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ABSTRACT

Tumor-treating fields (TTFields) are a noninvasive antimitotic
cancer treatment consisting of low-intensity alternating elec-
tric fields delivered to the tumor or tumor bed via externally
applied transducer arrays. In multiple in vitro and in vivo can-
cer cell lines, TTFields therapy inhibits cell proliferation, dis-
rupts cell division, interferes with cell migration and invasion,
and reduces DNA repair. Human trials in patients with pri-
mary glioblastoma showed an improvement in overall sur-
vival, and trials in patients with unresectable malignant
pleural mesothelioma showed favorable outcomes compared
with historical control. This led to U.S. Food and Drug Admin-
istration approval in both clinical situations, paving the way

for development of trials investigating TTFields in other
malignancies. Although these trials are ongoing, the existing
evidence suggests that TTFields have activity outside of
neuro-oncology, and further study into the mechanism of
action and clinical activity is required. In addition, because
TTFields are a previously unrecognized antimitotic therapy
with a unique mode of delivery, the oncological community
must address obstacles to widespread patient and provider
acceptance. TTFields will likely join surgery, systemic therapy,
and radiation therapy as a component of multimodality man-
agement of patients with solid malignancies. The Oncologist
2019;24:e1426–e1436

Implications for Practice: Tumor-treating fields (TTFields) exhibit a broad range of antitumor activities. Clinically, they improve
overall survival for patients with newly diagnosed glioblastoma. The emergence of TTFields has changed the treatment regimen for
glioblastoma. Clinicians need to understand the practical issues surrounding its use in the multidisciplinary management of patients
with glioblastoma. With ongoing clinical trials, TTFields likely will become another treatment modality for solid malignancies.

INTRODUCTION

Despite decades of investigation, there has been only modest
improvement in outcomes for patients with glioblastoma
(GBM). In the 1970s, surgical resection and whole brain radi-
ation therapy, the standard of care at the time, resulted in a
median overall survival of 9 months [1]. By the early 2000s,
radiotherapy field sizes had decreased, and survival improved
with the addition of temozolomide (TMZ) chemotherapy, but
the median overall survival was still only 15 months [2].

Stupp and colleagues then initiated a phase III randomized
trial of 695 patients, known as EF-14, comparing TMZ chemo-
therapy with external beam radiation followed by monthly TMZ
versus the same treatment with the addition of a novel cancer
treatment modality called tumor-treating fields (TTFields) [3].

TTFields (marketed as Optune therapy; Novocure, St. Helier,
Jersey) are low intensity (1–3 V/cm), intermediate frequency
(100–300 kHz) electric fields delivered via an array of electrodes
applied to the scalp. Although the frequency of these TTFields is
too fast for nerve stimulation and too slow for the creation of
heat or ionization of cell structures, preclinical and clinical data
suggest that they act much like other cytotoxic modalities. Spe-
cifically, although taxanes inhibit microtubule formation, micro-
graphic study suggests that TTFields also interfere with
microtubule formation, and as certain chemotherapies inhibit
specific cell cycle phases, studies have shown that TTFields inter-
fere primarily with the M phase of cell division [4, 5]. Lastly,
although ionizing radiation of approximately 1020 Hz causes
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single- and double-strand DNA breaks that lead to cellular apo-
ptosis, TTFields of approximately 105 Hz interfere with mitosis,
resulting inmembrane rupture and cellular destruction [6].

The results of EF-14, reported in 2015 by Stupp and col-
leagues in the Journal of the American Medical Association,
demonstrated an improved progression-free survival, overall
survival (15.6 vs. 20.5 months), and quality of life, without
any ill effects on cognitive function [3]. Based on the results
of this large, randomized, controlled phase III clinical trial. The
National Comprehensive Cancer Network (NCCN) guidelines
for central nervous system cancers now include TTFields
therapy in combination with TMZ following standard brain
radiation therapy with concurrent TMZ as a recommended
postoperative adjuvant treatment option for patients with
newly diagnosed supratentorial glioblastoma.

Long-term follow-up of EF-14 demonstrated that the
5-year overall survival for patients with GBM treated with
TTFields plus TMZ was more than double that of patients
treated by TMZ alone (13% vs. 5%; p = .0037) [7]. Several phase
II trials of TTFields in other cancers, including recurrent ovarian
cancer, advanced pancreatic cancer, and non-small cell lung
cancer (NSCLC), have been reported, and the launch of several
phase III studies for these same cancers has been announced.

In light of these results, we are witnessing the development
of a new cancer treatment modality that complements existing
surgical, systemic, and radiation therapy techniques. As with
any new modality, TTFields bring basic science and clinical
opportunities but also bring unique and practical challenges. In
this review, we focus on TTFields’mechanism of action, review
existing preclinical and clinical experience, and address some of
the practical issues surrounding TTFields’ use in the multi-
disciplinary management of patients with solid malignancies.

