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Abstracti—Background: Tumor treatment fields (TTFie-
Ids) are an approved adjuvant therapy for glioblastoma
(GBM). The magnitude of applied electrical field has been
shown to be related to the anti-tumoral response. However,
peritumoral edema may result in shunting of electrical cur-
rent around the tumor, thereby reducing the intra-tumoral
electric field. In this study, we systematically address this
issue with computational simulations. Methods: Finite el-
ement models are created of a human head with varying
amounts of peritumoral edema surrounding a virtual tumor.
The electric field distribution was simulated using the stan-
dard TTFields electrode montage. Electric field magnitude
was extracted from the tumor and related to edema thick-
ness. Two patient specific models were created to confirm
these results. Results: The inclusion of peritumoral edema
decreased the average magnitude of the electric field within
the tumor. In the model considering a frontal tumor and an
anterior-posterior electrode configuration, >6 mm of peri-
tumoral edema decreased the electric field by 52%. In the
patient specific models, peritumoral edema decreased the
electric field magnitude within the tumor by an average of
26%. The effect of peritumoral edema on the electric field
distribution was spatially heterogenous, being most sig-
nificant at the tissue interface between edema and tumor.
Conclusions: The inclusion of peritumoral edema during
TTFields modelling may have a dramatic effect on the pre-
dicted electric field magnitude within the tumor. Given the
importance of electric field magnitude for the anti-tumoral
effects of TTFields, the presence of edema should be con-
sidered both in future modelling studies and when planning
TTField therapy.

Index Terms—Glioma, Tumor treatment fields, finite ele-
ment modelling.
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[. INTRODUCTION

LIOBLASTOMA Multiforme (GBM) is an aggressive
G primary brain tumor with a median survival of approx-
imately 1 year, despite surgical and adjuvant treatment [1]. In
recent years, new therapeutic technologies have been proposed
in order to improve this prognosis. One technology which has
demonstrated promise in both preclinical and clinical studies
is Tumor Treatment Fields (TTFields). TTFields are based
on the observation that low intensity, intermediate frequency
(10-1000 kHz) alternating electrical fields can selectively arrest
the growth of cancerous cells [2], [3]. This effect has been
proposed to occur through a variety of mechanisms. Intermediate
frequency alternating fields can interfere on the mitotic spindle
apparatus by targeting proteins with large dipole moments,
and may inhibit microtubule polymerization [3], [4]. Further,
during cytokinesis, a non-uniform electric field is induced which
is enhanced at the furrow region separating the two dividing
daughter cells. This is hypothesized to attract charged molecules
from the cytosol, compromising normal cell division [2]. These
antimitotic effects are related to orientation, frequency, and
intensity of the applied electrical field [2], [3].

In terms of orientation, TTFields are most effective when the
fields are parallel to the axis of cell division. For this reason,
the clinical system (NovoTTF System, Novocure Ltd., Jersey)
delivers two perpendicular field directions, which have been
shown to be about 20% more effective than a single direction
[3]. Preclinical models suggest the inhibitory effect on glioma
cell division is greatest at 200 kHz, while a minimum electric
field intensity of 1 V/cm is required [3]. Twenty-four hours of
2.25 V/em TTFields exposure led to a complete arrest of cell
division in a rat glioma model, demonstrating that increased
exposure to higher intensities of electric fields may be most
effective [3]. In addition, there appears to be a synergistic effect
of TTFields and common chemotherapeutic drugs [5]. Clinical
trials have extended this preclinical work, by showing that
chronic exposure to TTFields can improve survival in glioma
subjects. Specifically, an international, randomized, phase III
trial (EF-14), assessing therapeutic effects of TTFields plus ad-
juvant temozolomide compared to adjuvant temzolomide alone
in newly diagnosed glioma (following surgery and radiotherapy)
found improved progression free survival (7.1 vs 4.0 months)
and overall survival (20.5 vs 15.6 months) [6], [7]. Due to
this promising preclinical and clinical work, TTFields have
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been FDA approved for the treatment of newly diagnosed and
recurrent GBM following surgery and standard of care adjuvant
therapy. The most recent National Comprehensive Cancer Net-
work guidelines recommend TTFields as a category 1 adjuvant
treatment for patients with newly diagnosed GBM.

