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Abstract

Background Recurrent glioblastoma after injtial radio-
therapy plus concomitant and adjuvant temozolomide is
problematic. Here, patients with temozolomide-refractory
high-grade gliomas were treated with bevacizumab (BV)
and evaluated using apparent diffusion coefficient (ADC)
for response.

Methods Nine post-temozolomide recurrent or progres-
sive high-grade glioma patients (seven with glioblastoma
and two with anaplastic astrocytoma) were treated with BV
monotherapy. Average age was 57 years (range, 22-78),
median Karnofsky Performance Scale (KPS) was 70
(30-80) and median BV line number was 2 (2-5). Two had
additional stereotactic radiotherapy within 6 months prior
to BV. Magnetic resonance (MR) imaging after BV therapy
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was performed within 2 weeks with calculation of mean
ADC (mADC) values of enhancing tumor contours.
Results Post-BV treatment MR imaging showed decreased
tumor volumes in eight of nine cases (88.9 %). Partial
response was obtained in four cases (44.4 %), four cases had
stable disease, and one had progressive disease. Of 15
evaluable enhancing lesions, 11 shrank and four did not.
Pretreatment mADC values were above 1100 (10_'3 mm?/s)
in all responding tumors, while all non-responding lesions
scored below 1100 (p = 0.001). mADC decreased after the
first BV treatment in all lesions except one. KPS improved
in four cases (44.4 %). Median progression-free survival and
overall survival for those having all lesions with high
mADC (>1100) were significantly longer than those
with a low mADC (<1100) lesion (p = 0.018 and 0.046,
respectively). B
Conclusions Bevacizumab monotherapy is effective in
patients with temozolomide-refractory recurrent gliomas
and tumor mean ADC value can be a useful marker for
prediction of BV response and survival.

Keywords Glioblastoma - Bevacizumab - Apparent
diffusion coefficient - Prediction of response and survival -
Recurrent high-grade glioma

Introduction

Standard care for glioblastoma (GBM) is radiation therapy
(RT) plus concomitant and adjuvant temozolomide (TMZ)
[1]. The median overall survival (OS) of patients with
GBM remains at 15 months from initial diagnosis [1], and
there are no standard therapies established for recurrent
GBMs.
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Glioblastoma is highly wvascularized and vascular
endothelial growth factor (VEGF) has been identified as
the major promoting factor for glioma angiogenesis [2].
VEGEF expression correlates with aggressiveness and his-
topathological grade of glioma [3]. VEGF induces an
increase in vascular permeability and disruption of the
blood—brain barrier (BBB) in tumors. High-grade gliomas
with abundant VEGF expression exhibit an increase in
interstitial fluids, causing peri- and intra-tumoral edema
[4], and further neurological deterioration. It would,
therefore, be reasonable to target VEGF as a potential
therapeutic strategy against intractable GBM [5].

Bevaciznmab (BV) is a humanized monoclonal anti-
body that binds to and inhibits the activity of VEGF. The
efficacy of BV for recurrent GBM was demonstrated
in initial phase II clinical trials in combination with
irinotecan [6]. BV monotherapy for patients with TMZ-
pretreated, recurrent GBM achieved progression-free
survival (PES) at 6 months (PFS-6 m) of 43 % and
median OS of 9.3 months [7]. This and another similar
phase II study [8] led to accelerated approval for use of
BV as a single-agent in adults with recurrent GBM in the
United States. However, a subset of GBM lesions do not
respond to BV, and this necessitates a way to differen-
tiate tumors that will respond from those that will not,
given the adverse effects of BV such as intracerebral
hemorrhage and deep venous thrombosis, and also the
high cost of the agent.

Bevacizumab decreases interstitial fluid load in the
brain and tumor tissue by normalizing the BBB, leading to
rapid tumor shrinkage with reduction of perifocal edema
[5, 7]. An imaging technique that specifically detects such
pathological conditions would be useful for prediction of
BV response. One physiological imaging biomarker that
might be associated with degradation of cellnlar integrity,
such as necrosis, is apparent diffusion coefficient (ADC)
obtained on diffusion-weighted magnetic resonance (MR)
imaging. The ADC value represents movement of water
molecules and tends to be low in tissues with high cellular
density {(packed tumor) where extracellular space is
restricted [9]. Conversely, tissue edema and necrotic
components induced by tumor burden and cytotoxic
therapies may well increase the ADC value [10, 11]. The
ADC value has been shown to correlate with response to
radiation therapy (RT) and prognosis in patients with
glioma [12, 13], to predict progression-free survival (PFS)
after BV treatment in patients with recurrent GBM, and
the minimum ADC values were reportedly prognostic of
outcomes in glioma [12, 14]. This prompted us to inves-
tigate whether the ADC value in recurrent high-grade
glioma may predict rapid shrinking response or survival
after BV monotherapy, thereby facilitating selection of
patients who are likely responders.

@ Springer

303

Patients and methods
Patient eligibility

Patients (>20 years old) had histologically proven high-
grade glioma (HGG) for which they had received RT and
TMZ. All had experienced tumor progression determined by
the Macdonald criteria [15], had measurable enhancing
disease(s) on MR imaging, and had recovered from their
prior treatment. The minimum 4 weeks from surgical ther-
apy and 8 weeks after RT must have elapsed before the start
of BV treatment. The patients had to have adequate organ
functions and were excluded if they had experienced cere-
bral hemorrhage or stroke. Patients were required to have
provided written informed consent. The treatment protocol
including off-label use of BV at patients’ own cost was
reviewed and approved by the institutional review board.

Treatment

All patients received BV 10 mg/kg intravenously every
other week, until disease progression or discontinuation by
their withdrawal, grade 2 or more cerebral hemorrhage,
grade 4 non-hematological toxicities, or any other condi-
tion that would make the treatment unsafe.

