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ABSTRACT 
 

Tumor Treating Fields (TTFields) are alternating electric fields delivered by 
Optune® and this device was approved by the United State Food and Drug 
Administration for the treatment of recurrent glioblastoma in 2011 and newly diagnosed 
glioblastoma in 2015. A thorough understanding of the mechanisms of action requires 
knowledge in the electrical properties of brain tissues, finite element analysis using 
computer modeling, the impact of TTFields on cellular processes and clinical neuro-
oncology. TTFields propagate from the surface of the scalp into the brain and the 
distribution of the fields is governed by the laws of physics and electromagnetism. 
Computer modeling helps to determine the amount TTFields accumulated in the 
glioblastoma as delineated by the Electric Field-Volume Histogram and the Specific 
Absorption Ratio-Volume Histogram. At a frequency of 200 kHz, the alternating electric 
fields disrupt intracellular proteins or molecules with large dipole moments that are 
essential for the orderly progression of tumor cell division during mitosis, resulting in 
violent membrane blebbing as well as defective chromosome and cytoplasmic 
segregation leading to apoptosis or immunogenic cell death. When applied in the clinical 
setting, favorable results were seen in randomized clinical trials in the recurrent and 
newly diagnosed glioblastoma populations, as well as their corresponding positive quality 
of life measures. 
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Key Messages 
 

 Tumor Treating Fields (TTFields) can penetrate the skull into the brain parenchyma 
 Electric conductivity more than relative permittivity of tissues affects the distribution 

of TTFields throughout the brain 
 TTFields on gross tumor volume (GTV) can be estimated using finite element 

analysis to generate electric field-volume histogram (EVH) and specific absorption 
ratio-volume histogram (SARVH) 

 Cerebrospinal fluid at the convexity and ventricles, as well as tumor geometry, can 
affect the dose of TTFields delivered to the GTV 

 Array disposition may change the distribution of TTFields in the brain 
 The presence of a conductive necrotic core and tumor geometry profoundly affect 

TTFields at the GTV 
 Semi-automated vs automated segmentation of the brain from MR produces 

profound differences in finite element analysis of TTFields 
 TTFields at 200 kHz specifically target elements of the mitotic machinery, such as 

Septin and Tubulin, that have high dipole moments 
 TTFields can induce cellular stress and dysfunction that result in immunogenic cell 

death 
 TTFields offer survival advantage in randomized phase III clinical trials for newly 

diagnosed glioblastoma patients 
 Dexamethasone use can influence the outcome of patients receiving TTFields 
 TTFields have high patient tolerability and safety profile in the real-world, clinical 

practice setting 
 
 

INTRODUCTION 
 
The use of lower frequency electromagnetic energies for the treatment of brain tumors, 

aside from ionizing radiation, offers an opportunity to treat malignant brain tumors with less 
toxicity. One of these treatments utilizes alternating electric fields at 200 kHz – or Tumor 
Treating Fields (TTFields) – which has been demonstrated to produce a significant survival 
benefit for glioblastoma patients. TTFields are administered externally on the scalp by the 
Optune® device that consists of two pairs of transducer arrays positioned orthogonally from 
each other and are connected to a portable electric field generator [1]. The intracranial 
distribution of TTFields is governed by the basic laws of physics. Derivatives of these laws 
also comprise principles such as capacitive reactance and specific absorption rate, which are 
critical for the characterization of the respective electric field distribution and power 
absorption rate within the brain [2]. Furthermore, the distribution of TTFields is dependent on 
tissue characteristics, such as physical density, geometry, electric conductivity and relative 
permittivity, which in turn determine the changing magnitude and direction of electric 
charges flowing through different regions of the brain as a function of time. Preclinical 
experiments have shown that TTFields interfere with dividing cancer cells as they undergo 
the metaphase-to-anaphase transition in mitosis with evidence that they may perturb the 
functions of α/β Tubulin and Septin 2,6,7 protein complex, both of which possess high dipole 
moments [3, 4]. There is also accumulating evidence that TTFields affect cells in interphase 
leading to cellular stress, transcriptional alteration and dysfunctional DNA repair [5]. 
Additional in vitro studies have shown that TTFields induce autophagy and affect cellular 
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motility required for tumor invasion [6]. However, the modeling of TTFields in the brain and 
therefore treatment verification requires complex computational simulation and modeling of 
electromagnetic wave propagation, which entails added difficulties due to the different 
conductivity and relative permittivity values of various intracranial tissues and cavities [2]. 
Therefore, understanding the biophysical behaviors of these fields, as well as the underlying 
biological effect within the tumor, is essential for optimizing this treatment for glioblastoma 
patients. In this chapter, we will describe (i) the physics of non-ionizing TTFields, (ii) 
computer simulation of TTFields within the brain, (iii) the biological effects on tumor cells, 
and (iv) data from clinical trials for the treatment of glioblastoma. Future improvements in 
therapies using TTFields will require deeper knowledge and smarter application of electricity 
and magnetism at various levels of biological organizations. 

