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Abstract 

The use of anti-cancer non-ablative electric fields is an expanding area of research that 

includes clinically available external devices for the treatment of glioblastoma (GBM), and a 

pre-clinical internal system called Intratumoural Modulation Therapy (IMT). IMT uses 

multiple electrodes implanted within the tumour to apply low intensity electric fields (~1 

V/cm) focused on the target region, anywhere in the brain, with no externally visible devices. 

In this thesis, multi-electrode spatiotemporally dynamic IMT is investigated through 

computer simulation, numerical optimization, brain phantom and in vitro validation methods. 

These planning and validation strategies are hypothesized to improve tumour coverage with 

the necessary electric field and improving treatment efficiency through minimizing number 

of electrodes, power consumption, and manual planning time. 

The development of an IMT optimization algorithm that considers the placement of multiple 

electrodes, voltage amplitude and phase shift of input waveforms showed that human scale 

tumours are coverable with anti-cancer electric fields. Additionally, maximally separating the 

relative phase shifts of sinusoidal voltage waveforms applied to the electrodes, induces 

rotating electric fields that cover the tumour over time, with spatially homogeneous time 

averaged fields. A treatment planning system designed specifically for IMT considered 

optimizable electrode trajectories and patient images to create custom field plans for each 

patient, which was validated using robotic electrode implantation on a brain phantom. These 

custom fields can be optimized to conform to patient-specific tumour size, shape, or location. 

The efficacy of spatiotemporally dynamic fields was validated by developing a purpose-built 

in vitro device to deliver multi-electrode IMT to patient derived GBM cells. Cell viability 

was reduced when subjected to these rotating electric fields, supporting the optimality criteria 

derived analytically. 

The IMT optimization algorithm and planning system, supporting phantom validation and in 

vitro data, together with an accompanying planning system user guide support the move to 

clinical trials in the future. Overall, IMT technology has been advanced in this thesis to 

include patient-specific treatment planning optimization, a development that holds 

significance towards the future clinical implementation of IMT and treatment goals. 
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Summary for Lay Audience 

A recent advancement in brain cancer research is the use of electric fields to control the 

disease. These electric fields can be applied either externally in the form of an electrode cap, 

or internally with implanted electrodes. The former is available clinically, and the latter is the 

topic of this thesis. Electric fields delivered directly using electrodes surgically placed within 

the brain tumour is a method called Intratumoural Modulation Therapy (IMT). Computerized 

optimization allows us to determine the ideal treatment settings to best cover the tumour with 

the prescribed electric field. In this thesis, anti-cancer electric fields are optimized for brain 

cancer treatment, through the development of an IMT optimization algorithm, a patient-

specific IMT treatment planning system, and in vitro validation of optimized rotating electric 

fields.  

It was found through computer simulations and a custom designed optimization algorithm 

that human scale tumours can be covered with sufficient anti-cancer electric fields from 

multiple electrodes placed in the tumour at optimized locations. The settings of the applied 

voltage waveforms to each electrode resulted in fields that moved over time to cover the 

entire tumour. A treatment planning system was then developed that incorporates this 

optimization algorithm. Patient images are used in conjunction with treatment goals 

including electric field dose and number of electrodes, where the treatment provider can run 

the simulator and optimizer to design a patient-specific treatment plan. The planning system 

was validated by performing an electrode implantation on a brain phantom using a robotic 

insertion technique. Finally, the rotating electric fields found to have the best coverage were 

investigated in vitro, where a device was designed to deliver reliable reproducible stimulation 

to multiple wells simultaneously. The results of this study found rotating fields effective at 

reducing the viability of brain cancer cells, where the strength of the electric field was the 

main driver of cell death. The optimization strategies applied in the planning system were 

found to be impactful with more tumour cell kill observed in trials using optimized settings. 

Overall, the discoveries made in this thesis are significant in the development of IMT and 

patient-specific treatment planning.  
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Chapter 1  

1 General Introduction 

1.1 Motivation and Overview 
Glioblastoma (GBM) is the most aggressive and common type of primary brain cancer 

with a 5-year relative survival ranging from 2-14% depending on patient age1,2. Despite 

surgical resection, chemotherapy, and radiation as standard treatment options, the median 

survival of GBM is 12-14 months1,2. The aggressiveness of these tumours and delicate 

surrounding structures contribute to the difficulty to control. Other primary brain cancers, 

such as pediatric Diffuse Intrinsic Pontine Glioma (DIPG), that are located on or near the 

brainstem are especially hard to control with existing treatment options. Children 

diagnosed with DIPG have a 2-year survival rate of less than 10% with radiation as the 

main treatment option, as surgical resection of diffuse disease on the brainstem is not 

possible and traditional chemotherapy strategies are ineffective3,4. With poor survival 

outcomes even with the three core treatment options, new modalities are needed to 

improve survival and patient quality of life. 

1.2 Electric Field Theory 
Charged particles intrinsically exhibit electric fields, with their magnitude and direction 

defining the force of attraction or repulsion exerted on surrounding charges. Electric 

fields are vector quantities that depend on the location in three-dimensional space <, and 

the time +, expressed as =(<, +). The electric potential )(<, +) is a location and time 

dependent quantity defining the energy per unit charge. The electric field and potential 

are closely related (1.1), where known electric potentials can be used to compute the 

electric field. 

=(<, +) = −?)(<, +)           (1.1) 

The electric potential, also referred to as voltage, is an important consideration for 

medical electric fields, where voltages, and hence electric fields, are applied to biological 

tissues with either voltage or current driven sources. Permittivity and electrical 
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conductivity are material properties that influence how electric fields behave. 

Permittivity, alternatively termed the dielectric constant ε, represents a material’s ability 

to store energy, and is a quantity relating the electric field with the charge density A(<, +) 

in Gauss’ law (1.2)5.  

? ∙ ε=(<, +) 	= 	A(<, +)         (1.2) 

Gauss’ law can also be expressed in terms of the electric flux density D(<, +), which 

describes the electric charge over unit area (1.3). 

D(<, +) = 	ε=(<, +)         (1.3) 

In the presence of alternating electric fields, the permittivity is a complex quantity with 

real and imaginary parts that are frequency dependent. The capability of a material to 

conduct electric currents is represented by the electrical conductivity E, and relates the 

electric field with the current density through Ohm’s law (1.4), where F(<, +) is the 

location and time dependent current density5.  

F(<, +) = E=(<, +)        (1.4) 

The permittivity ε and conductivity E described so far have been scalar quantities, which 

are used for isotropic media. While this assumption and simplification are applicable, in 

most cases, it is noted that these simplifications arise from more complicated anisotropic 

definitions. For anisotropic cases where the electrical properties have directional 

components, the permittivity and conductivity are represented as tensors, redefining 

Gauss’ law to (1.5) and Ohm’s law to (1.6).   

D(<*, +) = ε*+=(<,, +)           (1.5) 

F(<-, +) = E*+=(<,, +)          (1.6) 

Biological tissues exposed to electrical stimulation represent parallel circuit models 

containing resistive and capacitive components5. The absolute value of tissue impedance 

Z can therefore be defined as (1.7), where H is the resistance (conductivity dependent), 2 
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is the frequency, and I is the capacitance (permittivity dependent) and used to relate 

current J to the voltage ) (1.8). 

Z = (H./ + (212I)/).%.1               (1.7) 

)	 = (J             (1.8) 

The biological circuit becomes more complex when multiple voltage source electrodes 

are included, adding parallel components to the circuit. When this is the case, it becomes 

more logical to use the admittance K, which is the reciprocal of the impedance. The 

components from the multiple sources are expressed as an admittance matrix, which 

relates the current and voltage of each terminal source (1.9). 

L
J2
⋮
J3

N 	= L
K22 ⋯ K23
⋮ ⋱ ⋮
K32 ⋯ K33

N L
)2
⋮
)3

N      (1.9) 

While the electric field in tissues can be summarized using macroscopic electrical 

properties, on the microscopic level the cell membrane and cytoplasm each have their 

own electrical properties, governing the electric field through each layer5–7. Both 

electrical conductivity and permittivity are dependent on the frequency of the external 

electric stimulation applied to the sample. Microscopic cell properties shed light on the 

mechanisms of applied electric fields and how the stimulation frequency and amplitude 

impact the normal functioning of intercellular structures and membrane potentials. Low 

frequency fields (~50 Hz) do not penetrate the cell membrane, while higher frequency 

fields (~1 MHz) completely pass through the membrane, leading to uniform field within 

extracellular and intercellular space5. For intermediate frequencies in the kHz range, 

increasing the frequency increases the intercellular electric field until a peak field is 

reached surpassing the extracellular field, then decreases to the extracellular field 

strength8. Membrane and intercellular electrical conductivity and permittivity differ 

between cell types, especially cancerous cells, where the unique electrical characteristics 

could be exploited for cancer cell targeted therapy9. 
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Macroscopic isotropic properties, derived from experimental data10–14, are important for 

mapping electric fields within tissue to determine optimal treatment scenarios. Methods 

for non-invasively determining these properties include the use of magnetic resonance 

imaging (MRI) to map the electrical conductivity and permittivity in patient brains, 

making possible more patient-specific electrotherapy treatments15.  

1.3 Electric Fields in Medicine 
Electric fields have various applications in medicine from treating neurological disorders 

with deep brain stimulation (DBS), transcranial direct or alternating current stimulation 

(tDCS, tACS), to treating tumours with irreversible electroporation (IRE), radiofrequency 

ablation, tumour treating fields (TTFields), or preclinical intratumoural modulation 

therapy (IMT), the topic of this thesis (Table 1.1). The frequency range and amplitude of 

such electric fields are highly influential in the treatment capabilities and mechanisms, as 

well as the electric properties of the impacted tissues. 

Table 1.1: Stimulation parameters for electrotherapy devices including voltage, 

frequency, and average electric field. 

Medical 
Device 

Electrode 
Placement Disease Mechanism Time Voltage Frequency Electric 

Field 

Tumour 
Treating Fields 
(TTFields)16,17 

External 

Cancer 
(GBM) Anti-Mitotic? 

Continuous: 
>18 

hours/day 
50 V 100-500 

kHz 
1-3 

V/cm 

Transcranial 
Direct Current 

Stimulation 
(tDCS)18–21 

Neurological 
Disorders 

Neuron Firing 
Rate 

Minutes: 
20-30 min 

Current 
1-2 mA 

N/A 

<0.01 
V/cm Transcranial 

Alternating 
Current 

Stimulation 
(tACS)22,23 

Neuronal 
Entrainment 10-250 Hz 

Radiofrequency 
Ablation24,25 

Internal 

Cancer 
100°C Thermal 

Ablation via 
Ohmic Heating 

Minutes: 
10-15 min 

20-25 V 450-550 
kHz 

75 
V/cm 

Microwave 
Ablation24,26–28 Cancer 

100°C Thermal 
Ablation via 

Dielectric 
Heating 

70 V 0.915-2.45 
GHz 

10 
V/cm 
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Irreversible 
Electroporation 

(IRE)29  
Cancer 

Irreversible 
Membrane 

Permeabilization 

Seconds: 
50-100 total 

pulses 

1000-
3000 V 

100 µs 
pulse 
width 

300-
1500 
V/cm 

Deep Brain 
Stimulation 
(DBS)30,31 

Movement/ 
Neurological 

Disorders 
(Parkinson’s, 

Epilepsy) 

Neuronal 
Entrainment Continuous 2-4 V 

130-185 
Hz 

60-450 µs 
pulse 
width 

1-2 
V/cm 

Intratumoural 
Modulation 

Therapy 
(IMT)32–34 

Cancer 
(GBM, 
DIPG) 

Anti-Mitotic? Continuous 1-4 V 100-500 
kHz 

1-3 
V/cm 

 

1.3.1 Tumour Treating Fields 

One recent advancement in the control of GBM is using low intensity alternating electric 

fields to interfere with tumour progression17,35–37. This technique, termed Tumour 

Treating Fields (TTFields), uses two electrode array pairs placed on the shaved scalp to 

deliver alternating electric fields in the anterior-posterior and left-right orientation. 

Sinusoidal waveforms are continuously applied to the electrodes from a waveform 

generator with a maximum amplitude of 50V at 200 kHz, which alternate between the AP 

and LR pairs depending on the treatment plan38. TTFields began with preclinical 

investigations into intermediate frequency (100-500 kHz) electric fields, thought 

previously to have no medical benefits. These early in vitro and in vivo studies deemed 

low intensity electric fields from 1-3 V/cm effective at non-thermally causing arrest in 

cancer cell proliferation in a frequency and field strength dependent manner39,40. 

TTFields effects on cancer cells have since been corroborated by other groups and shown 

to have additive effects when combined with Temozolomide (TMZ), a standard of care 

chemotherapeutic agent for GBM41,42.   

Clinical trials of TTFields using the Optune® (NovoTTF-100A) device shown 

comparable results to standard of care chemotherapy43, and significant progression-free 

and overall survival when TTFields was combined with TMZ compared to TMZ alone44. 

Based on results of the phase 3 clinical trials, TTFields became an FDA approved 

treatment for GBM. An analysis of early clinical implementation of TTFields from 2011 

to 2013 highlighted no unexpected adverse events and overall survival that surpassed 
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those reported in the clinical trials45. Case studies on tumour recurrence suggest that 

underdosed regions are more susceptible to recurrence, and adjustment of treatment 

parameters could improve the response of local recurrence46. Patient compliance with 

wearing the device, as well as electric field strength to the tumour, were both indicators 

of overall and progression free survival47. The main drawback to the use of the external 

nature of TTFields, evident from patient compliance, is that patients must maintain a 

shaved scalp and wear the device for at least 18 hours a day while also carrying the 

accompanying waveform generator.  

1.3.2 Mechanism of Tumour Treating Fields 

While the mechanism is not a central part of this thesis, a brief overview of potential 

mechanisms has been included, with a detailed literature review included in Appendix B. 

The original hypothesized mechanism of action of TTFields was purely anti-mitotic, as 

there was an observed cell selectivity of rapidly dividing tumour cells compared to 

normal cells39. Early studies observed two main anti-mitotic mechanisms involving 

spindle fiber formation and dielectrophoresis in telophase39,40,48. During metaphase, 

chromosomes align and the mitotic spindle forms through microtubule polymerization of 

polar subunits (tubulin dimers) to pull sister chromatids to opposing poles. In the 

presence of an external electric field, the polar tubulin dimers are thought to follow the 

external electric field instead properly polymerizing and depolymerizing, leading to cell 

death48. The second anti-mitotic observation occurs in anaphase, where septin proteins 

fail to localize to the mitotic spindle, impacting the cleavage furrow ring assembly49,50. 

Another anti-mitotic action involves dielectrophoresis in telophase, where the non-

uniform electric field within the dividing cell is focused at high intensity on the cleavage 

furrow. This non-uniformity causes dielectrophoretic forces to pull charged and polar 

molecules to the furrow37,40,48,51. While anti-mitotic mechanisms were the original 

hypotheses, it has since been established that many alternative intracellular mechanisms 

are at play (Figure 1.1). Various reports have found TTFields reduce tumour DNA repair, 

reduce tumour cell migration, impact autophagy, enhance anti-tumour immunity and 

promote immunogenic cell death, and increase cell membrane permeability37,52–56.  
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Figure 1.1: Summary of proposed mechanisms of action for tumour treating electric 

fields. TTFields have been found to be (a) anti-mitotic, (b) to decrease DNA repair, 

(c) to decrease cell migration, (d) to promote autophagy, (e) to promote an immune 

response, and (f) to increase membrane permeability and blood brain barrier 

breaching. 

1.3.3 Tumour Ablation Techniques 

Tumour ablation represents an alternative treatment option for patients whose primary 

treatments of surgery, chemotherapy and radiation are not appropriate. Thermal tumour 

ablation techniques including radiofrequency and microwave ablation work by destroying 

tumour cells with heat57,58. An electrode is inserted into the tumour volume, typically 

non-invasively with the help of ultrasound, and radiofrequency or microwave energy is 

applied to raise the temperature of the tumour tissue past lethal limits. Thermal ablation is 

most commonly used for liver cancers, but can also be used to treat kidney, bone, and 

pancreas. The main drawback to thermal ablation is the non-selective destruction of 

nearby tissue, which is detrimental for nearby critical structures. 

High intensity electric fields (~1000 V/cm) have the capacity to ablate tumours by 

causing holes in the cell membrane that cannot be repaired, leading to cancer cell death. 

This technique, irreversible electroporation (IRE), is a fairly new strategy developed in 
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the past decades, that uses multiple electrodes temporarily implanted into the tumour to 

deliver primarily non-thermal electric fields59,60. IRE has the potential to overcome 

drawbacks of thermal ablative techniques impacting nearby normal critical structures. 

With IRE still in the early stages, treatment strategies are being investigated to determine 

stimulation settings and electrode pair combinations to optimally cover tumour 

volumes61,62. Both thermal and non-thermal ablation are similar in their use of 

temporarily implanted electrodes to deliver electric fields, but their high intensity has its 

limitations on applications with nearby critical structures. 

1.3.4 Non-Cancer Applications 

Electric fields of low frequency (~100 Hz) can be used to treat neurological disorders 

including Parkinson’s disease, dystonia, epilepsy, and essential tremor through deep brain 

stimulation (DBS) by regulating neuronal function63–65. In DBS, electrodes are surgically 

placed with mm precision at the desired brain region where permanent implantation 

allows for continuous and adjustable stimulation. Multi-element electrodes are provided 

with stimulation through a pulse generator implanted subcutaneously near the clavicle. 

The intensity and spatial configuration of the stimulation is adjusted until the patient’s 

symptoms are resolved. 

The main concern with the design of new DBS electrodes is ensuring the charge density 

on the electrode surface does not exceed 30 µC/cm2, the threshold for tissue damage66. 

The charge density is inversely proportional to surface area, so new designs for electrodes 

with small directional contacts must consider the charge density67. Improvements to the 

design of DBS electrodes are of current interest to improve efficacy67–69, where the 

impacts of tissue impedance has been deemed an important consideration70–72. 

Non-invasive methods to treat neurological disorders include tDCS and tACS, where 

electrodes are placed on the patient’s scalp to deliver currents across the brain18–23. These 

methods use either direct current (tDCS) or alternating current (tACS) waveforms that 

result in electric field magnitudes to the brain of under 0.01 V/cm, much lower than DBS. 
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1.4 Electric Field Computer Simulations 
An important consideration with electrotherapy is the delivered electric field and current 

density to the brain, quantities that shape treatment planning and efficacy. For partial 

differential equations without simple analytical solutions, such as the electric fields in 

complex geometries, numerical methods are required to approximate the solution in space 

and time. Finite element method is one such numerical approach which discretizes the 

boundary value problem on a non-uniform mesh. For three dimensional problems, a non-

uniform tetrahedral mesh is most commonly used, with smaller mesh elements and more 

discretization points in areas of greater geometrical change. For electric field finite 

element solvers, Gauss’ law (1.2,1.3), Ohm’s law (1.4), and continuity (1.10) govern the 

electric field computation.  

45(7,9)

4;
+ ? ∙ F(<, +) = 0           (1.10) 

Boundary conditions including the voltage at terminal boundaries, electrical insulation, 

and maintaining R ∙ F	 = 0 on boundaries (R is the boundaries normal vector) are required 

for computation in addition to known electrical conductivity and permittivity. Computer 

modelling is a useful and commonly used tool for analyzing the electric field distribution 

in medical applications such as TTFields, DBS, and IRE, which can help shape treatment 

techniques and parameters.  

Electric field simulations have played a role in the development of the external TTFields 

device, and began with cell modelling in metaphase and telophase investigating the 

dependence of cellular electric field on electrical properties and frequency8. The electric 

field within the cell is inversely proportional to the intercellular conductivity, 

proportional to the membrane permittivity, and independent of the membrane 

conductivity or intercellular permittivity at 200 kHz8. Simulations of cells in telophase 

showed that the electric field at the cleavage furrow peaked at 200 kHz, with frequency 

dependence also observed in single cells8. Single and dividing cell modelling has also be 

used to study the potential mechanisms of TTFields including the disruption of mitotic 

spindle formation, dielectrophoresis and impacts on the cell membrane73–75. Frequency 

and division axis orientation impact on dielectrophoretic forces during telophase and 
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cytokinesis were simulated and used to create an equivalent circuit model of cells 

undergoing mitosis75, supporting the dielectrophoretic hypothesis. Other simulation cell 

studies on spherical and realistic GBM cells have found weak electric field strength 

within the cytoplasm raises question to intercellular mechanisms, and thermal 

distributions supported the hypothesis that thermal damage is not a mechanism of 

action73. Induced membrane potential shows promise as a possible mechanism based on 

recent modelling, which finds previous hypothesized mechanisms of mitotic spindle  

formation disruption and dielectrophoresis to be lacking in theoretical support74. 