MATERIALS AND METHODS

PubMed was searched for English-language articles published
before February 28, 2019, using the search terms “tumor
treating fields,” “Optune,” “solid malignancy,” “glioblastoma,”
and “alternating electrical fields.” Abstracts were searched
from recent congresses, including those of the American Soci-
ety of Clinical Oncology, American Association of Cancer
Research, Society of Neuro-Oncology, and European Society for
Medical Oncology. Ongoing clinical trial were compiled through
a search of active trials on ClinicalTrials.gov and Novocure.com.

MECHANISM OF ACTION

It has long been appreciated that electric currents of 1 kHz or
less can stimulate nerves, leading to membrane depolarization
and muscle contraction and that externally generated electric
fields (e.g., pacemakers) can be used to manipulate the body’s
existing electrical system. Higher energies, on the order of
900 MHz or more, are sufficiently energetic to produce heat
and serve as the primary component of thermal microwave
ablation. So, although the use of electric fields in medicine is
not new, TTFields are unique in that they are of intermediate
frequency (100 to 300 kHz) and therefore too low to generate
heat while too high to cause membrane depolarization.

Understanding the exact mechanism of action of TTFields
on cells requires a brief review of electromagnetic theory.

Simply described, an electric field is the vectoral force that
surrounds a positively charged source as it acts upon a nega-
tively charged test particle. In a situation in which there are
two parallel electrodes, the magnitude of the electric field is
expressed as the difference in voltage between the two elec-
trodes divided by their distance, that is, V/cm. If a charged
particle is placed within a constant and uniform electric field,
it will move toward the oppositely charged electrode, whereas
dipolar particles (those with a positive and negative charge)
will rotate and align with the oppositely charged electrodes.
This is a process known as dipole alignment. In a situation in
which the polarity alternates from one electrode to the other,
charged particles will move back and forth, whereas dipoles
will rotate in synchrony with the alternating charge.

One last principle of electric fields, referred to as
dielectrophoresis, is of particular importance when charged
particles are placed within a nonuniform converging electric
field where field intensity is higher toward one of the elec-
trodes. In this situation, dipolar particles will not only rotate
and align with the oppositely charged electrodes; they will
also move toward the area of higher field intensity. These two
concepts, dipole alignment and dielectrophoresis, have partic-
ular bearing on the cellular effects of TTFields.

In Vitro Cellular Effects
Large biological molecules, such as certain proteins, are com-
posed of both positive and negative charges separated spatially
such that they have large dipole moments. When exposed to
an electric field, these large molecules are influenced and
rotate depending upon the field’s orientation. In any biological
process governed by precise spatial alignment, such as mitosis,
externally applied electric fields should theoretically disrupt this
process. This hypothesis has been tested in numerous human
cancer cell lines and the cellular effects partially elucidated
(Table 1) [4–6, 8–11].

Inhibition of Cell Proliferation
In 2004, Kirson et al. first reported that low-intensity
(1–3 V/cm), intermediate-frequency (100–300 kHz), alternat-
ing electric fields had a profound inhibitory effect on a variety
of tumor cell lines [4]. Application of TTFields on human ovar-
ian cancer cells, for example, leads to a significant reduction in
cell counts as compared with untreated cells, and the inhibi-
tory effect are nonthermal [11]. Using XTT cell proliferation
and clonogenic assays, investigators from Wayne State Univer-
sity demonstrated that TTFields at 200 kHz markedly reduced
cell proliferation and clonogenicity in two patient-derived glio-
blastoma and gliosarcoma cell lines [12].

Cell Cycle-Specific Effects
Alternating electric fields selectively affect specific portions of
the cell cycle. During metaphase, TTFields interfere with
mitotic spindle formation and the tubulin polymerization pro-
cess [4]. TTFields decrease the ratio of polymerized tubulin to
total tubulin, leading to abnormal chromosome segregation
and caspase-dependent apoptosis of daughter cells [6]. During
anaphase, septin protein complexes normally migrate toward
the cell midline in preparation for cell division, as they nor-
mally stabilize the contractile apparatus; however, in the pres-
ence of TTFields, these septin protein complexes misalign,
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resulting in aberrant mitotic exit [13]. Lastly, during telophase,
dielectrophoresis results in a higher-intensity electric field at
the cleavage furrow. This disrupts the separation of daughter
cells, leading to mitotic exit and cell death [4].

Reduction of Cancer Cell Migration and Invasion
Other antitumor effects of TTFields include inhibition of cell
migration and invasion [8, 10, 14]. Application of TTFields
in vitro significantly reduced human glioma cell migration
and invasion as compared with untreated cells using wound
healing and Boyden chamber assays [15]. When applied per-
pendicularly to the course of migration, TTFields’ effects on
cell migration were more profound than when applied in
two directions or in a parallel direction. Although the mecha-
nism of action is unclear, TTFields do affect cell motility [14].

Inhibition of Angiogenesis
Kim et al. demonstrated that TTFields suppressed angiogenesis
by downregulating VEGF, HIF1α, andmatrix metalloproteinases
2 and 9, using U87 and U373 glioblastoma cell lines [10]. Chen
et al. also showed that vessel numbers and level of VEGF were
all decreased by application of nonionizing, nanosecond pulsed
electric fields [16].

