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Abstract

Purpose: Since the inception of tumor treating fields (TTFields) therapy as a Food and Drug Administration—approved treatment with
known clinical efficacy against recurrent and newly diagnosed glioblastoma, various in silico modeling studies have been performed in
an effort to better understand the distribution of applied electric fields throughout the human body for various malignancies or metastases.
Methods and Materials: Postacquisition attenuation-corrected positron emission tomography—computed tomography image data sets
from 2 patients with ovarian carcinoma were used to fully segment various intrapelvic and intra-abdominal gross anatomic structures.
A 3-dimensional finite element mesh model was generated and then solved for the distribution of applied electric fields, rate of energy
deposition, and current density at the clinical target volumes (CTVs) and other intrapelvic and intra-abdominal structures. Electric
field-volume histograms, specific absorption rate—volume histograms, and current density-volume histograms were generated, by
which plan quality metrics were derived from and used to evaluate relative differences in field coverage between models under
various conditions.

Results: TTFields therapy distribution throughout the pelvis and abdomen was largely heterogeneous, where specifically the field
intensity at the CTV was heavily influenced by surrounding anatomic structures as well as its shape and location. The electric
conductivity of the CTV had a direct effect on the field strength within itself, as did the position of the arrays on the surface of the
pelvis and/or abdomen.

Conclusion: The combined use of electric field-volume histograms, specific absorption rate-volume histograms, current density-
volume histograms, and plan quality metrics enables a personalized method to dosimetrically evaluate patients receiving TTFields
therapy for ovarian carcinoma when certain patient- and tumor-specific factors are integrated with the treatment plan.

© 2021 The Authors. 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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Introduction

Ovarian carcinoma is a heterogeneous disease with
various histologic types''. Combination chemotherapy
with carboplatin and paclitaxel, with or without bevacizu-
mab, remains the standard of care in patients with
advanced disease™'”. The addition of maintenance poly
(ADP-ribose) polymerase inhibitor, either olaparib or nir-
aparib depending on patient characteristics, also resulted
in a survival benefit”'”. One of the difficulties in the man-
agement of disseminated ovarian cancer is its propensity
of spreading to the abdominal and/or peritoneal cavicrty,
creating challenges for locoregional radiation, intraperi-
toneal chemotherapy, and systemic drug treatments, all
of which have been found ineffective for most
patients™”'*1%!7-222% " Clearly, there is a need for new
therapies for advanced ovarian cancer.

Tumor treating fields (TTFields) are alternating elec-
tric fields tuned to 150 to 300 kHz that have an antiproli-
ferative effect on various tumor types. TTFields therapy
at 200 kHz has been approved by the Food and Drug
Administration for the treatment of newly diagnosed and
recurrent glioblastomas™*'. This therapy offers an
unequivocal survival benefit in these populations”'. For
ovarian cancer, the optimal frequency for tumor control
is also at 200 kHz". A phase II study combining TTFields
with weekly paclitaxel for platinum-resistant ovarian car-
cinoma showed a partial response rate of 25%, a clinical
benefit rate of 71%, and a median progression-free sur-
vival of 8.9 months, while the median overall survival
was not reached”’. Therefore, TTFields therapy may
have efficacy against ovarian cancer, and it is currently
being tested in a randomized phase III clinical trial
(NCT03940196).

TTFields can be quantified by finite element model-
ing, and the dosimetry can be influenced by tissue
composition, tissue geometry, target location, position-
ing of the arrays, proximity to conductive fluids, and
attenuation from high impedance cancellous and corti-
cal bones. For example, in glioblastoma, TTFields are
influenced by the presence or absence of a conductive
necrotic core, the proximity of the gross tumor vol-
ume (GTV) to neighboring cerebrospinal fluid and
bilateral ventricles, the total volume of cerebrospinal
fluid, and array positioning on the scalp®'’***’. How-
ever, for ovarian cancer, factors that influence field
distribution within the abdomen, peritoneal cavity,
and the pelvis are incompletely understood. Voloshin
et al”” performed a preliminary modeling study show-
ing that the field distribution within the peritoneal
cavity had a peak-to-peak (pk-pk) average intensity of
1.85 V/cm. They also revealed that 95% of the abdo-
men received field intensity greater than 1.53 V/cm
pk-pk, and 60% of the field was higher than
2.55 V/em pk-pk. However, this study did not disclose
the metrics used to characterize TTFields within

