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4 Fig. 3 Computer modeling of electric field distribution within the brain.
Tl-weighed postgadolini T2, and magnetization-prepared rapid
gradient-echo magnetic resonance images are imported into Simpleware's
ScanlP 7.0 Suite to perform segmentation of various brain structures,
including the scalp, skull, dura, cerebrospinal fluid, gray matter, white
matter, brainstem, cerebellum, bil | ventricles, gross tumor volume,
and tumor necrotic core. (A) An air-tight volumetric mesh is then gener-
ated for finite element analysis using COMSOL Multiphysics. (B) The
distribution of electric fickds within the brain is inhomogeneous, with the
highest fields at the frontal and occipital homs of the lateral ventricles, as
well as the medial surface of the glioblastoma

on the equivalent efficacy results and absence of serious
associated toxicities, the FDA approved on 8 April 2011
the TTFields therapy for the treatment of recurrent
glioblastoma.

The apparent discrepancy in the overall survival rates be-
tween the pilot study and the registration trial prompted a
series of post hoc analyses of the trial data. First, one of the
analyses centered on responders and it showed that five of 14
responders treated with TTFields monotherapy had prior
low-grade histology, while none of the seven responders treat-
ed with BPC chemotherapy did [41+]. Second, the analysis
revealed significantly less dexamethasone use in responders
versus nonresponders [41¢]. Responders in the TTFields
monotherapy group received a median dexamethasone dose
of 1.0 mg/day while nonresponders received 5.2 mg/day. A
similar difference was also noted in the median cumulative
dexamethasone dose of 7.1 mg for responders versus
261.7 mg for nonresponders. In the chemotherapy cohort, the
median dexamethasone dose was 1.2 mg/day for responders
versus 6.0 mg/day for nonresponders. However, the median
cumulative dexamethasone dose was not significantly different
(348.5 mg for responders vs 242.3 mg for nonresponder).
These data suggest that TTFields efficacy may be influenced
by concurrent dexamethasone use, which is a clinically modi-
fiable factor. This finding prompted an in-depth analysis of the
dexamethasone effect in the entire trial population.

Applying an unsupervised modified binary search algo-
rithm that stratified the TTFields monotherapy arm of the
phase 111 trial based on the dexamethasone dosage that pro-
vided the greatest statistical difference in survival revealed
that subjects who used>4.1 mg/day dexamethasone had a
markedly shortened mOS of 4.8 months compared with those
who received <4.1 mg/day (mOS of 11.0 months) [42++]. Pa-
tients in the chemotherapy arm were observed to have a sim-
ilar but less robust dichotomization; those who used>4.1
and<4.1 mg/day dexamethasone had a mOS of 6.0 and
8.9 months, respectively. This difference in overall survival
based on dexamethasone dose was unrelated to tumor size but
most likely from interference with patient immune effector
function. A single institution validation cohort of patients
treated with TTFields therapy, using their CD3", CD4", and
CD8" T lymphocytes as a marker of immune competency,

suggested the importance of immune competence to TTFields
therapy. Importantly, a dexamethasone dosage of>4.0 mg/
day was also found to be a poor prognostic factor in newly
diagnosed patients who completed radiotherapy [46],
supporting the conclusion that dexamethasone can interfere
with treatment. With successive increases in dexamethasone
dosage, both cohorts reached an inflection point near 8.0 mg/
day, after which the rate of survival decreased slowly thereaf-
ter. Taken together, dexamethasone exerts a generalized and
profound interference on the efficacy of both TTFields and
chemotherapeutic treatment against glioblastoma. Therefore,
dexamethasone use should be minimized [47].

