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Chapter 7

Investigating the Connection Between
Tumor-Treating Fields Distribution

in the Brain and Glioblastoma Patient
Outcomes. A Simulation-Based Study
Utilizing a Novel Model Creation
Technique

Noa Urman, Shay Levy, Avital Frenkel, Doron Manzur,
Hadas Sara Hershkovich, Ariel Naveh, Ofir Yesharim, Cornelia Wenger,
Gitit Lavy-Shahaf, Eilon Kirson, and Ze’ev Bomzon

7.1 Introduction

Tumor-treating fields (TTFields) are alternating electric fields in the intermediate
frequency range (~100-500 kHz) known to exert an anti-mitotic effect on cancer
cells [1-3]. The Optune™ device (Novocure, Ltd, Haifa, Israel) utilizes TTFields to
treat glioblastoma multiforme (GBM). A pivotal clinical trial, EF-14, showed a sig-
nificant benefit in overall survival in newly diagnosed GBM patients who received
TTFields in addition to standard chemoradiation compared to patients who only
received standard chemoradiation [4] (Fig. 7.1). The results of this trial led to the
approval of the Optune™ device for the treatment of newly diagnosed GBM patients
in multiple regions, including the USA, Canada, Europe, and Japan [5].

The Optune™ device (see Fig. 7.1) is designed to deliver TTFields at a fre-
quency of 200 kHz to the brain. 200 kHz coincides with the frequency at which the
cytotoxic effect of TTFields on glioma cells is maximal [2]. Optune™ is a portable
device comprising a battery-operated field generator, which is connected to trans-
ducer arrays through which TTFields are delivered (Fig. 7.1). Because TTFields
affect cells dividing in parallel to the generated field more than other directions [1],
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Fig. 7.1 Components of the Optune™ device (bottom left) and model wearing the device (top
left), as well as Kaplan-Meier curves showing overall survival for the treatment (blue line) and
control (red line) groups of the EF-14 trial. The Optune™ device comprises a battery-operated
field generator connected to four transducer arrays that are placed on the patient’s head. A backpack
and carry-bag for the field generator as well as a battery charger and power supply are also shown
in the photographs

Optune™ delivers TTFields in two orthogonal directions via two pairs of transducer
arrays. The arrays are placed to deliver two electric fields in roughly orthogonal
directions (see Fig. 7.1 (top left) and Fig. 7.4 (top row)). The device switches the
field between the two sets of arrays once every second. The transducer arrays com-
prise nine circular disks each 1 cm in diameter. They are made from a ceramic with
a relative dielectric constant >10,000. The disks make contact with the skin through
a thin layer of conductive medical gel (~1 mm thickness). The disks are connected
to one another using a flexible electric circuit (see bottom left in Fig. 7.1) and are
geometrically arranged as shown in Fig. 7.4 (bottom row). The effect of TTFields is
time dependent: the more time cells are exposed to the field, the stronger the effect.
Therefore, to maximize the effect of treatment, patients are advised to maintain
active therapy for at least 18 hr/day on average [6].

Preclinical results [1-3] have shown that the effect of TTFields is intensity
dependent, and that the higher the intensity of the field, the stronger the cytotoxic
effect of TTFields. The threshold intensity for observing the effect of TTFields is
about 1 V/cm amplitude. Several simulation-based studies have shown that it is
possible to maximize field intensity in the tumor by carefully selecting the position
of the arrays on the scalp [7, 8]. Indeed, the NovoTAL™ system is a software-based
system that utilizes morphometric measurements of head size, tumor size, and
position (which are determined from a patient MRI) in order to optimize the position
of the arrays on the head [9].

The dose-dependent nature of TTFields has been established in preclinical stud-
ies [1-3]. However, in order to fully understand the effect of dose and develop effec-
tive treatment planning strategies, it is important to establish the connection between
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TTFields distribution in the brain and patient outcome in a rigorous manner. Studies
addressing this connection require estimating TTFields distribution within a large
cohort of patients treated with TTFields over the course of their disease. Since phys-
ical measurement of the field distribution is highly invasive, and therefore challeng-
ing, numerical simulations utilizing realistic computational models of actual patients
are the only practical means for performing such studies.