The modelling of the electric field distribution within the patient brain has been used to 

shape treatment parameters including electrode array layouts and stimulation 

programming76. The impact of electrical properties, tumour location, and necrotic core 

presence on the electric field have been investigated in realistic brain and tumour 

models77–79. Electrical conductivity of various brain tissues has the greatest impact on 

electric field, with the skull acting as an insulator which greatly reduce the electric field 

magnitude within the brain77–79. This led to the hypothesis and subsequent simulation 

support that a craniectomy could be applied to improve electric field to tumours located 

near the skull by 60-70%80. The necessity of time consuming realistic brain tissue 

segmentations has been investigated by comparing field strength to a simplified brain 

model, showing minimal difference between realistic and simplified brain models81. 

Numerical simulation-based analysis has been expanded to analyze the treatment 

planning system82 and clinical trial data, where patient compliance and dose intensity 

above 1 V/cm were indicators of overall survival47.  

Electrotherapy techniques using implanted electrodes are also studied computationally, 

including DBS tissue heating83,84, impedance over time85, and the impact of DBS 

electrode design on the electric field86–88. Ensuring that DBS electrodes are delivering 

only safe with minimal tissue heating (<0.8ºC directly adjacent electrode contact83) is an 

important consideration when designing electrodes, and can be modelled with finite 

element solvers similar to the electric field. For multi-contact electrodes, the farther the 

separation between active contacts, the lower the heat produced84. Electric field 

simulations of novel electrode designs are essential in determining the treatment 
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capabilities and safety profiles86–88. Electric fields, electric potential and current density 

from various electrode designs have also been investigated computationally in realistic 

human head models for transcranial direct current stimulation89,90 and radiofrequency 

ablation91–93. While there are planning systems for irreversible electroporation 

considering thermal effects94 and electric field distributions62,95, there is no planning 

system for IMT. 

1.5 Numerical Optimization 
To determine optimal IMT electrode trajectories and stimulation parameters in this thesis, 

computer simulations of the electric field are considered in an optimization algorithm. 

Optimization of elaborate functions that do not have analytic solutions, including 

functions dependent on computer simulation results96, require numerical methods to find 

the optimal solution97,98. The main components of an optimization algorithm are the 

objective function, which is to be minimized, and the optimization strategy. Common 

strategical categories include descent99, evolutionary, probabilistic and pattern search 

methods96. The characteristics of the objective function including continuity and number 

of minima determine the strategy that is best for the problem at hand. Descent methods, 

commonly gradient descent, are suited for problems where the objective function is 

continuous and differentiable. For gradient descent a local minim is found by computing 

the negative gradient of the objective function as the search direction for the next 

iteration99. While descent methods are favourable for being fast and efficient, problems 

that contain discrete objective functions that are not differentiable require alternate 

methods. Metaheuristic approaches look to find the global minimum of an optimization 

problem and include classes such as evolutionary and probabilistic algorithms. The 

genetic algorithm (evolutionary) and simulated annealing (probabilistic) are common 

metaheuristic approaches derived from natural selection and the annealing process in 

metallurgy respectively96. These techniques are well suited for problems that require 

finding the global minimum of a discrete problem, where the objective function can be 

evaluated quickly. Pattern or direct search methods (Figure 1.2) are derivative free 

optimization strategies that iteratively compare objective function values to find a local 

minimum96. These methods can be faster and simpler to implement compared to 
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metaheuristic approaches, but the incomplete search of parameter space can mean the 

global minimum is missed. Pattern search is the chosen strategy for IMT applied in this 

work, while optimization strategies including gradient descent and direct search methods 

have been applied to simulation based problems in electrotherapy for DBS67, TTFields100 

and electrode placement and programming for electro-chemotherapy101. 

 

Figure 1.2: Pattern search optimization strategy where the objective function is 

computed for test point parameters surrounding a central point (previous 

iteration’s best result (blue)). If a better objective value is computed (green), this 

becomes the new center point. The array of test points are parameter values an 

equal relative distance from the central point, with the distance contracting when no 

better solution is found. 

1.6 Intratumoural Modulation Therapy 
Intratumoural Modulation Therapy (IMT) is a proposed method of applying low intensity 

electric fields directly to brain tumour regions using multiple implanted bio-electrodes32–
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34. These electrodes would be permanently implanted within and adjacent to the patient 

brain tumour where an implantable waveform generator would supply the ideal 

stimulation parameters to the electrodes. This method would allow the electric fields to 

be applied with lower voltage amplitude (<10 V) compared to external TTFields methods 

which require 50V stimulation to penetrate the insulating skull (Table 1.1). Additionally, 

IMT would allow for localized electric field coverage to tumours anywhere in the brain, 

including near and on the brainstem, a location not reachable with external devices. With 

IMT being a novel treatment modality, the ideal stimulation parameters, placement 

configuration and electrode design to best allow for custom treatment of patient brain 

tumours is still unknown.   

Early in vitro IMT investigations considered GBM cells versus normal post-mitotic 

neurons exposed to 130 Hz square pulses of 4 V amplitude and 90 Ss pulse width32. 

Neurons remained unaffected by IMT, while GBM cells were significantly impacted by 

IMT with a 56% decrease in cell viability after 96 hours compared to sham conditions32. 

To ensure IMT would not cause unwanted neuronal entrainment from the 130 Hz DBS 

frequency, the frequency was increased to 200 kHz.  

In this second investigation, patient derived GBM cells (n=3), F98 GBM cells (n=3) and 

post-mitotic primary neurons (n=4) were exposed in vitro to either ±2 V, 200 kHz 

sinusoidal waveforms for 72 hours, Temozolomide chemotherapy (TMZ) or both33. 

Reduction of cell viability for patient derived cells was observed as 83% viability for 

TMZ, 65% viability for IMT, and 46% viability for combination TMZ+IMT. Flow 

cytometry determined the percentage of apoptotic/dead cells as 15% for the sham 

condition, 28% for TMZ, 39% for IMT and 74% for combination TMZ+IMT. Rodent 

F98 GBM cells showed 55% cell viability in vitro, and 20% tumour volume reduction in 

vivo after one week of IMT delivered to one side of a bilateral tumour model (n=15). 

Primary neurons were not impacted by IMT, and computer simulations of the in vivo 

single electrode construct showed 24% of the tumour core above 1 V/cm33.  

IMT was also investigated in vitro for efficacy on patient derived DIPG cells (n=3), 

where IMT reduced cell viability to 52%, with flow cytometry viable to non-viable ratios 
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of 6:1 for sham conditions and 1.5:1 for IMT34. When multi-modality paradigms 

including IMT, TMZ, and radiotherapy (RT) were applied, the cell viability was reduced 

to 81% for TMZ, 72% for RT, 59% for combination TMZ+RT, 44% for IMT, 40% for 

combination IMT+TMZ, 35% for combination IMT+RT, and 21% for IMT+TMZ+RT34. 

The significant decrease in cell viability with IMT alone and in combination with 

chemotherapy and radiation highlight the potentials for improved outcomes with multi-

modality treatment for DIPG. Computer simulations of the in vitro single electrode model 

yielded only 6% of the in vitro dish was exposed to at least 1 V/cm electric field, 

prompting the switch to multiple electrodes to increase electric field coverage.  

All previous IMT preclinical studies used a single stimulating electrode with limitations 

in electric field coverage to mm scale volumes. Moving from preclinical to clinical scale 

tumours would require a boost in electric field coverage while maintaining the low input 

voltage necessary for intratumoural electrodes. This will require multiple electrodes, but 

the number and design of such electrodes, the optimal stimulation parameters and 

trajectories remain unknown. If IMT is to progress towards clinical implementation, there 

needs to be a way to determine optimal treatments parameters on a patient-specific basis. 

1.7 Research Hypothesis 
We hypothesize that planning and validating multi-electrode spatiotemporally dynamic 

IMT treatments using computer simulation and numerical optimization strategies will 

improve electric field coverage to brain tumours, with the development of novel planning 

systems providing a necessary step towards clinical implementation.  

1.8 Research Objectives 
In Chapter 2, multi-electrode IMT was investigated in silico and an optimization 

algorithm pioneered to maximize electric field coverage to human scale spherical tumour 

volumes. It was predicted the size of tumour that would be coverable for between 2 and 7 

electrodes with multiple separately programmable contacts. Phase shifting of input 

waveforms to produce spatiotemporally dynamic fields was investigated theoretically for 
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the first time for the impact on electric field coverage over time. Optimal configurations 

and programming for between 2 and 7 electrodes were established for spherical tumours.  

In Chapter 3, a novel treatment planning system for IMT was developed to model and 

optimize the electric field to patient-specific tumour volumes. Modules responsible for 

segmentation, smoothing, electrode trajectory planning, optimization, and visualization of 

electric fields were amalgamated into a planning system within 3D Slicer102–104 with 

substantial improvements to computation time. The planning system pipeline was 

validated with robot-assisted multi-electrode implantation on a brain phantom where 

post-implantation imaging was used to implement the post-operative planning pipeline. 

Electrodes were stimulated with planned programming and the voltage measured at 

various points to validate the delivered electric field.  

In Chapter 4, the IMT treatment planning system was applied to design in vitro 

experiments that were carried out on GBM cells to test the efficacy of rotating electric 

fields and the impact of field frequency and optimization on cell survival. The dose vs. 

cell survival relationship was also determined. Simulations and optimizations were used 

to design a 4-electrode in vitro printed circuit board to employ rotating electric fields. 

The voltage drop observed within the culture media was used along with simulations to 

calculate the electrical conductivity of the media at 200 kHz, with simulated voltage 

drops validated over multiple media volumes and electrode configurations. 

Chapter 5 provides a summary of findings, their related limitations and future work that 

this thesis can support. 
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Chapter 2  

2 Optimization of Multi-Electrode Implant Configurations 
and Programming for the Delivery of Non-Ablative 
Electric Fields in Intratumoural Modulation Therapy 

This chapter was adapted from the published article entitled “Optimization of multi-

electrode implant configurations and programming for the delivery of non-ablative 

electric fields in intratumoral modulation therapy” by Erin Iredale, Andrew Deweyert, 

Douglas A. Hoover, Jeff Z. Chen, Susanne Schmid, Matthew O. Hebb, Terry M. Peters, 

and Eugene Wong, Medical Physics, 47(11):5441-5454 (2020). Permission to reproduce 

can be found in Appendix A. 

2.1 Introduction 
There have been substantial recent advances in the application of electric fields to treat 

various forms of cancer1-12. Intratumoural modulation therapy (IMT) is a developing 

technology that uses implanted bioelectrodes to generate electric fields to control tumour 

growth10-12. By implanting electrodes directly within or adjacent the tumour volume, IMT 

has the potential to provide perpetual, titratable therapy for a variety of tumour types 

using a concealed, low maintenance delivery system. Preclinical studies in malignant 

brain tumours have demonstrated robust efficacy of IMT monotherapy at 200 kHz, +/- 2 

V stimulation through in vitro investigations of patient derived Glioblastoma Multiforme 

(GBM) cells (65% cell viability)11, and in vivo rodent models (20% reduction in tumour 

volume)11. While there is currently no observed impact on normal neurons or adverse 

neurological effects in the treated rodent cohort for low voltage (2 V), intermediate 

frequency (200 kHz) electric fields11-12, surgical implantation of electrodes will pose the 

main safety concern with this treatment on human patients. A marked benefit of 

incorporating IMT within multi-modality treatment paradigms was observed through in 

vitro GBM models (cell viability reduction from 83% for temozolomide (TMZ) alone to 

46% for combined IMT+TMZ)11, and on patient derived diffuse intrinsic pontine glioma 

cells, where incorporating IMT with combined radiation and TMZ (44% vs. 60% cell 

viability) reduced cell viability to 20%10. These studies were performed however using a 
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non-optimized single electrode system with no phase shifting of input waveforms that 

was subsequently found to be limited by inadequate spatial coverage, with only 6.2% of 

the in vitro dish area covered by the desired 1 V/cm10 and associated constraints on 

tumour control with 24% of an in vivo tumour receiving 1 V/cm11.  

An extensive search of the published literature through databases including PubMed, 

Google Scholar and Scopus was completed using Boolean OR keywords such as tumour 

treating fields computer simulations and optimizations, implantable electrotherapeutic 

devices, deep brain stimulation, electroporation, electric field optimization, simulation-

based optimization, and non-convex optimization. There are publications on optimizing 

electric field for treatment of tumours from external devices7-9,13,14-16, for deep brain 

stimulation with multiple contacts to steer the field to treat the intended millimeter sized 

target17, and for electroporation with multiple electrodes to cover tumour volumes with 

large field magnitude18-19.  The present study is the first of its kind to extend and optimize 

the distribution of therapeutic-range IMT fields across tumour volumes using multiple 

implanted electrodes rather than a single stimulation source. Advantages of the present 

study include incorporating multiple electrodes with multiple contacts, phase shift of 

input waveforms, tissue sparing, algorithm robustness evaluation, and avoidance of local 

minima through a custom pattern search approach. Critical fundamental unknowns 

include the maximum tumour volumes attainable with multi-electrode IMT, configuration 

and placement of electrodes and selection of stimulation parameters to maintain a 

minimal stimulation voltage and number of electrodes, while still covering the tumour 

volume with the necessary electric field. Simulations in previous studies have found that 

single electrode stimulation only covers a small volume in both in vitro and in vivo 

experiments, and multiple electrodes would be required for necessary coverage10,11. 1 

V/cm has been used as a threshold for in vitro4,5,10,11, in vivo4,5,11, and in Glioblastoma 

Multiforme clinical trials1-4,20. While it has been suggested that thresholds likely differ 

between tumour types10, this study will use a threshold of 1 V/cm to demonstrate our 

optimization algorithm. However, the optimization method introduced in this study can 

use any desired field threshold. Simulations and optimizations have been established for 

an external device, but electric fields delivered using the external device require an 

accurate anisotropic conductivity whole brain map to determine the field to the tumour 
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volume21-22. Conversely, electrodes placed internally within the tumour volume don’t 

require the same accuracy of surrounding tissue conductivity anisotropies, as electric 

fields are not passing through layers of tissue with varying electrical properties. 

As with early brachytherapy, a set of interstitial implant rules such as the Manchester 

system were established to serve as practical treatment planning guidelines for treating 

tumours of various sizes23. Both brachytherapy and IMT utilize multiple implanted 

sources (radiation vs. electric field) to deliver treatment, with large and steep “dose” 

gradients near the contact surface, so the experience gained from early brachytherapy 

treatment planning in terms of implant rules can be borrowed to initiate a set of rules for 

IMT.  Providing analogous IMT rules in the present study for the number of electrodes 

required to cover various tumour sizes, the placement and programming of those 

electrodes, and starting points for patient-specific treatment optimization will allow for 

clinical implementation of IMT.  

Based on experience from external delivery of tumour treating fields7-9,13,14-16, deep brain 

stimulation optimizations17, and irreversible electroporation optimizations18-19, the 

incorporation of simulations and electric field optimizations ensure the desired field is 

being delivered to the tumour volume. The creation of methods to robustly optimize the 

electric field delivered to a tumour volume is a necessary step in the development of 

multi-electrode IMT. Stochastic optimization algorithms are designed to escape local 

minima by giving a finite probability to choose optimization parameters that steps away 

from the local minimum. Methods to evaluate the robustness of our algorithm have been 

considered in this study. We need to determine the configurations and stimulation 

parameters that result in the desired electric fields before proceeding to performing 

experiments in vitro and in vivo. In this study we propose the introduction of multiple 

stimulating electrodes with relative phase shifts between their respective stimulation 

waveforms, as a variable parameter to increase the electric field coverage over time. We 

demonstrate that the optimization of treatment parameters can be cast as a mathematical 

optimization problem, utilizing computer simulations to compute the electric field 

distribution over time. The goal of this study is to determine the optimal geometric 

electrode configurations and input waveform relative phase shifts, and to estimate the 
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maximum treatable tumour volume for between 2 and 7 electrodes. To achieve this, we 

developed optimization methods that were utilized to form multi-electrode IMT 

configuration and programming rules for between 2 and 7 electrodes, to enable future 

applications to in vitro and in vivo preclinical models and patient-specific human tumour 

scenarios.  

2.2 Materials and Methods 

2.2.1 Electric Field Simulation 

The in-silico tumour and electrode models were created in COMSOL Multiphysics 

(v5.4). Material properties were assigned to each geometrical entity in the model, 

including tumour, electrodes, and surrounding media. The optimization procedure in the 

present study does not depend on tumour site/location, though we require the electrical 

properties of the tumour and surrounding tissue. Since the electrical properties in the 

brain are most well-known, these simulations were completed using human brain and 

tumour tissue as an example. A literature search of measured electrical properties of 

human brain and tumour tissues at 200 kHz was performed, and standard relative 

dielectric T and conductivity E values for external tumour treating fields simulation and 

treatment planning were used7-9,14-15,22, originally obtained from in vivo measurements on 

living tissues at comparable frequencies between 50 and 100 kHz24-27. The relative 

dielectric and conductivity values for the tumour were 2000 and 0.24 S/m respectively, 

and for the normal surrounding grey matter brain, 3000 and 0.25 S/m7-9,14-15,22,24-27. White 

matter and grey matter can be incorporated as needed, since surrounding brain tissue 

depends on the tumour location. These conductivity and dielectric values were used to 

demonstrate the methods, but the pipeline allows users to input any necessary electrical 

properties. The example electrode material used here was platinum-iridium with a 

relative permittivity of 1 28 and conductivity of 5.278×106 S/m29. The electrodes were 

assigned a 0.8 mm radius to represent the upper range in deep brain stimulation electrode 

size30-33, with variable contact height to allow for adequate depth coverage, location in 

polar coordinates (U, V), and input voltage sinusoidal waveforms (- sin(212+ − Z)), 

where 	- is the amplitude, 2 is the frequency of 200 kHz, 	+ is the time, and Z is the 
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phase shift. Non-ablative input voltage amplitudes of 2 and 4 V were applied in this 

study.  

The tumour volume was given a variable diameter to allow for the computation of 

maximum tumour size versus number of electrodes. The total electrode contact height 

used was the tumour diameter + 2 mm, to ensure adequate coverage at the poles, and for 

multiple contact electrodes, the spacing between contacts was 0.5 mm30-33. The height of 

exposed electrode contact is held constant between single, dual and three contact models. 

Starting with 2 single contact electrodes, the number of electrodes was increased to 3, 4, 

5, 6 and 7, and the number of contacts per electrode was also increased to 2 and 3 to 

further demonstrate our optimization algorithm in 3 dimensions (Figure 2.1). 

 

Figure 2.1: Geometry of a 5 electrode, 3 contact tumour model (grey) created in 

COMSOL. Total of 15 contacts, each with separately programmable input 

waveforms highlighted by different colours. The tumour is surrounded by normal 

tissue. 

Using the AC/DC module in COMSOL Multiphysics, each electrode contact was given a 

separately programmed input voltage waveform terminal boundary. Any spacing between 

multiple contacts was insulated, satisfying R ⋅ F = 	0 where R is the normal vector on the 

boundary, and 	F is the current density. Electrical insulation was also assumed on the 
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outer boundary of the surrounding material. On internal boundaries between media with 

different electrical properties, continuity is maintained by the boundary condition R< ⋅

(F= − F<) = 	0, where subscripts 1 and 2 indicate the different media. A free tetrahedral 

mesh was created for the model, with varying sizes depending on the volume material. A 

time-dependent study was used to compute the electric field at 16 time points over half a 

period of the sinusoidal waveform. Using the electric currents user interface in 

COMSOL, a finite-element method was used to compute the electric field distribution on 

mesh points for our model. The governing equations for the finite element computation 

are Ohm’s law (2.1), the equation of continuity (2.2), and Gauss’ law (2.3):  

F(<, +) = E=(<, +)                                           (2.1) 

	45(7,9)

49
	+ 	∇ ⋅ F(<, +) = 	0                                    (2.2) 

∇ ⋅ T=(<, +) = A(<, +)                                        (2.3) 

where F(<, +) is the current density as a function of location < and time +, E is the 

conductivity, =(<, +) is the location and time dependent electric field, A(<, +) is the charge 

density and T is the dielectric constant.  

