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Abstract

Tumor treating fields (TTFields) are nonionizing alternating electric fields that have anticancer properties. After the initial approval for
use in patients with recurrent glioblastoma in 2011 and newly diagnosed glioblastomas in 2015, they are now being tested in those with
advanced lung cancer, ovarian carcinoma, and pancreatic cancer. Unlike ionizing radiation therapy, TTFields have nonlinear
propagation characteristics; therefore, it is difficult for clinicians to recognize intuitively the location where these fields have the most
impact. However, finite element analysis offers a means of delineating TTFields in the human body. Our analyses in the brain, pelvis,
and thorax revealed that cerebrospinal fluid, edema, urine, ascites, pleural fluid, and necrotic core within a tumor greatly influence
their distribution within these body cavities. Our observations thus provided a unified framework on the role of these
compartmentalized fluids in influencing the propagation of TTFields.

© 2023 The Author(s). Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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be greatly affected—either attenuated or summated—by
the local geometry at the interface between adjacent tis-
sues and differences in their electric conductivities. As a
result, propagation of TTFields from the emitting trans-
ducers on the scalp or body surface to the tumor target
could be intensified or attenuated at the gross tumor vol-
ume (GTV) or clinical target volume (CTV). Further-
more, TTFields propagate at a much lower frequency
than ionizing radiation, in the range of 100 to 500 x 10°
versus 10" Hz, respectively. The time component, which
influences the amount of energy deposition at the target,
has a greater impact on TTFields than ionizing radiation
therapy.® Therefore, identifying factors that influence
electric field propagation in the head or body can poten-
tially improve the treatment efficacy of TTFields.

Highly Conductive Fluids Determine the
Flow of Electric Fields

The electric conductivity of a tissue or organ is deter-
mined by its composition of fluid and solute, and this will
determine the extent of electric field propagation. In the
frequency range of TTFields, conductivity (the ability for
a medium to pass charges) exerts a greater influence on
electric field distribution than relative permittivity (the
ability of a medium to retain charges in an electric field).”

Since fluid-filled cavities such as the bladder, cerebral ven-
tricles, edematous regions, and pleural cavities are highly
conductive, they all have a potential to alter the distribu-
tion of electric fields. In contrast, cavities that contain
nonconductive air have low conductivity; therefore, the
electric fields in these regions are often stronger in magni-
tude. Examples of these regions include bronchi and cer-
tain regions of the lungs as well as gas-filled colon,
esophagus, and stomach. Thus, knowing the conductivity
of the tissue or organ of interest will help estimate the
penetration of TTFields and the distribution of these
fields in the adjacent tissue or organ. Although this cannot
be done analytically, it can be approximated using finite
element analysis.”

A tissue or organ and its adjacent parenchyma are ani-
sotropic due to their differences in electric properties.
This anisotropy will influence the propagation of the elec-
tric fields. For example, if a fluid containing cavity is
located adjacent to tissues that are less conductive, the
electric field lines will concentrate at the adjacent tissues
leading to a higher field intensity. This was first observed
by our research team when a modeled glioblastoma was
located within the right parietal white matter between the
transducer arrays on the scalp surface and the lateral ven-
tricle.” High intensity TTFields were observed between
the tumor and the right lateral ventricle (Fig. 1).” Similar
phenomenon was also observed at the genu of the corpus
callosum, which is situated above the lateral ventricles.'’

Figure 1 High intensity of tumor treating fields between the tumor and the lateral ventricle. High electric field strength is
seen between the medial margin of the glioblastoma gross tumor volume and the right lateral ventricle in the (A) axial, (B)
coronal, and (C) sagittal views. High intensity is also noted in the genu of the corpus callosum extending to the contralat-

eral left frontal and left parietal white matter.
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In contrast, the amount of cerebrospinal fluid within the
subarachnoid space on the surface of the brain may atten-
uate the perpendicular penetration of TTFields into the
brain from the scalp surface secondary to tangential dis-
persion. We performed a sensitivity analysis by altering
the thickness of cerebrospinal fluid and found that a
thicker fluid layer decreased TTFields at the GTV in the
brain.'’ Additionally, the presence of necrosis within the
glioblastoma may help to attract TTFields into the GTV
due to higher conductivity in the necrotic fluid."” For
example, in a patient with a solitary brain metastasis, it
was shown that the presence of a necrotic core increased
the electric field strength within the GTV by at least
37.5%."" Therefore, propagation of TTFields in the brain
really depends on the aggregate effects of conductive flu-
ids in the subarachnoid space, bilateral ventricles, edema
around the tumor, and the necrotic core when present
within the tumor (Fig. 1).

