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Background: Tumor Treating Fields (TTFields) therapy is a non-invasive, loco-regional,
anti-mitotic treatment modality that targets rapidly dividing cancerous cells, utilizing low
intensity, alternating electric fields at cancer-cell-type specific frequencies. TTFields
therapy is approved for the treatment of newly diagnosed and recurrent glioblastoma
(GBM) in the US, Europe, Israel, Japan, and China. The favorable safety profile of TTFields
in patients with GBM is partially attributed to the low rate of mitotic events in normal,
quiescent brain cells. However, specific safety evaluations are warranted at locations with
known high rates of cellular proliferation, such as the torso, which is a primary site of
several of the most aggressive malignant tumors.

Methods: The safety of delivering TTFields to the torso of healthy rats at 150 or 200 kHz,
which were previously identified as optimal frequencies for treating multiple torso cancers,
was investigated. Throughout 2 weeks of TTFields application, animals underwent daily
clinical examinations, and at treatment cessation blood samples and internal organs were
examined. Computer simulations were performed to verify that the targeted internal
organs of the torso were receiving TTFields at therapeutic intensities (≥ 1 V/cm root mean
square, RMS).

Results: No treatment-related mortality was observed. Furthermore, no significant
differences were observed between the TTFields-treated and control animals for all
examined safety parameters: activity level, food and water intake, stools, motor
neurological status, respiration, weight, complete blood count, blood biochemistry, and
pathological findings of internal organs. TTFields intensities of 1 to 2.5 V/cm RMS were
confirmed for internal organs within the target region.

Conclusions: This research demonstrates the safety of therapeutic level TTFields at
frequencies of 150 and 200 kHz when applied as monotherapy to the torso of healthy rats.
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INTRODUCTION

Tumor Treating Fields (TTFields) are low intensity (1-3 V/cm
RMS), intermediate frequency (100-500 kHz) alternating electric
fields, displaying anti-mitotic effects on cancerous cells at cell-
type specific frequencies (1, 2). TTFields (at optimal frequency of
200 kHz) have been approved by the United States Food and
Drug Administration (FDA) in 2011 for the treatment of
recurrent glioblastoma (GBM) and in 2015 for the treatment of
newly diagnosed GBM (concomitant with temozolomide), based
on the results of the EF-11 and EF-14 phase III clinical trials (3–
5). TTFields also received a CE mark for treatment of GBM in
Europe, and was further approved for such use in Israel, Japan
and China.

Patients receive TTFields therapy continuously and non-
invasively, using a portable alternating electric field (EF)
generator connected to 2 pairs of arrays, which are orthogonally
positioned on the patient’s skin around the tumor region to
generate perpendicular fields at the tumor bed. TTFields dose,
calculated based on the averages of treatment usage duration and
EF intensities, was shown to positively correlate with survival
outcomes in patients with newly diagnosed GBM (6–8).

To date, more than 18,000 patients with GBM have been
treated with TTFields (9), and the main treatment-related
adverse event reported in clinical trials and post-marketing
surveillance studies has been low grade skin irritation beneath
the arrays (3–5, 10, 11), which was resolved in most cases with the
use of topical steroids or intermittent treatment interruptions (12).
This favorable safety profile in patients with GBM is attributed to
several factors: 1) the locoregional nature of the TTFields
modality, as the EF intensities outside of the brain are below the
effective therapeutic intensity threshold of 1 V/cm RMS (13);
2) the fine-tuning of the EF frequency specifically for treatment of
GBM cells (200 kHz), as determined empirically (1, 2); and 3) the
low doubling rate of normal cells in the adult brain, leaving them
unharmed by the anti-mitotic effect of TTFields (14).

TTFields is currently being investigated as a treatment modality
for several types of solid malignant tumors that reside in the torso
(15). Some of the tumors that develop in the torso are among the
most aggressive cancer types, including: 1) lung cancer, the number
1 cause of cancer-related death (approximately 1.8 million deaths
globally in 2018, representing 18.4% of total cancer deaths); 2) liver
cancer, the third leading cause of cancer death (8.2%); 3) gastric
cancer, ranked third (together with liver cancer) in the number
of cancer-related deaths (8.2%); and 4) pancreatic cancer, the
deadliest cancer with the lowest 5-years relative survival of 9%
(16, 17). Unlike the brain, the torso contains tissues with high rates
of cellular replication and turnover, such as cells of the
gastrointestinal (GI) tract and the spleen, as well as circulating
monocytes (14, 18). Therefore, applying TTFields to the torso could
potentially interfere with replication of these normal, rapidly-
dividing cells and warrants specific safety examinations.

TTFields have been applied to the torso in several phase II
clinical trials at 150 or 200 kHz (according to in vitro
determinations of optimal frequency for each type of cancer) (1,
2, 19–21). This includes studies in patients with malignant pleural
mesothelioma (MPM; STELLAR trial, NCT02397928) (22), non-
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small cell lung carcinoma (NSCLC; EF-15 trial, NCT00749346)
(23), ovarian cancer (INNOVATE trial, NCT02244502) (24), and
pancreatic cancer (PANOVA trial, NCT01971281) (25). Based on
the efficacy and safety observed in the STELLAR trial (22),
TTFields in combination with pemetrexed and a platinum-based
chemotherapy received FDA approval and a CEmark for first-line
treatment of unresectable, locally advanced or metastatic MPM. In
the aforementioned clinical studies, TTFields were applied in
combination with chemotherapy to patients with advanced
disease, which concurrently could mask any potential TTFields-
specific safety issues. Accordingly, we herein describe the in vivo
safety studies that supported the conduct of those clinical trials, in
which the safety of TTFields was examined when applied as
monotherapy to healthy animals at therapeutic levels (1 V/cm
RMS) and optimal frequencies for torso cancers (150 and
200 kHz).
MATERIALS AND METHODS