2.2.2 Sensitivity Analysis 

In the present models of constant voltage stimulation, the impedance magnitude |^| of the 

tissue,  

|^| = _`
2

?
a
/
+ (212I)/b

.%.1

            (2.4) 

depends on resistance H ∝ 1/E , frequency 2 and capacitance I ∝ T . COMSOL was 

used to simulate the resistance and capacitance, and therefore impedance of the spherical 

tumour models. Depending on the number of electrodes, contacts and the geometrical 

configuration of each model, the resistance ranged from 100-400 Ω, and the capacitance 

was ~10-10 F. Based on the maximum simulated resistance of 400 Ω, and the capacitance 

of 10-10 F, the impedance was calculated (Eqn. 2.4) for a range of frequencies from 0 to 4 
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MHz. The resistance term of the impedance (H./) dominated the capacitance term 

(212I)2 up to 2 MHz (H.2 > 212I). Above 2 MHz, the capacitance term dominated 

(H.2 < 212I). For the frequency range in this study (200 kHz), the resistance and 

therefore conductivity dominate the impedance. The sensitivity of the impedance to 

changes in frequency was examined from 0 to 4 MHz.   

To examine the sensitivity of electric field distributions to changes in frequency, the 

electric field was simulated for the most complex 5 electrode geometry for a range of 

frequencies between 0 and 4 MHz. For each frequency, the resultant electric field 

matrices for 16 time points were averaged to obtain the temporal electric field magnitude 

9. The relative difference 9@ABB in the temporal average electric field magnitude 9 was 

calculated relative to the field map at the reference frequency 2"'B of 200 kHz.  

9@ABB =
CD(B).	DEB!"#FC

DEB!"#F	
                                               (2.5) 

Temporal average electric field maps were considered equivalent when 9@ABB was less 

than 1%. The sensitivity of electric field to changes in tumour conductivities were also 

analyzed (Eqn. 2.5), with 2 and 2"'B in (Eqn. 2.5) replaced with E and E"'B. 

Conductivities between 0.01 and 1 S/m were analyzed. The relative dielectric constant 

sensitivity was analyzed with 2 and 2"'B in (Eqn. 2.5) replaced with and T and T"'B 

respectively for dielectrics ranging from 10 to 5000.  

2.2.3 Optimization Algorithm 

The optimization of the electric field coverage was coded in MATLAB and the 

COMSOL MATLAB Livelink used to connect our COMSOL model to our MATLAB 

code. We used the following least square objective function:  

g = 	
2

G$
∑ Θj9!"') −	9HkH j9H − 9!"')k

/
	                          (2.6) 
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where the sum is over the voxel l, m) is the number of voxels in the tumour volume, Θ is 

the Heaviside function, 9!"') is the prescription electric field threshold, and 9H is the time 

average electric field magnitude,  

9H =	
2

G%
∑ 9A,H 	A                                                 (2.7)  

where the sum is over time point /, and m9 is the number of time points. This objective 

has been repurposed from radiotherapy34 to be used specifically for IMT delivery, and 

when minimized, optimizes the electric field coverage of the tumour over time. The 

Heaviside function was chosen to distinguish between covered voxels j9H ≥ 9!"')k and 

uncovered voxels j9H < 9!"')k, and the square difference term accounts for the 

contribution of uncovered voxels. The farther away a voxel is from the prescription field, 

the more it will affect the objective. Depending on tumour type, this prescription field can 

be changed to any necessary field magnitude. While externally delivered electric field 

optimizations typically maximize the average field to the tumour due to the inherently 

homogeneous nature of external delivery9,33, the nature of implanted electrodes, where 

the large electric fields and steep field gradients present near the electrode contact surface 

dominate the electric field average. While the average electric field to the tumour could 

be maximized using such objective functions, this could result in areas of the tumour not 

being covered by the desired field threshold in the case of implanted electrodes. Similar 

to brachytherapy, where a target volume is optimized to be covered by the prescription 

dose23, we chose an objective function to allow optimization of the extent of tumour 

coverage with a more homogeneous electric field distribution to minimize cold spots34,35. 

 The algorithm includes an option to minimize the field delivered to regions 

outside the tumour volume, by adding a weighted term to the objective function, 

5 = 	
2

G$
∑ Θj9!"') −	9HkH j9H − 9!"')k

/
+o

2

G&
∑ j96Ik

/
I                   (2.8) 

where w is the weighting factor, the second sum is over the normal tissue voxel p, m3 is 

the number of voxels in the surrounding normal tissue, and 96I is the time average 

electric field magnitude of normal tissue voxels. The weighting factor w can be adjusted 



32 

 

based on the importance of tissue sparing, and in this example a weighting factor of 0.1 

was chosen based on trial optimizations (w ranging from 0.05 to 1.00) to balance tumour 

coverage with the avoidance of critical tissue35. In addition to incorporating tissue 

sparing, weighted terms can be added to account for different tumour regions requiring 

different field thresholds depending on growth activity.  

The optimization parameters used in this study were the location of each electrode (U, V) 

(bounded to within tumour volume), and the phase shift Z (0 to 21 radians) of each 

electrode contacts input waveform. Models with between 2 and 7 electrodes with 1 to 3 

contacts per electrode were investigated on spherical tumours up to 5.5 cm in diameter. 

The number of variables depends on the number of electrodes, and the number of 

contacts per electrode. In the present study, we held one electrode angle V and one 

contact phase Z constant at 0 as the reference. Therefore, if $ is the number of electrodes 

and q is the number of contacts, a full parameter optimization contains 2$ + $q − 2 

variables.  

For each iteration of variables in the optimization algorithm, the electric field over time 

was computed in COMSOL, and the resultant field was linearly interpolated on a 

100×100×100 grid of equally spaced points covering the tumour volume. As our first 

step, we employed only electric field values within the tumour volume in the evaluation 

of the objective function.  

To determine which optimization strategy would best fit this problem, we first 

determined whether our objective function was convex36. A function g is convex if for all 

points in the domain (r⃗, t⃗) ∈ ℝ3 and all w ∈ [0,1]:  

g(wr⃗ + (1 − w)t⃗) ≤ wg(r⃗) + (1 − w)g(t⃗).                             (2.9) 

By showing a single counter example to this inequality, we demonstrated that the 

problem is non-convex. This convexity test can be found in the supplementary materials 

(Appendix C).  
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In addition to this problem being non-convex for full location with phase optimizations, 

the computation of the gradient of our objective, which must be estimated by finite 

differences, is unreliable due to the mesh grid discretization of the electric field.  

Due to the non-convexity of our problem and the unreliability of the gradient, we chose 

to customize the pattern search method, a gradient free, direct search optimization 

strategy for this study37. This approach allows for a broader search of the parameter 

space, to help avoid falling into a local minimum. Each time the algorithm finds a better 

solution, the parameter step size is increased. Conversely, if no better point is found, the 

step size is decreased. The pattern search method was implemented using a custom 

MATLAB function that minimized our objective within certain bounds with a given 

starting point. Due to the uniqueness of our problem in determining IMT treatment 

parameters, a custom algorithm was developed. Within the algorithm, once the locations 

of the electrodes are selected for a given iteration, we made use of superposition of 

electric field from each electrode to optimize for its phase of the stimulation voltage. 

Such superposition of the electric field allows us to calculate the electric field once only 

and repeatedly use it during the voltage phase optimization. To avoid bias of user 

inputted starting points, parameter starting points were determined using 2n random 

samples of parameter space, and to improve convergence rate, the objective function was 

evaluated for those 2n samples, and the parameters resulting in the best objective were 

used as the starting point38-39. The overall pipeline of the optimization algorithm begins 

with the creation of the COMSOL model, with manual input of tumour volume (either 

simple geometry or any irregular shape) and tissue dielectric and conductivity properties, 

choice of optimization parameters and bounds (location, relative phase shift), choice of 

objective function (no tissue sparing or tissue sparing), and lastly, the pattern search 

optimization which evaluated the objective function based on the COMSOL simulations. 

2.2.4 Robustness of the Pattern Search Algorithm 

The robustness of our pattern search algorithm was evaluated for the 5 electrode 3 contact 

full phase optimization (14 variables relative to the top contact of electrode 1). Each of 

the 14 electrode contacts was assigned a random relative phase shift starting point for the 

optimization. The pattern search optimization was repeated for 50 more random starting 
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points to evaluate the convergence of the pattern search algorithm to the optimal solution. 

The algorithm was considered converged to an optimal solution37-39 when the change in 

parameter value (step size) for an iteration was less than 1% of the range of the parameter 

(when phase shift parameter changes reached 0.063 radians ( /J
2%%

), and location changes 

were below 0.3 mm)38-39. The starting parameters, optimal parameters, starting objective 

value, optimal objective value and number of iterations were all considered for each run 

of the algorithm.  

2.2.5 Spherical Tumour Optimal Configurations, Phase Shift and 
Maximum Treatable Tumour Size 

The maximum treatable tumour size for each number of electrodes was estimated by 

using the optimal geometric and phase configurations found by our algorithm. Since the 

optimal location within each configuration is dependent on the tumour size, the specific 

electrode locations were optimized for a range of tumour sizes. The electric field 

distributions for these optimal locations were then evaluated for the percentage of tumour 

volume covered by 95% of the prescription field (1 V/cm). We defined the maximum 

treatable tumour size as the spherical diameter with at least 95% of the volume covered 

by a 95% time average field “dose”. This threshold was adopted from the minimum 

standard for radiotherapy treatment planning40-41. We began by optimizing the location 

and phase shifts of up to 7 electrode systems with single contact electrodes. Once we 

understood this, we optimized the configuration for electrodes with 2 and then 3 contacts.  

2.2.6 Tissue Sparing 

The optimization algorithm was applied to a tissue sparing example, where a 2.5 cm 

diameter spherical tumour was intersected by a 1.8 cm diameter cylindrical organ to be 

spared, creating a non-spherical target volume. The weighing factor in the objective G 

was set to w = 0.1 in this example. A full location and phase shift optimization of a 5-

electrode single contact model was implemented in this investigation.  
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2.3 Results 

2.3.1 Sensitivity Analysis 

A sensitivity analysis was performed to investigate frequency, conductivity, and 

dielectric constant effects on the electric field. There was less than 1% change in 

impedance over the range of 0-350 kHz relative to the 200 kHz impedance value. The 

relative difference in temporal average electric field maps was found to be less than 1% 

for frequencies ranging from 0 to 500 kHz relative to the 200 kHz reference field map. 

The relative difference in electric field maps was found to be less than 1% for 

conductivities ranging from 0.2 to 0.3 S/m relative to the 0.24 S/m reference field map, 

and dielectric constants between 500 and 4000 had equivalent field maps within 1% 

difference relative to the 2000 dielectric reference field map.  

2.3.2 Robustness of the Pattern Search Algorithm 

Our custom pattern search algorithm was robust in finding a global minimum of our 

optimization problem for the most complex case of full 14 variable phase optimization 

for the 5 electrode 3 contact model. For the 50 random starting parameter points, the 

optimization converged to a global optimum 45 times. The start and end objective values 

for all 50 runs are plotted in Figure 2.2. Due to the large number of local minima and 

many equivalent global minima (due to symmetry) in our problem, and the uncertainty in 

the objective function value (due to the discretization of the electric field), the algorithm 

was considered successful in finding a global minimum if the same objective value was 

reached to within a certain tolerance.  
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Figure 2.2: Objective function value for starting random parameters and final 

minimized objective value for 50 runs with different random starting parameters.  

2.3.3 Spherical Tumour Optimal Configurations, Phase Shift and 
Maximum Treatable Tumour Size 

Single contact electrodes:  

Beginning with single contact electrodes and a spherical tumour model, we were able to 

use our optimization algorithm to find the configurations and relative phase shifts that 

resulted in the largest and most uniform electric field coverage over time. We then 

compared these optimal results to the field coverage when stimulating 2 V amplitude 

waveforms or ground electrodes were used, with no phase shifting.  

The optimization of the 2-electrode model was completed in terms of the separation, and 

relative phase shift. The result was as expected, with maximally separated waveforms, 

with electrode 2 phase shifted 1 radians from electrode 1. We found that for the 2-

electrode system, the maximum tumour diameter it can cover is 1.2 cm, with electrodes 

placed at r = 4 mm from the center. The temporal average electric field map of the 

optimal configuration is found in Figure 2.3, as well as the corresponding field animation 
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over time. This result matched the expected solution of completely out of phase sine 

waves, to create the maximum electric potential difference (hence maximum electric 

field) between electrodes.  

We found that for a 3-electrode system, the maximum tumour diameter it can treat is 1.7 

cm. Using maximum tumour size of 1.7 cm diameter, the optimal configuration found 

from our optimization was equally spaced input waveforms with phase shifts of 21/3 and 

41/3 radians relative to electrode 1. The optimal geometrical configuration was with 

electrodes placed equidistant from the center, and each other. For this 1.7 cm diameter 

tumour volume, the optimal distance from the center was 6 mm. As can be seen in Figure 

2.3(a(ii))’s corresponding animation, these parameters lead to an electric field that rotates 

over time, encompassing the whole tumour volume, with no stagnant ‘cold spots’. Since 

we are dealing with a spherically symmetric model, we expect that electrodes spaced 

equidistant from each other and from the center of the sphere would be optimal. In 

addition, to create the most homogeneous electric field over time, maximally separated 

phase shifted input sine waves would lead to a symmetrically rotating electric field, 

which matched the optimization results. 

For the 4-electrode model, the optimal configuration was all four electrodes placed 

equidistant from each other, with maximally separated input waveforms (phase shifts of 

0.51, 1, 1.51 relative to electrode 1) to create a symmetrically rotating electric field. We 

found that for a 4-electrode system, the maximum tumour diameter that can be treated is 

2.1 cm, for which the optimal distance from the center for each electrode was 7.5 mm.  

Using a 5-electrode system, the maximum tumour diameter that can be treated is 2.5 cm 

with 2 V input waveforms. The optimal solution for this case was an electrode placed in 

the center, with 4 equally spaced surrounding electrodes. The phase shifts relative to the 

center electrode were 0.51, 1.5 1, 0.51, 1.51 respectively. For a 2.5 cm diameter tumour, 

the optimal distance from the center was 11 mm. Field maps and animations of optimal 

solutions for both 4 and 5 electrode models can be found in Figure 2.3(a). For the 5-

electrode model, we compared the optimal results to the non-optimized configuration 

with no use of phase shifting (Figure 2.3(b)). Since the electric field varied within the 
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tumour volume, a cumulative electric field volume histogram (EVH)6,9 was used to 

summarize the tumour coverage. We plotted the absolute tumour volume versus electric 

field strength in the EVH, indicating the minimum electric field strength that covers a 

certain volume of the tumour (Figure 2.3(c)). For the 5-electrode configuration when no 

phase shifting is used, less than 20% of a 2.5 cm diameter tumour volume is covered by 1 

V/cm, but for the optimized phase shifting case, 95% of the tumour volume is covered. 

This large tumour coverage increase can be observed when introducing phase shift to 

models with any number of electrodes.  
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Figure 2.3: Average temporal electric field maps and corresponding animations of 

field coverage over time for (a) 2, 3, 4, and 5 optimally placed electrodes in cross 

sections of corresponding maximum tumour volumes (black circle). (b) 5-electrode 

configuration with no phase shifting (centre, upper left, bottom right: 2 V amplitude 

stimulating electrodes, upper right and bottom left: 0 V ground electrodes). 2, 3, and 

4 electrode figures with no phase shifting can be found in Appendix C (Figure C.1). 

(c) Electric field volume histogram of the tumour volume (cm3) receiving at least a 
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certain temporal average electric field value (V/cm) for both optimized phase shift 

and no phase shift cases. 

Our methods were extended to investigate the optimal configurations and phase settings 

for 6 and 7 electrode models. For 6 electrodes, up to 2.94 cm diameter tumours can be 

covered using 2 V input waveforms with the optimal location of each electrode (U, V) in 

mm and radians of (0,0), (13.75, 0), (13, 0.4131), (11.5, 0.8501), (14.75, 1.2 1), (11.5, 

1.5881). The corresponding optimal phase shifts were 0, 0.6181, 1.4601, 0.3721, 

0.9381, and 1.6031 radians. Next for 7 electrodes, up to 3.34 cm diameter tumours can 

be covered with a configuration of one central electrode, with 6 equally spaced 

surrounding electrodes at 13.2 mm from the centre. The optimal phase shifts of the 

surrounding electrodes alternate between 0.5501 and 1.4361, similar to the 5-electrode 

configuration. By using the optimal configurations found above, the maximum treatable 

tumour size (i.e., that with 95% coverage at 95% of the 1 V/cm prescription field) can be 

determined for each number of electrodes with 2 V and 4 V input waveforms (Figure 

2.4).  
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Figure 2.4: Maximum treatable tumour diameter (95% coverage of 95% of 

prescription 1 V/cm) for 2, 3, 4, 5, 6 and 7 single contact electrodes at both 2 V and 4 

V input sine wave amplitudes. The data was fit to a function of | = }√� + Ä, where 

| is the tumour diameter, � is the number of electrodes, and } and Ä are fit 

parameters. With 7 electrodes, at 4 V, with optimal location and phase shift, 

tumours up to 5.5 cm diameter could be treated. 

Multi-Contact Electrodes:  

We further applied our optimization methods to multi-contact electrode models, with 2 or 

3 contacts per electrode. The phase shift parameters of each additional contact were 

added to the optimization. Starting with a dual contact, 5 electrode model, the optimal 

configuration is equally spaced electrodes around a central electrode with phase shifts of 

the top contacts of 0, 0.61, 1.4 1, 0.61, 1.41, and the bottom contacts 0, 0.41, 1.6 1, 

0.41, 1.61, relative to the top center electrode. When increasing the number of contacts to 

2, our algorithm found an improvement in the objective function value when separating 

the phase of the top and bottom contact on an electrode. Compared to the optimal single 
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contact configuration (0.51, 1.51, 0.51, 1.51), the top contacts were shifted by +0.11, 

−0.1 1, +0.11, −0.11, and the bottom contacts were shifted by −0.11, +0.1 1, −0.11, 

+0.11 (Figure 2.5).  

Our algorithm was further applied to the 5-electrode, 3 contact model, where optimal 

phase shifts of contacts were 0, 0.371, 1.631, 0.371, 1.631 for top contacts, 0.101, 

0.511, 1.581, 0.511, 1.581 for middle contacts and 0.401, 0.801, 1.351, 0.801, 1.351 for 

bottom contacts, relative to the top center contact. By adding a third contact to each 

electrode the objective was further improved, and each contact on an electrode had 

separated phase shift (Figure 2.5). For single contact electrodes the electric field vectors 

rotate in cross sectional planes perpendicular to the electrode length. The addition of 

multiple contacts per electrode results in electric fields that vary in all three dimensions 

over time (Figure 2.6). These additional contact phase parameters increase the flexibility 

of field shaping to cover any tumour shape and result in electric field vector rotation in 

three dimensions. 
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Figure 2.5: Input voltage sine waves of optimal phase shift configurations with 

corresponding contact geometries for (a) single contact, (b) 2 contacts, and (c) 3 

contacts. Two periods of the waveforms are shown. Contacts of the same colour 

have the same phase shift, contacts of different hue of the same colour differ slightly 

in phase shift and different colours differ maximally in phase shift. 
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Figure 2.6: Animations of 1 V/cm isosurface coverage (red) of tumour volume (cyan) 

over time. Normalized electric field vectors show the field direction over time for 

both (a) single contact, 5 electrode and (b) 3-contact, 5 electrode models. 

2.3.4 Tissue Sparing 

Our algorithm was applied to the tissue sparing example, where optimal electrode 

placements (U, V) were found to be (0,0), (11,0.371), (9,0.751), (9,1.251), and 

(11,1.631). Optimal phase shifts were 0, 0.101, 1.551, 0.451, and 1.91 radians. The input 

voltage required to ensure 95% of the tumour volume was covered by 95% of 1 V/cm 

was 2.4 V. The time average electric field map of the optimized configuration and 

corresponding EVH (Figure 2.7) highlight the coverage of the tumour volume with 1 

V/cm electric field, while minimizing the field to the spared tissue. 
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Figure 2.7: (a) Average temporal electric field maps and corresponding animations 

of field coverage over time for a 5-electrode tissue sparing example with optimally 

placed and programmed electrodes. (b) Electric field volume histogram of the 

percent tumour volume and spared tissue receiving at least a certain temporal 

average electric field value (V/cm). 