Patient evaluation

The response to therapy was assessed using MR imaging
and neurological examination. The Macdonald criteria
were employed to evaluate the MR imaging [13]. The
criteria use the largest cross-sectional area of the post-
contrast T1-weighted images and also take into account the
steroid dose and clinical findings. We also evaluated non-
contrast T1-weighted images, T2-weighted images, FLAIR
images, and diffusion-weighted images. All MR examina-
tions were carried out at 1.5 T. MR imaging was performed
after the first and the third cycles of BV treatment, and
images were reviewed by a neuroradiologist (K.T.).

Measurement of mean apparent diffusion coefficient
ADC value of tumors

A mean ADC (mADC) value of the tumor was calculated on
a terminal of the Picture Archiving and Communication
System (PACS). Gadolinium-enhancing tumor contours
were manually segmented on sequential post-contrast
Tl-weighted images, eliminating non-enhancing regions
within the tumor, and the same segmented areas were
selected on the corresponding ADC maps, thereby obtaining
amADC value (10_6mm2/s) and an area (mmz) of the tumor
in each image (Fig. 1). The mADC value of the image slice
was multiplied by the area to produce a total ADC value of
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Fig. 1 Postcontrast
T1-weighted images aligned
side-by-side with the
corresponding ADC maps of
both pre- (left-hand column) and
post-treatment (right-hand
colwmn) with BV in
representative patients who
achijeved immediate response
after a single BV
administration. The mADC
values of the lesions of interest
are indicated at the right margin
of the ADC maps. Each mADC
value is calculated as described
in “Patients and methods.” Note
that all pretreatment mADC
values are above 1100

(10 © mm?/s), which
subsequently decrease after

BV treatment. a, b, ¢, d: case 1;
e, f,g, h:case 2§, j, k, I: case §;
m, n, 0, p: case &

the slice. The sum of the total ADC value of all slices for a
lesion was divided by the sum of areas of all slices to achieve
the net mADC value of the single enhancing lesion.

Immunohistochemistry

Immunohistochemistry analysis of surgical specimens of the
original tumors entailed: (1) fixation with 10 % buffered
formalin, and embedding in paraffin; (2) deparaffinizing
5-um-thick sections of the tissues in xylene, and rehydration
in 90, 70, and 50 % ethanol; (3) antigen retrieval, by auto-
claving in buffered citrate (pH 7.0) at 120 °C for 10 min; (4)
incubation with the primary antibody, anti-VEGF antibody
(code SC-152, Santa Cruz, CA, USA) at room temperature
for approximately 12 h; and (5) detection of immunoreac-
tivity using the EnVision system (Dako, Carpinteria, CA,
USA), followed by hematoxylin counterstaining.

O°-methylguanine-DNA methyltransferase (MGMT)
status

Methylation status of the MGMT gene promoter region in
tumors was determined by the methylation-specific poly-
merase chain reaction as described elsewhere [16].
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Statistical analysis

The correlation of the mADC value with response to BV
was evaluated by Fisher’s exact test and the Mann—Whit-
ney U test. The change of mADC values before and after
the first BV treatment was assessed by a paired ¢ test. PFS
and OS were calculated according to the Kaplan-Meier
method, and differences in progression and survival
according to mADC values were evaluated with the log-
rank test. All the probability values were two-sided, and all
statistical analyses were done at a significance level of
p = 0.05, using the statistical package SPSS 17.0J (SPSS,
Inc., Chicago, IL, USA).