Transcanial Distribution of Electric Fields
from Transducer Arrays

A number of factors, including a medium’s electric conductiv-
ity and relative permittivity, can affect electric field
distrubution. Since each tissue composition is unique, the in-
tracranial structures must therefore be characterized based on
their conductivity and permittivity values. The highly hetero-
geneous architecture of the brain therefore distort electric fields
induced by an external source. Electric fields are generally
defined as instantancous changes in electric potential. This
change in electric potential results in electromotive disruption
of mitotic structures and is therefore the basis for the therapeu-
tic benefit of TTFiclds [3++]. TTFields therapy for glioblastoma
is delivered by two pairs of transducer arrays positioned or-
thogonally on the shaved scalp, adhered by a thin layer of
conductive gel that provides good conductivity (Fig. 2) [48] .
TTFields are generated by a battery-powered alternating cur-
rent generator, operating at 200 kHz, with maximum voltage
alternating from +50 to 50 V. To obtain a comprehensive
model of the electric fields distribution in the brain, computer
modeling can be performed using co-registered patient Digital
Imaging and Communications in Medicine (DICOM) datasets
from Tl-weighed postgadolinium, T2, and
magnetization-prepared rapid gradient-echo magnetic reso-
nance images. Previously, Lok et al. [49+] have shown a het-
erogencous distribution of electric fields in the brain, and the
regions adjacent to the ventricular homs had a particularly high
electric field intensity (Fig. 3). This is likely due to the higher
electric conductivity of cerebrospinal fluid (CSF) than the sur-
rounding tissues, which behaves like the terminal of a capaci-
tor, with the surrounding tissues functioning much like a di-
clectric between conductive terminals. Since a diclectric medi-
um generally retains charge, the rate at which the medium is
able to collect and retain the charge is defined by its conduc-
tivity and relative permittivity. At 200 kHz, the effect of per-
mittivity is overwhelmed by the conductivity of the medium
[50]. Furthermore, the rate at which the medium is able to
collect and retain charges is frequency dependent. At high
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, each medium has a unique capacitive reactance
acteristic of the medium’s conductivity, and thus the me-
dmm only has limited time to collect a finite amount of charge
and retain it before the field collapses as the polarity changes
direction, thereby discharging the initially retained charge be-
fore repeating the process. Since CSF has a low permittivity
value compared with its surrounding tissues, it is a poor dielec-
tric medium and thus charges will migrate through the fluid
layer at a much faster rate with minimal charge retention. This
explains why most of the CSF exhibits very low electric field
intensity. However, this is not true at the interface between CSF
and its adjacent brain tissue. The computed clectric field dis-
tribution revealed that the ventricular horns exhibit a higher
electric field intensity than the rest of the CSF space. This is
likely due to the geometry of the region coupled with increased
electric potential and reactance causing large field changes.
The electric properties of gliomas are likely to vary among
patients, depending on their tumor composition. Tumors with
larger necrotic cores are likely to exhibit higher field intensi-
ties in the gross tumor volume owing to the capacitive reac-
tance as explained above. In contrast, tumors with smaller or
no necrotic core will likely exhibit lower field intensities at the
center of the volume due to absence of a conductive medium
to act as an electric current source. This may become clinically
relevant owing to the increased requirement for time of expo-
sure to TTFields as the outer layers of the gross tumor volume
is treated slowly because of lower field intensities.

The Use of TTFields Therapy in Clinical Practice

clinical practice may differ from that in the rcglsrmlmn trial
because of the stringent entry criteria built into the trial. There-
fore, a Patient Registry Dataset (PRiDe) was developed in an
effort to capture pertinent clinical practice data. This dataset
consisted of 457 patients from 91 treatment centers in the US.
Patients treated and captured in PRiDe had a mOS of
9.6 months compared with the 6.6 months in the TTFields
monotherapy arm in the registration trial [44+s, 51]. The
I-year OS rate was also longer at 44 % compared with
20 %, respectively [44+=, 51]. The difference in survival char-
acteristics is most likely due to the higher proportion of pa-
tients treated with TTFields at first recurrence in PRiDe
(33 %) than that in the registration trial (9 %). Treatment at
an earlier time point in the process of disease progression may
provide a higher efficacy than treatment at a later time point.
Absence of prior bevacizumab usage was also favorable [51].
However, the heterogeneity in the adjunctive treatments used
in conjunction with TTFields therapy in the PRiDe dataset,
which included cytotoxic chemotherapy, bevacizumab, or
even alternative medicine that were not adequately captured,
is an important caveat that makes it statistically
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noncomparative with the TTFields monotherapy arm in the
registration trial.

Efficacy of TTFields Therapy for Newly Diagnosed
Glioblastoma

TTFields therapy is currently being tested in glioblastoma pa-
tients after their initial radiotherapy and concomitant daily temo-
zolomide. In this phase III tral, 700 patients were randomized
2:1 to received either TTFields plus adjuvant temozolomide or
temozolomide alone, respectively [52, 53]. The pnmary end
point was PFS. In a prespecified interim analysis of the first
315 patients after a minimum follow-up of 18 months, the
intent-to-treat cohort that received TTFields plus temozolomide
had a longer PFS than the cohort treated with temozolomide
alone (median 7.1 vs 4.0 months, HR 0.6; log-rank p=0.0014).
The mOS also favors the TTFields plus temozolomide group
(19.6 vs 16.6 months, HR 0.75; log-rank p=0.034), as well as
the per-protocol population that started the second cycle of treat-
ment (20.5 vs 15.5 months, HR 0.67; log-rank p=0.0072).