2.4 Discussion 
We have demonstrated that the problem of determining IMT treatment parameters can be 

cast as a mathematical optimization problem. Based on our results, it is clear that the use 

of relative phase shifts in the programming of electrode contacts allows for the custom 

design of location and time dependent electric vector fields that markedly enhance 

tumour coverage compared to non-phase shift settings (Figures 2.3, 2.6). By optimizing 

these parameters in addition to the electrode geometrical configuration and specific 

locations, we were able to maximize therapeutic field coverage for spherical tumours up 

to 5.5 cm diameter and incorporate tissue sparing.  

From the optimization results presented in section 2.3.3. and figure 2.3 we have learned 

that for 2 to 4 electrodes, it is optimal to place electrodes equidistant from each other, and 

the centre, with equally spaced relative phase shifts. For 5 electrodes, with the increase in 

treatable tumour size, it becomes optimal to place an electrode in the centre, with 4 

equally spaced surrounding electrodes. In general, the uniform distribution of electrodes 

within the tumour volume is the optimal configuration for all models we tested (Figure 
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2.3). Based on this knowledge, optimizations could be improved by starting with 

electrodes uniformly distributed and optimizing the distance from the centre and phase 

configurations for specific tumours.  

By increasing the number of electrodes used, the maximum treatable spherical tumour 

diameter is increased from < 1 cm for a single stimulating electrode to 1.2 cm, 1.7 cm, 

2.1 cm, 2.5 cm, 2.9 cm, and 3.4 cm for 2, 3, 4, 5, 6 and 7 electrodes respectively for a 2 V 

amplitude input waveform (Figure 2.4). By increasing the input voltage amplitude to 4 V, 

the treatable tumour diameter is increased to 1.9 cm, 2.8 cm, 3.5 cm, 4.1 cm, 4.8 cm, and 

5.5 cm respectively (Figure 2.4). The results presented for maximum tumour diameter 

versus number of electrodes (Figure 2.4) were fit to the function ! = #√$ + &, as we 

expect that with additional electrodes, this relationship will approach an approximate 

square root dependence. The reason is as follows: Adding electrodes does not impact the 

ability to cover the longitudinal axis of the tumour (electrode length is always sufficient 

to cover this axis), but it does change the coverage of the cross-sectional plane of the 

tumour volume. Placement and phase shift optimization will spread the voltage gradients 

between electrodes spatially, maximizing the electric field coverage. As a result, after 

optimized for placement and phase shifts, each electrode will cover a similar area. 

Therefore, adding an electrode will increase the coverage area approximately linearly. 

Since the target coverage cross-sectional area varies with the square root of target radius 

(or diameter), we concluded that the target diameter coverage would vary with the square 

root of the number of electrodes. Up to the small range of 7 electrodes, the maximally 

covered tumour diameter almost appears to be linearly dependent on the number of 

electrodes.  

In contrast to the additive effects of radioisotopes in brachytherapy, electric fields 

produced from multiple sources follow vector addition, leading to possible increased or 

decreased electric field strengths. The field cancellation feature can be exploited in tissue 

sparing situations. Hence, finding the locations and phase shifts to maintain sufficient 

field coverage within the tumour become increasingly complex and unintuitive with each 

additional electrode and the inclusion of critical structures. Such relationships will be 

further investigated in future studies. Incorporating tissue sparing into the objective 



47 

 

function resulted in the tumour volume being covered by the desired 1 V/cm electric 

field, while minimizing the field delivered to an intersecting sensitive structure (Figure 

2.7, section 2.3.4.). The configuration and phase setting rules presented in this study 

(Figure 2.3, section 2.3.3.) were found to apply to frequencies up to 500 kHz, tumour 

conductivities between 0.2 and 0.3 S/m, and tumour dielectrics between 500 and 4000 

(section 2.3.1.). 

These results provide a set of rules as initial number, configurations, and parameters for 

patient-specific IMT treatment planning, where the size of tumour will be used to 

determine the number of electrodes required to cover that volume. If the patient tumour is 

approximately spherical, such as diffuse intrinsic pontine gliomas42, the configurations 

and phase settings outlined here for 2-7 electrodes could be used with distance from 

centre optimization. If the patient tumour shape is irregular, the configurations and 

settings could be used as a starting point for a full location and phase optimization. The 

optimization methods and results presented here will be validated by applying our 

methods to in vitro, in vivo and in human brain phantom experiments in the future.  

This phase shifting approach to temporal electric field delivery maximizes the size of 

tumours that are possible to treat, while minimizing the number of electrodes. In addition, 

by incorporating multiple individually programmable contacts on each electrode, we 

were able to further improve the field coverage, and field shaping. Being able to control 

and optimize the distribution of the electric field produced, these methods could be 

further applied to irregularly shaped patient-specific tumour contours in the future. 

Multiple contacts on each electrode increase the flexibility of our model, to adapt the 

electric fields to any tumour shape. Our objective function was also updated to 

incorporate tissue sparing and could be further modified to include tumour tissue 

inhomogeneity weighting terms or adding a penalty term that would minimize the amount 

of power a configuration would require. In addition to increasing the magnitude of the 

temporal field coverage, incorporating relative phase shifts results in the electric field 

vector continuously changing direction. It has yet to be determined whether changing the 

direction of the electric field facilitates tumour cell death, but our method provides the 

capability to examine this hypothesis by designing experiments to investigate rotating 
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field effects on the dielectrophoretic force hypothesis14,43-45, mitotic spindle microtubule 

interaction hypothesis14,43-45, and cell membrane effects46. The application of our 

algorithm to design an in vitro experiment to investigate rotating fields can be found in 

the appendix. Such data could play a substantial role in informing future IMT advances.  

Limitations of this study include the use of equal depth parallel electrodes. In reality, 

electrodes could have different insertion angles with different insertion depths. In future 

studies, this could be rectified by incorporating electrode angle and depth into the 

optimization simulations and by varying the input voltage amplitudes along the contacts 

of each electrode to compensate for differing separations along the electrode length. The 

tumour models investigated in this study utilized scalar conductivity, and while the 

sensitivity analysis showed anisotropies between 0.2 and 0.3 S/m would have minimal 

effect (<1%) on the electric field (section 2.3.1.), anisotropies outside this range could 

impact the distribution. Future studies will include patient-specific planning with 

anisotropies. Another limitation is that implanted electrodes result in a steep field 

gradient near the electrode surface, and while our optimization alleviated this and 

maximized the coverage, inhomogeneous fields remained as in brachytherapy. Similar to 

the comparison between external beam radiotherapy and brachytherapy, external electric 

field delivery could create more homogeneous fields, but the internal delivery has its 

benefits, such as reaching tumours in the deep brain and brainstem with more sparing 

capability for organs at risk and providing a continuous treatment with no devices 

directly attached to the scalp which requires a shaved head. Heating mechanisms 

associated with implanted electrodes were also considered, to ensure that implanting 

electrodes at IMT voltages (2 V - 4 V) and frequency (200 kHz) would not result in 

adverse tissue heating or theoretical limitations to clinical implementation. At the low 

voltages proposed for IMT, Joule heating would theoretically contribute <0.8°C to tissue 

directly adjacent the electrode surface, falling off with distance from the electrode47. At 

the intermediate frequency of 200 kHz, heating from dielectric losses are negligible, with 

the dielectric relaxation time of brain tissue remaining below the input waveform period, 

minimizing dielectric losses5,10-11,48. Limitations in the optimization algorithm pipeline 

include long computation times and manual input requirements which will need to be 

rectified before clinical implementation. 
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These baseline optimizations were performed on spherical tumour models in order to 

determine a set of rules for IMT treatment planning optimization. The optimization 

methods have been designed to allow users to input the required tissue electrical 

properties, import the tumour volume, choose the field threshold, and perform an 

optimization to find optimal electrode programming and placement. The incorporation of 

multiple separately programmable contacts on each electrode could allow for the 

optimization of irregularly shaped tumours to produce unique field coverage patterns. In 

addition, our algorithm can incorporate tissue sparing and organs at risk to minimize field 

exposure outside of the tumour. Overall, our optimization algorithm could be applied to 

any patient-specific tumour model, for different electrode designs and optimization 

parameters.  

2.5 Conclusions 
Our methods for temporally optimizing the electric field coverage with respect to relative 

phase shift programming, geometrical configurations, electrode and contact numbers for 

IMT are the first of their kind and have the adaptability to be able to incorporate a wider 

range of optimization parameters and tumour shapes/types in future investigations. This 

study has provided a baseline investigation and presentation of an optimization method 

for multi-electrode IMT, considering spherical tumour models. Current limitations 

include the use of parallel electrodes of equal depth, and the electric field 

inhomogeneities inherent to internal electrode placement. Overall, we have demonstrated 

the capability to optimize electrode placement and stimulation settings using methods 

developed specifically for IMT. These baseline tumour electrode configurations and 

phase setting rules are a critical first step in developing a patient-specific treatment 

planning system for IMT.  

2.6 Appendix 
Proposed In Vitro Experiment  

Our optimization algorithm was used to design a multi-electrode in vitro experiment to 

test the effects of electric field rotation. Four electrodes of 0.8 mm radius in a 1.75 cm 
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radius in vitro dish were simulated in COMSOL. We first utilized our optimization 

algorithm to determine the 4-electrode geometry and input voltage amplitude of each 

electrode that results in a 1 V/cm amplitude rotating electric field within a 0.5 cm × 0.5 

cm viewing window. The updated objective function 	g = 	 2
G$
∑ j9H − 9!"')k

/
H  is the 

square difference of the average temporal electric field and the prescription 1 V/cm field. 

The closer the majority of voxels are to 1 V/cm, the lower the objective value. Since we 

are looking at a 4-electrode rotating model, phase shifts for this optimization were set to 

0, 0.51, 1, 1.51 radians, and electrodes were equally spaced. The optimization algorithm 

was used to find the optimal input voltage and distance from the center of the electrodes, 

to ensure a continuous 1 V/cm is applied in the viewing window. Next, our optimization 

algorithm was used to determine the placement of electrodes and amplitude of input 

square waves that result in a 1 V/cm non-rotating electric field.  

We found that equally spaced electrodes placed 1.5 cm from the center with input voltage 

amplitudes of 5.17 V led to a continuously rotating electric field of 1.00±0.01 V/cm 

temporal average within the viewing window. The non-rotating electric field optimization 

resulted in all 4 electrodes placed 1.27 cm from the center at angles of ±0.488 and ±2.663 

radians with alternating input voltages of 5.17 V and 0 V. This led to a time average 

electric field of 1.00±0.03 V/cm (Figure 2.8).  
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Figure 2.8: Time average electric field magnitude (V/cm) for (a) rotating electric 

field and (b) non-rotating electric field. (Animation includes field vectors). 
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Chapter 3  

3 Planning System for the Optimization of Electric Field 
Delivery using Implanted Electrodes for Brain Tumour 
Control 

This chapter was adapted from the published article entitled “Planning system for the 

optimization of electric field delivery using implanted electrodes for brain tumor control” 

by Erin Iredale, Brynn Voigt, Adam Rankin, Kyungho W. Kim, Jeff Z. Chen, Susanne 

Schmid, Matthew O. Hebb, Terry M. Peters, and Eugene Wong, Medical Physics, 

49(9):6055-6067 (2022). Permission to reproduce can be found in Appendix A. 

3.1 Introduction 
Electric fields from low intensity voltage sources are showing increasing promise as a 

treatment modality for brain cancer1-10. Intratumoural Modulation Therapy (IMT) is an 

emerging technique intended to restrict tumour growth by applying low intensity electric 

fields using bio-electrodes implanted within or adjacent to tumour volumes7-10. 

Preclinical in vitro and in vivo investigations 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 

monotherapy9, and in conjunction with chemotherapy and radiation8. 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 coverage capacity of 

the IMT fields7. The previous IMT optimization study7 established a method for 

temporally maximizing tumour coverage from IMT electric fields. This algorithm 

allowed for electrode location and stimulation 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 tumour model with parallel electrodes was used in this previous 
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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 electric fields has yet to be definitively 

elucidated, there are several mechanisms that have been suggested to play a role in 

selective tumour control. These include anti-mitotic mechanisms, enhanced cell 

membrane permeability, increased immunogenic cell death, impairment of DNA repair, 

anti-migratory, and autophagic influences11-15. The most well supported theories remain 

anti-mitotic, where mitotic spindle and septin ring formation are impacted in metaphase 

and cytokinesis respectively16-18, and impact on cell membrane permeability, which has 

been observed experimentally19. While the synergistic mechanisms of action and their 

effects on tumour control are still under investigation, the applied electric field is the 

basis of each proposed mechanism. With tumour control found experimentally to depend 

on electric field intensity and frequency17, maximizing the tumour coverage with 

threshold 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 external electric field device for glioblastoma 

(NovoTTFTM), using a treatment planning system (NovoTALTM)2,4,20-22 establishes 

personalized array layouts, found through simulation studies to enhance electric field 

coverage to certain brain regions23. A recent optimization study of electric fields from the 

external device highlighted the importance of minimizing the anisotropy of electric field 

components while maintaining field intensity24, supporting the use of rotating fields in 

IMT. Similarly, both deep brain stimulation (DBS) to treat neurological disorders25-30 and 

irreversible electroporation (IRE) to ablate tumour 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 interest36-38. Treatment planning systems play a large role in radiotherapy, 

including brachytherapy39-46, where the radiation dose to patient-specific targets and 

organs at risk (OAR) are analyzed and treatments are planned accordingly. IMT differs 
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from external electric fields devices in that electrodes are implanted directly in or 

adjacent tumour volumes, requiring trajectory planning of multiple 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 tumours deep in the brain. The goal of IMT is to 

cover a large tumour volume (> 1 cm3) with intermediate frequency (200 kHz) electric 

field using multiple electrodes, to avoid neural activation, as opposed to DBS where a 

small volume (~ 1mm3) is commonly targeted by one or two low frequency electrodes 

(~130 Hz) to initiate neural activation30. While the goal of electroporation is to ablate a 

tumour volume using multiple electrodes33, the permanent implantation and low intensity 

nature of IMT fields requires additional optimization considerations, where we maximize 

the electric field tumour coverage with minimal input voltage, achieved by optimizing 

relative phase shifts of the delivered waveforms between electrode contacts7. Lastly, 

radiotherapy treatments consider the delivered ionizing radiation dose to the tumour 

volume and nearby organs at risk, whereas IMT considers non-ionizing electric fields that 

interfere with one another. The differences between IMT and other modalities necessitate 

the creation of a custom treatment planning system for IMT.  

To accompany ongoing in vitro and in vivo validations of IMT, the preparation for future 

single center patient safety and efficacy trials will require a way to plan animal and 

patient-specific electrode trajectories and stimulation programming to cover their tumour 

with a threshold electric field. Precursory pathways from preclinical to clinical 

investigations substantiate the need for a treatment planning system to be developed. To 

advance this technology to allow clinical testing, optimal treatment parameters and 

electrode configurations on a patient-specific basis are required. In this study, the 

treatment stimulation parameters and electrode placement are determined by designing a 

treatment planning system that utilizes and expands upon the IMT optimization algorithm 

previously established7. The goal of this study is to amalgamate the numerous 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 single application with ordered steps, with options for pre-operative or 

post-operative planning, human or preclinical in vivo animal planning, and different 
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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 electrode tip location, phase shift, and voltage 

parameters. The treatment planning system was validated by completing a treatment plan 

on a phantom brain model and implanting the electrodes using a neurosurgical robot 

(NeuromateⓇ)49 to demonstrate the full treatment pipeline, encompassing implantation, 

field delivery, and post-operative planning adjustment. The IMT treatment planning 

system development provides an essential step in advancing future clinical studies. 

 

Figure 3.1: 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). 
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3.2 Materials and Methods 

3.2.1 Slicelet Design 

The user interface for the IMT treatment planning system was developed in a custom 3D 

Slicer application, called a Slicelet50. A Slicelet is a custom coded application that 

combines all necessary modules into a numbered pipeline. The design of the custom IMT 

Slicelet (Figure 3.1) 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 (pre-operative or post-operative) (Appendix D: 

Figure D.1(a)). 

After setup of the patient model, the planning process includes five main steps: 1) 

segmentation of brain, tumour, organ at risk, and surgical resection cavity volumes, 2) the 

smoothing of the segmented volumes, 3) the planning of electrode implantation 

coordinates, 4) the optimization of tip coordinates, phase shift and voltage 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 tumour regions using any of the existing 3D 

Slicer segmentation features including paint, draw, erase, level tracing, fill between 

slices, threshold, margin, smoothing and islands. Steps 2-4 are custom coded modules 

explained in sections 3.2.2-3.2.3. Step 5 is the custom coded visualization 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, tumour, and electrodes. An electric field volume histogram (EVH) 

is displayed showing the percent of tumour (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. 

3.2.2 Smoothing and Electrode Implantation Modules 

The custom smoothing module (Appendix D: Figure D.1(b)) utilizes the Python 

command line interface to access selected MeshLab (v2021.05) filters to smooth and 
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simplify brain, tumour, organ at risk, and surgical resection cavity volumes. The selected 

filter options include Quadratic Edge Collapse Decimation (simplification), Laplacian 

Smooth, HC Laplacian Smooth, Uniform Mesh Resampling, Clustering Decimation 

(simplification), Smooth Face Normals and Merge Close Vertices. A Run Filters button 

allows users to continue smoothing and simplifying 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 haven’t 

been oversimplified.   

The custom electrode implantation module (Appendix D: Figure D.1(c)) 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.  

3.2.3 Optimization Module 

The optimization module (Appendix D: Figure D.1(d)) requires connection to pre-

existing 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 MATLAB function was created to connect to the 

Livelink automatically and run the optimization code. This function is connected to the 

3D Slicer module graphical user interface (GUI) inputs using the 3D Slicer MATLAB 

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), pre-operative or post-operative, 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. 
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To automatically generate cylindrical electrodes in COMSOL, the insertion coordinate, 

electrode length, and spherical coordinates of the electrode trajectory are required. 

Electrode length (Eqn. 3.1), and spherical coordinates Å (Eqn. 3.2) and Ç (Eqn. 3.3) are 

calculated for each electrode using the insertion coordinates (rA3, tA3, ÉA3) and tip 

coordinates (r9A!, t9A!, É9A!). 

Ñ = Ö(rA3 − r9A!)/ + (tA3 − t9A!)/ + (ÉA3 − É9A!)/                    (3.1) 

Å = cos.2 à−
(K'&.K%'()

L
â                                           (3.2) 
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M'&.M%'(
|M'&.M%'(|

cos.2 ä−
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P(O'&.O%'())Q(M'&.M%'())
ã                       (3.3) 

Contacts are generated along the electrode length by using calculated coordinates 

(rR , tR , ÉR) for each contact based on the contact spacing q., contact length qå and contact 

number $ (Eqn. 3.4).  

rR = rA3 + (r9A! − rA3) à
L.3(RSQR)).R)

L
â                              (3.4) 

 At each iteration of the pattern search optimization, 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 mm - 13.8 mm element size), tumour as a normal mesh (3.11 mm - 17.3 

mm element size), and surrounding brain as a course mesh (4.84 mm - 25.9 mm element 

size). Validation of the material dependent mesh sizes was completed to ensure 

convergence to the more accurate solution using the finest material independent mesh 

sizes (0.035 mm – 3.5 mm). The use of different mesh sizes allows for preservation of 

accuracy within the tumour 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 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 
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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 parameters 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 command 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 (2V), prescription electric field (1 V/cm), 

brain and tumour electrical conductivity and dielectric (0.25 S/m and 3000 for brain, 0.24 

S/m and 2000 for tumour23,53-60), nearby organ at risk, the electrical properties and 

weighting factor 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 electrode. 

Insertion coordinates remain fixed, and the tip coordinates are an optimization variable, 

along with phase shift and voltage amplitude. A gradient free pattern search technique 

was used in the planning system, due to the non-convexity of the objective function7, to 

broadly search parameter space. The success of an iteration at finding an improved 

objective value determines if parameter step size is increased (successful) or decreased 

(unsuccessful) at the next iteration. The pattern search algorithm first minimizes the 

objective function 2 (Eqn. 3.5), which maximizes the voxels covered by the prescription 

electric field 9!"')  while simultaneously maximizing the electric field of uncovered 

voxels and minimizing the electric field to nearby organs at risk. 