Animal Care
Rats were kept at room temperature (20-24°C) and 40-70%
humidity, with 12 fresh air exchanges per hour. Temperature
and humidity were monitored and recorded twice a day. A 12-
hour light-darkness cycle was maintained throughout the
experiment. Rats received standard diet with food and water ad
libitum. During TTFields application rats were housed in
individual cages to prevent tangling of the wires connected to
the device (cage dimensions were 750 cm2 per rat, in compliance
with international standards). For acclimation, rats were housed
within the individual cages for 7 days prior to random allocation
to study groups. Throughout initial arrays placement and before
euthanasia, rats were anesthetized using intraperitoneal injection
of ketamine (75 mg/kg) with xylazine (10 mg/kg), while light
anesthesia with isoflurane was used during array replacements.

Safety Experiment Design
The safety of TTFields application to the torso was tested in female
Sprague Dawley (SD) rats (age >10 weeks, weight >200 gr, Envigo
Ltd) in 2 separate sets of experiments, delivering 150 kHz TTFields
or heat (sham) in the first experiment (9 animals per group) and
200 kHz TTFields or heat (sham) in the second experiment (10
animals per group). Treatments were applied continuously for a
duration of 2 weeks, which is a treatment duration deemed twice
as long as it takes TTFields to elicit tumor volume reductions in
murine models (19–21, 26). As the clinical recommendation to
maximize survival benefit for patients is to use the device
continuously for at least 18 hours per day, only animals
achieving that level of usage were included in the analysis (7, 8).
At study end, the animals were anesthetized, blood was
withdrawn, and the animals euthanized via intracardiac
injection of 500 µl pentobarbital (200 mg/ml). After validation
of animal death, post mortem procedures were performed. The
study was approved by the Novocure Institutional Animal Care
and Use Committee (IACUC) and the Israeli National Committee
Council for Experiments on Animal Subjects. Approval numbers:
251213 and IL-18-1-3.
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TTFields Application to Animals
TTFields arrays consisted of 2 high capacitance ceramic discs
(lead magnesium niobate–lead titanate [PMN-PT]) identical to
those used in the clinical settings. The discs contain an internal
thermistor to allow for continuous monitoring of array
temperature. Sham arrays were the same physical size and
shape as TTFields arrays, and included built-in resistors at the
back end of the ceramic to generate heat equivalent to that
produced by the treatment arrays (38.5°C). To allow and
maintain optimal conductance of the arrays at the skin surface,
animal fur was removed from the torso region before arrays
placement, using a trimmer and depilating cream (Veet), and a
layer of conductive hydrogel (identical to the hydrogel used in
patients) was applied to the ceramic discs.

TTFields were applied through 2 pairs of arrays, placed on the
animal torso with the 2 ceramic discs of each array along the
anteroposterior axis (Figure 1A). Arrays of the same pair were
placed in opposition to one another, and the 2 pairs were
positioned orthogonally, as to generate 2 roughly perpendicular
electric fields for intermittent delivery (1 second in each direction)
(Figure 1B). To obtain this configuration, the 2 dorsal arrays were
placed at a distance of 1 cm from each side of the spinal cord, and
the 2 ventral arrays at 5 mm from each side of the midline. Arrays
were fixed to the animals using a hypo-allergenic, medical-grade
adhesive covered with a flexible, plastic net to protect the wires.
The wires were secured on the dorsal aspect of the rat body with
upward protrusion of wires.

TTFields were applied continuously (2 weeks), utilizing the
NovoTTF-100L (150 kHz) and the NovoTTF-100A (200 kHz)
devices used in clinical studies with software modifications for
treatment of animals. TTFields parameters were recorded
continuously and stored in the log files of the device, from
which device usage was determined.

Safety Experiment Clinical Follow-Up
The rats were weighed prior to treatment initiation and at study
cessation (at 2 weeks). A veterinarian conducted clinical exams
twice daily throughout the treatment period for monitoring
Frontiers in Oncology | www.frontiersin.org 3
animal health. This included recording of activity level, food
and water intake, stools, motor neurological status, and
respiration. All adverse events were recorded.

Safety Experiment Blood Sample
Collections and Analysis
Blood samplings were performed prior to treatment initiation
and at study end (at 2 weeks). For blood collection, the rats were
physically restrained with the tail hanging off the edge of the
counter. The tail was immersed in 42°C water for 40-50 seconds
to dilate blood vessels. The tail was then wiped with 2%
chlorhexidine antiseptic solution. A catheter was inserted into
the vein at a shallow angle of approximately 5 cm from the tip of
the tail. Then, the syringe plunger was withdrawn to collect
approximately 0.8 ml of blood for further analysis.

For blood plasma, tubes that contain EDTA as an anticoagulant
(10 µl of 0.1 M EDTA for 200-400 µl of blood) were used, and
subsequently kept on ice. Within 10 min of collection, whole blood
samples were spun at 2,000 x g in a refrigerated centrifuge (4°C) for
10 min. Plasma was collected from each sample, avoiding
disruption of the red and white blood cell layers. Plasma samples
were stored at 4°C until analysis of complete blood count (CBC)
was performed. For blood serum, samples without anticoagulant
were used and kept at room temperature for up to 30 min to enable
clotting. The tubes were spun in a refrigerated centrifuge (4°C) at
2,000 x g and the supernatant collected. Serum samples were stored
at -20°C, until analysis of blood biochemistry. All samples were
sent on the day of collection for blinded analysis by American
Medical Laboratories (AML), Israel.

