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Practice points

e Tumor-treating fields (TTFields) is a novel US FDA approved antimitotic treatment modality for patients with
glioblastoma.

e TTFields deliver low intensity, alternating electric energy at an intermediate frequency of 200 kHz as a loco-regional
intervention inhibiting cell division and neoplastic cell death with minimal effect on the normal quiescent cells.

e Physiological imaging techniques such as diffusion tensor imaging, and dynamic susceptibility contrast-perfusion
weighted imaging and proton MR spectroscopy have the potential to evaluate treatment response in patients with
gliomas.

e A 51-year-old woman with left thalamic glioblastoma was enrolled in the Optune TTFields trial, and underwent serial
diffusion tensor imaging, perfusion weighted imaging and whole brain spectroscopic MRl on a 3T MRI scanner prior
to TTFields and at 1 and 2 months postinitiation of TTFields.

e Atrend toward increasing mean diffusivity and decreasing in fractional anisotropy, relative cerebral blood
volume and choline/creatine was noted at 2 months relative to baseline suggesting the potential of physiologic
and metabolic MRI in assessing early treatment response to TTFields in combination with maintenance TMZ
chemotherapy.

Tumor-treating fields (TTFields) is a novel antimitotic treatment modality for patients with
glioblastoma. To assess response to TTFields, a newly diagnosed patient with glioblastoma
underwent diffusion, perfusion and 3D echo-planar spectroscopic imaging prior to initiation
of TTFields plus temozolamide (baseline) and at 1- and 2-month follow-up periods. Increased
mean diffusivity along with decreased fractional anisotropy and maximum relative cerebral
blood volume were noted at 2 months relative to baseline suggesting inhibition of tumor
growth and angiogenesis. Additionally, a reduction in choline/creatine was also noted during
this period. These preliminary data indicate the potential of physiologic and metabolic MRI
in assessing early treatment response to TTFields in combination with temozolamide.
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Background

Glioblastoma (GBM) is the most common form
of malignant brain tumor, affecting approxi-
mately 10,000 adults annually in the USA. It
is also one of the most aggressive and lethal pri-
mary brain tumor, with only a third of patients
surviving more than 1 year after diagnosis, and
a median survival is only 12—15 months despite
maximal aggressive and multimodal therapy [1.2].
Standard therapeutic approaches provide mod-
est improvement in progression-free and overall
survival, necessitating the investigation of novel
therapies [3].

Recently, the US FDA approved the use of
alternating electric fields, also known as tumor-
treating fields (TTFields), for the treatment of
newly diagnosed GBM. TTFields deliver low
intensity, alternating electric energy at an inter-
mediate frequency of 200 kHz as a loco-regional
intervention inhibiting cell division and caus-
ing neoplastic cell death with minimal effect
on the normal quiescent cells [45]. In a recent
clinical trial [6], patients treated with TTFields
and temozolamide (TMZ) survived an average
of 3 months longer than those treated with TMZ
alone.

Conventional MRI is usually not reliable for
assessment of the treatment response due to a
lack of specificity [7]. However, physiological
imaging techniques such as diffusion tensor
imaging (DTI) (8], and dynamic susceptibility
contrast (DSC) perfusion weighted imaging
(PWI) [9.10] and proton MR spectroscopy ("H
MRS ) [11,12] have shown great potential in evalu-
ating treatment response to different therapeutic
regimens in patients with gliomas. Until now, no
study has investigated the treatment response to
TTFields in gliomas using these advanced MRI
techniques. We report our initial experience in
evaluating treatment response to TTFields in
combination with low-dose TMZ in a newly
diagnosed GBM patient using DTT, DSC-PW1I
and 3D-echo-planar spectroscopic imaging

(EPSI).

Presentation of case initial
diagnosis/assessment

A 51-year-old previously healthy woman pre-
sented with 1 week of left-sided numbness and
fatigue. MRI of the brain revealed a 3.3 cm
necrotic mass in the left thalamus, abutting the
left aspect of the third ventricle. It was deemed
unresectable due to its deep and eloquent loca-
tion and a stereotactic biopsy was performed to
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ascertain tissue diagnosis. Pathology was consist-
ent with a GBM, WHO Grade IV. Due to the
small size of the biopsy tissue, it was not possible
to perform immunohistochemistry to determine
the genetic profile of the neoplasm.