Results

Bevacizumab treatment of patients with recurrent HGG
after TMZ, failure

From August 2009 to December 2010, nine eligible
patients with recurrent or progressive HGGs (seven with
GBM and two with anaplastic astrocytoma) were treated
with BV monotherapy. The average patient age was 57
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years (range, 22-78), and median Kammofsky Performance 2 § =
Scale (KPS) was 70 (30-80) (Table 1). Five patients 2 é - N e %%
underwent RT plus concomitant TMZ at the initial therapy, = - - T s &
and others received TMZ monotherapy on disease pro- 3 § &5‘:
gression. BV treatment was primarily (67 %) given as the ©s ARAAAAARRA g«;’,
second line therapy (range 2-5). The cycles of BV therapy g § 5
ranged from 1 to 21 (median 7). There were no serious gg/ anmaoazas ] 5
adverse events in any of the patients. . %8
& £4%
Response to BV 4 + o+ o+ EEZ
. FEM
After the first BV cycle, early post-treatment MR imaging E Z E c o o0 o000 f g g
(taken between days 3 and 21, median 13) demonstrated SHIRRERB ISR ‘z.é E"*
rapid shrinkage of both enhancing and T2-elongated 2 é% 2
(hyperintense on T2-weighted and FLAIR images) areas in é% Bga8ega8Es i 3 é 3 g
most tumors (Fig. 1). By a patient-based analysis, single o o A aOs O ;%L{ S
BV treatment resulted in a decrease in evaluable enhancing o R Rl %b
tumor volume in eight of nine cases (88.9 %) (Table 1). 28 s5
Four patients (44.4 %) had a partial response (PR), four K ‘“a.g e eagaealdy 5
had a stable disease (SD), and one had a progressive dis- 2] - g B -g
ease (PD) by the Macdonald criteria; the overall response @ . o o BEE
rate was 44.4 %. In cases 1, 3, and 8, both hemiparesis and - é S & ] ;ﬁé § é
disturbance of consciousness recovered soon after the first 2%t 1z = igeg 08'\ R I ix
BV administration with a marked reduction of extent of S R g sd .
hyperintensity on T2-weighted or FLAIR images along é ) § gg %
with the enhancing tumor shrinkage. KPS improved S g Zle v dd a3 g 4E 3 3
immediately in four cases (44.4 %). ol 4 d58 2
.§>‘:’> n\v—«vocm-'oommg%g: ;
Association of tumor mADC values with the response & (= :) A - % e % g
to BV g ; ::é M NN M AN 3 S § E
g | Sgg &
Of 15 individual evaluable enhancing lesions in the nine 2 R g5 8 g
patients, 11 tumors shrank (Fig. 1), while four did not &|=% |B 82320 o p = p 838 °
respond upon initial BV treatment (Fig. 2). We then eval- i g ~ Boagoagfe 3 éa g
uated parameters obtained in the MR images to determine & © aAeREala|g :5 %f g
if there were any predictors for tumor response to BV. The é; %1 ks g :’ & 8
pretreatment MR images were obtained on days —1to —25 5|88 |¥ 2 =32 77 8 T2 g g
(median —10). The average pretreatment mADC value for E _ g & & § % g £
all lesions was 1249 (107 mm?%s) (range 964-1672). g & 29 2 g8 3
Tumor mADC values were above 1100 in all of the & |& 2828888828 =
responding tumors, in contrast to those in all nom- 3 - i:-@ §» 8
responding lesions that scored below 1100 (Fisher’s exact L; B o ag’ g g 5 %
test, p = 0.001) (Fig. 3), suggesting that a pretreatment 5 |3 y z 2 a%: AL g SA52 5
mADC value higher than 1100 may be predictive for a % E5 |138888B888 5;%53&2
rapid shrinkage of enhancing timors. Interestingly, the & I~ g B %’) 3 8 E
tamor mADC values decreased significantly after the first % P % 8 3% 3
BV treatment in all lesions except for one that did not & SRERS888 RIS g g 3 i E z
respond (paired ¢ test, p < 0.001) (Fig. 4). The average %. b 2,928,288 gE z § § ':?:b
mADC value after the first cycle of BV was 1051 (range £ | & §§§§§§§§§ Egégg;
828-1320). 2l 4 a5 45 5
To determine whether the mADC value after the first ~ 505 togaNoRaR 5‘5{%‘ E é g
BV treatment (post-BV mADC) could also predict a further % O R B s % N E é
response of the lesion to additional cycles of BV, the ratio 12 P | > Sg f: PR
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Fig. 2 Post-contrast T1-weighted images aligned side-by-side with
the corresponding ADC maps in patients with tamors which did not
respond to BV (a, b, ¢, d: case 3; e, £, g, h: case 6). Note that the non-
responding lesions have mADC values below 1100 (10 © mm?s). In
case 3, the anterior frontal lesion with an initial mADC of 964

2.5 4

2.0

1.5

1.0

Relative tumor volume (%Baseline)

T T T T T
1000 1200 1400 1600 1800

" Mean ADC value {10-5mm?/sec)

T
800

Fig. 3 Clear correlation between mean ADC values and changes in
mmor size after a single BV treatment in recurrent hggh—grade glioma
lesions. All lesions with mADC above 1100 (10 © mm?%s) shrink,
while those with lower mADC continue growth (Fisher’s exact test,
p = 0.001)

of tumor volumes at the first MR imaging to those at the
second MR imaging taken after 2 more BV cycles (median
interval, 39 days; range, 35-56 days) was measured
(Table 2). Post-BV mADC significantly correlated with
response to additional BV (Mann-Whitney U ftest,
p = 0.045) and all five high post-BV mADC (>1100)
lesions shrank after the additional BV treatments. Although
three of eight (37.5 %) low post-BV mADC (<1100)
lesions also decreased in size, the majority (5/8, 62.5 %)
did not respond further, which approached statistical

mADC
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continues to grow, whereas the posterior frontal lesion that has
undergone stereotactic radiotherapy before further progression shows
an initial mADC of 1490 and its enhancement reduces after BV
treatment

1800

1600

1400

1200

-

o

o

o
1

800

600

400

Mean ADC value (10-°*mm?/sec)

200

0 T T
mADCpre mADCpost
Before and after bevacizumab

Fig. 4 Changes in mADC value between pre- and post-treatment
with BV. Corresponding mADC value points of each lesion are
connected with lines; the responding lesions are in solid lines and the
non-responding are in dashed lines. mADC values of all lesions
decrease after BV except for one non-responding

significance (Fisher’s exact test; p = 0.075). These obser-
vations suggest that even the mADC immediately after the
first BV treatment may be of predictive value for further
response to BV.
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Table 2 mADC values before and after the first bevacizumab treat-
ment and the change in tumor volume

Case Lesion mADC v vV v
(10 ¢ mm%s) (%baseline) (%baseline) (%1st
- (1st F/U (2nd F/U MRI)
Before After MRI) MRI) ©nd

Fru
MRI)

1 P/T 13942 8425 627 21.8 34.9

2 T 1353.6 11358 33 0.0 0.0

3 F 1450.1 11256 66.1 63.6 96.3

F-AL 964.3 10920 2064 4455 215.9
F-AM 9711 8411 1209 1355 112.1
F-MF 12276 9300 298 304 103.1
F-PM 10445 9618 1232 2256 183.1
F-BG 11875 11554 728 152 20.9
5 T 1272.6 10530 129 0.0 0.0
T 1008.9 827.6 204.6 na na
F 1281.1 12677 4438 na na
cC 13234 11929 665 183 219
8 PT 12809 9774 538 106.7 198.4
9 F 16724 13205 10.0 73 737
F 1256.7 10465 589 50.1 85.1

TV, tumor volume, F/U follow-up, P parietal, 7 temporal, F frontal, AL
antero-lateral, AM antero-medial, MF mid-frontal, PM premotor, BG
basal ganglia, CC corpus callosum