Safety Experiment Collection of Tissue
Samples and Histopathological Evaluation
Postmortem macroscopic examination of muscle, fat, skin, bone
marrow, heart, lung, liver, kidney, spleen, pancreas, stomach,
duodenum, jejunum, ileum, cecum, colon, uterus, ovary, bladder,
and brain were performed by the veterinarian. Tissue samples
from each organ (except for muscle and fat, which do not contain
replicating cells) were immediately dissected and placed in 4%
A B

FIGURE 1 | Localization of TTFields and sham arrays on the torso of rats. Illustrations of the positioning of the 2 array pairs, one shown in yellow and the other in
green, on the depilated rat torso: (A) top view, depicting the anteroposterior positioning of the 2 ceramic discs of each dorsal array (ventral arrays may be seen
transparently in the background); and (B) front view, demonstrating the orthogonality of the 2 array pairs.
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paraformaldehyde at room temperature for 48 hr. The samples
were then transferred to external independent laboratories with
the appropriate expertise (PathoVet, Israel and Patho-Logica,
Israel), where organs were trimmed in a standard position per
organ, put in an embedding cassette and embedded in paraffin.
Next, paraffin blocks were sectioned at approximately 3-5
microns thickness, the sections put on a glass slide and stained
with Hematoxylin & Eosin (H&E). Pictures were taken using a
microscope at magnifications of x4 and x20. The findings were
semi quantitatively scored for the presence of pathological
changes by the independent pathologist blinded to treatment
groups according to the following scoring system: 0 = absent; 1 =
minimal; 2 = mild; 3 = moderate; 4 = severe.

TTFields Intensity Measurements
Three female Sprague Dawley (SD) rats were treated with
TTFields at 150 or 200 kHz, and EF intensities in the torso
were measured, using a floating scope connected to a probe
inserted into the anesthetized rat abdomen. TTFields intensities
were measured as a function of the current applied to the arrays
(100-400 mA) in 3 different depths from the skin surface - 1, 2
and 3 cm. Linear equations describing the relation between the
applied currents and the EF intensities were derived from these
measurements, from which EF intensities for animals of the
safety experiment were calculated, according to the specific
currents recorded in the log files of the experiment (250 and
280 mA for 150 and 200 kHz, respectively, as shown in Table 1).

TTFields Intensity Simulations
Finite-Element Mesh (FEM) simulations were performed using
the Sim4life software V5.2 (Zurich MedTech), assuming rat
weight of 200 g and length of 18.5 cm (snout to vent).
Frontiers in Oncology | www.frontiersin.org 4
TTFields (150 or 200 kHz) were delivered with pairs of arrays
of analogous electrical properties and spatial arrangement as the
in vivo study. Electric properties of the various tissues were
assigned according to the Sim4life software database. To simulate
TTFields delivery, a constant voltage was set between the arrays
to generate current intensities equivalent to those determined for
the rats of the safety study (250 and 280 mA for 150 and 200 kHz,
respectively). EF intensities were simulated based on the location
and depths examined by the probe in the direct measurements
for simulation validation. Next, intensities were simulated for the
specific internal organs that were collected in the animal study
for histopathological examination: heart, lung, liver, kidney,
spleen, pancreas, stomach, duodenum, jejunum, ileum, cecum,
colon, bladder, and brain.

Statistical Analysis
Numerical data – blood exam results, weight, and TTFields
parameters – were averaged for each experimental group, and
are presented as mean ± standard deviation (SD). Each treatment
group (150 and 200 kHz) was compared to its corresponding
sham control group, using a Student t-test with an alpha level of
<0.05 considered a significant difference. Statistical significance
was calculated using GraphPad Prism 8 software (La Jolla).
Results from clinical examinations and post-mortem analyses
are presented descriptively.
RESULTS

Device Usage
The clinical recommendation for patients treated with TTFields
is to use the device continuously for at least 18 hours a day (7).
Therefore, only rats of the safety experiments that had reached
this threshold level (≥75% of time) were included in the analyses.
Usage was determined from the active monitoring stored in the
log files of the device. Daily usage of ≥18 hours per day was
reached for all 9 animals in the 150 kHz group. In the 200 kHz
treatment group, required usage was reached for 8 out of 10
animals, as 2 rats experienced repeated treatment breaks due to
technical reasons and were thus excluded from the analysis.

Animal Survival
All rats from the 150 kHz TTFields treatment group and
corresponding sham control arm (9 animals in each) survived
the study. In the second experiment, 1 animal death was reported
in the control group as a result of anesthesia during sham heat
array placement (prior to treatment initiation). The other 9 rats
from the control arm and all 10 rats from the TTFields group
(the 8 that reached required device usage as well as the 2 that
were excluded from the analyses) survived the study. Overall,
there was no treatment-related mortality for either the 150 or 200
kHz TTFields treated groups.

Weight Change and Physical Status
In the first experiment, in which 150 kHz TTFields were applied,
average animal body weight was reduced from treatment start to
cessation by 10% and 14% for rats from the control and TTFields
TABLE 1 | Average currents (mA) applied to each pair of arrays in healthy rats
treated to the torso for 2 weeks with 150 or 200 kHz TTFields.