specific tissues or explain differences in field distribu-
tion due to array positioning. In our study, we used 2
pairs of orthogonally positioned arrays to compute the
field distribution within the pelvis and abdomen. We
also quantified the electric field intensity, specific
absorption rate, and current density for various seg-
mented intrapelvic and intra-abdominal structures
using finite element modeling and plan quality metrics
(PQM) derived from electric field (E) volume histo-
gram, specific absorption rate (SAR) volume histo-
gram, and current density (CD) volume histogram. In
addition, we performed sensitivity analyses by altering
the electric conductivity of the clinical target volume
(CTV) and bladder and rotating the arrays around the
abdomen and pelvis.

Methods and Materials

Two patients with ovarian cancer, transitional cell car-
cinoma with malignant ascites in NSOO1 and BRCAI-
positive ovarian carcinoma in BM002, were identified.
Detailed presentation and treatment histories are
described in the Appendix El. Because TTFields have
emerged as a potential therapeutic modality for malig-
nancies in the abdomen and pelvis**, we sought to model
in silico the extent and distribution of TTFields. Segmen-
tation of the CTVs, critical intrapelvic organs, and rele-
vant intra-abdominal structures, such as those listed in
Table 1, was performed on posthysterectomy computed
tomography data set from NS001 and preoperative atten-
uation corrected positron emission tomography-com-
puted tomography data set from BMO002, using ScanIP
2019 (Simpleware LTD, UK), where a mixture of gray-
scale thresholding and manual segmentation methods
was used. Certain structures, such as bones, muscles, and
various vessels, were merged into larger entities to maxi-
mize modeling efficiency without compromising quality.
Electrodes and conductive gel layers between each elec-
trode and skin surface were manually applied, and con-
ductive gel layers were added to ensure uniform
distribution of applied alternating electric fields. Elec-
trode array dimensions were specified, mimicking those
from the NovoTTE-100L(O) system®*, and all 4 arrays
were used in our study. Upon completion of the segmen-
tation, a 3-dimensional finite element mesh model was
generated within ScanIP and then imported into COM-
SOL Multiphysics 5.5 (COMSOL, Burlington, MA),
where material properties, boundary conditions, and
required physics parameters were assigned (Table 1). The
electric field distribution within the model was then
solved using the AC/DC module in the frequency
domain, where magnetic fields and magnetically induced
currents were assumed to be negligible.

To formulate a comprehensive method of evaluating
the model and quantitatively comparedifferences in
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Table 1 Relevant material properties for segmented ana-
tomical structures in the abdomen and pelvis

Tissue structure Electric conductivity Physical density

o (S/m) o (kg/m®)
CTV (NS001) 1.30E + 00 2000
CTV_p (BM002)  2.50E-01'%*° 1100
CTV_n (BM002)  2.50E-01'%% 1100
Anal canal 2.51E-01 1088
Anal sphincter 3.73E-01 1090
Bladder 1.75E + 00 1024
Bladder wall 2.20E-01 1086
Blood vessels 7.06E-01 1050
Bulb of vestibule 2.51E-01 1088
Cancellous bone 8.43E-02 1178
Cerebrospinal fluid 2.00E + 00 1007
Clitoris 2.51E-01 1088
Coccyx 2.09E-02 1908
Colon 2.51E-01 1088
Cortical bone 2.09E-02 1908
Fat 4.35E-02 911
Femur (left/right)  2.09E-02 1908
Gallbladder 9.00E-01 1071
Gas 1.00E-09 1
Ilium 2.09E-02 1908
Ischium 2.09E-02 1908
Kidney 1.88E-01 1066
Liver 1.05E-01 1079
Lumbar spine 2.09E-02 1908
Muscle 3.73E-01 1090
Pancreas 5.43E-01 1087
Pubis 2.09E-02 1908
Rectum 2.51E-01 1088
Sacrum 2.09E-02 1908
Skin 1.05E-03 1109
Small bowel 6.21E-01 1030
Spinal cord 9.25E-02 1075
Spleen 1.29E-01 1089
Stomach 5.40E-01 1088
Urethra 3.20E-01 1102
Uterus 5.38E-01 1105
Vagina 2.51E-01 1088
Electrodes 1.00E-05 11,000
Hydrogel 1.00E-01 100

Abbreviations: CTV = clinical target volume; CTV_n = CTV for
lymph node metastasis in the abdominal cavity; CTV_p = CTV for
primary ovarian carcinoma in the pelvic cavity.

