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Preface

“Questioning our own beliefs in this way (...challenging our assumptions...) isn’t easy,
but it is the first step in forming new, hopefully more accurate, beliefs.”

Duncan J. Watts in Everything is Obvious

When Mike Ambrogi from Novocure sat down in my office for the first time in 2006
showing me a time-lapse video, I was mesmerized by the cells “blowing up” under
the influence of alternating electric fields or Tumor Treating Fields. At that time, he
was trying to enlist sites to participate in Novocure’s EF-11 phase III clinical trial
comparing a device that emits these fields to chemotherapy for recurrent glioblas-
toma. The device was strange because it required shaving of the patient’s head and
applying to the scalp four transducer arrays and each one had a set of nine ceramic
disks. There were wires connecting the arrays to a box that generated the electric
fields. At that time, The Matrix and its sequels were topping the box office and per-
meating popular culture. I was wondering whether or not this was the beginning of
a brain-machine interface for the treatment of brain cancer. But in all seriousness,
two killer questions came to my mind after seeing the video that led to our research
team’s long-term commitment in this scientific exploration: (1) Did the alternating
electric fields at 200 kHz (10° Hz) permeate from the surface of the scalp into the
brain, and (2) what was the biological mechanism causing the cells to blow up? The
answer to the first question was easier to find. This took me back to my undergradu-
ate senior design project at UPenn’s engineering school when I was working on
optimizing electronic circuits in the gigahertz (10° Hz) range or the microwave part
of the electromagnetic spectrum. One thing I learned from the experience was that
whether or not an alternating signal bounces from or penetrates into an object really
depends on its frequency. Fortunately, a paper published in 1996 had a “spec sheet”
on the dielectric properties of skull, gray matter, and white matter in the kilohertz
range. It showed that the permittivity (the ability to hold charges) and conductivity
(the ability to pass charges) of the three structures are similar and all of parameters
are within an order of magnitude from each other, suggesting that the electric fields
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at 200 kHz can permeate skull, gray matter, and white matter as if they were one
continuous medium. This is similar to light passing through a window into your
living room—you are able to read a book either inside or outside of your home.

The second question was harder to address because there was still a lot of uncer-
tainty in the cell biology effects from the electric fields at 200 kHz. I took the video
on Tumor Treating Fields to Lew Cantley’s lab in the Division of Signal Transduction
and showed it to multiple postdoctoral researchers there. There were a lot of com-
ments like “cool,” “interesting,” “far out” ... etc. Ken Swanson was one of them but,
like me, he was also mesmerized by the video. He reviewed the video multiple times
over a few days, like a child watching cartoons over and over as if each time was a
new experience. He made one very important observation and pointed out that after
the cells underwent violent blebbing, they spread out and went back into the tissue
culture —they did not die or dissociate from the dish. We both concluded that more
cell biology experiments needed to be done and, after obtaining an unrestricted
sponsored research agreement, we discovered that the blebbing process is a result of
disrupted septins causing disorganized cytokinesis when cells transition from meta-
phase to anaphase. The aftermath of this disruption is aberrant mitotic exit, asym-
metric chromosome segregation, and eventually immunogenic cell death. At about
the same time, the results of the EF-11 trials came out and the device was approved
by the U.S. Food and Drug Administration in 2011 for use in patients with recurrent
glioblastoma and, later in 2015, for newly diagnosed glioblastoma.

Ed Lok is the third member of our research team, and he is the driving force
behind our understanding of the electric field distributions in the brain. He has
degrees in physics from college and radiation physics from graduate school, and he
now works as a full-time medical physicist. He is intensely interested in the applica-
tion of medical physics in medicine and after 8 years on our team he is still deter-
mined to figure out the most accurate method for delineating these tumor treating
electric fields in the brain.

I'learned an invaluable lesson while performing this translational research. I real-
ized how different the training of a physician is from that of a research scientist,
regardless of the subject of investigation such as addressing unanswered questions
in basic biological sciences or testing the efficacy of new medical treatments. A
clinician’s job is to properly diagnose and appropriately treat a patient’s ailment,
and this is done by taking a careful history and observing the patient, as well as
using whatever diagnostic tests that are available to arrive at a set of diagnoses that
best fit the available data. Through a process of elimination, which is a weighted
assessment based on the clinical acumen of that physician or the results from addi-
tional diagnostic tests, the clinician will then arrive at a “best fit” diagnosis and then
treat the disease accordingly. In contrast, an investigator’s job is find answers to an
unexplained observation or question. It is dangerous to go into a scientific investiga-
tion with a preconceived notion of outcome. Quite often, these preconceived ideas
reside in our subconscious and they can wholeheartedly interfere with the proper
interpretation of observations and empirical data, particularly when conflicting
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results are present. In my experience, a seasoned scientist or investigator is more
receptive to outlandish ideas than clinicians, probably because the latter are condi-
tioned in a Pavlovian fashion to find the “best fit” explanation. Therefore, as com-
mented in Duncan Watts’ book, Everything is Obvious, questioning my own beliefs
is essential in forming new, and hopefully more accurate, beliefs.

Boston, MA, USA Eric T. Wong, MD
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Chapter 1
Cell Biological Effects of Tumor
Treating Fields

Nidhi Gera and Kenneth D. Swanson

Application of Electric Fields to Patient Care

Electrotherapy involves the use of electrical energy for the treatment of medical
conditions. Starting in the mid to late 1800s there was a fascination with the possi-
ble effects of electricity on the human body. This led to a proliferation of electricity-
based devices that claimed to treat various maladies. While there were a limited
number of cases where these devices led to the development of standard medical
equipment, such as physiotherapeutic devices used to prevent muscle atrophy and
cardiac defibrillators developed to stop arrhythmia, most early attempts proved to
have little efficacy beyond possible placebo effects [1].

The biologic effects of electric fields within different tissues are dependent on
both the intensity and frequency of the stimulating electric field or current. Different
frequencies have vastly different biologic effects. For instance, at 1 kHz or lower,
alternating electric fields cause depolarization of membrane potentials in excitable
cells, such as neurons, cardiac myocytes, and muscle cells, via opening of voltage-
gated ion channels [2—4]. Defibrillators, electro-shock therapy, and neuromuscular
stimulation of muscles all rely on their ability of high intensity electric fields to
induce membrane depolarization. In an early attempt to test whether electric fields
were able to directly affect cellular physiology at a more molecular level, Rosenberg
et al. [5] in 1965 at Michigan State University exposed E. coli cultures to electric
fields generated by immersing platinum electrodes into the broth. This led to a
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reduction in cell division, but not cell growth, resulting in the elongated growth of
the bacteria [5]. This suggested that their cell division was sensitive to perturbation
by electric fields. However, it was subsequently demonstrated that the media con-
tained cisplatin produced de novo upon passing electric current through the plati-
num electrodes during the course of the experiment. This was found to be responsible
for the observed growth effects [6]. Fortuitously, while this attempt failed to dem-
onstrate the effects of electric fields on cellular function, it was later found that
cisplatin, produced by the electrodes during this experiment, had potent anti-mitotic
effects on cancer cells and is now a commonly used cancer chemotherapeutic [7].

Tumor Treating Fields

Dr. Yorum Palti, emeritus professor at the Rappaport Institute in Israel, developed a
technology to deliver electric fields to tumor cells without such chemical alterations
to the media by using insulated electrodes. In these experiments, cell viability was
profoundly affected at frequencies between 100 and 250 kHz. More precise measure-
ments of cell viability revealed a reasonably tight peak of this cytotoxic effect in all
cell types tested between 150 and 200 kHz, with little or no effect being detectable at
frequencies below 50 kHz or above 500 kHz. The effect of these alternating electric
fields also increased with field intensity. Given their cytotoxic effects these alternate
electric fields within this frequency range were referred to as Tumor Treating Fields
(TTFields) [8, 9]. Cells exposure to TTFields within mitosis exhibited violent mem-
brane blebbing [9] and exposed cells have also been shown to be increased in volume
[10]. While possible, no other clearly defined effects on cellular physiology have yet
been reported for TTFields. When treated cell cultures were stained for tubulin and
DNA it was found that spindle elements and the mitotic chromosomal order were
disrupted. One of the more enigmatic features of TTFields’ biophysical impact on
cells is that the incident angle to the mitotic plate dictates the magnitude of cellular
damage. When the TTFields were aligned perpendicular to the plane of division,
cells were relatively unaffected, whereas cells exhibited a higher degree of mitotic
failure if the TTFields were oriented parallel to the plane of division [9].
TTFields-induced mitotic disruption occurs coincident with cells exit from meta-
phase. Early reports showed that cells exposed to TTFields exhibited increased time
in mitosis [9, 11]. Our laboratory showed that there was no gross perturbation in
transit that would suggest a block during metaphase exit [12]. We found that the
degradation of both cyclin B and securin [13], which occurs at the end of meta-
phase, was similar in both TTFields- and sham-treated cultures. Staining of micro-
tubule in metaphase cells also appears grossly intact. Because normal exit from
metaphase is triggered by the capture of microtubule ends within the metaphase
spindle by kinetochores of chromatids that are properly aligned to metaphase plate
(see below), our data suggest that metaphase spindle formation and function are
unperturbed. However, there was a measurable increase in cells with 4N DNA con-
tent following TTFields treatment and persistence in phosphorylated Histone H3
levels, which is usually dephosphorylated in telophase [12, 13]. Further, time-lapse
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microscopy of cells stained with a vital DNA dye, allowing the accurate staging of
mitosis, revealed that cells treated with TTFields undergo membrane blebbing at the
time of metaphase exit [12]. Together, these data strongly suggest that TTFields-
treated cells transit normally through metaphase but are disrupted in anaphase due
to the violent mitotic blebbing and that leads to aberrant mitotic exit.

TTFields have also been shown to affect the growth of tumor in animal models
and human cancers. Treating mice with a number of injected tumors grown from
different cell lines including CT26 colon adenocarcinoma, B16/F1 melanoma,
Lewis lung carcinoma, F-98 rat glioma, and the highly invasive VX2 carcinoma
in rabbits were all shown to undergo tumor regression when TTFields were
administered by electrodes placed outside of the body [8, 9, 14, 15]. Interestingly,
when the VX2 tumors implanted under the kidney capsule were treated with
TTFields delivered only to the abdomen, avoiding the lungs, there was also a
marked decrease in lung metastasis compared to sham-treated animals. This sug-
gests that TTFields may have affected either the metastatic potential of the tumor
cells, or influenced host immune response against them [14]. These studies dem-
onstrated that TTFields could penetrate the body and affect cellular physiology.
This preclinical work led to TTFields testing against human gliomas and a suc-
cessful phase III clinical trial [16].

Chen et al. [17] also applied similar intermediate frequency of alternating elec-
tric fields to B16/F10 melanoma cells both in culture and on tumors developed from
flank injection in mice. Their data also showed the inhibition of cellular prolifera-
tion in culture and induction of apoptosis in an electrical intensity- and frequency-
dependent manner similar to that reported above for TTFields. When they applied
these fields to B16/F10 tumors grown in mice they significantly inhibited tumor
growth, increased apoptosis by TUNEL staining, and increased mouse survival.
Interestingly, they also found that CD34-positive cell numbers were reduced in the
treated tumors, indicating an effect on the tumor microvasculature [17]. Beyond
being necessary for perfusion of oxygen and nutrients into the tumor bed, tumor
endothelium has been implicated in supporting the intratumoral immune inhibitory
environment [18, 19]. This suggests that TTFields may target proliferating tumor
endothelial cells, and the destruction of these cells may play a major role in contrib-
uting to tumor regression.

Basis of Vulnerability to Tumor Treating Fields During Mitosis

Since TTFields affect cells during mitosis, this suggests a specific vulnerability to
them may exist in this phase of the cell cycle. The cell cycle is a regimented process
that controls cellular growth and proliferation. Biomass accumulation and cellular
growth occur during interphase, which is subdivided into G, S, and G, phases. Non-
mitotic and post-mitotic cells exist in a state referred to as G,. Cell division and
daughter cell production occur during mitosis, or M phase, which is further subdi-
vided into prometaphase, metaphase, anaphase, and telophase. During the lengthy
period of interphase, enzymatically-driven metabolic processes dominate cellular
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behavior with most structural requirements being involved in migration and cell
polarization. However, during mitosis, which only lasts approximately 90 minutes
in most cultured cells, the dominant cellular processes are almost completely depen-
dent upon the rapid assemblage and function of mitosis-specific protein structures.
Unlike the structures that cells depend on during interphase, these mitosis-specific
structures require high levels of spatial and temporal precision for their functions.
Therefore, while interphase is a highly anisotropic stage, M phase depends on a
significant structural ordering at the molecular level in order to achieve successful
cell division. This fact likely makes mitosis more susceptible to the electromotive
disruption of TTFields than interphase (Fig. 1.1).

The accumulation of newly condensed chromosomes at the midline is dependent
on rapid assembly of the highly ordered microtubule structures of the metaphase
spindle produced early by the cell after it enters mitosis. During prometaphase, chro-
mosomal material condenses into individually identifiable sister chromatid pairs. In
order to migrate to the metaphase plate, the chromatids attach to the metaphase spin-
dle microtubules and move towards the midline through the action of Kinesin motor
proteins (Fig. 1.2A) [20]. Once there, the kinetochores within the centromeric regions
of each sister chromatid captures microtubules end that are arrayed along the central
plane of the dividing cell. This ensures that all chromatid pairs are aligned on the
metaphase plate with their constituent kinetochores oriented towards the respective
pole of each forming daughter cell. This is necessary to ensure the inheritance of a
full complement of chromosomes in each daughter cell. The capture of the microtu-
bules by the paired kinetochores creates physical tension between them that termi-
nates the signals responsible for preventing premature metaphase exit [21]. Since a
single pair of unattached kinetochores generates sufficient signal to prevent meta-
phase exit, the capture of the last kinetochore is required for mitotic progression from
metaphase to anaphase. Final kinetochore capture triggers mitotic exit by permitting
the rapid and irreversible activation of the anaphase promoting complex (APC/C)
ubiquitin ligase activity (Fig. 1.2B). Active APC/C targets the G, Cyclin, Cyclin B,
and Securin for destruction. Cyclin B is the allosteric activator of the Cyclin-
dependent kinase 1 (CDK1) whose activity initiates mitosis and drives cells into
metaphase while simultaneously inhibiting processes necessary for anaphase.
Securin acts to inhibit the protease Seperase that cleaves the Cohesen protein com-
plexes. This cleavage, along with CDK1 inactivation is necessary for the sister chro-
matids at the mitotic plate to separate and migrate towards the poles of their respective
forming daughter cells [22]. Since APC/C is only activated following the capture of
the last kinetochore, metaphase exit requires proper microtubule spindle formation
and function [23].

Within anaphase, two additional highly ordered structures form, perform their
precisely choreographed functions, and are then rapidly disassembled. The ana-
phase central spindle is a structure consisting of two parallel arrays of microtubules
that are joined at the newly formed midline and extend away from each other. This
structure is developed to perform two vital functions within minutes of entry into
anaphase. During this time, the anaphase spindle pushes the newly formed chromo-
somes towards the poles of the forming daughter cells. At the same time, the mid-
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Fig. 1.1 TTFields affect cells during the metaphase to anaphase transition. Dividing cells obtain
biomass during interphase and form daughter cells during mitosis. Most of the processes that are
essential to cells in interphase are metabolic in nature, many of which function to produce biomass in
the form of protein, lipid, and DNA needed for division. On the other hand, mitosis involves the
orderly mechanical segregation of daughter chromosomes and division of the parental cell cytoplasm
in order to form two independent cells. Mitosis depends on a series of events driven through prometa-
phase, metaphase, anaphase, and telophase that must be executed with precision in order to ensure
that each daughter cell inherits a full and equal complement of the parental genome after it has been
duplicated during S phase. Cells that exit mitosis can remain in the cell cycle and enter the G, state
or exit the cell cycle and enter the G, state. The actions of TTFields cause disruption of cells around
the time of metaphase exit where the coordination of these mitotic processes is most critical.

line also plays an essential role in the organization and regulation of the third
essential mitotic structure, the cytokinetic cleavage furrow (CCF) [24]. This struc-
ture contains powerful actinomycin motor elements that are arranged in a circum-
ference around the equatorial cleavage plane of the dividing cells and is responsible
for rapidly cinching the CCF closed during cytokinesis. Significantly, processes
within anaphase must be initiated and completed within a short time frame (approx-
imately 10 minutes), and coordinated with each other precisely. This strongly sug-
gests a potential for vulnerability to the electromotive forces generated by TTFields
exists during anaphase (Fig. 1.2C). There are a number of proteins within the ana-
phase spindle midline and the CCF that regulate their organization and contraction,
including the centralspindalin complex, composed of KIF23 and MgcRacGAP,
which are substrates for phosphorylation by polo-like kinase 1 (PLK1). This phos-
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Fig. 1.2 Different stages of mitosis represent different potential points of vulnerability to
TTFields. TTFields may perturb mechanically critical processes that are specifically required dur-
ing mitotic progression, such as the rapid polymerization and/or stability of microtubules in the
metaphase spindle (A). The division of sister chromosomes subsequent to kinetochore capture of
metaphase spindle microtubules requires the formation of the anaphase spindle, which may also be
susceptible to perturbation by TTFields (B). The protein structures that underlay the cytokinetic
furrow are also potential targets for TTFields disruption (C).

phorylation creates a binding site for the RhoGEF ECT?2 resulting in its recruitment
to the spindle midline [25]. ECT2 further binds to the adaptor protein Anillin which
in turn binds to the heterotrimeric GTP binding protein Septin 2, 6, 7 complex [26].
ECT2-bound Anillin is required for the stability of the anaphase spindle midline,
which becomes disordered upon its depletion [27]. ECT2 is subsequently delivered
from the anaphase spindle midline to the CCF, where it is instrumental in directing
the localization and regulation of its function during cytokinesis [28]. Upon its
recruitment to the CCF, the Septin heterotrimers oligomerize into a highly ordered
cytoskeleton-like scaffold that functions to recruit and organize the actinomyosin
contractile elements required for furrow ingression and separation of the daughter
cells [26, 27, 29-32]. In addition to its function within the CCF, Septins also cross-
link F-actin bundles within the submembranous actin cytoskeleton [33-36]. This
structure must possess adequate rigidity to withstand the hydrostatic pressures gen-
erated by ingression of the cytokinetic furrow. Failure to restrain these forces results
in rupture of the connection between cytoskeleton and the overlying plasma mem-
brane which leads to membrane blebbing [33].

Molecular Targets of Tumor Treating Fields

There are several features that a molecular target of TTFields would need to possess
in order to produce the observed cellular disruption during mitosis. First, alternating
electric fields are likely to act by inducing movement of their molecular targets. This
suggests that the presence of high molecular charges on proteins will act to align them
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A

Fig. 1.3 Protein dipole behavior in alternating electric fields. Some proteins possess dipole
moments that form positive and negative poles within their structures due to differential densities
of positive and negatively charged amino acid residues distributed on their surfaces (A). Within
electric fields, the charges on the dipoles are oriented towards the opposite-charged field poles (B).
As the poles of an alternating electric field are reversed, the orientation of the dipole containing
protein will simultaneously be re-oriented due to the attractive forces imposed by the opposite
charges (C).

and possibly induce movement. Proteins possess complex charge structures on their
surfaces that arise from the charges of their surface amino acid side chains. The
arrangement of acidic and basic residues on the protein surface potentially results in
regional separations of surface charges imparting dipole moments onto some proteins,
which can be similar to that observed in bar magnets (Fig. 1.3A). Proteins possessing
such dipole moments will align within an electric field so that each pole of its dipole
will orient towards the oppositely charged pole (Fig. 1.3B). Therefore, the repolariza-
tion of the alternating fields is expected to induce a re-orientation to realign the protein
dipoles (Fig. 1.3C). Thus, an alternating field would be expected to result in the rota-
tion or induce torsion on intracellular proteins possessing sufficiently high dipole
moments, provided that the time constant of rotation or torsion is shorter than the
time set for changes in external polarity [9]. Another property that TTFields targets
might possess that would explain the ability of alternating electric fields to perturb cell
behavior would be the participation of the target protein in the assembly of higher
ordered structures. This would result in the electromotive forces exerted by TTFields
disrupting cellular process that depends on the integrity of such structures.

Some of the proteins that are critical for the proper progression through mitosis
have sufficiently high dipole moments to suggest that they may be affected by
TTFields, including a/p-tubulin and the mitotic Septin 2, 6, 7 complex (Fig. 1.4).
o/B-Tubulin form the building blocks of microtubules. Taxanes are commonly used
chemotherapeutic agents that bind and stabilize microtubules and can cause mitotic
catastrophe [37]. The o/f-tubulin heterodimer possesses a high predicted dipole
moment of 1660 Debyes (D) (PDB 1JFF, [38, 39]). Therefore, it is possible that
TTFields interfere with a critical mitotic function performed by microtubules such
as interfering with a/p-tubulin function [8, 9], including the formation and regula-
tion of the metaphase and anaphase spindles [40, 41], or the astral microtubules that
are required for CCF regulation [42].
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G Actin o/B-Tubulin Septin 2,6,7

2711 D

Fig. 1.4 o/B-Tubulin and Septin 2, 6, 7 protein complexes possess high dipole moments. Crystal
structures of G-actin, o/p-tubulin, and the Septin 2, 6, 7 complex with superimposed vectors rep-
resenting the directionality and charge magnitude of their respective dipole moments. G-actin was
chosen as a related protein example containing an insubstantial dipole moment.

Heterotrimeric Septin 2, 6, 7 also possesses a high predicted dipole moment of
2711 D (PDB 2QAG, [39, 43]). As described above, this Septin complex is required
for functions that are necessary for the later stages of cell division. Septin 2, 6, 7
heterotrimers rapidly polymerize and structurally help to organize and coordinate
the CCF activation during anaphase. Once recruited, they then oligomerize and
organize the CCF above the equatorial cleavage plane by binding to F-actin fila-
ments and spatially regulate myosin recruitment and activation. Depletion or muta-
tion of ECT2 [44], Anillin [30] or Septin 7 [34] has been shown to result in defective
cytokinesis and membrane blebbing. These studies strongly suggest that perturba-
tion of any of the structural/regulatory elements during anaphase leads to aberrant
mitotic exit similar to that observed in TTFields-treated cells. Septins also interact
with both microtubules and several microtubule interacting proteins that influence
microtubule positioning and stability during interphase and mitosis [45]. Therefore,
perturbation of either Septin or o/f-tubulin may perturb the function of microtu-
bules. Unlike the cases of cell cycle arrest induced by pharmacologic interven-
tions, such as errors or damages that initiate the G,/S, G,/M, or spindle assembly
check point (SAC), catastrophic errors that occur after the cell has committed to
anaphase are unlikely to be correctable [46].

Supporting the hypotheses that TTFields induce mitotic catastrophe via a pertur-
bation of Septin function, Septin localization to the anaphase spindle midline and
cleavage furrow, as well as its reassociation with microtubules upon cell spreading,
are significantly perturbed in cells exposed to TTFields [12]. The perturbation of the
Septin complex being involved in the cellular response to TTFields is attractive due
to its particularly high dipole moment and its known roles during mitosis, including
the regulation of CCF function, actin bundle cross-linking, and organization of
structures such as the cellular submembranous actin cytoskeleton that is required
for its rigidity [33-36]. Further, depletion of Septin 7 by shRNA resulted in mem-
brane blebbing during mitosis [9, 12, 34], as well as an increase in cell size [10, 34],
similar to that seen with TTFields treatment. Therefore, this strongly suggests a
mechanism of action where TTFields perturb mitosis by interfering with normal
Septin localization and function during mitosis leading to membrane blebbing and
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aberrant mitotic exit. One of the structural features shared by both the a/f-tubulin
heterodimer and the Septin 2, 6, 7 heterotrimer is that the orientation of the dipole
moment is predicted to be orthogonal to their longitudinal axis (Fig. 1.4), suggest-
ing that as the polarity of the alternating field reverses, the effect on these proteins
will be to induce “pinwheel-like” rotation around a central point within the respec-
tive proteins. It is therefore tempting to speculate that inducing such movement on
the individual subunits may interfere significantly with their ability to coalesce into
their respective higher ordered structures.

Mitotic Effects of Tumor Treating Fields Result
in Post-Mitotic Stress

The aberrant mitotic exit induced by TTFields resulted in a high degree of cellular
stress, as indicated by increased cytoplasmic vacuoles, decrease in proliferation,
and apoptosis [12]. Such aberrant mitotic exit has also been shown to lead to a
p53-dependent Gy, cell cycle arrest. This is likely due to a failure to resolve the
mitotic spindle apparatus, multiple centrioles, and/or the presence of supernumer-
ary chromosomes [11, 47, 48]. pS3-dependent Gy, arrest and apoptosis occurred
more than 24 hours after TTFields exposure during mitosis [12]. This suggests the
triggering of a p53-dependent mechanism by TTFields in response to mitotic catas-
trophe and aberrant mitotic exit. These data provide evidence that the efficacy of
treatment may be influenced by tumor genetics.

Potential for Immune Involvement in Tumor Treating Fields
Mechanism of Action

TTFields may affect patient outcomes in different ways. As described above,
TTFields are able to disrupt cells during mitosis and this phenomenon leads to aber-
rant mitotic exit and cell death. As in the case with spindle poisons, which trigger
the spindle assembly checkpoints, cells affected by TTFields exhibit different fates
including death in anaphase or aberrant exit from mitosis similar to mitotic slippage
[49]. In this way, the mechanism of action may be similar to that proposed for other
cancer therapies seeking to destroy tumor cells based on their inherent increased
proliferation. This is thought to make them more susceptible to agents targeting
dividing cells, such as spindle poisons.