Survival

After a median follow-up of 5.7 months (range, 2.9-16.0),
all patients had progressed and died despite a high rate of
early response. PES from the initiation of BV therapy was
2.2 months [95 % confident interval (CI) 1.8-2.6 months].
PFS for two patients (cases 3 and 6) having a lesion with
mADC value <1100 (low mADC) was short (0.4 months),
whereas PES for others having all lesions with mADC

>1100 (high mADC) was significantly longer (2.3 months,
95 % CI 2.0-2.6) (log-rank test, p = 0.018). Median OS
after the start of BV treatment was 5.7 months (95 % CI
5.1-6.2). Patients having all lesions with a high mADC
(>1100) survived significantly longer (median 8.3 months,
95 % CI 1.4-152) than those with a low mADC
tumor(s) (median 3.3 months, p = 0.046), despite the
small sample mumber (9 cases). The tumor volume of
enhancing lesions prior to initiation of BV was not asso-
ciated with either PFS or OS (Table 1, data not shown).

VEGF expression in the original tumor specimens
Immunohistochemistry staining of VEGF-A was per-
formed in the primary tumors and all but one were found to

express VEGF to a variable extent (data not shown).
Expression at the beginning of BV freatment was not
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determined due to lack of re-resection prior to BV therapy.
The tumor with negative VEGF staining (case 6) did not
respond to BV.

Relationship of mADC with MGMT promoter
methylation status

While MGMT status is prognostic/predictive for survival in
GBM patients [17, 18], tumoral mADC values were not
associated with MGMT methylation status (Fisher’s exact
test; p = 0.445) in the seven GBM cases (Table 1). Taken
together, while we observed that response of recurrent lesions
after a single dose of BV was significantly correlated with a
mean ADC value of the tumors above 1100 (10~ %mm?/s), it
was not with VEGF expression or MGMT status.

Discussion

Although BV has shown efficacy against TMZ-refractory
GBMs, some tumors may also be resistant to BV, pro-
gressing to fatality [19], and thus determining their sensi-
tivity to BV prior to initiation of the treatment could have |
significant clinical value. Here, we demonstrated that the
pretreatment mADC value of enhancing tumors was pre-
dictive for initial response to BV monotherapy in recurrent
HGGs. All lesions with the mADC above 1100 (10~ mm?%/
s) responded, in clear contrast to those with the mADC
below 1100, which did not respond (p = 0.001) (Fig. 3).
The mADC values decreased after the first BV treatment in
all lesions, except for one that did not respond. The second
mADC value obtained after the first BV treatment was also
a good indicator for further response to additional BV
when it remained above 1100 (p = 0.045). Furthermore,
the high mADC value also significantly correlated with
elongation of both PFS and OS after BV treatment in
patients with TMZ-refractory recurrent HGGs.

Anti-VEGF therapy is expected to normalize vascular
structure, capillary permeability and interstitial pressure
more effectively in areas with strong edema and necrotic
changes than in those with “packed” tumor cells. The ADC
value represents movement of protons of water molecules
and may be increased in areas where tissue edema and
necrotic components have been induced by tissue damage
from tumor burden and cytotoxic therapies [9-11]. This
may account for our findings that glioma lesions with a
high pretreatment ADC value shrank upon BV challenge
whereas those with a low ADC value did not. Such non-
responding lesions also tended to be strongly enhanced
(e.g., a subcortical lesion in the left frontal lobe in Fig. 2a),
consistent with the observation that GBMs that relapsed
after BV treatment exhibited low ADC values and hyper-
intensity on diffusion-weighted images [20].
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Pope et al. reported that PFS correlated with crude
average ADC values within areas showing contrast
enhancement in 41 recurrent GBM cases who underwent
BV treatment. Of note, when the average ADC value of the
lower peak of biphasic peaks in ADC histograms (mADCy )
was lower than 1201, PFS was significantly extended [21].
Our use of whole ADC values within an enhancing
tumor to calculate a mean value on a PACS terminal in
clinics without specific software successfully segregated
responding from non-responding lesions. This simple
method might incorporate regions of extremely high ADC
values containing necrotic tissues, resulting in a shift of the
mean value toward a higher value, compared with the
histogram-based analysis. However, regions exhibiting
apparent necrosis or cyst could be readily excluded when
defining a tumor on each ADC map, in order to avoid such
data contamination. We also eliminated T2-elongated areas
surrounding contrast-enhancing lesions because they may
contain both edematous white matter and non-enhancing
tumor to a variable extent. As a result, our data show clear
segregation of lesions for response by ADC value at 1100
(10—'S mmzls), smaller than the cut-off value of 1201 in the
Pope study [21]. It would be beneficial in daily practice to
use this simple measurement, as it does not require specific
histogram analysis, though it needs further accumulation of
-cases for validation.

Conflicting findings that BV induces rapid shrinkage of
the enhancing lesions while they subsequently regrow in a
relatively short term might represent, at least partly, the
recently recognized “pseudo-response,” a decrease in
enhancing tumor on MR imaging without a decrease in
tumor activity [22]. This has been reported in a clinical trial
where radiation necrosis was successfully treated with BV
[23]. To date, there are no validated imaging methods to
determine whether the observed shrinkage of areas of
contrast enhancement were due to real tumor reduction or
pseudo-response, as well as progression without an emer-
gence or increase of enhancing lesion [24]. Indeed, the
potential value of changes in T2 relaxation time is recently
suggested by an observation that an elevated residual, post-
treatment, median T2 may be predictive of both PFS and
OS [25]. Efforts to clarify these issues include application
of the newly-developed response criteria, Response
Assessment in Neuro-Oncology (RANO), utilizing elon-
gation of T2 relaxation time as a surrogate for non-
enhancing tamor [26], and MR imaging techniques such as
MR perfusion studies that are under investigation in large
trials for validity. In our study, there were two patients
(cases 3 and 8) who underwent stereotactic RT on recur-
rence prior to BV initiation, and one patient (case 5} who
received BV within 3 months after completion of induc-
tion-concomitant RT plus TMZ. Two of these three
patients had a PR by single BV treatment with further
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progression in 2 and 5.5 months, indicating no clear rela-
tionship between response and potential radiation injury.