TTFields
frequency
[kHz]

Animal
number

Average current [mA] Average (± SD)
group current

[mA]1st array
pair

2nd array
pair

150 1 162 163 250 ± 73
2 325 311
3 289 316
4 145 145
5 296 294
6 288 296
7 145 146
8 297 289
9 295 294

200 1 281 264 280 ± 31
2 363 269
3 272 254
4 304 311
5 289 229
6 293 287
7 270 279
8 266 294
9* 231 267
10* 318 252
*Due to repeated TTFields treatment breaks these animals were excluded from the analysis.
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arms, respectively (Figure 2A). This reduction was attributed to
the general stress response associated with treatment application
(i.e., attachment of arrays to animal torso that restricted motility
throughout study). For the second experiment, when applying
200 kHz TTFields, the adhesive used to secure the arrays and
device cables were improved and enabled enhanced animal
motility. Indeed, the average reduction in body weight
observed in this experiment for rats in control and TTFields
groups was only 2% (Figure 2B). Collectively, there were no
significant differences in weight loss for treatment versus control
animals. In addition, no changes were observed between control
rats and rats treated with either 150 or 200 kHz TTFields for
activity level, food and water intake, stool, motor neurological
status, or respiration.

Complete Blood Count (CBC)
and Blood Biochemistry
No major differences were observed in CBC (Figure 3 and
Supplemetary Figure S1) or in blood biochemistry (Figure 4
and Supplemetary Figure S2) between the control and the groups
treated with TTFields, except for GGT levels in the 150 kHz group.
GGT levels were variable throughout that study with high levels
seen before treatment initiation. As no other blood tests were
abnormal, and no evidence of GGT elevation was seen in the 200
kHz study, we conclude that the observed effect was not due to a
safety concern associated with treatment. Importantly, no cases of
lymphopenia were reported and there were no significant changes
in creatinine or electrolyte levels over time. A small increase from
study inception was observed in urea levels in control and treated
groups. This effect was associated with slight dehydration as a
result of the constant heat generated during treatment.

Histological Evaluation
Histopathologic analyses of tissue samples did not reveal any
morphological cytotoxic changes, signs of inflammation or other
pathological changes in any tested organs from animals in control
and 150 or 200 kHz TTFields groups, with a score of zero assigned
by the pathologist to all examined organs from all animals
(representative images are shown in Figure 5 and Supplemetary
Figure S3). Very mild increase of lymphocytes within the sinusoids
of the liver was noted in 5 animals from the control group and 1
Frontiers in Oncology | www.frontiersin.org 5
from the 200 kHz TTFields group. However, no cytotoxic changes
to hepatocytes or changes in blood markers associated with liver
dysfunction such as increased total protein, total bilirubin or liver
enzymes (ALT, AST, and ALP), or reduced albumin, were
observed, indicating no harm was imposed on the liver.

Simulated Electric Fields Intensities
Delivered to Internal Organs of
TTFields-Treated Rats
As it is not feasible to conduct invasive EF intensity measurements
in clinical trials (nor in all animal target organs), computer
simulations are a valuable tool to calculate the EF intensities
generated within specific organs. The first step towards simulating
the intensity of TTFields delivered to internal organs was to validate
the methodology, by comparing actual measured values with
simulated values at each location evaluated. EF intensities were
measured at various depths (1, 2, and 3 cm) and currents (100-400
mA) in the abdomen of rats treated with 150 or 200 kHz TTFields.
Based on these measurements, equations were derived to correlate
EF intensities (E, V/cm RMS) with applied currents (I, mA):

150 kHz: 200 kHz:

E(1 cm) = 0.00544·I, E(1 cm) = 0.00568·I,
E(2 cm) = 0.00480·I, E(2 cm) = 0.00455·I,
E(3 cm) = 0.00466·I E(3 cm) = 0.00349·I
June 2
021 | Volume 11 | Article 67080
The average currents measured in rats treated with 150 or 200
kHz TTFields during the 2 weeks of safety study were 250 ± 73 and
280 ± 31 mA, respectively (Table 1). These values were used to
calculate EF intensities at the various depths based on the
aforementioned empirical equations and demonstrated good
agreement with the simulated values (Table 2), supporting
further use of the simulations method to calculate EF intensities
within specific internal organs (Table 3). Simulated EF intensities
were found to range between 1.0 to 2.5 V/cm RMS for both
TTFields frequencies examined in the organs situated between the
arrays, which included the heart, lung, liver, kidney, spleen,
pancreas, stomach, duodenum, jejunum, ileum, and cecum. For
the distal organs (brain, colon, rectum, and bladder), intensities
A B

FIGURE 2 | Animal weight at the beginning and end of 2 weeks of sham or TTFields application. Average weights ± standard deviations at study start and end are
shown for control animals versus animals treated with TTFields at frequencies of 150 kHz (A) or 200 kHz (B). TTFields vs control non-significant; Student’s t-test.
9
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were very low (≤ 0.1 V/cm RMS). Representative distribution
maps of the simulated EF intensities in the rat torso are shown in
Figure 6 and Supplemetary Figure S4, clearly demonstrating the
locoregional nature of the treatment, with relevant EF intensities
generated only between the arrays.
DISCUSSION

The current study describes examinations of the safety of delivering
150 or 200 kHz TTFields as monotherapy for 2 weeks to the torsos
of healthy rats. It was important to examine the conditions used in
this study, to verify the delivery of therapeutic intensity TTFields.
Since measuring EF intensities in all internal organs is not feasible,
simulations are used to fill that gap. The simulation outcomes were
first compared with actual EF probe measurements in the torsos of
TTFields-treated healthy rats. These were found to be concordant
with each other, validating the use of the simulations method for
assessing EF intensities in the various internal organs within the
Frontiers in Oncology | www.frontiersin.org 6
torso. Such simulations predicted average EF intensities to be above
therapeutic threshold of 1 V/cm RMS in organs located in the
treatment target area: heart, lung, liver, kidney, spleen, pancreas,
stomach, duodenum, jejunum, ileum, and cecum. In accordance
with the locoregional nature of TTFields, the intensities measured at
organs distant from the arrays – brain, colon, rectum, and bladder –
were negligible. Altogether, these results indicate that the animal
studies were indeed performed at clinically relevant TTFields
intensities, and that the major internal organs of the torso of the
examined healthy animals were exposed to TTFields at therapeutic
doses, making the study suitable for capturing any potential
safety concerns.