Alternatively, there are several lines of evidence that support a possible immune
dependency for TTFields efficacy. Senovilla et al. showed that tetraploid cells that
are produced under experimental conditions that perturb mitotic exit exhibit the
hallmarks of immunogenic cell death (ICD) [50]. This programmed form of cell
death evokes an immune response against the dying cells through cell surface



10 N. Gera and K.D. Swanson

expression of the endoplasmic reticulum chaperone protein, Calreticulin, and the
secretion of the cytokine/alarmins, HMGB1, and ATP [51, 52]. When injected into
mice, these dying cells produced a protective immunization against subsequent
challenge with the same tumor cell line [50]. Additionally, it has been recently dem-
onstrated that cells made tetraploid by pharmacologic manipulation also express
NKG2D and DNAM ligands on their surfaces that act to provoke their clearance by
NK cells [53]. Cells that are exposed to TTFields have been shown to also exhibit
cellular responses that are consistent with ICD including the cell surface expression
of Calreticulin and secretion of HMGB1 [13]. Kirson et al. [14] showed that a brief
5-week TTFields treatment of subrenal capsule injected VX2 tumor in rabbits mark-
edly reduced subsequent metastatic spread to the lungs. Examination of metastatic
tumors in the lungs of these TTFields-treated rabbits showed a significant increase
in immune infiltrates. This likely indicates a requirement for increased immune
protective stroma for tumors that are capable of developing in these animals [14]. In
the pivotal EF-11 trial that led to U.S. Food and Drug Administration approval for
TTFields treatment of recurrent glioblastoma [16], response typically occurred 6.6—
9.9 months following the onset of treatment at which point responders exhibited
rapid tumor regression [54]. This pattern of delayed response is also consistent with
an immune mechanism of tumor rejection. Finally, clinical data strongly suggest
that the use of dexamethasone, a potent immunosuppressive agent, is correlated
with patent outcome. Subjects receiving higher than 4.1 mg per day survived sig-
nificantly shorter than those with lower doses and only subjects in the EF-11 trial
who met these criteria responded to treatment [54, 55].

Summary

TTFields likely function by exerting electromotive force on intracellular proteins
that both possess sufficiently high dipole moments to be affected by them and are
required for critical mitotic functions. Cells exposed to TTFields during mitosis
exhibit catastrophic membrane blebbing around the time of metaphase exit resulting
in failure within anaphase. TTFields are able to interfere with either structural integ-
rity and/or function of critical proteins necessary for mitotic progression. Once cells
become compromised in anaphase, they are unable to exit mitosis normally and slip
out of mitosis in the absence of division. Such cells are deranged and nonviable and
this can trigger an immune response against them (Fig. 1.5). More research is
required to translate these basic science observations into improving the clinical
efficacy of TTFields for cancer treatment.
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Chapter 2

Fundamental Physics of Tumor Treating
Fields

Edwin Lok and Erno Sajo

Glioblastoma is one of the deadliest forms of brain tumor in humans, yielding a
devastating and short survival of only 1 to 2 years [1]. Numerous treatment modali-
ties have been made available to patients over the years to treat this terrible disease,
often with only marginal prolongation of survival with a concomitant reduction of
quality of life over the course of treatment and in many cases until death. In recent
years, collaborative efforts at numerous institutions have been undertaken to inves-
tigate a novel noninvasive treatment using alternating electric fields, also known as
Tumor Treating Fields (TTFields), and through randomized clinical trials this ther-
apy has been shown to offer a survival advantage in patients with glioblastoma [2—
4]. In some of the patients, TTFields were able to reduce tumor size and produce a
radiologically visible response [5, 6]. Unlike conventional ionizing radiation,
TTFields generated by the Optune® device do not induce direct damage to biomol-
ecules, such as the DNA of the tumor as well as DNA of normal tissues [5, 6]. Also,
in contrast to chemotherapy, the device generates electric fields targeting tumor
regions, and enables the patient’s own immune system to destroy actively dividing
glioblastoma cells [7-9].

In order to better understand the clinical and biological effects of TTFields, this
chapter is devoted to addressing the fundamental physics that governs these electric
fields as generated by the Optune® device. Although a background in physics and
mathematics is not required, having such will benefit the readers of this chapter and
help them gain an appreciation for the data presented in subsequent chapters.
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The Fundamental Physics of Tumor Treating Fields

The biophysical effects of TTFields are governed by the fundamental laws of elec-
tricity and magnetism, namely Coulomb’s law, Gauss’s law, Ohm’s law, and the
continuity equation. The dynamic formulations of these laws (also known as elec-
trodynamics) are different from the static versions (as in electrostatics) and they are
important to our understanding of how TTFields, which are alternating electric
fields at 150 to 200 kHz, induce mitotic disruption in cancer cells and antitumor
effects in patients. While the Optune® device generates TTFields by two pairs of
orthogonally positioned transducer arrays placed onto the surface of the patient's
scalp, the degree of penetration and distribution of these fields from the scalp sur-
face, passing through the calvarium, and into the brain depend on the local tissue
properties including their electric conductivity (the ability to pass charges) and rela-
tive permittivity (the ability to hold charges) [9]. This is based on Gauss’ law, Ohm’s
law, and the continuity equation that govern the electric field distribution in the
human head. First, Coulomb’s law describes the electric field strength at a test point
located at a distance from a charge located in space and time (Fig. 2.1). Specifically,

the field strength decreases in an inverse proportion to the square of the distance or

1 . . . .
— from the charge, where r is the radial distance between the test point and the
-

charge.

Fig. 2.1 Coulomb’s law expresses that the electric field strength drops off with the square of the
distance between the charge and at a test point in space.
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Fig. 2.2 Gauss’ law states that the electric flux @ or the flow of electric field is equal to the net
sum of the varying electric field E over a closed surface area in a volume that encloses all the
charges, Q. Here, 71 represents the surface normal through a surface element dA. (A) The electric
field lines generated by a positive point charge emanate from the center of the charge and impinge
upon a Gaussian surface in an outward direction by convention. (B) The direction of electric field
lines of a negative point charge point inward towards the center of charge by convention.

Gauss’ law (Eq. 2.1a or Eq. 2.1b) can be derived from Coulomb’s law, and it
gives the relation between the electric charge and the electric field:

v.E=L (2.12)
&
®, = § (E-ii)dA= Qo (2.1b)
80

Gauss’ law mathematically states that the divergence of the electric field, E, is
proportional to the space charge density p and inversely proportional to the permit-
tivity of tissue or media &, which is traversed by the electric charge. Correspondingly,
the divergence of E is the magnitude of electric field that passes through a cross-
sectional area. When Gauss’ law is written in its integral form (Eq. 2.1b), it states
that the electric flux @ or the flow of electric field is equal to the net sum of the
varying electric field E , over a closed surface area in a volume that encloses all the
charges, Q (Fig. 2.2). Here, n represents the surface normal through a surface ele-
ment dA. Consequently, since the electric field is dependent upon the quantity of
charge Q, it is also equal to the total charge enclosed divided by the permittivity of
free space &,. Therefore, the magnitude of TTFields that traverses through various
tissues in the brain, including the tumor, will change depending on the charge den-
sity and dielectric properties of the tumor and surrounding tissues.

Ohm’s law (Eq. 2.2) is just as important as Gauss’ law in determining the pene-
tration and distribution of TTFields due to differences in the electrical properties of
intracranial tissues. Ohm’s law establishes that the electric current (/) is inversely
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proportional and dependent on the tissue’s electric resistance (R) at a particular
electric potential or voltage (V). The differences in resistance will vary according to
the magnitude of the dielectric property of the tissue that the electric field traverses.
It is possible to generalize Eq. 2.2 by replacing (1) the current, /, with the current
density, J ; (2) the inverse of the electric resistance, R, with the tissue-dependent
conductivity, o; and (3) the electric potential with the electric field E (Eq. 2.4). This
is made possible by satisfying Poisson’s equation for electrostatics (Eq. 2.3), which
states that the electric field is equivalent to the negative spatial gradient of the elec-
tric potential field . Hence, the greater the change in electric potential results in a
more intense electric field. Since the change in electric potential on the surface of
the scalp is significantly higher than that in intracranial tissue, scalp tissue therefore
encounters a stronger electric field:

1%
=L 2.2

1 R (2.2)
E=-Vo (2.3)
J=cE (2.4)

Finally, the continuity equation describes the conservation of charges within a
defined volume, where the divergence of electric current density J that passes
through a cross-sectional area is equal to the loss of charge density from the volume
over time (Eq. 2.5a). Loss of charge here may be interpreted as the negative rate of
change in charge density over time, while a gain of charge is interpreted as the posi-
tive rate of change in charge density over time. This establishes the basis for charge
conservation where charge is neither created nor destroyed. The continuity equation
is a critical consideration for the computer modeling of electric field distribution
within the brain, and this type of simulation provides the treating clinician a visual-
ization of TTFields distribution in relation to the position of the glioblastoma [10].
Therefore, in this process, specifying the boundary conditions where charges are
neither destroyed nor created is an important prerequisite:

(2.52)

V-(-oVep)=—"T (2.5b)

Utilizing Egs. (2.3) and (2.4) the current density may be replaced by -5 v , yield-
ing Eq. 2.5b. Further, for alternating fields the tissue conductivity is related to the
frequency-dependent permittivity, (@), which will be discussed later in the chapter.
The right-hand side of Eq. 2.5 may be set equal to O if it is assumed that the induc-
tion of electric currents by magnetic fields is negligible. This is known as the quasi-
static approximation, which may be valid under the assumption that the wavelength
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of the applied field is much larger than the dimension of the object it traverses, i.e.,
the human brain [11-17]. In this way, many research groups using 10 kHz have
assumed that dp/dr=0 over a finite time step. Based on the dimensional argument, it
appears that this approximation should be still valid at 200 kHz. However, a more
rigorous solution that accounts for capacitive tissue effects and the brain’s innate
electric fields is to use the full Maxwell equations to solve for the electric field.

Special Considerations for Time-Varying Properties of Tumor
Treating Fields

Direct current implies an electric potential across a closed circuit that is constant
over time, while alternating current implies a varying potential over an interval of
time once the circuit is closed. For the purpose of describing the physical mecha-
nism of TTFields action, we will only describe the applied electric potential by a
standard sine wave as a function of time with no phase shift, where @ = 0 (Eq. 2.6
and Fig. 2.3):

V(t)=V,sin(2z fi+¢) (2.6)
Vi is the peak amplitude or peak voltage, fis the frequency, and ¢ is the degree of

phase shift. In order to compare the relative strength of different sinusoidal waves
with different peak voltages, frequencies, and other parameters, the root mean

V(t) = Vsin(2nft + ¢)

NN
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Fig. 2.3 In order to compare the relative strength of different sinusoidal waves with different peak
voltages, frequencies, and other parameters, the root mean square (RMS) value is most relevant
because this is regarded as the average value of waveforms with alternating characteristics. For the
sinusoidal voltage function V(t) =V, sin(27z: ft+ ¢) , where V|, is the peak amplitude or peak

voltage, f'is the frequency, and ¢ is the degree of phase shift, there are four RMS values, denoted
as Vrusi, Viusas Vemsss and Viuss.
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square (RMS) value is most relevant because this is regarded as the average value
of waveforms with alternating characteristics. The RMS value is defined as the
value of the amplitude divided by~/2 . For the Optune® device, the electric fields
that are generated consist of a continuous sinusoidal wave and, therefore, the
RMS and peak-to-peak electric potentials are the most important voltage values on
the curve.

The Optune® device by design produces a peak amplitude of roughly 50 V, oper-
ates at a frequency of 200 kHz, and has no phase shift. By definition, this sinusoidal
function has four specific time points in one complete cycle during which the abso-
lute value of the electric potential is at the RMS or average value. Because the defi-
nition of the RMS value for a sine wave is the amplitude divided by ~2 , the four
time points for the RMS value can be derived by specifying Eq. 2.6 with a peak
voltage of 50 V to solve for #:

%(V)=50(V)-sin(2-7r-f(Hz)-t(s)+0) Step 1.

()

T

The term yields exactly l , indicating that the RMS value of the electric

potential occurs at every 2 for a, =2n—1 with n=1, 2, 3, 4 per cycle. By inspec-
8f
tion, the peak electric potential is irrelevant when solving for fzys simply because it

was cancelled out before reaching step 2. This clearly shows that #zys is a character-
istic of the frequency of the sine wave. This method is considered a simple and
effective way for acquiring the four frys time points in any one cycle of the applied
sine wave. These four #zys time points are critically important for the visualization
of the electric field distribution in the brain by computer modeling. The set of values
below corresponds to the four generalized time points used to compute Vyys for a
frequency of 200 kHz and a peak voltage of 50 V:

Vieus: =30(V)- sin{2~7r-f(Hz)-(8.202) 000 +oj;35 356V
Vins2 —50 sm[Z - f Hz (8 200 OOO) +0j§35.356 \%
Vs =350(V sm(Z m-f(H [8 200 oooj +0j; -35.356 V
Versa = sm(Z m-f(H [ j +0] -35.356 V

8-200,000
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Capacitive Response of Biological Tissues to Tumor
Treating Fields

An accurate analysis of biological tissue response to the applied TTFields requires
an understanding of the physical characteristics of a capacitor, which consists of a
medium (also known as a dielectric) that retains charge over time. The dielectric
medium may be any insulator material placed between conductive interfaces where
charge is stored. Often, conductive media are associated with metals or metallic
materials while insulators are likened to nonmetals, such as glass or air. However,
when we rigorously analyze their properties, in practice they are neither perfect
conductors nor perfect insulators. A perfect insulator essentially has the property
where no electric charge or current may traverse through the material and thus its
conductivity is equal to zero. By Eq. 2.4, the current density in this medium is O and
therefore the electric field is 0 as well. Of course, in the real world any material
considered an insulator has a finite threshold for dielectric breakdown, which occurs
when a sufficiently high electric potential is applied across the medium at which it
can no longer prevent charge transport. A classic example of this phenomenon
would be lightning strike through air. When the electric field between the surface of
the Earth and clouds in the atmosphere is large enough, the air’s property as an
insulator between the two interfaces temporarily breaks down due to a partial and
propagating ionization of the gas from very high electric stress and thus a visible
lightning strike is seen. The partial ionization of the gas can be explained further by
considering that the potential energy applied across the gas exceeds the maximum
threshold of the insulating capacity, which is defined by the dielectric strength of the
gas medium. When saturated with charge, the insulator will momentarily act as a
conductor, releasing a surge of energy where the charges flow to the ground at a near
instant.

As the Optune® device applies a voltage across the head with a peak voltage of
50 V, there will be variations in the electric field distribution intracranially due to
difference in material composition within different structures that are neither a per-
fect insulator nor a perfect conductor. Two important dielectric properties to con-
sider are the electric conductivity (o) and relative permittivity (¢). In general, the
electric conductivity is derived from the electrical resistivity, and it governs the
magnitude of the current density J for a uniformly applied electric field as previ-
ously described in Eq. 2.4. Specifically, the electric conductivity is the inverse of the
electric resistivity. In the case of time-varying or alternating electric fields, the rela-
tive permittivity is a complex parameter (with real and imaginary parts); it is a func-
tion of the angular frequency and is referenced to the permittivity of vacuum or that
of free space ¢, as seen in Eq. 2.1b. Equation 2.7a shows the relative permittivity as
a function of the alternating field’s angular frequency (w) written in both the real
and imaginary parts, where i =+v/-1 and ¢ =27 f - A more realistic way of express-
ing Eq. 2.7a is one that forms a relationship between the relative permittivity and
conductivity for linear isotropic materials, as Eq. 2.7b does:
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g (0)=¢ (0)+ic (w) (2.72)
' . O
e (0)=¢, (w)ﬂw—% (2.7b)

Unfortunately, biological tissues invariably exhibit nonlinear anisotropic behaviors,
where Eqgs. 2.7a and 2.7b must be modified and thus the relative permittivity stems
from a generalized dielectric relaxation model as given by the Cole-Cole equation,
Eq. 2.8 [18-20]:

e lo)=¢c +—="—
r ( ) © 1+ (ia)r )l—ll (2.8)

Here, ¢, and ¢, are the infinite-frequency and static permittivities, respectively, and
7 is a time constant. « is the spectral shape parameter with values between 0 and 1
(Debye model). Real-world materials, including biological tissue, are dielectrics
that to some extent have bound charges forming neutral atoms. When an electric
field is applied, the material will become polarized proportional to the polarization
density P . These bound charges distort the electric field in the medium due to a
retarding effect that is dependent on the dipole moments and the electric susceptibil-
ity of materials y., which describes the ability of a dielectric to be polarized
(Fig. 2.4). It should be noted, however, that for anisotropic medium, y, is a tensor, a
quantity written in a matrix form that expresses both its magnitude and direction.
For linear homogeneous isotropic dielectrics, the polarization density is related to
the electric field and it can be written as a function of time, as in Eq. 2.9a, or as a
function of frequency, as in Eq. 2.9b:

A B
T TR

AN

Fig. 2.4 When an electric field is applied, the dipoles in (A) will become polarized proportional
to the polarization density and align in a parallel fashion as in (B) to the applied electric field.
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B(1)= e [ 2. (1-1)E(r)ar (2.9

P(o)=¢,x,(0)E(0) (2.9b)

Finally, the electric displacement field D , which relates to the polarization density
and the electric field, may be written in the frequency domain as in Eq. 2.10:

D=¢,E+P=¢,¢,E (2.10)

By subtracting the effect of bound charges on the dielectric from the total electric
field E, the effect from free charges can be described as a function of the applied
electric field across the dielectric. This is particularly useful to delineate the behav-
ior of a dielectric medium in the presence of an external electric field.

Another important concept to consider about capacitors is that the charging
and discharging characteristics do not change when operating either in direct or
alternating current. However, this characteristic of the medium’s dielectric prop-
erties affects the time constant of the material, which in turn affects the dielectric
medium’s response to the flow of electric current. This particular response is
known as capacitive reactance, where the time constant is a way to describe the
time it takes for charges within a medium to relax or approach electrostatic equi-
librium (Eq. 2.11):

r=2= @2.11)

Materials with large time constants take a longer time for charges to approach elec-
trostatic equilibrium, while those materials with a smaller time constants require a
shorter duration. Interestingly, but not surprisingly, the time constant of a medium
is frequency dependent and will change as the frequency of the applied alternating
electric current changes. Equation 2.12 is the standard solution of a first-order
homogeneous differential equation describing the discharge of a capacitor [19, 20]:

o
—=t

V()=V,e s (2.12)

For the purpose of exploring the differences of various tissue types within the brain,
we consider a solved patient brain dataset with the respective dielectric properties
applied, shown in Fig. 2.5A, exposed to a 200 kHz wave as the TTFields are pro-
grammed to emit through the arrays. After applying the appropriate dielectric prop-
erties of the various segmented tissues in the head, the model is solved. The
cerebrospinal fluid (CSF) is mostly aqueous, mixed in with a variety of proteins and
salts as it serves as a conduit between the central nervous system and the brain. Gray
matter is composed mostly of lipids, behaving electrically more like an insulator or
a material with a larger dielectric constant relative to CSF. Since the CSF in this



24 E. Lok and E. Sajo

Fig. 2.5 The effect of the highly conductive CSF compared to surrounding gray matter tissue with
lower conductivity causes changes to the electric field distribution in the brain. (A) The electric
field in the region between the bilateral ventricles, which are filled with CSF, experiences a higher
intensity due to the relatively large conductivity difference compared between CSF and gray mat-
ter. (B) The electric field in the region between the bilateral ventricles when gray matter dielectric
properties are applied to the bilateral ventricles evens out the differences in conductivity as in A
and thus the field intensity is reduced. Note that the white vectors that overlay both maps, repre-
senting the direction of the electric field, are essentially pointing in the same direction and the
magnitude of the electric fields is different between the two cases. CSF cerebrospinal fluid

example is more conductive than the block of gray matter in between, it would serve
as the conductive terminals of a capacitor, while the gray matter in between would
serve as the dielectric medium. The accepted isotropic electric conductivity of CSF
and gray matter at 200 kHz is about 2 S/m and 0.141 S/m, respectively, while the
accepted relative permittivity for CSF and gray matter at the same frequency is
about 109 and 2010, respectively [21]. It has been shown that conductivity plays a
greater role than permittivity in altering the distribution of TTFields within the brain
[9,22,23].

In a modified model of the same brain dataset as described in Fig. 2.5A, when the
dielectric properties of the bilateral ventricles are replaced with the gray matter dielec-
tric properties, it can be observed that the electric field distribution in the region
between the bilateral ventricles is vastly different (Fig. 2.5B). By applying TTFields
in both constructs simultaneously, the electric potential will rise to a fully charged
state at a much faster rate when CSF in the bilateral ventricle acts as the dielectric
medium of a capacitor compared with gray matter as the dielectric. Similarly, when
the electric potential source is disconnected from both capacitors after being fully
charged, the discharging of both capacitors will commence. Once again, the capacitor
with the CSF as a dielectric medium will discharge, or approach electrostatic equilib-
rium, at a faster rate than the capacitor with the gray matter as the dielectric. This
ability for a medium to charge and discharge can be expressed as capacitive reactance,



2 Fundamental Physics of Tumor Treating Fields 25

which is the resistance to change in electric potential in a capacitor (Eq. 2.13), where
f1is the frequency of the applied electric potential and C is the capacitance:

1
2r fC

4 (2.13)

For a constant direct current, which does not vary with time, the frequency component
is 0, and therefore reactance does not apply. However, when an alternating current is
applied as the electric potential source, there exists a frequency component that affects
the ability of a capacitor to hold and retain charges over a cycle. For instance, from the
example described in Fig. 2.5, when an alternating current is applied across either
capacitor at 200 kHz, the only term left in Eq. 2.13 that determines the opposition to
change in electric potential is the capacitance, which is inversely proportional to the
capacitive reactance. Likewise, a lower capacitance results in a higher capacitive reac-
tance or greater opposition to change in electric potential. Therefore, since CSF is
more conductive than gray matter, CSF cannot retain enough charge to reach full
potential before the field collapses and changes polarity.

Specific Absorption Rate in Tissue from Tumor Treating Fields

An important and relevant quantity to the discussion of TTFields is the specific
absorption rate (SAR), which is the amount of power absorbed by a unit mass of
tissue (Eq. 2.14), where ¢ is the conductivity of the inquired tissue, E is the electric
field, and p is the physical density of tissue. Power is defined as the change in energy
over time and since TTFields are applied continuously over a long period of time, it
is appropriate to quantify the amount of energy deposited in tissue in terms of
power. Similar to the energy per unit mass of tissue as deposited by ionizing radia-
tion that is expressed as dose in gray or J/kg, the rate of energy or power deposited
by TTFields can be expressed as SAR or in W/kg. In computer modeling of electric
fields in the brain, the delineation of SAR may help determine the amount of energy
deposited over time at the tumor or other intracranial regions of interest:

dzl
SAR =———
p

(2.14)

Conclusions

An understanding of the basic physics principles of electricity and magnetism is of
utmost importance to appreciate and learn more about the biophysical interactions
within the brain induced by external electric fields applied on the surface of the
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scalp. The fundamental principles that govern TTFields include Coulomb’s law,
Gauss’ law, Ohm’s law, and the law of continuity. Derivatives of these equations to
account for time-varying TTFields are essential to accurately describe the alternat-
ing electric field distribution within the brain during every cycle. Brain tissues are
essentially dielectric materials with different conductivity and relative permittivity
properties that change the electric field distribution due to their respective capacitive
reactance characteristics and thus these distributions are nonuniform. Since
TTFields are applied continuously in the patient, a more appropriate physical quan-
tity to describe the amount of energy absorbed in the tissue media may be expressed
in terms of power. Therefore, the concept of SAR can be used to describe the amount
of power absorbed in a unit mass of tissue over the prolonged period of treatment
time. With the fundamental biophysical characteristics established, the nature of
TTFields and its probability and types of interaction with different tissues, cells, and
subcellular components are then better understood, leading to our ability to further
improve and develop this technology to provide better treatment outcomes for
patients with glioblastoma and other malignancies.

References

1. Stupp R, Hegi ME, Mason WP, et al. Effects of radiotherapy with concomitant and adjuvant
temozolomide versus radiotherapy alone on survival in glioblastoma in a randomized phase II1
study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol. 2009;10:459-66.

2. Stupp R, Wong ET, Kanner AA, et al. NovoTTF-100A versus physician’s choice chemother-
apy in recurrent glioblastoma: a randomized phase III trial of a novel treatment modality. Eur
J Cancer. 2012;48:2192-202.

3. Wong ET, Lok E, Guatam S, Swanson KD. Dexamethasone exerts profound immunologic
interference on treatment efficacy for recurrent glioblastoma. Br J Cancer. 2015;113:232-41.

4. Stupp R, Tallibert S, Kanner AA, et al. Maintenance therapy with tumor-treating fields plus
temozolomide vs temozolomide alone for glioblastoma: a randomized clinical trial. JAMA.
2015;314:2535-43.

5. Vymazal J, Wong ET. Response patterns of recurrent glioblastomas treated with tumor-treating
fields. Semin Oncol. 2014;41 Suppl 6:S14-24.

6. Wong ET, Lok E, Swanson KD, et al. Response assessment of NovoTTF-100A versus best
physician’s choice chemotherapy in recurrent glioblastoma. Cancer Med. 2015;4:383-91.

7. Kirson ED, Gurvich Z, Schneiderman R, et al. Disruption of cancer cell replication by alternat-
ing electric fields. Cancer Res. 2004;64:3288-95.

8. Gera N, Yang A, Holtzman TS, et al. Tumor treating fields perturb the localization of septins
and cause aberrant mitotic exit. PLoS One. 2015;10:e0125269.

9. Lok E, Swanson KD, Wong ET. Tumor treating fields therapy device for glioblastoma: physics
and clinical practice considerations. Expert Rev Med Devices. 2015;12:717-26.

10. Lok E, Hua V, Wong ET. Computed modeling of alternating electric fields therapy for recur-
rent glioblastoma. Cancer Med. 2015;4:1697-9.

11. Stinstra JG, Peters MJ. The volume conductor may act as a temporal filter on the ECG and
EEG. Med Biol Eng Comput. 1998;36:711-6.

12. Nolte G, Bai O, Wheaton L, Mari Z, Vorbach S, Hallett M. Identifying true brain interaction
from EEG data using the imaginary part of coherency. Clin Neurophysiol.
2004;115:2292-307.



14.

15.

17.

18.

19.

20.

21.

22.

23.