A recent study reported that the lower ADC; value
rather correlated with longer PFS for patients with newly-
diagnosed GBM [27], in contrast to recurrent GBM. It also
showed an association between ADC values and MGMT
methylation status [27], which was not observed in our
series. Whether this association might be influenced by the
difference of tumor microstructure in the setting of newly-
diagnosed or treatment-modified recurrent tamors needs to
be clarified.

Limitations of our study include the small number of
patients and lesions analyzed, heterogeneous prior treat-
ment regimens applied in some patients, and specimens
from primary newly-diagnosed tumors used for determi-
nation of VEGF and MGMT status. This might hamper
drawing definite conclusions about the relationship of the
mADC value with survival gain or VEGF/MGMT status, as
well as analyzing whether pathological findings of treated
tumors may also correlate with either mADC values or
responsiveness to BV, or both. However, even with the
small sample size, a clear segregation of responders from
non-responders and survival prediction were seen using our
simplified mADC measurement and this warrants further
investigation in a larger series.

Conclusions

Bevacizumab monotherapy is an active regimen for patients
with TMZ-refractory recurrent gliomas leading to rapid
lesion shrinkage, and the tumor mADC value can be a useful
marker for prediction of BV response and survival, and thus
for patient selection. It would be also intrigning to investi-
gate methods of delineating tumors in which BV would
provide long-term response in the future.
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Purpose: We report three cases of dysembryoplastic neuroepithelial tumor (DNT) with intractable epilepsy
which were successfully treated with surgery.

Methods: In all cases, technology beyond the routine workup was critical to success. Preoperative magnetic res-
onance imaging, '®F-fluorodeoxyglucose positron emission tomography (PET), ''C-methionine-PET, interictal
electroencephalography, and intraoperative electrocorticography were utilized in all patients. In individual
cases, however, additional procedures such as preoperative magnetoencephalography (Case 1), diffusion tensor
fiber tractography, a neuronavigation system, and intraoperative somatosensory-evoked potential (Case 2), and
fiber tractography and the neuronavigation-guided fence-post tube technigue (Case 3) were instrumental.
Results: In all the cases, the objectives of total tumor resection, resection of the epileptogenic zone, and complete
postoperative seizure control and the avoidance of surgical complications were achieved.

Conclusions: Dysembryoplastic neuroepithelial tumor is commonly associated with medically intractable epilep-
sy, and surgery is frequently utilized. As DNT may-arise in any supratentorial and intracortical locations within
or near the critical area of the brain, meticulous surgical strategies are necessary to avoid neurological deficits.
We dermonstrate in the following three cases how adjunct procedures using advanced multitechnologies with

neuroimaging and electrophysiological examinations may be utilized to ensure success in DNT surgery.

© 2013 The Authors. Published by Elsevier Inc. All rights reserved.

1. Introduction

Dysembryoplastic neuroepithelial tumor (DNT), first described by
Daumas-Duport et al. [1], is, under the current World Health Organi-
zation (WHO) classification, a low-grade glioneuronal tumor causing
intractable complex partial seizures [2]. Complete resolution of sei-
zures in a large percentage of both adult and pediatric patients is
achieved with surgery [3-8]. Though the primary objective of surgery
is complete seizure coritrol without anticonvulsant therapy, the preven-
tion of recurrent disease and the diagnosis of malignant transformation
are also goals of surgical resection [9]. The widespread surgical treatment
of epilepsy due to DNT has, however, been criticized because surgery

* Thisisan open-access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original author and source are credited.

* Corresponding author at: Chubu Medical Center for Prolonged Traumatic Brain
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of Clinical Brain Sciences, Gifu University Graduate School of Medicine, 630 Shino-kobi,
Kabi-cho, Minokamo, Gifu 505-0034, Japan. Fax: + 81 574 24 2230.

E-mail address: junshino@joy.ocnne.jp (J. Shinoda).

carries a nonnegligible risk of surgical sequelae including neurological,
cognitive, and neuropsychological impairment. Guidelines regarding
the preoperative evaluation and intraoperative determination of the ex-
tent of resection have not been standardized. Magnetic resonance imag-
ing (MRI), 1*C-methionine positron emission tomography (MET-PET),
and ®F-fluorodeoxyglucose (FDG)-PET are routinely used at our institu-
tion preoperatively to assess the morphology and metabolism of brain
tumors with epileptogenicity in addition to interictal electroencephalog-
raphy (EEG). Additionally, electrocorticography (ECoG) is also used in-
traoperatively to detect the epileptogenic zone (EZ)..

We report three cases of DNT with intractable epilepsy, successfully
treated with surgery, in which not only imaging functional studies but
also advanced neurosurgical technologies were critical for planning and
supported the role for surgery. These interventions included preop-
erative magnetoencephalography (MEG) (Case 1), fiber tractography
obtained from diffusion tensor imaging (DTI), a neuronavigation system,
and intraoperative somatosensory evoked potential (SEP) (Case 2) and
fiber tractography and the neuronavigation-guided fence-post tube
technique (Case 3) (Table 1).