2 =
2

G$
∑
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                  (3.5) 
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The Heaviside function (ç) term differentiates tumour voxels l covered and uncovered 

by the prescription field, and the squared difference term weighs voxels with time 

average electric field 9H closer to the prescription field preferably. The weighted OAR 

term minimizes the time average field 9A to the OAR voxel /. The OAR weighting factor 

o is by default 0 unless an OAR is present. m) represents the number of voxels in the 

tumour, and mUV? 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 consumption of active electrode contacts and to shape the field in 3D, by 

minimizing the electric field outside of the tumour while maintaining field coverage 

inside the tumour. The default objective function 2 (Eqn. 3.5) is changed to the inverse 

conformity index IJ.2 (Eqn. 3.6) when this option is selected:  

IJ.2 =
W-(!"$
XW-(!"$

                                                  (3.6) 

where )D(!"$ is the total volume covered by at least the prescription electric field, and 

)éD(!"$ is the tumour volume covered by at least the prescription electric field. The 

inverse of the conformity index objective IJ.2 is minimized by the pattern search 

algorithm, to minimize the electric field outside of the tumour. Display boxes show the 

prescription field coverage percentage and conformity index of the optimized electric 

field.  

3.2.4 Planning System Testing 

The complete treatment planning system pipeline was tested using two DICOM MRI 

datasets: a sample built-in 3D Slicer T1-weighted MRI of a human brain with a 3.5 cm 

diameter tumour61, and a T1-weighted MRI of a realistic brain phantom with a 1.9 cm 

diameter tumour in the frontal lobe (Synaptive Simulate, Toronto Canada)62. The human 

MRI was used to test the human pre-operative, post-operative surgical resection cavity, 

and pre-operative with organ at risk planning pathways. The phantom MRI was used to 

test the human pre-operative pathway using single and multiple insertion sites. The brain 

and tumour visible on MR images manually segmented using the paint, fill between 
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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 diameter 

DBS electrodes (1.27 mm)63 based on the contact height and number of contacts per 

electrode (10) that would be sufficient to cover tumours with IMT fields. Optimization 

parameters for these models were chosen as the default values with a voltage limit of 4.00 

V, prescription electric field of 1 V/cm, 95.0% desired tumour coverage, brain 

conductivity 0.25 S/m, brain dielectric 3000, tumour conductivity 0.24 S/m, and tumour 

dielectric 200023,53-60.  

3.2.5 Phantom Electrode Implantation 

Validation of the full pipeline implementation included a pre-operative CT of a brain 

phantom (Synaptive), used to plan the tip coordinates, phase shift and voltage amplitude 

of a four-electrode, dual entry model on a virtual 1.7 cm diameter tumour. The insertion 

and optimized tip coordinates, and planning CT were input to the neurosurgical robot 

(NeuromateⓇ) planning system (NeuroinspireTM)64 for registration to the robot coordinate 

system using the NeurolocateTM fiducial apparatus and frameless patient registration 

module. A 2.11 mm diameter cannula fixed to the robot arm with an adaptor was used to 

place each electrode. The phantom was secured to the robot table using a cranial 

stabilization frame (MayfieldⓇ). Post-implantation CT imaging was performed on the 

phantom and analyzed for geometrical accuracy and post-operative treatment planning.  

Electric field is established by applying voltages and their phase shifts across electrodes. 

For each electrode, phase shift and voltage programming was 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 tumour. The voltage drop and simulated electric field 

distribution was validated by measuring the voltage at two measurement electrodes, and 

various contacts on the stimulating electrodes. A four-channel waveform generator 

(Highland Technology T340 4-channel compact function generator) was programmed 

based on optimized voltage and phase shift parameters and connected to five contacts per 
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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 were comprised of 

uncertainty in electrical 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 voltage and electric 

field tumour coverage was performed for each measurement scenario to obtain electrode 

contact specific simulation uncertainties. 

3.3 Results 

3.3.1 Slicelet Design 

The completed custom IMT Slicelet (Appendix D: Figure D.1) contains all necessary 

planning steps within the workflow illustrated by Figure 3.1. 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. 

3.3.2 Smoothing and Electrode Implantation Modules 

The smoothing module was demonstrated on segmented volumes from the human, and 

phantom MRI datasets. Brain and tumour volumes were smoothed and simplified to <100 

kB and were successfully implemented in the patient-specific COMSOL model build. A 

combination of the filters included in the module were 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 datasets. 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, 
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four electrodes were placed from either a single insertion site or two different insertion 

sites.  

3.3.3 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 models. Optimal parameters that provide the necessary tumour coverage by the 

prescribed electric field were determined by the optimization algorithm. Any electrode 

contacts that did not contribute to the tumour coverage, were automatically turned off to 

minimize the number of active contacts. The different electrode models (human multi-

contact cylindrical electrodes, human custom electrode array and preclinical electrode 

constructs) were operational within the COMSOL model build and MATLAB 

optimization algorithm. The scale voltage option increased the voltage applied to each 

electrode until the desired tumour coverage was achieved. The location change option 

successfully updated the electric field map display considering the change in electrode 

coordinates. 

3.3.4 Planning System Testing 

The full planning pipeline was tested on both human and phantom models. Upon 

completion of an optimization, the resulting stimulation parameter tables, electrode 

coordinates table, electric field maps, 3D geometry, and EVH were displayed (Appendix 

D: Figure D.2, D.3, D.4). 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 pre-operative dual-entry human (Figure 

3.2(a,b)), single-entry human (Figure 3.2(c,d)) and phantom models. The optimized 

results of the human dual-entry six electrode plan were electrodes spaced throughout the 

tumour volume (Figure 3.2(a)), covering 95.9% of the tumour 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 V to 4.00 V, 
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resulting in electric fields that were conformal to the tumour volume (Figure 3.2(b)). The 

optimized six electrode single entry human model contained electrodes evenly distributed 

through the tumour (Figure 3.2(c)), covering 95.6% of the tumour 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 amplitudes ranged from 0.63 V to 4.00 V, to 

shape the electric field to cover the tumour (Figure 3.2(d)).  

 

Figure 3.2: 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 

(grey), tumour (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 Appendix D (Figure D.2). 

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 Appendix D (Figure D.3). 

All plans were set to cover 95.0% of the tumour volume with 1 V/cm, which was 

achieved in all cases. Conformity index optimization preserved this tumour coverage 
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while decreasing the electric field outside of the tumour 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 conformity 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 tumour volume over time. 

3.3.5 Phantom Electrode Implantation 

Pre-operative CT imaging was performed on the brain phantom and imported into the 

IMT treatment planning system, where a 1.7 cm diameter tumour 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 tumour volume with 1 V/cm (Figure 3.3).  

 

Figure 3.3: Results of electric field optimization for the four-electrode dual entry CT 

phantom model. Electrode location results displayed as (a) 3D geometry of brain 

(grey), tumour (cyan), electrodes (blue) and active contacts (magenta). Numerical 

electric field coverage results are displayed as the (b) EVH of tumour 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 
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phase shift, voltage amplitude, and electrode trajectories can be found in Appendix 

D (Figure D.4). 

The phantom brain and skull were attached to the robot (Figure 3.4(a)) with the 

stabilization frame and the fiducial apparatus attached to the robot arm (Figure 3.4(b)). 

The phantom pre-operative planning CT and planned electrode coordinates were 

registered to the robot operative setup CT with the planning system and frameless patient 

registration module. The four electrodes were placed through the cannula (Figure 3.4(c)) 

according to the optimization results, and the two recording electrodes were also 

implanted. CT imaging was acquired with a Medtronic O-Arm post-implantation (Figure 

3.4(d)) and electrodes were successfully viewed in the resulting image (Figure 3.4(e)).  

 

Figure 3.4: Robotic electrode implantation setup including (a) the NeuromateⓇ 

robot with MayfieldⓇ head frame and NeurolocateTM fiducial apparatus attached, 

and the workstation running the NeuroinspireTM electrode implantation planning 

system. (b) Phantom skull housing the brain phantom attached to the head frame 

with robot moved into NeurolocateTM registration position. (c) Cannula placement 

through drilled hole in skull at registered implant trajectory and depth. (d) CT 

imaging setup of post-implantation of electrodes and (e) the resulting CT image of 
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the six implanted electrodes in the axial plane showing the four stimulating 

electrodes (top) and the two measurement electrodes (bottom). 

The planned voltage waveforms were applied to the four electrodes, with five active 

contacts on each electrode (Figure 3.5(a)), and the voltage over time was measured at the 

two recording electrodes. Measurements were also obtained from disconnected middle 

contacts on each active electrode (Figure 3.5(b,c)). The frequency of all recorded 

continuous sinusoidal waveforms was 200 kHz ± 40 Hz. The post-operative CT was used 

to simulate the actual implant geometry (Figure 3.5(b)), with a calculated average 

Euclidian trajectory offset of 1.10 mm compared to the planned geometry. Simulation 

results of the voltage at measurement 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 amplitudes and simulated voltages with 

maximum measurement and average simulation uncertainties are plotted in Figure 3.5(c). 

Voltage amplitudes were recorded at the distal 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 

(colour highlighted contacts in Figure 3.5(b)) replaced with measurement probes (Figure 

3.5(c)). Uncertainties in electrical properties and trajectories resulted in voltage 

simulation average uncertainties ranging from ±0.01 V to ±0.06 V. The uncertainty of 

electrical properties did not impact the tumour coverage within p<0.01. The average 1.10 

mm trajectory uncertainty of each electrode impacted the electric field tumour 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 delivered 

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 tumour coverage. 
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Figure 3.5: (a) Post-implantation 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 

colours. (c) Voltage measurement and simulation results, with colours 

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 post-operative treatment planning results with electric field 

superimposed on the CT and implanted electrodes projections (white) and tumour 

(cyan). 

A post-operative plan using actual implant coordinates from the post-operative CT 

(Figure 3.4(e)) was performed to validate post-operative planning capability of the 

treatment planning system (Figure 3.5(d)). Post-operative 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% tumour coverage with four active contacts on two electrodes, 

and five active contacts on the remaining two electrodes. 

3.4 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 customized planning modules. External software 
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modules were integrated into the system as background processes, removing user 

interaction with MeshLab, COMSOL, or MATLAB. The treatment planning pipeline was 

semi-automated, 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 8.3x speed improvement for location-based optimizations, and a 

208x speed improvement for phase shift and voltage amplitude optimizations.   

Different electrode types were utilized in the system including multi-contact human scale 

cylindrical electrodes defined by insertion and tip coordinates, and 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 optimization module to maximize electric field coverage to the tumour 

over time. Conformity index optimization allowed for electric fields to be shaped in 3D 

to cover the tumour volume, while minimizing the field outside of the tumour. The 

optimized electric fields are visualized on interactive MRI slices, and the optimal 

geometry is visualized as a 3D model of the brain, tumour, and electrodes. The numerical 

results are displayed as parameter tables and the EVH graph to analyze the tumour 

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 electrodes and their 

programming to accommodate tumours of different shape and size, located in any area of 

the brain. Different tumour types can also be considered, with electrical properties 

customizable for patient-specific brain and tumour characteristics. With initial electrode 

locations planned in the electrode implantation module, the treatment provider can ensure 

the electrode trajectories avoid any sensitive structures. Post-operative 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 tumour volume changes shape and size throughout treatment. 
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Electrode encapsulation layer, brain shift, edema, and scarring over time can also be 

accounted for with post-operative stimulation re-optimization. The low voltage nature of 

IMT (akin to DBS which is regulated to ensure minimal tissue heating65) and active 

electrode contact placement within tumour tissue, presents minimal risk to nearby normal 

tissues. The maximum surface charge density in our study was 0.08 µC/cm2 which is well 

below the limit of 30 µC/cm2, ensuring electric fields are safely deliverable66. Organs at 

risk, such as the brainstem, were still considered in the IMT planning system, as electrode 

trajectories should not pass through these volumes. The optimization of electric field 

coverage considering the avoidance of sensitive structures and organs at risk was 

presented in previous work7. 

The treatment planning system was validated by planning and robotically implanting four 

stimulating electrodes and two measurement electrodes in a brain phantom. The pre-

operative electrode configuration was implanted into the brain phantom and planned 

waveforms were applied to five contacts per electrode. Voltage measurements at the 

active contacts and recording electrodes demonstrated the capability to validate the 

voltage drop and electrical properties of the model post-implantation. When stimulation 

to middle contacts were replaced with measurement probes (Figure 3.5), measured 

voltages showed larger offsets from simulations 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.  

Post-operative planning was validated using the actual implant coordinates localized with 

post-implant CT imaging. Measurements of the voltage surrounding the treated brain 

phantom found all but one voltage measurement was equal to simulations within the 

uncertainty. The bending of the electrodes is attributed to this offset between predicted 

and actual voltages. While the uncertainty in the simulation electrical property parameters 

affects the predicted voltage measurement, the overall electric field tumour coverage 

remains unaffected by these uncertainties. Trajectory uncertainties showed impact on 

both the voltage and electric field tumour coverage. The validation of delivered phase 
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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, infection, stroke, implant misplacement and 

migration, and component failure67,68. The success and tolerability of DBS long-term 

implantation supports 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 tumour segmentation, and long computation times (~4-8 hours 

depending on the number of electrodes) required for location-based optimizations. The 

incorporation of necrotic core, white matter, grey matter, and cerebrospinal fluid (CSF) 

can be achieved in the future by additional segmentations and electrical parameter 

specification and could be implemented based on semi-automatic methods using specific 

MRI pulse sequences69-71, and patient-specific electrical conductivity and permittivity 

maps72. Theoretically, since the active electrode contacts are within or directly adjacent 

the local tumour volume, the surrounding brain tissue inhomogeneities (white matter, 

grey matter, CSF) should not impact the results of the optimization, as has been 

supported by external field delivery studies5,73. 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 investigating 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 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 tissue segmentation, volume smoothing and simplification, 

electrode trajectory planning, electric field optimization, and results visualization. The 
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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 scenarios, establishing a platform for future use in early-stage 

clinical investigations. 

3.5 Conclusions 
The custom IMT treatment planning system and underlying optimization methods 

developed in this study provide an essential platform for future early clinical studies. The 

system provides a variety of planning options including pre-operative and post-operative, 

surgical resection cavity models, and preclinical models, in addition to considerations of 

nearby organs at risk, tissue electrical properties, and prescription electric fields. The 

versatility of the system to patient-specific tumour shape and size, location, and tumour 

type will be evaluated in a future user study on large scale patient dataset planning. 

Overall, we have semi-automated and coalesced 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 towards clinical trials. 
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Chapter 4  

4 Spatiotemporally Dynamic Electric Fields for Brain 
Cancer Treatment: An In Vitro Investigation 

This chapter was adapted from the published article entitled “Spatiotemporally dynamic 

electric fields for brain cancer treatment: an in vitro investigation” by Erin Iredale, 

Abdulla Elsaleh, Hu Xu, Paul Christiaans, Andrew Deweyert, John Ronald, Susanne 

Schmid, Matthew O. Hebb, Terry M. Peters, and Eugene Wong, Physics in Medicine and 

Biology, 68:085012 (2023). Permission to reproduce can be found in Appendix A. 

4.1 Introduction 
New treatments for glioblastoma (GBM) are imperative, as it remains the most common 

incurable primary brain cancer1. The clinical treatment standard for GBM is currently 

surgical resection followed by concurrent chemotherapy (temozolomide) and 

radiotherapy1, but survival outcomes remain poor. Advancements in the field of 

electrotherapy have given rise to the use of low intensity, non-ablative electric fields to 

control the growth of brain tumours2–10. Our group has shown that the delivery of tumour 

suppressing electric fields using implantable bioelectrodes, termed intratumoural 

modulation therapy (IMT), is efficacious in preclinical investigations8–10 using a single 

stimulating electrode. Electric fields of intermediate frequency (200 kHz) produced from 

low voltage (2 V) sources impede the growth of high grade gliomas, including GBM, 

while non-neoplastic neurons and brain tissue remains relatively unaffected8,9. We and 

others have demonstrated computer simulations to be useful tools to analyze and plan 

electric field distributions in realistic preclinical and clinical scenarios11–18. Electric field 

simulations of single electrode in vitro IMT models suggest that while the coverage is 

sufficient for preclinical models, improvements in the extent of such coverage would be 

required to advance to human scale tumours8,9,11,12. This has been suggested through the 

use of multiple electrodes programmed with different relative phase shifts of the input 

voltage waveforms, which has been shown to theoretically increase tumour coverage and 

homogeneity11,12.  
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Previous IMT computer simulation, optimization and treatment planning studies11,12 have 

highlighted the theoretical benefit of using spatiotemporally dynamic (rotating) electric 

fields to increase electric field coverage over time. The optimization of relative phase 

shifts of input waveforms results in electric fields that rotate during the waveform period. 

These fields are scalable to cover human-size tumours, using low voltage waveforms (2-4 

V) that produce sufficient field magnitude (~1 V/cm) to suppress human GBM cell 

viability2,4,19,20. We have shown that a previously established IMT optimization 

algorithm12 and treatment planning system11 are applicable to in vitro, in vivo, and human 

tumour scenarios with phase shift, voltage and electrode location optimization 

parameters. Rotating fields provide increased field coverage and homogeneity compared 

to non-rotating fields, partly explaining why rotating fields are more effective. In 

addition, the telophase dielectrophoresis mechanism of action suggests field direction 

could play a role, supported previously with analysis of cell survival vs. division axis 

with parallel orientation showing a significant decrease in cell viability21. In 2D, rotating 

electric fields would provide a full 360 degrees of field direction, impacting dividing cells 

equally, regardless of division axis. While rotating electric fields are theoretically 

beneficial, there has yet to be in vitro field measurements or investigation of the impacts 

on GBM cell survival. The validation of delivered electric field is imperative for accurate 

stimulation and requires measurement of the delivered voltage and programming 

adjustment for each experiment trial. In this study, the electrical conductivity of the in 

vitro media DMEM was measured and employed in our computer simulations used to 

map the electric field. It was also used to determine the required voltage programming. 

An in vitro IMT device was designed, developed, and used to deliver rotating electric 

fields to patient derived GBM cells. The effects of spatiotemporally dynamic electric 

fields of different (a) magnitudes, (b) rotation, (c) frequency, and (d) interference were 

evaluated with experiments designed using supporting computer simulations. Improved 

field delivery validation and simulation based reprogramming methods established in this 

study provide a framework for future preclinical and clinical investigations. The cell 

response to various field patterns gives insight to the optimization goals implemented in 

the planning system in the future.  
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4.2 Materials and Methods 

4.2.1 In Vitro Electrical Conductivity Measurement 

To ensure that the desired electric field is being delivered to the target, the reduction in 

voltage induced by the low impedance of the culturing medium must first be considered 

so that the input voltage can be adjusted to account for this loss. This voltage drop is 

measured in vitro to determine the electrical conductivity and ensure that the electric field 

simulations are accurate. The electric fields produced from IMT electrodes in vitro were 

simulated in COMSOL Multiphysics (v5.4) at 200 kHz, where experimental geometries 

were replicated to provide an accurate representation of the electric field distribution over 

time. We measured the conductivity of our culturing media in a 3.5 cm diameter in vitro 

dish with 2 mL of Dulbecco’s Modified Eagle Medium (DMEM) at 37°C (Figure 4.1). A 

0.25 mm diameter platinum wire electrode was placed 2.6 cm away from a grounded 

electrode.  

 

Figure 4.1: In vitro electrical conductivity measurement (a) circuit diagram with 

waveform generator programmed to èYZ[\ and internal impedance ê], connected to 

the in vitro setup with impedance ê, voltage across the dish of è^_`a, and electric 

field map simulated from the (b) geometry of the in vitro setup. 

We measured the impedance of the in vitro circuit by accounting for the internal 

resistance that is present in waveform generators. The relationship between the 
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programmed input voltage èYZ[\ and the voltage delivered across the load è^_`a is 

dependent on the internal resistance of the waveform generator (50 Ω) and the impedance 

of the load ê.  