Treatment/management

Patient was started on concurrent chemother-
apy with TMZ (140 mg/m?/day) and radiation
therapy in January 2015, until her platelet count
dropped to 35,000/pl requiring a single plate-
let transfusion. TMZ was discontinued but she
was able to complete radiation therapy by the
beginning of February 2015 with a total dose
of 6000 cGy. Her platelet count recovered and
she enrolled in the Optune TTFields trial on
27 July 2015, which was prescribed by a certified
neuroradiologist (SM). The interval between the
end of standard chemoradiation therapy and ini-
tiation of TTFields was 5 months. At the time
of writing this case report, the patient was on
low dose (20-80 mg/m?/day) of maintenance
TMZ. The patient started TTFields therapy
(intensity ~1 V/cm and frequency ~200 kHz),
with an average daily compliance of 87.165%.
At this time her KPS is 100, and she is clinically
stable and has returned to work full time.

MRI

The patient underwent serial MRI scans
including a baseline (prior to TTFields) and
two follow-ups (1 and 2 months postinitiation
of TTFields). MRI was performed on a 3 T
MRI scanner, (Tim Trio; Siemens, Erlangen,
Germany) using a 12-channel phased array head
coil. The imaging protocol included an axial
3D T, -weighted magnetization-prepared rapid
acquisition of gradient-echo (MPRAGE) images
with a repetition time (TR)/echo time (TE)/
inversion time (T1)=1760/3.1/950 ms; matrix
size = 192 x 256; and 1 mm section thickness;
and fluid attenuated inversion recovery (FLAIR)
images (TR/TE/TI = 9420/384/2500 ms;
matrix size = 192 x 256; and 3 mm section
thickness).

DTI data were acquired using 30 noncol-
linear/noncoplanar directions with a single-shot
spin-echo, echo-planar read-out sequence with
parallel imaging by using generalized auto-cali-
brating partially parallel acquisition (GRAPPA)
and acceleration factor of 2. Sequence param-
eters were as follows: TR/TE = 5000/86 ms,
number of acquisitions = 3, field of view
(FOV) =22 x 22 cm?, matrix size = 128 x 128,
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slice thickness = 3 mm, b = 0, 1000 s/mm?,
slices = 40 covering the whole brain. The
diffusion-weighted images were co-registered
to the nondiffusion weighted (b = 0 s/mm?)
images to minimize eddy-current and/or sub-
ject motion induced artifacts [13]. The corrected
raw images were combined to compute mean
diffusivity (MD) and fractional anisotropy (FA)
maps using in-house software (IDL, ITT Visual
Information Solutions, CO, USA).

For DSC-PWTI, a bolus of gadobenate dimeg-
lumine (MultiHance; Bracco Imaging, Milano,
Italy) was injected as the preloading dose of
0.07 mmol/kg to reduce the effect of contrast
leakage on cerebral blood volume (CBV) meas-
urements. A DSC T, *-weighted gradient-echo,
echo-planar imaging (GRE-EPI) sequence was
obtained after approximately 3.5 min of pre-
loading dose during which FLAIR sequence
was acquired. DSC-PWI was obtained dur-
ing the second 0.07 mmol/kg bolus of intra-
venous contrast agent. The injection rate was
5 ml/s and was immediately followed by a
bolus injection of saline (total of 20 ml at the
same rate). DSC-PWI parameters included:
TR/TE =2000/45 ms; FOV =22 x 22 cm?; in-
plane resolution = 1.72 x 1.72 x 3 mm?®; band-
width (BW) = 1346 Hz/pixel; flip angle = 90°;
echo planar imaging (EPI) factor = 128; echo
spacing = 0.83; 20 slices covering the tumor
region; acquisition time 1 min 38 s. Forty-five
sequential measurements were acquired for each
section, with a temporal resolution of 2.1 s. A
slightly longer TR of 2s was used to acquire the
DSC-PWI data with 3 mm thick, 20 axial sec-
tions to encompass the brain and the entire vol-
ume of the neoplasm with a temporal resolution
of 2.1 s. Postcontrast T -weighted MPRAGE
images were acquired after completion of DSC-
PWI. Leakage corrected cerebral blood volume
(CBV) maps were constructed using Nordic
ICE program (nordicICE, Nordic Imaging Lab,
Bergen, Norway).