In order to optimize the delivery of TTFields to the tumor bed
and to better understand how TTFields are related to patient
outcomes, accurate models of the electrical field induced in
the brain are required. Computational modelling studies have
demonstrated that TTFields distribution throughout the brain
is heterogenous and dependent on the differences in dielectric
properties of different tissue types as well as other patient spe-
cific anatomical factors [8]-[10]. Importantly, current is shunted
through less resistive pathways (i.e CSF) and the field strength
increases at tissue interfaces between high and lower conduc-
tivity tissue. This property creates local ‘hot spots’ in deeply
seated regions of white matter, the sulcal fundi and near resec-
tion borders [10]. The heterogeneity of tumor composition also
influences electric field magnitudes within the tumor. Tumors
with a necrotic core show more local hotspots and less exposed
areas compared to solid tumors [11].

Using realistic head models, a recent study related the dose of
TTFields to patient outcome and found a relationship between
TTFields magnitude in the tumor bed and patient survival.
Higher doses, defined by TTField power loss density (a function
of electric field magnitude) and device compliance, resulted in
improved survival, with a critical threshold of 1.06 V/cm [12].
Given the clinical importance of estimating accurate electric
fields magnitudes, and the dependency of these models on tumor
and patient characteristics, it is important to create increasingly
realistic and comprehensive patient specific models. One tissue
class which has been neglected in modelling studies that may
have a significant effect on intra-tumoral TTFields magnitude
is vasogenic peritumoral edema. Peritumoral edema is a char-
acteristic feature of GBM, related to extravasation of plasma
fluid and proteins through a disrupted blood brain barrier [13].
Edematous brain has higher conductivity compared to normal
grey and white matter [14], [15], suggesting that current could
be significantly shunted though this tissue.

The objective of the current study was, for the first time, to
systematically investigate the influence of peritumoral edema on
intra-tumoral electric field magnitude during TTFields applica-
tion. To achieve this objective, we created finite element models
of a standard adult head template and placed a virtual tumor
in either a frontal or posterior location. The magnitude of the
predicted electrical field within the tumor was calculated, while
varying the amount of peritumoral edema. We further demon-
strated the effects of peritumoral edema on electric field distri-
bution using patient specific models with detailed tumor seg-
mentation. We chose two representative patients and calculated
the electric field within the tumor both when including the rep-
resentation of peritumoral edema and when this component was
excluded. Given the high conductivity of edematous brain rela-
tive to other brain and tumor tissues, we expected that increased
amounts of peritumoral edema would shunt the current around
the tumor, resulting in decreased electric field magnitudes within

the tumor. This could have important clinical implications for
the delivery of TTFields in patients with peritumoral edema.

Il. METHODS
A. TTF Parameters

Standard placement of TTField electrode arrays were placed
on the head models. This included anterior-posterior (AP) and
left-right (LR) array pairs, with each array consisting of nine
(3 x 3) circular electrodes (Fig. 1A & 1B). Each electrode
had a diameter of 20 mm, while the neighbouring electrodes
had center to center distances of 45 mm laterally and 22 mm
vertically, mimicking the clinical system. For each simulation,
the left and anterior arrays acted as the sources while the right
and posterior arrays acted as the respective current sinks. Each
array was supplied with an electric source corresponding to an
alternating current of 1.8 A peak-to-peak amplitude [10], [16].
These array pairs were assumed to be sequentially active (i.e:
LR active, AP inactive; AP active, LR inactive).

B. Finite Element Modelling Software

Finite element modelling of the electric field was performed
using the Realistic vOlumetric Approach to Simulate Tran-
scranial electrical stimulation (ROAST) pipeline developed by
Huang et al. [17]. This open source tool has been directly
compared to common commercial and open source software
(ScanlIP, Abaqus, SimNIBS), and has been shown to produce
comparable results [17]. For detailed description of the pipeline,
the readers are referred to the publication by Huang et al. Briefly,
ROAST uses SPM12 unified segmentation [18], with extended
tissue probability maps, to segment the entire head and neck into
component tissue types. These standard tissue classes include
skin, bone, cerebrospinal fluid (CSF), grey matter (GM), and
white matter (WM). A tetrahedral volume mesh is then created
directly from the segmented MRI with the MATLAB toolbox
iso2mesh [19], with default mesh parameters (target maximum
tethrahedral element volume = 10; maximum surface element
size = 5; minimum angle of surface triangle = 30; maximum
distance between the center of the surface bounding circle and
center of the element bounding sphere = 0.5; and maximum
radius-edge ratio = 3).