 
 

Physics of TTFields 
 
The distribution of TTFields is govern by the laws of physics, specifically Coulomb’s 

Law, Gauss’ Law, Ohm’s Law and the principles of continuity and capacitance. The human 
head from the scalp to the ventricles can be modeled as a circuit of capacitors placed in series, 
with each structure having its own relative permittivity and conductivity values. First, the 
magnitude of the electric field at a particular test point in space, located at a specified distance 
from the test charge, can be computed using Coulomb’s Law, which accounts for an inverse 
square relationship (Figure 1). Second, the relationship between the electric charge and the 
electric field can be described by Gauss’ Law in Eq. 1 as shows in the differential form.  

 
 Eq. 1 

 
   Eq. 2 

 

 

Figure 1. Inverse square relationship in Coulomb’s Law. The electric field strength attenuates in 
proportion to the square of the distance between the charge and at a test point in space. 
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Figure 2. Relationship between electric field and charge according to Gauss’ Law. The flow of electric 
field, or the electric flux , is the net sum of the electric fields  over a closed surface area in a 
volume that encloses all the charges Q. Here, n ̂ represents the surface normal through a surface 
element . (A) A positive point-charge generates electric field lines emanating from the center of the 
charge and traversing a Gaussian surface in an outward direction by convention. (B) The direction of 
electric field lines of a negative point-charge is inward towards the center of charge by convention. 

Gauss’ Law mathematically states that the divergence of the electric field, , is directly 
proportional to the space charge density ρ and inversely proportional to the permittivity of 
tissue or media ε, which is traversed by the electric charge. Correspondingly, the divergence 
of  is the magnitude of electric field that passes through a cross-sectional area. When Gauss’ 
Law is written in its integral form (Eq. 2), it states that the electric flux  or the flow of 
electric field, is equal to the net sum of the varying electric field , over a closed surface area 
in a volume that encloses all the charges, Q (Figure 2). Here,  represents the surface normal 
through a surface element . 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, depends on the charge density and dielectric properties of 
various tissues in aggregate. 

Ohm’s Law (Eq. 3) is important for determining the flow and distribution of TTFields 
due to differences in the electrically resistive properties of intracranial tissues. The 
generalized form of Ohm’s Law can be re-written by replacing (i) the current I with the 
current density , (ii) the inverse of the electric resistance R with the tissue-dependent 
conductivity, σ, and (iii) the electric potential V with the electric field  (Eq. 4). This is 
performed to satisfy Poisson’s equation for electrostatics (Eq. 5), which states that the 
negative spatial gradient of the electric potential field φ is equal to the electric field. 
Therefore, the greater the change in electric potential, the larger the electric field intensity. 
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. 

 
  Eq. 3 

 
  Eq. 4 

 
  Eq. 5 
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Third, the Continuity equation describes the conservation of charges within a defined 
volume, V, where the divergence of electric current density  that passes through a cross-
sectional area is equal to the loss of charge density from the volume over time (Eq. 6). Loss of 
charge here may be interpreted as the negative rate of change in charge density over time, 
while a gain of charge can be denoted by a positive rate of change in charge density over time 
in volume V. This establishes the basis for charge conservation where charge is neither 
created nor destroyed. In particular, this concept is important for computer modeling of 
TTFields within the brain, which provides the treating clinician a means of visualizing the 
intracranial distribution of TTFields [7]. Therefore, specifying the boundary conditions where 
charges are neither destroyed nor created is an important prerequisite. 