Scan parameters for the 3D-EPSI sequence
were: TR/TE = 1550/17.6 ms, spatial
points =50 x 50 x 18, FOV =280 x 280 x 180 mm?’,
voxel size = 5.6 x 5.6 x 10 mm? (0.31 cm?), exci-
tation angle = 73° 512 complex points, spectral
BW = 616.2 Hz with radiofrequency excitation
pulse centered at water resonance, number of
excitations = 1. Water suppression using fre-
quency-selective saturation pulses and inversion-
recovery nulling of lipid signal was performed
with TT of 198 ms. The acquisition time was
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15 min including an interleaved water reference
acquisition scan obtained using a gradient-echo
acquisition with 20° excitation angle and a 6.3 ms
TE. This water-unsuppressed image was used to
perform signal normalization, eddy current cor-
rection and image co-registration. 3D-EPSI data
were processed offline using the metabolic imag-
ing and data analysis system (MIDAS) package
developed by Maudsley ez 4/. (14]. Following cor-
rections for inhomogeneity in the B, field, and
eddy current and data were interpolated to a
spatial resolution of 64 x 64 x 32 voxels. Signal
intensity normalization of metabolite maps was
performed using tissue water as an internal refer-
ence. The automated MIDAS tool was used to
generate Cho and Cr parametric maps.

MD, FA, CBV maps and FLAIR images
were co-registered to postcontrast T -weighted
images and a semi-automated routine was used
to segment the contrast-enhancing region of
tumor [13]. The CBV values were normalized
to the contralateral normal white matter to
generate relative CBV (rCBV) values. Median
values of MD and FA were computed from
the enhancing region at each time point. The
top 90th percentile rCBV values were meas-
ured from the enhancing region and reported
as maximum rCBV (rCBV__ ). To compute
absolute values of Cho, Cr and metabolite
ratio of choline/creatine (Cho/Cr), a total of
8 voxels (effective size of voxel = 1 cm?® after
interpolation) from similar contrast-enhancing
regions at both time points were used. A cus-
tom MATLAB-based image reconstruction and
visualization platform was used to project Cho/
Cr ratio maps in 3D and overlay segmented
regions of interests corresponding to voxels that
exceed a threshold value for Cho/Cr ratio. The
product of largest biperpendicular diameters
of the neoplasm were determined on the axial
postcontrast T1 weighted images at each time
point. Additionally, tumor volumes involving
contrast enhancing and central necrotic regions
were measured. Percent changes of each param-
eter between baseline and follow-up time points
were calculated as (N — baseline)/baseline x 100.

Outcome/results

FLAIR, pre- and post-contrast T1 weighted
images (Figure 1), demonstrate steady declines
in tumor volume as observed at first (~12%)
and second (~34%) follow-up periods relative
to baseline. An approximately 7.6 and 29%
decrease in the product of largest biperpendicular
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FLAIR T1 PC-T1

First follow-up Baseline

Second follow-up

Figure 1. A 51-year-old patient with newly
diagnosed glioblastoma treated with tumor-
treating fields plus temozolamide. Axial FLAIR
images at three time points demonstrate a
well-defined hyperintense mass centered in
the left thalamus with surrounding vasogenic
edema. This mass appears as hypointense

on the corresponding T1-weighted images.

A heterogeneously enhancing lesion with
hypointense central necrotic core and
peritumoral edema is visible on the postcontrast
T1-weighted images.

diameters was noted at first and second follow-
up periods respectively, compared with baseline,
according to the RANO criteria. A summary of
tumor measurements, volume, DTT, DSC-PW1
and EPSI findings at different timepoints are
presented in Table 1. Representative images and
parametric maps from baseline and two follow-
up scans are presented in Figure 2. At 1-month
follow-up, MD (1.41% increase) and FA (0.92%
decrease) values were relatively stable relative to

baseline. Poor quality of CBV maps second-
ary to contrast extravasation and corrupted
raw EPSI data precluded us from computing
CBYV and Cho levels at 1 month (first) follow-
up. Compared with baseline, a larger increase
in MD (10.9%) and decreases in FA (22.9%),
and rCBV__ (6.21%) were observed at 2-month
(second) follow-up. We also observed a 17.8%
decrease in Cho/Cr from the enhancing region
at the second follow-up compared with base-
line. The total number of voxels that exceed the
threshold value of 0.55 were 50 at baseline and
34 at second follow-up (Figure 3). Percent changes
in volume, MD, FA, rCBV__ and Cho/Cr from
baseline to post-TTFields at 1- and 2-month
follow-up periods are shown in Figure 4.