è^_`a = èYZ[\
b

bQc]d
.                                                  (4.1) 

The low load impedance would result in an appreciably lower measured voltage 

compared to the programmed voltage, requiring an adjustment to the input voltage to 

make up for this voltage drop. We determined the impedance of the system using the 

programmed voltage èYZ[\ and measurements of the delivered voltage è^_`a. 

A waveform generator (Highland Technology T340 four-channel compact function 

generator) programmed to a 2 V amplitude sine wave at 200 kHz frequency was applied 

to one electrode while the other was grounded. An oscilloscope (Siglent SDS1104X-E) 

was used to measure the voltage amplitude when the circuit is open (èYZ[\) and when the 

circuit is closed (è^_`a) (Figure 4.1(a)), with each measurement repeated three times. 

The medium’s electrical properties were determined by comparing the measured system 

impedance in vitro to the simulated impedance values for a range of DMEM electrical 

conductivities (0.1 S/m to 2 S/m), and a range of permittivity constants (1 to 1000) 

computed in COMSOL. 

4.2.2 Electrode Construct Design Optimization 

In vitro experiments to validate simulated electric field began with the choice of well size 

and the design of a custom four electrode IMT electrode construct. The electrode 

geometry containing four, 0.45 mm diameter platinum-iridium wire electrodes was 

created in COMSOL, along with 1 mL of DMEM with electrical conductivity determined 

from the in vitro measurement, and a dielectric constant of 8022,23. In COMSOL, 

electrical insulation was applied on all outer boundaries and stimulating voltage 

controlled sinusoidal waveform () = -./$(212+ − 4)) terminal boundaries on the wire 

electrode surfaces were applied with experiment and electrode specific voltage amplitude  

-, phase shift 4, and frequency 2. A tetrahedral mesh was created for the geometry for 

computing the electric field. Electrode separation and programming (voltage and phase 
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shift) was determined using the custom IMT optimization algorithm11,12 to cover the 

central 6 mm diameter with a homogeneous 1 V/cm time averaged electric field. The 

electrode separations were then used to produce the electrode construct in a 24-well plate, 

a well sizing that most closely represents the maximum coverable tumour diameter of 2.1 

cm using four electrodes at 2 V found previously12.  

4.2.3 Experiment Design Optimization 

The in vitro experiments were designed using electric field simulations. The IMT 

optimization algorithm11,12 was utilized to optimize electrode voltage and phase shift 

programming with respect to electric field target coverage and homogeneity, and to 

compare different field amplitudes and programming scenarios. The voltage drop was 

considered in all cases, where the simulated impedance and desired voltage was used in 

Equation 4.1 to determine the programmed input voltage necessary to produce the desired 

electric field.  

The first experiment (a) investigated the electric field dose-response curve of rotating 

fields at 200 kHz. All models used the fixed phase shift configuration (0, π/2, π, and 3π/2 

radians) previously found optimal12, with delivered voltage amplitudes selected for 1 

V/cm, 1.5 V/cm, and 2 V/cm dish coverage. Cell survival results 6 were then fitted to an 

adapted linear quadratic (LQ) model 6 = -j7.(eDQfD
)
k − 1) + 1, where 9 is the electric 

field intensity, and fit parameters of -, 8 and :.  

The next set of experiments compared (b) rotating vs. non-rotating fields at 1 V/cm, (c) 

200 kHz vs. 10 kHz rotating fields at 1 V/cm, and (d) constructive vs. destructive 

interference. The rotating experimental arms used the phase shifted configuration (0, π/2, 

π, and 3π/2 radians)12, with voltage amplitudes selected to cover the dish with a field of 1 

V/cm at either 200 kHz (ideal frequency for GBM24) or 10 kHz (maximum available 

frequency for existing implantable stimulation devices25). The non-rotating arm contained 

a pair of ground and a pair of in phase stimulating electrodes with voltage selected to 

deliver 1 V/cm at 200 kHz, where the pattern of adjacent ground and stimulating 

electrodes was previously found to produce constructive interference when no phase 

shifting was used12. A final configuration investigated the importance of field 
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optimization and homogeneity, by using a destructive interference configuration 

(producing a field of 0 V/cm at the center of the region of interest) with alternating 

ground and stimulating electrodes at i) the same input voltage and ii) the same total 

system power as the rotating constructive interference scenario.  

4.2.4 In Vitro IMT Model 

GBM cells employed in this study were derived from patient tumours9,10, and had been 

transfected with the firefly luciferase gene to enable bioluminescence imaging (BLI) for 

cell viability evaluation. Two cell lines (labelled GBM23 and GBM25) were used in this 

study. Cells were cultured in DMEM with 10% fetal bovine serum at 37°C, 5% CO2, 

passaged at 80% confluence by splitting 1:2 using 0.25% trypsin with 0.91 mM 

ethylenediaminetetraacetic acid (EDTA). Culture media was changed twice weekly. 

GBM cells (3x104) were plated with 1 mL of DMEM in four wells of a 24-well plate and 

fitted with the custom-designed four electrode IMT delivery device. The stimulation was 

delivered using a four-channel waveform generator (Highland Technology T340) and a 

four-channel oscilloscope (Siglent SDS1104X-E) was used to validate the voltages and 

phase shifts delivered by each electrode. Experimental wells received continuous three-

day stimulation (72 hours) with experiment specific voltage and phase shift IMT 

waveforms applied to each electrode. Sham wells contained the electrode hardware but 

received no stimulation.  

Cell viability was analyzed after the treatment period using BLI where 8 μL of 150 

μg/mL D-luciferin (PerkinElmer) was added to the culture media, the emission intensity 

captured (IVIS Lumina XRMS, PerkinElmer) and the mean photon flux measured 

(Living Image, Xenogen). Measurement data are presented as mean ± standard deviation. 

Biological data sets were analyzed in MATLAB (v2022a) for normality26, and compared 

using a 2-sample, 2-tailed t test, with results presented as mean ± standard error and 

significance assumed at p<0.05.  
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4.3 Results 

4.3.1 In Vitro Electrical Conductivity Measurement 

 Measurement of the delivered voltage in vitro resulted in a mean (± standard 

deviation) difference )!"#$ − )&'() of 0.14 ± 0.01 V, with voltage ratio )!"#$/)&'() of 

1.08 ± 0.01, corresponding to an impedance of 625 ± 34 Ω. In this model, for the range of 

frequencies 10-200 kHz, the impact of permittivity variations are negligible and the 

impedance and resistance are equivalent (( ≈ H), since the inverse resistance (0.0088 S) 

term dominates the capacitance (4.2416x10-12 F) term	212I (5x10-6 F/s) in the parallel 

RC impedance formula. With the electrical conductivity E inversely proportional to 

resistance, and in our case, the impedance (, conductivity can be expressed as E = I(.2. 

The proportionality constant I is geometry dependent and was computed in COMSOL as 

933.7 m-1 for this specific geometrical configuration (two electrodes placed 2.6 cm apart 

in a 3.5 cm diameter in vitro dish with 2 mL DMEM at 37°C). Using this relation and the 

measured impedance of 625 ± 34 Ω, the conductivity of DMEM is determined to be 1.5 ± 

0.1 S/m, which was then used in future in vitro simulations. 

4.3.2 Electrode Construct Design Optimization 

The optimal electrode configuration was four equally spaced electrodes, each placed 6.3 

mm from the center of a 1.56 cm diameter well (24-well plate). This configuration covers 

the well with a homogeneous 1 V/cm electric field when electrodes are programmed to 

deliver 1.06 V sine waves with equally spaced phase shifts (0, π/2, π, and 3π/2 radians). 

The 24-well plate provides a balance between human scale and reasonably delivered 

voltages (1-4 V). A custom electrode construct using this geometrical configuration was 

manufactured on a printed circuit board (PCB) with the capability to stimulate three 

dishes simultaneously with one sham dish (Figure 4.2).  
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Figure 4.2: Custom designed printed circuit board (PCB) including (a) three 

stimulating electrode wells labelled “Electrode A”, “Electrode B” and “Electrode 

C”, and a Sham well. Each well is individually stimulated via the Signal In 

connector (white) or can be connected to other wells to provide identical stimulation 

using the corresponding links (A/B Link, A/C Link, B/C Link). Four Platinum 

Iridium wire electrodes are included in each well, located 6.3 mm from the center. 

(b) PCB fitted to the 24-well plate and connected to a 4-channel waveform generator 

with unique stimulation delivered to each electrode in well “Electrode A”. The A/B 

Link is connected in this case to provide identical stimulation to the top two wells. 

(c) The wire electrodes extend below the PCB, with a length that touches the bottom 

of the well. 

4.3.3 Experiment Design Optimization 

The optimal stimulation for the 200 kHz (and 10 kHz) rotating 1 V/cm average electric 

field in experiment (a) and (c) (Figure 4.3) is to apply equally spaced phase shifts (0, π/2, 

π, and 3π/2 radians) to each electrode with 1.06 V amplitude sinusoidal waveforms. The 

impedance for this model was computed in COMSOL to be 113 Ω, with a current 

amplitude of 9.41 mA, and an average power of 4.99 mW per electrode, for a total of 

20.0 mW for this configuration. An explanation of impedance and current calculations 

are included in the supplementary materials. Field magnitudes of 1.5 V/cm and 2 V/cm 

for this rotating field required programmed voltage increases to 1.59 V and 2.12 V 

respectively (with an accompanying increase in current and power).  
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The non-rotating electric field in experiment (b) (Figure 4.3) contains two consecutive 

stimulating electrodes with 0 phase shift, and two consecutive ground electrodes, and a 

voltage of 2.3 V applied to the two stimulating electrodes, resulting in 1 V/cm field 

coverage. The simulated impedance was calculated to be 225 Ω, with a current amplitude 

of 10.2 mA and average power of 11.7 mW per active electrode, for a total power 

dissipation of 23.5 mW for this configuration.  

For the final experiment (d), alternating ground and 1.06 V stimulating electrodes (same 

voltage as rotating scenario) produced a field of 0 V/cm in the center of the dish (Figure 

4.3). This configuration resulted in an impedance of 171 Ω, current of 6.19 mA, and 

average power of 3.28 mW per electrode (6.56 mW total). The resulting electric field had 

an average 0.6 V/cm magnitude over the whole well, with the central 3 mm radius being 

covered with only 0.2 V/cm. Adjusting the voltage in this configuration to 1.86 V 

resulted in a total system power of 20.0 mW, the same as the rotating scenario, and an 

average electric field of 1 V/cm to the whole dish and 0.4 V/cm to the central 3 mm.  
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Figure 4.3: Summary of in vitro experiment designs, beginning with (a) 200 kHz 

rotating electric fields at magnitudes of 1, 1.5 and 2 V/cm, to determine the cell 

survival curve. Voltage and phase parameters were optimized for electric field 

coverage at the corresponding magnitude and homogeneity to the central 3 mm 

radius. Rotating fields were delivered with different voltage waveforms è(í) =

ìîï�(ñóòí − ôg) to each electrode (n=1,2,3,4), where ì is the voltage amplitude, í 

is time, ò is the frequency, and ôg is the phase shift. Experiment (b) compares field 

rotation to no rotation by grounding (ö) two adjacent electrodes and (c) compares a 

different rotating field frequency of 10 kHz, all with voltage configurations 

optimized to cover the central 3 mm radius with 1 V/cm. (d) Destructive 

interference configurations contain alternating ground (ö) and stimulating 

electrodes: voltage matched (left) or power matched (right) to the rotating scenario, 
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resulting in a field cancellation to 0 V/cm in the center. See Appendix E for 

animation of this figure. 

The programmed voltage required to deliver the correct voltage to the electrodes 

(compensating for the load impedance-induced voltage drop) was validated at the time of 

each experiment by measuring the delivered voltage with a four-channel oscilloscope, 

with results summarized in the supplementary materials (Figure E.1). 

4.3.4 In Vitro IMT Model 

Exposure of GBM23 cells to field magnitudes of 1 V/cm, 1.5 V/cm and 2 V/cm yielded 

field intensity dependent BLI peak signal, corresponding to mean cell viability fraction, 

of 0.58 ± 0.05 (n=6), 0.37 ± 0.03 (n=6), and 0.021 ± 0.006 (n=6) relative to sham (Figure 

4.4). Cell survival results 6 were fit to a modified linear quadratic (LQ) model 6 =

-j7.EeDQfD
)F − 1k + 1, where 9 is the electric field intensity, with best fit parameters to 

be  - =	25.1, 8 =	0.012 and : =	0.0038. This curve fit had an R-square value of 0.95. 

 

Figure 4.4: (a) Bioluminescence image after 3 days of 1.5 V/cm average IMT electric 

fields to the top two wells. Bottom two wells were not stimulated, to provide two 

sham conditions. (b) The cell survival curve for increasing electric field magnitudes. 

Data is plotted as the mean ± standard error in blue, and the data was fit to a linear 

quadratic model õ = ìjú.EhiQji
.F − ùk + ù in black (R2=0.95). 
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Comparison between 200 kHz rotating and non-rotating fields at 1 V/cm, as well as 10 

kHz rotating fields were analyzed for cell lines GBM23 and GBM25, where no statistical 

differences in cell viability were observed (Figure 4.5). Rotating electric fields at 1 V/cm 

resulted in mean 0.53 ± 0.03 viability fraction (n=12), non-rotating 1 V/cm fields resulted 

in 0.55 ± 0.06 viability (n=12, p=0.84), and 10 kHz rotating resulted in 0.49 ± 0.04 cell 

viability fraction (n=12, p=0.39). Applying a non-rotating electric field at the same 

voltage as the rotating case, but with destructive interference at 200 kHz to both cells 

lines resulted in a mean 0.99 ± 0.02 (n=12) cell viability fraction relative to sham, 

statistically significant compared to the optimized rotating case with 0.53 ± 0.03 viability 

relative to sham (p<0.001). Using the same power consumption as the rotating case, the 

destructive interference model applied to GBM23 cells resulted in a mean 0.66 ± 0.03 

viability relative to sham, statistically significant (n=6, p<0.01) when compared to the 

rotating case performed in parallel, with 0.47 ± 0.04 viability relative to sham (Figure 

4.6).  
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Figure 4.5: Mean of the BLI peak signal normalized to sham ± standard error, 

proportional to the cell survival, for the cases of constructive interference 200 kHz 

rotating fields (0.53 ± 0.03, n=12), 200 kHz non-rotating (0.55 ± 0.06, n=12), 10 kHz 

rotating fields (0.49 ± 0.04, n=12), and destructive interference 200 kHz voltage 

matched non-rotating fields (0.99 ± 0.02, n=12). 
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Figure 4.6: Mean of the BLI peak signal normalized to sham ± standard error, 

proportional to the cell survival, for the cases of constructive interference 200 kHz 

rotating fields (0.47 ± 0.04, n=6) and destructive interference power matched (0.66 ± 

0.03, n=6). 

4.4 Discussion 
In this study, the theoretical improvement to target coverage and homogeneity from 

rotating electric fields generated by multiple electrodes was investigated in vitro for the 

first time. The impact of spatiotemporally dynamic electric fields on GBM cell viability 

was investigated by first validating that the desired electric field was delivered to 

preclinical models, by adjusting the programmed voltage to account for the voltage drop. 

The measured delivered voltage for a two-electrode in vitro scenario was used to 

determine the electrical conductivity of the in vitro media as 1.5 ± 0.1 S/m, using a 

geometrically accurate COMSOL simulation model. With the electrical conductivity 
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known, COMSOL simulations can be used to determine the necessary applied voltage 

that is required to produce the desired electric field at the target. For preclinical 

experiments, the simulated voltage adjustment was also validated prior to stimulation by 

measuring the delivered voltage to the circuit. The electrical conductivity for DMEM 

computed in this study was compared to values presented in the literature. Due to the 

temperature sensitivity of electrical conductivity, only literature comparisons at 37°C 

were considered. Furthermore, below 10 MHz, electrolytic conductivity is considered 

frequency independent26. Compared to the value for DMEM of 1.5 ± 0.1 S/m determined 

in section 4.3.1; the literature value of 1.4 ± 0.1 S/m 23 matches our measurement within 

the uncertainty.  

Computer simulations of the in vitro experimental model, used in conjunction with the 

IMT optimization algorithm to design a four-electrode IMT device provided a platform to 

demonstrate the impact of rotational fields. Electrodes placed 6.3 mm from the center of a 

24-well plate most closely represented the largest spherical tumour volume coverable 

with four electrodes, previously found to be a 2.1 cm diameter tumour with electrodes 

places 7.5 mm from the center12. For this geometry to produce optimal fields, each 

electrode must be separately programmable, a key feature of the IMT PCB and 

accompanying four-channel waveform generator. Expansion to the use of multiple 

electrodes in IMT has been theoretically supported11,12, with the impact on cell viability 

investigated for the first time in this work.  

The custom IMT in vitro delivery device and experiments were implemented on patient 

derived GBM cell lines and cell viability was observed with BLI. Rotating fields were 

effective at reducing cell viability in a field intensity dependent manner. Cell survival 

results 6 were fit to a modified LQ model with an R-square value of 0.95. This data fit 

suggests that, similar to radiotherapy, cells exposed to IMT fields have intrinsic linear 

and quadratic parameters, 8 and :, that influence cell survival (Figure 4.4). With efficacy 

found to be dependent on not only field intensity, but field direction and exposure time28, 

it is important to consider such factors. Current external electric field devices provide 

only two field directions and have just begun to consider the impact of fractional 

anisotropy in the brain on the resulting intratumoural electric field. For in vitro studies 
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such as the current investigation, fractional anisotropy is not present, but when expanding 

IMT to patient models, the fractional anisotropy should be considered for impacts on 

rotating fields applied with intratumoural electrodes.  

We did not find statistical difference in response between the spatiotemporal dynamic 

rotating electric field case vs. the non-rotating case with both delivering the same field 

magnitude within the 3 mm radius in the center. However, the optimized rotating field 

had almost 20% lower power consumption (20.0 mW) compared to the non-rotating case 

(23.5 mW). We also noted that the non-rotating case exhibited field cancellations on the 

edges of the well, whose impact would be considerable for targets exceeding ~3 mm 

radius. For the above reasons, spatiotemporally dynamic fields are preferred over their 

non-rotating counterparts. Interestingly, cell viability was not significantly different 

between 200 kHz and 10 kHz rotating fields, suggesting that previously thought 

inefficacious frequencies6,16,21,29 could be effective with the rotating paradigm in certain 

cell lines. Furthermore, when we compared the two cell lines, the survival of GBM23 and 

GBM25 cells were not significantly different for the 200 kHz rotating scenario (58 ± 5% 

vs. 48 ± 3%) (p=0.13), the 10 kHz scenario (54 ± 7% vs. 43 ± 5%) (p=0.23), or the 

destructive interference voltage matched case (97 ± 4% vs. 101 ± 3%) (p=0.45) but were 

significantly different (69 ± 6% vs. 40 ± 7%) for the non-rotating scenario (p=0.01) 

(Figure E.2).  

Through destructive interference, we created a central “cold zone” of 0.2 V/cm in the 

central 3 mm radius of a well with average 0.6 V/cm field, by using the same stimulation 

voltages as the rotating electric field case, yielding 99 ± 2% viability experimentally. We 

then applied the same system power and whole well electric field (1 V/cm) as the rotating 

case, with a central field of 0.4 V/cm, yielding 66 ± 3% cell viability experimentally, 

compared to 47 ± 4% for the rotating case. This suggests that even though we applied the 

same stimulation voltages, or the same system power, optimization of field homogeneity 

is critical for IMT field planning, and supports the methods previously established in IMT 

optimizations11,12.  
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Evaluating the efficacy of spatiotemporally dynamic fields experimentally provides 

insight for future treatment planning optimization goals. Both field coverage and 

homogeneity will continue to be included as the objective goals with optimization 

parameters of phase shift, voltage, and electrode placement. Incorporation of field 

rotation minimizes both field cold spots and power consumption. These qualities are 

impactful when translating IMT to the patient setting, where maximum coverage with 

minimal input current is vital to maximizing battery life of IMT implantable waveform 

generators. We can always do more: more replicates, more cell lines, and/or more 

comparisons, but we hope we have satisfactorily demonstrated how we designed and 

implemented a PCB that made performing in vitro experiments with multi-electrode 

stimulations consistent.  

