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Chapter 8
Insights from Computer Modeling: 
Analysis of Physical Characteristics 
of Glioblastoma in Patients Treated 
with Tumor-Treating Fields

Edwin Lok, Pyay San, and Eric T. Wong

8.1  Introduction

Tumor-treating fields (TTFields) are intermediate frequency electric fields at 
200 kHz (kHz or 103 Hz) that have anti-tumor activity. In a pivotal phase III clinical 
trial for newly diagnosed glioblastoma patients, the addition of TTFields to mainte-
nance temozolomide, which was administered after initial radiotherapy and concur-
rent daily temozolomide, was found to improve both progression-free survival and 
overall survival when compared to those who only received maintenance temozolo-
mide [1, 2]. This positive trial result led the US FDA to approve the use of TTFields 
for these patients and the incorporation of this therapy into the National 
Comprehensive Cancer Network (NCCN) guidelines for malignant gliomas [3].

8.2  TTFields Is Another Treatment Modality 
from the Electromagnetic Spectrum

Energies from different parts of the electromagnetic spectrum are utilized to treat 
various types of malignancies. For glioblastoma, ionizing radiation from external 
beam radiotherapy is the mainstay of treatment at initial diagnosis. The frequency is 
in the ectahertz (EHz or 1018 Hz) range and the high energy results in direct DNA 
damage, such as double-strand DNA breaks; indirect effects are also a result, includ-
ing the generation of oxygen radicals causing secondary tissue damage [4]. Major 
advances of the past decades consist of improving the conformality of the beam, as 
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in intensity-modulated radiation therapy and stereotactic radiosurgery, resulting in 
less radiation scatter to the surrounding tissue adjacent to the tumor [5, 6].

Laser interstitial thermal therapy (LITT) is another treatment for brain tumors 
that utilizes a specific part of the electromagnetic spectrum at the microwave fre-
quency or 100 MHz range. A probe is stereotactically inserted into the tumor target 
under MRI guidance, and the laser at the tip of the probe emits microwave energy 
to heat the tumor tissue while the temperature is being monitored [7]. The primary 
application is for the treatment of brain metastasis and radiation necrosis, but surgi-
cally inaccessible glioblastomas can also be treated.

TTFields therapy operates at a frequency of 200 kHz for glioblastoma, which is 
based on preclinical data on mitotic interference of glioma cells in tissue culture [8]. 
This frequency is below radio frequency for the transmission of AM signals. There 
are a number of biological effects that can be exploited to treat malignancies. These 
include disruption of tubulin and septin, both of which are intracellular macromol-
ecules possessing large dipole moments and are necessary for the orderly progres-
sion of mitosis in dividing cells [8, 9]. Tubulin monomers coalesce to form 
microtubules and the mitotic spindle during metaphase and anaphase. These higher 
order structures are needed to align the 23 pairs of chromosomes in the mitotic plate 
and to guide the subsequent migration of the corresponding sister chromatids to the 
respective centrioles. Septin heterotrimers are needed for cytokinesis, or the con-
traction of the plasma membrane along the equatorial plane of the dividing cell, that 
eventually produces two daughter cells. Notable phenomena of violent membrane 
blebbing and asymmetric chromosome segregation have been observed under the 
influence of TTFields, resulting in aneupoloidy, mitotic arrest, and/or cellular stress 
that may trigger an immunogenic response [8–10].

8.3  Quantifying Electric Field Delivery in the Brain

The amount of electric field delivered to the tumor target can be quantified. However, 
the brain has a complex geometry consisting of multiple layers of folded tissues 
(such as dura, gray matter, white matter, and subcortical nuclei) and asymmetric 
spaces (ventricles and the subarachnoid space on the cerebral convexity). In addi-
tion, the glioblastoma is situated within the white matter with extension to the adja-
cent gray matter and displacement of the subarachnoid or ventricular space. This 
tumor is usually seen as an enhancing lesion on MRI, and its gross tumor volume 
(GTV) can be contoured and delineated by appropriate software. When solving for 
the electric field distribution at the GTV, the solutions to the differential equations 
are not straightforward and only representative numerical approximations can be 
computed using techniques such as finite element analysis. The accuracy of the 
solution depends on several factors: the smoothness of interface between structures 
and the resolution of the finite elements that form the approximate solid geometry 
of the tissue. There is always a trade-off between accuracy of the model and the 
computational requirements needed to generate a solution. In general, a larger 
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number of elements that are used to represent a more accurate geometry will require 
more time and increased computational capability to generate a solution.

The workflow to generate a prediction for the numerical value of the electric field 
at the GTV requires a number of steps [11]. It begins with the conversion of the 
Digital Imaging and Communications in Medicine (DICOM) dataset from MRI into 
Neuroimaging Informatics Technology Initiative (NIfTI) image format using the 
conversion function from Statistical Parametric Mapping 8 (SPM8) and then co- 
registering to a template in Montreal Neurological Institute space. The default 
workflow generates ten binarized masks, including white matter, gray matter, cere-
bellum/brainstem, cerebrospinal fluid, orbits, skull, scalp, gel, electrodes, and air; it 
has been customized for the finite element analysis of TTFields. The binary masks 
are then imported into a 3D image processing software such as ScanIP (Synopsis, 
Mountain View, CA) for post-processing of generated errors. The boundary condi-
tions are then specified and the presence of island cavities and artifacts are manually 
corrected to ensure no overlapping or missing boundaries are present. The Dice 
coefficient can then be used to measure the degree of overlap before and after man-
ual processing. The optimized masks are then imported into a simulation software 
such as COMSOL Multiphysics (Stockholm, Sweden). The output of this process 
consists of visual maps of the distributed electric fields and the specific absorption 
rate (SAR) within the brain and the GTV.