TTFields distribution, E volume histogram, SAR volume
histogram, and CD volume histogram were generated
within Microsoft Excel 2016. To further assess and com-
pare specific parameters, a set of PQM derived from the
respective volume histograms was created for each
model. Such PQM included the area under the curve
(Eauc, SARAuc, and CDayc), the 95% coverage or mag-
nitude of fields encompassing 95% of a particular
structure’s volume (Egsg, SARgsq, and CDgsg,), the
median percent coverage or magnitude of fields

encompassing 50% of a particular structure’s volume
(Es0%, SAR509,, and CDs(¢,), and hotspots defined by the
5% coverage or magnitude of fields encompassing 5% of
a particular structure’s volume (Esq,, SAR5¢,, and CDsq,).

Results

We found that TTFields could penetrate into the pelvic
and abdominal cavities of the 2 patients (NSO01 and
BMO002) for whom we performed finite element modeling
(Fig 1). Both models shared certain commonalities but
exhibited differences depending on the electric conduc-
tivities of various tissues. First, higher electric field inten-
sities, as measured by the E5yc, were observed mainly in
bony structures such as the coccyx (880.4 and 266.2 V/
m), ilium (374.6 and 343.3 V/m), ischium (445.8 and
197.7 V/m), and sacrum (282.4 and 342.8 V/m) of
NS001 and BMO002, respectively. In contrast, lower field
intensities were found within tissues of the respective
models such as the bladder (71.5 and 55.3 V/m) and
colon (92.7 and 131.0 V/m) (Table 2). Although noncon-
ductive gas in the colon was delineated, it is not consid-
ered as an anatomic structure and therefore it was not
listed in the field metrics of tissues in Table 2. Second,
higher energy deposition, as measured by SARsyc, was
observed in the skin (14.7 and 30.1 W/kg) and bladder
wall (14.7 and 10.0 W/kg), whereas the lowest was noted
in the sacrum (1.5 W/kg) in NS00l and spinal cord
(0.3 W/kg) in BM002. Lastly, the highest current density
was identified in the bladder, CDayc 117.6 A/m” in
NS001 and 89.5 A/m? in BMO002, most likely due to the
highly conductive intracavitary urine.

TTFields penetrate the CTVs within the pelvic
and abdominal cavities

NS001 had malignant ascites, and therefore the CTV
was essentially the peritoneal surface. The Eosq, was
50.8 V/m, with a hotspot (Es¢,) of 161.3 V/m, wheres the
SARysq, was 2.4 W/kg with a hotspot (SARsq) of
24.4 W/kg, and the corresponding CDysq, was 66.4 A/m?
with a hotspot (CDs¢,) of 217.1 A/m>. For the 2 CTVs in
BMO002, CTV_p is the primary ovarian carcinoma in the
pelvic cavity and CTV_n is a lymph node metastasis in
the abdominal cavity. For CTV_p, the Egsq was
79.4 V/m, with a hotspot (Esq,) of 218.0 V/m, whereas
the SARgsq, was 2.1 W/kg with a hotspot (SARsq,) of
15.3 W/kg; the CDosq, was 19.7 A/m?> with a hotspot
(CDsq,) of 53.0 A/m?. For CTV_n, the Eosq, was
70.6 V/m, with a hotspot (Esq¢,) of 153.0 V/m, whereas
the SARgsq, was 1.5 W/kg with a hotspot (SARs4,) of 7.5
W/kg; the CDgsq, was 15.4 A/m® with a hotspot (CDsq,)
of 38.5 A/m>. Collectively, the parameters for AUC,
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Figure 1 Electric field volume-histogram (EVH) (A), specific absorption rate volume-histogram (SARVH) (B), current density
volume-histogram (CDVH) (C) of various segmented and evaluated structures in the pelvis of NSO01 due to external application of
Tumor Treating Fields (TTFields). Color wash overlay on computed tomography (CT) pelvic cross sections with clinical target volume
(CTV) outlined in magenta (green arrow) of electric fields distribution (D), SAR distribution (E), and current density distribution (F).
EVH (G), SARVH (H), CDVH (I) of various segmented and evaluated structures in the pelvis and abdomen of BM002 due to external
application of TTFields. Color wash overlay on CT abdomen cross sections with CTV outlined in magenta (green arrow) of electric
field distribution (J), SAR distribution (K), and current density distribution (L).