The medical equipment used in these cases were MRI (Signa, GE
Healthcare, Milwaukee, Wisconsin, USA and Achieva 3.0 T, Philips,

2213-3232/$ - see front matter © 2013 The Authors. Published by Elsevier Inc. All rights reserved.
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Table 1
Clinical summary of the three cases of DNT.
Case'no. Age Sex Preoperative-duration Tumor Tumor size ME used preope. ME used Surgery Extentof tumor Surgical Engel
(years) of epilepsy location (cm) intraoperatively resection complications class
1 43 F 20 years Left temporal lobe 1.8 X 1.8 x 1.8 MRI ECoG First Total None T
EEG
MET-PET
FDG-PET
MEG .
VA 5 F 4 months Left frontal lobe 3.0x30x40 MRI ECoG First Total None- 1
EEG SEP
MET-PET NNS
FDG-PET
TG
3 10 F  4years Left temporal Jobe 6.5 x 5.0 x 40 MRIL ECoG Second Total None I
EEG NNGFPT
MET-PET
FDG-PET
TG

ME = medical equipment; MRI = magnetic resonance imaging; EEG = electroencephalography; MET-PET = ''C-methionine positron emission tomography; FDG-PET =
"8E-fluorodeoxyglucose positron emission tomography; MEG = magnetoencephalography; TG = tractography; ECoG = electrocorticography; SEP = somatosensory-evoked potential;
NNS = neuronavigation system; NNGFPT = neuronavigation-guided fence-post tube technique.

The Netherlands), PET (GE, Yokokawa Medical System, Hino, Tokyo,
Japan and Eminence Stargate, Shimadzu, Kyoto, Japan), neuronavigation
system (VectorVision, BrainLab, Munchen, Germany), SEP/EEG/ECoG
(Neuropack X1, Nihonkohden, Tokyo, Japan), and MEG (Elekta
Neuromag, Helsinki, Finland). Magnetoencephalography in Case 1
was performed at Komaki City Hospital.

2. Case report
2.1. Case 1

The patient, a 43-year-old woman, presented with a 20-year histo-
ry of complex partial seizures occasionally followed by generalized

tonic—clonic convulsive seizures. Despite treatment for over two:
years with multiple anticonvulsants, she continued to have seizures

several times a month. Her MRI showed a relatively well-demarcated,
small, mass lesion (1.8 x 1.8 x 1.8 cm) in the left medial temporal
lobe, which presented with hypeintensity on a T1-weighted image
(TIWI), hyperintensity on T2WI, hypointensity with a surrounding high
intensity ring in fluid attenuated inversion recovery (FLAIR), no gadolin-
ium (Gd) enhancement, low uptake in MET-PET, and hypo-uptake in
FDG-PET (Figs. 1A, B, C, and D). Preoperative interictal EEG
did not show any significant epileptogenic activity. Preopera-
tive interictal MEG, however, showed clustered dipoles in the re-
gion lateral to the tumor (Figs. 1E and F). A combined. total tumor
resection and left anterior temporal lobectomy was performed.
Intraoperative ECoG monitoring was used to verify complete resection
of the EZ, which was defined as the peritumoral region with. interictal
spikes on the intraoperative ECoG (Figs. 1G and H, 2A and B). Epi-
leptiform discharges, which emerged on ECoG before resection of

Fig. 1. Case 1. T1WI showing a relatively well-demarcated, small hypointensity mass lesion in the left medial temporal lobe in axial. (A) and coronal (B) images. The turmor shows
low uptake in MET-PET (fused with TIWI) (C) and hypo-uptake in FDG-PET (D). Preoperative interictal MEG shows clustered dipoles in the region lateral to the tumior (E and F).

Postoperative TIWI showed the tumor to be totally resected (G and H).
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the lesion, disappeared after lesion resection (Figs. 2C and D). 2.2. Case 2
There were no surgical complications. The tumor was histologically

diagnosed as a DNT. The patient was continued on anticonvulsants The patient, a five-year-old girl, presented a four-month history of
for 12 months postoperatively. Following cessation of the anticon- complex partial seizures occurring a few times a day. Anticonvulsants
vulsants, she remained seizure-free as of nine years following sur- reduced the seizure frequency to a few times a week. Her MRI showed
gery. Postoperative interictal EEGs have not shown any significant a relatively well-demarcated mass lesion (3.0 x 3.0 x 4.0 cm) in the
epileptogenic activity (Engel class [ [9]). left frontal lobe extending to the left lateral ventricle wall, which

R EUAN P
H H H s

Fig. 2. Case 1. Intraoperative ECoG prior to lesion resection showing interictal spikes, with representative ECoGs shown from different two sites (A and B). Epileptiform discharges
which emerged on ECoG before lesion resection disappeared after lesion resection as shown on representative ECoGs from two different sites (C and D).
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23000 mm

Fig. 3. Case 2. TIWI showing a well-demarcated hypointensity mass Jesion in the left frontal lobe (A). The tumor shows low uptake in MET-PET (fused with TIWI) (B) and
hypo-uptake in FDG-PET (fused with TIWI) (C). Fiber tractography showing that the left pyramidal tract is located posteromediocaudal to the tumor (D and E) and that the left
-arcuate fasciculus is located caudolateral to the tumor {Fand G). Postoperative TIWI showed the tumor to be totally resected (H).

presented with hypointensity on TIWI, hyperintensity on T2WI,
hypointensity with a surrounding high intensity irregular ring on FLAIR,
no Gd enhancement, low uptake in MEI-PET, and hypo-uptake in
FDG-PET (Figs. 3A, B, and C). Preoperative interictal EEG showed frequent
epileptiform spike discharges on the left frontal region. Fiber tractography
showed that the left pyramidal tract lay just posteromediocaudal to the
tumor (Figs. 3D and E) and that the left arcuate fasciculus lay just
caudolateral to the tumor (Figs. 3F and G). In the surgery, at first, the
left central sulcus was identified using intraoperative SEP (Fig. 4). A
total tumor resection with careful resection of the EZ, which was defined
as-the peritumoral regions with interictal spikes on the intraoperative
ECoG, was performed using a neuronavigation system under monitoring
of the intraoperative ECoG (Figs.:3H, 5A and B). Epileptiform discharges,

which emerged on ECoG before the lesion was resected, completely
disappeared after lesion resection (Figs. 5Cand D). She had no surgi-
cal complications. The tumor was histologically diagnosed as a DNT.
She was continued on anticonvulsants for 12° months postoperative-
ly. She remains seizure-free and off anticonvulsants as of her most
recent follow-up three years after surgery. Her postoperative
interictal EEG has not shown any significant epileptogenic activity
(Engel class I [9]).

