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Table 2 Clinical and radiological parameters of RN patients

Case KPS before KPS after Gd-volume FLAIR-volume  Initial MET  MET L/N ratio  Initial CHO L/N
BEV therapy BEV therapy size reduction size reduction L/N reduction CHO ratio reduction
rate (%) rate (%) rate (%) L/N rate (%)

1 60 70 912 68.8 2,17 282 7.65 84.7

2 90 100 64.8 61.1 243 253 741 67.1

3 60 60 78.1 60.3 2.43 40.7 12.68 63.2

4 70 90 60.6 923 2.49 47.6 8.57 79.1

5 90 100 99.0 58.2 1.82 29.7 574 63.1

6 60 70 55.9 88.9 2.07 -9.2 20.27 70.8

7 90 100 43.2 65.0 1.91 26.2 7.64 65.7

8 60 60 73.5 25.6 1.89 6.9 4.28 3.5

9 50 70 81.1 64.6 2.50 239 8.94 49.2
Mean 70 80 80.0 65.0 2.19 244 9.24 60.7

RN radiation necrosis, KPS Karnofsky performance status, BEV bevacizumab, Gd gadolinium, FLAIR fluid attenuated inversion recovery,
MET 11C-methionine, CHO 11C-choline, L/N ratio lesion/normal tissue ratio

Fig. 1 MRI and PET radiological changes of the Case 1 lesion. An
intensive Gd-enhanced lesion (a) and extensive abnormal high
intensity area on FLAIR (b) is seen in the left cerebral hemisphere
before BEV therapy. PET demonstrated that the L/N ratio of MET
was 2.17 (¢) and that of CHO was 7.65 (d). The Gd-enhanced lesion

Clinical effects and adverse events

KPS improved in 7 patients (77.8 %) after BEV therapy.
Mean KPS scores before and after BEV therapy were 70
and 80, respectively (p = 0.22).

BEV-related adverse events of grade 1 or 2 occurred in
three patients in which anemia, leukopenia, neutropenia,
and lymphocytopenia were observed. High grade adverse
effects (more than Grade 3) were not observed. In addition,
no indications of previously reported severe adverse events
related to BEV treatment, including cerebral hemorrhage
or arterial thromboembolic events were observed.
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disappeared (e) and the abnormal high intensity area on FLAIR
shrunk remarkably (f) after BEV therapy. The L/N ratios of MET and
CHO substantially decreased to 2.03 (g) and 1.17 (h) after BEV
therapy, respectively

Discussion

Discrimination of RN from tumor recurrence has been a
demanding problem in clinical neuro-oncology and is
practically important because these two pathologies require
different treatments. Traditionally, the only method avail-
able to distinguish these two pathologies is histology. Recent
advancement of metabolic neuroimaging modalities have
made it possible to have a reliable RN diagnosis with both
high specificity and sensitivity without tissue examination
compared to conventional MRI. RN diagnosed by only
neuroimaging (radiological RN) benefits patients since no
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Fig. 2 Box-and-whisker plots outlining the distribution (mean and
SD) of the Gd-volume (a) and the FLAIR-volume (b) of the lesion on
MRI before and after BEV therapy, and those outlining the
distribution (mean and SD) of the L/N ratios of MET (c) and CHO

invasive intervention is then required for diagnosis and
subsequent therapeutic decisions, though definitive diag-
nosis is not always possible with neuroimaging. In addition,
there may be some scattered residual tumor cells within or
around the RN lesions in cases of malignant gliomas, even if
the lesions were reliably diagnosed with RN by histology. In
this study, MET-PET was employed for radiological RN
diagnosis based on Takenaka et al. [13].

Also in this study, BEV therapy led to a substantial
decrease of RN volumes estimated by Gd-MRI and FLAIR
and clinical improvements. These results were in agreement
with the previous studies by Gonzalez et al. [7] and Levin
et al. [8]. The principle therapeutic mechanism of BEV on
RN has been thought to be relative normalization of the
blood-brain barrier (BBB) attained by decreasing VEGF
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(d) of the lesion on PET before and after BEV therapy. The mean
values of Gd- and FLAIR-volumes, and MET and CHO L/N ratios
significantly decreased after BEV therapy

levels. From this study, another mechanism of BEV impact
on RN growth suppression could be due to suppression of
RN biological activities from BBB normalization. This
proposed mechanism is based on MRS examination in this
study and the resulting decrease in tissue metabolism.
Proton MRS is one modern modality for diagnosing and
monitoring lesions by evaluating tissue metabolism. Gen-
erally, decreased Cho and N-acetylaspartate levels and
increased lactate and lipid levels are the hallmark of RN
[14]. On the other hand, in biologically active RN with
progressing mass effect, relatively even Cho levels com-
pared to malignant brain tumors can often be seen [15-17].
In all three cases in which MRS was performed in this
study, Cho/Cr ratios were relatively increased before BEV
therapy, and significantly decreased after BEV therapy.
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Table 3 Multi-voxel proton MRS Cho/Cr ratios of RN Such significant reduction of the Cho/Cr ratio cannot be
fully explained by BBB normalization. These results sug-
gest that BEV can affect the suppression of tissue biolog-
ical activity in RN lesions apart from BBB repair.

Voxel no. Case 2 Case 7 Case 9

Before  After Before After Before  After

1 724 453 276 1.65 482 313 RN histopathology is characterized as coagulation
5 597 365 204 253 441 376 necrosis induced by vascular damage following irradiation
3 375 271 5.5 311 472 4.17 and, later, teleangiectasia, atypia of normal endothelial cells,
4 6.95 423 258 143 4.94 351 vascular thickening, vascular proliferation and focal hem-
5 311 238 287 204  2.80 4.05 orrhage emerge as reactions to tissue hypoxia. Additionally,
6 .07 160 8.63 237 3.63 347 considerable immunoreactive cells including reactive
- 3.68 329 240 114 384 315 astrocytes that are attracted to necrotic tissue and lead to
g 544 201 2.50 149 3.02 3.07 granuloma formation often can be seen in RN. Response to
9 179 147 319 162 2.94 261 radiation is a far more complex and continuous process,
Mean 4.03 287 376 193 3.90 344 consisting of changes in tissue microenvironment, immune

cell infiltration, and reparative process modifications [18,

The Cho/Cr ratios are shown for three cases before and after BEV 19]. The latter two pathologies are rather strongly related to
RN progression and thus, RN is said to be a growing necrotic

therapy
Cho/Cr choline/creatine, BEV bevacizumab

Fig. 3 Changes of multi-voxel MRS of Case 2. Mean Cho/Cr ratio of 9 lesion voxels before BEV therapy was 4.03 (a). Cho/Cr ratio of each of
the 9 voxels decreased after BEV therapy and the mean Cho/Cr ratio of the 9 voxels also significantly decreased to 2.87 (b) after BEV therapy
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degeneration. Increased biological activities due to the
pathologies are represented as tracer uptake increase in PET
as well as Cho/Cr ratio increase in MRS,