Reduction of DNA Repair
In NSCLC cell lines, TTFields significantly downregulate DNA
damage repair pathway genes such as BRCA1, and irradiat-
ing cells in the presence of TTFields results in an increased
number of double-strand breaks, chromatid aberrations,
and radical oxygen species [16]. Investigations suggest that
PARP1 inhibition could complement BRCA1 inhibition, as
PARP1 is important in single-strand DNA repair, whereas

BRCA1 is important in double-strand break repair [17]. Cells
that attempt cell division in the presence of unrepaired
single-strand breaks would propagate those breaks into
double-strand breaks, leading to cell death.

Synergistic Effects with Other Therapies
Several studies have shown that TTFields exhibit additive
and synergistic effects with chemotherapeutic agents [4, 5,
11, 18]. Kirson et al. combined TTFields with paclitaxel and
cyclophosphamide in breast carcinoma as well as TMZ in gli-
oma cell lines. They concluded that the efficacy of these
chemotherapeutic agents in vitro was increased by one to
three orders of magnitude by the addition of TTFields [4].
More recently, the combination of cisplatin and TTFields in
an NSCLC mouse model resulted in the smallest tumors
when compared with cisplatin or TTFields alone [18].

TTFields have also demonstrated synergistic effects with
ionizing radiation [19]. When the GBM cell lines U373 and U87
were treated with TTFields for 24 hours followed by 137Cs γ-ray
radiation (dose rate, 3.8 Gy/min; total dose, 2–6 Gy), the com-
bined treatments significantly increased DNA damage and
mitotic abnormalities compared with either alone. In addition,
application of TTFields to irradiated glioma cells impaired repair
of irradiation-induced or chemically induced DNA damage, pos-
sibly by blocking homologous recombination repair [20].

Immunologic Effects
TTFields also influence immunogenic cell death. In both murine
Lewis lung carcinoma and ovarian surface epithelial cell cul-
tures, TTFields resulted in elevated cell surface expression of
calreticulin, decreased intracellular ATP levels, and promoted
HMGB1 secretion, all markers of immunogenic cell death [21].

Table 1. Summary of in vitro evidence of tumor-treating fields

Type of cancer Cell line Frequency, kHz Intensity, V/cm Reference

High-grade glioma F-98, C-6, RG-2 200 1–2 Cancer Res, 2004 [4]

U-118, U-87 200 1–2 Proc Natl Acad Sci USA, 2007 [5]
Sci Rep, 2015 [6]

U-87, U-373 150 0.9 Oncotarget, 2016 [10]
Oncotarget, 2016 [19]

Ovarian carcinoma A2780 200 1.75 Sci Rep, 2015 [6]

A2780, HTB-161, HTB-75 200 1–2 Int J Cancer, 2016 [11]

Lung, adenocarcinoma LLC 200 1–2 Cancer Res, 2004 [4]

A549 200 1.75 Sci Rep, 2015 [6]

H1299, A549, HCC827 150 1.86 � 0.67 Semin Oncol, 2014 [18]

Lung, squamous cell carcinoma HTB-182 150 1.86 � 0.67 Semin Oncol, 2014 [18]

Mesothelioma NCI-H2052, MSTO-211H 200 1.75 Sci Rep, 2015 [6]

Malignant melanoma B16F10 100 N/A J Int Med Res, 2012 [8]

B16F1 Patricia 100 N/A Cancer Res, 2004 [4]

Breast adenocarcinoma MCF-7, MDA-MB-231 150 1.75 Sci Rep, 2015 [6]
Cancer Res, 2004 [4]
PloS One, 2015 [13]

Cervical cancer Hela 200 1.75 Sci Rep, 2015 [6]
PloS One, 2015 [13]

Pancreatic adenocarcinoma AsPC-1 150 1.75 Sci Rep, 2015 [6]

Prostate, adenocarcinoma PC-3 100 N/A Cancer Res, 2004 [4]

Colorectal, adenocarcinoma CT-26 100 N/A Cancer Res, 2004 [4]

Abbreviation: N/A, not applicable.
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TTFields treatment also has synergistic effects with immu-
notherapeutic agents. Combining TTFields therapy with an
immune checkpoint inhibitor (anti-PD-1) in vivo significantly
decreased tumor volume compared with either therapy
alone [21].

In Vivo Effects
Several animal models have been used to elucidate the in vivo
effects of TTFields therapy (Table 2) [4, 5, 8, 11, 18, 22].
TTFields inhibit tumor growth in rat, mouse, and rabbit models
for GBM, melanoma, adenocarcinoma of lung, and ovarian
and kidney cancer. In these models, TTFields result in a sub-
stantial tumor size decrease compared with controls. TTFields
reduce the extent of lung metastasis using both a melanoma
mouse model and a kidney cancer rabbit model [22].

CLINICAL SAFETY AND EFFICACY

Completed clinical trials using TTFields for different solid
malignancies are summarized in Table 3.