2.3. Case 3

The patient, a 10-year-old girl, presented with a history of surgery for
DNT in the left posterior temporal lobe. She had developed complex

Fig. 4. Case 2. The left central sulcus was identified using intraoperative SEP. CS = central sulcus.
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partial seizures refractory to anticonvulsants and had seizures a few
times a month before the surgery. She underwent a partial resection
of the tumor in a community hospital at the age of eight years, and
the tumor was diagnosed asa DNT histologically (Fig. 6A). After surgery,
she was seizure-free for 12 months on anticonvulsant medication;
however, seizures recurred a few times per day. She was referred to
our hospital, and her MRI showed a relatively well-demarcated mass
lesion (6.5 x 5.0 x 4.0 cm) in the left posterior temporal lobe with a
cavity corresponding to the prior area of resection in the posterior por-
tion of the tumor. The tumor presented with hypointensity on TIWI,
hyperintensity on T2WI, hypointensity with a surrounding irregular

high intensity area in the white matter on FLAIR, and no Gd enhance-
ment (Fig. 6B). The MRI revealed tumor progression, and the tumor in-
tensities were the same as on the prior preoperative imaging (Figs. 6A
and B). The tumor showed low uptake in MET-PET ‘and hypo-uptake
in FDG-PET (Figs. 6C and D). Preoperative interictal EEG showed
frequent epileptiform spike discharges on the left occipitotemporal
region. The previous surgery had resulted in right upper quadrant
hemianopsia. Fiber tractography showed that the residual left visual
tract lay just mediorostral to the tumor (Figs. 6E and F). We performed
a complete total tumor resection with careful resection of the EZ, which
was defined as the peritumoral region with interictal spikes on the

14.5:?'»
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Fig. 5. Case 2. Intraoperative ECoG before the lesion resection showing interictal spikes, and the representative ECoGs from two different sites (A and B). Epileptiform discharges
which emerged on ECoG before lesion resection disappeared after lesion resection, and the representative ECoGs from two different sites are shown (C.and D). CS = central sulcus.
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Fig. 6. Case 3. TIWI after the first surgery showing a partially resected, well-demarcated, hypointensity mass lesion in the left posterior temporal lobe (A). Two years later, TIWI showing
tumor progression (B). The tumor showed low uptake in MET-PET {fused with TIWI) (C) and hypo-uptake in FDG-PET (fused with TIWI) (D). Fiber tractography showed the left visual
tract (arrow) to be mediorostral to the tumor (E and F). This is a photograph showing the neuronavigation-guided fence-post tube technique used in the surgery (G). Postoperative TIWI

showed that the tumor was totally resected (H).

intraoperative ECoG; using a neuronavigation-guided. fence-post tube
technique with monitoring of intraoperative ECoG (Figs. 6G and H, 7A

and B). Epileptiform discharges which emerged on the ECoG completely

disappeared after lesion resection (Fig. 7C). She had no surgical compli-
cations and exhibited no worsening of the visual field deficit. The
tumor was diagnosed as a DNT histologically without malignant trans-
formation. She was maintained on anticonvulsants and had no recur-
rence five months postoperatively. Postoperative interictal EEG did not
show any significant epileptogenic activity (Engel class I {9]).

3. Discussion

The goals of surgery for DNT include not only complete tumor re-
section but also complete seizure control by resecting the EZ, while
avoiding surgical sequela [10]. Imaging and functional studies are in-
dispensable adjuncts to meticulous surgical techniques for achieving
these goals. In addition to preoperative interictal EEG and MR, preop-
erative FDG-PET, MET-PET, and intraoperative ECoG have been used
routinely for surgical planning for resection of brain lesions with
epileptogenicity such as DNT in our hospital.

Characteristics: of DNT, such as a well-demarcated margin, benign
clinical course, indolent biology, and the frequent association of a
peritumoral EZ, are conducive to surgical management. The preopera-
tive diagnosis of a DNT facilitates the assemblage of intraoperative mon-
itoring equipment necessary for precsely excising the EZ. Epileptogenic
brain tumors which should be differentiated from DNT include dif-
fuse astrocytoma, oligodendroglioma, pleomorphlc xanthoastrocytoma,
pilocytic astrocytoma, gangliocytoma, and ganglioglioma. Some may be
easily differentiated from DNT using a conventional CT and/or MRI; how-
ever, others cannot precisely be differentiated because of their similar ra-
diological features. **C-methionine positron emission tomography has
improved the radiological diagnosis of brain tumors [11]. Among these
brain tumors, a finding of low uptake in MET-PET is strongly suggestive
of a DNT, and the diagnosis becomes more reliable if associated with cor-
responding morphology on CT and/or MRI {12,13]. The hypo-uptake in
FDG-PET is another characteristic of DNT, which suggests not only the
hypometabolism of the tumor but also a lack of functional activity as
the normal brain within. the lesion. It is this lack of functional activity
which permits the complete excision of the tumor without a.subsequent
postoperative neurological deficit.
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Fig. 7. Case 3. Intraoperative ECoG before lesion resection showing interictal spikes and the representative ECoGs from two different sites (A and B). Epileptiform discharges which
emerged on ECoG before lesion resection disdappeared after lesion resection on the representative ECoG (C).