No treatment-related mortality, nor treatment-induced changes
in activity level, food and water intake, stools, motor neurological
status, respiration, or weight were observed in the in vivo study. In
addition, no differences indicating safety concerns were observed in
CBC or blood biochemistry between the active- and sham-
treatment groups, nor for each group between study start and
end. Furthermore, histological analyses of internal organs did not
FIGURE 3 | Animal complete blood count (CBC) at the end of 2 weeks of sham or 200 kHz TTFields application. Average ± standard deviations at study end are
shown for control animals versus animals treated with TTFields. TTFields vs control non-significant; Student’s t-test. (WBC, white blood cells; RBC, red blood cells;
HGB, hemoglobin; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, MCH concentration).
June 2021 | Volume 11 | Article 670809
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reveal any pathological findings in the TTFields-treated groups.
Overall, TTFields treatment at therapeutic conditions (intensities
and frequencies) showed no apparent negative effects on cells and
tissues of the torso. It should be mentioned, however, that the 2
weeks duration of the study allowed capturing only acute and not
cumulative long-term effects of the treatment. Furthermore, this
study was performed in naïve animals, while the presence of a
tumor may induce tissue remodeling and inflammation, which
could potentially impact the safety and tolerability of TTFields.
Nevertheless, clinical studies conducted to date with TTFields in
patients with torso malignancies have confirmed the safety profile
of TTFields and did not reveal any new safety signal beyond the in
vivo findings reported here except for low grade skin irritation (27).

Cancer cells are characterized by abnormal proliferation, which
rationalizes cytotoxic cancer therapies targeting cells with high
basal rates of replication (28). However, these therapies also affect
normal cells with higher rates of proliferation, such as cells from
hair follicles, skin, and the GI tract mucosa (28). Normal GI tract
organs containing cells with high rates of turnover include:
stomach (2.8 days for both humans and rats), duodenum (1.5
and 1.9 days for humans and rats, respectively), jejunum (2.2 days
Frontiers in Oncology | www.frontiersin.org 7
for rats), and ileum (1.4 days for rats) (18). It is reasonable to
assume that within the 2 weeks duration of this safety study, cells of
the GI tract divided 5-10 times, while exposed to therapeutic
intensity TTFields. Nevertheless, histopathological analysis did
not reveal any changes in the healthy tissue such as aberrant
mitotic figures, abnormal chromosome segregation, cellular
multinucleation, and cell death previously associated with
TTFields manifestation in cancer cells (29). Cells of the spleen
also display relatively high turnover rates (7.8 days for humans)
(14), and did not display any cytotoxic changes.

An in-depth look into the anti-mitotic mechanism of action
behind TTFields is essential for understanding this positive
outcome. TTFields apply directional forces on polarizable
intracellular elements, and induce dielectrophoretic forces within
the cell due to non-uniform fields in the cleaving mitotic cell (1).
Both effects are dependent upon the frequency of the applied EF
(30, 31), as supported by multiple reports demonstrating TTFields’
anti-proliferative effects to be frequency-specific for different
cancer cell types (2, 20, 29, 32, 33), with the optimal frequency
dependent upon cell morphology and inversely related to cell size
(2, 34). Morphology deviations associated with cancer cells with
FIGURE 4 | Animal blood biochemistry at the end of 2 weeks of sham or 200 kHz TTFields treatment. Average ± standard deviations at study end are shown for
control animals versus animals treated with TTFields. TTFields vs control non-significant; Student’s t-test. (LDH, lactate dehydrogenase; GGT, gamma-glutamyl
transferase; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CPK, creatinine phosphokinase).
June 2021 | Volume 11 | Article 670809
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respect to normal cells include changes in nuclear shape and
chromatin, and cellular variability in nucleoli shape, number,
and/or size (35, 36). Cancerous cells have also been suggested to
differ from normal cells in the electrical properties of the cell and
nucleus membranes (37, 38). These morphological and electrical
differences suggest possible explanations for TTFields specificity,
making cancerous cells susceptible to alternating electric fields of
150 and 200 kHz, whereas normal cells remain unharmed.

In conclusion, the results of this in vivo study demonstrate that
TTFields at frequencies of 150 and 200 kHz can be safely applied to
the torsos of healthy rats without adverse effects, despite the
presence therein of tissues with high rates of cellular
proliferation. This phenomenon may be attributable to the
frequency specificity of TTFields for tumor cells, owing to the
different morphological and electrical properties of cancerous
relative to non-cancerous cells. The data from this preclinical
study, together with aforementioned phase II clinical trials, led to
ongoing phase III clinical trials: PANOVA-3 for locally advanced
pancreatic cancer (NCT03377491), INNOVATE-3 for ovarian
cancer (NCT03940196), and LUNAR for lung cancer
FIGURE 5 | Histopathology analysis of internal organs from animals at the end of 2 weeks of sham or 200 kHz TTFields treatment. Images from one representative
animal from each group are shown (H&E staining, ×20 magnification).
TABLE 2 | Average EF intensities (V/cm RMS) at 1, 2, and 3 cm depth into the abdomen of healthy rats treated to the torso with 150 kHz (250 mA) or 200 kHz (280
mA) TTFields, based on direct measurements or computer simulations.