Glioblastoma
Based upon encouraging preclinical evidence, a pilot phase I/II
clinical trial was performed in 20 patients with histologically
confirmed glioblastoma: 10 with recurrent disease treated with
TTFields as monotherapy and 10 with primary disease treated
with TTFields and adjuvant TMZ after they completed concur-
rent radiation and TMZ [5]. No device-related or increased
TMZ-related adverse effects were observed, and progression-
free and overall survival were improved over historical con-
trols. The long-term survival outcome for these patients was
recently reported, and 4 (two primary and two recurrent) of
the original 20 patients are still alive, without relapse, and no
longer receiving treatment 12 years after initiating TTFields
therapy [23]. Interestingly, two of the four surviving patients
exhibited early radiological evidence of progression but contin-
ued the TTFields therapy and after a median of 4 months expe-
rienced tumor regression.

The encouraging result of the pilot trial prompted a phase III
prospective trial for patients with recurrent GBM known as EF-
11 [24]. In this trial, 237 patients were randomized to TTFields as
monotherapy (120 patients) or physician’s best choice of che-
motherapy (117 patients). TTFields monotherapy had similar
efficacy as chemotherapy with a median survival of 6.6 versus
6.0months (p = .27), 1-year survival rate of 20% versus 20%, and
a progression-free survival at 6 months of 21.4% versus 15.1%
(p = .13). Additionally, TTFields treatment had fewer severe
adverse events (6% vs. 16%; p = .02), and quality of life favored

TTFields, resulting in U.S. Food and Drug Administration (FDA)
approval in 2011 for treatment of recurrent GBM [23]. Subse-
quent analysis showed that patients with TTFields adherence of
at least 75% (at least 18 hours/day) had higher median overall
survival (7.7 vs. 4.5months; p = .04) [25].

For patients with primary disease, a second large phase III
trial (EF-14) was published in 2015 after enrolling 695 of a
planned 700 patients [3]. All patients completed standard con-
current chemoradiation and were stratified by MGMTmethyla-
tion and resection status before being randomized to receive
maintenance treatment with either TTFields plus TMZ (n = 466)
or TMZ alone (n = 229). Treatment with TTFields was delivered
continuously (≥18 hours/day) via four transducer arrays placed
on the shaved scalp and connected to a portable battery. The
primary endpoints were progression-free survival and overall
survival, with a preplanned interim analysis evaluating the out-
comes for the first 315 patients with at least 18 months
of follow-up. TTFields plus TMZ significantly improved pro-
gression-free survival (7.1 vs. 4.0months; p = .001) while adding
a 5-month overall survival benefit (20.5 vs. 15.6 months;
p = .004) compared with TMZ alone. As a result, the FDA
granted approval for the use of TTFields in primary GBM, and
the NCCN guidelines for central nervous system cancers now
include TTFields therapy in combination with TMZ following
standard brain radiation therapy with concurrent TMZ as a rec-
ommended postoperative adjuvant treatment option for
patients with newly diagnosed supratentorial glioblastoma.

The updated result of EF-14 showed that adding TTFields
to TMZ resulted in significantly improved 5-year overall survival
compared with TMZ alone (13% vs. 5%; p = .0037), and the
improvement in overall survival was seen across all patient
subgroups including age, extent of resection, performance sta-
tus, and MGMT methylation status [7]. As previously reported
in EF-11, the degree of adherence was predictive of outcome,
and a secondary analysis showed that higher electric field
intensity (≥1.05 V/cm) to the tumor bed was associated with
better median survival (25.0 vs. 21.6 months; hazard ratio,
0.76; p = .043) as compared with lower electric field intensity
[26]. These results essentially void the argument made by
some investigators that the beneficial effects of TTFields may
be due to a placebo effect.

As mentioned before, in vitro study demonstrated there
were synergistic effects between TTFields and ionizing radia-
tion [19]. Currently, a phase I/II trial is in progress to test the
eligibility and efficacy of concurrent treatment of TTFields
with TMZ and radiotherapy for newly diagnosed GBM [27].
In addition, phase II trials are in progress to test the efficacy
of concurrent treatment of TTFields with immunotherapeutic

Table 2. Summary of in vivo evidence of tumor-treating fields

Type of cancer Animal model Frequency, kHz Intensity, V/cm Reference

GBM Rat 200 1–2 Proc Natl Acad Sci USA, 2007 [5]

Ovarian carcinoma Mouse 200 1–2 Int J Cancer, 2016 [11]

Lung, adenocarcinoma Mouse 150 1.86 � 0.67 Semin Oncol, 2014 [18]

Malignant melanoma Mouse 100 N/A J Int Med Res, 2012 [8]
Cancer Res, 2004 [4]
Clin Exp Metastasis, 2009 [22]

Kidney cancer Rabbit 200 2.6 � 0.3 Clin Exp Metastasis, 2009 [22]

Abbreviations: GBM, glioblastoma; N/A, not applicable.
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agents, including (a) adjuvant TTFields with pembrolizumab
and TMZ after definitive TMZ and radiotherapy for newly
diagnosed GBM and (b) TTFields and nivolumab with and
without ipilimumab for recurrent GBM (Table 4).

Other Solid Malignancies
Although the level I clinical evidence relates to patients
with GBM, there is now a growing body of experience
revealing TTFields’ activity in other cancers, and there are
several planned and active trials in diseases other than pri-
mary brain tumors (Table 3).