Fundamental Physics of Tumor Treating Fields 27

. Wagner T, Valero-Cabre A, Pascual-Leone A. Noninvasive human brain stimulation. Annu

Rev Biomed Eng. 2007;9:527-65.

Baillet S, Mosher JC, Lachy RM. Electromagnetic brain mapping. IEEE Signal Processing
Magazine 2001;Nov:14-30.

Darvas F, Pantazis D, Kucukaltun-Yildirim E, Leahy RM. Mapping human brain function with
MEG and EEG: methods and validation. Neuroimage. 2004;23 Suppl 1:5289-99.

. Butson CR, MclIntyre CC. Tissue and electrode capacitance reduce neural activation volumes

during deep brain stimulation. Clin Neurophysiol. 2005;116:2490-500.

De Moerloose J, Dawson TW, Stuchly MA. Application of the finite difference time domain
algorithm to quasi-static field analysis. Radio Sci. 1997;32:329-41.

Gabriel S, Lau RW, Gabriel C. The dielectric properties of biological tissues: III. Parametric
models for the dielectric spectrum of tissues. Phys Med Biol. 1996;41:2271-93.

Reitz JR, Milford FJ, Christy RW. Foundations of electromagnetic theory. 4th ed. Reading:
Addison-Wesley; 1993.

Griffith DJ. Introduction to electrodynamics. 3rd ed. Upper Saddle River: Prentice-Hall; 1999.
Hasgall PA, Di Gennaro F, Baumgartner C, et al. IT’IS Database for thermal and electromag-
netic parameters of biological tissues, Version 2.6. 2015. www.itis.ethzch/database. Accessed
12 Aug 2014.

Miranda PC, Mekonnen A, Salvador R, Basser PJ. Predicting the electric field distribution in
the brain for the treatment of glioblastoma. Phys Med Biol. 2014;59:4137-47.

Wenger C, Salvador R, Basser PJ, Miranda PC. The electric field distribution in the brain dur-
ing TTFields therapy and its dependence on tissue dielectric properties and anatomy: a com-
putational study. Phys Med Biol. 2015;60:7339-57.


http://www.itis.ethzch/database

Chapter 3
Biophysical Effects of Tumor Treating
Fields

Cornelia Wenger and Pedro C. Miranda

Within the last decades, the effect of applied electric fields on biological cells has
been extensively studied. At the cellular scale, different research groups concen-
trated their efforts on studying a variety of local effects from the electric field, such
as the induced transmembrane voltage (TMV) under different stimulation condi-
tions, as well as various single- and multiple-cell properties. The preliminary and
most popular studies go back to H.P. Schwan and colleagues who not only analyti-
cally described the steady-state TMV induced in spherical cells [1], but also clari-
fied mechanisms responsible for electrical properties of tissues and cell suspensions
[2]. These insights were used to estimate the dielectric properties of cells and tissues
allowing, for example, impedance measurements to differentiate normal and can-
cerous tissues [3]. Alongside, possible cell manipulation procedures employing
electric fields have been investigated; that is, it was observed that cells may respond
to AC polarization by orienting, deforming, moving, or rotating in a frequency-
dependent manner [4, 5]. These investigations are applied for manipulation, trap-
ping, separation, or sorting of biological cells or colloidal particles [4, 5].

Cellular scale observations can be translated into medical treatments and applica-
tions. The well-known techniques for nerve, muscle, and heart stimulation use DC
pulses or very-low-frequency AC fields [6]. This relies on the fact that for frequen-
cies below about 1 kHz, the excitable tissues can be stimulated through membrane
depolarization. When the frequency increases, the response of the biological cell
membranes is too slow to respond to high-frequency depolarization and thus becomes
refractory to further stimulation. On the other hand, effects induced by very-high-
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frequency fields range from heating to membrane disruption, electroporation, and
cell death, depending on the field strength [5]. Commonly used medical treatments
that utilize fields with frequencies in the high MHz or GHz range are diathermy and
radiofrequency tumor ablation. In summary, most of the investigation of the response
of cells to AC electromagnetic fields has focused on the low-frequency (<10 kHz) or
high-frequency ranges (MHz or GHz). Intermediate-frequency AC electric fields in
the kHz to MHz region were long thought to have no meaningful biological effect
and are just currently being investigated in more detail [7-12].

One technique that makes use of this intermediate-frequency range is a relatively
new modality for cancer treatment termed Tumor Treating Fields (TTFields). This
method relies on low-intensity, between 1 and 3 V/cm, and intermediate-frequency,
between 100 and 300 kHz, alternating electric fields that have been shown in vitro
and in vivo to destroy selectively dividing cells that are undergoing mitosis and
cytokinesis [7, 13—15]. One assumed mechanism of action is an anti-microtubule
effect whereby tubulin subunits are forced to align with the applied field, perturbing
the formation of functional mitotic spindles that are essential for the completion of
mitosis. A second possible mechanism of action relates to a dielectrophoretic (DEP)
effect since the cellular morphology during cytokinesis gives rise to a non-uniform
intracellular electric field, with a high gradient at the furrow between the dividing
cells exerting forces on polar macromolecules and organelles. Preclinical data dem-
onstrated mitotic arrest, and subsequent apoptosis of different cancer cell lines, as
well as structural disruption associated with violent membrane blebbing [7].
TTFields treatment spares quiescent cells and specifically targets cancer cells
undergoing mitosis, with a particular optimal frequency of largest inhibitory effect
for each cell line tested [7, 13, 16].

TTFields are currently used to treat glioblastoma multiforme (GBM) patients. The
Optune® system is a medical device that was developed to deliver the TTFields to the
brain via transducer arrays placed on the patient's scalp. Following the mentioned in
vitro experiments, these transducers deliver alternating electric fields of 200 kHz in
two perpendicular directions. Optune® was approved for the treatment of recurrent
GBM by the U.S. Food and Drug Administration in 2011 [17]. In October 2015,
TTFields in combination with temozolomide was also approved for newly diagnosed
GBM patients [18, 19].

Computational Cell Models

Although the electric behavior of simple cell morphologies like spheres or ellip-
soids can be described analytically, more complex and realistic shapes can only be
investigated with the help of computational models. There already exist some stud-
ies that specifically investigate the electric field distribution within the quiescent
and the dividing cell induced by alternating, intermediate-frequency, low-intensity
fields [8, 9, 12]. In all of these studies, the finite element method (FEM) is used to
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Fig. 3.1 Frequency effect of the electric field on mitotic cell. (A) The electric field is represented
by arrows with corresponding rainbow color scale (V/cm). Surface plots of the electric potential
are also presented (mV). Different frequencies have been selected. (B) Line plots of the membrane
field gain at the cell’s pole (blue) and the intracellular electric field strength E; at the origin as a
function of frequency. Adapted from Wenger et al. [12].

solve for the electric potential in and around single cells, enabling the calculation of
the TMV, i.e., U, = ¢, —¢@,, and the electric field distribution.

Since the cell rounds up during mitosis [20, 21], it can be represented as a sphere
with a very thin membrane with a thickness d,, which separates the intracellular
from the extracellular space (Fig. 3.1A). Thus, three domains are distinguished
which possess different dielectric properties, i.e., specific values of the electric con-
ductivity ¢ and the relative permittivity € (Table 3.1).

The Effect of Frequency on the Electric Field During
Metaphase

If an alternating electric field of magnitude E, is applied to the extracellular space,
the magnitude of the resulting electric fields in the membrane, E,,, and the intracel-
lular space, E,;, are frequency dependent. Furthermore, the field inside a homoge-
neous spherical cell placed in a uniform applied field is also uniform (Fig. 3.1A). In
order to examine the frequency dependency of the induced fields some authors plot
the (normalized) potential at the cell’s pole against frequency, e.g., [22-24]. Others
discuss the membrane field gain G,, which reflects the frequency-dependent
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Table 3.1 Standard, minimum (min), and maximum (max) values of geometric and dielectric
properties.

Unit Min Standard Max
Feell [pm] 4 10 15 Cell radius
dy [nm] - 5 - Membrane diameter
o [S/m] 0.1 0.3 0.9 Intracellular electric conductivity
A [S/m] 0.9 1.2 1.2 Extracellular electric conductivity
Om [S/m] 3x107 3x107 5%10° Membrane electric conductivity
& 60 72.3 80 Intracellular relative permittivity
£, 60 72.3 80 Extracellular relative permittivity
Em 2.5 5 7.5 Membrane relative permittivity

E, ()

amplification of the applied field in the membrane, and is defined as G, (co) = E

where o is the angular frequency [25, 26]. Since the cell membrane is assumed
homogenous, the induced membrane electric field can be expressed as

E, (co) = Um_(a)) , and therefore G, (a)) = Um_(co) .
d, d E,

The values of G,, and thus also E; certainly change for different frequencies of
the applied electric field (Fig. 3.1B). For very low frequencies below about 1 kHz,
G,, is constant and high, resulting in almost zero intracellular field strength E;. As
the frequency increases the TMV decreases, the amplification of the membrane
electric field is reduced, and the electric field “invades” the cell, increasing its
strength E;. This can be observed in Fig. 3.1B by the descent of the blue G, curve
and the increase of the green E; curve. The TMV is basically independent of fre-
quency until the angular frequency @ =27 f becomes comparable with the recipro-
cal of the time constant:

&
rcell'di
T=— m . 3.1)
00, T

m
20,+0, d,

As has been stated (Eq. 3.1), the limit for low-frequency potential for typical cell
sizes ranges from the upper kHz to the lower MHz range. With the standard param-
eters given in Table 3.1, this breakpoint frequency is 480 kHz, which is exactly the
point where the blue line in Fig. 3.1 starts to descend. In the low-MHz region, when
this line drops below G,,= 1, which marks the region where E,, < E,, the electric field
inside the cell becomes higher than the applied field in the extracellular space. Zero
values of the field gain G, signify total uniformity in all domains, with the electric
fields equalized to the value of the excitation field, i.e., E,=E,=E..
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This behavior is also illustrated in the first column in Fig. 3.1A. Up to 100 kHz
the electric field inside the cell, in blue cones, is lower than the field in the extracel-
lular space. As the frequency approaches the breakpoint the intracellular electric
field strength starts to increase. At 500 kHz the field strengths inside and outside the
cell become equal, and are plotted in orange cones. At slightly higher frequencies,
the membrane field gain becomes lower than 1 and the field inside the cell, now in
red, becomes higher than that in the outside. The last plot at the bottom right illus-
trates the convergence to the excitation intensity.

The Effect of Dielectric Properties on the Electric Field During
Metaphase

The assumed dielectric properties of the biological media vary between publica-
tions. Many computational studies [22, 25, 27-29] concerning similar investiga-
tions adopt values for the conductivity and relative permittivity from previous
studies [23, 30, 31]. Those values were taken from investigations on yeast cells
[32], erythroleukemia cells [33], and T and B lymphocytes [34]. Yet, these param-
eters are also used for studying neurons [35, 36]. Furthermore, different values may
also be expected for glial cells [37—41] and pronounced differences exist between
the electrical properties of some cancerous and non-cancerous tissues [5]. Thus, we
systematically tested the effect of changing the dielectric properties on the intracel-
lular field strength [8, 12], for the range of values presented in Table 3.1. Figure 3.2
summarizes the most important consequences in the observed electric behavior and
plots the intracellular field strength E; as function of frequency. Increasing E; is
predicted for increasing o, without shifting significantly the frequency at which E;
increases most rapidly (Fig. 3.2A). When ¢, is increased, E; also increases with an
earlier and faster growth for higher ¢, values (Fig. 3.2B). Decreasing E; is predicted
for increasing o; with an earlier and faster growth for lower o, values (Fig. 3.2C).
Changes in o, &, and ¢; affect E; only at very high frequencies (Fig. 3.2D).

In summary, the simulations with the spherical metaphase cell predict a uniform
intracellular field with nonzero E;. Depending on cell properties, the frequency win-
dow of the predicted transition range might be shifted.

The Effect of Cell Shape on the Electric Field During
Telophase

During telophase the two dividing sister cells have elliptical cell shape [20, 21].
The simulations we performed [8, 12] assume three different stages of cytokine-
sis; that is, two ellipsoids with major radii of 10 pm and minor radii of 7 pm
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Fig. 3.2 The intracellular field strength E; at the center of the cell as a function of frequency for
varying o,, (A), &, (B), o; (C), and in 6., €., and ¢ (D). Adapted from Wenger et al. [12].

(minor radius is always 70 % of the major radius) are pulled apart by increasing
the distance between the cell centers by 50 %, 90 %, and 99 % of the cell major
diameter, respectively (Fig. 3.3). In contrast to what was observed in the spherical
metaphase cell, the intracellular electric field is non-uniform and converges
towards the cleavage plane separating the two sister cells. Figure 3.3 shows a
surface plot of electric field displayed with fixed color range with selected fre-
quencies plotted in rows and cytokinesis stages in columns. Again E; is almost
zero at low frequencies, but field non-uniformity becomes apparent in the low-
kHz range. This is particularly visible for later stages of cytokinesis (third and
fourth columns in Fig. 3.3) with corresponding maximum E; values that are much
higher than the applied field of 1 V/cm.
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Fig. 3.3 Electric field distribution for selected frequencies (rows) and different stages of cytoki-
nesis (columns). Adapted from Wenger et al. [12].

The right column of Fig. 3.3 with almost separated sister cells shows the most
pronounced and spatially confined electric field at the furrow, which is present even
for a low 10 kHz stimulation frequency. At higher frequencies, the non-uniformity
close to the furrow decreases as the field strength further increases throughout the
cell. The highest maximum value of E; of 11.41 V/cm is predicted for stimulation at
100 kHz, in the last stage of cytokinesis. The furrow between the cells is longer in
an earlier stage of cytokinesis depicted in the third column, and the highest maxi-
mum value of E;, 5.48 V/cm, is reached at 200 kHz.

A non-uniform electric field induces unidirectional DEP forces. This DEP force
leads to the motion of polarizable particles as a result of the interaction of a non-
uniform electric field E with their induced dipole moment p, i.e., F =p-VE [42],
and it is proportional to the square of the gradient of the electric field, i.e.,

|F | oC ‘V |E|2 [43, 44]. The term ‘V |E|2‘ is referred to as the DEP force component,

and has units of V?/m?. In analogy with the observed E; peaks, also the DEP force
component shows stage-specific peak frequencies. This is displayed in Fig. 3.4B
where the normalized DEP force component is plotted as function of frequency for
the three cytokinesis stages. Well-defined peak frequencies are observed at 450
kHz, 175 kHz, and 125 kHz for stage 1 (orange), stage 2 (green), and stage 3 (blue),
respectively. Thus, the peak frequency is decreasing for later stages of cytokinesis,
but with increasing absolute force component values.

The reported peak frequency values correspond well with the reported frequency
dependence of TTFields [7, 13]. Furthermore the dose dependency of TTFields [7],
which relates to the fact that the inhibitory effect of TTFields increases rapidly with
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Fig. 3.4 DEP forces on a cell during cytokinesis. (A) Close-up of the furrow region and the DEP
force component plotted as arrows. (B) The normalized DEP force component for the three stages
of cytokinesis. Adapted from Wenger et al. [12].
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Fig. 3.5 Cellular characteristics that influence DEP forces. (A) The peak frequency (kHz) of max-
imal DEP force component as a function of cell radius (pm) for the three stages of cytokinesis. (B)
Normalized maximal peak force values, plotted as functions of cell radius. (C) The normalized
DEP force component values at 200 kHz for the three stages.

increasing applied field strength, was confirmed by this computational modeling
approach [8, 12]. One additional experimentally observed effect was that the optimal
frequency for inhibitory effect of TTFields is inversely related to cell size [7, 13], and
increased cell volume is seen in almost all cell lines treated with TTFields [45]. Again
computational modeling predicted similar results, by repeating the simulations with
dividing cells whose major radius ranges from 4 to 15 pm. Figure 3.5A shows that the
peak frequencies (in kHz) of the DEP force component decrease and then level off
with increasing cell radius (in um). The corresponding maximum values of the DEP
force component also decrease for increasing cell size, but the normalized decay rate
is the same for all cytokinesis stages (Fig. 3.5B). Consequently, for a constant 200 kHz
TTFields frequency, smaller cells in late cytokinesis are exposed to higher force
(Fig. 3.5C). This indicates that a larger cell might be less affected by the field.
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Conclusion

This comprehensive description serves as a first approach to further elucidate the
details behind the mechanisms of action of TTFields, and more generally to provide
a deeper understanding of the electric field distribution within cells under the influ-
ence of alternating electric fields. It also illustrates how computational modeling
can be used to systematically investigate the effect of changes in cell physical prop-
erties, shape, and size on the intracellular electric field. Future insights into the
biophysical effects of alternating electric fields may be gained through computa-
tional modeling at the subcellular level or at the level of cell assemblies.
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Chapter 4
Computer Simulation of Tumor
Treating Fields

Edwin Lok, Eric T. Wong, and Erno Sajo

Tumor Treating Fields (TTFields) use frequency-tuned alternating electric fields at
200 kHz that disrupt tumor cells as they undergo mitosis. The targets of these fields
are proteins such as o/f tubulin and septin that have high dipole moments. In the
patient, TTFields are applied on the scalp by two pairs of orthogonally positioned
transducer arrays. Because the energy delivered by TTFields is relatively low, the
electric field is spatially distorted by variations in the local conductivity and relative
permittivity of tissues and fluid cavities within the brain. This is in contradistinction to
ionizing radiation used in external beam radiation therapy, in which high-energy
beams at the higher frequency end of the electromagnetic spectrum are delivered to
tissues, which are amenable to dosimetry delineation of the tumor target. In both cases
significant computer resources are required for treatment planning and verification.
While in external beam radiation therapy the challenge is represented by difficulties in
determining the tissue cross sections and the presence of heterogeneous geometries,
leading to complex radiation transport simulations based on a priori diagnostic imag-
ing information, the nature of the problem in TTFields therapy is different. Instead of
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having to solve the coupled charged particle-photon linear Boltzmann equation,
solutions to the coupled Maxwell equations are needed to visualize directly how
TTFields infiltrate the tumor and the surrounding brain tissues. The methods of
computation, such as finite element analysis, and root-finding algorithms (e.g.,
Newton-Raphson method), rely on computer software like Mimics® (Materialize,
Belgium) or ScanIP® (Simpleware, UK) and COMSOL Multiphysics® (COMSOL
Burlington, Massachusetts, USA) for imaging processing and simulation.

Energy Delivery via Tumor Treating Fields Versus Ionizing
Radiation

TTFields and ionizing radiation deliver energies using significantly different parts
of the electromagnetic spectrum. The frequency at which TTFields operate is in the
kilohertz or 10* cycles/seconds range with a wavelength of about ten football fields
long, and the amount of energy delivered is quantified in terms of power per unit
mass (W/kg) or energy per unit time per unit mass (J/s/kg), which is the dose rate.
In contrast, X-rays and gamma rays operate in the exahertz or 10" cycles/seconds
range with a wavelength smaller than the diameter of a hydrogen atom, and the
energy delivered over a specific time interval is measured in terms of the dose with
units of J/kg or Gy. While most external beam radiation therapy uses ionizing radia-
tion with beam-on time of only a few minutes per fraction, the duration of TTFields
therapy is orders of magnitude longer. Therefore, on a per unit time basis, TTFields
deliver a lower amount of energy to the target tissue than ionizing radiation.
Nevertheless, they both damage actively dividing tumor cells and effect down-
stream anticancer responses. Apart from this similarity, the two types of therapies
diverge in their mechanisms of action.

According to the current theory of radiobiology, irreparable radiation injury of
cells leads to mitotic death. Therefore, ionizing radiation damages tumors more
effectively than normal tissues because tumor cells actively divide and undergo the
mitotic process more often than normal cells. There are two main mechanisms of
damage, direct and indirect actions, which form the basis for ionizing radiation’s
anticancer efficacy. In the case of direct action the incident radiation directly ionizes
subcellular targets like DNA causing breaks in chemical bonds, which in turn can
lead to single- and double-strand DNA breaks (SSB and DSB) resulting in cell
death if not repaired [1-4]. Indirect action is mediated by reactive molecular species
such as solvated electrons and free radicals, which are generated via the radiolysis
of water. They can also cause SSB and DSB in the DNA and other types of damage
to cellular organelles within the tumor [5, 6]. Unfortunately, the effects of radiation
cannot be confined to the tumor, and limited damage to adjacent normal tissue is
almost inevitable despite the ever-increasing sophistication of treatment planning
and delivery. Therefore, radiation necrosis, radiation-induced encephalopathy, and
radiation-induced myelopathy are some of the consequences of ionizing radiation’s
side effects in the central nervous system [7-9].
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TTFields deliver energy into a given mass of tissue continuously and the alternat-
ing electric fields target specifically those subcellular components of the mitotic
machinery that have high dipole moments. Two such components, namely o/f tubu-
lin and septin that have respective dipole moments of 1660 and 2711 Debyes [10],
have been observed to be disrupted by TTFields during the transition from meta-
phase to anaphase in dividing tumor cells, leading to downstream interference with
chromosome segregation and cytokinesis [11, 12]. The treated tumor cells may not
die immediately but may need to go through multiple rounds of division before they
die of apoptosis or immunogenic cell death [13, 14]. However, no toxicities within
the brain have been observed and the major adverse events appear to be dermato-
logical in nature, manifesting as scalp irritation [15].

Computational Physics and Simulation

Current methods of computational physics rely on a combination of (1) comprehen-
sive understanding of the problem to be solved and the development of its mathe-
matical model, (2) appropriate analytical and numerical methods and their
combinations that implement an efficient approach to solving these problems, and
(3) available computational hardware to perform the simulations. In an idealized
situation, many physical behaviors can be modeled by the application of the funda-
mental laws of physics, alone or in combinations, and their solutions obtained ana-
lytically. However, in practice, most problems are too complex to be solved
analytically and approximations are necessary both in the mathematical model and
its solution. One of the methods in solving boundary value problems in partial dif-
ferential equations, which is often used in TTFields modeling, is the finite element
method (FEM). Early applications of FEM were first introduced in mechanical
engineering, most notably in fluid dynamics by the aerospace industry during the
1950s and 1960s [16—19]. With the advent of faster digital computers, it has recently
gained wide acceptance in other fields as well.

To visualize the electric field distribution within the brain delivered by the Optune®
device, the computational procedures involve three essential steps: (1) segmenting
various brain structures, (2) applying appropriate conditions and material properties,
and (3) solving the coupled Maxwell equations using finite element analysis. First,
patient image datasets, including MRI (T1, T2, and MP RAGE), CT, and PET, are
typically acquired as DICOM formatted image files, which are then co-registered
using post-acquisition processing software such as Mimics® or ScanIP®. Co-registration
of various scanning techniques is essential in order to produce segmented structures
of the various types of tissues and cavities within the brain, allowing for optimal visu-
alization and high fidelity in processing anatomic structures that have low contrast
(Fig. 4.1). For example, it is rather difficult to discern between white matter and gray
matter in the brain on CT but they can be distinguished easier on MRI. Likewise,
lymph nodes in the body that are infiltrated by tumors are much harder to detect on CT
scans but are readily identified on PET due to the uptake of *fluorodeoxyglucose by
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Fig. 4.1 Workflow diagram for segmentation, co-registration, and computer simulation of electric
field distribution within the brain

tumor cells. From these co-registered images, the main anatomic structures are seg-
mented into separate masks. When all the structures have been completely segmented,
including filling in “islands” and small cavities by a combination of manual and auto-
mated segmentation techniques, a completely filled 3-dimensional mesh is then gen-
erated based on the segmented volumes. This 3-dimensional mesh (Fig. 4.2) is then
imported into a finite element solver such as the one from COMSOL Multiphysics® to
solve the coupled Maxwell equations and produce a visualization of the electric field
distribution in the human brain.

Although segmentation of various tissues and structures can be completed using
a combination of automated features available in the image post-processing soft-
ware, the results do not always turn out to be accurate or produced with high fidelity.
As suggested in a study by Guo D. et al. [20], the digitized results from automated
segmentation by statistical parametric mapping produce pixels in the FEM that do
not optimally represent the true geometry and in the numerical solution of Maxwell’s
equations result in errors or singularities due to poor convergence. These non-
convergent pixels (a.k.a. “dead” or “floating” pixels) require manual correction [20].
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\

Fig. 4.2 A 3-dimensional representation of human head generated based on segmented volumes
before (left) and after (right) importation into a finite element solver

Although the presence of several non-convergent pixels may not necessarily change
the computation of the electric field distribution in a significant way, one must strive
to eliminate these errors in order to obtain the best possible representation. However,
an even more important reason to eliminate the floating pixels is to reduce the
chance of producing a singularity in the result due to the inability to produce a cor-
rect finite element representation of the geometry over the affected pixel, or produc-
ing a singularity-like result due to dramatic changes in physical parameters such as
electric conductivity. Therefore, it is imperative not to disregard such errors while
preparing the finite element mesh.

When the mesh has been imported into a finite element solver, physical parameters
that represent the composition of the various segmented anatomical structures are
applied to each structure along with initial and boundary conditions as well as input
parameters for the computation. For instance, in order to solve for the electric field
distribution throughout the brain from TTFields induced by the transducer arrays that
are placed against the scalp as seen in Fig. 4.3, the electric conductivity and relative
permittivity values are applied to each segmented volume in the mesh model. Initial
conditions for these domains include an assumed initial electric potential=0 or cur-
rent density =0, and the boundaries between all domains and elements are continuous.
Input parameters may include the applied voltage or current from the transducer
arrays following a standard sinusoidal waveform as described in Chapter 2.