 
  Eq. 6 

 
Furthermore, the tissue conductivity is related to the frequency-dependent permittivity, 
. If the right hand side of Eq. 6 is set to 0, it is assumed that the induction 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 of the applied field is much 
larger than the dimension of the object it traverses, i.e., the human brain [8-14]. In this way, 
many research groups using 10 kHz have assumed that  over a finite time step [15, 16]. 
Based on the dimensional argument it appears that this approximation should still be 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. 

Finally, both capacitance and capacitive reactance can potentially influence the 
distribution of TTFields in the brain depending on the frequency of the applied electric field. 
The capacitance for any given geometry is proportional to the electric permittivity value, 
which typically characterizes the effectiveness of holding electric charges; the higher the 
electric permittivity of a tissue the larger the capacitance or the more electric charges it can 
hold. Keeping this in mind, it takes time to charge a capacitor to full electric potential, which 
is governed by Eq. 7. 

 
 Eq. 7 

 
The time constant τ is the time it takes for a conductive medium to approach electrostatic 

equilibrium, and this is proportional to the electric potential and therefore the electric field 
strength. However, for dielectrics, the relationship between relative permittivity of dielectric 
media and its conductivity is actually a function of applied frequency as displayed in Eq. 8, 
where ε0 is the permittivity of free space,  is the real part of the relative permittivity, σ is the 
conductivity, ω is the angular frequency of the applied wave and  is the unit vector. 

 
  Eq. 8 

 
As the frequency ω approaches 0,  becomes the dominant term, which denotes that 

at lower applied frequencies the electric field intensity is mostly dependent on the 
conductivity of the medium rather than the permittivity. Furthermore, capacitive reactance is 
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inversely proportional to capacitance. When the electric current is constant, the frequency 
component is nonexistent and therefore capacitive reactance is absent when dealing with 
direct current circuits. However, the Optune® device emits TTFields at 200 kHz, which 
requires the consideration of capacitive reactance and it is a crucial quantity that describes the 
opposition to change in electric potential when comparing the electric field distribution in 
different areas of the brain. Eq. 9 is the expression for capacitive reactance χ, showing the 
inverse proportionality of the frequency and the capacitance. 

 
  Eq. 9 

 
It is also notable that the capacitive reactance is inversely proportional to the electric 

conductivity of a conducting medium. At a constant frequency, the capacitive reactance of the 
medium is solely affected by the capacitance and thus only a limited amount of charge will be 
able to accumulate in the medium before the polarity of the current changes and the field 
collapses. This indicates that media with higher conductivity are associated with lower 
capacitance, smaller time constants and thus shorter time to reach electrostatic equilibrium or 
a ‘fully charge’ state. At high frequencies, these media will unlikely reach electrostatic 
equilibrium before the field polarity changes. 

 
 

FINITE ELEMENT MODELING OF TUMOR TREATING FIELDS 
 
In order to visualize the distribution of TTFields in the tumor and the surrounding brain 

tissues, the coupled Maxwell equations must be solved using numerical approximations such 
as finite element modeling. The computational procedures involve three essential steps: (i) 
segmenting various brain tissues (ii) applying appropriate initial and boundary conditions as 
well as material properties, and (iii) solving the coupled Maxwell equations using finite 
element analysis. We have developed a semi-automated end-to-end workflow that 
incorporated a pre-existing method of brain tissue segmentation from MR imaging called 
Statistical Parametric Mapping [17, 18], electrode generation, post-processing and mesh 
model generation that took an average of 3 hours [19]. First, patient image datasets, T1, T2 
and MP RAGE sequences from head MRI are acquired from DICOM formatted image files, 
which are then co-registered using post-acquisition processing software such as Mimics® 
(Materialize, Belgium) or ScanIP® (Simpleware, United Kingdom). Co-registration of these 
images is essential in order to produce an accurate delineation of various intracranial 
structures and cavities within the brain, allowing for high fidelity processing of anatomic 
structures that have low contrast (Figure 3). From these co-registered images, the main 
anatomic structures are segmented into separate masks. When all the structures have been 
completely segmented, including filling in small cavities and eliminating small “islands” by a 
combination of manual and automated segmentation techniques, a completely air-tight 3-
dimensional mesh is then generated based on the segmented volumes. This 3-dimensional 
mesh (Figure 4) is then imported into a finite element solver such as COMSOL 
Multiphysics® (COMSOL Burlington, Massachusetts, USA) to solve the coupled Maxwell 
equations and produce a map of electric field distribution within the human brain (Figure 5). 
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Figure 3. An end-to-end workflow for the finite element analysis of TTFields. This process consists of 
(i) segmentation of MRI datasets with SPM8 New Segment, (ii) electrode and gel cylinder generation 
and placement, (iii) post-processing of segmented volumes using ScanIP and the addition of the GTV, 
manual correction and meshing, and (iv) physics simulation using COMSOL Multiphysics® after 
defining all necessary parameters, material properties, boundary conditions and physics equations. 