Custom MATLAB scripts were integrated into the ROAST
pipeline to allow for the addition of tumor component masks
with corresponding conductivity values. To calculate the elec-
tric potential distribution within the volumetric mesh, ROAST
uses the open-source finite element solver getDP [20] to solve
the underlying Laplacian equation for electrostatic potential,
V.oVV =0 [10], [11], [21]-[23]. This approximation has
been shown to be valid because the size of the modeled head is
much smaller than the simulated electromagnetic wavelengths
[81, [22], and previous work has shown that the impact of tissue
permittivity on electric field distribution is negligible at the
intermediate frequencies of TTFields [9]. Hence the quasi-static
Laplace equation,V - 6VV = 0, where ¢ is the complex con-
ductivity, 0 = o + iwe, with i the imaginary component, w the
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Fig. 1.

Finite element models of a realistic human head with the standard configuration of TTFields electrodes. Virtual tumors with varying amounts

of peritumoral edema are placed in this model. (A) Anterior/Posterior electrode array; (B) Left/Right electrode arrays; (C) Virtual tumors are located
either in an anterior or (D) posterior position. The arrow points at the virtual tumors; (E) Peritumoral edema was simulated as a sphere of higher
conductivity tissue surrounding the tumor. X denotes the thickness of edema, ranging from 0 mm to 9 mm.

angular frequency and ¢ the permittivity, could be simplified to
V - oVV = 0 if permittivity is negligible, and the model could
be simplified to include only tissue conductivities [10], [11].
The calculations are performed using an implemented Galerkin
method and the getDP default linear solver from the PETSc
package [20]. Neumann boundary conditions are applied such

that the integral of the normal component of the current density
is equal to a user defined value for each electrode [17]. For
all models in this paper, this value was set to 100 mA at each
transducer, (900 mA per transducer array). Calculations were
performed for peak-to-peak current amplitude of 1.8A per array
pair [8], [9], [12].
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TABLE |
CONDUCTIVITY VALUES USED IN VIRTUAL TUMOR AND PATIENT SPECIFIC MODELS.

Conductivity (S/m)

White Matter
Grey Matter
CSF
Bone
Skin
Necrosis
Edema
Virtual Tumor Models
Patient Specific Models
Tumor
Virtual Tumor Models
Patient Specific Models
Gel
Active Electrodes

0.126
0.276
1.65
0.01
0.465
1.00

0-40(Gedema low)' 1.185 (Gedema); 1.50 (Gedema high)

1.185

0.170 (Gtumor low ); 0.332 (Gtumor low)

0.170 (Gtumor enhanced )r 0'332(Gtumor non-enhanced)

0.30
29.4

C. Virtual Tumor Models

In the virtual tumor models, TIW and T2W images of the
ICBM 2009a Nonlinear symmetric 1 x 1 x 1 mm template [24]
were used to create the standard head model. To systematically
assess the impact of edema on electric field magnitude, we
placed virtual tumors within the standard head model (Fig. 1C
& 1D). A solid, 12 mm diameter spherical tumor was placed
in either an anterior (MNI coordinate (x, y, z): —29, 25, 28) or
a posterior location (MNI coordinate (X, y, z): —42, —45, 29).
The coordinates for the virtual tumors were chosen as they are
adjacent to the periventricular white matter zone, which are the
regions with the highest frequency of GBM occurrence [25]. The
size of tumor was chosen as it closely resembles virtual tumors
used in previous modelling literature [11]. We slightly decreased
the diameter of our virtual tumors relative to the previous lit-
erature in order to allow for sufficient room to model varying
amounts of peritumoral edema, while respecting ventricular and
cortical surface boundaries. Peritumoral edema was simulated as
asurrounding ring of higher conductivity tissue. The peritumoral
edema thickness varied between 0 and 9 mm from the outer edge
of the tumor with 1 mm increments (Fig. 1E).