Depth [cm] 150 kHz TTFields 200 kHz TTFields

Measured (± SD) EF intensity
[V/cm RMS]

Simulated (± SD) EF intensity
[V/cm RMS]

Measured (± SD) EF intensity
[V/cm RMS]

Simulated (± SD) EF intensity
[V/cm RMS]

1 1.36 ± 0.07 1.41 ± 0.05 1.59 ± 0.09 1.62 ± 0.17
2 1.20 ± 0.20 1.25 ± 0.05 1.28 ± 0.21 1.31 ± 0.05
3 1.16 ± 0.19 1.08 ± 0.03 0.98 ± 0.13 1.04 ± 0.06
June 202
Currents were selected for each frequency based on the results of Table 1.
TABLE 3 | Simulated average EF intensities (V/cm RMS) of internal organs of healthy
rats treated to the torso with 150 kHz (250 mA) or 200 kHz (280 mA) TTFields.

Organ Simulated EF intensity [V/cm RMS]

150 kHz TTFields 200 kHz TTFields

Brain 0.02 0.01
Heart 1.41 1.50
Lung 1.54 1.62
Kidney 1.66 1.79
Liver 2.38 2.46
Spleen 2.07 2.25
Stomach 1.38 1.49
Pancreas 1.17 1.25
Cecum 1.38 1.53
Duodenum 1.25 1.05
Jejunum 1.05 0.98
Ileum 1.22 1.03
Bladder 0.11 0.11
Colon 0.08 0.07
Rectum 0.01 0.01
Currents were selected for each frequency based on the results of Table 1.
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(NCT02973789) (15). Phase II clinical studies for examining the
efficacy of TTFields for treatment of gastric cancer (EF-31,
NCT04281576) and hepatocellular carcinoma (HEPANOVA,
NCT03606590) are also in progress (15).
Frontiers in Oncology | www.frontiersin.org 9
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
ETHICS STATEMENT

The animal study was reviewed and approved by Novocure
Institutional Animal Care and Use Committee (IACUC) and
The Israeli National Committee Council for Experiments on
Animal Subjects.
AUTHOR CONTRIBUTIONS

All authors contributed to study conception and design, and to data
analysis and interpretation. RB, SD, MM, AS, and SC performed
the animal experiments and collected the data. AZ, TM, and ZB
performed the simulations. AS, SC, AH, MG, UW, AK, and YP
contributed to writing, reviewing and editing of the manuscript. All
authors contributed to the article and approved the submitted version.
ACKNOWLEDGMENTS

The authors would like to thank Huda Ismail Abdullah, PhD and
ChelseaHiggins, PhD, ofNovocure for providing editorial assistance.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.
670809/full#supplementary-material
REFERENCES
1. 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. doi: 10.1158/0008-5472.CAN-04-0083

2. 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):10152–7.
doi: 10.1073/pnas.0702916104

3. Stupp R, Wong ET, Kanner AA, Steinberg D, Engelhard H, Heidecke V, et al.
NovoTTF-100A Versus Physician’s Choice Chemotherapy in Recurrent
Glioblastoma: A Randomised Phase III Trial of a Novel Treatment Modality.
Eur J Cancer (2012) 48(14):2192–202. doi: 10.1016/j.ejca.2012.04.011

4. Stupp R, Taillibert S, Kanner AA, Kesari S, Steinberg DM, Toms SA, et al.
Maintenance Therapy With Tumor-Treating Fields Plus Temozolomide vs
Temozolomide Alone for Glioblastoma: A Randomized Clinical Trial. JAMA
(2015) 314(23):2535–43. doi: 10.1001/jama.2015.16669

5. Stupp R, Taillibert S, Kanner A, Read W, Steinberg DM, Lhermitte B, et al.
Effect of Tumor-Treating Fields Plus Maintenance Temozolomide vs
Maintenance Temozolomide Alone on Survival in Patients With
Glioblastoma: A Randomized Clinical Trial. JAMA (2017) 318(23):2306–16.
doi: 10.1001/jama.2017.18718

6. Ballo MT, Urman N, Lavy-Shahaf G, Grewal J, Bomzon Z, Toms S.
Correlation of Tumor Treating Fields Dosimetry to Survival Outcomes in
Newly Diagnosed Glioblastoma: A Large-Scale Numerical Simulation-
Based Analysis of Data From the Phase 3 EF-14 Randomized Trial. Int J
Radiat Oncol Biol Phys (2019) 104(5):1106–13. doi: 10.1016/j.ijrobp.
2019.04.008

7. Kanner AA, Wong ET, Villano JL, Ram Z, Investigators EF. Post Hoc Analyses
of Intention-to-Treat Population in Phase III Comparison of NovoTTF-100A
System Versus Best Physician’s Choice Chemotherapy. Semin Oncol (2014) 41
(Suppl 6):S25–34. doi: 10.1053/j.seminoncol.2014.09.008

8. Toms SA, Kim CY, Nicholas G, Ram Z. Increased Compliance With Tumor
Treating Fields Therapy is Prognostic for Improved Survival in the
Treatment of Glioblastoma: A Subgroup Analysis of the EF-14 Phase III
Trial. J Neuro-Oncology (2019) 141(2):467–73. doi: 10.1007/s11060-018-
03057-z

9. Novocure Corporate Update (2021). Available at: http://3sj0u94bgxp33grb
z1fkt62h-wpengine.netdna-ssl.com/wp-content/uploads/2021/01/202101_
NVCR_Corporate_Presentation_v2.0.pdf.

