacts. The different electrode models (human
multi-contact cylindrical electrodes,human custom elec-
trode array and preclinical electrode constructs) were
operational within the COMSOL model build and MAT-
LAB optimization algorithm. The scale voltage option
increased the voltage applied to each electrode until
the desired tumor coverage was achieved. The loca-
tion change option successfully updated the electric
field map display considering the change in electrode
coordinates.

3.4 Planning system testing

The full planning pipeline was tested on both human
and phantom models. Upon completion of an optimiza-
tion,the resulting stimulation parameter tables,electrode
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IMT TREATMENT PLANNING SYSTEM 6061

F IGURE 2 Results of electric field optimization for the (a) dual entry six-electrode human model with electrode location results displayed as
the 3D geometry of brain (gray), tumor (cyan), electrodes (blue) and active contacts (magenta). The resulting electric fields (b) are displayed on
selected axial, sagittal, and coronal cross sections superimposed on the MRI. Further numerical results of optimal phase shift, voltage amplitude,
and electrode trajectories can be found in the supplementary materials (Figure S2). Results of electric field optimization for the (c) six-electrode
single entry human model with 3D geometry and (d) resulting electric fields displayed on selected axial, sagittal and coronal cross sections
superimposed on the MRI. Further numerical results of optimal phase shift, voltage amplitude, and electrode trajectories can be found in the
supplementary materials (Figure S3)

coordinates table, electric field maps, 3D geometry,
and EVH were displayed (Figures S2–S4). The results
of a patient plan were accessible for future viewing
by loading the visualization from the patient file. Full
pipeline implementation using our planning system was
achievable for the tested preoperative dual-entry human
(Figure 2a and b), single-entry human (Figure 2c and
d) and phantom models. The optimized results of the
human dual-entry six electrode plan were electrodes
spaced throughout the tumor volume (Figure 2a), cov-
ering 95.9% of the tumor volume with 1 V/cm, with a
conformity index of 0.69. One electrode only required
one active contact, one required three active contacts,
one required four active contacts, and three required
five active contacts. The voltage amplitude applied to
active contacts ranged from 1.48 to 4.00 V, resulting in
electric fields that were conformal to the tumor volume
(Figure 2b). The optimized six electrode single entry
human model contained electrodes evenly distributed
through the tumor (Figure 2c), covering 95.6% of the
tumor with 1 V/cm, with a conformity index of 0.69. Four
electrodes required four active contacts, one required
five, and one required six, with applied voltage ampli-
tudes ranged from 0.63 V to 4.00 V, to shape the electric
field to cover the tumor (Figure 2d).

All plans were set to cover 95.0% of the tumor volume
with 1 V/cm,which was achieved in all cases.Conformity
index optimization preserved this tumor coverage while
decreasing the electric field outside of the tumor and

minimizing the number of active contacts.To optimize all
parameters (electrode tip coordinates, individual contact
phase shift, and voltage amplitude), the most efficient
approach was to begin with the electrode location +

phase shift optimization, followed by voltage scaling.The
plan is further refined to determine optimal phase shift
of the individual contacts on each electrode, and con-
formity index optimization of phase shift and voltage
per electrode contact. Optimization results for all tested
plans determined that electric fields could be shaped in
3D to cover the tumor volume over time.

3.5 Phantom electrode implantation

Preoperative CT imaging was performed on the brain
phantom and imported into the IMT treatment planning
system, where a 1.7 cm diameter tumor was simulated.
The optimization of electrode locations and phase shift
of 2.20 V waveforms resulted in relative phase shifts of
each electrode as 0◦, 71.9◦, 170.6◦, and 235.3◦ to cover
96.1% of the tumor volume with 1 V/cm (Figure 3).