Current Density and Electric Fields Are
Related Quantities in TTFields

Current density is the amount of charge flowing
through a cross sectional area. The magnitude is propor-
tional to both charge density and the applied electric field,
whereas directionality is indicated by a vector denoting
the direction of current flow.'”” Current density is an
important measurable quantity in treatment planning
because it can be influenced by a number of physical and
biological components. First, human tissues can absorb
electromagnetic fields and induce conduction and dis-
placement currents. This interaction depends on a num-
ber of factors, including the frequency of electric fields,
dielectric properties of the biologic tissue at a particular
frequency, and tissue geometry.'”'® Second, because cur-
rent density is directly related to the electric field by elec-
tric conductivity according to Ohm’s Law, the
conductivity can influence the specific absorption rate
(SAR) of biological tissues in the presence of a varying
electric field.'” For TTFields, SAR is the rate of energy
absorbed by a mass of biological tissue when exposed to
radiofrequency electromagnetic fields. Its measure is
related to joule heating or stimulation of excitable biologi-
cal tissues such as neurons and muscles by these radiofre-
quency fields."” Therefore, the electric conductivity is a
critical parameter because it heavily influences the ability
of TTFields penetrating a tumor target, which can be
observed by the distribution of current density.

Our observations were corroborated by Korshoej et al
in their modeling of TTFields.'®'? Using magnetic reso-
nance imaging data of a human head, they observed dif-
ferences in electric field distribution when conductivity
was modeled anisotropically versus isotropically, and this
difference was significantly greater for the left-right array

orientation compared with the anterior-posterior one.'®
The degree of fractional anisotropy can be quantified by
the diffusion tensor of water, and they found that resec-
tion of a tumor actually increases the fractional anisotropy
of the brain adjacent to the resection cavity by at least
37%."” They hypothesized that this is due to increased
shunting of current from highly conductive cerebrospinal
fluid in the resection cavity, which results in a higher elec-
tric field when the resection site is perpendicular to the
applied TTFields. However, additional studies need to be
performed to determine other contributory factors, such
as array positioning, tumor geometry, and the radial dis-
tance of the tumor to the scalp surface.

The extent of anisotropy can be assessed or quantified
by diffusion tensor on magnetic resonance imaging.”’
Tractography and connectome analysis, which exploits
difference in water diffusion in the axial and radial direc-
tions of white matter tracts, are important tools for the
preoperative planning of brain tumor resection.”’ The
same algorithm can be used to quantify the extent of con-
ductivity anisotropy in the brain. As shown previously,
changes in fractional anisotropy could alter the distribu-
tion of TTFields at the GTV or CTV, and these changes
cannot be solved analytically but can only be approxi-
mately by finite element analysis."’

Cerebral Edema Influences the
Distribution of TTFields in the Brain

Our prior investigation in subjects with brain metastases
revealed that increased electric conductivity of cerebral
edema attenuates TTFields, SAR, and current density at the
tumor target.'' Specifically, the plan quality metrics
increased linearly when the edema-to-GTV ratio decreased,
whereas the plan quality metrics decreased vice versa when
the edema-to-GTV ratio increased (Fig. 2)."" However,
cerebral edema may not have as much of an impact on
glioblastoma compared with brain metastasis. Glas et al
performed finite element analysis of patients with newly
diagnosed glioblastoma enrolled in the EF-14 trial and
showed that distant progression was more frequently
observed among those treated with TTFields than the con-
trol group.”” This finding suggests that TTFields exert local
tumor control; therefore, distant progression is the predom-
inant recurrence pattern in these patients. However, the
extent of peritumoral edema was not analyzed. More than
half of the enrolled subjects had gross total resection of
their glioblastoma; therefore, they are expected to have a
limited amount of cerebral edema.”” Another possibility in
causing the phenomenon of distant progression may be
due to the invasive property of glioblastoma where edema
and infiltrative tumor cells are intertwined along axonal or
neuritic processes. Because the highly conductive edema is
comingled with infiltrative tumor cells, the alternating
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Figure 2 Plan quality metrics for GTV as a function of GTV-to-edema volume. The relationship for GN003, WD001
without necrotic core, and WDO001 with necrotic core for (A-C) Egse, Esge, and Ese; (D-F) SARgs6, SAR500, and SARse;
and (G-I) CDgsy, CDspe, and CDsy, (previously published in Lok et al).”” Abbreviations: CD = current density;
E = electric field; GTV = gross tumor volume; NC = necrotic core; SAR = specific absorption rate.

electric fields attracted to the edematous regions probably
increases local field absorption, which could disrupt tumor
cells as they undergo mitoses resulting in impaired cytoki-
nesis and eventual cell death.”