In order to perform such a study, two challenges need to be addressed:

1. The availability of a dataset encompassing a large number of patients treated
with TTFields. The dataset needs to include imaging data from which realistic
head models of patients, including the tumor(s), can be obtained, and records of
patient outcome including progression and survival.

2. Development of a method for creating realistic computational patients in a robust
and rapid manner.

The EF-14 clinical trial dataset includes detailed clinical data on over 400
patients treated with TTFields. Therefore, this dataset is well suited for this study.
However, estimating TTFields distribution within these patients requires algorithms
that enable construction of realistic head models of patients from MRI scans in a
rapid and robust manner. Various pipelines have been adapted for the purpose of
simulating the delivery of TTFields to realistic head models. Wenger et al. [8]
utilized a pipeline that relied on FSL FLIRT [9], SimNibs [10], and Brainsuite [11]
in order to create a realistic head model of a healthy individual into which artificial
tumors of various shapes were inserted. Korsheoj et al. [12, 13] presented a different
pipeline, utilizing SimNibs to create realistic head models of cancer patients. A
different approach was presented by Timmons et al. [14], who utilized SPMS [15]
and ScanlIP [16] to create realistic patient models. All of these approaches require a
significant amount of human intervention and are therefore time-consuming and not
suitable for a study requiring the creation of a large number of head models. An
alternative approach could be to estimate the tissue conductivity from imaging data.
Indeed, diffusion tensor imaging (DTI) [17] or alternatively water content-based
electric property tomography (WEPT) [see Chap. 20 on wEPT in this book] could
potentially be used to create realistic head models. However, both these sequences
require specifically-adapted image series not available for all patients in the EF-14
study.

To overcome these challenges, we developed a novel method for creating realis-
tic head models of patients utilizing a model of a healthy individual which serves as
a deformable template. In this chapter, we present a detailed description of our
method and demonstrate its utility by investigating the connection between TTFields
field distribution and patient outcome in 119 patients treated with TTFields as part
of the EF-14 trial.
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7.2 Methods

7.2.1 MRI Data Used for the Study

MRI datasets analyzed in this study were obtained from the patient records of the
EF-14 trial participants. This trial was a multi-center, open-label, randomized
clinical phase 3 trial, which recruited 695 patients at 83 sites. Patients were
randomized at the end of radiotherapy at a ratio of 2:1 to receive standard
maintenance temozolomide chemotherapy with or without the addition of TTFields.
To create patient models, T1-postcontrast MRIs at baseline (postsurgery and
postradiation therapy) of 119 patients from the treatment arm of the trial were
selected. Only patients who received TTFields therapy for over 2 months were
selected. In general, for all patients, the baseline data contained T1-postcontrast
data acquired from at least two of the possible three orientations (axial, sagittal, and
coronal).

7.2.2 Image Preprocessing

Patient data was retrieved from the trial records in DICOM format. The DICOM
data was imported and converted to NIfTT file format. The header of the NIfTTI files
was manipulated so that the origin of the file matched the origin of the template
tissue probability maps (which are described in Sect. 7.2.6). This step ensures that
the MRI images can be registered into the deformable template space. The NIfTI
data was padded to add margins to the 3D image and resliced to a uniform grid of
1x1x1mm.

7.2.3 MRI Full Head Completion

In order to create a head model from MRI data, it is important that the field of view
of the MRI image show the entire head. However, in the clinic, where the focus is to
image the tumor, the field of view of the full image set does not always show the
entire head. Therefore, in cases where a single T 1-contrast image showing the entire
head was not available, we combined T1-contrast images acquired at different
orientations in order to complete the field of view. In many cases, the image set
acquired at one orientation had higher quality than the images acquired at other
orientations. Therefore, the image with the highest quality was used as an anchor,
and the other images were rigidly registered to it, followed by a histogram matching
of the additional images to the anchor image. In order to create a new image, all
voxels in which the original image contained MRI data were assigned the same
value as the original image in the corresponding voxel. In the area of missing data



7 Investigating the Connection Between Tumor-Treating Fields Distribution... 143

Axial Coronal Sagittal reconstruction model

Fig. 7.2 Example of an image set for which the MRI head completion algorithm was applied. For
this patient, T1-postcontrast image datasets were captured at axial, coronal, and sagittal orientations
existed (first three columns). However, the fields of view in all three image sets did not cover the
entire head. An image depicting the full head was created by combining these image datasets using
the field of view completion algorithm (column 4). Column 5 shows an overlay of the final patient
model on the image of the complete head

of the anchor image (outside the borders of the original MRI series), the value of the
voxels were set as the average of all nonzero values of the additional images.
Figure 7.2 shows an example of an image set to which this algorithm was applied
along with an output image in which the whole head is visible.