The role of PET examination in clinical neuro-oncology
is becoming important not only for tumor diagnosis, but
also for evaluation of malignancy, invasion, metabolism,
and therapeutic effect of brain tumors. In recent PET
studies, nonspecific post-therapeutic changes in the brain
could be differentiated from tumor-related factors with
higher accuracy [1, 20]. In this study, MET- and CHO-PET
have been employed for assessing metabolic changes as a
result of BEV therapy in RN lesions., In MET-PET, three
major factors are likely to affect MET uptake in normal
brain tissue as well as in brain lesions. These factors
include MET active transport that is responsible for bio-
logical activity in tissues, including cell proliferation;
passive MET diffusion in regions with BBB disruption; and
MET stagnation in regional vascular beds that depend on
blood volume. The sum total of MET accumulated through
these three mechanisms is regarded as the tissue MET
uptake in PET [20-27]. In CHO-PET, however, the
mechanism of CHO uptake is thought to be mostly related
to passive CHO diffusion, but is not related to active
transportation including biosynthesis of phospholipids,
which are essential cell membrane components [24].
Therefore, CHO uptake in PET imaging is recognized to be
entirely different from the MRS CHO level. Ohtani et al.
[28] reported brain tumor imaging with CHO-PET com-
pared with Gd-MRI. They showed that high CHO accu-
mulation areas on PET images were consistent with highly
enhanced areas on MR images regardless of brain tumor
histopathology, such as pilocytic astrocytoma, meningi-
oma, schwannoma or GBM. Furthermore, the GBM CHO
L/N ratio was not necessarily higher than those of other
benign brain tumors. Given these findings, CHO accumu-
lation on PET images probably indicates CHO leakage due
to BBB disruption as well as lesion enhancement caused by
Gd leakage on MRI. Our study showed that disrupted BBB
in RN might be repaired by BEV resulting in the decrease
of CHO uptake in the same lesions.

In this study, both MET and CHO uptake in RN lesions
prominently decreased after BEV therapy. The possible
reason for decreased CHO uptake can be attributed to
decreased vascular permeability in RN lesions through the
effect of BEV. However, considering that the Cho/Cr ratio in
MRS was significantly decreased in RN lesions after BEV
therapy in this study, decreased MET uptake in RN lesions
after BEV therapy indicates a possibility of both decreased
vascular permeability and suppressed tissue biological
activity, including immunoreactions and inflammation
based on BEV effects. Kureshi et al. [29] have reported
inflammation, which occurs by radiation-induced injury,
and Chiang et al. [30] have explained the mechanism of
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radiation-induced immunoreactions. Tsuyuguchi et al. |31]
have speculated that the accumulation of MET in tissue with
radiation injury can be attributed to not only the disrupted
BBB and vascularity, but also an inflammatory response.
Furthermore, Nordal et al. [5] have reported that expression
of hypoxia-inducible factor-1o (HIF1a) and VEGF was seen
in association with central nervous system radiation injury.
Nonoguchi et al. [6] have reported that immunohistochem-
istry in RN indicated that HIF1a was expressed predomi-
nantly in the perinecrotic area and that a majority of VEGF-
expressing cells were reactive astrocytes intensively dis-
tributed i this area. Given our findings, we speculate that
inflammation in RN may be diminished by BEV resulting in
decrease of MET uptake after BEV treatment.

Finally, there is always a risk of misdiagnosis because
radiological RN lesions with heterogeneous contrast
enhancement may have a mixture of RN and residual tumor
cells. Recently, BEV has been used as an anti-cancer agent
for inhibition of tumor angiogenesis in malignant gliomas,
and a positive clinical effect on survival has been revealed in
malignant glioma patients [32-36]. The possibility that the
decrease of metabolism in RN lesions as observed in this
study may be caused by the anti-tumor effect of BEV on the
concomitant residual tumor cells should still be considered.
To clarify the issue, studies are needed enrolling limited RN
cases more reliably diagnosed using modern neuroimaging.

Conclusions

BEV therapy has been reconfirmed to be a promising
therapeutic modality for treating RN both clinically and
radiologically. Therapeutic mechanisms of BEV on RN are
presumed to be not only BBB repair but also suppression of
biological activity such as immunoreactions and inflam-
mation. Further follow-up studies concerning the long term
clinical and radiological effects of BEV on RN are needed.
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Comparison of ""C-Methionine, 'C-Choline, and
F-Fluorodeoxyglucose-PET for Distinguishing Glioma
Recurrence from Radiation Necrosis
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Abstract

The aim of this study is to assess the different metabolic activities characteristic of glioma recurrence and
radiation necrosis (RN) and to explore the diagnostic accuracy for differentiation of the two conditions
using "C-methionine (MET), “'C-choline (CHO), and *F-fluorodeoxyglucose (FDG)-posilron emission lo-
mography (PET). Fifty patients with lesions suggestive of recurrent glioma by MRI underwent MET, CHO,
and FDG-PET. All patients who had previously been treated with radiotherapy for malignant glioma were
subjected to open surgery and pathological diagnosis (17 recurrent grade 3- gliomas (Gr.3s) comprising 7
‘anaplastic astrocytomas (AAs) and 10 anaplastic oligodendrogliomas (AOs), 17 recurrent glioblastomas
(Gr.4s), and 16 RNs). We measured the PET/Gd volume ratio, the PET/Gd overlap ratio, and the lesion/
normal brain uptake ratio (L/N ratio) and determined the optimal index of each PET scan. The PET/Gd
volume ratio and the PET/Gd overlap ratio for RN were significantly lower than those of glioma recur-
rence only with MET-PET (P < 0.05). The L/N ratio of RN was significantly lower than that of Gr.4 with
all PET imaging (P < 0.001) and was significantly lower than that of Gr.3, especially for AO, only with
MET-PET images (P < 0.005). Receiver operating characteristic (ROC) analysis showed that the area under
the curve of MET, CHO, and FDG was 92.5, 81.4, and 77.4, respectively. MET L/N ratio of greater than 2.51
provided the best sensitivity and specificity for establishing glioma recurrence (91.2% and 87.5%, respec-
tively). These results demonstrated that MET-PET was superior to both CHO and FDG-PET for diagnostic
accuracy in distinguishing glioma recurrence from RN.

Key words: “C-methionine, positron emission tomography, radialion necrosis, glioma

Introduction

Radiation necrosis (RN) is a serious clinical compli-
cation in the diagnosis and treatment of patients
with malignant gliomas. Because the imaging
features of most RN appear similar to those of
malignant gliomas by computed tomography (CT)
or magnetic resonance imaging (MRI), it is difficult
to distinguish glioma recurrence from RN. Since
therapeutic strategies for these pathological enti-
ties are fundamentally different, their differential
diagnosis is crucial. Recently, several clinical
studies using diffusion MRI,'¥ perfusion MRIL?¥
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MR spectroscopy,®® and 2'thallium-SPECT® have
been undertaken in attempts to distinguish between
the two conditions. These modalities have made it
possible to easily diagnose some cases compared
to protocols from the previous era in which only
conventional CT or MRI was used. Furthermore,
1C-methionine (MET) and “F-fluorodeoxyglucose
(FDG)-positron emission tomography (PET) have
been reported to be more useful for differential
diagnosis between glioma recurrence and RN.,*1%
These PET methods were suggested to be superior
to other structural neuroimaging modalities from the
view-point of feasibility of quantitative evaluation
of MET or FDG metabolism in lesions. *'C-choline
(CHO) is another tracer candidate which has been
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suggested to be useful for diagnosis of brain tumors
in recent PET studies.'**®

It is still unclear which PET tracer is best for
distinguishing glioma recurrence from RN. We
hypothesized that MET-PET is superior to CHO
and FDG-PET in this regard, since previous reports
have shown the prominent high uptake of CHO may
not differentiate non-neoplastic brain lesions with
Gd-enhancement from malignant glioma on PET and
the high background uptake of FDG in the brain
may make it difficult to visually distinguish lesions
from normal brain tissue. In this study, the three
PET tracers, MET, CHO, and FDG, were compared
to determine which PET method was superior for
differentially diagnosing glioma recurrence from RN.