95%, 50%, and 5% of electric field, SAR, and current
density were heterogeneous among the CTVs examined.

Sensitivity analysis of CTV electric
conductivity on TTFields coverage

The tumor microenvironment is heterogeneous and the
electric conductivity of different CTVs may vary.

Therefore, we performed a sensitivity analysis on
TTFields coverage by increasing the conductivity in log
units from 0.001 to 100 S/m for each model. The overall
field coverage progressively decreased as quantified by
the Eauc, Eose, Esog, and Esg, (Fig 2A-D). This result is
consistent with the reduction in electric charge retention
due to these charges moving through an increasingly con-
ductive CTV at 200 kHz. This notion was corroborated
by the inverted trend in the current density, as determined



Table 2 Plan quality metrics (PQM), derived from electric field volume histogram (EVH), specific absorption rate volume histogram (SARVH), current density volume histogram

(CDVH), for each evaluated anatomical structure

Model Tissue structure Eauc Eos9 Espa Esq, SARAuc SARysq, SAR5gq, SAR5q, CDauc CDys¢, CDsq, CDsq,

NS001 (V/m) (W/kg) (A/m?)
Anal Sphincter 250.7 132.6 160.2 190.9 17.4 9.0 13.3 18.4 92.7 52.3 62.4 75.5
Bladder 71.5 31.9 64.6 85.7 10.1 2.4 10.2 18.1 117.6 554 111.8 149.6
Bladder wall 212.4 66.2 152.1 432.7 14.7 1.3 6.7 54.4 47.9 14.1 33.7 96.1
Cancellous bone 202.7 121.9 162.7 261.2 3.2 1.4 2.7 6.4 17.4 10.4 15.0 22.2
Coccyx 880.4 430.0 684.0 918.0 6.9 2.6 5.7 9.6 18.9 8.7 13.9 18.5
Colon 92.7 35.7 84.2 176.0 3.6 0.4 2.4 10.4 23.9 9.1 22.5 453
CTV 112.9 50.8 101.5 161.3 10.9 24 9.5 24.4 145.1 66.4 134.1 217.1
Gas 2447 104.5 207.3 420.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ilium 374.6 121.1 271.4 787.8 2.4 0.2 1.1 8.0 7.7 2.6 5.8 16.3
Ischium 445.8 208.0 362.5 691.8 2.5 0.7 2.1 6.3 9.2 4.4 7.7 14.5
Muscle 133.9 52.6 111.4 252.3 9.9 1.4 6.1 28.9 51.6 20.8 43.5 93.8
Pubis 404.6 175.0 3134 699.5 2.1 0.5 1.6 5.1 8.5 3.7 6.7 14.8
Rectum 168.8 98.6 155.9 234.2 9.2 3.2 8.0 18.3 42.7 25.0 39.9 59.4
Sacrum 282.4 118.6 174.8 691.6 1.5 0.1 0.5 7.9 5.6 2.4 3.8 14.5
Skin 211.9 55.1 164.3 494.9 14.7 0.6 4.8 443 29.8 7.7 23.0 69.7
Urethra 174.7 89.1 127.3 153.9 7.6 33 6.5 9.5 50.1 28.0 41.1 489
Vagina 259.2 136.2 160.3 177.6 12.6 6.4 8.5 11.6 61.8 33.3 42.7 482