7.2.4 High-Resolution Reconstruction

The original T1-contrast MRI data is often of lower resolution, which affects the
tumor segmentation quality and the accuracy of the head model. A super-resolution
algorithm that combines several T1-contrast images of the patient acquired at dif-
ferent orientations into a single high-resolution image was implemented. Based on
[18], the best-quality image was set as the anchor image, followed by affine registra-
tion of the additional images to it. All images were resliced to a uniform grid using
trilinear interpolation and a gray-scale intensity normalization was performed. The
value of the voxel in the reconstructed image was a weighted average of the values
of the corresponding voxels in the images used for reconstruction. When averaging,
a higher weight was given to voxels from slices that were present in an original
image versus voxels originating from slices obtained through interpolation.
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7.2.5 Background Noise Reduction

A thresholding method was used to remove background noise and aliasing, both of
which were found to deteriorate the quality of the head model created using
deformable templates. In particular, when background noise was present, the
contour of the skull obtained during model creation was often inaccurate and
included part of the background. The background noise reduction was performed
using a semi-automatic method in which the user selected a single value representing
the background noise and the software applied this value as a threshold to
automatically detect the contour of the scalp in the MRI image and set the intensity
of the background to zero.

7.2.6 Patient Model Creation

Figure 7.3 is a schematic describing the pipeline used to create head models of glio-
blastoma patients using a deformable template. A prerequisite for this technique is
to create a realistic head model of a healthy individual. In order to create a patient
model from MRI images, the user first segments the tumor using manual or semiau-
tomatic procedures. The region of the tumor is masked, and a nonrigid registration
algorithm is used to register the MRIs to the template space, yielding a transforma-
tion from the patient space to the template space. The inverse transformation is then
calculated and applied to the deformable template to yield an approximation of the
patient head in absence of the tumor. Finally, the tumor is transplanted into the
deformed template model to yield the final patient model.

To reduce the schematic to practice, first a deformable template needs to be
created:

The deformable template is represented using tissue probability maps (TPMs),
which are a set of six 3D matrices that assign to each voxel a probability of belonging
to a predefined tissue (white matter, gray matter, CSF, skull, scalp, and air). For the
creation of the deformable template, the MRI of a healthy male based in MNI space
[19] was segmented as TPMs. The procedure was performed using an algorithm that
simultaneously registers and segments the base MRI using an existing set of TPMs
(built in a standard space) and applied using the MATLAB toolbox SPMS8 [15] and
its extension MARS [20]. Manual corrections were made to the deformable template
TPMs by manipulating the combination of probabilities in a specific voxel. Manual
corrections included mainly adjustments to the regions of skull and scalp, so that a
better match between the deformable template and patient MRI data was obtained
in these the regions. A final step in creating deformable template TPMs from these
probability maps is to apply a smoothing filter to the individual maps. Smoothing is
important to allow adjustments to an MRI of any individual. The smoothing was
performed using a Gaussian filter with a smoothing kernel of 4 x 4 x 4 mm FWHM
(full width half maximum). It is noteworthy that the TPMs generated using this
procedure is sharper than the original atlas TPMs of SPM/MARS. This method
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Fig. 7.3 Schematic showing the process used to create patient-specific models from a deformable
template. A prerequisite is the creation of a realistic head model of a healthy individual, which
serves as the template. To create a patient model, first, the tumor is manually segmented using
ITK-SNAP. The segmented region is masked, and the masked MRI registered into the template
space using a nonrigid registration algorithm. The registration yields a transformation from patient
space to template space as well as an inverse transformation, which is applied to deform the
template into the patient space. This yields a model which resembles the patient brain in the
absence of a tumor. Finally, the tumor is implanted into the deformed head model to yield the final
patient model

ensures that the segmented model has very high resemblance to the patient’s MRI
data. Deformable template TPMs creation is performed once for the entire database.