There are at least 4 types of cerebral edema including
vasogenic, cytotoxic, interstitial, and osmotic edemas.””
First, vasogenic edema is most commonly associated with
tumors in the brain due to the hyperpermeable cerebral
vasculatures.” As a result, solutes and osmolytes from
serum leak into the brain parenchyma, which secondarily
draws fluids into the same area, resulting in cerebral
edema, mass effect, or both.”* The downstream neuronal
dysfunctions include localized seizure, vascular compres-
sion, weakness, language impairment, and/or vision loss
as well as generalized multifocal seizures, syndrome of
inappropriate secretion of antidiuretic hormone, neuro-
cognitive deficits involving multiple cognitive domains, or
a combination of these deficits. Second, cytotoxic edema
is a disorder of bioenergetics, and this is associated with
loss of ATPase function resulting in cellular edema due to
inability of the cell to maintain electrolyte balance;*” cellu-
lar swelling is the principal consequence. Vascular com-
promise is the leading cause of cytotoxic cerebral

edema.”® Third, interstitial edema is associated with
blockage of cerebrospinal outflow as in obstructive hydro-
cephalus. The cerebrospinal fluid therefore permeates via
interstitial spaces within the brain parenchyma into the
glymphatics system, cerebral veins, or both.”” Lastly,
hyperosmolality or hyposmolality in the brain, as in
hypernatremia or hyponatremia, can secondarily change
the fluid dynamics.”® Because water is freely permeable
inside the brain, an increase or decrease in osmolality sec-
ondary to alterations in osmolyte composition will either
draw or remove fluid from the brain parenchyma, affect-
ing both neuronal and axonal functions. Collectively, any
one of these well-known mechanisms can change the fluid
content in the brain and these changes may affect
TTFields propagation in patients with brain tumors.
TTFields have different propagation characteristics
depending on the type of cerebral edema in the brain.
First, interstitial and osmotic edemas most likely have the
highest conductivity and are therefore modeled with a
conductivity value similar to cerebrospinal fluid. This is
appropriate because these types of edemas predominantly
have high fluid content. In contrast, cytotoxic edema is a
result of cellular expansion and therefore this pushes out
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fluid from the interstitial space. Therefore, this type of
edema has a conductivity value more akin to gray matter.
Lastly, vasogenic edema is due to leakage of solutes and
electrolytes from hyperpermeable tumor vasculature. This
type of edema is similar to blood and therefore has a con-
ductivity value between cytotoxic edema and interstitial/
osmotic edema. Using these parameters, our modeling
study revealed that the electric field more than doubled
when the edema type was changed from vasogenic to
cytotoxic edema, whereas it decreased by more than half
when the edema type was changed from vasogenic to
interstitial edema.'’ In glioblastoma or other types of
malignant gliomas in the brain, there is probably a mix-
ture of different types of cerebral edema, and identifying
the range of variance in a population is important.

Urine in Bladder Changes the
Distribution of TTFields Within the Pelvis

The pelvis has a number of fluid-filled spaces that
influence the propagation of TTFields. These include the
bladder and the peritoneal cavity. Our modeling study
has shown a number of important observations. First,
urine in the bladder is highly conductive, and this
medium alters the directionality of field vectors (Fig. 3).
Our prior modeling analysis revealed that the bladder had
the highest current density and the lowest electric field

A BMO002 J-Field with E-vector

P
C NS001 J-Field with E-vector

strength compared with other organs within the abdomen
or pelvis.”” This finding is corroborated by Voloshin et al
who also show lower electric field strength in the bladder
compared with other pelvic organs.”” When the electric
conductivity of the bladder was altered in a sensitivity
analysis, large changes in electric field strength within the
tumor target were observed, suggesting that the fluid con-
tent within the bladder modulates the electric field lines
traversing the pelvis.”” However, it is still unclear how the
aggregate effect, based on the relative positions of the
transducer electrodes, bladder, and tumor, influences
TTFields at the tumor volume. For example, if the tumor
is situated in the path of TTFields from the emitting elec-
trodes on the body surface and the centrally located blad-
der, will the tumor volume encounter an increase in
electric field? Or, if the tumor is located behind the blad-
der, will the electric field at the tumor volume be attenu-
ated? Further modeling investigations will need to be
done in order to address these questions. Second, the peri-
toneal cavity is a potential space that can be filled with
body fluid. The consistency of this fluid can be a transu-
date or a denser exudate with higher protein and cellular
content from peritoneal carcinomatosis, and this transu-
date or exudate may influence the propagation of
TTFields depending on their respective electric conduc-
tivities. Therefore, in our patient with malignant ascites,
we delineated the entire pelvic cavity as the CTV and
observed that current density permeated the entire cavity