BMO002 Anal Sphincter 717.5 45.7 56.9 69.0 1.7 1.1 1.6 2.6 32.5 15.2 24.1 28.7
Bladder 55.3 24.4 46.6 59.6 5.3 1.4 5.4 8.6 89.5 42.5 83.0 107.2
Bladder wall 166.9 40.7 137.2 345.1 10.0 0.5 5.4 34.3 38.2 9.0 30.5 76.5
Bone 243.9 74.0 226.7 439.0 1.1 0.2 0.8 3.0 5.0 1.5 4.7 9.3
Cancellous bone 172.0 43.8 161.8 327.1 3.7 0.2 2.6 11.1 14.5 3.6 13.7 27.7
Coccyx 266.2 138.8 176.4 264.6 0.5 0.1 0.5 1.1 49 3.0 3.7 5.5
Colon 131.0 58.9 124.1 236.8 7.0 1.2 5.1 17.7 33.9 14.3 32.0 58.1
CSF 25.2 10.8 22.7 37.2 1.7 0.3 1.5 3.8 50.1 21.7 45.6 73.3
CTV_n 139.0 70.6 106.9 153.0 4.1 1.5 3.7 7.5 36.3 154 26.8 38.5
CTV_p 157.5 79.4 131.9 218.0 6.7 2.1 5.5 15.3 41.3 19.7 33.4 53.0
Femur_LT 183.4 80.8 160.1 265.0 0.5 0.1 0.4 1.0 3.9 1.6 34 5.5
Femur_RT 106.2 55.6 93.1 145.9 0.3 0.1 0.3 0.4 2.1 1.2 2.0 3.2
Gallbladder 50.5 28.1 38.3 58.2 2.1 1.0 1.8 4.1 28.2 12.5 20.8 31.8
Gas 267.1 87.0 236.5 491.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ilium 3433 133.0 284.8 652.8 1.8 0.2 1.3 5.4 7.2 2.8 6.1 13.8
Ischium 197.7 99.4 169.2 292.9 0.6 0.1 0.4 1.4 43 2.1 3.5 6.3
Kidney 169.0 72.0 129.7 236.4 54 1.4 42 13.6 33.2 13.4 26.3 44 .4
Liver 146.7 61.9 110.8 190.8 0.3 0.1 0.3 0.5 17.9 7.4 134 23.5
Lspine 293.5 160.3 264.0 453.9 1.4 0.4 1.1 3.2 6.0 34 5.6 9.6

(continued on next page)
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Figure 2 Sensitivity analysis of clinical target volume (CTV) electric conductivity on electric field, specific absorption rate (SAR),
and current density plan quality metrics (PQM). As electric conductivity increased from 0.001 to 100 S/m, the electric field strength
decreased within the CTV in terms of its electric field area under the curve (Epyc), 95% coverage (Eosq,), median coverage (Esgq,),
and Esq, hotspot (A-D). In contrast, there was an inverted parabolic behavior in SAR (E-H). There was an increase in the current

density as a function of electric conductivity (I-L).

the 3 metrics used to quantify field strength within the
bladder, a maximum value was observed when the elec-
tric conductivity of the bladder was set at 1 S/m in the
BMO002 model, whereas a maximum was seen only in the
SAR metrics for NS001 (Fig El). These differences
might be related to the deformed and nondeformed
shapes of the respective bladders in the BM002 and
NS001 models (Fig E2). The deformation of the bladder
in BMO002 was due to the presence and location of the
patient’s very large CTV_p encroaching on the space in
which bladder is normally situated. Regardless, TTFields
at the CTV was largely unaffected by changes in the elec-
tric conductivity of the bladder up to 1 S/m (Fig E3).

Discussion

According to International Commission on Radiologi-
cal Units and Measurements Report 62, updated recom-
mendations on dose-volume reporting were established
for radiation oncology treatment planning®. Dose-volume
metrics such as the Dgs¢, and Dsgq, were recommended to
be reported as they were considered to be good measures
of typical dose in a relatively homogenous treatment plan
at the target(s). Other PQMs were also recommended to
be reported along with all treatment plans as a means to
evaluate the quality of the treatment plan and how well it
meets prescription objectives and constraints in both nor-
mal tissues and target(s). In this study, we make use of

similar PQM metrics, such as (1) Egs¢,, SARogs¢, and
CD95%; (2) ESO%s SARsO%, and CDSO%; as well as (3)
Esq, SARsq, and CDsq, to compare the field coverage
between models. This is because there is currently no
known established standard definition of prescribed dose
to be delivered by TTFields at the targets. We have
shown that TTFields can penetrate from the skin surface
into the pelvic and abdominal cavities to achieve cover-
age of the CTV. Varying the electric conductivity and
array positioning can profoundly alter the field distribu-
tions. Although bladder conductivity and shape also
played some role in affecting TTFields coverage to the
CTV, the results were generally minor. The exact contri-
bution from the electrolyte composition of the bladder
fluid is unclear.