 

Figure 4. Three-dimensional mesh of a human head. A 3-dimensional multilayer tetrahedral mesh for 
each intracranial structures (A), including skull (B), dura (C), cerebrospinal fluid (D), gray matter (E), 
white matter, tumor (F) and bilateral ventricles (G), is generated using ScanIP®.  

Although segmentation of various tissues and structures can be completed using a 
combination of automated features available in the image post-processing software, the 
results do not always turn out to be accurate or produced with high fidelity. As suggested in a 
study by Guo et al. [20], the digitized output from automated segmentation by Statistical 
Parametric Mapping contains pixels in the finite element modeling that do not optimally 
represent the true geometry. This causes the numerical solution of Maxwell’s equations to 
result in errors or singularities due to poor convergence. These non-convergent pixels (a.k.a 
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“dead” or “floating” pixels) require manual correction [20]. Although the presence of several 
non-convergent pixels may not change significantly the computed magnitude of electric 
fields, one must strive to eliminate these errors in order to obtain the best possible 
representation. An even more compelling reason to eliminate the floating pixels is to reduce 
the chance of producing a singularity in the output due to an inability to generate a correct 
finite element representation of the geometry over the affected pixel. Furthermore, floating 
pixels can also produce a singularity-like result due to dramatic changes in physical 
parameters such as electric conductivity [21]. Therefore, it is imperative to account for such 
details while preparing the finite element mesh.  

When the mesh is 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 
computations. One of the most basic techniques of numerically finding the roots of a set of 
coupled equations that otherwise cannot be solved analytically is the Newton-Raphson 
method [22]. 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 matrix equations consisting of many elements.  

 
 

ELECTRIC FIELD-VOLUME HISTOGRAM AND SPECIFIC ABSORPTION 
RATIO-VOLUME HISTOGRAM 

 
Once the electric field distribution within the brain is solved, the electric field–volume 

histogram (EVH) and specific absorption rate–volume histogram (SARVH) can be 
constructed to numerically evaluate the relative and/or absolute magnitude volumetric 
differences between different models and patients (Figure 5) [2]. Specifically, the parameters 
used for the comparison of electric fields include EAUC, VE150, E95%, E50%, and E20%, while the 
parameters used for the comparison of SAR consists of SARAUC, VSAR7.5, SAR95%, SAR50%, 
and SAR20% [2]. These parameters help identify a number of conditions that may significantly 
influence the electric field strength and the rate of energy absorption by the tumor. First, 
TTFields at the gross tumor volume (GTV) are influenced by the dielectric characteristics of 
the adjacent tissues as well as the GTV itself, particularly in the presence or absence of a 
necrotic core. Second, the thickness of the cerebrospinal fluid layer on the convexity of the 
brain affects the penetration of TTFields into the brain. In fact, a change of 1.5 mm in the 
thickness of the cerebrospinal fluid, which is ionic and highly conductive, can change the 
EAUC by almost 30% and SARAUC by about 45%. Third, array positioning can influence the 
electric field distribution and rate of energy deposition in the GTV. Lastly, the geometry of 
the tumor can also be a factor, and those with extreme asymmetry such as a conical shape can 
result in a variance of about 23% in the EAUC and 86% in the SARAUC. Taken together, a 
personalized approach for TTFields treatment can be developed using EVH and SARVH 
when various patient-related and tumor-related factors are incorporated into the treatment 
planning procedure. 
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Figure 5. EVH and SARVH generated from COMSOL Multiphysics®. The electric field distribution in 
various tissues and the glioblastoma (arrow) is displayed volumetrically as the EVH (A) and 
graphically as the electric field map (C). The amount of energy absorbed by various tissues and the 
glioblastoma (arrow) can also be displayed as the SARVH (B) and graphically as the SAR map (D).  