B BMO0O02 J-Field with J-vector

Figure 3 Current density map of 2 patients with ovarian carcinoma as influenced by the bladder in the pelvis. Finite ele-
ment modeling of a patient with bilateral ovarian carcinomas reveals (A) electric field and (B) current density vectors
pointing toward the bladder. Finite element modeling of another patient with malignant ascites from ovarian carcinoma
also shows high intensity (C) electric field and (D) current density vectors pointing toward the bladder. Abbreviations:

A = anterior; L = left; P = posterior; R = right.
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while SAR at the peritoneal wall was high.”” Collectively,
these fluids in the bladder and peritoneal cavity determine
the flow of electric fields and the subsequent energy depo-
sition in the CTV.

Additionally, bladder volume may account for poten-
tially drastic changes in TTFields distribution throughout
the day as the patient voids or retains urine. For example,
in patients with pelvic cancer, bladder volume differences
between an empty and full one may vary between 20 cc
and 650 cc according to several studies on bladder volume
effects on radiation dose to various critical structures in
the pelvis.”’ ** This volume is important for daily frac-
tionated beam delivery to keep the dose tolerance of blad-
der, bowel, and other organs at risk within acceptable
criteria. Therefore, it may also be valid to question: to
what extent does bladder volume affects the directionality
and magnitude of TTFields?

The relative location of the tumor target and trans-
ducer electrodes is relevant for treatment planning. If the
CTV is located away from the centroid of the abdominal
or pelvic cavity, then rotating the array positions on the
body surface may improve TTFields delivery. For exam-
ple, in our analysis, rotating the arrays from 0° to 50°
clockwise from the surface increased the electric field,
SAR, and current density to an eccentrically positioned
lymph node by >75%, >200%, and >100%, respectively.*’

Pleural Fluid Alters the Penetration of
TTFields Into the Thorax

In the thorax, the pleura is a fluid-filled cavity that can
potentially modulate the propagation of TTFields. In our
thoracic modeling study, tumors that were not attached
to the pleura had significantly reduced TTFields.”* Fur-
thermore, successive volume expansion of the GTV
increased TTFields intensity, particularly when the
expanded volume makes partial contact with the pleura.”
High field intensity emanating from the surface electrodes
on the chest, traversing the pleura and the lung paren-
chyma, and penetrating the GTV and CTV were also
noted by Bomzon et al.”” Together, these findings indicate
that lung tumors that are flushed against the pleura can
potentially receive a higher dose of TTFields. In addition,
we performed a sensitivity analysis by changing the con-
ductivity of the margin around the GTV, or the difference
between CTV and GTV, and noted that the electric prop-
erty of this margin can alter the amount of energy depos-
ited at the target. Similar to our observation in the
abdomen and pelvis, SAR in the GTV, CTV, and the mar-
gin between the GTV and CTV also increased up to a
maximum and then attenuated as the conductivity
increased further.”””* Therefore, the conductivity between
the thoracic target and the pleura is an important deter-
minant of TTFields intensity.

Summarizing the Influence of Body
Fluids on Propagation of TTFields

The electric conductivity of a tumor is also an important
determinant of energy deposition by TTFields. Our sensi-
tivity analyses in the brain, thorax as well as abdomen and
pelvis revealed that as the conductivity of the CTV
increases, the electric field strength and current density
behaved in an inverse manner.'"*>** For example,
increased conductivity leads to an attenuation in electric
field strength and a surge in current density, or vice versa,
indicating that as the conductivity of the CTV increases,
TTFields will incur an increase in tangential vector compo-
nent of the field and decrease in normal vector component,
at the surface boundary of the tumor (Figs. 4-6). However,
it should be noted that this phenomenon is highly depen-
dent on not only the electric conductivity of the region of
interest (ROI) but also on its surrounding tissue or space.
It can be observed in Figs. 5 and 6 that when both the
intermediate region surrounding the circular ROI have the
same conductivities, the field strength is relatively uniform
in magnitude over the entire region between the energized
electrodes above and below. Additionally, the direction of
the streamlines representing the electric field lines and cur-
rent density field lines, respectively, are also relatively uni-
form in direction. However, when the conductivity of the
circular ROI is below that of its surrounding, the vector
fields tend to bow inwards toward the midline of the circu-
lar region between both electrodes. Conversely, when the
conductivity of the circular ROI is greater than its sur-
rounding, the vector field tends to bow outwards, away
from the midline. In fact, the current density field lines
tend to have a much higher tangential component due to
an increase in charge flow along the surface of the circular
ROL This is consistent with Gauss’ Law, which describes
the electric field at the center of a perfectly conducting
sphere is 0. This can also be expressed in Ohm’s law:

J=oEorE=

o
Wheref is the current density, o is the electric conductiv-
ity, and E is the electric field. A perfectly conducting
material indicates that o— 0o, and the limit then
becomes E = lim, _, % -L: 0. Conservation of energy
shall be preserved, where | should be bounded in order
for the limit to be true.