Newton-Raphson Method for Iterative Root Finding

The distribution of TTFields cannot be solved analytically and therefore numerical
techniques must be used to approximate the solution. One of the most basic tech-
niques of numerically finding the roots of a set of coupled equations that otherwise
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Fig. 4.3 NovoTAL™ transducer array mapping diagram. Four transducer arrays are arranged
orthogonally on the surface of the shaved scalp as seen, from the right-to-left direction, at the (a)
anterior, (b) right, (c) posterior, (d) left, and (e) top configurations
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cannot be solved analytically is the Newton-Raphson method [21]. This method is
an iterative procedure that minimizes the error each time an approximate solution is
computed. Many finite element solvers use an adaptation of the Newton-Raphson
method to solve a large number of simultaneous equations by way of organizing
them into matrices consisting of many elements. The following is an example of
using the Newton-Raphson method to iteratively solve three coupled equations in a
3 %3 matrix.
Consider the system of equations written as a vector space of functions:

X +2y" +37° -3
(x,y,z): 2x7 +5y2 -z-1

x+4y+z-7
with an initial guess TO = (X(O),y(o),z(o) ) =(10,1).
The Jacobian of J_‘(x,y,z) is
K
O oy 0O 2x 4y 6z
- |0 0
]f(x,y,z)=V~f= & & % 4x 10y -1
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% % Y
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Solving the relationship Jf (x(k),y(k),z(k))(f(k +1) _f(k)): _f(x(k)’y(k)’z(k)j ,

where k is the iteration step, requires setting up the problem of interest and substituting
the initial guess 70):

SR ( R )z o (y(k))z Fa(d )z .,

4x 10y —1|| y*&D -0 = Z(x(k))2+5(y(k))2—z(k)—1

14 1| e
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0 6]~ 1

4 0 -1|[y"-0|=-] 0

1 Z(l)—l -5
2x+0y+6z

7
4x+0y—z |=|3
x+4y+z 7

Now, the first iterative solution TV (x(l),y(l),z(l)) consists of:

2 0 6 |x 7
0 —-1||y|=|3
4 1 7

At this point, this is similar to a classic linear algebra problem:

AT'AX=A"B
1 0O
A"'A =1, wherel is the identity matrix/=|0 1 0|, sothatIX =X
0 0 1

~X=A"B.
In order to determine the inverse of matrix A, the following definition is used:

1
det(A)

a b c
e d d e
Foramatrix A=|d e f ,det(A)za{ Jj—b{ f}.{ }
hoi g i) g n
8

Al =

adj(A)

2 0 6
0 -1 4 -1 4 0
detj4 0 -1|=2 -0 +6
4 1 1 1 1 4
1 4 1

det(A)=2[(0-1)—(-1-4)]-0[(4-1)-(1-~1)]+6[ (4-4)-(1-0) | =104

Now, adj A = Cofactor Matrix"; where T indicates the transpose operation.
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+ -+ A11 A12 A13
Cofactor(A) =- + -4, A, A,
L+t - +__A31 A23 Azz
o -1 |4 -1 |4 o]
_ 141 1 1 1 4
+ - +
B N 0 6 2 60 12 0
- 4 1 11 |1 4
+ - +
- 110 6| 2 6 [2 0
10 =1 |4 -1 |4 0]}
[+ — +|[ 4 5 16
=|- + —||-24 -4 8
1+ - ] 0 26 0
(4 -5 16
=24 -4 -8
10 26 0
To find the transpose of this cofactor matrix, we have
4 -5 16] [4 24 0
24 -4 =8| =|-5 -4 26/,
0 26 O 16 -8 0
We then compute A~ = det (A) adj(A):
4B, 3
4 24 0 104 104 26 13
ao bl s 4 ool A 265 11
104 6 -8 0 104 104 104 104 26 4
106 8 2 _1,
104 104 1 L 13 13
Finally, returning to the original problem,
(13 )] 25 ]
26 13 7 26
Xea'p|-— L Lig_ |, 13 :f(l)(x(l) y.20)
104 26 4 ; 104 o
21 1
13 13 ] 13 |
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In order to find an acceptable solution, we repeat the procedure using T(k)_as the

next “guess” until 7+ (x(k”),y(k“),z(k”)) converges to the same vector 7", or

until a desired error tolerance is met. Proof of this concept may be confirmed by
computing more iterations as an exercise.

Solving for the Electric Field Distribution in the Human Head

Though it may be tempting to think that in complex geometry, FEM is the key to
solving most applied mathematical problems involving partial differential equations
and boundary conditions, such as Maxwell’s equations. However, the accuracy of
FEM is limited by a number of factors, including the element size, the input param-
eters, computer hardware and kernel efficiency that represents smoothing of random
fluctuations in the iterative solution. As multiple research groups have attempted to
solve for the electric field distribution in the human head using FEM, the preparative
technique is relatively standardized and involves the use of MR images of a human
head for (1) segmentation of various tissue structures, (2) generation of a 3-dimen-
sional mesh for each segmented volume, and (3) importation of the composite mesh
into a finite element solver [22-27]. Likewise, the approach to solving for the electric
fields is also relatively standardized. This involves (1) identifying and applying
physical parameters to different segmented tissue types, (2) specifying appropriate
boundary and initial conditions, and (3) solving for the distribution of electric fields,
all of which are dependent on the transducer array layout.

Transducer Array Layout for the Delivery of Tumor Treating
Fields

TTFields are delivered via two pairs of transducer arrays placed orthogonally on the
shaved surface of the scalp. They are arranged in an anterior-posterior and right-left
orientation (Fig. 4.3). Each array has nine circular ceramic disks with a diameter of
2.0 cm and spaced 0.5 cm apart along the short axis and 0.7 cm apart along the long
axis. The surface of each ceramic disk has a thin layer of conductive gel that pro-
vides good conductivity [28], while nine disks positioned as a 3 x 3 array are secured
on the scalp by a larger piece of insulated adhesive tape measuring 14.5 cmx 10.0 cm
[29]. TTFields are generated by a battery-powered alternating current generator,
operating at 200 kHz with maximum voltage alternating from +50 to —50 V. This
generator can be connected to a power cord that is plugged into a regular electric
outlet when patients are stationary in bed or chair. It can also be connected to a
portable lithium ion battery pack, both of which can be carried by ambulatory
patients in a backpack. This portable system currently weighs 7 1b but newer gen-
eration of this device will weigh substantially less. The portable battery pack can be
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Fig. 4.4 Overview of the components of the Optune® device as described in the U.S. Food and
Drug Administration labeling (http://www.accessdata.fda.gov/cdrh_docs/pdf10/P100034c.pdf)

recharged in a battery charger unit that can simultaneously charge four battery packs
and it takes about 6 hours for the battery packs to be fully charged. The components
of the Optune® device system are outlined in the U.S. Food and Drug Administration
labeling of this device (Fig. 4.4) [29].

The transducer arrays are placed onto patients as shown in Fig. 4.3 according to
a placement map generated by proprietary computer software called NovoTAL™
from Novocure. This map is generated based on the head dimensions (anterior-to-
posterior, right-to-left, and right-to-midline) and dimensions of a tumor justified to
the right border of the head by convention. These measurements submitted into the
NovoTAL™ software program allow for the generation of a transducer array place-
ment map. Although the exact method of generating this placement map is not
disclosed, it is most likely built on known methods of electrode placement for
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transcranial direct or alternating current stimulation. Electrode placement for tran-
scranial current stimulation is done by using known conductivity values of the tis-
sues in the head and brain, as well as the conductivity property of the ceramic disk
used. Using FEM, the distribution of the electric fields can be estimated by setting
the appropriate boundary conditions and material properties, and solving the cou-
pled time-varying Maxwell’s equations as explained in Chapter 2 [30]. Various
mathematical algorithms such as inverse treatment planning and Monte Carlo simu-
lation can be applied to generate, via an iterative process, the best fit positioning of
the arrays [30-32]. Once penetrated into the head, these electric fields are most
likely to be distorted by the electric properties of various intracranial structures
based on each structure’s conductivity and relative permittivity.

General Procedure for Treatment with Tumor Treating Fields

The U.S. Food and Drug Administration’s approval of the Optune® device is cur-
rently for patients with recurrent and newly diagnosed glioblastoma. Since the
device is self-contained and portable, in practice the patient is undergoing treatment
as long as the transducer arrays are continuously in contact with the scalp as directed
and powered by the TTFields generator. The positioning of the transducer arrays is
currently dictated by NovoTAL™, the array-positioning software provided to the
physicians by Novocure, whereas the positioning of the arrays is based on the tumor
dimensions as seen on MRI. There is no other treatment planning protocol currently
being used for clinical purposes. Once the treating physician or physician assistant
reviews the placement procedures and compliance requirements with the patient
after informed consent, the arrays are placed onto the scalp and the patient is sent
home with the portable battery pack and generator, which are fitted into a small
shoulder bag.

Conclusions

TTFields therapy exerts its anticancer effect by disrupting tumor cell division dur-
ing metaphase-to-anaphase transition in mitosis. The fields are targeted against o/f
tubulin and septin that have large dipole moments, which are necessary for proper
cellular division. The visualization of the electric field distribution requires com-
puter modeling that takes into account several intracranial tissue parameters such as
spatially varying conductivity and relative permittivity. This is done by segmenting
various tissue structures, generating a 3-dimensional mesh for each segmented vol-
ume, and importing the composite mesh into a finite element solver, which requires
(1) the identification and application of physical parameters to different segmented
tissue types, (2) specification of appropriate boundary and initial conditions, and (3)
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identification of the best solution for the electric field distribution, all of which are
dependent on the transducer array layout.
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Chapter 5
Response Pattern and Modeling
of Tumor Treating Fields

Josef Vymazal, Aaron M. Rulseh, and Eric T. Wong

Glioblastoma multiforme (GBM) is the most common primary malignant brain
tumor [1, 2], with a global incidence of approximately 3.5 per 100,000 people [2].
Despite standard treatment consisting of surgical resection together with radiother-
apy and concomitant/adjuvant temozolomide chemotherapy, the median overall sur-
vival (OS) for patients with newly diagnosed GBM is only 12 to 18 months [1-3].
Nearly all patients with GBM experience disease progression despite aggressive
first-line therapy, with a median time to progression of 6 to 11 months [I, 4].
Treatment options for GBM at the time of recurrence are limited, and there is no
widely accepted standard treatment [4—6]. Thus, new and more effective treatment
options are highly desirable.

The Optune® device (Novocure Ltd., Haifa, Israel) is an approved antimitotic
treatment for patients with recurrent or newly diagnosed GBM [6-8]. It delivers
intermediate-frequency alternating electric fields at 200 kHz, also known as Tumor
Treating Fields (TTFields), via noninvasive transducer arrays applied to the scalp
based on computerized treatment planning according to anatomic magnetic
resonance imaging (MRI) of the tumor [9]. TTFields selectively kill or arrest the
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growth of rapidly dividing cells by inhibiting the proper formation of the mitotic
spindle and by causing rapid plasma membrane disruption during cytokinesis [10-
13]. Therefore, this treatment is selective for dividing cells and requires continuous
application for maximal benefit.

Response Pattern to Tumor Treating Fields

In GBM patients, response is usually characterized by at least a 50 % decrease in the
product of the cross-sectional diameter of the tumor [14]. Although response is typi-
cally a secondary endpoint in GBM clinical trials, it usually signifies antitumor activ-
ity when present. In the initial pilot study of the Optune® device, ten subjects with
recurrent GBM were treated with TTFields monotherapy after failing adjuvant temo-
zolomide, while another ten with newly diagnosed GBM received TTFields plus
maintenance temozolomide [15]. In the recurrent GBM cohort, there were two bona
fide responses but their time to response was significantly delayed, with complete
response realized in one subject at 6 months and partial response detected in another
subject after 14 months [15]. Interestingly, in both tumors initial progression was
detected on MRI 1 and 7 months after initiation of TTFields monotherapy. This ini-
tial worsening and subsequent shrinkage of the tumor on neuroimaging may be the
result of an antitumor immune response as TTFields have been shown to evoke
responses in tumor cells that are consistent with immunogenic cell death, including
the cell surface expression of calreticulin and secretion of high-mobility group box 1
protein (HMGBI1) [16]. Furthermore, TTFields-treated rabbits with implanted VX2
tumors in the sub-renal capsule had a reduced number of metastases to the lungs and
these metastases had a significant increase in immune infiltrates [17].

In the phase III trial for recurrent GBM, 237 subjects were randomized in a 1:1
fashion to receive TTFields monotherapy (n=120) or best physician’s choice che-
motherapy (n=117) [6]. There were 14 responders, 3 complete and 11 partial
responses, in the TTFields monotherapy cohort and 6 of them experienced initial
tumor growth at an interval of 2 to 24 months while on treatment [6, 18]. The
median time to response and the response duration in these patients were longer
compared to those who received chemotherapy, 8.4 months versus 5.8 months and
7.3 months versus 5.6 months, respectively [18]. These findings suggest that
responders to TTFields may require a longer time to response but, once initiated,
they have a more durable response than those treated with chemotherapy. These
findings in the phase III trial for recurrent GBM also provide support for an immune-
mediated component in the mechanism for TTFields’ anti-GBM efficacy.

By combining the participants from both trials for recurrent GBM, there were a
total of 16 responders, 2 from the pilot study and 14 from the phase III registration
trial [6, 15]. As shown in Fig. 5.1, the median time to objective radiographic response
in the 16 responders was 5.2 months (95 % CI 3.2-7.6 months), the median response
duration was 12.9 months, and the median overall survival was 26.5 months.
Figures 5.2, 5.3, 54, and 5.5 show exemplary post-gadolinium-enhanced
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Fig. 5.1 Kaplan-Meier estimates of the time to radiological response according to Macdonald cri-
teria (blue), response duration (red), and overall survival (black) of the 16 responders combined
from the pilot study and the phase III trial for recurrent GBM [6, 15]. Vymazal et al. Response pat-
terns of recurrent glioblastomas treated with tumor-treating fields. Semin Oncol. 41 Suppl 6:S14-
S24, 2014. Elsevier

Baseline Month 2 Month 12

Fig. 5.2 Tl-weighted post-contrast MR images of a 48-year-old man with prior grade II astrocy-
toma, which transformed to GBM as confirmed by tissue biopsy. The subject progressed after
receiving radiotherapy with concomitant temozolomide followed by 3 cycles of adjuvant temo-
zolomide. He subsequently responded to TTFields, achieved at 12 months, and remained stable for
an additional 20 months while on treatment. Vymazal et al. Response patterns of recurrent glio-
blastomas treated with tumor-treating fields. Semin Oncol. 41 Suppl 6:S14-S24, 2014. Elsevier
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Baseline 10 months 12 months

Fig. 5.3 Tl-weighted post-contrast MR images of a 51-year-old man with primary GBM which
recurred 6 months after chemoradiotherapy with temozolomide. The patient underwent a biopsy of
the tumor only without surgical resection. He had a very gradual response, reaching a 50 % reduc-
tion in tumor size after 10 months on TTFields. He remained stable for an additional 2 months on
treatment. Vymazal et al. Response patterns of recurrent glioblastomas treated with tumor-treating
fields, Semin Oncol. 41 Suppl 6:S14-S24, 2014. Elsevier

Baseline 11 Months

Fig. 5.4 T1-weighted post-contrast MR images of a 55-year-old man with primary GBM which
recurred for the third time after receiving radiotherapy with concomitant temozolomide, 2 cycles
of adjuvant temozolomide, 3 cycles of bevacizumab with irinotecan, and 1 cycle of erlotinib and
sorafenib. The subject had a partial response after 4 months of treatment with TTFields and
remained stable for an additional 8 months while on therapy. Vymazal et al. Response patterns of
current glioblastomas treated with tumor-treating fields. Semin Oncol. 41 Suppl 6:S14-S24, 2014.
Elsevier
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Fig. 5.5 T1-weighted post-contrast MR images of a 41-year-old man with GBM which recurred
following partial surgical resection and radiotherapy with concomitant daily temozolomide. (a)
Before initial surgery, GBM was detected on MRI in the left frontal region. (b) Seven months after
initial diagnosis, an enhancing lesion suspected to be recurrent or residual tumor was detected and
treatment with the Optune® device was initiated. (¢) Seven months after initiation of TTFields, the
enhancing lesion became partly cystic. (d) Ten months after initiation of TTFields, regression of
the cystic portion of the lesion was detected, but a subtle enhancement was still present. (e) The
faintly enhancing region remains without progression 94 months after initiation of TTFields. GBM
glioblastoma multiforme, MR magnetic resonance, 77 Fields Tumor Treating Fields. Rulseh et al.
Long-term survival of patients suffering from glioblastoma multiforme treated with tumor-treating
fields. World J Surg Oncol. 10:220, 2012. BioMed Central

T1-weighted MR images of responders. The most important findings were that
responses to TTField treatment developed relatively slowly and, in most cases, the
responses were remarkably durable.

In 7 of the 16 responders (44 %) from both studies, MRI showed initial tumor
growth. Exemplary MR images of delayed responders can be found in Figs. 5.6 and
5.7. Median time to reversal of tumor growth in delayed responders was 4 (95 % CI
2.3-7.4) months. Initial tumor growth was accompanied by an increase in
T2-weighted signal intensity in 5 of the 7 delayed responders (71 %) (Fig. 5.6).
Diffusion-weighted imaging in 3 of the 7 delayed responders did not demonstrate
increased signal in the first 4 months after treatment initiation. The averaged maxi-
mal tumor area over time compared to baseline in the delayed responders is shown
in Fig. 5.8.

There was a correlation between response and prolonged survival in both cohorts
in the trial, and responders treated with either TTFields monotherapy or chemo-
therapy lived longer than nonresponders. In the cohort treated with TTFields, the
median overall survival was 24.8 months for responders and 6.2 for nonresponders,
while it was 20.0 months for responders and 6.8 months for nonresponders in the
cohort received chemotherapy [18]. Of note, a significant Pearson correlation was
only found between time to response and overall survival, as well as between
response duration and overall survival, in the TTFields cohort but not the chemo-
therapy cohort [18]. This suggests that a response in the TTFields-treated subjects
predicts prolonged survival but this is not necessarily so for chemotherapy-treated
subjects. In fact, 3 of the responders to TTFields in the phase III trial lived more
than 40 months from the time of recurrence and 2 in pilot trial survived longer than
72 months from the time of treatment initiation [15, 18].
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Fig. 5.6 T1-weighted post-contrast with corresponding FLAIR and diffusion MR images of a
heavily pretreated 48-year-old man with secondary GBM. The patient underwent 3 debulking
surgeries, radiotherapy with concomitant daily temozolomide, as well as Gamma knife boost. The
tumor showed heterozygous deletions of 1p and 19q chromosomes and methylated MGMT pro-
moter. The patient was treated with TTFields for 28 months until radiological response was
achieved and has been on treatment for 45 months thus far. Notably, the tumor grew during the first
8 months on treatment and only then began to decrease in size. Additional MRI sequences show
that the initial tumor growth was accompanied by increased FLAIR signal but not increased
diffusion signal. Vymazal et al. Response patterns of recurrent glioblastomas treated with tumor-
treating fields. Semin Oncol. 41 Suppl 6:S14-S24, 2014. Elsevier

Fig. 5.7 Tl-weighted post-contrast MR images of a 52-year-old woman with GBM, which
recurred following surgical resection and radiotherapy with concomitant daily temozolomide. (a)
GBM was identified in the right central region before initial surgery. (b) Three months following
surgery and after radiotherapy with concomitant daily temozolomide, two enhancing lesions sus-
pected to be recurrent tumor were detected. (¢) One month after initiation of TTFields, the caudal
enhancing lesion increased in size. (d) Six months after initiation of TTFields, both enhancing
lesions regressed in size. (e) Both lesions underwent complete regression 8 months after initiation
of TTFields and have remained so for another 117 months. Rulseh, et al. Long-term survival of
patients suffering from glioblastoma multiforme treated with tumor-treating fields. World J Surg
Oncol. 10:220, 2012. BioMed Central
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Fig. 5.8 Time course of normalized tumor size in the 7 delayed responders to TTFields. Data are
presented as average tumor areaz=standard deviation normalized to baseline, or pretreatment,
tumor area. Vymazal et al. Response Patterns of Current Glioblastomas Treated with Tumor-
Treating Fields. Semin Oncol. 41:514-S24. 2014. Elsevier

Predictive Factors for Response to Tumor Treating Fields

Despite responders to TTFields having similar baseline characteristics to the rest
of the population in both trials [15, 18], there may be other factors correlated to
radiological response, which continue to be the subject of active investigation.
First, an increase in treatment compliance was associated with better response and
longer overall survival [19]. This is most likely due to TTFields' mechanism of
action, which only disrupts tumor cells during mitosis at the metaphase-to-ana-
phase transition, and as a result the Optune® device has to be applied continuously
in order to exert benefit [12, 13]. Second, it has been suggested that tumor localiza-
tion, as well as the internal composition of the tumor, may play a role in treatment
response [20, 21]. As the ventricles have high water content and water acts as a
conductor for electric fields, the mitotic disruption effect of TTFields may be max-
imized when the tumor is near the ventricular surface. Third, in the randomized
phase III trial, patients with prior low-grade glioma histology, or secondary GBM,
had a trend for increased median survival compared to those without [18]. This
may be a result of slower rate of tumor growth among patients with secondary
GBM [22] and therefore they may have more time for TTFields to exert its antitu-
mor effect. Lastly, patients with GBM need dexamethasone to control neurologic
symptoms and this corticosteroid in particular can lead to suppression of multi-
ple immune effector systems that may be required for TTFields-induced tumor
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rejection [23-25]. Specifically, a post hoc analysis of dexamethasone dosage taken
by participants of the phase III trial using TTFields monotherapy or chemotherapy
for recurrent GBM demonstrated that those who took <4.1 mg/day of dexametha-
sone lived significantly longer than those who received >4.1 mg/day [23]. Taken
together, there may be multiple pathways to objective tumor response as a result of
TTFields treatment, some of which are intrinsic while others are extrinsic to the
patient’s tumor.

Multi-Compartmental Model of Tumor Growth and Delayed
Response

To better characterize tumor regression induced by TTFields, Vymazal and Wong
[19] constructed a multi-compartmental kinetic model based on the states of cells
within the tumor microenvironment, specifically between latency and replication
as well as their progression to death and clearance. The model assumed that
changes in tumor volume, for any given time interval, are determined by the num-
ber of cells in four dynamic compartments: (1) tumor cells in a dormant or latent
(L) state, (2) cells that have left the dormant state to enter mitosis and replicate (R),
(3) cells that have died (D) within the time interval, and (4) cells that have been
cleared (C) from the tumor microenvironment (Fig. 5.9a). Dormant or latent (L)
cells are in a reversible transition with the dividing or replicating (R) cells, with
forward and reverse rate constants of k; and k,, respectively. The rate constants are
balanced to keep the constituents of the two compartments at a fixed ratio consis-
tent with the histologically determined fraction of dividing cells in GBM tumors.
Tumor cells are assumed to die or move to the third compartment through two
mechanisms. The first is apoptosis, which mainly depends on nutrient and oxygen
supply (blood flow); to simplify the model, a single death rate constant, k,, was
used. The second mechanism is the rate of replicating (R) cells progressing to
death (D) due to TTFields, which is represented by the rate constant k;. The dead
cells are removed from the vascularized layer of the tumor (at least in part via
phagocytosis) by transferring them to a virtual fourth compartment with a rate
constant k5 (Fig. 5.9a). This model predicted, in GBM tumors continuously exposed
to TTFields, a doubling of the baseline tumor volume at 4 weeks before a reduction
in tumor volume near 7 months (Fig. 5.9b). This prediction is consistent with the
observed tumor behavior, in which there was an initial increase in tumor size that
constituted progressive disease, with tumor regression that qualifies as partial
response occurring more than 8 months after the initiation of TTFields (Fig. 5.8).
Therefore, we may expect that GBM tumors will cease to grow and start to regress
in size only after several weeks of continuous exposure. However, objective tumor
response may not occur until at least 5 to 8 months later.
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Fig. 5.9 Multi-compartmental kinetic model of tumor cells. (a) Schematic representation of the
different compartments in the model and the rate constants associated with the interactions between
them. TTFields were modeled as effecting k3. [L]=Latent/non-dividing cells; [R]=replicating/
dividing cells; [D]=dead cells; [C]=cells cleared from tumor by physiological mechanisms. (b)
Results of kinetic model simulation and relative changes in tumor compartment size. Volume
changes during the initial 9 months of treatment with TTFields are characterized by growth of
tumor volume in the initial month, with a maximum near 1 month followed by a gradual decline.
A reduction of tumor volume to 35% is observed at about 6.8 months, equivalent to a 50 %
decrease in bi-dimensional tumor measurement or partial response according to the Macdonald or
RANO criteria. Dormant cells (black); dividing cells (red); dead cells (green); total tumor volume
(blue); vertical dashed line represents peak tumor volume and time of tumor growth reversal (28
days). Vymazal et al. Response patterns of recurrent glioblastomas treated with tumor-treating
fields. Semin Oncol. 41 Suppl 6:S14-S24, 2014. Elsevier

Conclusion

In summary, TTFields represent a novel treatment option for patients with GBM.
Among the trial participants with recurrent GBM, approximately 16 experienced a
complete or partial radiological response that typically developed slowly, with a
median time to response of 5.2 months, and was generally durable with a median
duration of 12.9 months. Some of the responders have lived for 10 years or longer.
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Seven of 16 (44 %) GBM responders to TTFields exhibited radiological signs of
tumor growth initially, before reversing and regressing in size after a median of
4 months, and a range of 2 to 7 months, of continuous treatment. Therefore, TTFields
produce responses slowly and when tumor shrinkage occurs it is often durable.
Furthermore, tumor response develops gradually and tumor growth may be observed
initially even in eventual responders to this therapy. Thus, we recommend that
TTFields should be continued for a sufficient amount of time and that initial radio-
logic progression following treatment initiation should not be considered a reason
to discontinue treatment.

References

10.

11.

13.

14.

. Chen J, Xu T. Recent therapeutic advances and insights of recurrent glioblastoma multiforme.

Front Biosci (Landmark Ed). 2013;18:676-84.

. Ostrom QT, Gittleman H, Farah P, Ondracek A, Chen Y, Wolinsky Y, et al. CBTRUS statistical

report: primary brain and central nervous system tumors diagnosed in the United States in
2006-2010. Neuro-Oncol. 2013;15 Suppl 2:ii1-56.

. Cloughesy TF, Cavenee WK, Mischel PS. Glioblastoma: from molecular pathology to targeted

treatment. Annu Rev Pathol. 2014;9:1-25.