T1-postcontrast MRIs were used to create the patient models. Pre-processing
operations were performed when image quality or image resolution were insufficient,
as described in Sects. 7.2.2,7.2.3,7.2.4, and 7.2.5. Following preprocessing, tumors
and abnormal tissue were segmented in a semiautomatic manner using ITK-SNAP
[21]. The following tumor and abnormal tissue types were segmented: enhancing
tumor, necrotic core, enhancing nontumor (coincides with scarring), resection
cavity, and skull defects. Furthermore, the following abnormal tissue regions were
contoured/segmented: hematoma, ischemia, atrophy, and non-GBM tumor.
Abnormal tissue regions were masked in the patient MRI, and the masked images
were registered into MNI space using MARS/SPM and the TPMs created from the
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deformable template. This registration process yielded a nonrigid transformation
from the patient space into the template space as well as the inverse transformation
from template space to the patient space. The inverse transformation was applied to
the probability map for each tissue type independently. A model approximating the
patient in the absence of a tumor was then created by assigning to each voxel the
tissue type for which the probability value within the voxel was highest. Finally, the
manually segmented abnormal tissues were inserted to yield the final patient model.

7.2.7 Placement of Transducer Arrays on the Model

Optune™ transducer arrays comprise a set of nine ceramic disks, which make con-
tact with the skin through a thin layer of medical gel. The disks are arranged in a
well-defined geometry as shown in Fig. 7.4. Treatment planning to determine the
optimal layout of the transducer arrays on the patient’s scalp is performed prior to
beginning TTFields therapy. Treatment planning for patients that received TTFields
as part of the EF-14 trial was performed. The treatment plan (optimal layout) for
each patient was recorded in the patient’s clinical record. When simulating delivery
of TTFields to a specific patient, arrays were placed on the model in a manner that
matched the treatment plan saved in the patient record.

It is important to note that the optimal array layout for a patient was selected
from a library of predefined layouts, an example of which can be seen in Fig. 7.4.
The position of each array in each layout can be demarcated relative to well-defined
anatomical landmarks. In addition, the arrays are constructed from nine discrete
disks, set out in a well-defined and rigid geometry. These two observations led to the
following procedure for placing the virtual arrays on the patient models.

Automatic Identification of Landmarks and Determination of the Array
Positions

In order to determine the location and orientation of the disk array on the head, it
is important to identify landmarks, as well as rotate the head model to a well-
defined orientation relative to which the orientation of the array is known. An
iterative algorithm detecting the orientation of the head and the landmarks was
therefore used. The anatomical landmarks that were automatically identified were
the centers of the eyes, brainstem, frontal sinuses, and the box bounding the head.
Detection of landmarks was performed on the segmented model. The first step was
to find the two CSF circles of the eyes in 2D axial slices. For each eye, the slice in
which the area of the circle was maximal was found and its center identified.
These two points correspond to the centers of the eyes. Using the center of the
eyes, an initial correction of the head orientation was performed. The next step
was to detect the brainstem (segmented as a round region of white matter in the
base of the brain), and to perform full rotation of the model to a predetermined
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Fig. 7.4 Example showing an array layout as stored in the patient record (top row), along with a
patient model onto which arrays matching this layout have been placed (bottom row). Each array
layout comprises four transducer arrays, shown as patches of blue, red, yellow, and white in the top
row. The arrays are arranged into pairs and electric fields generated between each pair. One pair of
arrays delivers an electric field with an anterior-posterior orientation (red and blue arrays in top
row), and one pair delivers a field oriented left-right on the patient (white and yellow arrays in top
row) Each transducer array comprises nine ceramic disks arranged in a rectangular orientation
Each red disk on the model in the bottom row represents a ceramic disk. The bottom row shows a
model onto which a pair of transducer arrays has been placed. One array was placed on the left
aspect of the model, and the other on the right aspect

(ii)

orientation. Once the orientation was completed, the frontal sinuses (segmented as
air), and bounding box were found. These landmarks were then used to define the
positions of the central disks of each array on the scalp as planned for each patient
by the NovoTAL™ gystem.