In contrast, the rate of energy deposited at the CTV
behaved differently. SAR increased up to a maximum and
then attenuated as the conductivity increased further.
Although the precise mechanism is unclear due to the
plethora of tissue heterogeneities in terms of shape,
dimensions, and physical characteristics, this phenome-
non may be a result of loss of resistivity in the CTV, the
relative difference in conductivity between the CTV and
the adjacent tissues, or both. In either case, TTFields may
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Figure 4 Electric field with electric field vector field analysis of a representative circular cross section of a spherical tumor.
The tumor sphere is embedded within an environment with a conductivity value of 0.01 S/m. By varying the conductivity
of the tumor sphere at lower conductivity values from 0.000001 S/m to 0.00001 S/m, 0.0001 S/m, and 0.001 S/m, the elec-
tric field vectors are seen flowing into and out of the sphere at various points. However, when the conductivity values are
near the value in the surrounding environment at 0.01 S/m, there is no net flow of electric field vectors in or out of the
sphere. Further increasing the conductivity of the sphere from 0.1 S/m to 1 S/m, 10 S/m, 100 S/m, and 1000 S/m resulted
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Figure 5 Electric field with current density vector field analysis of a representative circular cross section of a spherical
tumor. The tumor sphere is embedded within an environment with a conductivity value of 0.01 S/m. By varying the con-
ductivity of the tumor sphere at lower conductivity values from 0.000001 S/m to 0.00001 S/m, 0.0001 S/m, and 0.001 S/m,
the current density vectors are seen flowing pass the sphere from cathode to anode with field lines bowing less inwards as
the conductivity increases. However, when the conductivity value is set above the value to the surrounding environment
at 0.1 S/m, increasing the conductivity from 0.1 S/m to 1 S/m, 10 S/m, 100 S/m, and 1000 S/m revealed that increased elec-
tric field magnitude is now seen at the junction between the sphere and the cathode or anode while the electric field within
the circular cross section of the tumor exhibits little to no magnitude with field lines bowing outwards.
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Figure 6 Current density with current density vector field analysis of a representative circular cross section of a spherical tumor.
The tumor sphere is embedded within an environment with a conductivity value of 0.01 S/m. By varying the conductivity of the
tumor sphere at lower conductivity values from 0.000001 S/m to 0.00001 S/m, 0.0001 S/m, 0.001 S/m, and 0.01 S/m, the current
density vectors are seen essentially flowing past the sphere from cathode to anode. However, when the conductivity value is set
above the value to the surrounding environment at 0.1 S/m, tangential current vectors first appear on the surface of the sphere.
Further increasing the conductivity of the sphere from 1 S/m to 10 S/m, 100 S/m, and 1000 S/m resulted in a more intense tangen-
tial current density vector flow on the surface of the tumor sphere as well as magnitude within the circular region of interest.
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begin to travel more along the surface of the CTV rather
than through it, leaving much less energy deposited
within. Therefore, TTFields at the CTV or GTV depends
not only on the electric conductivity of the tumor but also
its surroundings, particularly when the surrounding has
highly conductive fluids.

Conclusion

TTFields have nonlinear propagation characteristics, and
their presence or absence within a patient’s body cavity are
difficult to recognize intuitively. Finite element modeling
offers clinicians a means of visualizing the conditions where
TTFields have the most impact. Our past analyses of the
brain, pelvis, and thorax revealed that fluids within these
cavities greatly influence their propagation characteristics.
Specifically, the cerebrospinal fluid within the ventricles
draws in TTFields radially toward the center of brain
whereas the cerebrospinal fluid on the surface disperses
them tangentially. The liquid consistency of the necrotic
core helps to attract TTFields toward the glioblastoma
GTV. In the pelvis, urine in the bladder and fluid within
the peritoneal cavity can determine the flow of electric
fields and current density and consequently influence the
intensity of TTFields delivered to the ovarian carcinoma
CTV. Furthermore, pleural fluid on the surface of the tho-
rax can help guide the transmittal of TTFields into the
lungs, particularly when the lung cancer CTV is located
flush against the pleura. Our observations provide a unified
framework on the role of these fluids in influencing the
propagation of TTFields within the human body.
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