Materials and Methods

In this retrospective study from 2002 to 2008, we
examined PET scans from 50 consecutive patients
with supratentorial space-occupying lesions following
radiotherapy for malignant gliomas at the Chubu
Medical Center for Prolonged Traumatic Brain Dysfunc-
tion, Kizawa Memorial Hospital. All supratentorial
space-occupying lesions were Gd-enhanced, and
interpretation of the lesions as glioma recurrence
or RN was unclear. Presurgical radiologic evalu-
alion was performed with MET, CHO, FDG-PET,
and MR imaging in all patients. PET scans and MR
imaging were performed in a single day, and the
PET images were evaluated using the co-registered
MR images. All patients underwent open surgical
procedures within 4 weeks after PET scanning, and
tumors were classified upon histological examina-
tion using the World Health Organisation (WHO)
classification system.'® Of the 50 patients, 17 had
recurrent grade 3- glioma (Gr.3), 17 had recurrent
glioblastoma (Gr.4), and 16 had RN. The 17 Gr.3s
were further classified as 7 anaplastic astrocytomas
(AAs) and 10 anaplastic oligodendrogliomas (AQs).
RN was pathologically diagnosed in the limited
cases in which the surgical specimen showed typical
necrotic tissues including thickness and fibrincid
necrosis of the vascular walls, multiple microcysts,
coagulation necrosis, endothelial proliferation, and
inflammatory cells interspersed with or without
scattered tumor cells. The clinical features of the
patients are summarized in Table 1. All patients gave
written informed consent, and the study protocol
was approved by the research committee of the
Kizawa Memorial Hospital Foundation.

The PET study was carried out according to
standardized procedures recommended by the Japan
Radioisotope Association.'”'® The PET scanner was
an ADVANCE NXi Imaging System (General Elec-

tric Yokokawa Medical System, Hino-shi, Tokyo),
which provided 35 transaxial images at 4.25 mm
intervals covering a 25.6 cm in-plane field of view.
The in-plane spatial resolution (full width at half
maximum) was 4.8 mm, and the scan mode was
the standard 2D mode. Before the emission scan
was performed, a 3 minute transmission scan was
performed to correct photon attenuation with a ring
source containing %Ge. Patients had fasted for at
least 4 hours before PET studies. A venous cannula
was inserted into the forearm for injection of radi-
opharmaceuticals. From this cannula, blood samples
could also be collected if necessary. A dose of 7.0
MBaq/kg of MET, 7.0 MBqg/kg of CHO, or 5.0 MBq/
kg of FDG was injected intravenously, depending on
the particular examination.*”*® Emission scans were
acquired as follows: (1) for 30 minutes, beginning
5 minutes after MET injection, (2} for 7 minutes,
beginning 2 minutes after CHO injection, and (3) for
7 minutes, beginning 35 minutes after FDG injec-
tion. During PET data acquisition, head motion was
continuously monitored using laser beams projected
onto ink marks drawn on the forehead and was
corrected manually, as necessary. Scan images were
reconstructed using the ordered-subsets expectation
maximization algorithm (2 iterations, 14 subsets).!¥
Images were reconstructed into a 128 x 128 matrix
with a pixel size of 2 x 2 mm.

MR imaging was performed with a 1.5 T system
(Signa; GE Medical Systems, Milwaukee, Wisconsin,
USA). Axial T,-weighted images (TR/TE/NEX =
350/9/2), T,-weighted images (2300/100/2), and FLAIR
images (800/110/1, inversion time = 2400 ms) (FOV
24 x 24 cm, matrix size 512 x 256) were acquired.
The slice thickness was 6 mm, with a 3-mm slice
gap. For co-registration of metabolic and anatomic
data, 3D spoiled gradient-echo images were also
acquired after administration of 0.2 ml/kg of gado-
pentate dimeglumine (Gd-DTPA) (Magnevist; Nihon
Shering, Osaka) using the following parameters: no
gap, 1.0 mm thickness, TR/TE = 20.0/1.6 ms, flip
angle = 15°, NEX = 1, and axial views.

Tracer accumulation in the regions of interest
(ROIs) was analyzed as the standardized uptake
value (SUV), which is the activity concentration
in the ROI at a fixed time point divided by the
injected dose normalized to the patient’s meas-
ured weight. MET, CHO, and FDG lesion/normal
brain uptake ratios (L/N ratios) were calculated
by dividing the maximum SUV for the enhanced
lesion on the MR image by the mean SUV of the
contralateral normal frontal cortex. The lesion SUVs
were selected at the highest accumulation, and refer-
ence ROIs on each of the three axial planes were
drawn with a diameter of 10 mm. Co-registration
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AA: anaplastic astrocytoma, ACNU: nimustine, AO: anaplastic oligodendroglioma, CBDCA: carboplatin, Ex-RT: conventional external radiation therapy, GBM: glioblas-
toma, Gr.3: recurrent grade 3- glioma, Gr.4: recurrent glioblastoma, INF-f: interferon-B, MCNU: ranimustine, PCV: procarbazine-lomustine-vincristine sulfate therapy, RN:
radiation necrosis, RT: radiation therapy, SD: standard deviation, SRT: stereotactic radiotherapy, TMZ: temozoromide, VCR: vincristine sulfate, VP-16: etoposide, y.0.:
years old.
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of PET and MR imaging was accomplished with an
analysis software package (AJS, Tokyo), using the
method described by Kapouleas et al.?® We used
the L/N ratio instead of the absolute SUV because
of the high, unexplained intersubject variability
of the SUV.2Y We used the lesion maximum SUV
instead of lesion mean SUV to minimize the effect
of lesion heterogeneity. For each PET tracer, we
defined regions with L/N ratios greater than 1.5 as
PET abnormal high uptake regions and measured
the volumes of these regions in each PET image
and also the volumes of the Gd-enhanced area in
the MRI using an analysis software package (AJS,
Tokyo). The volume of the PET abnormal high
uptake region overlap with the Gd-enhanced area
was measured by the same method for each case.
The volume ratio of the PET abnormal high uptake
area to Gd enhanced MR area (PET/Gd volume ratio)
was calculated as follows: PET/Gd volume ratio
(%) = [PET abnormal high uptake area (volume) +
Gd-enhanced area (volume)] x 100.