Positioning of Anchor Points to Assist with Array Placement

After finding the position of each central disk of an array on the scalp, four anchor
points at predetermined distances from the central disk were located on the scalp to
assist with placement of the remaining disks. The anchor points were positioned to
form a cross-like pattern with the central disk of the array at the center. One axis of
the cross was vertically oriented, and the second axis of the cross was horizontally
oriented. Each anchor point was found using the following iterative algorithm:

(a) Calculate the tangent surface to the scalp at the current point using singular
value decomposition (SVD).

(b) Project the vector pointing in the direction of the anchor point onto the tangent
surface.

(c) Calculate a point at a predefined (small) distance from the current point along
the direction defined by the vector calculated in step (b).
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(d) Define a new point on the scalp, as the point on the scalp closest to point calcu-
lated in step (c).

(e) If the geodesic distance between the new point and the center point is close
enough to the desired distance between center of the central disk and the anchor
point, then set the current point as the anchor point, else perform another step
towards the anchor point by repeating steps a—e.

Finding the Center of All Disks in an Array

The geometry of the transducer array suggests that the geodesic distances between
the centers of the disks are constrained and remain constant when the array is placed
on the scalp. Consequently, in order to find the center of a specific disk in the array,
geodesic circles with appropriate radii were drawn around the central disk and the
anchor points. The approximate intersection of these circles (defined as the point at
which the sum of distances from the circles is minimum) corresponds to the center
of that specific disk.

Creating Cylinders Representing the Ceramic Disks and the Medical Gel

When placing the arrays on the head, the ceramic disks are tangent to the scalp. The
following process was used to ensure that the virtual disks are tangent to the scalp
in the patient model. First, the normal direction to the body closest to the disk was
calculated. The calculation was performed by finding all points on the phantom skin
that were within a distance of one disk radius from the designated point. The
coordinates of these points were arranged into the columns of a matrix and SVD
performed on the matrix. The normal to the surface is the eigenvector that
corresponds to the smallest eigenvalue. To ensure good contact between the disk
and the body, the thickness of the gel needs to be in contact with all points under the
disk. This was determined by fitting a cylinder to all points on the skin under the
disk. Calculation of the positions, orientations, and gel thicknesses associated with
the disks was performed in MATLAB 2013b (Mathworks, USA) and the Sim4Life
(ZMT-Zurich, Switzerland) Python API was used to generate the transducer arrays
in the model.

7.2.8 Simulations

Following creation of the patient models, transducer arrays were placed on the mod-
els to match the transducer array layouts assigned to the patients as recorded in their
medical records. In addition, patient’s average compliance (defined as the fraction
of time a patient was on active treatment) and the average electrical current deliv-
ered to each patient were calculated from log files of the TTFields generators stored
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in the patient records. The Sim4Life (ZMT Zurich, Switzerland) quasi-electrostatic
solver was used to simulate the delivery of TTFields at 200 kHz. Electrical proper-
ties were assigned to the various tissue types and materials in the model according
to average values reported in the literature [7, 17]. Boundary conditions were set so
that the total current delivered to the patient was equal to the average current deliv-
ered to the patient during the first 6 months of treatment. It is important to note that
a separate simulation was performed for each of the two pairs of arrays placed on
the patient.

7.2.9 Analysis

For this study, a total of n = 119 cases (of 466 patients in the trial treatment arm)
were simulated. All patients analyzed in this study were on active treatment for
more than 2 months. For each patient, field intensity distributions in a tumor bed
comprising the gross tumor volume (GTV) and a proximal boundary zone (PBZ)
extending 1 cm from the GTV were derived. To account for compliance, field values
for each patient were multiplied by their average compliance over the first 6 months
of treatment.

To test the hypothesis that patient outcome correlates with field intensities, two
quantities were derived:

1. E95, which is the value such that 95% of the combined volume of the GTV and
PBZ, received field intensities (multiplied by compliance) above a specified
value.

2. Eyenges Which is the average intensity (multiplied by compliance and average
current) in the combined volume of the GTV and PBZ.

Patients were divided into two groups based on threshold values of both E95 and
Eerage, and the overall survival (OS) and progression-free survival (PFS) of the
groups were compared. The threshold values of these parameters were chosen to
yield the most statistically significant difference in OS between the groups.