The default values for conductivity (o) of healthy tis-
sue classes in the ROAST pipeline were used (white mat-
ter: 0.126 S/m; grey matter: 0.276 S/m; cerebrospinal fluid:
1.65 S/m; bone: 0.01 S/m; skin: 0.465 S/m; air: 2.5 x 10~'4 S/m;
gel: 0.3 S/m; electrode: 29.4 S/m) [17]. Tumor tissue and ede-
matous brain conductivities were estimated from the literature
[14], [26], [27]. Two conductivity values were used for the
tumor tissues: i) 0.170 S/m for a low conductivity tumor model
(T tumor low) and ii) 0.332 S/m for a high conductivity tumor
model (0 tumor high) [26], [27]. These values were estimated by

averaging the conductivities reported for low and high grade
gliomas.

Given the uncertainty of peritumoral edema tissue conductiv-
ity and its hypothesized importance in determining electric field
magnitudes within the tumor bulk, we performed the simulations
using three conductivity values: i) 1.185 S/m based on values
previously reported in literature (0egema) [14], ii) 0.4 S/m for
a low conductivity model (0edema 10w) and iii) 1.5 S/m for
a high conductivity model (cdema high)- The Tedema 10w and
Oedema high values were estimated by assuming the edematous
tissues mainly consisted of grey matter and CSF, and would
have low conductivity if it had a low CSF content (10% CSF
and 90% GM: 0.1 * 1.65 S/m + 0.9 * 0.276 S/m), and high
conductivity if it had a high CSF content (90% CSF and 10%
GM: 0.9 % 1.65 S/m 4 0.1 % 0.276 S/m). All conductivity values
are presented in Table I.

The average electrical field magnitude was extracted from
the body of the tumor for each simulation. In total, 240 sim-
ulations were performed, taking into account electrode config-
uration (AP; LR), tumor position (anterior; posterior), edema
COHdUCtiVitY (Uedema lows Oedemas Tedema high)7 tumor conduc-
tivity (Otumor low> Otumor high), and ten incremental steps of
peritumoral edema thickness (0 through 9 mm).

D. Patient Specific Models

We further investigated the electric field distributions using
two patient specific models (S1 & S2, Fig. 2). Use of patient
information was approved by the Conjoint Health Research
Ethics Board of the University of Calgary, and all patients
provided informed consent. To perform detailed tumor segmen-
tation, we used four MRI sequences (T1 weighted imaging
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T1 Contrast

Fig. 2.

Patient specific models. Four MRI sequences were obtained as part of the routine clinical care for each patient. These sequences were

used to segment the tumor into component tissue classes, which were included in the finite element models. CSF = cerebrospinal fluid; GM = grey
matter; WM = white matter; Te = enhancing tumor; Nec = necrosis; Tne = non-enhancing tumor.

(WI), T2WI, TIWI with Gadolinium. and FLAIR) acquired
during the routine clinical care of each patient. Using these
scans as input, each subject’s brain tumor was segmented into
component tissues classes using an automated segmentation
software (BraTumIA [28]). The tissues classes included in
the model included non-enhancing tumor, enhancing tumor,
necrosis, and edema. The segmentation results were manually
inspected and corrected for any errors in tissue boundaries or
classification.

Finite element models were then created using a modified ver-
sion of ROAST pipeline as described above. Enhancing and non-
enhancing tumor components were assigned conductivity values
of 0.170 S/m and 0.332 S/m respectively [26], [27], and necrosis
was assigned conductivity of 1.0 S/m [11]. To investigate the
effect edema on the electric field distribution, the simulations
were performed with and without edema tissues. In the models
with edema tissues, a conductivity of 1.185 S/m was assigned
[14]. In the no edema models, we modelled the peritumoral
edema as normal white matter (c = 0.126 S/m) given that the
bulk of edema was located within white matter. In both models,
the average electrical field was extracted from the bulk of the
tumor. We also extracted the average electrical field magnitude
from a peripheral boundary zone, which compromised a region
of 3—4 mm thickness surrounding the bulk of the tumor. This
was done because the peripheral boundary zone is often the site
of GBM recurrence [29], [30], and therefore is frequently the
primary target of TTFields therapy [31]. Comparison between
the two models were performed by calculating the difference

of electric field magnitude within the tumor (and within the
peripheral boundary zone), with and without edema.