 
CELL BIOLOGY EFFECTS OF TUMOR TREATING FIELDS 

 
TTFields can induce a number of notable cell biology effects on tumor cells in culture 

depending on the frequency and directionality of the alternating electric fields [3, 4, 6]. 
Cytotoxicity was initially observed between 150 and 200 kHz, with little or no cell death 
observed below 50 kHz or above 500 kHz. Curiously, TTFields applied parallel to the plane 
of division exerted a markedly greater effect than when the incident angle was perpendicular, 
suggesting that the molecular target(s) of the field possesses a fixed and specific orientation 
relative to the fission plane of the dividing cell [3]. When affected cells were stained for 
Tubulin and DNA, they were found to be significantly disordered [3]. In addition, cells 
exposed to TTFields were observed to experience violent blebbing of the plasma membrane 
that occurs coincident with metaphase exit and entry into anaphase [4]. Degradation of both 
cyclin B and securin, which occurs at the end of metaphase, was similar in both TTFields and 
sham treated cells in cultures [4, 23]. There were also chromosome segregation errors leading 
to a measurable increase in cells with 4N DNA content following TTFields treatment. A 
persistence in phosphorylated Histone H3 levels, which is dephosphorylated in telophase, also 
suggests prolonged anaphase and indicative of aberrant mitotic exit [4, 23, 24]. Indeed, time 
lapse microscopy of cells stained with a vital DNA dye during mitosis revealed that cells 
treated with TTFields induced membrane blebbing that occurred at the time expected for exit 
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from metaphase and upon entry into anaphase, and the period of blebbing behavior extended 
beyond when telophase should occur [4]. This blebbing is most likely a result of plasma 
membrane rupturing from the subcortical actin cytoskeleton due to the inability to restrain 
normal intracellular hydrostatic pressure generated during cytokinetic furrow contraction [4]. 
Within anaphase, the Septin 2, 6 and 7 rapidly polymerize into a complex, which structurally 
helps to organize and coordinate the cytoplasmic cleavage furrow activation while it bundles 
and bonds the subcortical actin cytoskeleton to the plasma membrane [25-27]. Together, these 
data indicate that cells treated with TTFields transit normally through metaphase but are 
disrupted as they enter anaphase due to the violent mitotic blebbing, through the perturbation 
of molecular targets such as Septin and Tubulin that results in aberrant mitotic exit. 

TTFields exposure resulted in a high degree of cellular stress, as indicated by increased 
cytoplasmic vacuoles, decreased proliferation and apoptosis [6]. One source of this stress 
stems from the failure to resolve the mitotic spindle apparatus, multiple centrioles and/or the 
presence of supernumerary chromosomes in cells experiencing aberrant mitotic exit [28, 29]. 
Furthermore, cells that are exposed to TTFields have been shown to also exhibit cellular 
responses that are consistent with immunogenic cell death including the cell surface 
expression of Calreticulin and secretion of nuclear danger signal HMGB1 [23, 30, 31], both 
of which are hallmarks of endoplasmic reticulum and genotoxic stress. Therefore, this type of 
cell death likely plays a significant role in tumor regression observed after TTFields applied 
to immune competent mice injected with syngeneic tumor cell lines. Kirson et al. [32] showed 
that a brief TTFields treatment of sub-renal capsule injected VX2 tumor in immunocompetent 
rabbits markedly reduced subsequent metastatic spread to the lungs. Examination of 
metastatic tumors in the lungs of these treated rabbits showed a significant increase in 
immune infiltrates, which may reflect an increased requirement for immune protective stroma 
within the metastatic tumors developed in these animals [32]. In support of the importance of 
the immune system to effect clinical response to TTFields, dexamethasone use was strongly 
correlated with poor clinical outcome in patients receiving this treatment [33]. In pre-clinical 
models, TTFields also improved the efficacy of anti-PD1 checkpoint inhibition [31]. 