7.3 Results

Demographics of all groups were similar to the demographics of the entire EF-14
trial population and similar to each other (Table 7.1). When dividing the 119 patients
into two groups based on E95, the median OS and PFS were superior when
E95 > 1.3 V/em: OS (E95 > 1.3 V/cm: 33.0 months vs. E95 < 1.3 V/cm:21.9 months,
p =0.009, HR = 0.46) and PFS (E9 > 1.3 V/cm 11.9 months vs E95 < 1.3 V/cm
7.5 months, p = 0.06, HR = 0.49). Similar results were seen when dividing the
patients into two groups based on a threshold of Eyeraee > 1.0 V/em: OS (Eyyerage > 1.0 V/
cm: 26.1 months vs. Ejyeraee < 1.0 V/em: 21.6 months, p = 0.025, HR = 0.50) and PFS
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Table 7.1 Demographics of patients split into groups according to a threshold of E95 = 1.3 V/cm

All Other
simulation TTFields
E95>13 E95<13 patients patients
Characteristics (N=33) |(N=86) |p-value| (N=119) (N =347) p-value
Age (Years)
Mean (SD) 57.9 52.3 0.0156| 53.9(11.30) | 55.0(11.52) | 0.354
(10.50) (11.27)
Sex, No. (%)
Male 23 60 0.994 83 (69.7%) | 233 (67.1%)| 0.6
(69.7%) | (69.8%)
Female 10 26 36 (30.3%) | 114 (32.9%)
(30.3%) | (30.2%)
Region, No. (%)
United States 16 37 0.592 53 (44.5%) | 168 (48.4%) | 0.465
(48.5%) | (43.0%)
Rest of world 17 49 66 (55.5%) | 179 (51.6%)
(51.5%) | (57.0%)
Extent of Resection,
No. (%)
Biopsy 6(18.2%)| 8(9.3%)| 0.212 14 (11.8%) | 46 (13.3%)| 0.912
Partial resection 8(24.2%)| 33 41 (34.5%) | 116 (33.4%)
(38.4%)
Gross Total resection 19 45 64 (53.8%) | 185 (53.3%)
(57.6%) | (52.3%)
MGMT Tissue 28 75 103 (86.6%) | 283 (81.6%)
available and tested, (84.8%) (87.2%)
No. (%)
Methylated 10 30 0.919 40 (38.8%) | 97 (34.3%) | 0.709
(35.7%) | (40.0%)
Unmethylated 15 38 53 (51.5%) | 156 (55.1%)
(53.6%) | (50.7%)
Invalid 3(10.7%) | 7(9.3%) 10 (9.7%) 30 (10.6%)
Karnofsky
Performance Score
Mean (SD) 88 (10) 89 (9) 0.6084 89 (9) 87 (11) 0.137
Median (range) 90 90 90 (70-100) | 90 (60-100)
(70-100) | (70-100)

Table also shows demographics of all 119 patients, as well as demographics for all n = 347 patients
treated with TTFields, but not included in this study. Demographics of all groups are similar. It is
worth noting that the median age in the group for which E95 > 1.3 V/cm is significantly higher than
in the group for which E95 < 1.3 V/cm

(Eperage > 1.0 V/ecm: 9.9 months vS. Eyenee < 1.0 V/em: 6.1 months, p = 0.026,
HR =0.54). Progression-free at 6 months and 24-months survival rate were superior
when E95 > 1.3 V/em (E95 > 1.3 V/em: 76% vs. E95 < 1.3 V/em: 56%, p = 0.031),
and (E95 > 1.3 V/em: 66% vs. E95 < 1.3 V/em: 42%, p = 0.0156), respectively.
Within the E95 > 1.3 V/cm group, a higher percentage of patients showed clinical
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Fig.7.5 (i) Examples of patient models and calculated field distributions within each patient head.
Each row shows a different patient. The figure shows axial slices from patient MRI (1st column),
an overlay of the patient model on the slice (2nd column) and the final patient model in the same
slice (3rd column), 3D representation of the patient model with virtual arrays (4th column) and
field intensity distributions generated by the pair of arrays on the left and right aspects of the head
(5th column) and on the anterior and posterior of the head (6th column). (ii) Kaplan-Meier curves
for overall survival when splitting patients according to threshold values of E, . (left) and E95
(right)

benefit (stable disease/partial response, 97% vs. 83% p = 0.039). OS in the
E95 < 1.3 V/cm group was superior to OS in the EF-14-control-arm (16.0 months,
p = 0.009), indicating that patients benefited from treatment even when field
intensities were lower. The Kaplan-Meier curves for OS are shown in Fig. 7.5.