As a secondary objective, we also calculated the power loss
density (as described in [12]; PLD) for the patient specific
models. Though most previous studies used EF magnitude as
a surrogate for TTFields dose, PLD may represent a measure
more analogous to radiation dose. PLD is defined by the energy
per unit of time deposited by TTFields within the brain and is
calculated as:

P= 1aE2
2

Here, P is the power loss density (W/volume), o is the conduc-
tivity of each tissue (S/m), and E is the electric field magnitude
(V/m). This value was averaged within the tumor bed, as well as
within the peripheral boundary zone. This analysis was repeated
with and without the edema component. To remain consistent
with Ballo et al [12], we report PLD as the local minimum power
density (LMiPD). This represents the lower of the two PLD

(AP/LR) measurements at each point.

lll. RESULTS
A. Virtual Tumor Models

In the high tumor conductivity model (0 tumor highs Tedema)
the LR electrode configuration resulted in higher electric field
magnitudes within both the anterior (LR = 1.64 V/cm; AP =
1.47 V/cm) and posterior virtual tumors (LR = 1.74 V/cm;
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Fig. 3.

Impact of peritumoral edema on electric field magnitude within the virtual tumor. (A) o tumor high = 0.332 S/m; (B) 0 tumor 1ow = 0.117 S/m).

Rows correspond to the specific electrode configuration (upper = anterior/posterior; lower = left/right). Columns correspond to models with varying

conductivity values for edema. EF = electric field

AP =1.33 V/cm) as compared to the AP electrode configuration,
consistent with previous work [8]. The LR configuration resulted
in higher electric field magnitudes within the posterior tumor
compared to the anterior tumor, while the AP configuration
resulted in higher electric field in the anterior tumor compared to
the posterior tumor. The presence of peritumoral edema resulted
in decreased electric field magnitude within the tumor in all
simulations.

In the AP-anterior simulation, a one mm ring of edema
decreased electric field magnitude in the tumor by 33%, which
further decreased by 43%, 46%, 50% and 51% with 2 mm, 3 mm,

4 mm, and 5 mm of peritumoral edema. This value subsequently
plateaued at a decrease of 52% with > 6 mm of edema (Fig. 3A).
This trend remained the same for the LR electrode configuration
and the posterior tumor location.

When the simulations were re-run with the same tumor
conductivity but a lower edema conductivity (0tumor highs
Oedema low)s the decrease in electric field magnitude within the
tumor was less drastic, with a 12% reduction given a 1 mm
ring of peritumoral edema, and plateauing at a decrease of
23% with > 4 mm of edema (Fig. 3A). In contrast, models
USINg Tedema high resulted in even greater shunting of current
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Fig. 4.

Visualization of the electric field (EF) in virtual tumor (anterior) with varying amounts of edema. The first row demonstrates the

anterior/posterior (AP) electrode configuration with 0, 1, 2, and 6 mm of peritumoral edema. The second row represents the left/right (LR) electrode
configuration. The black cross hair is located at the center of the virtual tumor. The color bar represents EF magnitude (V/cm). Visualized using

otumor high.

and lower intra-tumoral electric field values (Fig. 3A). Varying
the conductivity of the tumor (o ¢ymor 10w) resulted in the same
pattern of decreasing intra-tumoral electric field magnitude with
increasing thickness of edema. However, the overall electric
field magnitude within the tumor was higher (otumor low =
1.71 V/em; 0 tumor high = 1.47 V/cm in the AP-anterior model)
(Fig. 3B). Fig. 4 illustrates the electric field distribution around
the tumor for the 0, 1, 2, and 6 mm peritumoral edema thickness
models. The simulation results indicated that the presence of
edema not only reduced the magnitude of the electric field
within the tumor, but also created local hotspots at the interface
between normal tissues and the outer border of the edema ring.
These hotspots occurred in plane with the specific electrode
configuration. For example, the AP configuration resulted in
hotspots bordering the anterior and posterior aspects of the
edemaring, while the LR configuration resulted in these hotspots
on the lateral and medial aspects.

B. Patient Specific Models

Consistent with the results from the virtual tumor simulations,
decreased electric field magnitude was observed in the tumor for
both patients when the edema component was considered. In the
first patient simulation (S1) the decrease in electric field was 20%
for the LR electrode configuration and 24% for the AP electrode
configuration. In the second patient simulation (S2) the decrease
was 32% with the LR electrode configuration and 27% with
the AP configuration. Fig. 5A displays the difference in electric
field magnitude between the edema and no edema models for

both patients, while Fig. 5B displays the current density. Close
inspection of these difference maps reveals a spatially heteroge-
nous distribution of electric field changes. Consistent with the
virtual tumor models, local hotspots of increased electric field
occurred at the interface between normal brain tissue and the
outer boundary of the edema component. There was then a steep
drop-off of electric field magnitude within the edema zone and
at the tissue interface between the inner boundary of the edema
component and the outer boundary of the tumor. This is reflected
by an average decrease in the electric field in the peripheral
boundary zone of S1 and S2 of 28% and 44%, respectively. This
difference normalized towards the center of the tumor, though
remained lower (Fig. 7A).