. Omuro A, DeAngelis LM. Glioblastoma and other malignant gliomas: a clinical review.

JAMA. 2013;310(17):1842-50.

. Anton K, Baehring JM, Mayer T. Glioblastoma multiforme: overview of current treatment and

future perspectives. Hematol Oncol Clin North Am. 2012;26(4):825-53.

. Stupp R, Wong ET, Kanner AA, et al. NovoTTF-100A versus physician’s choice chemother-

apy in recurrent glioblastoma: a randomized phase III trial of a novel treatment modality. Eur
J Cancer. 2012;48:2192-202.

. Fonkem E, Wong ET. NovoTTF-100A: a new treatment modality for recurrent glioblastoma.

Expert Rev Neurother. 2012;12(8):895-9.

. Stupp R, Tallibert S, Kanner AA, et al. Maintenance therapy with tumor-treating fields plus

temozolomide vs temozolomide alone for glioblastoma: a randomized clinical trial. JAMA.
2015;314:2535-43.

. Http://Www.Fda.Gov/Ucm/Groups/Fdagov-Public/ @Fdagov-Afda-Adcom/Documents/

Document/Ucm247168.Pdf.

Davies AM, Weinberg U, Palti Y. Tumor treating fields: a new frontier in cancer therapy. Ann
N'Y Acad Sci. 2013;1291:86-95.

Kirson ED, Dbaly V, Tovarys F, Vymazal J, Soustiel JF, Itzhaki A, et al. Alternating electric
fields arrest cell proliferation in animal tumor models and human brain tumors. Proc Natl Acad
Sci U S A. 2007;104(24):10152-17.

. Kirson ED, Gurvich Z, Schneiderman R, Dekel E, Itzhaki A, Wasserman Y, et al. Disruption of

cancer cell replication by alternating electric fields. Cancer Res. 2004;64(9):3288-95.

Gera N, Yang A, Holtzman TS, et al. Tumor treating fields perturb the localization of septins
and cause aberrant mitotic exit. PLoS One. 2015;10:e0125269.

Hess KR, Wong ET, Jaeckle KA, et al. Response and progression in recurrent malignant
glioma. Neuro-Oncology. 1999;1:282-8.

. Rulseh AM, Keller J, Klener J, Sroubek J, Dbaly V, Syrucek M, et al. Long-term survival of

patients suffering from glioblastoma multiforme treated with tumor treating fields. World
J Surg Oncol. 2012;10(1):220.


http://www.fda.gov/Ucm/Groups/Fdagov-Public/@Fdagov-Afda-Adcom/Documents/Document/Ucm247168.Pdf
http://www.fda.gov/Ucm/Groups/Fdagov-Public/@Fdagov-Afda-Adcom/Documents/Document/Ucm247168.Pdf

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Response Pattern and Modeling of Tumor Treating Fields 65

Lee SX, Wong ET, Swanson KD. Disruption of cell division within anaphase by tumor
treating electric fields (TTFields) leads to immunogenic cell death. Neuro-Oncology.
2013;15:iii66-7.

Kirson ED, Giladi M, Gurvich Z, et al. Alternating electric fields (TTFields) inhibit metastatic
spread of solid tumors to the lungs. Clin Exp Metastasis. 2009;26:633—40.

Wong ET, Lok E, Swanson KD, et al. Response assessment of NovoTTF-100A versus best
physician’s choice chemotherapy in recurrent glioblastoma. Cancer Med. 2014;3:592-602.
Vymazal J, Wong ET. Response patterns of recurrent glioblastomas treated with tumor-treating
fields. Semin Oncol. 2014;41 Suppl 6:S14-24.

Miranda PC, Mekonnen A, Salvador R, Basser PJ. Predicting the electric field distribution in
the brain for the treatment of glioblastoma. Phys Med Biol. 2014;59:4137-47.

Lok E, Hua V, Wong ET. Computed modeling of alternating electric fields therapy for recur-
rent glioblastoma. Cancer Med. 2015;4:1697-9.

Ohgaki H, Dessen P, Jourde B, et al. Genetic pathways to glioblastoma: a population-based
study. Cancer Res. 2004;64:6892-9.

Wong ET, Lok E, Gautam S, Swanson KD. Dexamethasone exerts profound immunologic
interference on treatment efficacy for glioblastoma. Br J Cancer. 2015;113:23241.

Benedetti S, Pirola B, Poliani PL, et al. Dexamethasone inhibits the anti-tumor effect of inter-
leukin 4 on rat experimental gliomas. Gene Ther. 2003;10:188-92.

Fauci AS. Mechanisms of corticosteroid action on lymphocyte subpopulation. II. Differential
effects of in vivo hydrocortisone, prednisone and dexamethasone on the in vitro expression of
lymphocyte function. Clin Exp Immunol. 1976;24:54-62.



Chapter 6
Clinical Efficacy of Tumor Treating
Fields for Recurrent Glioblastoma

Eric T. Wong

Recurrent glioblastoma is typically identified based on an increase in size or presence
of new tumor as seen on neuroimaging. In recurrent primary glioblastoma [1], the
pathology is already established at initial diagnosis and, therefore, a neurosurgical
procedure for the purpose of obtaining additional tissue solely for diagnosis is not
necessary. However, in secondary glioblastoma, tissue confirmation is indicated when
the prior diagnosis is a low-grade or anaplastic glioma [2]. If the patient previously
had radiotherapy, confirming a glioblastoma diagnosis can be challenging because
radiation-induced necrosis or hyalinized vasculature is not enough, while tumor-asso-
ciated pseudopalisading necrosis or multicellular vascular hyperplasia is absolutely
needed. Additionally, a definition of tumor growth has been established by the
Macdonald criteria [3] and, more recently, by the Response Assessment in Neuro-
Oncology (RANO) criteria [4]. Both use 2-dimensional measurement as defined by
the product of the largest perpendicular diameters of the tumor on MRI. Although
Macdonald criteria define enhancement on post-gadolinium T1-weighted image as
the region of tumor, RANO differs in the definition of tumor by including provisions
to account for a lack of enhancement when patients are on antiangiogenesis therapies
[5] or, in cases of pseudoprogression, too much enhancement that occurs after radia-
tion and concomitant temozolomide [6]. Despite these generally accepted criteria,
invasion by microscopic tumor cells into the adjacent brain that cannot be readily
detected on MRI is a major hallmark of progressing glioblastoma [7].

Survival is limited at the time of recurrence in glioblastoma patients and their
ability to maintain tumor stability from treatment is compromised. Median overall
survival (OS) is a dismal 25 weeks and median progression-free survival (PFS) is
only 9 weeks [8]. A majority of patients are debilitated to such an extent that no
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further treatment would benefit them. For those who have preserved neurologic
functions, typically defined as a Karnofsky performance status of 70 or better,
aggressive treatments may preserve their neurological functions. Surgery’s role is
limited unless 90 % or more of the tumor can be removed safely to achieve a sur-
vival benefit [9], while carmustine-impregnated dissolvable polymer wafers, which
are implanted into the cavity of the resected tumor, are the only intervention for
recurrent glioblastoma that showed a slight survival advantage in a randomized
phase III trial [10]. Radiosurgery can be performed on tumors that are small and
well circumscribed, but this intervention is not believed to lengthen patient survival
[11, 12]. Bevacizumab, a monoclonal antibody against vascular endothelial growth
factor, is the most commonly used drug in this population [5]. Although it has a high
radiographic response rate and can provide a period of neurologic stabilization and
even improvement, bevacizumab also does not appear to make patients live longer
[13, 14]. Therefore, new treatments are needed.

Tumor Treating Fields (TTFields) are another modality of anticancer treatment
that use alternating electric fields at 200 kHz to disrupt tumor cell cytokinesis as they
progress from metaphase to anaphase during mitosis [15, 16]. There are a number of
downstream consequences, including (1) violent blebbing of the cytoplasmic mem-
brane, (2) asymmetric chromosome segregation, (3) endoplasmic reticulum stress
that leads to the upregulation of chaperonin such as calreticulin on the surface of
cells, (4) immune recognition of disrupted cells, and (5) eventual immunogenic cell
death mediated by either the innate or the adaptive immune system [16, 17]. The key
proteins that trigger all these downstream effects are thought to be critical for mito-
sis, and they perform functions specific at the space and time domains near the end
of metaphase and the beginning of anaphase. Furthermore, in order for such proteins
to be influenced by TTFields at 200 kHz, they must possess a large dipole moment
such that their disrupted functions will result in mitotic failure. Two such proteins,
septin and tubulin, fit this profile and they have dipole moments of 2711 and 1660
Debyes [18]. Septin is a large heterotrimeric protein complex that helps organize the
cytokinetic cleavage furrow in anaphase [19], while tubulin mediates the segregation
of sister chromatids to the opposing centrioles [20]. Septin appears to have a stronger
influence on this process because of its larger dipole moment and its disruption trig-
gers violent cytoplasmic blebbing that may precede the segregation of sister chroma-
tids. Furthermore, it is the mode of cell death mediated by the immune system, which
is a consequence of the induction of cytoplasmic stress and the translocation of endo-
plasmic chaperonin to the tumor cell surface facilitating immune recognition, that is
the critical process translatable into clinical efficacy [17].

Pilot Study of Tumor Treating Fields in Recurrent
Glioblastoma

The first-in-human trial was a pilot study, conducted from 2004 to 2005, to evaluate
the safety and efficacy of TTFields therapy in 10 patients with recurrent glioblas-
toma [21]. The most common adverse event was contact dermatitis that occurred in
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the majority and was caused by hydrogel-induced irritation of the scalp. Two
patients experienced tumor-related partial seizures. No hematologic or electrolyte
toxicity was seen, except for elevated liver enzymes in those taking anticonvulsants.
The median overall survival of the 10 patients was 14.4 months and the 1-year sur-
vival rate was 67.5 % [21]. The median time to tumor progression was 6.0 months
[21]. There was one complete and one partial responder who were still alive, respec-
tively, at 84 and 87 months from treatment initiation [22]. Furthermore, the intensity
of electric fields as directly measured in another patient was validated to be within
10% of the values estimated by computer modeling, suggesting that TTFields
applied on the scalp were able to penetrate into the intracranial compartments [21].

EF-11 was the First Randomized Trial Utilizing Tumor
Treating Fields

The EF-11 phase III trial was conducted between 2006 and 2009 comparing
TTFields monotherapy versus Best Physician’s Choice chemotherapy. The primary
endpoint was OS and secondary endpoints included PFS, response rate, and quality
of life assessment [23]. In the intent-to-treat population, the median OS was 6.6
months for TTFields compared to 6.0 months for chemotherapy, with a hazard ratio
of 0.86 (p=0.27) (Fig. 6.1). About 31 % of the chemotherapy cohort received beva-
cizumab alone or in combination with chemotherapy. The median PFS of TTFields
and chemotherapy was 2.2 months and 2.1 months, respectively, with a hazard ratio
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Fig. 6.1 Survival outcome in subjects enrolled in the EF-11 trial. Kaplan-Meier estimates of over-
all survival (A) and progression-free survival (B) in the TTFields monotherapy and Best Physician’s
Choice chemotherapy cohorts in the EF-11 phase III trial. From Stupp et al. NovoTTF-100A ver-
sus physician’s choice chemotherapy in recurrent glioblastoma: A randomised phase III trial of a
novel treatment modality. Eur J Cancer 48: 2192-2202, 2012. With permission from Elsevier
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of 0.81 (p=0.16). In addition, the results demonstrated that the PFS at 6 months was
21.4 and 15.1 %, respectively (p=0.13). One-year survival rate was 20 % in both
cohorts. The outcome of the trial indicates that TTFields have comparable efficacy
when compared to chemotherapy and bevacizumab.

The most common adverse events associated with the device were grade 1 or 2
scalp irritation. Shifting of the arrays slightly during array change and applying topical
corticosteroid can minimize this side effect [24]. There were far less hematological
toxicities; other reported adverse events included appetite loss, constipation, diarrhea,
fatigue, nausea, vomiting, and pain, which were associated with chemotherapy.
Furthermore, additional analyses showed that device-treated patients had better cogni-
tive and emotional functions. Based on the comparable efficacy results, superior safety
profile, and a better quality of life, the U.S. Food and Drug Administration approved
the Optune® device on April 8, 2011 for the treatment of recurrent glioblastoma.

Post Hoc Analysis of Prognostic Factors

The apparent discrepancy in the OS rates between the pilot study and the phase III
trial prompted a series of post hoc analyses of the trial data. The first analysis centered
on responders and it revealed two important characteristics. First, 5 of 14 responders
treated with TTFields monotherapy had prior low-grade histology while none of the 7
responders treated with chemotherapy had that [25]. Second, the analysis revealed
significantly less dexamethasone use in responders compared to nonresponders [25].
Responders in the TTFields monotherapy group received a median dexamethasone
dose of 1.0 mg/day compared to nonresponders who received 5.2 mg/day (p=0.0019).
Similar differences were also noted in the median cumulative dexamethasone dose of
7.1 mg for responders versus 261.7 mg for nonresponders (p=0.0041) (Fig. 6.2). In
the chemotherapy cohort, the median dexamethasone dose used was 1.2 mg/day for
responders versus 6.0 mg/day for nonresponders (p<0.0001). However, the median
cumulative dexamethasone dose was not significantly different, 348.5 mg for respond-
ers versus 242.3 mg for nonresponders (p=0.9520) (Fig. 6.3). These data suggest that
TTFields efficacy may be influenced by concurrent dexamethasone use, which is a
clinically modifiable factor in the patient. This finding prompted an in-depth analysis
of the dexamethasone effect in the entire trial population.

An unsupervised modified binary search algorithm was used to stratify the
TTFields monotherapy arm of EF-11 based on the dexamethasone dosage that pro-
vided the greatest statistical difference in survival (Fig. 6.3). This analysis revealed
that subjects who used >4.1 mg/day of dexamethasone had a markedly shortened
median OS of 4.8 months as compared to those received <4.1 mg/day, who had a
median OS of 11.0 months (y?=34.6, p<0.0001) [26]. Subjects in the chemotherapy
arm were observed to have a similar, but less robust, dichotomization and those who
used >4.1 and <4.1 mg/day of dexamethasone had respective median OS of 6.0 and
8.9 months (¥*=10.0, p=0.0015). This difference in OS based on dexamethasone
dose was unrelated to tumor size and most likely due to dexamethasone’s interfer-
ence with patient immune effector functions (Fig. 6.4). This notion was supported by
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Fig. 6.2 Scatterplot of mean daily dexamethasone and cumulative dexamethasone dose in
responders and nonresponders. (a) In the TTFields monotherapy cohort, the respective median and
mean daily dexamethasone dose was 1.0 and 2.3 (95 % CI 0.8-3.8) mg for responders versus 5.2
and 6.8 (95 % CI 5.6-8.1) mg for nonresponders (p=0.0019). (b) In the BPC chemotherapy cohort,
the respective median and mean daily dexamethasone dose was 1.2 and 1.4 (95 % CI 0.3-2.4) mg
for responders versus 6.0 and 7.2 (95 % CI 6.0-8.4) mg for nonresponders (p=0.0041). (c) In the
TTFields monotherapy cohort, the respective median and mean cumulative dexamethasone dose
was 7.1 and 35.9 (95 % CI N/A to 72.5) mg for responders versus 261.7 and 485.6 (95 % C1347.9—
623.4)mg for nonresponders (p<0.0001). (d) In the BPC chemotherapy cohort, the respective
median and mean cumulative dexamethasone dose was 348.5 and 525.6 (95 % CI 96.5-954.7) mg
for responders versus 242.3 and 431.0 (95 % CI 328.1-533.8) mg for nonresponders (p=0.9520).
BPC Best Physician’s Choice, CI confidence interval, N/A not available, TTFields Tumor Treating
Fields. Wong et al. Response Assessment of versus best physician’s choice chemotherapy in recur-
rent glioblastoma. Cancer Med. 3(3): 592-602, 2014. John Wiley and Sons

a single-institution validation cohort of patients treated with TTFields, using their
CD3*, CD4*, and CD8* T lymphocytes as a marker of immune competency, and that
showed their survival was impaired by a lower lymphocyte count suggesting immune
competency is an important factor for TTFields efficacy (Fig. 6.4). In addition, a
dexamethasone dosage of >4.0 mg/day, used by patients who were undergoing con-
comitant radiotherapy and daily temozolomide for their newly diagnosed glioblas-
toma, was also found to be a poor prognostic factor further supporting the conclusion
that dexamethasone can impair the efficacy of treatment used in this population [27].
In both cohorts of the EF-11 trial, successive increases in dexamethasone usage
above 4.1 mg/day were associated with progressive decrements in survival up to an
inflection point near 8.0 mg/day, after which the rate of survival decreased slowly
thereafter. Taken together, these data indicate that dexamethasone exerts a general-
ized and profound interference on the efficacy of both TTFields and chemotherapies
against glioblastoma. Therefore, dexamethasone use should be aggressively mini-
mized and other groups have since substantiated our finding [28, 29].

A re-analysis of the intent-to-treat population in EF-11 was performed to account
for the insufficient treatment effect in 27 subjects who received less than 1 month or
less than 1 cycle of TTFields monotherapy. This is because the antitumor effect of
TTFields requires continuous administration, while chemotherapy can exert its effi-
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Fig. 6.3 Survival outcome stratified by dexamethasone dosage. Kaplan-Meier OS and tumor size
with respect to dexamethasone requirement of <4.1 mg/day versus >4.1 mg/day from subjects
enrolled in the phase III trial comparing TTFields versus BPC chemotherapy. (A) Subjects enrolled
in the TTFields treatment arm taking dexamethasone <4.1 (solid blue) mg/day versus >4.1 (dashed
blue) mg/day, which was determined by an unsupervised binary partitioning algorithm. Subjects
who used <4.1 mg/day of dexamethasone (n=56) had a median OS of 11.0 months (95% CI:
8.8-16.6) as compared with those who used >4.1 mg/day (n=64) with a median OS of 4.8 months
(95 % CI: 3.9-6.0) (y*=34.6, p<0.0001). (B) Subjects enrolled in the BPC chemotherapy arm tak-
ing dexamethasone <4.1 (solid red)mg/day versus >4.1 (dashed red) mg/day was determined by
the same unsupervised binary partitioning algorithm. Subjects who used <4.1 mg/day of dexa-
methasone (7=63) had a median OS of 8.9 months (95% CI 7.2-16.1) as compared with those
who used >4.1 mg/day (n=54) with a median OS of 6.0 months (95% CI 3.5-8.3) (y*=10.0,
p=0.0015). (C) Box-and-whisker plot of the bi-dimensional tumor size in the TTFields mono-
therapy cohort that received dexamethasone <4.1 mg/day versus >4.1 mg/day. Subjects who took
dexamethasone <4.1 mg/day (n=56) had a median tumor size of 11.9 (range 0.0-56.7)cm? as
compared with those who used >4.1 mg/day (n=64) with a median tumor size of 16.8 (range
0.3-51.0)cm? (p=0.1369). (D) Box-and-whisker plot of the bi-dimensional tumor size in the BPC
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Fig. 6.4 Kaplan-Meier OS according to the optimal cutoff T-lymphocyte subsets as determined by
an unsupervised binary partitioning algorithm. Confirmatory Wilcoxon’s rank-sum test was also
performed for (A) Median OS of patients with absolute CD3* <382 cells/mm?® versus >382 cells/
mm? was 2.0 months (range 0.3-5.4) (n=7) and 7.7 months (range 1.3-22.7) (n=25), respectively
(p=0.0017). (B) Median OS of patients with absolute CD4* <236 cells/mm? versus >236 cells/
mm? was 2.7 months (range 0.3-6.7) (n=9) and 8.0 months (range 1.3-22.7) (n=23), respectively
(p=0.0029). (C) Median OS of patients with absolute CD8* <144 cells/mm? versus >144 cells/
mm?® was 2.7 months (range 1.2-5.4) (n=5) and 7.6 months (range 0.3-22.7) (n=27), respectively
(p=0.0313). Data within the graphs were derived from Kaplan-Meier log-rank statistics and
showed comparable results when compared to those from Wilconox’s rank-sum test. OS overall
survival. Wong et al. Dexamethasone exerts profound immunologic interference on treatment effi-
cacy for recurrent glioblastoma. Br J Cancer. 113, 232-241, 2015

cacy after administration of just one dose. To make efficacy comparison between the
two cohorts in EF-11 more biologically valid, the 27 suboptimally treated subjects
were removed and the modified intent-to-treat cohorts consisted of 93 subjects treated
with TTFields monotherapy and 117 subjects with chemotherapy [30]. Indeed, the
modified TTFields monotherapy arm had a superior overall survival when compared
to the chemotherapy arm, median 7.8 months versus 6.0 months, respectively, with a
hazard ratio of 0.69 (95 % CI 0.52-0.92) (p=0.0093, Fig. 6.5) [30].

Subgroup analyses were also performed in the EF-11 cohort to explore prognostic
or predictive factors that may influence survival. First, TTFields treatment compli-
ance significantly correlated with survival. The median overall survival was 5.8, 6.0,
and 7.7 months for compliance rate of 40-59% (n=10), 60-79% (n=22), and
80-100% (n=77) (p=0.039) (Fig. 6.6) [30]. Second, in the intent-to-treat population,
TTFields monotherapy was superior to chemotherapy among the subgroups with
prior bevacizumab failure, low-grade glioma, tumor size >18 c¢cm?, and Karnofsky
performance status >80 [30]. Lastly, subjects who received TTFields monotherapy
(n=120) had longer survival compared to those who received bevacizumab-containing
regimen (n=33), median overall survival 6.6 months versus 4.9 months, respec-

<
<

chemotherapy cohort that received dexamethasone <4.1 mg/day versus >4.1 mg/day. Subjects
who took dexamethasone <4.1 mg/day (n=63) had a median tumor size of 4.2 (range 0.0-11.2) cm?
as compared with those who used >4.1 mg/day (n=>54) with a median tumor size of 9.6 (range
0.0-46.0)cm? (p=0.1638). BPC Best Physician’s Choice, OS overall survival, TTFields
Tumor Treating Fields, y? chi-square. Wong et al. Dexamethasone exerts profound immunologic
interference on treatment efficacy for recurrent glioblastoma. Br J Cancer. 113, 232-241, 2015.
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Fig. 6.5 Kaplan-Meier overall survival for (A) mITT and (B) ITT populations with recurrent
glioblastoma treated with TTFields monotherapy or BPC chemotherapy in the EF-11 phase III
trial. BPC best physician’s choice, IT7 intent to treat, mITT modified intent to treat. From Kanner
et al. Post Hoc analyses of intention-to-treat population in phase III comparison of NovoTTF-
100A™ system versus best physician’s choice chemotherapy. Semin Oncol. 41:525-S34, 2014.
With permission from Elsevier
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Fig. 6.6 Post hoc analysis of TTFields treatment compliance and survival in the EF-11 trial. (A)
Spearman rank correlation between treatment compliance and mean OS showed a correlation coef-
ficient of 0.175 (one-sided p=0.030). (B) Kaplan-Meier OS curves stratified according to compli-
ance. There was a trend for longer median OS with better compliance, with median OS of 5.8
months for <60% compliance (n=10), 6.0 months for 60-79 % compliance (n=33), and 7.7
months for 80-99 % compliance (n=77) (log-rank test for trend, x> p=0.039). OS overall survival,
x* chi-square. From Kanner et al. Post Hoc analyses of intention-to-treat population in phase III
comparison of NovoTTF-100A™ system versus best physician’s choice chemotherapy. Semin
Oncol. 41:525-S34, 2014. With permission from Elsevier

tively, with a hazard ratio of 0.64 (95% CI 0.41-0.99) (p=0.045) [30] (Fig. 6.7).
There was no difference in survival between TTFields monotherapy and non-bevaci-
zumab chemotherapy (n=_84): median overall survival 6.6 months versus 6.6 months,
with a hazard ratio of 0.92 (95 % CI 0.68-1.24) (p=0.586) [30].