4.5 Conclusions 
In this proof-of-concept study, the improved impact of electric field optimization was 

supported through in vitro GBM cell survival analysis. Electrical conductivity 

measurement of DMEM provided accurate optimizable computer simulations, used to 

determine required voltage, and calculate current and power. In vitro experiments 

designed and applied to patient derived GBM cells highlighted the considerations and 

effectiveness of using computerized optimization techniques to design subject-specific 

spatiotemporally dynamic IMT electric fields that minimize power delivered and cold 

spots within the treatment fields. With a patient-specific dose response of rotating electric 

fields established, future IMT studies can compare variation between patients, and 

determine the necessary inputs required for optimization techniques. The concept of 

spatiotemporally dynamic fields created through optimizing stimulation parameters can 

be utilized in future translational applications in rodents and patients, to further IMT 

development.  
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Chapter 5 

5 General Discussion and Conclusions 
The research outlined in this dissertation provide the initial development of an electric 

field simulation and optimization-based planning system for multi-electrode IMT. 

Electric field coverage to target regions was drastically improved with the incorporation 

of optimizable relative phase shifts, creating spatiotemporally dynamic electric fields, 

validated for efficacy in vitro. This final chapter provides an overview of each main 

thesis chapter with discussion of the conclusions and limitations of each section, and 

future directions that this thesis could support. 

5.1 Overview and Research Questions 
The main question that motivated this research was “Can tumour coverage and IMT 

treatment efficiency be improved using multi-electrode spatiotemporally dynamic electric 

fields optimized using a novel treatment planning system designed specifically for IMT?”. 

With IMT being a new treatment method with limited literature, the establishment of 

treatment planning techniques and investigation into optimal stimulation programming 

provides a necessary step to translating IMT to patients.  

In Chapter 2, multi-electrode IMT was investigated for the first time with the question 

“Can an optimization algorithm be pioneered to determine electrode configurations and 

programming that maximally cover human scale spherical tumours with treatment 

electric fields?” With this question in mind, a pattern search optimization strategy was 

employed in MATLAB with a custom least square objective function that simultaneously 

maximizes tumour coverage with prescription electric field, and the electric field to 

under-dosed voxels. The optimization algorithm utilized electric field simulations in 

COMSOL for each iteration, where the location, voltage and phase shift programming 

were the optimization variables. The maximum coverage spherical tumour size was found 

for 2-7 electrodes, and it was found that the use of phase shift as an optimization variable 

created electric fields that rotated over time, improving target coverage substantially and 

minimizing cold spots from field cancellations. It was additionally shown that separately 
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programmable contacts over the electrode length could improve coverage and increase 

flexibility of field shaping in 3D.  

Chapter 3 expanded on the knowledge gained in Chapter 2 and asked, “Can a treatment 

planning system be developed specifically for IMT that incorporates patient-specific 

tumours and electrode trajectories?” Considering this objective, the optimization 

algorithm designed in Chapter 2 was expanded to include non-parallel electrode 

trajectories and semi-automatic planning in a 3D Slicer based interface. The system 

includes modules to contour patient MR or CT images, smooth contoured brain, and 

tumour volumes, plan the initial electrode trajectories, optimize, and visualize the electric 

field and 3D electrode trajectories. This novel planning system improved on computation 

time by making use of electric field superposition for objective calculation. The system 

pipeline was validated through the robot-assisted implantation of multiple electrodes in a 

brain phantom. Pre-implantation images of the phantom were used to plan the treatment, 

and post-implantation CT images were used to validate the post-op planning pipeline for 

stimulation parameter adjustment accounting for trajectory inaccuracies. Planned 

stimulation was applied to implanted electrodes to validate the delivered electric field 

matched the planned field. A user guide was created to accompany the planning system, 

found in Appendix F. 

Chapter 4 asked “Do theoretically superior spatiotemporally dynamic fields correlate 

with cancer cell death?” With Chapters 2 and 3 highlighting the theoretical benefits of 

spatiotemporally dynamic electric fields, it was necessary to investigate the impact of this 

paradigm on cancer cells. First, the electrical conductivity of the culturing media was 

measured to enable accurate computer simulations. The planning system developed in 

Chapter 3 was used to design in vitro experiments that compared rotating to non-rotating 

fields, 200 kHz to 10 kHz stimulation, and the dose response curve for patient derived 

GBM cell lines. A purpose-build printed-circuit board was developed to apply repeatable 

4-electrode stimulation to multiple wells simultaneously. Electric fields that were 

optimized for target coverage with minimal field cancellations resulted in significant 

reduction in cell viability compared to non-optimized configurations of the same 

stimulation power. Cells exposed to spatiotemporally dynamic fields were found to 
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decrease in viability in a field dependent manner, and rotating fields at 10 kHz and 200 

kHz did not show a difference in outcome.  

Through the development of an optimization algorithm in Chapter 2, the development of 

a treatment planning system and phantom validation in Chapter 3, and in vitro validation 

in Chapter 4, it has been shown that spatiotemporally dynamic electric fields delivered 

using multi-electrode IMT have the capacity to cover patient-specific lesions with the 

target electric field. 

5.2 Limitations 
The work presented in this thesis contains limitations which will be discussed here, in 

addition to discussion on how study specific limitations were mitigated in later chapters. 

The limitations to the study presented in Chapter 2 include the use of parallel electrodes 

of equal depth, the use of spherical tumours, manual optimization, and long computation 

times. To establish base electrode configurations to approximate coverable tumour size, 

only spherical tumours were considered with parallel electrodes of equal depth. These 

limitations were mitigated in Chapter 3, where irregular patient-specific tumours were 

considered with non-parallel electrodes of optimizable trajectory and depth. In this initial 

study the optimization algorithm required manual inputs to the MATLAB code and 

manual creation of COMSOL models. For each optimization, the number and type of 

optimization parameters (location, phase shift, voltage) had to be input, along with the 

file names and details from the COMSOL model. The COMSOL simulation file was 

created for each scenario (3-electrode, 4-electrode, etc.) and tumour size. These manual 

requirements contributed to the long computation time, and were mitigated in Chapter 3, 

where the algorithm was semi-automated. The COMSOL models are created 

automatically, and the optimization run automatically based on the user selections in the 

graphical user interface, removing any user interaction with MATLAB or COMSOL. 

Finally, the long computation times (~24 hours) for these initial optimizations were 

drastically reduced in Chapter 3, down to under 1 hour for phase and voltage 

optimization, and 4-8 hours for location-based optimizations. This was accomplished by 

reducing the number of required simulations by incorporating the superposition of each 
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electrode’s electric field into the objective function calculation for any non-location 

parameter adjustment. 

The limitations to the work in Chapter 3 include long computation times (4-8 hours) for 

location-based optimizations, no differentiation between necrotic core and enhancing 

tumour, and assumption of electrical conductivity homogeneity. While the computation 

time was reduced substantially from previous work, treatment plans including the 

optimization of electrode trajectory still require 4-8 hours to process. Parallel computing 

could help further reduce computation time in the future. In the current version of the 

planning system, the tumour is assumed as a homogeneous volume without the inclusion 

of a necrotic core. The different electrical properties of necrotic tissue, if present, will 

impact electric field distribution. The electrical conductivity in the surrounding brain is 

also considered homogeneous, and though the conductivity anisotropies are not expected 

to impact the field within the tumour, it would be beneficial to confirm this in the future.   

Lastly, the in vitro investigation of Chapter 4 only used two patient derived GBM cell 

lines limiting external reproducibility, only two frequencies, no MTT data to support 

BLI, and no temperature measurements reported. In this work, cell lines derived from 

GBM tissue resected from two patients was used, but direct reproducibility of the results 

would require commercially available or shared cell lines. Two frequencies were 

investigated in this study, 200 kHz, found optimal for treating GBM1, and 10 kHz, the 

highest frequency available in existing stimulation devices2. A wider range of frequencies 

would provide a better understanding of the impact of rotating field frequency on cell 

viability. This study used BLI to for cell viability analysis but did not report MTT 

correlation with BLI. This is a consideration moving forward with in vitro work, in 

addition to now including temperature measurements to report any confounding effects. 

5.3 Future Directions 
With IMT still in the preclinical stages, and this thesis presenting the early establishment 

of a planning system and optimization strategies, there are still many avenues of research 

that this thesis can support moving forward including biological experiments, 

computational improvements, and device development.  
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5.3.1 Biological 

Further investigations on IMT spatiotemporally dynamic electric fields in vitro are 

currently underway with spheroids and organoids, to confirm that efficacy results in 2D 

cultures translate to 3D. Temperature measurements are being included in this work to 

ensure the observed effects are non-thermal, as reported in the literature for these electric 

field magnitudes3-5. The impact of frequency on viability is suggested as future work 

since the frequency was found to be an important consideration for non-rotating fields3-6 

but did not show the same effect for rotating fields, shown in Chapter 4. Experimentation 

on additional cell lines including commercially available GBM, other cancers, and 

normal neurons or fibroblasts could provide information shaping treatment planning 

goals. While non-rotating IMT fields have been shown to not impact normal cell 

function7,8, it would be necessary to show this translates to rotating IMT electric fields. 

The impacts of duty cycle can also be investigated in tumour and normal brain organoids 

and spheroids9 treated with spatiotemporally dynamic fields. 

The application of rotating fields in vivo is also underway in a rat model using a 3-

electrode paradigm, an essential step to support future clinical translation of IMT. 

Tumour and non-tumour bearing rats treated with spatiotemporally dynamic IMT of 

different field magnitude and frequency are suggested investigations. As discussed in 

Chapter 1, the mechanisms of low intensity electric fields have yet to be definitively 

elucidated, especially when considering the spatiotemporally dynamic fields. 

Investigation into the role of field rotation on known potential mechanisms, especially the 

anti-mitotic dielectrophoretic mechanism, would be of particular interest for future work. 

5.3.2 Computational 

As mentioned in section 5.2, the incorporation of parallel computing could improve the 

computation time of the optimization component of the planning system and is worth 

investigating. Research into additional brain segmentations (necrotic core, enhancing 

tumour, white matter, grey matter, and cerebrospinal fluid10-12) and the impact on 

treatment plans could support whether these additional time-consuming steps are worth 

incorporating. At the present time the electrical conductivity of patient brain and tumour 
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tissue are chosen from the literature, but with variability between individuals, patient-

specific brain and tumour conductivity measurements or maps could be beneficial, 

possibly attained through MRI techniques13. The accuracy of electric field simulations 

could also be analyzed, considering imaging, electrode localization and finite element 

discretization uncertainties. These potential improvements could be implemented in 

future versions of the planning system if supported by research findings. 

So far, the planning system has focused on the treatment of unresectable solid tumours 

using multiple implanted multi-contact cylindrical electrodes. Research is currently 

underway for cases of sub-total surgical resection, where the remaining tissue 

surrounding the surgical resection cavity is treated with IMT fields. This type of 

treatment would require a different electrode design, and it has been suggested that a 

mesh of electrodes could cover the surrounding tissue. The optimal shape and size of the 

mesh electrodes, in addition to the stimulation parameters can be determined using the 

existing planning system with an updated “surgical resection cavity planning” option. 

This testing began with spherical cavities and margins to determine which electrode type 

(disc, ring, square or wire electrodes), size and separation had the most robust coverage 

capacity. It is proposed that during surgical resection, the electrode array mesh would be 

placed in the cavity, and post-surgery, the actual implant locations of electrodes will be 

localized on MRI to plan the ideal stimulation to cover the cavity margins.  

5.3.3 Device Development 

The final area of potential research is in the development of human IMT devices to treat 

solid tumours or surgical resection cavity margins. In the case of solid tumours, multi-

contact implantable electrodes would be required, powered through an implantable 

waveform generator, similar to DBS14, but with multiple, separately programmable 

channels for each electrode contact. It has yet to be determined the contact height and 

spacing that is ideal for treatment, so this would be the first step in moving towards 

prototype development. This could be accomplished using the existing planning systems 

by adding contact height and spacing as optimization variables. For surgical resection 

cavity margin treatment, a prototype of an implantable electrode mesh could be 
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developed. These patient device prototypes would support the translation to clinical trials 

in the future.  

5.4 Significance 
IMT has shown promise as a new treatment modality for brain cancers, through 

preclinical investigations7,8, and the three published works presented in this dissertation. 

The complexities of planning electric field treatment from multiple electrodes from the 

inherent field vector cancellations support the need for computational planning methods. 

The novel optimization algorithm and treatment planning system presented in Chapters 2 

and 3 allow for treatment providers to plan IMT delivery to patient-specific tumours of 

any size and location, with chosen number of electrodes and electric field dose. The goal 

of an implantable IMT device would be for patients to receive treatment with no 

outwardly visible devices, and with an established planning system and phantom 

validation, IMT is one step closer to this goal. This system is of vital importance to the 

future application of IMT in clinical trials.  

This thesis provided, for the first time, an IMT optimization strategy that uses electric 

field computer simulations to determine the trajectories, relative phase shift and voltage 

programming of multiple electrodes for patient-specific brain tumours. It has been shown 

that rotating electric fields provide homogeneous coverage of human scale tumours. 

Application of a mock IMT treatment on a realistic brain phantom highlighted the 

potential for human IMT using robot assisted electrode implantation. The novel use of 

spatiotemporally dynamic electric fields for IMT established in Chapter 2, and the 

associated validation of delivery potential in Chapter 3 and impact on GBM cell death in 

Chapter 4 has shaped the future of IMT technology. This work in combination with the 

ongoing preclinical work in vitro and in vivo, support future pilot clinical investigations 

of IMT for safety and efficacy.  

As with all treatment modalities, pros and cons exist that need to be considered when 

choosing a strategy for each patient. Currently, the external TTFields device is approved 

by the FDA and Health Canada for treatment of GBM. The benefits of this technique are 

that it is non-surgical, selectively impacts tumour growth. Conversely, external devices 
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are limited in their coverage capacity for tumours located in the deep brain and are 

associated with a negative impact on quality of life from having to maintain a shaved 

scalp while transporting the connected waveform generator for at least 18 hours per day. 

IMT provides an alternative to TTFields that applies these anti-cancer electric fields from 

implanted electrodes, allowing for tumours in the deep brain to be treatable, and no 

outwardly visible devices to improve quality of life. While there are benefits to IMT’s 

internal placement, it is still in the preclinical stages and requires surgical intervention.  

Ultimately, patients who are not candidates for the external device can benefit from the 

present work. 
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Appendix B – Supplemental Materials for Chapter 1 

Anti-mitotic mechanisms have been documented in the literature1-7, where cell death was 

found to correlate with cell doubling time8. Prolonged mitosis, abnormal chromosome 

segregation, multinucleation, spindle assembly checkpoint failure and aneuploidy in 

surviving cells have all been observed with the application of TTFields2,4,7,9-11. An 

alternate hypothesis for the reduction in microtubule polymerization is that changes in 

trans-membrane potential cause an influx of intracellular Ca2+ ions12,13. DNA repair has 

also been documented as a potential mechanism in TTFields14,15. The downregulation of 

genes such as BRCA1, ATRIP, MLH1, MRE11A, FANCM, FANCD2 and Fanconi 

anemia pathway genes observed in TTFields treated cells could help explain the role of 

DNA repair in TTFields efficacy14,15. Following concurrent in vitro TTFields and 

irradiation, an increase in DNA damage (from increased γ-H2AX foci) was observed 

over time compared to radiation alone, and DNA repair was slowed with increased 

chromatic aberrations and enhanced mitotic catastrophe10,16,17, supported in vivo18. 

TTFields in combination with cisplatin was also shown to increase the γ-H2AX foci with 

additive effects18. Increased replication stress was observed through an increase in R-loop 

formation and the impairment of replication forks19,20. Abnormal activation of mTOR and 

deletion of CDKN2A could contribute to the resistance to TTFields after prolonged 

treatment21. Lastly, homologous recombination repair (HRR) is impaired by the 

downregulation of BRCA and RAD5122-25 following TTFields plus radiotherapy16. The 

timing of concurrent therapies has shown impact on non-small cell lung cancer cells, 

where electric fields applied prior to radiation showed increased toxicity compared to 

when applied after radiation15. Overall, the gene downregulations cause an increase in 

double strand breaks from replication stress and reduced efficiency of double strand 

break repair from HRR impairment. 

Anti-migratory mechanisms have been proposed after observation of suppression of 

glioma cell migration and invasion following TTFields treatment, through 

downregulation of NF-κB, MAPK, and P13K/Akt, and inhibition of 

phosphorylation10,17,26. Reductions in metastases in vivo27,28, decreased dispersal and 

migration velocity in vitro28, reduction in microtubule formation29, and suppression of 



122 

 

vascular development and endothelial growth factor in vitro17 have supported this 

mechanism. The upregulation of autophagy is associated with tumour suppression when 

cancer is in the early stages, but during late stages it is associated with cancer survival 

and resistance to treatment30. P13K/Akt/mTORC signaling pathways inhibit autophagy, 

and with their downregulation when exposed to TTFields, autophagy is increased31,32. 

Cancer cells treated with electric fields exhibited an upregulation of autophagy-related 

genes, increase in morphological changes31, dilated endoplasmic reticula, an increase in 

the number of autophagosomes and vacuoles26,33,34, and replication stress35, all associated 

with autophagy. Positive autophagy regulators (AMPK) were also upregulated, while 

negative regulators (AKT2) were reduced in treated groups31,35. More research is needed 

to determine if the increased autophagy supports the cytotoxicity of TTFields26,31, or is a 

resistance mechanism35, as both possibilities have been proposed and are likely 

influenced by the state of cancer30. 

Immunogenic mechanisms of TTFields are of particular interest, as in combination with 

immunotherapy, they could present possible improvements to treatment outcomes. In 

vitro studies have found evidence of M1 macrophage polarization (pro-

inflammatory)36,37, proinflammatory cytokines and markers37,38, MHC II upregulation, 

CD80 and CD40 markers on dendritic cells, increased phagocytosis, and DAMP 

secretion (ATP, HMGB1)33,39. Immunogenic cell death can be a response to cell stress, 

DNA damage, and increases in reactive oxygen, all which have been observed in cells 

treated with TTFields15,34,40. Increased mRNA expression of IL-1β and TNF-α in 

macrophage cells36 and increased reactive oxygen species produced by macrophages was 

observed following in vitro treatment, and found to mediate anti-tumour immunity effects 

by regulating NF-κB and MAPK signaling pathways in macrophages, with the potential 

to overcome the immune escape mechanisms of glioblastoma36,41. In vivo, reduced lung 

metastases burden was observed in treated groups (no treatment applied directly to lung), 

along with immune markers (in lung tumours) CD4+ (T-helper), CD8+ (cytotoxic T) and 

CD45+, suggesting the possibility of abscopal effects27. Activation of the cGAS-STING 

and AIM1 pathways42 leading to immune response, and improved tumour control when 

combined with a PD-1 inhibitor33 were also observed. One study found that the mitotic 

catastrophe from fields resulted in micronuclei with weak nuclear envelopes that enable 
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DNA release into the cytoplasm, activating the cGAS/STING and AIM2 DNA 

pathways42. Increased T-cell (cytotoxic and memory) and dendritic cell activation were 

observed in the PBMCs of human glioma patients treated with TTFields43. These T cells 

had increased PD-1 expression, suggesting checkpoint inhibitor concurrent therapy may 

be advantageous. The number of infiltrating lymphocytes with activation signs was also 

increased in gliomas from patients following TTFields and chemoradiation43. The 

increased immunogenic cell death and anti-tumour immunity observed has prompted 

clinical trials, combining anti-PD-1 therapy and TTFields, that are currently underway for 

non-small cell lung cancer44. 

Tumour selective impacts on the cell membrane and blood brain barrier (BBB) are 

especially promising, with an increase in the number and size of holes in tumour cell 

membranes when exposed to TTFields compared to normal fibroblast cells45. Tumour 

cells exhibit different electrical properties than normal cells, theoretically leading to 

increased transmembrane potentials in tumour cells46-49. Various biophysical explanations 

have been proposed for this increase in cancer cell membrane permeability including ion 

channel activation influence50, membrane destabilization and shape changes 

(bioelectrorheologic model)51, and electroporation50. TTFields have also been 

investigated for their impact on the blood brain barrier, where reversible BBB integrity 

disruption was observed52,53, and chemotherapeutic agents not normally able to cross the 

BBB appeared to contribute to tumour suppression when combined with TTFields54. The 

enhancement of drug efficacy through BBB crossing provides a potential explanation for 

the improved survival outcomes with TMZ55. While the impact of each potential 

mechanism (anti-mitotic, DNA repair, anti-migratory, autophagic, immunogenic, and 

membrane permeability) has yet to be confirmed, it is clear that efficacy lies in 

synergistic intracellular mechanisms. 
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Appendix C – Supplemental Materials for Chapter 2 

Animations of electric fields referenced in chapter 2 can be viewed at the following URL 

under Supporting Information: 

https://aapm.onlinelibrary.wiley.com/doi/10.1002/mp.14496 

To show that our objective function is not convex, we will present a counter example to 

the definition of convexity1. For all points in the domain (r⃗, t⃗) ∈ ℝ3 and all w ∈ [0,1]:  

g(wr⃗ +	(1 − w)t⃗) 	≤ wg(r⃗) + (1 − w)g(t⃗).        (B.1) 

Using a random sample of parameters within the bounds of the problem, two parameter 

arrays can be tested to see if the inequality is satisfied. For continuous functions, it is 

sufficient to use w = 0.5 to check if parameters satisfy the inequality1. 