TTFields exhibit a characteristic SAR maximum

We used SAR as a means of quantifying the rate of
energy delivered to the CTV. Compared with the Gray
measurement in joules/kilogram currently used for ioniz-
ing radiation, SAR in watts/kilogram or joules/s/kilogram
is better suited to measure energy delivery from continu-
ous treatment using TTFields, whereas the electric field
in volt/meter primarily associates with the depth of pene-
tration"'>**. It is notable that the peak on each of the
SAR plots as a function of electric conductivity (as
shown in Fig 2E-H) indicates distinctly a maximum
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Figure 3 Array rotation configurations for NS001 (A-F) and
BMO002 (G-L). The green arrays represent the anteroposterior
(AP) arrays, the cyan arrays represent the posteroanterior (PA)
arrays, the red arrays represent the right lateral (RLAT) arrays,
and the purple arrays represent the left lateral (LLAT) arrays.
Array placement is shown without any clockwise rotation
(A and G), 25° clockwise rotation (B and H), 40° clockwise
rotation (C and I), 50° clockwise rotation (D and J), 70° clock-
wise rotation (E and K), and 75° clockwise rotation (F and L).

power absorption in the CTV based on the conditions that
were modeled. A similar investigation was performed in
the brain model of a patient with a right parietal glioblas-
toma'’. In that study, the mean SAR of the GTV did not
result in an inverted parabola but rather a sigmoidal func-
tion. These differences in the behavior of the SAR plots
suggest that SAR within the GTV or CTV probably com-
prise a delicate balance between the volume/physical
density of the target and the electric field intensity within
the patient’s anatomy when TTFields is applied. In addi-
tion, it should be noted that our ovarian cancer CTVs
were located centrally within the abdomen and pelvis,
whereas the glioblastoma GTV in the other study was lat-
eralized to the right cerebral hemisphere'’. Because SAR
often decays exponentially within tissues from near-field
sources, we speculate that there exists a relationship not
only involving tissue conductivity but also depth from
the 2 pairs of abdominal arrays (Fig 2E-H)”'°. However,
the asymmetry of the glioblastoma within the head might
alter the SAR plot as a function of conductivity. Further-
more, CTV_n had the highest SAR peak compared with
that from CTV_p from BMO002 and CTV from NSO001.
This is probably due to the inverse relationship between
SAR and volume of the target, where a smaller target

volume would have a higher SAR compared with a larger
target volume for a given amount of applied electric
fields. Therefore, the location of the ovarian cancer target
and the patient’s anatomy influence the delivery of
TTFields.

The electric conductivity of the CTVs in NS001 and
BMO002 is different, as seen in Table 1. The CTV in
NSO001 is representative of fluid composition because
there is no solid tumor present. On the contrary, both
CTVs in BM002 represent solid tumor masses that are
Fluorodeoxyglucose avid on PET. When the CTVs were
assigned with very low conductivity or high impedance
values, the SAR metrics approached zero (Fig 2E-H).
This would be analogous to a scenario where there is little
to no change in electric potential in this region, resulting
in little to no energy absorbed by the tissue, that is, no
work done and therefore no power absorbed by the mass
of medium. A different effect with similar SAR intensity
is also observed when the electric conductivity of the
CTV is extremely high, where the SAR is very low, along
with a low electric field intensity due to nearly no charge
retention within the structure at 200 kHz. Therefore, these
differences in conductivity might play a distinctive role
in modulating the field intensities within these volumes,
indicating that choice of electric properties applied
when modeling CTV(s) will also alter predictions of field
distributions.