6 Clinical Efficacy of Tumor Treating Fields for Recurrent Glioblastoma 75

A 1.0+ B 1.0+
0.9 0.9
il P=0.0450 ] P=0.05860
% 57 — NovoTTF-100A (n=120) ¥ i — NovoTTF-100A (n=120)
2 — BPC chemotherapy (n=36) 2 — BPC chemotherapy (n=81)
= 0.6+ = 064
a a
E 0.5 E 0.5
= 044 = 0.4
[+] [+]
® 0.3+ T 0.3+
(' [F 8
0.2 0.2
0.1+ 0.1+
T 1 1 T Ll I T I I 1 0 I 1 I I I I I 1 T 1
0 6 12 18 24 30 36 42 48 54 60 0 6 12 18 24 30 36 42 48 54 60
0S (months) 0S (months)

Fig. 6.7 Post hoc analysis of TTFields monotherapy versus bevacizumab and non-bevacizumab
treatments. Overall comparison of Kaplan-Meier OS curves for ITT population with recurrent
glioblastoma treated with TTFields monotherapy (n=120) versus (A) bevacizumab (n=36) or (B)
non-bevacizumab (n=81) chemotherapy. /7T intent to treat, OS overall survival. From Kanner
et al. Post Hoc analyses of intention-to-treat population in phase III comparison of NovoTTF-
100A™ gystem versus best physician’s choice chemotherapy. Semin Oncol. 41:525-S34, 2014.
With permission from Elsevier

Conclusions

The Optune® device delivered TTFields as treatment for recurrent glioblastoma in
the pilot study and the EF-11 phase III trial. In the smaller pilot study, favorable
survival characteristics were observed in 10 participants treated with TTFields.
However, the subsequent phase III EF-11 trial showed only comparable efficacy
when TTFields monotherapy was compared to Best Physician’s Choice chemother-
apy. The U.S. Food and Drug Administration nevertheless approved the use of the
device in this population on April 8, 2011, based on the comparable efficacy, supe-
rior safety profile, and a better quality of life. Later, multiple post hoc analyses were
performed and revealed a number of important findings that explains the discrep-
ancy between the robust data from the pilot study and the results in the phase III
trial. First, 27 (23 %) subjects did not receive a complete cycle of TTFields mono-
therapy and, when these subjects were removed from comparison with those treated
with chemotherapy in the modified intent-to-treat analysis, TTFields were found to
be superior to chemotherapy. Indeed, TTFields treatment compliance of 75 % or
greater was later found to be significantly correlated with overall survival in the
participants. Second, a higher dexamethasone dosage (>4.1 mg/day) used by some
of the subjects had a negative effect on their survival outcome regardless of treat-
ment with either TTFields or chemotherapy. Therefore, adhering to the recom-
mended treatment compliance and minimizing the amount of daily dexamethasone
intake will likely improve the outcome of patients treated with TTFields.
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Chapter 7
Tumor Treating Fields in Clinical Practice
with Emphasis on PRiDe Registry

Jacob Ruzevick, Eric T. Wong, and Maciej M. Mrugala

Glioblastoma (GBM) is the most common primary malignant brain tumor in adults and
is universally associated with a poor prognosis. Despite aggressive treatments consist-
ing of maximal neurosurgical resection, chemotherapy, and radiation, patient outcomes
remain poor with a median time to recurrence of approximately 7 months and a median
overall survival of about 15 months [1, 2]. Following recurrence, the median progres-
sion-free survival and overall survival are approximately 9 weeks and 25 weeks,
respectively [3]. The drug commonly used to treat patients with recurrent GBM is
bevacizumab, which gained accelerated approval from the U.S. Food and Drug
Administration in 2009 after two single-arm studies demonstrated a high radiologic
response rate that was associated with improved clinical outcome [4—6]. While new
drugs, such as small molecule tyrosine kinase inhibitors, monoclonal antibodies, and
immune therapies, are rapidly changing the landscape of treatment options for GBM,
this tumor inevitably develops resistance to systemic therapies. Therefore, multimodal-
ity treatment approach is critical for continued improvement of patient outcomes.
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Fig. 7.1 The Optune®
device is comprised of
transducer arrays that are
placed on the scalp and —_—
connected to the field
generator. This portable
system is used in 4-week
cycles with optimal results
seen when compliance
exceeds 75 % daily use (18
hours a day or more).
Courtesy of Novocure

The Optune® device (Novocure Ltd., Haifa, Israecl) was approved by the U.S.
Food and Drug Administration in 2011 for use in patients with recurrent GBM [7].
The system is a portable, noninvasive device that delivers medium frequency (200
kHz) alternating electric fields, also known as Tumor Treating Fields (TTFields),
directly to the tumor bed and peri-tumoral tissues. The unit can be carried in a com-
pact backpack or used as a stationary unit with transducer arrays placed directly on
the patient’s scalp (Fig. 7.1). Unlike chemotherapeutics, which can exert anti-neo-
plastic activity long after dosing, TTFields therapy has no half-life, requiring that
the device be worn continually in order to produce a beneficial anti-mitotic effect. A
single “cycle” of TTFields therapy is 4 weeks of near continuous usage as this was
shown to be the time course necessary for the electric fields to exert therapeutic
effects on GBM [8]. The approval in the recurrent GBM population was based on
the EF-11 phase III trial results in which 237 subjects were randomized in a 1:1 ratio
to receive TTFields monotherapy versus best physician’s choice chemotherapy [9].
The trial demonstrated that patient survival from TTFields was comparable to che-
motherapy, while adverse event and quality of life analyses favored TTFields.

Clinical trials data may not always be representative of patient treatment out-
come in a routine clinical practice environment. There are a number of reasons for
that. First, upon trial entry, subjects must possess prespecified clinical characteris-
tics that real-world patient may not have. As a result, trial subjects typically have
better neurologic function, higher performance status, and fewer medical comor-
bidities, all of which may enable participants in the trial to benefit more from the
new treatment. Second, the U.S. Food and Drug Administration must strike a fine
balance between providing the public rapid access to new treatments for deadly
diseases and requiring comprehensive data on their benefits and risks. This action
sometimes results in the reversal of prior accelerated approval decisions for onco-
logic therapies. For example, approvals for bevacizumab in breast cancer and
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gefitinib for non-small cell lung cancer was reversed after additional efficacy data
showed no benefit [10—14]. Furthermore, after the accelerated approval of bevaci-
zumab for recurrent GBM, two large-scale randomized phase III trials testing this
drug in newly diagnosed patients did not show survival benefit [15, 16]. Therefore,
bevacizumab’s indication for GBM is also at risk of withdrawal. Lastly, oncolo-
gists and other medical practitioners may have inherent beliefs, either conscious or
subconscious, that may bias them toward not adapting the new treatment despite
available evidence [17]. Therefore, post-approval registry may provide valuable
information on the pattern of usage and the efficacy of new therapy in the real-
world setting.

Real World Clinical Experience with Tumor Treating Fields

The efficacy of TTFields in recurrent GBM has been shown in prospective studies
with the most important one being a phase III randomized clinical trial comparing
TTFields monotherapy to physician’s best choice of chemotherapy (the EF-11 trial).
A summary of clinical studies of TTFields in GBM is shown in Table 7.1. The
results of these studies are discussed in Chapter 6.

Table 7.1 Baseline patient characteristics in PRiDe and EF-11 trial.

EF-11
PRiDe TTFields EF-11 TTFields chemotherapy
Patient characteristics therapy (n=457) therapy (n=120) (n=117)
Age (years) | Median (range) 55 (18-86) 54 (24-80) 54 (29-74)
Gender Male 67.6 % 77 % 62 %
Female 32.4% 23 % 38 %
KPS Median (range) 80 (10-100) 80 (50-100) 80 (50-100)
10-60 19.0 % NA NA
70-80 46.6 % NA NA
90-100 30.9 % NA NA
Unknown 3.5% NA NA
Recurrence Median (range) 2 (1-5) 2 (1-5) 2(1-4)
First 33.3% 9% 15 %
Second 26.9 % 48 % 46 %
Third to fifth 27.4% 43 % 39%
Unknown 12.5% 0% 0%
Prior Bevacizumab 55.1% 19% 18 %
treatments RT +temozolomide | 77.9% 86 % 82 %
Debulking surgery 63.9 % 79 % 85 %
Carmustine wafers 3.7 % NA NA

KPS Karnofsky performance status, NA not available, RT radiotherapy
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Patient Registry Dataset (PRiDe)

As the Optune® device became available after U.S. Food and Drug Administration
approval in clinical neuro-oncology practices, the PRiDe registry was set up in late
2011 to collect data on patients who were treated with TTFields for recurrent GBM
[18]. From October 2011 thru November 2013, data on 457 patients were captured
from 91 neuro-oncology centers or oncology practices certified to administer the
device in the United States. All patients provided informed consent to allow their
protected health information to be used for this registry. They also had a histologi-
cally confirmed diagnosis of GBM and recurrence was defined radiologically
according to the Macdonald criteria [19]. Unlike patients in the pivotal phase III
study, there were no exclusions based on previous radiation or chemotherapy regi-
mens. Baseline clinical characteristics of patients were tabulated by chart review.
Centralized collection of compliance data, which contain the cumulative amount of
time therapy was delivered to the patient, were obtained by Novocure from an inter-
nal log file downloaded from each device. Compliance data was only available for
two-thirds of participants because Novocure only started collecting this information
centrally in January of 2013. Patient compliance was calculated as the average percent-
age of each day or a 24-hour period that the device was delivering TTFields. Prognostic
factors such as age, Karnofsky performance status, debulking surgeries, the number of
prior GBM recurrences, and prior bevacizumab use were captured for analysis. Adverse
events were graded according to the National Cancer Institute Common Terminology
Criteria for Adverse Events (CTCAE). Patient survival information was captured using
the United States Social Security Death Date Registry and obituaries.

There are a number of differences between participants in PRiDe and the TTFields
monotherapy cohort in the EF-11 trial [9, 18]. First, patients who received the device
in PRiDe were not restricted to TTFields treatment only. However, information on
combined use of the device with other chemotherapies and/or bevacizumab, which
was at the discretion of the treating physician, was not captured. In addition, some of
the patients included in PRiDe could have been exhibiting pseudoprogression fol-
lowing combined chemotherapy and radiation, a known radiographic phenomenon
that typically occurs within the first 12 weeks after treatment [20]. Second, as men-
tioned above, compliance data were captured from only about two-thirds of the
patients. Lastly, PRiDe did not capture data on quality of life measures. Although
these differences may make comparisons between the two groups of patients chal-
lenging, PRiDe nonetheless offers a unique opportunity to examine treatment effi-
cacy and toxicities of the Optune® device in a real-world practice environment.

Patient Characteristics and Survival Differences Between PRiDe
and EF-11

Baseline patient characteristics from PRiDe and comparison to the two cohorts in
EF-11 are shown in Table 7.2. Among the 457 participants in PRiDe, the average
age was 55 years (range 18-86) and approximately a third of them were women.
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Fig. 7.2 Kaplan-Meier estimate of overall survival (OS) curves for patients with recurrent GBM
treated with TTFields in PRiDe versus those received TTFields monotherapy or best physician’s
choice chemotherapy in the EF-11 trial. From Mrugala et al. Clinical practice experience with
NovoTTF-100A™ system for glioblastoma: The Patient Registry Dataset (PRiDe). Semin Oncol.
41 Suppl 6: S4-S13, 2014. Elsevier

The median Karnofsky performance status was 80 (range 10-100). The median
number of GBM recurrences prior to entry into PRiDe was 2 (range 1-5). Fifty-five
percent of patients had previously been treated with bevacizumab, which is a greater
number of patients than the 19% in the EF-11 TTFields monotherapy arm.
Approximately 78 % of them had received previous radiation and chemotherapy
while 63 % had debulking surgery.

A major finding in PRiDe is that the median overall survival in patients treated
in clinical practice was improved as compared to TTFields monotherapy in the
EF-11 phase III trial, 9.6 months versus 6.6 months respectively (Table 7.2 and Fig.
7.2), even though these two groups are not statistically comparable [18, 21, 22].
This favorable survival trend also extended out to the 2-year timeline with a respec-
tive survival rate of 30 % versus 9 % (Table 7.3) [18]. The improved survival among
the patients in PRiDe may be due to a greater number (33 %) starting treatment at
the first recurrence, and fewer (27 %) receiving it at third to fifth recurrences, as
compared to only 9% and 43 % respectively in EF-11. While the patients included
in the PRiDe were more diverse and heterogeneous, they received a significantly
longer duration of treatment as compared to those treated in EF-11, 4.1 months
versus 2.3 months respectively [18]. Approximately 10 % of those patients in the
PRiDe continued on TTFields treatment for at least 2 years.
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Table 7.3 One- and 2-year overall survival rates for patients with recurrent glioblastoma
multiforme treated with TTFields therapy in PRiDe and EF-11 trial, and with best physician’s

choice chemotherapy in the EF-11 trial

PRiDe TTFields

EF-11 TTFields

EF-11 chemotherapy

Endpoint therapy (n=457) therapy (n=120) (n=117)
1-Year survival 44 % 20 % 20 %
2-Year survival 30% 9% 7 %

Table 7.4 Summary of dermatologic adverse events in clinical studies involving TTFields.

Study n Pathology Study treatment Dermatologic AE
Kirson et al. 10 Recurrent TTFields only 90 %

2007 [24] GBM

Stupp et al. 237 Recurrent TTFields vs. best physician’s Grade I/II: 16 %
2012 [9] GBM choice chemotherapy Grade II/IV: 3%
Mrugala et al. 457 Recurrent TTFields +chemotherapy 24 %

2014 [18] GBM

No Unexpected Adverse Events in PRiDe

The tolerability and safety of TTFields treatment in PRiDe were analyzed and no
unexpected adverse events were found when compared to prior trials. The most
common device-related side effects were skin reactions, heat sensations, and elec-
tric sensations on the scalp associated with the transducer arrays, occurring at a rate
of 24 %, 11 %, and 8 %, respectively (Tables 7.4 and 7.5) [18]. Nervous system-
related events were the second most common adverse events, and included neuro-
logical disorders (10 %), seizures (9 %), and headaches (6 %). Many of the nervous
system-associated events were likely associated with the recurrent GBM [18].

Prognostic Factors in PRiDe

A number of prognostic factors were identified in the PRiDe population and they
are displayed in Figs. 7.3 and 7.4. Similar to the prospective EF-11 study, compli-
ance >75 % was notably associated with improved median overall survival when
compared to <75 %, 13.5 months versus 4.0 months, with a hazard ratio of 0.4 (95 %
CI0.3-0.6) (p<0.001, Fig. 7.3) [18]. This finding is consistent with device’s mech-
anism of action in that TTFields disrupt tumor cells during mitosis and the fields
have to be present continuously in order to exert its anti-tumor effect. Other favor-
able prognostic factors included early introduction of therapy and higher Karnofsky
performance status (Fig. 7.4) [18]. Patients who failed bevacizumab did not respond
as well, most likely because of the more extensive infiltration of the brain by recur-
rent glioblastoma. Debulking surgery that was performed prior to the application of
the device did not influence patient survival (Fig. 7.4).
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Table 7.5 Adverse events in patients with recurrent glioblastoma treated with TTFields in PRiDe.

Adverse event Percentage of patients PRiDe (n=457)
Skin reaction 24.3
Heat sensation 11.3
Neurological disorder 10.4
Seizure 8.9
Electric sensation 7.7
Headache 5.7
Pain/discomfort 4.7
Fall 39
Psychiatric disorder 2.9
Gastrointestinal disorder 2.9
Fatigue 2.5
Vascular disorder 1.6
Weakness 1.4
Infections 1.4
Eye disorder 1.3

Compliance data available for 287 of 457 registry patients

a
1.0 -~ >75% NovoTTF Therapy
Daily Compliance (n=127) )
0.9 - Median OS Months
— <75% NovoTTF Therapy X o
0.8 Daily Compliance (n=160) Compllance >75% 13.5
0.7 1 Compliance <75% 4.0
IS
% 061 Log-rank (Mantel-Cox) Test
>
3 051 Chi square 18.44
o
g 047 df 1
L 0.3 p value <0.0001
0.2 1 Daily Compliance >75% vs < 75%
011 HR 0.43
0.0 T T 95% ClI 0.29-0.63

0 3 6 9 12 15 18 21 24 27
OS (months)

Fig. 7.3 Treatment compliance with TTFields. (a) Results from PRiDe with respect to overall
survival by daily compliance, dichotomized according to >75% versus <75 %, with TTFields
therapy for recurrent GBM. (b) Representative compliance report generated after a cycle of
TTFields therapy. (a) From Mrugala et al. Clinical practice experience with NovoTTF-100A™
system for glioblastoma: The Patient Registry Dataset (PRiDe). Semin Oncol. 41 Suppl: S4-S13,
2014. Elsevier. (b) Courtesy of Novocure
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novaocure Patient Compliance Report
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Fig. 7.3 (continued)



88 J. Ruzevick et al.

A B
1.0 1.0
0.8 — 15t recurrence n=125 0.9 - — KPS 90-100 n=144
08 — 2nd recurrence n=123 08 — KPS 70-80 n=213
== 3rd-5th recurrence n=152 = KPS 10-60 n=87
0.7 0.7
3 3
2 06 A = 06 -
4 g
= =
@ 5 A @a g5 4
= =
-] =
T 04 £ 04 -
= £
w
* s 4 03 -
0.2 0.2 A
01 - 01
0.0 : : - - : - - : | 0.0 - : : - - : - - .
0 3 [ 8 12 15 18 2 24 27 0 3 ] 8 12 15 18 21 24 T
0S (months) 0S (months)
c D
1.0 1.0
0.9 - = Prior bavacizumab n=252 09 = No Surgery
08 — Bevacizumab-naive n=205 08 = Debulking Surgery
0.7 0.7
3 3
z DB o 5 06 4
= Z
= =
“ g5 S @ o5 4
= =
i) =
T 04 S 04
2 g
[ ™
03 - 03
[ 0.2 A
01 - 01
0.0 : : - : : - - : | 0.0 - : : - - : : - |
0 3 [ 9 12 15 18 21 24 7 0 3 6 8 12 15 18 21 24 2
0S (months) 0S (months)

Fig. 7.4 Kaplan-Meier estimate of overall survival curves for patients with recurrent GBM treated
with TTFields in PRiDe according to (A) recurrence number, (B) Karnofsky performance status,
(C) prior bevacizumab use, and (D) prior debulking surgery. From Mrugala et al. Clinical practice
experience with NovoTTF-100A™ system for glioblastoma: The Patient Registry Dataset (PRiDe).
Semin Oncol. 41 Suppl 6: pp S4-S13, 2014. Elsevier

Special Clinical Considerations for Patients Treated
with Tumor Treating Fields

One unique situation to consider in patients with GBM who might be candidates
for TTFields therapy is the presence of intracranial hardware, such as shunts for
cerebrospinal fluid diversion. While shunts with programmable valves were part
of the exclusion criteria for EF-11, Mrugala et al. [23] reported that TTFields
were used safely in a single patient with a nonprogrammable ventriculo-perito-
neal shunt (Fig. 7.5). Since cerebrospinal fluid diversion is common in patients
operated on for intracranial tumors, additional reports of the use of nonprogram-
mable shunts are needed to establish their safety in the setting of TTFields
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Fig. 7.5 The Optune® device was successfully utilized in a patient with ventriculo-peritoneal
shunt and nonprogrammable valve. Arrows identify the valve in relationship to the treatment
arrays. The patient used TTFields for over 12 months and experienced no complication.

application. Data pertaining to this issue are being actively collected and will be
published in the near future.

Intensity of the electrical fields being applied to the tumor and the surrounding tis-
sues heavily depends on the positioning of the treatment arrays on the scalp. In gen-
eral, the closer the arrays are to each other, the higher the intensity of the fields and
consequently greater efficacy of the anti-mitotic activity from the treatment. To iden-
tify the optimal positioning of the transducer arrays, the NovoTAL™ (transducer array
layout) system was developed (Fig. 7.6). This system inputs magnetic resonance
imaging of a gender-specific head morphology, tumor location, and size to optimize
the intensity of TTFields directed at the tumor. The NovoTAL™ system, approved by
the U.S. Food and Drug Administration for clinical use, allows treating physicians to
generate treatment maps and adjust them accordingly during treatment when tumor-
specific parameters change.
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Fig. 7.6 NovoTAL™ system allows physicians to create treatment maps and customize TTFields
therapy. The intensity of the electric fields can be modulated and optimized by changing the loca-
tion of the transducer arrays. Courtesy of Novocure

Dermatologic Side Effects of Tumor Treating Fields Therapy

Hematologic and gastrointestinal toxicities frequently seen in association with che-
motherapeutics are not encountered with TTFields therapy. Given the mode of
administration through the direct placement of treatment arrays on the skin, derma-
tologic complications were the most commonly seen side effect in all reported clini-
cal studies [9, 18]. Skin-related complications resulting from the use of the device
include dermatitis, erosions, infections, and ulcers. Most of these complications are
likely a result of mechanical trauma from repeated application of arrays, poor wound
healing, and potentially combination treatment with chemotherapeutics. Dermatologic
complications of TTFields treatment will be discussed in detail in Chapter 9.

Conclusions

GBM is one of the most difficult cancers to treat and surgical resection, radiation,
and systemic chemotherapy do not offer a cure. TTFields represent a novel and
unique treatment method. This anti-mitotic device is externally worn on the scalp
and is not associated with the typical systemic side effects seen with chemotherapy.
The pivotal randomized phase III clinical trial showed a median overall survival of
6.6 months in recurrent GBM subjects, similar to what can be achieved with
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standard chemotherapies but with fewer side effects. PRiDe is a large registry of
457 patients with recurrent glioblastoma treated with TTFields therapy in routine
clinical practice after approval by the U.S. Food and Drug Administration in 2011.
Even though this registry cannot be directly compared to the randomized prospec-
tive trial, outcome data from this dataset provide an important adjunct in assessing
the true efficacy of the device. Key findings from PRiDe include a significantly
longer overall survival as compared to the TTFields monotherapy cohort in the
EF-11 phase III trial and excellent tolerability. Favorable prognostic factors include
good treatment compliance and higher Karnofsky performance status. Moreover,
data from PRiDe indicate that earlier introduction (at first progression) of treatment
may result in improved outcomes in recurrent GBM and that bevacizumab-naive
patients benefit from TTFields more than patients previously treated. Patient com-
pliance with this continuous anti-cancer therapy is critical as increased usage (18
hours per day or more) is associated with improved survival. The reasons for the
difference in outcomes between the EF-11 clinical trial and the PRiDe dataset are
not fully understood. Several factors, discussed above, might have played a role and
these include combination therapies and potential pseudoprogression issue in
PRiDe, as well as selection bias towards worse performing subjects in the EF-11
trial. Nevertheless, patients in PRiDe collectively appear to perform better than
those enrolled in EF-11 and this dataset offers an important view of TTFields treat-
ment efficacy in the real-world setting.

The Optune® device can be safely and effectively used in the clinical practice setting
after appropriate training and credentialing process is completed. The NovoTAL™
platform allows physicians to customize therapy to the individual patient and adjust
treatment planning during the course of therapy. Ultimately, physician experience
accumulated during clinical practice will improve the clinical application of this device.
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Chapter 8
Tumor Treating Fields Therapy for Newly
Diagnosed Glioblastoma

Eric T. Wong and Zvi Ram

Glioblastoma is a heterogeneous disease. From a molecular perspective, multiple
mutations are found in various signal transduction pathways, including those in the
canonical phosphoinositol-3-kinase/mitogen-activated protein kinase pathways that
regulate growth and survival, the p53 transcription factor that governs senescence
and apoptosis, as well as the retinoblastoma/cyclin-dependent kinase regulatory
pathway that controls the cell cycle [1]. At least four molecular subtypes of glioblas-
toma can be characterized at initial diagnosis and defined according to gene expres-
sion profiling as proneural, neural, classical, and mesenchymal subtypes [1, 2]. These
glioblastoma subtypes have different responsiveness to treatments; patients with
classical and mesenchymal characteristics lived longer when treated with intensive
radiotherapy and temozolomide while those with the proneural subtype did not [2].
Further complicating the molecular landscape is the multitude of amplified and
mutated genes within each tumor cell. For example, amplifications and mutations of
multiple receptor tyrosine kinases and other downstream signaling kinases that regu-
late key cellular processes are found in varying degrees in individual tumor cells,
which eventually give rise to subpopulations with more heterogeneous amplifica-
tions and mutations [3-5]. Collectively, these inter-tumoral and intra-tumoral hetero-
geneities, as well as the tendency to acquire additional mutations as a result of cancer
evolution or treatment, invariably make glioblastoma very difficult to control.
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The clinical behavior of glioblastoma is multifaceted. Tumor growth and prolif-
eration, angiogenesis and invasion are the clinical hallmarks of this disease, but the
extent to which each hallmark appears in individual patients is variable [6].
Furthermore, although the glioblastoma is often detected as a solitary mass at initial
diagnosis, some are more invasive than others and appear in a gliomatosis fashion
[7]. It can also present in a multifocal pattern, either synchronously with the primary
tumor or metachronously as additional foci emerge after initial diagnosis and treat-
ment [8]. Whether or not each individual focus is clonally related is unclear. Under
rare circumstances, glioblastoma can even metastasize outside the central nervous
system, and this is made possible by the presence of circulating tumor cells [9, 10].

The extensive heterogeneity in the glioblastoma’s molecular makeup and clinical
behavior presents a daunting challenge in constructing effective treatment regimens
for this disease. The tumor also co-opts normal physiological processes, such as
angiogenesis and immune tolerance, to subserve its own survival and proliferation
within the patient. An obvious strategy is to block deranged intra-tumoral processes,
such as amplified or mutated receptor tyrosine kinases and other downstream kinases
that are targets for small molecule inhibitors or monoclonal antibodies, but none
have yet been shown to benefit glioblastoma patients [11, 12]. Strategies that reverse
or normalize co-opted physiological processes may have a chance because these
processes are probably less disordered and more amendable to intervention. For
example, bevacizumab, which normalizes tumor blood vessels, has been shown to
prolong progression-free survival but not overall survival in newly diagnosed
patients [13—15]. Furthermore, gross total neurosurgical resection of the glioblas-
toma provides a means of significant cytoreduction. This cytoreduction not only
diminishes the intracranial mass effect that may debilitate patients but also reduces
the number of heterogeneous cell types that are resistant to subsequent radiation and
chemotherapy. In addition, because loss of Phosphatase and Tensin Homolog (PTEN)
activates glioblastoma-induced immune suppression, reduction of PTEN null or
mutated tumors can potentially reduce the tumor’s ability to evade the immune system
[16, 17]. Lastly, dexamethasone has beneficial anti-edema effects in the brain but it
also interferes with immune effector functions against the glioblastoma, as shown in
past post hoc analyses of the EF-11 trial comparing Tumor Treating Fields (TTFields)
with chemotherapy and retrospective analysis of patient outcome from radiation treat-
ment [18-20]. Regardless of the etiology, a drop in the CD4* lymphocyte counts to
<200 cell/mm? is correlated with a poorer survival compared to >200 cell/mm?, sug-
gesting that CD4* count may serve as a marker of immune competence in the glioblas-
toma population [21]. A dexamethasone dose <4 mg/day probably provides some
anti-edema benefit in patients while not interfering with their immune effector func-
tion against the glioblastoma [18, 22]. Alternatives to dexamethasone include bevaci-
zumab, celecoxib, and angiotensin receptor blockers [23-26] that are not thought to
interfere with the immune system. Taken together, strategies that block co-opted
physiological processes by the glioblastoma, as well as those that accentuate the
patient’s own anti-tumor response, are more likely to be met with success (Fig. 8.1).