The trial population had no unexpected adverse events.
Grade 3 and 4 hematological toxicities between the TTFields
plus temozolomide and temozolomide alone cohorts (12 % vs
9 %), gastrointestinal disorders (5 % vs 2 %), and convulsions
(7 % vs 7 %) were not significantly different. Only scalp
reaction was more common than those that had temozolomide
only.

Conclusion and Future Directions

TTFields interferes with «-/B-tubulin and septin 2, 6, 7
heterotrimer function in tumor cells during mitosis. A phase
I1I clinical trial has shown a favorable toxicity profile in re-
current glioblastoma and promising efficacy data in newly
diagnosed glioblastoma. Computer modeling showed inho-
mogeneous distribution of electric fields within the brain. Fu-
ture investigations will likely include combination treatments,
including immune therapies. that can potentially boost the
existing efficacy of TTFields monotherapy.
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FZRE, BENRNESEIENNEES, MEFWEIFDH. AFSFHEALLDER
EIER, B RIBEBSERMNBEIRRRAMAEHE. AL, KEKNSERRS
T RIMNBRIFESHEE., BREENEN NERNBERTA., XMEBMTHNSEH
B4 REMPBHMEIR, MXIEETTFields;8F S iEM[3-]. RESMHEERN
TTFieldsi&fy BT AT IREERR FEFIIRMAY, XX HEEESHET IS EE M E TR Y AILK
t, A—ERHRFSBEMINSEERGM (B2) [48]
TTFieldsHE B RISRERALERETE, TIEMERN200kHz, AR HREBEA+50V
E-50V, ATHEBRRTBERSHTHNESEE, JUMERRETIIINRELETILRE
& (post gadolinium) . T2$D¥ﬁﬁ%1h'U%L$%FEI7§E§£ HREGIEEEMEEESFE
FRIGFIEE (DICOM) HBEHTITENEE. LEI, LokZFEAM4IIELERT KIKF
BIFHNAS N, SOEREEBHIXIGEEHEIISHNRFEE (B3) .



XA TFNRER (CSF) NEESXSTARALRHNBSE, HITHMERBEEENIR
¥, MErEARMIEEMGSBinFZBNNENR. BFNENRERRSFERE, ALt
N REBWEMFRISFRENREHEBSENENNEBELRRE. £200kHzAT, NEBE
HEOR RN RAVB S RFAER([50], oTLAR, N RN EFFRISBEENEREREUATIR
R, AEME, BMNRBE—MHSHNETR

NERSHEEEFIE, BNRREERNEREERENERE, HEBZBERMEXR
ThHamBERZEEEHEFRR, NTTEEERIEZIENRYGENEET. BTF5HAR
HAMELE, CSFRINMBEHRME, BtER—MRENNBNE, FLBEELAERE
RIEBBIREE, ANBEFRFERME. XER T AT AKRZSEHCSFRUMEIEERY
BiZEE . A, ECSFEEMBMMEALZENRE L, BRHIENL., TENBFSH
B, DEFRRINBLCSFERHME 2 ESHRIF®E., XuggA Tz Xiga 1o
RSN EBNBREES, ST REIFTH.

RERENSEZ MR EEEENMEA MR, WEmA, BFEERMN, RTEZERAH
EESREAIRPTRERMEESNZE, Rk, ATFRZBERRENSENR, B
BRNSEEIRTAZ O MR T e E AR ORIMERENGE. XoJESIhRKEX, F
FHTFRIENZE, ESERRNINELIRERE, WTTFieldsBZBER EAEKRIEN,
<IFENEFILER>

HNEREEEFERAR—THHNEZSGER, BHENASEEIBHSHEREE, LU
GRS KivERE?

MXXHRTH, sHXIMEREREAERE, (FEERNESAERBEE100VIEEE
(+50V~-50V) , 200KHz. PRLARRSEREMEBRITIRM AR ZBLMAT.

L33 B ERER 17 3 o IR R R IR IS R MR P SRIE R B M EY .

IR — T X P RIiREERRFET], BERII—RNMPEIRE—MHSRNEBRREE,
PMN-PT, NMEEERIEES. MBFE, ETEERESBEMLERERFRIZRE?