Discussion

In this report, we present our initial experience
using physiological and metabolic imaging
in evaluating treatment response to TTFields
in combination with low-dose maintenance
TMZ in a patient with newly diagnosed GBM.
TTFields have been under active investigation
with rapid ascent from the lab to clinical trials
leading to FDA approval for recurrent GBM on
8 April 2011 and for newly diagnosed GBM on
5 October 2015.

The electrical fields in this therapy are deliv-
ered using four insulated transducer arrays com-
posed of biocompatible ceramic discs (nine discs
per array) that are applied to the shaved scalp
of the GBM patient. The position and size of
the arrays are adjusted depending upon the head
size, tumor dimensions and location. There is
relatively low toxicity with this method with the
most common complaint of skin irritation [15].
There appears to be a time-dependent treatment
effect with efficacy observed with compliance of
wearing the treatment mask over 18 h per day
(75%) (6]

The precise mechanism of action of TTFields
is not completely understood. However, delivery

Table 1. Biperpendicular diameters, tumor volume, mean diffusivity, fractional anisotropy,

maximum relative cerebral blood volume and choline/creatine values from the patient at
different time points.

Time Diameters (mm) Volume (cm?® MD (x10* mm?/s) FA rCBV__ Cho/Cr
Baseline 27.7 x32.5 15.5 1.49 0.125 1.76 0.457
First follow-up 25.6 X 32.5 13.6 1.51 0.124 NA NA
Second follow-up 24.9 x 25.8 10.2 1.65 0.097 1.4 0.375
Cho/Cr: Choline/creatine; FA: Fractional anisotropy; MD: Mean diffusivity; NA: Not available; rCBVma: Maximum relative cerebral
blood volume.

CNS Oncol. (2016) 5(3)
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of alternating electric fields from a portable
external device probably disrupts cell division,
most notably by interfering with cellular micro-
tubule organization during metaphase of mito-
sis, resulting in disordered cell division and/or
immunogenic cell death as observed in multiple
cancer cell lines and animal tumor models [16,17].
We believe that a synergestic effect of TTFields
and TMZ chemotherapy might have inhibited
the growth of tumor cells in our case.

In comparison to the 1-month time point,
we observed larger changes in MD and FA
at 2-month period following treatment with
TTFields in our patient. Previous studies have
reported increased MD and reduced FA from the
tumor [18,19] as well as the normal brain paren-
chyma [20.21] in patients treated with chemo-
radiation therapy. However, the interpretation
of changes in MD following radiation therapy
and adjuvant chemotherapy is complex because
of co-localization of treatment-induced gliosis,
necrosis and edema [22]. Recently, Wang ez al. [23]
reported higher MD and significantly lower FA
in post-treatment GBM patients with pseudo-
progression (PsP) compared with those with
true-progression (TP), suggesting that elevated
MD and reduced FA are associated with posi-
tive treatment response. Our DTT results are
in agreement with these studies and imply that
DTT can assess therapeutic response to TTFields.
We believe that cellular growth inhibition and
associated cell death by 2 months might have
accounted for the large increase in MD observed
in our patient. It has been widely reported that
organized microstructures secondary to closely
packed proliferating tumor cells in gliomas result

Baseline

2-month follow-up

Figure 2. Axial co-registered contrast-enhanced
T1-weighted image, and corresponding mean
diffusivity, fractional anisotropy, cerebral
blood volume and choline/creatine maps are
shown at baseline and at a 2-month follow-up
period.