TTFields in combination with pemetrexed were tested in
advanced NSCLC in a phase II study in which 41 patients with
inoperable advanced NSCLC who had tumor progression after
chemotherapy were enrolled and received pemetrexed with
TTFields applied to the chest and upper abdomen until dis-
ease progression [28]. TTFields combined with pemetrexed
were tolerated; there were no device-related serious adverse
events, and the median overall survival was 13.4 months.
Because the 1- and 2-year survival of 57% and 26%, respec-
tively, was better than historical controls, a phase III random-
ized control study (the LUNAR study or EF-24) launched and is
currently enrolling patients to study the efficacy of TTFields
in combination with docetaxel or anti-PD-1 for advanced
NSCLC [29].

The use of TTFields and concurrent paclitaxel in 31 patients
with heavily pretreated, platinum-resistant, unresectable ovar-
ian cancer resulted in a progression-free survival of 8.9 months
(compared with 3.9 months in paclitaxel-alone historical con-
trols), with only two patients (6.4%) having severe skin irrita-
tion [30]. A phase III trial known as INNOVATE-3 will now test
TTFields (at 200 kHz) concomitantly with weekly paclitaxel in
earlier-stage, recurrent, platinum-resistant ovarian carcinoma.

Results from a phase II study testing TTFields in combination
with gemcitabine for unresectable pancreatic adenocarcinoma
demonstrated improved efficacy compared with historical con-
trols, with a median progression-free survival of 8.3 months and
median overall survival of 14.9 months [31]. This same trial
enrolled 20 patients to TTFields in combination with gemcitabine
plus nab-paclitaxel and reported no TTFields-related serious side
effects. The median progression-free survival was 12.7 months,
which was longer than published historical results. The median

overall survival was not reached, and the 1-year survival rate was
72% [32]. A phase III trial known as PANOVA-3 will investi-
gate TTFields (150 kHz) concomitantly with standard che-
motherapy for front-line therapy of unresectable
pancreatic adenocarcinoma.

Recently, the result of the STELLAR phase II trial of
TTFields for mesothelioma was presented at the Interna-
tional Association for the Study of Lung Cancer’s 19th World
Conference on Lung Cancer [33]. Patients with mesothelioma
who received TTFields with pemetrexed and cisplatin or car-
boplatin experienced median overall survival of 18.2 months
compared with 12.1 months in historical control, with no
increase in systemic toxicity [33]. Based upon the final STEL-
LAR data, very recently, the U.S. FDA approved TTFields (the
NovoTTF-100L system; Novocure) to be used in conjunction
with a standard two-drug chemotherapy for unresectable
malignant pleural mesothelioma. TTFields are the first treat-
ment in more than 15 years that the FDA has approved for
mesothelioma since the approval of pemetrexed in 2004.

In addition, phase II/III trials are in progress to study the
efficacy of TTFields for brain metastasis from NSCLC (the
METIS trial and COMIT trial), advanced hepatocellular carci-
noma (the HEPANOVA trial), recurrent meningioma, high-
risk oligodendroglioma, and pediatric high-grade glioma and
ependymoma (Table 4).

SIDE EFFECTS AND QUALITY OF LIFE
Based on the results from EF-14 [5, 7], compared with TMZ
alone, the addition of TTFields to TMZ in patients with newly
diagnosed glioblastoma was not associated with any signifi-
cant increase (44% vs. 48%; p = .58) in systemic toxic effects
including fatigue; infection; hematological, gastrointestinal
vascular, and respiratory disorders; and neurological disor-
ders (headache and seizure). The only notable exception was
a higher incidence of localized skin toxicity (medical device
site reaction beneath the transducer arrays) in patients who
received TTFields. Mild to moderate skin irritation was
observed in 43% of patients treated with TTFields and severe
skin reaction (grade 3) in 2% of patients.

A secondary analysis of EF-14 showed that health-
related quality of life did not differ significantly between

Table 3. Summary of completed clinical trials on application of TTFields for solid malignancies

Type of cancer Trial name Phase Treatment arms Outcomes Reference

Recurrent GBM EF-11 III TTFields vs.
chemotherapy

Median survival, 6.6 vs.
6.0 months

Eur J Cancer, 2012 [24]

Newly diagnosed GBM EF-14 III TTFields + chemoradiation
vs. chemoradiation

Median survival, 20.5 vs.
15.6 months

JAMA, 2015 [3]

Recurrent NSCLC LUNAR II TTFields with pemetrexed Median survival, 13.4
months

J Clin Oncol, 2011 [28]

Recurrent, unresectable
ovarian cancer

INNOVATE II TTFields with paclitaxel Progression-free survival,
8.9 months

Gynecol Oncol, 2018 [30]

Unresectable pancreatic
adenocarcinoma

PANOVA II TTFields with gemcitabine Median survival, 14.9
months

AACR, 2017 [31]
Pancreatology, 2019 [32]

Unresectable malignant
pleural mesothelioma

STELLAR II TTFields with pemetrexed
and cisplatin or
carboplatin

Median survival, 18.2
months

IASLC, 2018 [33]