The ratio of the PET abnormal high uptake area
overlapping the Gd-enhanced MR area (PET/Gd overlap
ratio) was calculated as follows: PET/Gd overlap
ratio (%) = [PET abnormal high uptake area over-
lapping Gd-enhanced area (volume) + Gd-enhanced
area (volume)] x 100.

Data are presented as means + standard devia-
tions (SDs). To compare the L/N ratios of the three
PET modalities at the best distinction between
glioma recurrence and RN, statistical analysis was
performed using analysis of variance and Tukey’s
test for multiple comparisons. Receiver operating
characteristic (ROC) curves were calculated to deter-
mine the cut off values for differential diagnosis of
glioma recurrence and RN. P values less than 0.05
were considered statistically significant.

Results

I. Volume comparison between MRI and PET studies

The MET-PET/Gd volume ratios of RN, AA, AOQ,
and Gr.4 were 21.7% = 20.9%, 164.3% =+ 158.5%,
185.5% + 162.6%, and 123.6% =+ 66.4%, respec-
tively (Fig. 1A). The MET-PET/Gd overlap ratios
of RN, AA, AO, and Gr.4 were 20.7% =+ 21.4%,
63.5% + 40.3%, 74.8% = 34.0%, and 64.6% =
29.4%, respectively (Fig. 1D). Both the MET-PET/
Gd volume ratio and the MET-PET/Gd overlap ratio
of RN were significantly lower than those of AA,
AOQ, and Gr.4, respectively (P < 0.05).

The CHO-PET/Gd volume ratios of RN, AA, AQ,
and Gr.4 were 100.5% =+ 20.5%, 110.2% =+ 17.3%,
99.9% = 15.9%, and 104.1% =+ 13.7%, respectively
(Fig. 1B). The CHO-PET/Gd overlap ratios of RN, AA,

AQ, and Gr.4 were 83.6% * 15.1%, 97.4% = 3.9%,
92.5% =+ 10.3%, and 96.1% =* 7.1%, respectively
(Fig. 1E). There were no significant differences of
the CHO-PET/Gd volume ratios and the CHO-PET/
Gd overlap ratios among RN, AA, AQ, and Gr.4.

The FDG-PET/Gd volume ratios of RN, AA, AQ,
and Gr.4 were 0.4% = 1.5%, 0.5% = 1.3%, 0.0% =
0.0%, and 12.1% =* 20.6%, respectively (Fig. 1C).
The FDG-PET/Gd overlap ratios of RN, AA, AO, and
Gr.4 were 0.4% = 1.5%, 0.5% = 1.3%, 0.0% = 0.0%,
and 11.7% = 19.4%, respectively (Fig. 1F). Both
the FDG-PET/Gd volume ratio and the FDG-PET/
Gd overlap ratio of Gr.4 were significantly higher
than those of RN (P < 0.05).

II. Semiquantitative analysis of PET studies

The mean SUVs of MET, CHO, and FDG from the
contralateral normal frontal cortex were 1.30 % 0.25,
0.26 = 0.94, and 6.31 + 1.71, respectively. MET L/N
ratios of RN, Gr.3, and Gr.4 were 1.95 = 0.60, 3.40
+ 1.04, and 4.29 + 1.45, respectively. There was a
significant difference between the MET L/N ratios
of RN and Gr.3 {P < 0.005) and of RN and Gr.4
(P < 0.001). However, there was no significant differ-
ence between the MET L/N ratios of Gr.3 and Gr.4
(Fig. 2A). MET L/N ratios of AA and AO were 2.79
+ 0.68, and 3.83 = 1.086, respectively. There was a
significant difference between the MET L/N ralios
of RN and AO (P < 0.001) and AA and AO (P <
0.05), but not of RN and AA (Fig. 2D).

CHO L/N ratios of RN, Gr.3, and Gr.4 were 6.90 =
4.30, 11.18 + 6.75, and 18.09 + 10.82, respectively.
There was a significant difference only between the
CHO L/N ratios of RN and Gr.4 (P < 0.001) and of
Gr.3 and Gr.4 (P < 0.05) (Fig. 2B). CHO L/N ratios
of AA and AO were 9.21 * 4.19, and 12.56 * 8.01.
There was no significant difference between CHO
L/N ratios of RN and any of the Gr.3 histological
types (Fig. 2E).

FDG L/N ratios of RN, Gr.3, and Gr.4 were 1.15
+ 0.50, 1.26 = 0.23, and 1.97 + 0.64, respectively.
There was a significant difference only between the
FDG L/N ratios of RN and Gr.4 (P < 0.001) and of
Gr.3 and Gr.4 (P < 0.001) (Fig. 2C). FDG L/N ratios
of AA and AO were 1.24 + 0.33, and 1.27 + 0.186,
respectively. There was no significant difference
between FDG L/N ratios of RN and any of the Gr.3
histological types (Fig. 2F).

Representative PET and MRI images from RN, AA,
AQO, and Gr.4 cases are shown in Fig. 3.

III. ROC analysis of PET studies

Fig. 2G shows the ROC curves of the 3 PET
modalities. The area under the curve of MET,
CHO, and FDG-PETs were 0.925, 0.814, and 0.774,
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Fig. 1 Graphs showing *C-methionine (MET)-PET/Gd (A), **C-choline (CHO)-PET/Gd (B), and **F-fluorodeoxy-
glucose (FDG)-PET/Gd (C) volume ratios, and MET-PET/Gd (D), CHO-PET/Gd (E), and FDG-PET/Gd (F) overlap
ratios of radiation necrosis (RN), anaplastic astrocytoma (AA), anaplastic oligodendroglioma (AQ), and recur-
rent glioblastoma (Gr.4). The significant low values (P < 0.05) of both the PET/Gd volume ratio and the PET/
Gd overlap ratio of RN compared with glioma recurrence were shown to be characteristic only for MET-PET.

*P < 0.05, **P < 0.005, ***P < 0.001.

respectively. Table 2 shows the best cutoff values,
diagnostic sensitivities, and specificities of the 3
PET modalities for recurrent gliomas. The best MET
L/N ratio cutoff value was 2.51, which provided a
sensitivity of 91.2% and a specificity of 87.5% for
diagnosis of glioma recurrence. These results indicate
that MET-PET is the most informative method for
differentiating tumor recurrence from RN,

Discussion

Radiotherapy has been used for the past four decades
as a standard treatment following surgical mass reduc-
tion in malignant gliomas. More recently, conven-
tional external radiotherapy has been expanded to
include stereotactic radiotherapy, intensity modulated
radiotherapy, boron neutron captured therapy, and
radiotherapy using heavy ions.?**® The usefulness of

388

radiotherapy for malignant gliomas is not in doubt
as it has been verified by improved patient survival
and local control. However, identifying RN, which
deteriorates the clinical condition of patients, is still
a critical problem.*® Normally, 60 Gy of whole brain
external irradiation induces necrosis in about 50%
of patients up to 5 years after irradiation. Although
the therapeutic strategy for RN is different from that
for glioma recurrence in most cases of malignant
gliomas, it has been difficult to distinguish these
pathological entities from each other even using
conventional neuroradiological modalities.