The phantom brain and skull were attached to the
robot (Figure 4a) with the stabilization frame and the
fiducial apparatus attached to the robot arm (Figure 4b).
The phantom preoperative planning CT and planned
electrode coordinates were registered to the robot oper-
ative setup CT with the planning system and frameless
patient registration module. The four electrodes were
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6062 IMT TREATMENT PLANNING SYSTEM

F IGURE 3 Results of electric field optimization for the four-electrode dual entry CT phantom model. Electrode location results displayed as
(a) 3D geometry of brain (gray), tumor (cyan), electrodes (blue), and active contacts (magenta). Numerical electric field coverage results are
displayed as the (b) EVH of tumor coverage, and (c) resulting electric fields are displayed on selected axial, coronal and sagittal cross sections
superimposed on the phantom MRI. Further numerical results of optimal phase shift, voltage amplitude, and electrode trajectories can be found
in the supplementary materials (Figure S4)

F IGURE 4 Robotic electrode implantation setup including (a) the Neuromate R© robot with Mayfield R© head frame and Neurolocate™ fiducial
apparatus attached, and the workstation running the Neuroinspire™ electrode implantation planning system. (b) Phantom skull housing the
brain phantom attached to the head frame with robot moved into Neurolocate™ registration position. (c) Cannula placement through drilled hole
in skull at registered implant trajectory and depth. (d) CT imaging setup of postimplantation of electrodes and (e) the resulting CT image of the
six implanted electrodes in the axial plane showing the four stimulating electrodes (top) and the two measurement electrodes (bottom)

placed through the cannula (Figure 4c) according to the
optimization results, and the two recording electrodes
were also implanted. CT imaging was acquired with a
Medtronic O-Arm postimplantation (Figure 4d) and elec-
trodes were successfully viewed in the resulting image
(Figure 4e).

The planned voltage waveforms were applied to
the four electrodes, with five active contacts on each
electrode (Figure 5a), and the voltage over time was
measured at the two recording electrodes. Measure-
ments were also obtained from disconnected middle
contacts on each active electrode (Figure 5b and c).
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IMT TREATMENT PLANNING SYSTEM 6063

F IGURE 5 (a) Postimplantation phantom with four electrodes stimulated with four-channel waveform generator, connected to five contacts
per electrode (20 total stimulating contacts), and two additional measurement electrodes. (b) Simulated geometry of electrode construct with
measurement contacts highlighted in different colors. (c) Voltage measurement and simulation results, with colors corresponding to
measurement contacts on electrode geometry, for various stimulation types (1: full 20 contact stimulation, 2–5: 19 contact stimulation with
corresponding electrode contact replaced with measurement prong, and 6: 16 contact stimulation with all middle contacts replaced with
measurement prongs). (d) Sagittal slice of postoperative treatment planning results with electric field superimposed on the CT and implanted
electrodes projections (white) and tumor (cyan)

The frequency of all recorded continuous sinusoidal
waveforms was 200 kHz ± 40 Hz. The postoperative
CT was used to simulate the actual implant geometry
(Figure 5b), with a calculated average Euclidian tra-
jectory offset of 1.10 mm compared to the planned
geometry. Simulation results of the voltage at measure-
ment electrode contacts yielded electrical conductivity
and dielectric of the phantom as 6.0 e-7 S/m and
5.0, respectively, and a conductivity of 5.0 e-4 S/m
for the electrodes insulated section between electrode
contacts.

Comparison between the measured voltage ampli-
tudes and simulated voltages with maximum measure-
ment and average simulation uncertainties are plotted in
Figure 5c. Voltage amplitudes were recorded at the dis-
tal contacts on measurement electrodes for the planned
20 contact stimulation, and additional measurements
were obtained for 19 contact stimulation and 16 contact
stimulation, with corresponding active contacts (color
highlighted contacts in Figure 5b) replaced with mea-
surement probes (Figure 5c). Uncertainties in electrical
properties and trajectories resulted in voltage simu-
lation average uncertainties ranging from ±0.01 V to
±0.06 V. The uncertainty of electrical properties did
not impact the tumor coverage within p < 0.01. The
average 1.10 mm trajectory uncertainty of each elec-
trode impacted the electric field tumor coverage by a
maximum of 2.6%. The simultaneous measurement of
voltage waveforms from the center contacts on the four
stimulating electrodes allowed for validation of deliv-
ered phase shift between contacts within 5.8◦ average
uncertainty, resulting in a maximum impact of 0.4%
and average impact of 0.03% on electric field tumor
coverage.