We must first address the uncertainty in our objective function, which comes from the 

mesh grid discretization of the electric field. Small variations in the location of electrodes 

can result in uncertainty in the objective function. To overcome this uncertainty, random 

location variables (U, V) are incremented every 0.5 mm for r and every 1/8 degrees for 

V. Our model also contains both phase shift and geometric symmetries that we must 

address in order to find a true counter example. Firstly, for any geometry and number of 

electrodes, with variable phase shifts relative to electrode 1 (Z2 = 0), symmetry dictates 

that:  g(Z/, Zk, … , Z3) = 	g(21 − Z/, 21 − Zk, … , 21 − 	Z3). Next, since one electrode 

is held at a constant V2 = 0, and we are dealing with a spherical tumour model, there is a 

symmetry along the x axis (perpendicular to the electrode insertion direction). Therefore,  

g(V/, Vk, … , V3) = 	g(21 − V/, 21 − Vk, … , 21 − 	V3). 

Both phase and location symmetries result in 4 symmetric regions, where V? = 21 − V 

and Z? = 21 − Z: 

     Region 1.  V, Z 

     Region 2.  V? , Z 
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     Region 3.  V, Z? 

     Region 4.  V? , Z? 

All 4 of these configurations will result in the same objective value for any number of 

electrodes/contacts. If the pair of parameter points being tested by the inequality are in 

different symmetry regions, a false non-convex determination could be made. Since the 

region a parameter set belongs is unknown, we will transform one parameter set to check 

the other 3 regions until both points are in the same region. With the restriction in place 

of removing symmetric solutions, if (B.1) is not satisfied by a pair of parameter points, 

then we have shown that the objective function is not convex. 

An algorithm to test (B.1) was created, which starts by finding 50 random pairs of 

parameter points. The inequality is checked for the first pair of parameter sets. If (B.1) is 

not satisfied, all V values in point 2 are changed to V? to check symmetric region 2. If the 

inequality is still not satisfied, all Z values in point 2 are changed to Z? (with initial V’s) 

to check symmetric region 3. If it is still not satisfied, both V and Z are converted to V? 

and Z? to check region 4. If the inequality is still not satisfied after all 4 symmetric 

regions have been checked, then the function is not convex. 

For a 3-electrode single contact model with fixed location, the algorithm was tested for 

Z/, Zk phase shift variables. It can be shown that the objective function for these 

parameters is convex. However, we will now show that the 3-electrode single contact 

model with variable location and phase is not convex. Running the algorithm for a 3 

electrode, single contact model with variable location and variable phase, a counter 

example was found after 12 iterations. For the following variables 

(Z/, Zk, U2, U/	, Uk, V/, Vk), the objective function is not convex. 

2.95, 3.36, 5.5 mm, 10.5 mm, 11 mm, 3.53, 0.39 

5.65, 3.11, 9.5 mm, 8.5 mm, 11.5 mm, 5.50, 2.36 

The objective was also tested for convexity for a 4 electrode, single contact model with 

fixed location. After 3 iterations a counter example was found for phase shift parameters 
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(Z/, Zk, Zl) of (4.08, 0.38, 3.37) radians and (3.89, 6.07, 1.98) radians. Lastly the 

objective was tested for the 3-electrode dual contact model, with fixed location. A 

counter example for the phase parameters (Z/, Zk, Zl, Z1, Zm) was found after 7 iterations 

to be (4.05, 4.22, 0.08, 6.26, 2.39) radians and (4.20, 5.21, 2.10, 4.36, 5.54) radians 

respectively.  

By finding counter examples to the definition of convexity, we are able to show that our 

objective function is not convex for full location and phase optimizations, phase (and 

location) optimizations of more than 3 electrodes, and phase (and location) optimizations 

of multi-contact electrode models. 

1. Boyd SP, Vandenberghe L. Convex Optimization. Cambridge University Press. 
2004. 

 

Figure C.1: Average temporal electric field maps for optimized 2-5 electrodes 

configurations with no phase shifting.  
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Appendix D – Supplemental Materials for Chapter 3 

 

 

Figure D.1: Custom IMT Slicelet design including (a) the numbered pipeline, (b) the 

smoothing module, (c) the electrode implantation module, and (d) the optimization 

module. 
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Figure D.2: Treatment planning system full visualization layout of optimized plan 

results for the human dual entry model including phase shift and voltage amplitude 

programming, electrode insertion and tip coordinates, the interactive 3D brain, 

tumour, and electrode models, the EVH, and the axial, sagittal and coronal 

interactive slice views of the electric field on the MRI. 
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Figure D.3: Treatment planning system full visualization layout of optimized plan 

results for the human single entry model including phase shift and voltage 

amplitude programming, electrode insertion and tip coordinates, the interactive 3D 

brain, tumor, and electrode models, the EVH, and the axial, sagittal and coronal 

interactive slice views of the electric field on the MRI. 
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Figure D.4: Treatment planning system full visualization layout of optimized plan 

results for the phantom CT dual entry model including phase shift and voltage 

amplitude programming, electrode insertion and tip coordinates, the interactive 3D 

brain, tumour, and electrode models, the EVH, and the axial, sagittal and coronal 

interactive slice views of the electric field on the MRI. 
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Appendix E – Supplemental Materials for Chapter 4 

Animation of figure 4.3 can be viewed at the following URL under Supplementary data: 

Figure S3: https://iopscience.iop.org/article/10.1088/1361-6560/acc308 

 

Supplementary Document 
 
 

Field Map 
Voltage 

Amplitude 
(V) 

Current 
(mA) 

Impedance 
(W) 

Average 
Power 
(mW) 

System 
Power 
(mW) 

 

1.06 9.41 113 4.99 20.0 

 

2.30 10.21 225 11.74 23.5 

 

1.06 
(1.86) 

6.19 
(10.86) 

171 
(171) 

3.28 
(10.0) 

6.56 
(20.0) 

 
Current !! is computed using the Admittance Matrix " below from # = %&. Admittance is the inverse of the 
impedance ' (" = '"#), with quantities (!$ the admittance between voltage sources ) and *. (! is the 
admittance between the voltage source ) and the external ground source: in this case this resistance is infinite 
and hence the admittance (! = 0.  
 

,
!#
!%
!&
!'
- = ,

(# + (#% + (#&+(#' −(#% −(#& −(#'
−(#% (% + (#% + (%&+(%' −(%& −(%'
−(#& −(%& (& + (#& + (%&+(&' −(&'
−(#' −(%' −(&' (' + (#' + (%'+(&'

- ,
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- 

 
Due to the geometrical symmetry of the electrodes, (#% = (#' = (%& = (&' and (#& = (%'. 
The admittance matrix computed in COMSOL for the 4-electrode geometry yielded (#% = 0.00292 S and 
(#& = 0.00152 S. For electrode 1, the current is therefore:  
	

!# = 0#(2(#% + (#&) − 0%((#%) − 0&((#&) − 0'((#%) 
 
The average power is calculated from 9()* = 0.50!. 
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Specific Solutions 
 

 

For the optimized 
rotating case: 

0# = −0& = 1.06	V 
and 

0% = −0' = 1.06	V 
 

!# = 0#(2(#% + (#&) − 0%((#%) − (−0#)((#&) − (−0%)((#%) 
 

!# = 0#(2((#% + (#&)) 
 

#+ = <. <<=>?	@ 
 

'# = [2((#% + (#&)]"# 
 

C+ = ??D	E 

 

For the optimized non-rotating case: 
0# = 0' = 2.30	V and 0% = 0& = 0	V 

 
!# = 0#(2(#% + (#&) − 0#((#%) 

 
!# = 0#((#% + (#&) 

 
#+ = <. <?<G?	@ 

 
'# = [(#% + (#&]"# 

 
C+ = GGH	E 

 

For the destructive interference case:	
0# = 0& = 1.06	V and 0% = 0' = 0	V 

 
!# = 0#((#% + (#& + (#%) − 0#((#&) 

 
!# = 0#(2(#%) 

 
#+ = <. <<I?=	@ 

 
'# = [2(#%]"# 

 
C+ = ?J?	E 
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Figure E.1: Ratio of programmed to measured voltage for 24-well, 4 electrode in 

vitro scenarios including different volumes of DMEM, two wells linked together, and 

two stimulating electrodes. 
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Figure E.2: Cell viability comparison between patient derived cell line GBM 23 and 

GBM 25. Mean of the BLI peak signal normalized to sham ± standard error, for the 

cases of constructive interference 200 kHz rotating fields (0.58 ± 0.05, n=6 vs. 0.48 ± 

0.03, n=6), 200 kHz non-rotating (0.69 ± 0.06, n=6 vs. 0.40 ± 0.07, n=6), and 10 kHz 

rotating fields (0.54 ± 0.07, n=6 vs. 0.43 ± 0.05, n=6), and destructive interference 

200 kHz voltage matched non-rotating fields (0.97 ± 0.04, n=6 vs. 1.01 ± 0.03, n=6). 
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Appendix F – IMT Planning System (IMTPS) User Guide 

 

IMT Planning System (IMTPS) User Guide 
Erin Iredale 

Updated January 2023


Table of Contents 

Preface 

The suggested default pipeline is to begin in the setup module to select the patient folder, 
patient type, and import the DICOM image. Next, segment the brain and tumor (and any 
organs at risk to avoid placing electrodes in, and surgical resection cavity) in the segmentation 
module. Next, smooth the segmentations in the smoothing module, and choose electrode 
trajectories in the electrode implantation module. Next, use the optimization module and begin 
with a per electrode phase shift optimization (+location if necessary), followed by a voltage 
scaling if desired coverage not reached, followed by an individual contact phase shift 
optimization (and lastly individual contact phase shift + voltage amplitude conformity index 
optimization in order to minimize the input voltage). Lastly, view the results in the visualization 
module. 

Navigating IMTPS & 3D Slicer User Interface	 
..................................................................2

Patient Setup Module	 
......................................................................................................4

Models Module: Adjusting 3D Model	 
..............................................................................5

Volumes Module: Adjusting DICOM Window Levels	 
.......................................................6

Segmentation Module	 
......................................................................................................7

Smoothing Module	 
........................................................................................................10

Electrode Implantation Module	 
......................................................................................11

Optimization Module	 
......................................................................................................12

Visualization Module	......................................................................................................14
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Navigating IMTPS & 3D Slicer User Interface 
 

1. Upload additional data files


2. Upload DICOM image


3. Save models, volumes, scene views, etc.


4. Return to IMTPS interface


5. Change display layout (3D model, slice view orientation)


6. Enable crosshairs on slice and 3D views. Example of crosshairs on axial slice:
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7. IMTPS module navigation (individual module guides starting on page 4)


8. Additional settings for cross sectional views (red: axial, green: coronal, yellow: sagittal)

	 


a. Expand/collapse more settings

b. Toggle slice visibility in 3D view

c. Foreground image volume 


	     (electric field map)

d. Background image volume 


	     (patient MR, CT, etc.)

e. Change opacity of selected 


	      image volume


9. Centre slice view


10. Scroll through image slices


11. Additional settings for 3D view


a. Centre 3D view

	 b. Toggle between orthographic and  

	     perspective rendering in the 3D 

	     view

	 c. Zoom in and out


d. Add directional label to view

	 e. Edit visibility of box, axis labels, 

	     and background colour


f. Spin and rock animations of 

	     3D view


12. Centre 3D view
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Patient Setup Module 
The setup module is a custom module used to choose the patient folder (either create new 
patient or open existing patient), import patient DICOM images previously loaded to 3D Slicer 
(MRI, CT, etc), and choose patient type (human or rat) and operative status (pre-operative or 
post-operative). The selection of post-operative includes an additional selection of surgical 
resection cavity presence. 




If patient DICOM has not yet been loaded to 3D Slicer before, use upload DICOM image 
button in the top toolbar(     ) to select from files. Once that DICOM has been loaded to slicer 
once, it will remain in the DICOM database and can be accessed quickly by the Import 
DICOM button in the setup module.
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Models Module: Adjusting 3D Model 
The 3D Slicer models module is used for adjusting the visualization of the 3D models after a 
treatment has been planned. 


1. Name of model


2. Toggle visibility of selected model


3. Change the opacity of the 
selected model in the 3D view


4. Change the colour of the 
selected model


5. Change how the 3D model is 
displayed (surface rendering, mesh 
points, wireframe, or surface with 
wireframe)


6. Toggle visibility of model outline 
in the slice views


7. Change the opacity of the model 
border intersection in the slice 
views


8. Change the line width of the 
model border intersection in the 
slice views. 
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Volumes Module: Adjusting DICOM Window Levels 
 
The 3D Slicer volumes module is used to adjust the display of the DICOM image.


1. Adjust the Window/Level values of the image. Window represents the range of voxel 
values, Level represents the midpoint of voxel values.


2. Adjust the threshold of voxel intensity.
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Segmentation Module 
The 3D Slicer segmentation module is used to segment the brain, tumor and OAR or Cavity 
volumes if applicable. To start a segmentation: 


1. Use the dropdown to select Create new Segmentation


2. Use the dropdown to select the DICOM volume you will be using to segment


3. Add segmentation
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4. Rename segmentation appropriately


5. Use the effects to segment the volume on the DICOM image on the right (explanation for 
each effect below). Segmentation can be done on any slice (coronal, sagittal, axial)


6. When finished with the first segmentation, use the dropdown and click Export to files…


In the popup, choose the destination folder as that patients folder by clicking the file path and 
navigating to the appropriate path. Ensure LPS coordinate system is selected. Click Export. 


7. Remove the segmentation just completed, and repeat the process for the next 
segmentation. Note: Do not add more than one segmentation to the model at once, the 
completed segmentation must be removed first.




Effects 

Paint: Use this tool to paint on the slice 
with a round brush at specified diameter. 
The selection of sphere brush will mask 
multiple slices simultaneously.


Draw: This tool is used to trace the outline of the volume on a slice, and then press enter to fill 
the outline.


 of 8 14
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Erase: This tool works the same as paint, but erases the mask instead.


Level tracing: When this tool is selected and hovered over the slice, a border is created at the 
voxel intensity you are hovering over.


Fill between slices: This is a useful tool 
to interpolate the segmentation in 
between slices already segmented. 
First click Initialize to preview, then click 
Apply.  

Threshold: For segmenting voxels in a certain threshold range.


Margin: To add margins a segmentation 
use this tool. For example, if a surgical 
resection cavity is segmented, use the 
grow feature to create a margin to treat 
with the electric field. This is also useful 
for creating margins around the visible 
tumor volume to cover microscopic 
disease.


Smoothing: This provides a necessary initial boundary smoothing of the volume prior to the 
smoothing module. 


Islands: This is used (specifically keep 
largest island) to ensure no stray 
unconnected voxels are present in the 
segmentation. 
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Smoothing Module 
With initial segmentations now complete, the custom smoothing module is used to prepare 
these volumes for the optimization module. 


1. Click     to select the segmentation 
file to import for smoothing. 

2. Click to display the file in the 3D 
view and slice views. 

3. Use this button if you need to start 
the smoothing process over again. 

4. Select the type of segmentation 
file you are smoothing. This is 
required for naming the smoothed 
file.  

5. Smoothing filters that can be 
a p p l i e d t o t h e v o l u m e . 
Simplification Quadratic Edge 
Collapse Decimation reduces the 
number of vertices in the mesh by 
the reduction factor below (0.9 is 
more subtle, 0.5 more extreme). 
Laplacian Smooth will smooth the 
mesh with the number of iterations 
specified. HC Laplacian Smooth is 
another smoothing opt ion ( in 
addition to Smooth Face Normals). 
Uniform Mesh Resampling will 
change the current mesh into a more 
uniform distribution of vertices (use 
wi th caut ion ) . Simpl ificat ion 
Clustering Decimation is another 
simplification method, and Merge 
Close Vertices will combine vertices 
that are close together into a single vertex.  

6. Click Run Filters to apply the selected filters. This is an iterative process where different 
filters and combinations of filters can be applied, so repeat step 5 and 6 until the target file 
size is reached.  

7. The file size after the filters were applied is displayed here, with the target of reducing the 
file size to under 100 KB. Example: 
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Electrode Implantation Module 
This custom module allows users to plan the fixed electrode trajectories or variable tip 
trajectories that will be used as starting points for the tip location optimization.


1. Choose the number of electrodes


2. Click buttons for Select Insertion and Select Tip and choose the appropriate location on the 
images slices. Points can be moved after initial placement. For surgical resection cavity 
option, the selection points are changed to Centre Points and Trajectory points, where the 
centre of each array element is selected along with the direction of the element. Preclinical rat 
model pre-operative option only requires the insertion point of the apparatus to be selected.


3. Selection of insertion point 1 on the sagittal slice of the MR image (click to place). The point 
can be moved after initial placement by dragging the point.


4. Use this if electrodes have already been planned. 


5. Click to confirm the placement of all electrodes.


6. Click to test if brain, tumor, and electrode geometries build successfully. If Go is displayed, 
optimization can be started. If No-Go is displayed, re-smoothing and/or electrode 
implantation coordinate adjustment may be required.
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Optimization Module 
In the custom optimization module, the programming and electrode tip coordinates can be 
optimized. Default values are provided for all necessary selections.
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1. Select the fixed voltage amplitude of waveforms, or the voltage limit for optimizations 
involving the voltage.



2. Select the prescription electric field magnitude.


3. Define the electrical properties of the brain and tumor tissues 
if different than the default. If surgical resection cavity was 
selected, the electrical properties must be defined as well.


4. Select if organ at risk is present. If yes is selected, an OAR weighting factor and electrical 
properties must be defined.


5. Customize cylindrical electrode sizing specifications including electrode radius, length of  a 
single active contact, spacing between contacts, and the length of the insulated distal 
electrode tip. 

6. Select the type of optimization. Per Electrode Phase Shift will consider all contacts on the 
same electrode to have equal phase shift, and optimize the relative phase shifts of each 
electrode (this type is a good starting point). Per Electrode Location + Phase Shift adds the 
electrode tip coordinates as optimization parameters (this type is lengthy, will take ~ 5 hrs). 
Individual Contact Phase Shift will optimize each contacts’ phase shift (this type is a good 
second step after the per electrode options). Individual Contact Voltage Amplitude will 
optimize each contacts’ voltage amplitude (this type is for conformity index optimization only).

Individual Contact Phase Shift + Voltage Amplitude will optimize both phase shift and 
voltage (this type is good for a final conformity index optimization).


7. Select if electric field conformity is to be optimized (to create electric fields shaped around 
tumor, minimizing the field outside the tumor) 

8. Define the field coverage percent. 

9. Select if a random starting point should be used for optimization (not recommended), and if 
the COMSOL model file should be saved to the patient folder. 

10. The resulting tumor percentage covered by the prescription electric field and the 
conformity index are displayed.


11. Click to run the optimization. While an optimization is running the IMTPS cannot be 
interacted with. 
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12. Use this button if you want to increase the tumor coverage to the desired field coverage 
% value stated in 7. The voltage will be adjusted accordingly and displayed.


13. Use this button if you manually changed the electrode trajectories in the implantation 
module and would like to see how the field has been updated with the same stimulation 
parameters.


Visualization Module 
The custom visualization module pertains to displaying a treatment plan. The Load 
Visualization button will import all necessary files within the patient folder and display the 
plan. Views include 3D, and electric field volume histogram showing coverage, and the 
electric field superimposed on the image slices. The Upload Additional STL Files button can 
be used to add any files not imported already. The electrode programming (phase shift and 
voltage) for each electrode contact and the coordinates of each are displayed in this module.
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