With advancements in metabolic neuroimaging,
1thallium-SPECT and FDG-PET have been antici-
pated to be useful for differential diagnosis between
glioma recurrence and Gémez-Rio et al. prospectively
evaluated *'thallium-SPECT and FDG-PET in 76
patients with suspicion of glioma recurrence after
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Fig. 2 Graphs showing *C-methionine (MET) (A), **C-choline (CHO) (B), and **F-fluorodeoxyglucose (FDG) (C)
lesion/normal brain uptake ratios (L/N ratios) of radiation necrosis (RN), recurrent grade 3- glioma (Gr.3), and

recurrent glioblastoma (Gr.4), and MET (D), CHO (E),

and FDG (F) L/N ratios of RN, anaplastic astrocytoma

(AA), and anaplastic oligodendroglioma (AQ). The significant differences of tracer uptake intensity between Gr.4
glioma recurrence and RN were shown in MET (P < 0.001), CHO (P < 0.001), and FDG (P < 0.001) -PETs. Gr. 3
glioma recurrence, especially for AO, could be distinguished from RN only in MET-PET (P < 0.005). Graph (G)
shows receiver operating characteristic (ROC) curves for the three PET tracers for distinguishing glioma recur-
rence from RN. The areas under the curve of MET, CHO, and FDG are 0.926, 0.822, and 0.755, respectively.

*P < 0.05, **P < 0.005, ***P < 0.001.

surgical excision and radiotherapy.?” Their results
showed that although FDG-PET yielded a slightly
higher specificity for diagnosis of glioma recurrence,
the sensitivity was considerably lower than that of
21thallium-SPECT. This means that FDG-PET does
not clearly improve upon the diagnostic accuracy
of #'thallium-SPECT in glioma recurrence.

CHO is another PET tracer recently used for
neurcradiological evaluation of gliomas, and it was
reported to be a diagnostic agent which was able to
differentiate between low-grade gliomas and high-
grade gliomas in PET studies, but had not been
used for studies of RN.* Apart from RN, a high
uptake of CHO is also reported in non-neoplastic
lesions including brain abscess, inflammatory
granulomas, tuberculomas, and some demyelinating
diseases which present Gd-enhancement by MRI.?
A study by Ohtani et al. showed that CHO-PET did
not differentiate, in particular, between low-grade
gliomas and non-neoplastic lesions.** Utriainen
et al. described that an association between CHO
uptake measured with PET and the concentration of
choline containing components measured by 1H-MR
spectroscopy was not statistically significant.?® This
data suggests that CHO uptake is scarcely related

to intracellular metabolite pools of phosphocholine
and glycerophosphocholine.® In this study, both
the CHO-PET/Gd volume ratio and the CHO-PET/
Gd overlap ratio of RN, AA, AO, and Gr.4 were all
at levels near 100%. This suggests that there is a
regional correspondence between areas of high CHO
uptake on PET images and areas with Gd-enhance-
ment on the MRI. These results imply that CHO
uptake is mostly dependent on the enhancement
effect, which is related to the passive diffusion of
materials in regions with BBB disruption, rather
than tissue biclogical activity, which is related to
the active transport of materials.

One of the most promising modern neuroimaging
protocols in this regard is MET-PET, a popular
amino acid imaging modality in oncology indica-
tions. MET-PET has been a useful and reliable
neuroimaging modality for diagnosis of gliomas
because of the correlation of MET-uptake with
malignancy and proliferative activity in gliomas
and its accumulation during glioma cell inva-
sion.®*%) Normally, MET uptake is reported to be
lower in RN than in glioma recurrence. Tsuyuguchi
et al. reported that the mean L/N ratios for RN
and glioma recurrence were 1.31 and 1.87.*% In
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Fig. 3 Representative PET and MRI images of radiation necrosis (RN}, anaplastic astrocytoma (AA), anaplastic
oligodendroglioma (AQ), and glioblastoma (GBM) are shown. RN: A 45-year-old man. “C-methionine (MET)-PET/
Gd volume ratio = 57.0%, MET-PET/Gd overlap ratio = 57.0%, *C-choline (CHO)-PET/Gd volume ratio = 81.5%,
CHO-PET/Gd overlap ratio = 81.5%, “*F-fluorodeoxyglucose (FDG)-PET/Gd volume ratio = 0%, FDG-PET/Gd overlap
ratio = 0%, MET lesion/normal brain uptake ratio (L/N ratio) = 3.34, CHO L/N ratio = 2.03, and FDG L/N ratio =
1.57. AA: A 67-year-old man. MET-PET/Gd volume ratio = 189.4%, MET-PET/Gd overlap ratio = 100%, CHO-PET/
Gd volume ratio = 121.3%, CHO-PET/Gd overlap ratio = 100%, FDG-PET/Gd volume ratio = 0%, FDG-PET/Gd
overlap ratio = 0%, MET L/N ratio = 3.39, CHO L/N ratio = 7.7, and FDG L/N ratio = 1.65. AO: A 51-year-old
man. MET-PET/Gd volume ratio = 172.7%, MET-PET/Gd overlap ratio = 100%, CHO-PET/Gd volume ratio = 107.8%,
CHO-PET/Gd overlap ratio = 95.3%, FDG-PET/Gd volume ratio = 0%, FDG-PET/Gd overlap ratio = 0%, MET
L/N ratio = 5.03, CHO L/N ratio = 14.41, and FDG L/N ratio = 1.31. GBM: A 35-year-old man. MET-PET/Gd volume
ratio = 164.9%, MET-PET/Gd overlap ratio = 100%, CHO-PET/Gd volume ratio = 109.2%, CHO-PET/Gd overlap
ratio = 98.7%, FDG-PET/Gd volume ratio = 74.3%, FDG-PET/Gd overlap ratio = 67.5%, MET L/N ratio = 5.21,
CHO L/N ratio = 17.94, and FDG L/N ratio = 2.33.
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Table 2 The best cutoff values and diagnostic accuracy
for distinguishing glioma recurrence from RN

. Sensitivity Specificity
Index Cutoff value (%) (%)
MET L/N > 2.51 91.2 87.5
CHO L/N > 8.92 73.5 87.5
FDG L/N >1.26 76.5 75.0

CHO: "'C-choline, FDG: *F-fluorodeoxyglucose, MET: *'C-me-
thionine, L/N: lesion/normal brain uptake, RN: radiation ne-
Crosis.

a comparative study, Sonoda et al. showed that
MET-PET was superior to ?*'tallium-SPECT for the
differentiation of tumor recurrence from RN.” In
a comparative study of FDG and MET-PET, van
Laere et al. reported that MET was superior to
FDG as a diagnostic agent for the evaluation of
glioma recurrence because of its higher sensitivity
for differentiation from RN.*V

This is the first study directly comparing the
three PET tracers, MET, CHO, and FDG evaluating
the diagnostic accuracy in distinguishing glioma
recurrence from RN in the same clinical setting.
From the ROC analysis of this study, MET-PET was
found to be the best of the three tracers in differen-
tiating glioma recurrence from RN with a sensitivity
of 91.2% and a specificity of 87.5% with a MET
max L/N ratio cutoff value of 2.51. Additionally,
only MET-PET could significantly differentiate Gr.3,
especially AO, as well as Gr.4 from RN, while FDG
and CHO-PET could differentiate only Gr.4 from
RN. The L/N ratio cutoff values in this study were
relatively higher than that of the previous studies,
because L/N ratios were calculated by dividing
the maximum SUV for the enhanced lesion on
MR imaging by the mean SUV of the contralateral
noemal frontal cortex. We used the maximum SUV
instead of lesion mean SUV to minimize the effect
of lesion heterogeneity.