TTFields have also been shown to affect cellular processes likely to occur during 
interphase in ways that may play significant roles during therapy. Cells treated with TTFields 
show signs of cellular stress that are not related to mitotic disruption, such as increase in cell 
size and vacularity, including the accumulation of autophagic vacuoles and caspase-
independent cell death in several human glioma cell lines. These cell lines also exhibited 
marked reduction in migration in both transwell and wound healing assays, suggesting a 
perturbation of the required underlying cytoskeletal machinery, cellular polarization 
mechanisms or both [6]. Gene expression was also differentially affected in various human 
non-small cell lung cancer tumor cell lines exposed to TTFields resulting in a decrease in 
BRCA expression and an increase in γH2AX staining of DNA breaks [5], both of which 
significantly increased cellular sensitivity to radiation as evidenced by reduced clonogenic 
survival as well as increased DNA and chromosomal damage [5, 6]. Collectively, these data 
not only shed much needed light on the biological mechanisms of TTFields and possibly 
expand the range of intracellular targets, suggesting the utility of combining TTFields with 
other treatments such as targeted therapies and radiotherapy. 
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CLINICAL EFFICACY OF TUMOR TREATING FIELDS 
 
The first-in-human pilot trial investigating the safety and efficacy of TTFields was 

conducted in Europe from 2004 to 2007. Ten patients with recurrent glioblastomas and 
another 10 with newly diagnosed glioblastomas were enrolled [34, 35]. Both cohorts showed 
that the most common adverse event was contact dermatitis caused by irritation from the 
hydrogel interfacing between the scalp and the transducers, and this can be treated with 
topical corticosteroid [36]. In the newly diagnosed glioblastoma cohort, TTFields were added 
to the adjuvant temozolomide after initial radiotherapy plus daily temozolomide. The 
outcome was favorable, with a median progression-free survival (mPFS) of 35.8 months and 
median overall survival (mOS) greater than 39 months, compared to the historical data of 
mPFS of 6.9 months and mOS of 14.6 months [35, 37, 38]. There were 2 long-term survivors 
who lived 84 and 64 months from their initial diagnoses. Separately, the outcome for the 
recurrent glioblastoma cohort was also favorable, with a mOS of 14.4 months, time-to-tumor 
progression 6.0 months and 1-year OS of 67.5%, when compared to the historical data of 5.8 
months for mOS, 2.1 months for mPFS and 21% for 1-year OS [34, 39]. Two subjects 
experienced partial seizures that were related to their disease. There was no observed 
hematologic or metabolic derangement, except for increased liver enzymes among those 
taking anticonvulsants. There was 1 complete and 1 partial responder who lived to 84 and 87 
months, respectively, from the time of treatment initiation [35]. Importantly, the intensity of 
the penetrating electric field was directly measured in 1 patient and it was found to be within 
10% of the values estimated by finite element modeling [34]. The efficacy data in this pilot 
was subsequently used for calculating sample size in the pivotal phase III trial in recurrent 
glioblastoma. 

The first phase III registration trial (EF-11) was conducted between 2006 and 2009 to test 
the efficacy of TTFields against recurrent glioblastoma using OS as the primary endpoint 
(NCT00379470) [40]. In the 1:1 randomized intent-to-treat population, the mOS was 
comparable between subjects treated with TTFields and those treated with best physician’s 
choice (BPC) chemotherapy, 6.6 versus 6.0 months, respectively. Secondary endpoint such as 
mPFS was respectively 2.2 and 2.1 months, and PFS at 6 months was respectively 21.4% and 
15.1%. The 1-year survival rate was 20% in both cohorts. During the conduct of the trial, 
bevacizumab was approved for use in recurrent glioblastoma, and therefore about 31% of the 
BPC chemotherapy cohort received bevacizumab alone or in combination with 
chemotherapy. Grade 1 or 2 scalp irritations were the most common adverse events associated 
with the device. There were far less hematological toxicity, appetite loss, constipation, 
diarrhea, fatigue, nausea, vomiting and pain associated with the device when compared to 
BPC chemotherapy. Additional analysis showed that device-treated patients had better 
cognitive and emotional functions. The outcome of the trial indicated that TTFields probably 
had comparable efficacy when compared to chemotherapy and bevacizumab, and patients 
experienced less systemic toxicities. Based on these data, the United States Food and Drug 
Administration (US FDA) approved TTFields on April 8, 2011 for the treatment of recurrent 
glioblastoma [41].  