TTFields are a new cancer treatment that can interfere with the co-opted cell
division machinery and potentiate anti-tumor immune response. Specifically, the
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Fig. 8.1 Glioblastoma tumor cells have amplifications and mutations of multiple receptor tyrosine
kinases and other downstream signaling kinases. Angiogenesis and immune tolerance are normal
physiological processes that are co-opted by the tumor cells for their own growth and proliferation.
Therefore, treatment strategies that reverse the co-opted physiological processes, like cytoreduc-
tion, radiation, chemotherapy, and TTFields, can potentially provide control of the glioblastoma.
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alternating electric fields at frequencies ranging from 100 to 300 kHz disrupt tumor
cell cytokinesis during mitosis that results in asymmetric chromosome segregation,
aberrant mitotic exit, and immunogenic cell death [27-29]. TTFields monotherapy
was compared to chemotherapy for recurrent glioblastoma and the phase III trial
showed equivalent efficacy between these two disparate treatment modalities [30].
But patients treated with TTFields experienced fewer adverse events and a better
quality of life [30]. Furthermore, the efficacy of TTFields has also been put to test
in the newly diagnosed glioblastoma patients. In this chapter, the up-to-date results
of the pivotal phase III trial for this population are described.

Pilot Study of Tumor Treating Fields in Newly
Diagnosed Glioblastoma

A pilot study to test the safety of TTFields therapy was conducted from 2005 to
2007 in ten patients with newly diagnosed glioblastoma [31]. The median age of
this cohort was 50 (range 32—70) years. All subjects possessed a Karnofsky perfor-
mance status of 70 or greater and the median Karnofsky was 90. The median overall
survival of the cohort was about 56 months and there were two long-term survivors.
The first long-term survivor received TTFields and maintenance temozolomide for
12 months, after initial standard radiotherapy and concomitant daily temozolomide.
This patient did not develop tumor recurrence and lived for at least another 59
months thereafter [31]. The second long-term survivor was also treated with
TTFields and maintenance temozolomide for 12 months, and continued to have no
tumor recurrence and lived for an additional 53 months [31]. It is notable that both
patients were young, 32 and 33 years respectively, and younger patients are likely
to be more responsive to treatment and live longer. In addition, the observed anti-
tumor efficacy supports preclinical data demonstrating an in vitro synergistic effect
of TTFields with various chemotherapeutic agents in multiple cancer types [32].

EF-14 was the Second Randomized Trial Using
Tumor Treating Fields

This phase III trial enrolled 695 of the planned 700 subjects in a 2:1 ratio between
2009 and 2014, comparing TTFields plus maintenance temozolomide (n=466) with
temozolomide alone (n=229) [33]. The primary outcome measure was progression-
free survival and secondary endpoints were overall survival, progression-free sur-
vival at 6 months, percent 1- and 2-year survival, radiological response based on
Macdonald criteria, quality of life assessment (EORTC QLQ-C30) and adverse
events severity and frequency [33, 34]. The results of the pre-specified interim anal-
ysis have been published, which occurred after 210 subjects were randomized to
TTFields plus temozolomide and 105 randomized to temozolomide alone, and was
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conducted after a median follow-up of 38 (range 18-60) months [35]. Baseline
clinical characteristics were balanced and the respective (i) median age was 55 and
57 years, (ii) male:female ratio was 2.0 and 1.8, (iii) corticosteroid use was 24 %
and 25 %, (iv) percent completed standard 60 Gy radiotherapy was 91 % and 95 %,
and (v) the median number of maintenance temozolomide cycles received was 6
and 4 (Table 8.1) [33, 35]. Both groups had aggressive tumor cytoreduction, and
nearly two-thirds of patients underwent gross total resection while another quarter
had partial resection [35]. The primary efficacy end-point analysis demonstrated
improvement in progression-free survival in the intent-to-treat population of the

Table 8.1 Baseline patient characteristics and treatment details.

TTFields plus
All patients Temozolomide Temozolomide
(N=315) (n=210) alone (n=105)

Age (years)

Mean (SD) 55.8 (11.1) 55.3 (11.3) 56.8 (10.5)

Median (range) 57 (20-83) 57 (20-83) 58 (21-80)
Karnofsky Performance Status score, 90 (60-100) 90 (60-100) 90 (70-100)
median (range), %"
Gender, no. (%)

Male 207 (66) 140 (67) 67 (64)

Female 108 (34) 70 (33) 38 (36)
Use at baseline, no. (%)

Antiepileptic medication 126 (40) 88 (42) 38 (36)

Corticosteroid therapy 77 (24) 51(24) 26 (25)
Mini-Mental State Examination score, no. (%)°®

<26 45 (15) 31(15) 14 (13)

27-30 247 (78) 174 (83) 73 (70)

Unknown 23 (7) 5@2) 18 (17)
Extent of resection, no. (%)

Biopsy 34 (11) 23 (11) 11 (10)

Partial resection 79 (25) 52 (25) 27 (26)

Gross total resection 202 (64) 135 (64) 67 (64)
Tissue available and tested, no. (%) 227 (72) 152 (72) 75 (71)

MGMT methylation 75 (33) 49 (32) 26 (35)

No methylation 116 (51) 79 (52) 38 (51)

Invalid test result 36 (16) 24 (16) 11 (15)
Region, no. (%)

United States 191 (61) 127 (60) 64 (51)

Rest of world 124 (39) 83 (40) 41 (39)
Completed radiation therapy, no. (%)

<57 Gy 18 (6) 13 (6) 5(5

60 Gy (standard + 5 %) 291 (92) 191 (91) 100 (95)

>63 Gy 6(2) 6(3) 0(0)

(continued)
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Table 8.1 (continued)

TTFields plus
All patients Temozolomide Temozolomide
(N=315) (n=210) alone (n=105)
Concomitant temozolomide use, no. (%)
Yes 308 (98) 207 (99) 101 (96)
Unknown 7(2) 3(1) 4(4)
Time from event to randomization, median (range), days
Last day of radiotherapy 37 (13-68) 36 (13-53) 38 (13-68)
Initial diagnosis 114 (43-171) 115 (59-171) 113 (43-170)
No. of maintenance temozolomide 6 (1-26) 6 (1-26) 4 (1-24)
cycles until first tumor progression,
median (range)
Duration of treatment with TTFields, 9 (1-58) 9 (1-58)
median (range), months
Adherence to TTFields therapy >75 % 157 (75)
during first 3 months of treatment

MGMT 0°-methylguanine-DNA methyltransferase, TTFields Tumor Treating Fields
2A higher score indicates better functional status
A higher score indicates better cognitive capability

defined interim-analysis dataset and after a median follow-up of 38 months. The
median progression-free survival from randomization was 7.1 (95% CI 5.9-8.2)
months in the TTFields plus temozolomide cohort and 4.0 (95 % CI 3.3-5.2) months
in the temozolomide alone cohort (hazard ratio=0.62 [95% CI 0.43-0.89],
p=0.001) (Fig. 8.2A). In secondary endpoint analyses, the overall survival of the
intent-to-treat population showed a median overall survival of 19.6 (95 % CI 16.6—
24.4) months in the TTFields plus temozolomide group versus 16.6 (95 % CI 13.6—
19.2) months in the temozolomide alone group (hazard ratio=0.74, [95% CI
0.56-0.98], p=0.03) (Fig. 8.2B). The percent of patients alive at 2 years was 43 %
and 29 %, respectively (p=0.006). When compared to EF-11, the robust efficacy
data from EF-14 support the notion that the clinical efficacy of an anti-mitotic treat-
ment, like TTFields, will be more apparent when applied to patients who have
undergone aggressive cytoreduction of the tumor, limited use of dexamethasone,
and received treatment at an earlier time point of the disease. As patients were
allowed to continue the use of TTFields even when tumor recurrence was observed,
the data also suggest that extended treatment may still exert an anti-tumor effect
even after tumor progression.

Safety and tolerability analysis showed no unexpected grade 3 or 4 adverse events,
with nervous system and hematologic events being most common (Table 8.2) [35].
Twenty-two percent of the subjects who received TTFields plus temozolomide
(n=203) experienced nervous system events, with 7% seizure and 2% headache,
compared to 25 % who received temozolomide alone (n=101), with 8 % seizure and
2 % headache. The respective hematologic disorders were 12 % and 9 %, with 9 % and
3% thrombocytopenia, 3 % and 1 % neutropenia, 5 % and 5 % leukopenia or lympho-
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Fig. 8.2 Survival curves for patients included in the interim analysis in the intent-to-treat popula-
tion. Survival analyses on time from date of randomization until tumor progression, death, or last
follow-up (censored patients) according to the Kaplan-Meier method. (A) Progression-free sur-
vival and (B) overall survival. The small vertical ticks on the curves indicate censored patients. HR
hazard ratio, TTFields Tumor Treating Fields

Table 8.2 Grade 3 to 4 treatment-emergent adverse events.

No. (%) of Patients With Adverse Events®
TTFields Plus Temozolomide
Temozolomide (n=203)" Alone (n=101)°
Hematological disorders? 25(12) 9(9)
Anemia 1 (<) 2(2)
Leukopenia or lymphopenia 11 (5) 5(5)
Neutropenia 6(3) 1(1)
Thrombocytopenia 19 (9) 3(3)
Cardiac disorders 2(1) 3(3)
Eye disorders 2(1) 1(1)
Gastrointestinal disorders? 11 (5) 2(2)
Abdominal pan 2(1) 0
Constipation 2(1) 0
Diarrhea 1(<1) 2(2)
Vomiting 3(D) 1(1)
General disorders 17 (8) 5(5)
Fatigue 8(4) 4(4)
Infections 10 (5) 5(5)
Injury and procedural complications? 14.(7) 505
Fall 6(3) 2(2)
Medical device site reaction 4(2) 0
Metabolism and nutrition disorders 7(3) 3(3)
Musculoskeletal disorders 8(4) 3(3)
Nervous system disorders? 45 (22) 25 (25)
Seizure 15(7) 8(8)
Headache 4(2) 2(2)

(continued)
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Table 8.2 (continued)

No. (%) of Patients With Adverse Events?
TTFields Plus Temozolomide
Temozolomide (n=203)° Alone (n=101)°
Psychiatric disorders? 94) 3(3)
Anxiety 2(1) 0
Bradyphrenia 0 1(1)
Confusional state 2(1) 1(1)
Mental status changes 4(2) 1(1)
Psychotic disorder 2(1) 0
Respiratory disorders 4(2) 1(1)
Skin disorders 0 1(1)
Vascular disorders? 8(4) 8(8)
Deep vein thrombosis 1(<1) 3(3)
Pulmonary embolism 4(2) 6 (6)

TTFields, Tumor Treating Fields

*Safety is reported on patients who have received any treatment. Randomized patients who never
received any maintenance therapy were excluded from this safety analysis

"Eight patients died while receiving adjuvant therapy due to causes unrelated to therapy (1 patient
for each of the following reasons: cardiac events, pulmonary emboli, respiratory, and infection;
and 4 patients with central nervous system disorders likely due to tumor progression)

“Four patients died while receiving adjuvant therapy due to causes unrelated to therapy (1 patient
for each of the following reasons: cardiac events, pulmonary emboli, respiratory, and unknown)
dPatients may have had more than 1 adverse event so subcategories do not total and not all events
are subcategorized

penia, and <1 % and 2 % anemia. Site reaction occurred in 2 % of device-treated sub-
jects while 0% in temozolomide alone subjects, and falls occurred in 3% and 2 % of
the subjects respectively. Therefore, TTFields therapy combined with temozolomide
was well-tolerated and exhibited no new side effect from the combination.

Conclusions

Glioblastoma has significant inter-tumoral and intra-tumoral heterogeneity in molec-
ular characteristics and clinical behavior. Therefore, the prerequisites to demonstrat-
ing the clinical efficacy of TTFields are probably related to gross total neurosurgical
resection for the purpose of tumor cytoreduction, limited use of immunosuppressive
dexamethasone, and intervention at an earlier time point of the disease. Indeed, when
TTFields therapy was combined with maintenance temozolomide in the EF-14 phase
IIT trial, the combination was demonstrated to have superiority in both progression-
free survival and overall survival when compared to temozolomide alone.
Furthermore, the combination was not associated with new or unexpected adverse
events. Therefore, the collective data indicate that TTFields treatment, as delivered
by the Optune® device, is an important treatment modality for glioblastoma patients.
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Chapter 9
Supportive Care in Patients Using Tumor
Treating Fields Therapy

Mario E. Lacouture, John DeNigris, and Andrew A. Kanner

Optune® is a cancer treatment device that uses alternating electric fields or Tumor
Treating Fields (TTFields) to provide local therapy for a patient's tumor. It has
received approval for two indications from the U.S. Food and Drug Administration,
the first in 2011 for recurrent glioblastoma and the second in 2015 for newly diag-
nosed glioblastoma. The initial approval in patients with recurrent glioblastoma
was based on the device’s (i) comparable treatment efficacy when compared to
systemic chemotherapy, (ii) absence of serious adverse events, and (iii) improved
quality of life (QoL) [1, 2]. Furthermore, no new or unexpected adverse events
were noted in the post-approval patient registry [3]. The second approval resulted
from favorable progression-free survival and overall survival in the device-
treatment arm in combination with maintenance temozolomide after a pre-speci-
fied interim analysis [4]. There was also no unexpected adverse event and the QoL
outcome appeared to be similar in both arms. However, dermatologic adverse
events (dAEs) remain an important issue among patients receiving TTFields ther-
apy. In this chapter, the prevention, diagnosis, and management of dAEs are dis-
cussed in the first section while the QoL analyses from both pivotal phase III
clinical trials are reviewed in the second section.
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Dermatologic Adverse Events Associated with Tumor
Treating Fields Therapy

TTFields are delivered by ceramic discs located on two pairs of transducer arrays.
These discs have a layer of hydrogel to ensure conductive contact with the scalp and
they are adherent to the patient's shaved head by hypoallergenic medical tape. While
systemic adverse events have not been reported, the continuous application of the
transducer arrays results in a new category of dAEs, with contact dermatitis and
skin infections being the most prominent ones [2]. Knowledge of the mechanisms
by which these dAEs develop, as well as strategies for prevention and treatment are
critical to maintain QoL and consistency of device utilization.

Pathophysiology of Dermatologic Adverse Events

The epidermis is composed of keratinocytes, melanocytes, Langerhans cells, and
Merkel cells. The doubling time of human keratinocytes is every 24 hours, with
transit time from the basal layer to the stratum corneum taking at least 14 days.
Further transit from the stratum corneum to desquamation requires an additional 14
days [5] and therefore a complete turnover of the epidermis takes a total of 28 days.
Cells from the innate arm of the immune system, including macrophages, antigen-
presenting cells, and natural killer cells reside in the epidermis. When there is an
insult to the skin, lymphocytes from the adaptive immune system may temporarily
take residence in the epidermis. These immune cells are responsible for the observed
contact dermatitis that may develop upon exposure to some of the components of
the Optune® device.

Transducer arrays are directly applied to the scalp for at least 18 hours a day and
left in place for 3 to 4 days at a time. During an array exchange, the previous ones
are removed and new ones are placed on the scalp in a slightly relocated fashion to
reduce prolonged direct contact. Distinctive mechanical, thermal, chemical, and
moisture-related stresses occur if the arrays are applied repeatedly to the same area
of the skin. Given the potential for causing dAEs, meticulous monitoring of the skin
condition and timely exchange of the arrays are highly recommended.

Hair directly affects the quality of array-to-scalp contact. There are approxi-
mately 100,000 hair follicles on the scalp, and around 100 shafts of hair shed each
day [6]. An outward pressure to the adhered transducers arrays is generated by a
growth rate of 0.2 to 0.5 mm per day. To minimize the effect of this pressure, the
scalp should be shaved every time when the arrays are exchanged.

Surgery will invariably result in the formation of a scar on the incised skin. Scars
arise due to fibrous tissue proliferation during the replacement of previously normal
skin where integrity is compromised. Although a scar continues to remodel for up to
1 year after surgical incision, the skin on the scar does not fully regain its original
mechanical strength. It is estimated that scars have only 70 % of the tensile strength
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of normal skin [7]. Moreover, altered circulation through scar tissue increases patient
susceptibility to dAEs when ceramic discs are placed immediately over them [7].

Abnormal stimuli to the skin are the catalysts that produce pathological changes.
TTFields therapy potentially exposes skin to stimuli such as repetitive mechanical
trauma, resulting in inflammation, infection, and wound healing complications at
the site of previous surgical scars. The shaved scalp that was previously covered by
hair may be exposed to ambient ultraviolet radiation and this may result in inflam-
matory changes [7]. Multiple risk factors have been found to increase the risk of
developing dAEs. The first would include placing the ceramic discs from the arrays
directly over scars or craniotomy hardware. Another risk factor occurs in patients
who have previously developed a contact dermatitis reaction to any materials that
are in the arrays. Those with hyperhidrosis (excessive sweating) have been found to
have a higher complication rate due to the hydrophilic nature of hydrogel, which
may liquefy at high ambient temperature and upon exposure to sweat. Additionally,
there is an increased risk for individuals with a history of skin exposure to radiation,
either ultraviolet and/or ionizing radiation, and those who are also being treated
with systemic anti-cancer agents, high doses of corticosteroid, or both [7].

Specific Dermatologic Pathologies

Five types of potential pathologies leading to dAEs have been noted with the use of
TTFields therapy (Table 9.1), including (i) allergic contact dermatitis (ACD), (ii)
irritant contact dermatitis (ICD), (iii) erosions, (iv) ulcers, and (v) skin infections or
pustules [7]. These processes may occur independently or coexist at sites where the
scalp makes contact with the arrays. Chemical irritation from the hydrogel, moisture
and/or alcohol may directly lead to ICD, while allergy to the adhesive tape and/or
hydrogel may cause a delayed form of ACD. Erosions from mechanical trauma may
occur from shaving, array application, or array removal. Ischemic injury produced by
pressure from the arrays may lead to ulcer formation. Ultimately, infection with or
without pustules may occur when the skin is affected by pathogenic bacteria [7].

ACD and ICD are the two types of inflammation that patients may develop when
using TTFields therapy [7]. ACD is characterized by an inflammatory reaction to
specific exogenous allergens that come into contact with the skin. In this case, an
individual must become sensitized to the allergen [8]. Resolution of ACD not only
requires removing the allergen, but may also necessitate the use of topical cortico-
steroids to quell the inflammatory reaction. In contrast, ICD is a nonspecific type of
inflammation caused by direct cell damage upon contact with a substance that is
inherently harmful to cells [8]. Removal of the irritant is sufficient and the inflam-
mation will resolve with time.

Erosions are characteristically described as delineated, moist, and depressed
lesions resulting from disruption of a part or all of the epidermis [7]. Mild bleeding
with pain or burning may also be present [9]. These changes may occur after trauma
from the arrays, shaving injury, inflammation or maceration due to sweat, rupture of
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Table 9.1 Potential causes of dermatologic adverse events (dAEs)

M.E. Lacouture et al.

Adverse events

Potential cause

Intervention

Contact dermatitis Allergy Topical steroid
e Tape ¢ Clobetasol
* Hydrogel * Betamethasone

Chemical irritation

Array placement

* Hydrogel

¢ Moisture (sweat)
e Alcohol
Mechanical trauma

Erosion and ulcers Array placement

e Shaving

* Array pressure/removal Topical antibiotics

e Mupriocin

Array pressure leading to decreased perfusion ¢ Clindamycin

Skin infections
and pustules

Secondary bacterial infection Topical or oral
antibiotics
e Cefadroxil

e  Mupriocin

¢ Clindamycin

vesicles or bullae from infection, as well as epidermal necrosis. Typically, erosions
do not result in scarring [7].

Ulcers represent a more severe form of dAEs in which loss of the epidermis and
dermis has occurred, and therefore increasing the risk of scarring [7]. Ulcers may be
necrotic or clean, and during the healing process may contain granulation tissue. As
the ulcer heals, dried blood, serum, and exudate may form a crust [7]. Infection of
the ulcerated skin is indicated by purulent, granular, or malodorous discharge.

With the abundance of microbes that exist on the skin, infection is common [10].
Pustules represent a purulent infection in the epidermis composed of leukocytes,
cellular debris (yellow color), and bacteria (greenish-yellow color) [7]. White pus
may represent sterile inflammatory reaction without the presence of microorgan-
isms. Vesicles and bullae are fluid-filled lesions with clear content that may or may
not be infected. They may arise from early viral infections or trauma by friction or
shearing forces. When bullae are due to bacterial infection, they are called bullous
impetigo [7].

Management of Dermatologic Adverse Events

Adverse events on the skin associated with TTFields therapy can be prophylacti-
cally prevented and intervened with specific treatments depending on the type of
dAE. Prevention is preferred, but prompt recognition of dAEs is also important.
Early signs that a dAE is developing may include erythema, edema, scaling, dis-
charge, crusting, pain, pruritis, erosions, or any of the above in combination [7].
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Prophylaxis is an important preventive measure that will preclude or limit
adverse events on the skin. First and foremost, both patient and caregiver should be
educated to recognize potential dAEs and, because they are the individuals prepar-
ing the scalp and exchanging the arrays, it is critical that they should have intimate
knowledge about the skin integrity as well as appropriate training to apply and
remove the arrays. The treating oncologist should also be available to manage these
adverse events when they develop to ensure timely intervention.

Scalp preparation, if done correctly, will lower the risk of irritating the skin and
also optimize the delivery of TTFields. Conditions on the scalp that can contribute
to dAEs include hair length, moisture from sweat, existence of sebum, and the
length of time the same set of arrays contact the skin. Modification of these condi-
tions can lower the risk of dAEs. Access to the scalp requires removing arrays and
thus proper scalp preparation is essential at each subsequent replacement of arrays.

Proper and timely shaving using an electric razor is recommended to maximize
the closeness of the shave and to ensure array contact on the scalp. All effort to
avoid cutting the skin should be taken and therefore a straight blade razor is not
recommended. Once the skin has been compromised there is a concomitant
increased risk of developing dAEs. To test the closeness of the shave, one can use
gauze or a cotton ball soaked with 70 % isopropyl alcohol and run it across the
scalp. Detectable friction or resistance would indicate the need for a closer shave
[7]. Furthermore, mineral oil should be applied before shaving because it allows for
cleansing of the skin and facilitates the removal of bacteria and scale.

In order to adequately remove sebum from the scalp, fragrance-free shampoo
should be used after shaving. Once rinsed, the scalp should be wiped with 70 %
isopropyl alcohol. By eliminating as much sebum as possible, the contact between
arrays and scalp is enhanced.

Although each transducer array is stored in sterilized individual packages, other
precautions to prevent infection are required. Prior to any exchange of the arrays,
proper hand washing, sanitizing the electric razor, and cleaning of the scalp are
recommended [7]. The use of 70 % isopropyl alcohol will help sterilize the skin
surface. In addition, the patient’s electric razor should not be shared with other
individuals.

Transducer array application and removal is a critical step in preventing dAEs.
The layout takes into account the head size, tumor size, and tumor location in the
patient. Although each array is placed according to the layout plan, avoiding sites of
surgical scars and craniotomy closure hardware is important when placing the
arrays. Skin breakdown, erosions, ulcerations, or any combination of dAEs may
occur if the ceramic discs are applied over scars or hardware. The concurrent admin-
istration of anti-cancer agents such as temozolomide or bevacizumab may also
impair normal skin turnover and wound healing, increasing the possibility of ero-
sions or ulcerations.

During array re-application, which occurs approximately every 3 to 4 days, the
position should be shifted approximately 0.75 inch (or 20 mm) from the prior loca-
tion. In doing so, the hydrogel layer is re-positioned to an area between the prior
contact sites [7]. Indentation of the surface of the scalp will indicate the last location
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of the ceramic discs. Due to individual patient factors such as hyperhidrosis, some
patients may require more frequent array changes. Less skin irritation will occur
when arrays are removed carefully and without excessive force. Slow and even ten-
sion is recommended during removal, which takes approximately 60 seconds per
array. If the arrays become difficult to remove, mineral oil can be applied directly to
the scalp at the edges of the arrays to facilitate removal and to minimize the need to
use excessive force. To avoid irritating the scalp, rubbing the skin to remove the
remaining adhesives should be avoided and mineral oil should be applied to help
dissolve the adhesive.

Patients and caregivers must be educated on proper scalp care during TTFields
treatment. The hydrogel associated with the ceramic discs is hydrophilic, and may
partially liquefy after physical activity or warmer weather due to increased sweat-
ing. Under these circumstances, changing the arrays on a more frequent basis, such
as once every 1 to 2 days, may be necessary [7]. The risk of negative skin reactions
and poor wound healing may increase when systemic medications are combined
with TTFields therapy (see below). Likely culprits include prolonged use of corti-
costeroids, systemic chemotherapies, and targeted anti-cancer drugs.

Treatment interventions should be considered after a patient has developed
dAEs. As defined by preclinical studies, the electric field frequency and intensity
therapeutic parameters are preset into the device and cannot be modified. Therefore,
this creates a predetermined “dose” that cannot be changed by the treating oncolo-
gist [7]. However, dAEs may be treated by pharmacological intervention, treatment
interruption, or both. As discussed previously as a means of prophylactic interven-
tion, relocating the arrays and avoiding the affected skin can also be used for treat-
ment of established dAEs. For areas that cannot be avoided by simply shifting the
arrays, sterile nonadherent dressing pads or gauzes can be inserted between ceramic
discs and scalp surfaces with dAEs to temporarily avoid direct contact.

Pharmacological treatment primarily consists of topical therapies, such as corti-
costeroids and antibiotics. Dermatitis is primarily treated with topical corticoste-
roids. Since topical therapies can only be applied at the time of transducer array
exchange, high-potency corticosteroid ointments or foams are recommended. When
the epidermal barrier is compromised or signs of infection exist, topical antibiotics
should be used. Skin flora on the scalp should designate the selected spectrum of
antibiotics used. However, neomycin containing topical antibiotics should be
avoided due to a high incidence of ACD in the general population.

Topical therapies should be applied and left for 15 to 30 minutes. Residue must
be removed by either re-washing the scalp or by using 70 % isopropyl alcohol.
Lipids in the creams and ointments may interfere with contact of the ceramic discs
in the transducer arrays when residue remains on the skin. An alternative is the use
of topical steroids and antibiotics that are delivered in a vehicle such as foam, which
will dissolve within minutes after skin contact.

Treatment interruption and topical therapies may be required for patients suffer-
ing from intolerable dAEs. Discontinued array application for 2 to 7 days is fre-
quently sufficient for the resolution of the dAEs in concordance with the cellular
turnover rate in the epidermis [7]. However, the treating oncologist should recog-
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nize that prolonged treatment interruption may compromise TTFields therapy effi-
cacy as longer survival was noted among patients who had a compliance rate of
>75 % when compared to those with <75 % compliance [3]. Given the likelihood of
recurrence in glioblastoma patients, prophylactic measures to prevent dAEs are par-
ticularly important and should be used upon TTFields therapy re-application.