Intraoperative ECoG is an essential tool for DNT surgery and is uti-
lized in most surgical procedures for epilepsy [3,4,14-17]. Localization
of the EZ associated with a DNT is still controversial, and results are var-
iable. Recently, Chassoux et al. [18] have proposed that three distinct
histologic subtypes of DNT are distinguishable based on MRI features.
Using MRI, DNTs are classified as type 1 which is cystic/polycystic-like,
well-delineated, and strongly hypointense in TIWI; type 2 which is
nodular-like and heterogeneous; and type 3 which is dysplastic-like,
iso/hypointense in TIWI, with poor delineation and gray—white matter
blurring. Resection of type 1 tumors, in which the tumor and the EZ are
colocalized, will generally definitively treat the epilepsy. Types 2 and 3,
however, require a more extensive resection that includes both the
tumor and the perilesional cortex. For example, for type 3 tumors in
the temporal lobe, an anterior temporal lobectomy must be considered.
Case 2 isa type 1 example and Cases 1 and 3 are type 3 examples. Such a
detailed imaging study is informative for preoperative surgical planning
for seizure control; however, this is not always helpful to address in de-
lineating the EZ precisely in individual cases. To achieve the objective of
seizure control, intraoperative ECoG monitoring is still needed to deter-
mine the extent of resection of the lesion including the EZ, although the
spike-chasing using ECoG is partly debatable and controversial.
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For some DNT, preoperative CT, MR], interictal EEG, PET studies,
and intraoperative ECoG are usually sufficient to achieve seizure control
with surgery; however, for others, these are not sufficient. In Case 1, the
preoperative interictal EEG did not show any significant epileptogenic
activity. Dysembryoplastic neuroepithelial tumor in the temporal lobe,
like other epileptic lesions in deep brain structures, often presents with
no significant epileptogenic activity in preoperative EEG. In these cases,
preoperative chronic subdural electrode recording (CSDER) is strongly
recommended to confirm whether the tumor truly has epileptogenicity
and to evaluate the extent of the epileptogenic lesion [3,19]. Magnetoen-
cephalography is a sophisticated medical device which can detect subtle
brain activity and the epileptogenicity of lesions. Its clinical role for
detecting epileptogenicity preoperatively may replace that of CSDER in
those cases with visible lesions on neuroimaging because MEG, unlike
CSDER, is noninvasive [20-23]. In Case 1, MEG was used instead of
CSDER.

The DNT in Case 2 was adjacent to the motor cortex and the language
pathway. Epileptogenicity was detectable in the tumor by preoperative
EEG. Complex partial seizures observed in this case were likely attribut-
able to tumor extension to the left cingulate gyrus. Ini this case, treatment
planning focused on avoiding damage to the motor cortex and the
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language pathway while aiming for total resection of the tumor with the
EZ. In such a case, the combination of fiber tractography, neuronavigation
system, and SEP is a valuable adjunct to ECoG and imaging studies
[24-29]. Preoperative fiber tractography that revealed the topographical
relationship between the left pyramidal tract and the tumor and also
between the left arcuate fasciculus and the tumor was informative for
safe tumor resection. The neuronavigation system and intraoperative
SEP aided in the identification of the left central sulcus during the sur-
gery. These interventions were indispensable for preventing surgical
complications.

Case 3 had a recurrent large DNT adjacent to the left visual tract, in
which epileptogenicity was detectable near the tumor by preoperative
EEG. The patient had already had a right upper quadrant hemianopsia
from the previous surgery. Another clinicopathological concern in this
case was the possibility of malignant transformation of the tumor in
terms of its rapid regrowth. Dysembryoplastic neuroepithelial tumor
is considered benign and tends to not recur even after a partial resection
[1,2]. There are, however, some reported cases of malignant transfor-
mation and tumor regrowth [30-33]. To achieve clinical benefit in this
patient, the goal of surgery was complete excision of the tumor includ-
ing malignant parts and EZ without worsening the neurological deficit.
Total tumor resection would prevent further regrowth and enable the
complete histopathological evaluation of the tumor in addition to sei-
zure control. Tumor resection was successfully performed using the
neurcnavigation-guided fence-post tube technique in this case. The
neuronavigation-guided fence-post technique is superior to ordinary
image-guided neuronavigation for larger tumors because intraoperative
structural distortion of the brain due to brain shift is more likely during
resection of larger tumors [34,35]. Preoperative fiber tractogram, reveal-
ing the topographical relationship between the left visual tract and the
tumor, was informative for placing fence-posts to define the excision
margins. No histological evidence of malignant foci was found in the
resected lesion including the tumor. Recently, another case of progres-
sive DNT on MRI in a pediatric patient, in which the tumor showed no
histological evidence of malignancy, was reported by Preuss et al. [36].
In such cases, turmnor growth is attributed to an increase in the mucinous
substance in the myxoid matrix. A further careful follow-up is needed for
checking tumor and seizure recurrences in Case 3 because of the short
period of follow-up after the second surgery.

4. Conclusions

Although DNT frequently results in epilepsy that is unresponsive to
medical therapy, DNT-associated epilepsy is highly curable with surgery.
Dysembryoplastic neuroepithelial tumor may arise in any supratentorial
or intracortical location within or near critical areas of the brain. Resec-
tion, therefore, must be carefully planned both pre- and intraoperatively
and requires meticulous technique. Goals of therapy include not only
completely resecting the tumor to avoid recutrence or progression but
also excising the entire associated EZ We have shown that whenim-
aging and functional studies are utilized concurrently with advanced
neurosurgical technologies for operative planning, excellent surgical
outcomes result.
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