PLD was also calculated for the subject specific models (and
reported as the LMiPD). The inclusion of edema decreased
average intra-tumoral LMiPD by 36% and 49% for S1 and
S2, respectively. However, PLD was increased in the peripheral
boundary zone when edema was present, represented by an
increase of 27% in S1 and 37% in S2, respectively (Fig. 6).
This is demonstrated in more detail in Fig. 7B.

IV. DIScUSSION

Virtual tumor models, such as those utilized in this study,
have the advantage of being easily manipulated, creating an
opportunity for systematically investigating individual parame-
ters in a computational model. Patient specific models are more
clinically relevant, but cannot be manipulated in the same sys-
tematic manner. Here, we have combined both in order to assess
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Fig. 5.
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(A) Difference in electric field (EF) magnitude between patient specific models with and without edema. The top row represents subject

one and the bottom row displays subject two. The color map represents the difference (V/cm) following the subtraction of the edema model from
the no edema model. The bar graphs compares the average intra-tumoral and peripheral boundary zone EF. LR = left/right electrode configuration;
AP = anterior/posterior electrode configuration. (B) The current density map in a patient specific model (S2) with and without edema. The masks
for the tumour tissues are indicated on the left showing the edematous tissues (e) and tumor bulk (including non-enhancing and enhancing tumor
(t) and necrosis (n)). Compared to the model without edema, the inclusion of edematous tissues resulted in lower current density within the tumor
bulk. Since it is more conductive, the edematous tissues formed a low resistive path surrounding the tumor tissues and current is shunted to the
surrounding tissues. LR = left/right electrode configuration; AP = anterior/posterior electrode configuration.

the impact of peritumoral edema on electric field magnitude
resulting from TTFields therapy. We demonstrate for the first
time the importance of taking into consideration peritumoral
edema on electrical field magnitude. By systematically varying
the amount of peritumoral edema in a virtual tumor model,
we reveal that even slight amounts of this higher conductivity
component can reduce the electric field magnitude significantly
within the tumor bed. Using deqema, @ One mm ring of edema
resulted in a reduction of electric field magnitude of over 30%,
which dropped to reductions of greater than 50% with 5 or more
mm of edema. Notably, this decrease was partially dependent on
the choice of conductivity values for edema. Information on the
electrical properties of edematous brain tissue is scarce. The best

estimates comes from quantitative MRI imaging [14], [15]. In
Liao et al [14], the authors presented a framework for acquiring
in vivo MRI measurements of water content, susceptibility, and
conductivity in a single acquisition. Measurements of conduc-
tivity in peritumoral edema were made in two patients (Patient
1 (glioma): 0 = 1.15 and Patient 2 (metastasis): 0 = 1.21), from
which we took the average as our standard value (o = 1.18). This
increased conductivity relative to healthy grey and white matter
was assumed to be due to increased sodium content in edematous
brain tissue. A second study also used quantitative MRI imaging
to measure the conductivity of various grades of glioma in a
larger sample size. While this study did not specifically discuss
the properties of peritumoral edema, inspection of their data
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Fig. 6.
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Difference in Power Loss Density (PLD) between patient specific models with and without edema. PLD is displayed as the local minimum

power density (LMiPD). The top row represents subject one and the bottom row displays subject two. The color map represents the difference
(mW/cm3) following the subtraction of the edema model from the no edema model. The bar graphs compares the average intra-tumoral and

peripheral boundary zone PLD.

shows that this tissue component has much higher conductivities
than healthy tissue [15]. However, it is worth noting that these
values were quantified in the MRI frequency range of MHz, and
the conductivity of edema could differ at the TTF frequency
range of 200 kHz.