This study showed the superiority of MET-PET for
distinguishing glioma recurrence from RN based on
evaluation of intensity of tracer uptake in agreement
with previous reports. The significant low values
of both the PET/Gd volume ratio and the PET/Gd
overlap ratio of RN compared with glioma recur-
rence were characteristic only with the MET-PET
and provide additional evidence for distinguishing
glioma recurrence from RN.

The main mechanism for MET accumulation in
RN; BBB disruption-related passive diffusion, is
presumed to differ from that in tumor recurrence
which is active transport affected by cell prolifera-
tion. The different mechanisms of MET accumulation

for the two pathological processes are the means of
potentially distinguishing glioma recurrence from RN
by MET-PET. However, because of the substantial
tissue biological activity in RN due to cells related
to immunological and inflammation reactions and
reactive glia cells with a high proliferation poten-
tial, some degree of active transport for MET may
increase the MET uptake in RN. Additionally, there
should be mixed tissues with both RN and residual/
recurrent tumor cells around the irradiated region,
because it is not feasible to completely kill the
malignant glioma cells by clinical irradiation doses.
These factors contribute to the continuing difficulty
of distinguishing glioma recurrence from RN even
using MET-PET in some cases, and further studies
for a resolution of this problem are needed.

Recently, 3,4-dihydroxy-6-1*F-fluoro-L-phenyl-
alanine (FDOPA) has been utilized as another
promising amino acid PET tracer for distinguishing
tumor recurrence from RN. Chen et al. reported 98%
sensitivity and 86% specificity for the detection of
glioma recurrence using FDOPA-PET.*? 3’-Deoxy-3’-'¢F-
fluorothymicine (FLT) is another recently developed
PET tracer for imaging tumor cell proliferation that
correlated with Ki-67 values.® These tracers appear
to be powerful predictors of tumor progression and
survival, and comparative studies to evaluate which
of the tracers, MET, FDOPA, and FLT, is the most
accurate for distinguishing glioma recurrence from
RN is needed.

In this study, three PET scans were taken on a
single day. This introduced an increase of radia-
tion exposure to patients compared with a single
PET scan. “Cross-talk” between PET tracers during
subsequent imaging was considered to be minimal,
because ''C-labeled tracers such as MET and
CHO have short half-lives and sufficient time was
allowed between PET scans. However, from this
minimal “cross-talk”, the order of PET scans (MET,
CHO, FDG) could have slightly contributed to our
observed result.

MET-PET appears to be superior to both CHO and
FDG-PET in diagnostic accuracy for distinguishing
glioma recurrence from RN on the basis of intensity
as well as extent of tracer uptake volume, and it
could play an important role in monitoring newly
appearing Gd-enhanced lesions on MRI following
radiotherapy in patients with malignant gliomas.
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Intraoperative cortico-cortical evoked potentials for the
evaluation of language function during brain tumor
resection: initial experience with 13 cases
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Object. The objective in the present study was to evaluate the usefulness of cortico-cortical evoked potentials
(CCEP) monitoring for the intraoperative assessment of speech function during resection of brain tumors.

Methods. Intraoperative monitoring of CCEP was applied in 13 patients (mean age 34 = 14 years) during the
removal of neoplasms located within or close to language-related structures in the dominant cerebral hemisphere.
For this purpose strip electrodes were positioned above the frontal language area (FLA) and temporal language arca
(TLA), which were identified with direct cortical stimulation and/or preliminary mapping with the use of implanted
chronic subdural grid electrodes. The CCEP response was defined as the highest observed negative peak in either
direction of stimulation. In 12 cases the tumor was resected during awake craniotomy.

Results. An intraoperative CCEP response was not obtained in one case because of technical problems. In the
other patients it was identified from the FLA during stimulation of the TLA (7 cases) and from the TLA during stimu-
lation of the FLA (5 cases), with a mean peak latency of 83 = 15 msec. During tumor resection the CCEP response
was unchanged in 5 cases, decreased in 4, and disappeared in 3. Postoperatively, all 7 patients with a decreased or
absent CCEP response after lesion removal experienced deterioration in speech function. In contrast, in 5 cases with
an unchanged intraoperative CCEP response, speaking abilities after surgery were preserved at the preoperative level,
except in one patient who experienced not dysphasia, but dysarthria due to pyramidal tract injury. This difference was
statistically significant (p < 0.01). The time required to recover speech function was also significantly associated with
the type of intraoperative change in CCEP recordings (p < 0.01) and was, on average, 1.8 £ 1.0,5.5+1.0,and [1.0 =
3.6 months, respectively, if the response was unchanged, was decreased, or had disappeared.

Conclusions. Monitoring CCEP is feasible during the resection of brain tumors affecting language-related ce-
rebral structures. In the intraoperative evaluation of speech function, it can be a helpful adjunct or can be used in its
direct assessment with cortical and subcortical mapping during awake craniotomy. It can also be used to predict the
prognosis of language disorders after surgery and decide on the optimal resection of a neoplasm.
(http://thejns.orgldoilabs/10.3171/20144 JNS131195)
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URGICAL removal of intraaxial brain tumors located
S within or close to language-related cerebral struc-
tures represents a significant challenge. To mini-
mize the risk of permanent postoperative speech dys-
function, detailed localization of the frontal language

Abbreviations used in this paper: CCEP = cortico-cortical evoked
potentials; ECoG = electrocorticography; FLA = frontal language
area; TLA = temporal language area.
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area (FLA) and temporal language area (TLA), as well as
their subcortical connections, is critical. At present it can
be more or less precisely done with advanced neuroimag-
ing techniques, such as functional MRI2>1213:2229-31.33 djf.
fusion tensor imaging,*5%2237 magnetoencephalography,*
and PET*? However, the most effective and precise
method is direct brain mapping using electrical stimula-
tion, which can be accomplished either after implantation
of chronic subdural grid electrodes*>2%213637 or during
a\'Vake Crani()tomy."5'6"3"5'22’27’293"34'35’37’40
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Nevertheless, despite its proven effectiveness and
widespread acceptance, direct intraoperative brain map-
ping has some limitations. First, not all patients are suit-
able for awake craniotomy or can tolerate the proce-
dure.???:37 Second, intraoperative evaluation of the verbal
response is generally subjective and can be significantly
influenced by the level of consciousness and cooperative-
ness of the patient, as well as by the parameters of cor-
tical stimulation. Third, negative intraoperative cortical
mapping does not fully prevent postoperative deteriora-
tion of speech function, which can be observed immedi-
ately after surgery in 4%-23% of such cases.'®3* Fourth,
intraoperative evaluation of language can be difficult in
patients with a preexisting speech deficit.?? Fifth, despite
the high reliability of intraoperative cortical mapping for
anatomical localization of language-related areas, the
functional interconnections of these areas generally re-
main obscured. Sixth, intraoperative mapping of cortical
and subcortical structures with electrical stimulation can
be performed only at some time points before or between
different stages of tumor removal, but is not suitable for
constant monitoring during the whole procedure. Finally,
while the appearance of durable speech disorders during
surgery generally leads to reluctance to perform further
tumor resection, the postoperative prognosis of such dis-
orders is hardly predictable. For these reasons, further
searches for novel methods of objectively assessing lan-
guage during awake craniotomy seem reasonable,