Abbreviations: AACR, American Association for Cancer Research annual meeting; GBM, glioblastoma; IASLC, International Association for the
Study of Lung Cancer; NSCLC, non-small cell lung cancer; TTFields, tumor-treating fields.
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treatment arms except for more itchy skin with TTFields
therapy [34]. Deterioration-free survival was significantly
longer with TTFields for global health, physical and emo-
tional functioning, pain, and leg weakness, likely related to
improved progression-free survival. Time to deterioration,
reflecting the influence of treatment, did not differ significantly
except for itchy skin (TTFields worse; 8.2 vs. 14.4 months;
p < .001) and pain (TTFields improved; 13.4 vs. 12.1 months;
p < .01). Role, social, and physical functioning were not
affected by TTFields.

COST-EFFECTIVENESS FOR TTFIELDS THERAPY

Guzauskas et al. analyzed the cost-effectiveness for TTFields
therapy by using the data from EF-14 [35]. They calculated
an undiscounted increase in mean survival of 1.8 life years

for TTFields plus TMZ versus TMZ alone. The incremental
cost-effectiveness ratio was $150,452 per life year gained
and $197,336 per quality-adjusted life year gained. Mean
lifetime survival and quality-adjusted survival substantially
increased with treatment with TTFields plus TMZ compared
with TMZ alone in patients with newly diagnosed GBM.
Therefore, treatment with TTFields can be considered cost-
effective within the reported range of willingness-to-pay
thresholds in the U.S. based on the results of this analysis.

TTFIELDS PLANNING AND DELIVERY

Although it is tempting to draw comparisons between
TTFields and ionizing radiation, their mechanisms of action
and modes of delivery are unique. The most important and
useful distinction between the two is to compare their

Table 4. Summary of ongoing clinical trials on application of TTFields for solid malignancies

Type of cancer Trial name Test arm Control arm Phase Resource

Advanced NSCLC LUNAR or EF-24 TTFields with
docetaxel or
anti-PD-1

Docetaxel or
anti-PD-1

III ClinicalTrials.gov
107th AACR, 2017
ASCO, 2016
NovoCure Ltd

Recurrent ovarian
cancer

INNOVATE-3 TTFields with
weekly paclitaxel

Paclitaxel III 107th AACR, 2017
NovoCure Ltd
ASCO, 2018

Unresectable
pancreatic cancer

PANOVA-3 TTFields with
gemcitabine plus
nab-paclitaxel

Gemcitabine plus
nab-paclitaxel

III ClinicalTrials.gov
107th AACR, 2017
NovoCure Ltd

1-5 brain metastasis
from NSCLC

COMIT TTFields N/A II ClinicalTrials.gov
NovoCure Ltd

1-10 brain metastasis
from NSCLC

METIS TTFields Supportive care III ClinicalTrials.gov
107th AACR, 2017
NovoCure Ltd

Pediatric recurrent
HGG or ependymoma

N/A TTFields N/A II ClinicalTrials.gov
107th AACR, 2017

Prevention of brain
metastasis for SCLC

N/A TTFields N/A II ClinicalTrials.gov

Advanced
hepatocellular
carcinoma

HEPANOVA TTFields with
sorafinib

N/A II ClinicalTrials.gov
NovoCure Ltd
108th AACR, 2018

SCLC with brain
metastasis

N/A Stereotactic
radiosurgery with
TTFields

N/A II ClinicalTrials.gov

Bevacizumab-naive,
recurrent glioblastoma

N/A TTFields with
nivolumab �
ipilimumab

N/A II ClinicalTrials.gov

Newly diagnosed GBM 2-THE-TOP Adjuvant TTFields
with temozolomide
and
pembrolizumab

N/A II ClinicalTrials.gov

Newly diagnosed GBM N/A Concurrent
TTFields with
temozolomide and
radiation

N/A I/II ClinicalTrials.gov
2018
Neuro-Oncology
Annual Meeting

Recurrent or
progressive
meningioma

N/A TTFields with
concurrent
bevacizumab

N/A II ClinicalTrials.gov

High risk
oligodendroglioma

N/A TTFields N/A II ClinicalTrials.gov

Abbreviations: AACR, American Association for Cancer Research annual meeting; ASCO, American Society for Clinical Oncology annual meeting;
TTFields, tumor-treating fields; HGG, high-grade glioma; GBM, glioblastoma; N/A, not available; NSCLC, non-small cell lung cancer; SCLC, small
cell lung cancer.
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frequency: TTFields are approximately 105 Hz, resulting in a
wavelength of 3 km, whereas ionizing radiation is approxi-
mately 1020 Hz, resulting in a wavelength of 0.003 nm. This
difference provides considerable insight into why TTFields
require a different approach to planning and delivery from
that established for ionizing radiation. Another distinction is
how we quantify the delivered energy: an ionizing radiation
dose is energy deposited in tissue and expressed as joules
per kilogram, whereas a TTFields dose is change in energy
over time or power and expressed as watts per volume.