10. Mrugala MM, Engelhard HH, Dinh Tran D, Kew Y, Cavaliere R , Villano JL,
et al. Clinical Practice Experience With NovoTTF-100A System for
Glioblastoma: The Patient Registry Dataset (Pride). Semin Oncol (2014) 41
(Suppl 6):S4–S13. doi: 10.1053/j.seminoncol.2014.09.010

11. Shi W, Blumenthal DT, Oberheim Bush NA, Kebir S, Lukas RV, Muragaki Y,
et al. Global Post-Marketing Safety Surveillance of Tumor Treating Fields
(Ttfields) in Patients With High-Grade Glioma in Clinical Practice. J Neuro-
Oncol (2020) 148(3):489–500. doi: 10.1007/s11060-020-03540-6
A

B

FIGURE 6 | Simulations of EF intensities in the rat torso during 200 kHz
TTFields application. Arrays were positioned on the rat model in accordance
with their position in the safety study (only 1 side of the animal with 2 arrays is
visible) (A). EF intensity distribution was simulated for 200 kHz TTFields at the
current determined relevant from the in vivo study of 280 mA, and is shown
from a side view for each of the 2 array pairs and as a merged average image
of both (B).
June 2021 | Volume 11 | Article 670809

https://www.frontiersin.org/articles/10.3389/fonc.2021.670809/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.670809/full#supplementary-material
https://doi.org/10.1158/0008-5472.CAN-04-0083
https://doi.org/10.1073/pnas.0702916104
https://doi.org/10.1016/j.ejca.2012.04.011
https://doi.org/10.1001/jama.2015.16669
https://doi.org/10.1001/jama.2017.18718
https://doi.org/10.1016/j.ijrobp.2019.04.008
https://doi.org/10.1016/j.ijrobp.2019.04.008
https://doi.org/10.1053/j.seminoncol.2014.09.008
https://doi.org/10.1007/s11060-018-03057-z
https://doi.org/10.1007/s11060-018-03057-z
http://3sj0u94bgxp33grbz1fkt62h-wpengine.netdna-ssl.com/wp-content/uploads/2021/01/202101_NVCR_Corporate_Presentation_v2.0.pdf
http://3sj0u94bgxp33grbz1fkt62h-wpengine.netdna-ssl.com/wp-content/uploads/2021/01/202101_NVCR_Corporate_Presentation_v2.0.pdf
http://3sj0u94bgxp33grbz1fkt62h-wpengine.netdna-ssl.com/wp-content/uploads/2021/01/202101_NVCR_Corporate_Presentation_v2.0.pdf
https://doi.org/10.1053/j.seminoncol.2014.09.010
https://doi.org/10.1007/s11060-020-03540-6
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Blatt et al. TTFields Torso Safety
12. Lacouture ME, Davis ME, Elzinga G, Butowski N, Tran D , Villano JL, et al.
Characterization and Management of Dermatologic Adverse Events With the
NovoTTF-100A System, a Novel Anti-Mitotic Electric Field Device for the
Treatment of Recurrent Glioblastoma. Semin Oncol (2014) 41(Suppl 4):S1–14.
doi: 10.1053/j.seminoncol.2014.03.011

13. 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(15):4137–47. doi: 10.1088/0031-9155/59/15/4137

14. Seim I, Ma S, Gladyshev VN. Gene Expression Signatures of Human Cell and
Tissue Longevity. NPJ Aging Mech Disease (2016) 2:16014–. doi: 10.1038/
npjamd.2016.14

15. Rominiyi O, Vanderlinden A, Clenton SJ, Bridgewater C, Al-Tamimi Y, Collis SJ.
Tumour Treating Fields Therapy for Glioblastoma: Current Advances and Future
Directions. Br J Cancer (2021) 124:697–709. doi: 10.1038/s41416-020-01136-5

16. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global Cancer
Statistics 2018: GLOBOCAN Estimates of Incidence andMortality Worldwide
for 36 Cancers in 185 Countries. CA: A Cancer J Clin (2018) 68(6):394–424.
doi: 10.3322/caac.21492

17. Siegel RL, Miller KD, Jemal A. Cancer Statistics, 2020. CA: A Cancer J Clin
(2020) 70(1):7–30. doi: 10.3322/caac.21590

18. Darwich AS, Aslam U, Ashcroft DM, Rostami-Hodjegan A. Meta-Analysis of
the Turnover of Intestinal Epithelia in Preclinical Animal Species and Humans.
Drug Metab Disposition (2014) 42(12):2016. doi: 10.1124/dmd.114.058404

19. Giladi M, Schneiderman RS, Porat Y, Munster M, Itzhaki A, Mordechovich D,
et al. Mitotic Disruption and Reduced Clonogenicity of Pancreatic Cancer
Cells In Vitro and In Vivo by Tumor Treating Fields. Pancreatology (2014) 14
(1):54–63. doi: 10.1016/j.pan.2013.11.009

20. Giladi M, Weinberg U, Schneiderman RS, Porat Y, Munster M, Voloshin T,
et al. Alternating Electric Fields (Tumor-Treating Fields Therapy) can
Improve Chemotherapy Treatment Efficacy in Non-Small Cell Lung Cancer
Both In Vitro and In Vivo. Semin Oncol (2014) 41(Suppl 6):S35–41.
doi: 10.1053/j.seminoncol.2014.09.006

21. Voloshin T, Munster M, Blatt R, Shteingauz A, Roberts PC, Schmelz EM, et al.
Alternating Electric Fields (Ttfields) in Combination With Paclitaxel are
Therapeutically Effective Against Ovarian Cancer Cells In Vitro and In
Vivo. Int J Cancer (2016) 139(12):2850–8. doi: 10.1002/ijc.30406