The dielectric properties of peritumoral edema should be
investigated in larger sample sizes, ideally with direct electrical
measurements and on a variety of tumor types. However, even
with a conservative estimate well below those measured in
the aforementioned study, decreases of 12-23% were observed
in our virtual tumor models. This is important because exist-
ing computational models of the electric field resulting from
TTFields therapy have neglected to include this common com-
ponent of high grade gliomas. This may result in an impression
of higher electric field magnitude than that which may occur in
reality. Given that much of the brain receives TTFields doses
which are on the cusp of being clinically relevant, any decrease
may have a significant clinical impact. For example, in an early
modelling study, it was demonstrated that >60% of the brain
received doses >1.0 V/cm. However, most of this exposure
(>40% of the total brain) received a dose between 1.0 and
1.5 V/cm and relatively small portions of the brain received doses

>1.5 V/cm [8]. It follows that a tumor receiving the predicted
therapeutic dose of 1.5 V/cm in a model without peritumoral
edema could actually be receiving non-therapeutic doses when
even a small amount of peritumoral edema is present. This exact
scenario is observed in our virtual tumor simulations, where
tumors receiving therapeutic doses of TTFields fall below the
critical threshold of 1.0 V/cm with small amounts of peritumoral
edema. For example, in the standard model, average baseline
electric field magnitudes in the anterior tumor were 1.47 V/cm
and 1.64 V/cm with the AP and LR electrode configurations,
respectively. One mm of edema resulted in this value decreasing
t00.992 V/cm and 1.08 V/cm, while with two mm of peritumoral
edema these values dropped to 0.841 V/cm and 0.920 V/cm.
Similar simulation results were observed in the patient spe-
cific models, where the inclusion of the peritumoral edema
component reduced the magnitude of the electric field within
the tumor by an average of 26% across patients and electrode
configurations. However, the decrease was less than those ob-
served in the virtual tumor models, and likely due to differences
in the anatomy and configuration of the tumoral and peritumoral
edema components. In the virtual models, the peritumoral edema
completely encircled the tumor, while in the patient specific
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Fig. 7. Peritumoral edema induces a spatially heterogenous distribution of (A) electric field (EF) magnitude and (B) Power Loss Density (PLD)

changes. (A) Displayed is the EF distribution through a representative axial slice of the second patient specific model (AP electrode configuration)
with and without edema. The EF (V/cm) is plotted along the solid black line from both the no edema and edema model. The dotted black line
represents the border of the peritumoral edema component. * represents the drop in intratumoral EF with the inclusion of edema, while ** represents
the drop in EF magnitude in the peripheral boundary zone. (B) The same figure configuration is displayed for PLD. As in other figures, PLD is
displayed as the local minimum power density. Two representative axial slices from subject 2 are displayed with and without edema. The values of
PLD (mW/cm3) are plotted along the solid black line. The dotted black line represents the border of the edema component. * represents the drop in

PLD in the intratumoral component, while ** represents the increase in the peripheral boundary zone.

models the edema component was more variable with irregular
edges and did not fully encircle the tumor along every boundary.
Close inspection of the difference between models with edema
and those without revealed a spatially heterogenous distribution
of the electric field along the tissue interfaces. On the tissue
interface between normal brain and edema, the electric field
magnitude increased, while it decreased in the edema zone and
at the interface between edema and the tumor. This could have
significant implications clinically, as the peritumoral boundary
zone is often the site of GBM recurrence [29], [30], and therefore
is frequently the primary target of TTFields therapy [31]. Indeed,
the models show an average decrease in electric field magni-
tude in the peripheral boundary zone of 36% across electrode
configurations and patients. Further, preclinical work suggests
2.5 V/em is the ideal target for complete cell arrest, while the
lower threshold of 1.0 V/cm is the minimum magnitude for any
effect [2], [3].

Overall, our results suggest edema can reduce electric field
magnitude, both within the tumor and in the peripheral bound-
ary zone immediately surrounding the tumor bulk. A possible
implication of this finding is that edema may reduce the efficacy
of TTField therapy, and might be considered as a predictor of
non-response. However, this latter point will be difficult to test
conclusively, given the known association between edema and
poor outcomes [32], and the confounding nature of drugs which
may reduce edema, but which themselves can be associated
with poor outcomes [33]. Moreover, we found contrasting re-
sults when PLD was assessed. PLD has been considered as an
alternative measure of the dose of TTFields, and along with
EF magnitude, has been related to patient survival [12]. While
PLD was decreased within the bulk of the tumor, it appeared to
concentrate within regions of the peripheral boundary zone when
the edema component was present. This could lead to opposite
conclusions about the effect of edema on TTField efficacy,
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suggesting that regions of edema might actually enhance
TTField dose in the peripheral boundary zone. The most ap-
propriate dose quantification in TTField therapy remains to be
determined, and might have significant impact on how clinicians
consider the presence of edema when planning the therapy. Other
dosage considerations, such as exposure time [12], [34] and
spatial field correlation [35], remain important independent of
the presence of edema.