The first FDA-approved delivery method for TTFields in
patients with recurrent or primary GBM is the medical
device Optune. Using two paired transducer arrays applied
to the shaved scalp and connected to a portable battery via
a small electric field generator, the device delivers an alter-
nating electric field. A voltage difference between the ante-
rior and posterior and the left and right lateral transducers
creates the electric field within the brain at a frequency of
200 kHz with an intensity of 1 to 3 V/cm. Figure 1A shows
an example of a patient with the transducer arrays on
shaved scalp and the battery in a shoulder bag. Examples of
transducer arrays on body are shown in Figure 1B and C.

Unlike planning software and the ionization chambers used
in radiation oncology to visualize and measure ionizing radia-
tion dose, it is quite challenging to visualize and measure
TTFields intensities. Several studies have provided insight into
the intensity distribution of TTFields in the human brain using
a finite element method [36–38]. Miranda et al. constructed a
realistic head model from magnetic resonance imaging (MRI)
images segmented into five different tissue types: scalp, skull,
cerebrospinal fluid, gray matter, and white matter [37]. A vol-
ume mesh was then generated, and typical values for the con-
ductivity (σ) and relative permittivity (εr) were applied to the
segmented tissues. A finite element physics solver then solves
Maxwell’s equation between mesh interfaces and displays the

intensity across the segmented tissues (Fig. 2). The simulation
results show that the calculated electric field is nonuniform
(ranging between 0.5 and 2.0 V/cm) but is predictable in that
the highest intensities occur near the interface of tissues with
significantly different conductivities such as the lateral ventri-
cles and outside the necrotic core of tumors [36, 37, 39].

Although routinely calculating patient-specific TTFields
intensity distributions is not yet practical, it is of particular
interest because both preclinical and clinical studies have
shown that the inhibitory effects of TTFields start at 1.0 V/cm
and increase with increasing intensity [4, 5, 26]. To maximize
the field intensity to the region where most brain failures
occur (2.0 cm around the primary tumor), Wenger et al. com-
pared a personalized array layout with a symmetric one and
concluded that adapting the array layout to the tumor loca-
tion resulted in a 2-fold increase in the field intensity [40].

Lastly,TTFields have been shown to have synergistic interac-
tion with radiation. Straube et al. investigated the dosimetric
impact of TTFields transducer arrays onto radiation treatment
plans for GBM [41]. There was a small but clinically insignificant
interaction between the TTFields transducer arrays and radia-
tion treatment plan. Therefore, daily replacement of TTFields
transducer arrays may not be necessary; however, concomitant
use of TTFields with radiotherapy is still considered investiga-
tional [27].

THE NOVOTAL SYSTEM
A currently available and FDA-approved software program
known as NovoTAL (Novocure) allows for optimization of array
layouts based upon specific tumor location [42]. Instead of calcu-
lating actual TTFields intensity on patient-specific MRI anatomy,
however, the NovoTAL system stores multiple precalculated
array layouts and chooses the layout most applicable to the cur-
rent patient. This requires the physician to enter 20 head and

Figure 1. Example diagrams of patients with the tumor-treating fields device. (A): A patient with the transducer arrays on shaved
scalp and the portable battery in a shoulder bag. (B): Transducer arrays are placed on a patient’s back for mesothelioma or lung
cancer. (C): Transducer arrays are placed on abdomen or pelvis for ovarian cancer. Figure 1B and 1C are reproduced with permis-
sion from Novocure. © 2019 Novocure.
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tumor measurements taken from the T1 postcontrast MRI
images (Fig. 3). Some investigators have advocated for planning
from the T2-weighted or fluid-attenuated inverse recovery MRI
images because peritumoral edema often contains tumor, but in
our experience this is more likely to result in a symmetric layout
and may actually decrease the field intensity to the tumor bed.
For this reason, we continue to recommend mapping to the T1
postcontrast enhanced images [43].

Despite being a first-generation platform for TTFields plan-
ning, the NovoTAL system allows for (a) increasing TTFields
intensity at the primary tumor site, (b) early correlation between
intensity and tumor recurrence, and (c) remapping and adapting
the array layout to account for disease status changes. Impor-
tantly, having physicians perform the mapping procedure using
the NovoTAL system is reliable and reproducible [42].

ROLE OF THE MULTIDISCIPLINARY TEAM

Before initiating any treatment, multidisciplinary discussion
develops consensus among providers and generates a compre-
hensive multidisciplinary care plan. Just as the multidisciplinary
discussion focuses on the inclusion, intensity, and timing of sur-
gery, systemic therapy, and radiation therapy, we have found
that the early integration and discussion of TTFields therapy
significantly enhances the likelihood of patient and provider
acceptance and adherence. In our early experience, if the dis-
cussion of TTFields was delayed until the last day of
chemoradiation therapy, our patients were less likely to accept

them as a treatment option. We also determined that the dis-
cussion around the delivery of TTFields was more successful
when TTFields were offered in the same manner that we offer
other therapies. For example, when offered chemoradiation
followed by adjuvant chemotherapy with TTFields as the stan-
dard of care, patients were more likely to accept them than
when offered TTFields as an option after completing all the
other therapies. This is not to say that TTFields are mandatory
but rather to include TTFields in our standard approach and
make them just as mandatory (or optional) as surgery, systemic
therapy, and radiation therapy.