22. Ceresoli GL, Aerts JG, Dziadziuszko R, Ramlau R, Cedres S, van Meerbeeck
JP, et al. Tumour Treating Fields in Combination With Pemetrexed and
Cisplatin or Carboplatin as First-Line Treatment for Unresectable Malignant
Pleural Mesothelioma (STELLAR): A Multicentre, Single-Arm Phase 2 Trial.
Lancet Oncol (2019) 20(12):1702–9. doi: 10.1016/S1470-2045(19)30532-7

23. Pless M, Droege C, von Moos R, Salzberg M, Betticher D. A Phase I/II Trial of
Tumor Treating Fields (Ttfields) Therapy in Combination With Pemetrexed
for Advanced non-Small Cell Lung Cancer. Lung Cancer (2013) 81(3):445–50.
doi: 10.1016/j.lungcan.2013.06.025

24. Vergote I, von Moos R, Manso L, Van Nieuwenhuysen E, Concin N, Sessa C.
Tumor Treating Fields in Combination With Paclitaxel in Recurrent Ovarian
Carcinoma: Results of the INNOVATE Pilot Study. Gynecol Oncol (2018) 150
(3):471–7. doi: 10.1016/j.ygyno.2018.07.018

25. Rivera F, Benavides M, Gallego J, Guillen-Ponce C, Lopez-Martin J, Kung M.
Tumor Treating Fields in Combination With Gemcitabine or Gemcitabine
Plus Nab-Paclitaxel in Pancreatic Cancer: Results of the PANOVA Phase 2
Study. Pancreatology (2019) 19(1):64–72. doi: 10.1016/j.pan.2018.10.004

26. Jo Y, Hwang SG, Jin YB, Sung J, Jeong YK, Baek JH, et al. Selective Toxicity of
Tumor Treating Fields to Melanoma: An In Vitro and In Vivo Study. Cell
Death Discov (2018) 4:46. doi: 10.1038/s41420-018-0106-x
Frontiers in Oncology | www.frontiersin.org 10
27. Vergote I, Benavides M, Pless M, Ceresoli G. Safety of TTFields Applied to
the Torso: Meta-Analysis of 176 Patients From Four Phase I-II Trials. Int J
Radiat Oncology Biology Physics (2018) 102(3):e370. doi: 10.1016/j.ijrobp.
2018.07.1107

28. Feitelson MA, Arzumanyan A, Kulathinal RJ, Blain SW, Holcombe RF,
Mahajna J, et al. Sustained Proliferation in Cancer: Mechanisms and Novel
Therapeutic Targets. Semin Cancer Biol (2015) 35:S25–54. doi: 10.1016/
j.semcancer.2015.02.006

29. Giladi M, Schneiderman RS, Voloshin T, Porat Y, Munster M, Blat R, et al.
Mitotic Spindle Disruption by Alternating Electric Fields Leads to Improper
Chromosome Segregation and Mitotic Catastrophe in Cancer Cells. Sci Rep
(2015) 5:18046. doi: 10.1038/srep18046

30. Bomzon Z, Wenger C. Of Fields and Phantoms: The Importance of Virtual
Humans in Optimizing Cancer Treatment With Tumor Treating Fields. IEEE
Pulse (2017) 8(4):46–9. doi: 10.1109/MPUL.2017.2701238

31. Berkelmann L, Bader A, Meshksar S, Dierks A, Hatipoglu Majernik G, Krauss
JK, et al. Tumour-Treating Fields (Ttfields): Investigations on the Mechanism
of Action by Electromagnetic Exposure of Cells in Telophase/Cytokinesis. Sci
Rep (2019) 9(1):7362. doi: 10.1038/s41598-019-43621-9

32. Kirson ED, Schneiderman RS, Dbaly V, Tovarys F, Vymazal J, Itzhaki A, et al.
Chemotherapeutic Treatment Efficacy and Sensitivity Are Increased by
Adjuvant Alternating Electric Fields (Ttfields). BMC Med Phys (2009) 9:1.
doi: 10.1186/1756-6649-9-1

33. Schneiderman RS, Shmueli E, Kirson ED, Palti Y. Ttfields Alone and in
Combination With Chemotherapeutic Agents Effectively Reduce the Viability
of MDR Cell Sub-Lines That Over-Express ABC Transporters. BMC Cancer
(2010) 10:229. doi: 10.1186/1471-2407-10-229

34. Wenger C, Miranda PC, Salvador R, Thielscher A, Bomzon Z, Giladi M, et al.
A Review on Tumor-Treating Fields (Ttfields): Clinical Implications Inferred
From Computational Modeling. IEEE Rev Biomed Engineering (2018) 11:195–
207. doi: 10.1109/RBME.2017.2765282

35. Zink D, Fischer AH, Nickerson JA. Nuclear Structure in Cancer Cells. Nat Rev
Cancer (2004) 4(9):677–87. doi: 10.1038/nrc1430

36. Mukherjee RN, Chen P, Levy DL. Recent Advances in Understanding
Nuclear Size and Shape. Nucleus (2016) 7(2):167–86. doi: 10.1080/
19491034.2016.1162933

37. Joshi RP, Qin H, Schoenbach KH. Modeling Studies of Cell Response to
Ultrashort, High-Intensity Electric Fields-Implications for Intracellular
Manipulation. IEEE Trans Plasma Sci (2004) 32(4):1677–86. doi: 10.1109/
TPS.2004.830971
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