A postoperative plan using actual implant coordinates
from the postoperative CT (Figure 4e) was performed
to validate postoperative planning capability of the
treatment planning system (Figure 5d). Postoperative
planning found optimal parameters at actual implant
locations as 2.20 V with phase shifts of 0◦, 39.6◦,
142.0◦, 220.9◦ resulting in 95.4% tumor coverage with
four active contacts on two electrodes, and five active
contacts on the remaining two electrodes.

4 DISCUSSION

In this study a custom IMT planning system was
developed to map electric field distributions for human
and preclinical models. 3D Slicer provided a suitable
platform to create a custom coded Slicelet for our cus-
tomized planning modules. External software modules
were integrated into the system as background pro-
cesses, removing user interaction with MeshLab, COM-
SOL, or MATLAB. The treatment planning pipeline was
semiautomated, with fully automated COMSOL patient-
specific model builds and MATLAB optimization code.
Time-saving processes were also implemented into the
MATLAB optimization, including the superposition of
electric fields for objective calculation,custom mesh and
interpolation matrix sizes, and rounding of parameters
to 0.1 mm for location, 0.01 radians for phase shift, and
0.01 V for voltage amplitude. These updates resulted
in an 8.3× speed improvement for location-based opti-
mizations, and a 208× speed improvement for phase
shift and voltage amplitude optimizations.

Different electrode types were utilized in the sys-
tem including multi-contact human scale cylindrical
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electrodes defined by insertion and tip coordinates,
options for custom electrode arrays, and preclinical
multi-electrode wire constructs. Electric field treatment
parameters, including electrode locations, phase shifts
and voltage amplitude were planned within the opti-
mization module to maximize electric field coverage
to the tumor over time. Conformity index optimization
allowed for electric fields to be shaped in 3D to cover
the tumor volume, while minimizing the field outside of
the tumor. The optimized electric fields are visualized
on interactive MRI slices, and the optimal geometry
is visualized as a 3D model of the brain, tumor, and
electrodes. The numerical results are displayed as
parameter tables and the EVH graph to analyze the
tumor volume and organ at risk coverage.

IMT is still in the early stages of development, and in
order to move toward clinical trials, a treatment planning
system is needed to determine the number of elec-
trodes and their programming to accommodate tumors
of different shape and size, located in any area of the
brain.Different tumor types can also be considered,with
electrical properties customizable for patient-specific
brain and tumor characteristics. With initial electrode
locations planned in the electrode implantation mod-
ule, the treatment provider can ensure the electrode
trajectories avoid any sensitive structures. Postopera-
tive planning provides two essential capabilities, namely,
the adjustment of parameters after electrode insertion,
to account for the actual implantation coordinates, and
the adjustment of treatment parameters over time as
the tumor volume changes shape and size through-
out treatment. Electrode encapsulation layer, brain shift,
edema,and scarring over time can also be accounted for
with postoperative stimulation reoptimization. The low-
voltage nature of IMT (akin to DBS, which is regulated
to ensure minimal tissue heating65) and active electrode
contact placement within tumor tissue present minimal
risk to nearby normal tissues. The surface charge den-
sity limit of 30 µC/cm2 is considered to ensure electric
fields are safely deliverable.66 Organs at risk,such as the
brainstem,were still considered in the IMT planning sys-
tem, as electrode trajectories should not pass through
these volumes. The optimization of electric field cover-
age considering the avoidance of sensitive structures
and organs at risk was presented in previous work.7

The treatment planning system was validated by
planning and robotically implanting four stimulating elec-
trodes and two measurement electrodes in a brain
phantom. The preoperative electrode configuration was
implanted into the brain phantom and planned wave-
forms were applied to five contacts per electrode. Volt-
age measurements at the active contacts and recording
electrodes demonstrated the capability to validate the
voltage drop and electrical properties of the model
postimplantation. When stimulations to middle contacts
were replaced with measurement probes (Figure 5),
measured voltages showed larger offsets from sim-

ulations compared to separate measurement probes
placed ∼1 cm from the closest active electrode, likely
due to capacitive cross talk between recording and
active wires within the same electrode. The accuracy of
tip coordinate separation between electrode pairs was
observed as 1.10 ± 0.60 mm.