7.4 Discussion and Conclusion

In this work, we summarize a simulation-based study suggesting a strong connec-
tion between TTFields dose at the tumor bed and patient outcome. A robust and
rapid semiautomatic procedure for creating realistic patient models was developed
in order to perform this study. This method enabled the efficient creation of patient-
specific models and simulation of TTFields delivery to over 100 patients. Simulating
delivery of TTFields to such a large cohort is necessary in order to gain a sample
size large enough to establish statistically significant connections between dose/
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field intensity and patient outcome. To our knowledge, this is the first study in which
delivery of low-frequency electromagnetic energy to patients has been performed
on such a large cohort. In the future, our modeling process could be adapted to
investigate potential connections between electromagnetic field distributions and
patient outcomes for other electrotherapeutics. A study utilizing this method to ana-
lyze the connection between TTFields dose distribution and patient outcome in 340
patients that participated in the e EF-14 trial was recently published [22].

The head model creation procedure used in this study utilizes a healthy head
model, which serves as a deformable template from which the patient models are
created. Consequently, the anatomy of the resulting head models bear a large degree
of resemblance to the template and may not accurately capture fine anatomical
features such as the exact shape of the gyri and sulci of the patient’s brain. The
frequency of TTFields and the method of delivery (large transducer arrays) dictate
that TTFields distribution is broad and coarse in geometry and distributes over the
entire brain. Consequently, fine details in the anatomy are unlikely to affect the
overall shape of the field distribution in the brain, and are therefore expected to have
minimal effect on the analysis and conclusions presented in this study. This is in
contrast to applications such as transcranial direct current stimulation (TDCS) [23],
or deep brain stimulation [24], where it is important to accurately deliver the electric
field to specific and often finely shaped anatomical structures.

The analysis performed in this study suggests a statistically significant connec-
tion between TTFields intensity at the tumor bed (multiplied by compliance) and
patient outcome. This suggests that treatment planning in which array placement on
the scalp is optimized in order to maximize TTFields intensity at the tumor bed
could be important for improving patient outcome. Indeed, the NovoTAL system
utilizes simple geometrical rules to optimize array placement. In the future, the
algorithms presented in this chapter could form the basis for treatment planning
software that uses realistic simulations of TTFields distribution in the body for
treatment planning. TTFields treatment planning may even be extended beyond a
calculation of positioning the arrays on the head. For example, planning may
encompass surgical procedures, such as cranial remodeling, which have been shown
to increase TTFields distribution at the tumor by over 50% in some cases [12].

In this study, we assumed homogeneous tissue properties for all tissue types
based on average values reported in the literature, with the conductivity values
assigned to the various compartments of the tumor. The assumption of homogeneity
is reasonable when considering healthy tissue [see chapter on wEPT in this book].
However, glioblastoma tumors are structurally heterogeneous. Therefore, their
electric properties are likely heterogeneous as well. However, very little literature
investigating the electric properties of tumors exists. Such heterogeneity will affect
TTFields distribution in the tumor bed. Future studies investigating the electric
properties of tumors are planned so that tumor heterogeneity can be accounted for
in simulations and treatment planning. Techniques such as wEPT [25] or MR-based
electrical impedance tomography (MREIT) [26] provide spatial maps of the electric
properties in tissue that could be extremely useful in this regard. However, their
applicability to mapping electric properties in the 100 kHz-1 MHz frequency range
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should first be established. It is important to note that in the context of this study, the
effect of heterogeneity in the tumor bed on TTFields dose, and its connection to
outcome is effectively accounted for in the analysis through the averaging performed
on field intensity in the tumor bed and the large number of patients in the study.

To conclude, this chapter presents novel methods for creating realistic head mod-
els suitable for the simulation of TTFields. The approach has enabled a ground-
breaking study in which simulation and clinical data have been combined to
establish a connection between TTFields dose at the tumor and patient outcome.
Future studies based on our approach will lead to a better understanding of TTFields
therapy, ultimately leading to improved patient outcomes.
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