TTFields coverage of the CTV can be maximized
by array rotation

When the arrays were rotated, we found similar results
in BM002, but not NS001, to those reported by Korshoej
et al®, where the maximum effect in field delivery to the
tumor was found when the arrays were rotated with an
approximately 45° offset from central axis at midline.
One major difference between their study and this one is
that their tumor was located very lateral while the CTVs
in our study were situated quite centrally. One important
observation noted by rotating the arrays is that the rota-
tion from central axis at midline actually degraded the
coverage to the CTV for NS001 but yielded a maximum
effect near 50° for both the CTV_p and CTV_n in
BMO002. The latter effect is likely similar to that
described by Korshoej et al®. These results suggest that
array positioning can potentially optimize electric field
delivery to the intended target.

TTFields are distributed differently within the
pelvic and abdominal cavities

Our modeling shows that, in general, cortical bone
structures receive higher electric field intensity than soft
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Figure 4 Analysis of array rotation on clinical target volume (CTV) coverage evaluated by electric field, specific absorption rate
(SAR), and current density. There was no significant difference in the plan quality metrics (PQM) when the arrays were rotated clock-
wise between 0 and 75° for electric field (A-D), SAR (E-H), and current density (I-L) for NSO01 and the CTV for primary ovarian car-
cinoma in the pelvic cavity (CTV_p) for BM002. However, there were larger variations in coverage to the CTV for lymph node
metastasis in the abdominal cavity (CTV_n) of BM002 as a function of array rotation, with a peak at 50°.

tissues. This is because higher impedance materials like
cortical bone will have a higher rate of charge retention,
thereby increasing electric field intensity in these regions.
In contrast, the bladder usually contains electrically con-
ductive urine, while the spinal cord is surrounded by a
column of highly conductive cerebrospinal fluid. There-
fore, current density flowing through these regions is
expected to be much higher compared with the lower
conductive soft tissues such as the liver, bladder wall,
and cancellous bone. By applying TTFields externally at
200 kHz, there is unlikely enough time for charge reten-
tion within the bladder to occur, therefore decreasing the
overall electric field strength.

Skin in both models had the highest SAR pyc, and this
is most likely due to the proximity of the electrode/gel-
skin interface at the body surface, allowing greatest expo-
sure to TTFields. Interestingly, colon in NSO001 was
ranked one of the lowest in electric field strength, while
this was not the case in BM002. This disparity might be
due to the differences in volume of colonic gases and
fecal matter present between the models, where gas is
nonconductive, thereby reducing the current density dis-
tribution in this region and forcing the electric field inten-
sity to decrease. It should be noted that because gas
mixture within the digestive tract and fecal volume can
be highly variable, the results from this study alone
should not be used to generalize the effects they have on
TTFields.

One of the crucial differences between the NS001 and
BMO002 models is that the array placements are slightly
different. Because of the larger circumference of the pel-
vis, the arrays on NS00I can be positioned horizontally,
whereas on BMO0O02 the arrays had to be placed vertically.
Additionally, due to the extent of the disease in BM002,
extending from the middle of the pelvis rostrally to the
middle of the abdomen, a slight modification of the array
placement was necessary to provide sufficient coverage
to both CTV_p and CTV_n. This is done by (1) reposi-
tioning the anteroposterior array inferiorly, (2) shifting
the posteroanterior array superiorly, and (3) centering
both lateral arrays midlevel between both CTVs. The var-
iability in TTFields between both models suggests that
electric field distribution is not only sensitive to changes
in material properties and array placements, but also to
anatomic differences within the pelvis and abdomen. Our
results demonstrate the utility of personalized modeling
that can enable clinicians to better optimize the delivery
of TTFields for patients with ovarian cancer.

Conclusions

To our knowledge, this is the first comprehensive
modeling study of TTFields for ovarian cancer and we
showed that these fields can penetrate the pelvis and
abdomen. The use of PQM enabled us to quantify and
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evaluate the extent of coverage to the CTVs and normal
tissues. Field strength quantified by these metrics
revealed a heterogeneous distribution of field intensity
throughout the pelvis and abdomen. Altering the conduc-
tivity of the CTVs resulted in varying field coverage
within the target, whereas rotating the arrays may reveal
significant changes in CTV coverage. Future phantom
measurements are required to validate the results of our
in silico modeling of TTFields.

Supplementary materials

Supplementary material associated with this article

can be found in the online version at https://doi.org/
10.1016/j.adro.2021.100716.
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