The objective in the present study was to evaluate the
recording of intraoperative cortico-cortical evoked poten-
tials (CCEP) as an adjunctive method of assessing speech
function during the resection of intraparenchymal brain
neoplasms. To the best of our knowledge, there have been
no previous reports on the application of this neurophysi-
ological technique for brain tumor surgery.

Methods

Between February 2006 and July 2012, intraoperative
monitoring of CCEP was applied in 13 patients (11 men
and 2 women; mean age 34 = 14 years) during removal
of intraparenchymal brain neoplasms located within or
close to language-related structures (FLA, TLA, arcuate
fasciculus, and superior longitudinal fasciculus) in the
dominant cerebral hemisphere. Detailed characteristics
of the patients are shown in Table 1. The ethics commit-
tee of the Tokyo Women’s Medical University approved
the study protocol, and each patient provided informed
consent before surgery.

Preoperative Evaluation

Preoperatively 11 of 13 patients had normal language
function, whereas mild dysphasia was noted in 2. The neo-
plasms were predominantly located within the middle or
inferior frontal gyrus (6 cases), inferior parietal lobule (4
cases), or insula (3 cases) of the left cerebral hemisphere.
In all cases the diagnosis was based on multimodal MRI,
which included pre- and postcontrast T1-weighted, T2-
weighted, FLAIR, diffusion-weighted, diffusion tensor,
and spectroscopic images. Additionally, PET scanning
with "C-methionine, "C-choline, and ®F-FDG was per-
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formed. In all patients the intracarotid amobarbital test
revealed that the left cerebral hemisphere was language
dominant.

Extraoperative Cortical Mapping

For detailed cortical mapping before tumor remov-
al, 9 of 13 patients underwent subdural implantation of
chronic grid electrodes over the cortical area of interest.
This technique was usually applied in cases presenting
with seizures for precise localization of the epileptic fo-
cus relative to the neoplasm and eloquent cortical areas.
Each grid (60 x 40 mm) contained 24 electrodes with a
diameter of 3 mm and a distance of 10 mm between the
centers (Unique Medical Co.). Usually two grids were
implanted in each individual to cover a sufficient area of
the cortex. Three-dimensional localization of electrodes
relative to the brain surface was achieved using Leksell
GammaPlan (Elekta Instruments AB), whereas matching
of the cortical sulci and gyri was done with BrainVISA
software.®3® Patients underwent continuous (2-3 weeks)
electrocorticography (ECoG) videomonitoring for detec-
tion of seizure activity.

Additionally, extraoperative cortical mapping was
performed. For this purpose repetitive square wave bipha-
sic current of alternating polarity (pulse width 0.5 msec,
frequency 20 or 50 Hz, duration 1-2 seconds) was applied
in a bipolar fashion to adjacent pairs of electrodes so that
all electrodes were used. Continuous digital ECoG activi-
ty was monitored through nonstimulated electrodes to de-
tect seizures and afterdischarges. The stimulus intensity
increased steadily from 2 mA using stepwise increments
of 1 mA until the effect was attained or abnormalities
on ECoG were noted. The maximum stimulus intensity
was 6 mA, which corresponds to 12 mA if a monophasic
pulse were used. Of note, the maximum stimulus intensi-
ty recommended by guidelines of The Japan Awake Sur-
gery Conference!' for cortical stimulation with the use of
subdural efectrodes is 16 mA. Cortical stimulations were
performed using an Ojemann cortical stimulator (OCS-
1, Integra Radionics, Inc.), whereas all recordings were
made with a dedicated multimodal neuromonitor (Neuro-
master Mee-1000, Nihon Kohden Corp.).

Regions of cerebral cortex were defined as language
related if their stimulation consistently interrupted, dis-
turbed, or slowed the patient’s ability to name a pictured
object, to pronounce a written familiar Japanese word,
and/or to generate an action verb during the picture-nam-
ing task in the absence of seizures, afterdischarges, and
positive and negative motor responses of the tongue (de-
fined as involuntary contraction and impairment of rapid
alternating movements, respectively). For confirmation of
reproducible results, each cortical area was stimulated at
least twice, although never in succession. The testing was
recorded on video for subsequent reanalysis.

In our experience, extraoperative cortical mapping
significantly reduces the time required for intraopera-
tive localization of eloquent cortical areas (particularly in
cases of dominant parietal lobe tumors) and for the over-
all operation, but cannot substitute for awake craniotomy
with direct electrical stimulation particularly aimed at the
identification of functionally important subcortical struc-
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TABLE 1: Summary of clinical characteristics in 13 patients*

FI10Z 4290120 | [Z] dWNJOA | 84NSOININ [

96¢

628

Intraop CCEP Language Function
Age Stimulus Peak Changes Postop Speech Prod Disorder

Case (yrs), Tumor Type of  Intensity  Latency  Direction of During Tumor % Lesion , Time to
No.  Sex TumorLocation Histology Anesthesia  (mA)t (msec) Stimulation Removal  Resection  Preop Intraop Presence  Recovery (mos)
1 35M ltmiddefontal  AO  local(awake) 6 70  TLA—-FLA unchanged 98 nomal  dysathia  yest 1

2 27,M ltinsula 0 local (awake) 8 91 TLA—FLA  disappeared 80 normal  paraphasia, dysar-  yes 8

thria

3 62M ltinferiorfrontal  AOA  local(awake) 6 90  TL _unchanged 30  milddys- middysphasia, simi- yes,simiarto 3
3 S : i e e ’1 . : o - : phasna ‘lal*:’[o preop level : ;preop Ievel S ;

4 12,M ltmiddefrontat CM  genera 6 73 TLA—FLA  unchanged 100 normal - NA - no NA

5 29,M ltmiddlefrontal O  local(awake) 6 94  TLAFLA unchanged 95 normal nomal  no CNA

6 31,M Itmiddle frontal GBM  local (awake) 6 98 TLA—FLA  unchanged 75 milddys- mild dysphasia, simi- yes, similar to 1.5