Currently eligible patients for treatment with TTFields
include those with histologically confirmed, primary or recur-
rent, supratentorial GBM. Patients should have a Karnofsky
performance status score of 70% or higher and adequate
bone marrow, liver, and renal function [3]. TTFields are con-
traindicated for patients aged 18 years or younger; who are
pregnant; who have active implanted medical devices (deep
brain stimulators, spinal cord stimulators, vagus nerve stimu-
lators, pacemakers, defibrillators, and programmable shunts);
or who have a skull defect (such as missing bone with no
replacement), shunt, or bullet fragments.

According to the design of EF-14, TTFields treatment
starts 4 to 7 weeks following completion of chemoradiation
for newly diagnosed GBM and is used in conjunction with
high-dose adjuvant TMZ. For those patients treated on the
EF-14 protocol, randomization occurred only after a post-
chemoradiation MRI of the brain revealed no progression of
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Figure 2. Example of calculated electric field distribution within the brain. The axial, coronal, and sagittal views of calculated electric
field distributions for anterior-posterior and left-right transducer arrays as well as combined electric fields are shown, respectively.
Abbreviations: AP, anterior-posterior; LR, left-right.
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disease. As discussed above, however, the subgroup analysis
showed that all patients, regardless of resection status (biopsy
only vs. subtotal vs. total resection), benefitted from TTFields
use. For this reason, we have opted to eliminate this interval
scan, as the results do not significantly change our decision to
initiate therapy.

Once the patient initiates TTFields treatment, monthly
visits assess both patient adherence and skin tolerance. Of
the patients enrolled on the EF-14 trial, 44% had mild or
moderate skin reactions underneath the transducer arrays;
however, only 1% to 2% of skin reactions were grade
3, requiring any medical management other than shifting
the placement of the transducer arrays.

Magnetic resonance scans performed every 2 to 3 months
assess disease status, but if radiographic progression is
detected, TTFields treatment is continued with or without addi-
tional local or systemic therapy as long as the patient continues
to adhere to and tolerate the treatment [44]. If the progression
is an increase in size of at least 25% or if new lesions appear

distal to the original tumor bed, we recommend replanning
using the NovoTAL system to account for these changes. In the
setting of significant clinical deterioration and functional
decline, we then consider discontinuation of TTFields therapy
on a case-by-case basis.

CONTROVERSIES AND FUTURE DIRECTIONS

Despite the evidence outlined above, considerable contro-
versy surrounds the acceptance of TTFields, particularly
among the neuro-oncology community [45, 46]. Some cite
the challenge of understanding the mechanism of action or
argue that the clinical benefit is too small [45, 46]. Others ref-
erence the regulatory burden of allowing patients in clinical
trials to use a device that increases overall survival and poten-
tially masks the effect of the investigational therapy in ques-
tion. The lack of a sham device in the control arm to rule out
a placebo effect has also been criticized [47], as has the fact
that the designers of EF-14 recommended continuation of
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Figure 3. NovoTAL treatment planning using standard T1-weighted postcontrast magnetic resonance imaging (MRI) image. The pro-
cess is as follows. (A): Head size measurements 1–3 are obtained using the axial MRI slice directly above the superior edge of the
orbit. Reference frame was drawn around the head at the outer margin of the scalp. (B): Head size measurements 4–6 are obtained
using the coronal MRI slice at the level of external auditory canal. A reference frame was drawn with the bottom line at the level
of inferior margin of the temporal lobe. (C): Tumor location measurements 7–13 are obtained using the axial MRI image showing
the maximum diameters of enhancing tumor. (D): Tumor location measurements 14–20 are obtained using the coronal MRI image
showing the maximum diameters of enhancing tumor.
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the therapy despite disease progression, whereas previous
investigators have traditionally discontinued therapy in this
setting. Lastly, there is the inability to convince patients of the
importance of device adherence or to accept therapy in the
first place despite the therapy having considerably fewer side
effects than surgery, systemic therapy, or radiation therapy.

Although a dose of skepticism is essential when evaluating
any new modality, it is equally important to remain objective
and to manage all forms of conflict of interest [48]. For exam-
ple, to claim that a benefit is too small does not acknowledge
the patient perspective, nor does withholding a therapy
because the improved overall survival would interfere with the
analysis of some other agent’s efficacy. It is equally important
to judge therapies consistently; radiotherapy trials do not use
sham devices, and medical oncology trials rarely use placebos.
Although we acknowledge that the pursuit of new and effective
therapies for patients with cancer (and GBM in particular) is
necessary, we caution against withholding a therapy with sub-
stantial preclinical data and proven clinical benefit. We also
urge clinicians to include TTFields as part of the multidisciplinary
standard of care discussion and reinforce the importance of
adherence throughout the patient’s therapy.

CONCLUSION

We are witnessing the development of a new cancer treat-
ment modality that complements existing surgical, systemic,
and radiation therapy techniques. Although controversies
abound, data suggest that TTFields have the potential to affect
significantly the lives of patients with cancer.
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