Our study has several limitations. Firstly, despite the common
use of conductivity values of normal brain tissue, these quantities
have a level of uncertainty. The specific conductivity values
could have a large impact on the distribution and magnitude of
electric field within the brain. Indeed, this issue has previously
been systematically investigated [9]. Further, there has been
some attempt to validate these values by directly comparing
electric fields measured in-vivo (during epilepsy surgery) with
those derived from finite element models [36]. The standard
tissue conductivity values in the pipeline we use to create our
models have been validated with these in-vivo recordings [17].
As discussed, the specific conductivity of the tumor tissue and
peritumoral edema is another source of variability. In addition
to the lack of understanding on the tissue electrical properties
in the TTF frequency range, the exact conductivity of tumor
and edematous tissues will likely vary depending on the cellular
composition of these tissues in each patient. We have attempted
to control for this by creating multiple virtual tumor models
with various conductivity values, demonstrating that the overall
conclusion of our work is independent of the specific values.
More work is needed to directly measure and validate the di-
electric properties of tumor and peritumoral edematous tissue.
Optimal models will measure these values directly for each
patient (either with a dielectric probe during surgery or with
non-invasive quantitative MRI measurements) and use these
values in truly patient specific computational models of electric
field distribution. Since our model is purely resistive, we have
assigned a conductivity value to the electrodes. In reality, the
TTF electrodes are non-conductive ceramic electrodes with rel-
ative permittivity of 5000-10000 [3], [8], [9], hence their actual
impedance at TTF frequencies could be much lower than our
modelled value. However, since our model enforces the amount
of current, rather than voltage, to be delivered through each
electrode, electrode conductivity value used in the model will
only affect the voltage across the electrode-tissue interface, but
have little impact on the average electric field within the brain
tissues.

Next, the clinical TTFields system allows clinicians to modify
the electrode placement to optimize electric field magnitude
within the desired location [37]. This will perhaps allow for
higher doses within the tumor than that measured in this study,
considering we ran our simulations with a standard electrode
placement. Clinicians could, for example, minimize the impact
of edema and optimize dosage to the tumor by adjusting the
electrode montage to take into consideration the spatial extent
of the edematous tissue [38]. Overall, customizing electrode
placement would not change our conclusion that peritumoral
edema significantly decreases exposure of the tumor to the
electric field. However, customizing electrode placement may

allow the clinician to choose a configuration which minimizes
this effect.

Lastly, our models were isotropic even though white matter
anisotropy has been reported to affect electric field distribution in
the brain [39], [40]. However, a previous modelling study com-
paring isotropic models and one with GM and WM anisotropy
reported only slight increase in electric field magnitudes within
the brain, with limited impact to electric distribution in a virtual
tumor [9]. The presence of edema would likely reduce tissue
anisotropy, which could change the directional conductivity of
the tissue [11]. These considerations would likely result in minor
changes to the topographical distribution of the electrical field,
as well as to the absolute value [9], [11], but it would not change
the overall conclusion of this work.

V. CONCLUSION

In conclusion, the results from our simulations suggest that
edematous tissue can affect the electric field magnitude within
a tumor during TTFields therapy. Patients who have even small
amounts of edematous tissue surrounding their tumor can poten-
tially receive significantly lower electric field magnitudes during
TTField therapy. This effect is magnified in the edema zone, as
well as at the interface between the edema and the main tumor
bulk. This has the potential of limiting the effectiveness of the
treatment. However, the appropriate measure of TTField dose
needs to be clarified, given the contrasting effects of edema
on PLD in the peripheral boundary zone. Nevertheless, based
on these results, future clinical studies should consider the
presence of edema when assessing the magnitude of electric
field distribution in the brain during TTField therapy.
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