CBV: Cerebral blood volume; FA: Fractional
anisotropy; MD: Mean diffusivity.

in high FA [1924]. A 23% reduction in FA in the
current case may be due to reduced cell density
and incoherent orientation of neoplastic cells.
Rich capillary network secondary to angio-
genesis is a common feature of GBMs, respon-
sible for high rCBV [25]. Several studies [9.10]
have reported reduced rCBV in gliomas follow-
ing radiotherapy and anti-angiogenetic ther-
apy. Fibrinoid necrosis, endothelial injury and
occlusion of blood vessels have been proposed
as potential reasons for decreased rCBV levels
in treated GBMs 26]. In agreement with these
studies, reduced rCBV___were also noted in the
present case suggesting reduced vascularity and

Second follow-up

Figure 3. Choline/creatine maps show red volumes correspond to voxels that exceed a threshold
value for choline/creatine ratio of 0.55 at baseline and at 2 months follow-up periods. The total
number of voxels that exceed the threshold value of 0.55 were 50 at baseline and were 34 at second
follow-up suggesting reduced levels of choline/creatine at follow-up relative to baseline.
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Figure 4. Percentage changes in parameters from baseline to 1- and 2-month follow-up periods
from a patient with glioblastoma treated with tumor-treating fields plus temozolamide. Trends

toward decreased tumor volume, rCBV

max’

Cho/Cr and FA along with an increased MD were observed

at follow-up relative to baseline indicating tumor growth arrest.
Cho/Cr: Choline/creatine; FA: Fractional anisotropy; MD: Mean diffusivity; rCBV __ : Maximum relative

cerebral blood volume.

tissue perfusion within the tumor bed. A previ-
ous study reported substantial decrease in the lev-
els of CD34 (an immunohistochemical marker
of microvessel density) and downregulation of
VEGFs (proangiogenetic factors) in murine
melanomas exposed to intermediate frequency
alternating electric field compared with control
group [27]. While, it is not clear how a combi-
nation of TTFields and TMZ chemotherapy
modulates tumor vasculature of gliomas, it may
be speculated that inhibited angiogenesis might
have caused decreased perfusion in our case.

Several prior '"H MRS studies [11,12] have
reported decreased levels of Cho as a surrogate
marker of positive treatment response in patients
with brain tumors. In accordance with these pre-
vious studies, we also observed decreased lev-
els of absolute Cho and Cho/Cr in our case at
2-month period following treatment. It is well
documented that Cho content correlates with
cell density and with indices of cellular prolifera-
tion [28]. We believe that these reductions in Cho
levels in our case were most likely a direct con-
sequence of combined anti-proliferative effect
of TTFields and TMZ on cellular metabolism
of gliomas.

Revised criteria for assessment of treatment
response have been proposed by the RANO
Working Group [29]. According to this method

CNS Oncol. (2016) 5(3)

that has served as the current benchmark for
tumor assessment, evaluation of therapy response
is based on the change in contrast-enhancing
lesion size via 2D perpendicular diameter of the
enhancing region. Our patient demonstrated
approximately 29% decline in the product of
the perpendicular diameters suggesting ‘stable
disease’ according to the RANO criteria. There
was approximately a 34% decrease in neoplasm
volume with moderate variations in the physi-
ological and metabolic parameters as observed
at the second follow-up indicating an overall
favorable response to TTFields in combination
with TMZ. We believe that multiparametric
approach utilizing the unique strengths of these
advanced imaging techniques as performed
in the present case may provide a comprehen-
sive assessment of treatment response in these
patients. A larger cohort of patients with newly
diagnosed GBM is required to further elucidate
the efficacy of TTFields in combination with
TMZ.

In addition to response assessment, the neu-
roradiologist may also function as the certified
prescriber of this novel therapy perhaps adding
another dimension to ‘interventional’ neurora-
diology. In the future, these devices will likely
become smaller, lighter, more convenient for use
and increasingly tailored for the tumor size. The

future science group
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indications for use in other brain and nonbrain
malignancies will likely continue to expand, and
the incorporation into combination therapies
will continue to be optimized.

Conclusion & future perspective

This case demonstrates the potential of advanced
physiologic and metabolic MRI in more accurate
assessment of treatment response to TTFields
in combination with TMZ indicating that
TTFields should be considered as an adjunct
modality in the treatment of GBM. However,
these early findings need to be corroborated in
a larger patient cohort.
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