The discrepancy in the OS rates in the recurrent glioblastoma populations between the 
registration trial and the robust outcome in the first-in-human pilot study triggered a series of 
post hoc analyses of the trial data. First, responders in the phase III trial in either arm used far 
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less dexamethasone than nonresponders [42]. This finding prompted an extensive analysis of 
the entire phase III trial population and, using an unsupervised modified binary search 
algorithm, subjects in each arm were stratified based on the dexamethasone dosage. It was 
found that subjects treated with TTFields and used dexamethasone >4.1 mg/day had a 
shortened mOS of 4.8 months compared to the mOS of 11.0 months among those received 
≤4.1 mg/day [33]. This dexamethasone effect was also noted in the control arm among 
subjects treated with BPC chemotherapy and their mOS were 6.0 and 8.9 months, 
respectively [33]. These data were validated using a single-institutional cohort of patients 
treated with TTFields, and lower CD3+, CD4+ and CD8+ lymphocyte counts correlated with 
higher doses of dexamethasone use within this cohort, indicating that dexamethasone impairs 
patient immune effector functions when treated with either TTFields or chemotherapy. 
Therefore, dexamethasone use should be withdrawn or minimized in glioblastoma patients 
undergoing any kind of treatment for their disease. 

A post-approval analysis was also performed to investigate device implementation in 
routine neuro-oncology practice using the Patient Registry Data Set (PRiDe) [43]. PRiDe 
consisted of 457 patients from 91 treatment centers in the United States. Patients treated in 
PRiDe had a median OS of 9.6 months, which compared favorably to the mOS of 6.6 months 
in the phase III cohort treated with TTFields alone. The 1-year OS rate was also longer at 
44% compared with 20%, respectively. The difference in survival characteristics is most 
likely caused by the higher proportion of patients treated with TTFields at first recurrence in 
PRiDe (33%) than in the registration trial (9%). Earlier treatment during disease progression 
may provide a higher efficacy than treatment at a later time. Absence of prior bevacizumab 
usage was also favorable. The aggregate data indicate that TTFields have high patient 
tolerability and safety profile in the real-world, clinical practice setting. 

The phase III trial for newly diagnosed glioblastoma (EF-14) was conducted between 
2009 and 2014 (NCT00916409) [44]. After radiotherapy with daily temozolomide, patients 
were randomized in a 2:1 fashion to TTFields with or without adjuvant temozolomide. The 
primary endpoint was PFS. In a pre-specified interim analysis of 210 subjects randomized to 
TTFields plus temozolomide and 105 randomized to temozolomide alone at a median follow-
up time of 38 months (range, 18-60 months), there was a statistically significant benefit in the 
arm treated with TTFields and the data on mPFS were 7.1 and 4.0 months, respectively 
(hazard ratio [HR] 0.62, P = 0.001). The OS in the per-protocol population also favored the 
group treated with TTFields, with mOS of 20.5 and 15.6 months, respectively (HR 0.64, P = 
0.004). Treatment with TTFields and temozolomide was not associated with any significant 
increase in systemic toxicities compared to the control group treated with temozolomide 
alone. Health-related quality of life, as measured by European Organisation for Research and 
Treatment of Cancer (EORTC) QLQ-C30/BN20, showed an improvement favoring TTFields 
at 3 and 6 months but this improvement was no longer evident at 9 months [45]. Cognitive 
status as measured by the mini-mental status examination was stable over time [45]. The 
survival benefits noted in this trial and the absence of added toxicities eventually led the US 
FDA to approve TTFields in combination with adjuvant temozolmide for use in patients with 
newly diagnosed glioblastomas on October 5, 2015 [46]. Furthermore, the final analysis of 
this trial that was published in 2017 confirmed the survival benefits seen in the prior interim 
analysis [46]. In addition, the health-related quality measures that was published in 2018 
showed no additional toxicity other than scalp pruritis when TTFields were added to adjuvant 
temozolomide [47]. 
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CONCLUSION 
 
TTFields is a new treatment modality for glioblastoma. A thorough understanding of the 

mechanisms of action requires knowledge in the electrical properties of brain tissues, finite 
element analysis using computer modeling, the impact of TTFields on cellular processes and 
clinical neuro-oncology. The propagation of TTFields in the brain is governed by the laws of 
physics and computer modeling helps to determine the amount TTFields accumulated in the 
glioblastoma as delineated by EVH and SARVH. The alternating nature of TTFields affects 
intracellular proteins or other molecules with large dipole moments that are critical for cell 
division during mitosis, and that result in violent membrane blebbing as well as defective 
chromosome and cytoplasmic segregation leading to apoptosis or immunogenic cell death. 
Randomized clinical trials have shown favorable results in recurrent and newly diagnosed 
glioblastoma patients, together with a positive impact on their well-being based on quality of 
life measures. 
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