Dermatologic Adverse Events Associated with Combination
Therapies

As TTFields therapy is approved for the treatment of glioblastoma, most patients
have undergone or are still undergoing other forms of therapy. Frequently, patients
will have healing scars from previous surgery. They may also be receiving concomi-
tant systemic chemotherapy. Both situations complicate the use of transducer arrays,
and should prompt the oncologist to monitor more frequent for severe dAEs. As
each systemic chemotherapy or targeted drug therapy has its own unique adverse
event profile, only treatments that are commonly used together with TTFields ther-
apy will be discussed (Table 9.2).

Bevacizumab has been found to delay wound healing, including surgical wound
closure [11, 12]. By inhibiting the vascular endothelial growth factor ligand, beva-
cizumab blocks angiogenesis, which is required for proper wound healing.
Furthermore, the repetition of applying and removing transducer arrays, as well as
shaving of the hair, from the scalp can expose the skin to frequent mechanical

Table 9.2 Preventive measures for TTFields combination therapy

Mechanism of contribution to
Treatment adverse event Precautionary measures

Bevacizumab Delayed wound healing ¢ Avoid placing arrays at sites of surgical
scars, recent surgical sites, sites of
erosions/ulcerations

¢ During manipulation of skin, take extra
care to avoid compromising the skin

barrier
Craniotomy Inferior tensile strength ¢ Avoid placing arrays at sites of surgical
of skin scars, recent surgical sites
Altered vascular supply
to skin
Temozolomide Myelosuppression ¢ Close monitoring for secondary
infections
¢ Close monitoring for bleeding
¢ Close monitoring for rashes
Radiation Radiation-induced cell death e Careful manipulation of skin at sites of

radiation exposure
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trauma [13, 14]. These factors combined with delayed wound healing will likely
increase the frequency and severity of dAEs. Therefore, array placement at areas
with compromised skin, such as previous surgical sites, must be avoided. When
dAEs are detected, arrays must be placed in alternative areas. Furthermore, the
oncologist caring for patients who are receiving concurrent bevacizumab needs to
be aware of compromised wound healing, and extra care must be taken when
manipulating their skin. Extra effort will also be needed to ensure proper prophylac-
tic intervention in these patients to prevent significant morbidities associated with
improper wound healing [15].

Temozolomide is a cytotoxic agent for glioblastoma patients and it has been
found to cause neutropenia and thrombocytopenia [16]. If damage to the skin occurs
during preparation or manipulation of the device, neutropenic or thrombocytopenic
patients would be at a higher risk of developing secondary infections or severe
bleeding, respectively. In addition, rashes have been reported in up to 4 % of patient’s
receiving temozolomide [17]. Monitoring these potential adverse events is critical
given the increased susceptibility of these patients when using TTFields therapy
concurrently. Although no studies to date have linked temozolomide to complica-
tions with wound healing, cell death induced by DNA alkylation [18] could poten-
tially interfere with this process.

Radiation commonly compromises wound healing and can lead to atrophy of the
skin, ulcer formation, and desquamation [19]. Up to 60 % of surgical patients who
were previously treated with radiation experience complications [19]. Increased
rates of infection and poor wound healing have been reported [16], likely resulting
from death of skin cells and infiltration of immune cells at the site of radiation expo-
sure. Patients with glioblastoma are typically treated with radiation to the head,
leading to an increased likelihood of dAEs on the scalp when transducer arrays are
applied. One must account for the repetitive mechanical forces that will be applied
to the fragile, irradiated skin and adjust accordingly.

The initial recommended treatment of glioblastoma is surgical resection [20].
Thus, craniotomy scars will be present in the majority of patients. Scars that have
not completely healed have inferior tensile strength and altered blood flow [11], and
therefore they are more susceptible to developing dAEs. It is important to allow all
scars to heal completely before array placement, and to refrain from placing arrays
directly over these areas. In addition, proper post-operative wound care to surgical
sites is highly recommended.

Patients with glioblastoma may also be treated with various combinations of
anti-cancer therapies. As most patients will have undergone a craniotomy, treatment
with bevacizumab in patients with craniotomy scars is common. Patients who have
undergone a craniotomy and who are concomitantly treated with bevacizumab have
been shown to have higher rates of wound healing complications post-operatively
[15]. Therefore, with the application of transducer arrays and the use of TTFields
therapy, applying proper prophylactic therapies and monitoring for dAEs are criti-
cal for these patients.
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Conclusion

TTFields therapy is a novel anti-cancer treatment that involves physical contact of
the transducer arrays with the scalp and has a unique profile of adverse events. The
treating oncologist and other staff members must become familiar with these
adverse events, and develop individualized plans for preventing and treating them.
The continuous use of proper prophylactic measures, combined with the necessary
treatment interventions when adverse events develop, are essential in managing
patients on TTFields therapy. Moreover, the concurrent use of systemic agents, sur-
gery or radiation may potentiate the frequency and severity of dAEs, requiring addi-
tional supportive care efforts, all of which will help to maintain QoL and maximize
benefit from TTFields.

Quality of Life Issues in Patients Treated with Tumor Treating
Fields Therapy

Tumor control and survival had traditionally been the primary focus of brain tumor
treatment assessment. Clinical research was designed around clinical outcome
parameters, which included primarily overall and progression-free survival as end-
points. The emphasis was on extending life and less so on QoL. Although the con-
cept of QoL in this context has been recognized for a long time, there has been a
clear shift to more QoL-oriented medicine over the last 2 to 3 decades [21].
Functional performance has become another important assessment parameter of
cancer patients after Karnofsky introduced a simple performance score, but an
appreciation of its importance on survival and treatment response has led to a shift
in what is considered therapeutic success in cancer clinical trials [22].

The assessment of QoL has therefore evolved into an important and fundamental
part of oncologic trials as well as part of the routine protocol at clinical follow-up
visits. QoL assessment consists of a number of domains that cover a multitude of
aspects of performance and well-being, and tries to reflect the current social, eco-
nomic, psychological, spiritual, and health status of the individual patient. Organ-
specific QoL questionnaires for cancer patients have been designed and validated in
order to characterize the disease-specific impact on an individual’s life [23, 24]. In
brain tumor patients—more than in other cancer patients—the disease affects
multiple domains of well-being and performance. Patients often suffer from a mul-
titude of neurological deficiencies and symptoms, seizures, and side effects from
high-dose corticosteroids and anticonvulsive therapies, even before the initiation of
prolonged radiation and chemotherapy [25].

The purpose of this section of the chapter is to summarize QoL issues related to
the usage of TTFields therapy in patients with glioblastoma, a World Health
Organization grade IV primary brain tumor and the most common primary malig-
nant brain tumor affecting the adult population.
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Quality of Life Assessment During Tumor Treating Fields
Therapy

In contrast to conventional chemotherapies, biological therapies, and radiation
treatment, TTFields therapy involves an externally applied device whose technical
details [2, 4] and proposed mechanism of function have been described in depth
elsewhere [26, 27]. Relevant for this review is the fact that continued treatment is
applied through transducer arrays that are attached to the shaved scalp. These arrays
are connected to a portable device that generates TTFields and, as such, affects
tumor growth. This is the source of the main difference between its application to
traditional drug treatments, and the reason why it might impact QoL in a different
way. Scalp attached transducer arrays are connected and activated by the operating
device for at least 18 hours a day in order to deliver effective treatment. As a result,
patients and their families become closely involved in the provision of treatment
and can take responsibility for its correct application on a daily basis.

Two phase III randomized clinical trials involving the application of the device
in glioblastoma patients have thus far been conducted. The first trial (EF-11) com-
pared TTFields monotherapy to Best Physician’s Choice chemotherapy in glioblas-
toma patients with one or more recurrences. This trial included 120 patients
randomized to the device arm, and the results were published elsewhere [2]. The
second trial (EF-14) compared temozolomide maintenance therapy with and with-
out TTFields therapy in over 700 newly diagnosed glioblastoma patients after com-
pletion of initial standard-of-care radiotherapy and concomitant daily temozolomide
in multiple treatment centers. The results of the interim analysis on 315 analyzed
patients were recently published [4] and the QoL-related results of both clinical tri-
als are discussed here.

Outcome of Quality of Life Assessment

One of the important questions related to the use of the device in real life is patient
compliance. The log file analyses that were generated by the device of patients
treated in the EF-11 trial revealed a high mean compliance rate (86 %, range
41-98 %) that translated into a mean use of 20.6 hours per day. Completion of at
least 1 month of treatment (i.e., a 4-week cycle) was documented in 79 out of 120
(65.8 %) enrolled patients in the TTFields therapy arm. A post hoc subgroup analy-
sis showed a trend towards better compliance and treatment efficacy [28].

There are no known systemic adverse events associated with the Optune® device,
except for an occasional skin rash, itching, irritation or, in rare cases, skin ulcer-
ation. These adverse events are associated with the use of the scalp transducer arrays
and defined as mild-to-moderate (grade 1 or 2) contact dermatitis, occurring in 16 %
of patients [2]. The dermatologic aspects of this therapeutic approach were pre-
sented in detail and discussed in the early part of this chapter.
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Role functioning
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Fig. 9.1 Longitudinal change in QoL domains as recorded on the QLQ C-30 questionnaire from
baseline to 3 months in the EF-11 trial. Change in % from baseline (negative values suggest wors-
ening of the domain). BPC Best Physician's Choice, QLQ quality of life questionnaire, QoL quality
of life

Participating patients in the EF-11 trial answered a standard QoL questionnaire
(EORTC-QLQ C-30) [29] at the time of enrollment and every 3 months thereafter. A
total of 63 (26 %) of those patients were available for a longitudinal QoL analysis (>3
months on study). Thirty-nine out of 120 (30%) patients treated with TTFields
monotherapy and 27 out of 117 (23 %) who received chemotherapy were eligible for
a longitudinal QoL analysis. The QoL domains comprised a global health scale, as
well as cognitive, emotional, physical, role and social functioning (Fig. 9.1). A strik-
ing difference was observed between the chemotherapy arm and the TTFields mono-
therapy arm in the domains of cognitive and emotional functioning, favoring the
latter. There were no remarkable differences in global health, social, role, or physical
functioning between the two treatment arms. In addition, treatment-associated toxic-
ity was assessed by a symptom scale analysis (Fig. 9.2). As expected, appetite loss,
constipation, diarrhea, nausea, and vomiting were predominantly associated with
patients in the chemotherapy-treated arm. Pain and fatigue were reported only by
patients in the chemotherapy arm and none in the TTFields-treated group.

The results of the EF-14 trial have only been published partially. The following
are data of the interim analysis, after the completion of data collection on the first
315 randomized patients [4]. A total of 238 (75.6 %) patients who were enrolled in
EF-14 were available for this longitudinal QoL analysis (>3 months into the study).
Within this group, 171 out of 210 (81.4 %) received combined TTFields therapy and
temozolomide and 67 out of 105 (63.8 %) treated with temozolomide only were
eligible for this interim analysis. It should be borne in mind that both arms received
standard temozolomide chemotherapy and that the study arm was additionally
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Fig. 9.2 Longitudinal change in symptom scale from baseline to 3 months in the EF-11 trial as
recorded by a questionnaire. Change in % from baseline (negative values suggest improvement of
symptoms). BPC Best Physician's Choice

treated with TTFields therapy. Chemotherapy-associated symptoms were more
evenly distributed between the two study arms. In EF-14, the QoL domains were
similar over a 9- to 12-month longitudinal observation period. A statistical analysis
(two-way ANOVA) did not yield any meaningful differences yet.

Conclusions

Glioblastoma patients may have a number of treatment options at certain stages of
their disease, and while the effectiveness of the various approaches might be quite
similar, the therapeutic approach that has a superior QoL profile will be more appeal-
ing for the patient. As a result, a substantial portion of current cancer clinical trials is
devoted to QoL issues. Patients with recurrent glioblastoma treated with TTFields
monotherapy reported more favorable QoL outcomes and fewer adverse events com-
pared to patients who were in the chemotherapy group in the EF-11 trial. However,
in EF-14, chemotherapy-associated symptoms were more evenly distributed between
the two study arms; the QoL domains were similar over a 9- to 12-month longitudi-
nal observation period and there was no significant difference in any of the QoL
domains. Taken together, TTFields monotherapy showed a more favorable QoL pro-
file compared to chemotherapy alone, while TTFields in combination with chemo-
therapy did not impact the QoL of patients compared to chemotherapy alone.
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Chapter 10
Future Directions for Tumor Treating Fields

Eric T. Wong, Minesh P. Mehta, Andrew A. Kanner,
and Manmeet S. Ahluwalia

Future evaluation of the efficacy of Tumor Treating Fields (TTFields) as delivered
by the Optune® device will focus upon combination therapies for glioblastoma and
monotherapy for other cancer types. Several clinical trials are being conducted and
others are being planned for investigating use of TTFields in combination with ste-
reotactic radiosurgery (SRS) and bevacizumab for glioblastoma, and as local treat-
ment for non-small cell lung cancer brain metastasis, systemic lung cancer,
mesothelioma, pancreatic cancer, and ovarian cancer. It is noteworthy that the test-
ing of TTFields in humans started in neuro-oncology, initially for the treatment of
recurrent glioblastomas (NCT00379470) [1] and later in newly diagnosed glioblas-
tomas (NCT00916409) [2]. This route of development for a new anti-cancer therapy
is highly unusual because treatments in neuro-oncology were traditionally adopted
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from established therapies from other disease sites, when the accompanying pre-
clinical scientific data on the mechanisms of action have been firmly established.
The two pivotal trials conducted in glioblastoma have helped to establish TTFields
as a bona fide anti-cancer treatment that merits investigation in other types of malig-
nancies outside the central nervous system. In this chapter, we will discuss current
and emerging clinical trials that utilize TTFields alone or in combination with other
modalities of treatment for glioblastoma and other central nervous system tumors
(Table 10.1), and as monotherapy or combination therapy for systemic malignancies
(Table 10.2).

Combination Treatments Using Tumor Treating Fields
for Glioblastoma

The rationale for combining TTFields with SRS for recurrent glioblastoma is based
on prior SRS trials that demonstrated a survival rate of 8 to 10 months [3-5].
Although not statistically comparable, especially because of significant differences
in patient selection, survival after SRS appears favorable when compared to chemo-
therapy [6, 7]. Furthermore, from a radiobiological standpoint, large fraction radio-
therapy might potentiate immune-mediated anti-tumor activity [8, 9]. The addition
of TTFields after SRS may further potentiate this effect because tumor cells exposed
to alternating electric fields exhibit cell surface expression of calreticulin and the
secretion of HMGBI1, both of which are required to generate immunogenic cell
death [10—12]. In a retrospective analysis of patients with poor prognosis recurrent
glioblastoma, the addition of SRS to TTFields therapy prolonged survival when
compared to TTFields alone, with a median overall survival of 12 (95 % CI 4-20)
months for SRS plus TTFields versus 4 (95 % CI 2-6) months for TTFields alone
(»=0.0036), recognizing that different patients were selected for these treatment
approaches [13]. Taken together, there is a biological rationale underpinning the
combination of TTFields and SRS.

Bevacizumab is a humanized monoclonal antibody that inhibits the action of
vascular endothelial growth factor and has been approved by the U.S. Food and
Drug Administration for recurrent glioblastoma. It is another treatment modality
that can be combined with TTFields in an effort to prolong the progression-free
survival and/or overall survival of patients with recurrent glioblastoma. To date,
clinical trials using single-agent bevacizumab for glioblastoma have not shown an
improvement in overall survival but have demonstrated a benefit in progression-free
survival [14, 15]. However, a post hoc analysis of the phase III EF-11 trial for recur-
rent glioblastoma revealed that the use of TTFields monotherapy among patients
who had progressed on bevacizumab (n=23) resulted in an improved median over-
all survival of 6.0 months compared to those treated with chemotherapy (n=21)
who had a median overall survival of 3.3 months (hazard ratio=0.43, 95 % CI, 0.22—
0.85) [16]. Recurrent glioblastoma patients present a very difficult therapeutic chal-
lenge and an area of unmet need, and it is therefore hoped that the combination of
TTFields and bevacizumab can potentially prolong their survival. In addition, the
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mechanism of action of TTFields is not limited by normalization of the blood brain
barrier due to the use of concomitant bevacizumab as noted earlier. The favorable
intracranial safety profile of TTFields and bevacizumab suggests that the combination
will probably have an acceptable level of toxicity [ 16, 17]. There is a planned Radiation
Therapy Oncology Group (RTOG) Foundation study on TTFields and bevacizumab
in patients with recurrent glioblastoma that have progressed on bevacizumab. The
primary endpoint is the overall survival rate at 6 months from registration, while the
secondary endpoints include overall survival, progression-free survival, objective
response rate, and the frequency of treatment-related adverse events.

There are a number of ongoing investigator-initiated trials combining TTFields
and bevacizumab (Table 10.1). Two phase II studies are currently evaluating this
combination in patients with recurrent glioblastoma (NCT01894061 and
NCT02663271). Another investigator-initiated phase II trial is investigating
TTFields therapy combined with bevacizumab and carmustine for the treatment of
glioblastoma in first relapse (NCT02348255). A fourth study is evaluating the com-
bination of TTFields with bevacizumab and hypofractionated stereotactic irradia-
tion in bevacizumab-naive patients with recurrent glioblastoma (NCT01925573);
an important goal of this trial is to generate preliminary safety data for the concomi-
tant use of fractionated radiation and TTFields. In addition, a phase II study on
patients with newly diagnosed glioblastoma is evaluating the efficacy of combining
TTFields with temozolomide and bevacizumab in the adjuvant phase of treatment,
after initial radiotherapy with concomitant temozolomide and bevacizumab
(NCT02343549). Collectively, these ongoing studies reflect the enthusiasm for
multimodality combination therapy using TTFields plus other treatments such as
bevacizumab and temozolomide, bevacizumab alone, or bevacizumab and radiosur-
gery or hypofractionated radiotherapy.

One important study is aimed at addressing the issue of finding genomic signa-
tures that may correlate with the response to TTFields treatment in recurrent glio-
blastomas (NCT01954576). The subjects in the trial are stratified according to
whether they are bevacizumab naive or refractory, and the primary endpoint is over-
all response rate according to criteria established by Response Assessment in Neuro-
Oncology (RANO) [18]. Another study utilizes high resolution magnetic resonance
imaging and spectroscopy sequences, repeated at frequent intervals during TTFields
treatment, to evaluate and potentially predict therapeutic response (NCT02441322).
Together, these studies may offer important insights into the genomic background
associated with radiologic response when patients are treated by TTFields.

Tumor Treating Fields for Brain Metastasis

TTFields are being investigated for the treatment of brain metastasis from non-small
cell lung cancer. Preclinical experiments have demonstrated that multiple human lung
cancer cell lines, including H1299 (adenocarcinoma), A549 (adenocarcinoma), HTB-
182 (squamous cell carcinoma), and HCC827 (adenocarcinoma with mutated
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epidermal growth factor receptor [EGFR]), had maximal mitotic disruption at an elec-
tric field frequency of 150 kHz (Table 10.3) [19, 20]. There was also an additive effect
in vitro on tumor cell killing when TTFields were combined with cytotoxic chemo-
therapies such as premetrexed, cisplatin, and paclitaxel in H1299 and HTB182 cells,
as well as targeted therapy such as erlotinib for the EGFR-mutated HCC827 cells
[19]. Furthermore, using murine Lewis lung carcinoma cells and KLN205 squamous
cell carcinoma cells orthotopically implanted into the left lung of C57BL/6 mice, in
vivo efficacy was also observed when pemetrexed, paclitaxel, or cisplatin was com-
bined with TTFields [19]. Therefore, there is a strong basis for the application of
TTFields in human clinical trials because of its known anti-mitotic mechanisms of
action, coupled with the observed robust anti-tumor activities in vitro and in vivo.
The COMET or EF-21 trial was designed to administer TTFields at a frequency of
150 kHz in a phase II randomized study conducted in Europe for non-small cell lung
cancer brain metastasis (NCT01755624). Specifically, this trial enrolls patients with 1
to 5 newly diagnosed brain metastases treated initially with standard-of-care local
therapy consisting of either SRS alone or surgery plus SRS, and then followed by
randomization to receive TTFields therapy or supportive care. The primary endpoint
is time to local or distant intracranial progression. Secondary endpoints include over-
all survival, 6-month intracranial disease control rate, neurocognitive function, qual-
ity of life, progression-free survival, and adverse events. A similar trial that is currently
being implemented in the United States is the METIS or EF-25 trial (NCT02831959).
The design is similar but METIS allows up to 10 brain metastases treated by local
therapy and the analysis will be stratified according to the number of metastases [21].

Tumor Treating Fields for Atypical and Anaplastic
Meningioma

Based on the emerging data on TTFields efficacy for recurrent and newly diagnosed
glioblastomas, the Optune® device set at 200 kHz is being applied to other central
nervous system tumors such as recurrent grade II atypical and grade III anaplastic
meningiomas (NCT1892397). The trial is being conducted at multiple sites in the
United States and approximately 21 subjects will be enrolled in the study. The pri-
mary outcome measure is progression-free survival and the secondary endpoints are
overall survival as well as safety and tolerability.

Ongoing Studies of Tumor Treating Fields for Extracranial
Solid Tumors

The effect of TTFields was also investigated preclinically in AsPC-1 and BxPC-2
human pancreatic adenocarcinoma cell lines, and the reported optimal frequency
for anti-mitotic effects is 150 kHz [20, 22]. Interestingly, TTFields caused an
increase in cell volume in both AsPC-1 and BxPC-2 cells, a finding consistent with
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aberrant cytokinesis [20, 23]. These encouraging findings led to PANOVA, a dou-
ble-arm, nonrandomized, open-label pilot trial, for advanced pancreatic carcinoma
testing the safety of add-on TTFields to gemcitabine or to gemcitabine plus nab-
paclitaxel (NCT01971281). This trial has completed patient accrual in Europe.
Preliminary safety results from 20 enrolled subjects demonstrated 14 (70 %) had
serious adverse events, of which 6 (30 %) were hematological, 9 (45 %) were gas-
trointestinal, and 3 (15 %) were pulmonary events [24]. There was 1 (5 %) fatality
from intestinal perforation. Dermatitis, a known side effect of TTFields therapy,
was reported in 10 (50 %) subjects and 2 (10 %) were grade 3 in severity but resolved
with treatment. Six (30 %) had a partial response and another 6 (30 %) had stable
disease. Therefore, the data available thus far indicate that treatment with TTFields
in combination with gemcitabine or gemcitabine plus nab-paclitaxel has an accept-
able safety profile and warrants further clinical trial investigation.

The optimal TTFields frequency for mitotic disruption is 200 kHz in A2780
ovarian carcinoma cells and in vitro experiments have shown a significant decrease
in cellular viability and clonogenicity (by 45 % and 24 %, respectively) [20, 25]. In
vivo mouse studies also showed activity with reduction in tumor luminescence by
40 % and tumor weight by 55 % [25]. These favorable preclinical data led to the
development of a pilot phase I/Il INNOVATE study of TTFields therapy at 200 kHz
given in combination with weekly paclitaxel for recurrent ovarian carcinoma
(NCT02244502). The primary endpoints are the adverse event rate and the number
of patients prematurely discontinuing TTFields therapy due to skin toxicity. The
secondary endpoints include progression-free survival, overall survival, 1-year sur-
vival rate, radiological response including duration of response, CA-125 biomarker
response rate including response duration, and patient compliance. The study has
completed accrual in Europe.

For mesothelioma cells, such as MSTO-211H and NCI-H2052, the optimal fre-
quency for mitotic disruption is 150 kHz and 200 kHz, respectively [20]. Cell viabil-
ity decreased by about 60 % in both cell lines and clonogenicity decreased by 70 %
and 60 %, respectively [20]. A pilot study using the Optune® device at 200 kHz
included a patient with pleural mesothelioma who experienced tumor regression
near the site of TTFields application and stabilization of other distally located tumors
[26]. The phase II STELLAR trial is now testing the efficacy of TTFields in combi-
nation with cisplatin or carboplatin for malignant pleural mesothelioma
(NCT02397928). The primary endpoint is overall survival, and the secondary end-
points are progression-free survival, response rate, and adverse event rate. This
study is being conducted at multiple sites in Europe and is expected to enroll 80
subjects.

Non-small cell lung carcinoma cells, such as H1299 and A549, are disrupted by
TTFields at 150 kHz frequency. In particular, A549 cells exhibited marked mitotic
spindle disruption upon exposure to TTFields [20]. Based on the preclinical data, the
LUNAR or EF-24 trial will be conducted as a randomized study to investigate the
benefit of TTFields at the 150 kHz frequency when added to anti-PD1 checkpoint
inhibitor therapy or paclitaxel for patients with advanced non-small cell carcinoma
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of the lung. The primary objective is overall survival and secondary objectives
include progression-free survival, radiological response, and quality of life assess-
ment. This study is being planned to enroll subjects in the United States and Europe.

Conclusions

Future directions for the treatment of glioblastoma by TTFields will involve combi-
nation therapies when TTFields are added onto existing regimens or combined with
personalized medicine based on genomic profiling. These combinations may
include SRS, hypofractionated radiation, bevacizumab, and/or cytotoxic chemo-
therapy, such as temozolomide or lomustine. Furthermore, a number of trials for the
treatment of central nervous system tumors other than glioblastoma have been initi-
ated since 2012, including investigator-initiated trials for recurrent atypical and
anaplastic meningiomas. There are ongoing or planned studies for brain metastases
from non-small cell lung cancer as well. Lastly, TTFields efficacy is also being
studied for the treatment of extracranial solid tumor malignancies, such as pancre-
atic adenocarcinoma, ovarian carcinoma, pleural mesothelioma, and non-small cell
lung carcinoma. As these trial results accumulate over time, TTFields may poten-
tially become an efficacious treatment modality that can be applied to multiple
types of malignancies.
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