The electric field-volume histogram (EVH) and specific absorption rate-volume 
histogram (SARVH) are indispensable for the comparison of the electric fields and 
the SAR at the GTV between different models [12] (Fig. 8.1). The histograms are 
also applicable to other intracranial structures for monitoring side effects at regions 
adjacent to the GTV.  Both EVH and SARVH also facilitate the comparison of 
TTFields in individual patients over time or between patients who are receiving the 
same treatment. A number of standardized parameters can be used, including EAUC, 
VE150, E95%, E50%, and E20% for electric field quantification, as well as SARAUC, 
VSAR7.5, SAR95%, SAR50%, and SAR20% for specific absorption rate representation. 
In our prior modeling work, the scalp is the site having the highest overall electric 
field intensity and SAR because the transducer arrays are adjacent to the scalp. 
However, within the brain, the distribution is highly variable, with the frontal horns 
of the lateral ventricles and the genu of the corpus callosum having a higher electric 
field intensity and SAR due to their geometries and juxtaposition to cerebrospinal 
fluid [12, 13].

A number of factors can alter the intracranial distribution of TTFields. First, the 
thickness of the cerebrospinal fluid layer located in the subarachnoid space on the 
surface of the brain can change the penetration of TTFields into the GTV, which is 
located deeper within the white matter of the brain. In one of our models, a contrac-
tion of the cerebrospinal fluid layer by 1.0 mm increased the EAUC by 15–20%, while 
an expansion by 0.5 mm can reduce the EAUC by about 10% [12]. Second, changes 
in the conductivity of GTV affect the distribution of TTFields inside the brain, but 
variations in permittivity do not. In particular, the presence of a tumor-associated 
necrotic core, which contains fluid and probably has a higher conductivity, may 
attenuate the penetration of TTFields into the tumor, likely by diverting the electric 
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Fig. 8.1 (a) EVH for various tissue structures and GTV. Simulation results for (b) electric field 
and (c) SAR distributions on an axial plane within the brain, showing higher intensity near the 
GTV and the corpus callosum
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fields away from the active regions of the tumor. Therefore, these anatomic  
variations may alter the response of patients to TTFields treatments.

8.4  Clinical Outcome from TTFields Treatment

The efficacy of TTFields in the glioblastoma population has been tested in random-
ized phase III clinical trials [1, 2, 14]. The EF-11 trial was conducted in the recur-
rent glioblastoma population and patients were randomized in a 1:1 fashion to either 
TTFields monotherapy or best physician’s choice chemotherapy [14]. Both 
progression- free survival and overall survival were comparable in the two cohorts, 
suggesting that TTFields is an equivalent therapy, but without the toxicities associ-
ated with the chemotherapies used in the recurrent setting. There is a unique side 
effect of scalp irritation caused by placement of the transducer arrays onto the 
patient’s head and the energy deposition on the scalp, but this can be readily treated 
with corticosteroid ointment with minimal sequela.

The post hoc analyses of EF-11 yielded a number of important findings. First, the 
Patient Registry Dataset (PRiDe) contains treatment and health information data 
from patients who underwent TTFields therapy in real-world, clinical practice set-
tings in the USA from 2011 to 2013 after the initial United States FDA approval. 
PRiDe revealed that patients lived longer when their TTFields usage compliance 
averages 75% or greater per day [15]. Furthermore, dexamethasone is an anti- 
inflammatory drug commonly used in the glioblastoma population to counteract 
cerebral edema caused by the tumor. A separate post hoc analysis showed that 
patients who used a higher dose of ≥4.1 mg/day had a shortened survival compared 
to those who used <4.1 mg/day [16]. Therefore, TTFields therapy in this population 
requires maximizing treatment compliance while minimizing dexamethasone usage 
in order to facilitate its anti-glioblastoma effect.

The EF-14 trial is another randomized phase III trial of newly diagnosed glio-
blastoma patients [2]. All eligible patients received initial radiation and daily temo-
zolomide and were then randomized prior to entry into the post-radiotherapy 
adjuvant phase of temozolomide treatment. Patients were randomized to receive 
TTFields plus temozolomide or temozolomide alone, and the TTFields cohort had 
longer progression-free survival and overall survival compared to the control. Mild 
to moderate scalp toxicity underneath the transducer arrays was seen in 52% of 
patients who received TTFields and temozolomide compared to none in the control 
cohort. Systemic toxicities and health-related quality-of-life measures were compa-
rable between the two groups [2, 17].
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8.5  Conclusion

TTFields therapy has established anti-cancer efficacy and the utilization of this 
treatment for glioblastoma has resulted in prolongation of patient survival. However, 
the distribution of TTFields within the brain is still shrouded in mystery. Finite ele-
ment analysis provides a means for the numerical approximation of the distribution 
of TTFields within the brain and particularly within the GTV. Furthermore, EVH 
and SARVH permit the quantification of changes in electric fields and specific 
absorption rate over time, as well as the comparison of these parameters between 
individuals. Ultimately, the goal is to develop personalized TTFields treatment for 
each glioblastoma patient.
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