Postoperative planning was validated using the actual
implant coordinates localized with postimplant CT imag-
ing. Measurements of the voltage surrounding the
treated brain phantom found all but one voltage mea-
surement was equal to simulations within the uncer-
tainty. The bending of the electrodes is attributed to this
offset between predicted and actual voltages. While the
uncertainty in the simulation electrical property param-
eters affects the predicted voltage measurement, the
overall electric field tumor coverage remains unaffected
by these uncertainties. Trajectory uncertainties showed
impact on both the voltage and electric field tumor cov-
erage. The validation of delivered phase shift to within
1.6% provides insight on future treatment planning
system updates to phase shift specificity.

Surgical electrode implantation of IMT electrodes will
need to consider surgical and hardware complications
associated with DBS and SEEG electrode implantation.
Such risks remain low but include hemorrhage, infec-
tion, stroke, implant misplacement and migration, and
component failure.67,68 The success and tolerability
of DBS long-term implantation support the potential
of IMT to improve patient quality of life compared to
external electric field devices, other ablation techniques,
radiation, and chemotherapy. Limitations of the current
planning pipeline include no differentiation between
necrotic core and enhancing tumor segmentation, and
long computation times (∼4–8 h depending on the
number of electrodes) required for location-based
optimizations. The incorporation of necrotic core, white
matter, gray matter, and cerebrospinal fluid (CSF) can
be achieved in the future by additional segmentations
and electrical parameter specification and could be
implemented based on semiautomatic methods using
specific MRI pulse sequences69–71 and patient-specific
electrical conductivity and permittivity maps.72 Theoret-
ically, since the active electrode contacts are within or
directly adjacent the local tumor volume,the surrounding
brain tissue inhomogeneities (white matter, gray matter,
CSF) should not impact the results of the optimiza-
tion, as has been supported by external field delivery
studies.5,73 The long computation times associated
with location-based optimizations can be addressed in
the future by utilizing parallel computing. Other future
work will involve addressing the accuracy of the electric
fields considering uncertainties from imaging, electrode
localization, and finite element discretization and inves-
tigating custom electrode arrays for surgical resection
cavities. Insights on the mechanisms of action will
shape future updates to the planning system, including
the importance and inclusion of electric field anisotropy
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optimization. Concurrent in vitro and in vivo validations
will lay a framework for a future single center safety trial.

The pipeline steps for planning an IMT treatment have
been integrated into a single platform that consists of tis-
sue segmentation, volume smoothing and simplification,
electrode trajectory planning, electric field optimization,
and results visualization.The amalgamation of planning
steps in our custom semi-automated treatment planning
system has improved the time to generate a treatment
plan and the accessibility to the novice user. With the
results of this study, the IMT optimization algorithm has
been expanded to incorporate patient-specific scenar-
ios, establishing a platform for future use in early-stage
clinical investigations.

5 CONCLUSION

The custom IMT treatment planning system and under-
lying optimization methods developed in this study
provide an essential platform for future early clinical
studies. The system provides a variety of planning
options including preoperative and postoperative, surgi-
cal resection cavity models, and preclinical models, in
addition to considerations of nearby organs at risk, tis-
sue electrical properties, and prescription electric fields.
The versatility of the system to patient-specific tumor
shape and size, location, and tumor type will be evalu-
ated in a future user study on large-scale patient data
set planning. Overall, we have semiautomated and coa-
lesced all IMT planning pipeline steps into a single user
interface and validated the pipeline on a phantom model.
This novel IMT treatment planning system will allow for
future developments of IMT,progressing this technology
toward clinical trials.
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