; e 3 - - ) o , ~phasia  lar to preop level preop level
7 21,F ltiferiorparietal  OA  local(awake) 6 94  FLASTLA disappeared 95  normal  paraphasiarepeti- yes 10
e S P . fionfailure A
8 33,M ltinferior parietal O local (awake) 4 66 TLA—FLA  disappeared 95 normal  paraphasia, repeti-  yes 15
: . tion failure, dys-
B ; ; , ; arthria ;
9 26,M ltinsula ~ AOA  local(awake) 4 94 FLA-,—»TLA}decireased (up 85  normal pa‘r‘aph‘asia,‘irspeti— yes B
: e S Pk S p20%) o o tfionfailure - E
10 41,M ltinsula 0 local (awake) 4 92 FLA—TLA  decreased (up 60 normal - paraphasia, repeti-  yes 6
; ; -  1040%)§ - ; N tion failure
11 32,F ltinferiorfrontal ~ AO local(awake) 4  noresponse noresponse NA 95  normal  nomal  no . NA
12 31, M- ltinferior parietal AOA  local (awake) 3 80 FLA—TLA  decreased {up 95 normal  naming failure, yes 6
) ; ; , o 20%) ~_ repetition failure . ,
13 58,M It inferior parietal -~ AO. - local (awake) 6 . 48 ‘ FLA—»TLA ~decreased(up 40 normal paraphasia, repeti-  yes e 4
e G ey . t20%§ - tonfailure e

srenusiod paYoAd [8211100-001110))

* AO = anaplastic oligodendroglioma; AOA = anaplastic oligoastrocytoma; CM = cavernous malformation; GBM = glioblastoma multiforme; NA = not applicable; O = oligodendroglioma; OA = oligoas-
trocytoma; Prod = production.

1 Electrical stimulus was applied with biphasic current; therefore, actual stimulus intensities are 2 times greater.

1 Caused by dysarthria due to pyramidal tract injury.

§ Inthese cases some recovery of CCEP was noted after termination of tumor removal.



tures, such as the arcuate fasciculus and superior longitu-
dinal fasciculus.

Surgery

Surgery was performed according to the previously
described concept of the information-guided brain tumor
removal, presuming maximum possible resection of the
neoplasm with minimal risk of permanent postopera-
tive neurological complications.?-?¢ Intraoperative MRI
(AIRIS II, Hitachi Medical Corp.), updated neuronaviga-
tion, comprehensive neurophysiological monitoring, and
detailed histopathological characterization of resected
tissue obtained at various stages of the procedure were
used routinely. In cases of malignancy, neurochemical
guidance of lesion resection with S-aminolevulinic acid
was applied as well. In cases of high-grade gliomas, sur-
gery was generally directed at the maximum possible
removal of the contrast-enhanced area visualized on
T1-weighted MRI; for low-grade gliomas, surgery was
focused on maximum removal of the hyperintense area
demonstrated on T2-weighted MRI. Histopathological
diagnosis of tumors was based on the current criteria of
the WHO.®

Intraoperative Brain Mapping

In all but one patient, tumor removal was done dur-
ing awake craniotomy and was guided by positive map-
ping of cortical language areas and subcortical structures.
These procedures followed dedicated guidelines of The
Japan Awake Surgery Conference.'> Before surgery, pa-
tients were familiarized with the tasks used during intra-
operative language mapping.>*’

For intraoperative brain mapping, electrical stimula-
tion of the cortex was applied with repetitive square wave
biphasic current of alternating polarity (pulse width 0.5
msec, frequency 50 Hz, duration 1-2 seconds) using a bi-
polar electrode probe with an interpolar distance of 5 mm
and tip diameters of 1 mm. Stimulation was performed
in a systematic manner every 8-10 mm of the cortical
surface. Continuous digital ECoG activity was monitored
to detect seizures and afterdischarges. The stimulus in-
tensity increased steadily from 2 mA using stepwise in-
crements of 1 mA until the effect was obtained or abnor-
malities on ECoG were noted. The maximum stimulus
intensity was 6 mA, which is in concert with the experi-
ence and recommendations of others.!>16223440 The maxi-
mum stimulus intensity in this study corresponded to 12
mA if a monophasic pulse were used, which is in con-
cordance with guidelines of The Japan Awake Surgery
Conference.'> Cortical stimulations were performed using
an Ojemann cortical stimulator, and all recordings were
done with a dedicated multimodal Neuromaster Mee-
1000 neuromonitor.

To demonstrate language assessment tasks to the pa-
tient, the dedicated intraoperative examination monitor
for awake craniotomy®?* was used, which allows real-
time visualization, integration and recording of a wide
spectrum of data, including a view of the patient’s face
during response, the type of test provided, the position of
the cortical stimulator in the surgical field, and so forth.
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Cortical stimulation immediately preceded task presenta-
tion for the patient and continued for 1-2 seconds.!” As in
extraoperative brain mapping, regions of the cerebral cor-
tex were defined as language-related areas if their stimu-
lation consistently interrupted, disturbed, or slowed the
patient’s ability to name a pictured object, to pronounce a
written familiar Japanese word, and/or to generate an ac-
tion verb during the picture-naming task in the absence of
seizures, afterdischarges, and positive and negative motor
responses of the tongue. For confirmation of the repro-
ducible results, each cortical area was stimulated at least
3 times, although never twice in succession. The stimu-
lated sites were initially marked with sterile tags, whereas
eloquent cortical areas were delineated with the surgical
pen upon the completion of mapping. One centimeter of
brain tissue close to the defined borders was preserved
during tumor resection. Removal of the neoplasm was ac-
companied by subcortical stimulation through the resec-
tion cavity directed at identifying the language pathways.
The devices used for this purpose and the parameters
of stimulation, including intensity, were similar to those
used for cortical mapping.'

During the entire procedure under awake conditions,
the patient’s ability to speak freely was constantly moni-
tored through continuous conversation with a member
of the treatment team who was specialized in assessing
language function and provided specific tasks to evaluate
recalling, counting, fluency, and comprehension.??

Intraoperative CCEP Monitoring

Intraoperative CCEP monitoring was performed con-
tinuously before, during, and after tumor resection, with
special attention on assessing response during removal
of the deep part of the neoplasm adjacent to the arcuate
fasciculus and superior longitudinal fasciculus. For this
purpose the strip electrodes (diameter 3 mm, distance
between centers 10 mm, Unique Medical Co.) were po-
sitioned above the FLLA and TLA, which were identified
with cortical stimulation (Fig. 1). Additionally, recordings
through the resection cavity were tried occasionally. Two
adjacent electrodes were stimulated in a bipolar fashion
with a constant-current square wave of alternating polar-
ity (pulse width 0.3 msec, frequency I Hz). Continuous
digital ECoG activity was recorded to detect seizures and
afterdischarges. The stimulus intensity increased steadily
from 2 mA using stepwise increments of 1 mA until the
response was attained or abnormalities on ECoG were
noted. Actual stimulus intensities in the present study
varied from 3 to 8 mA, which is lower than the 10-15
mA used in previous studies of extraoperative CCEP
recordings in patients with epilepsy.#?8?!' The reference
electrode was placed in the area of the contralateral mas-
toid process. The bandpass filter for data acquisition was
set at 5-1500 Hz with a sampling rate of 5000 Hz for
each channel.

In each case the stimulus was applied to the FLA with
recordings from the TLA and vice versa, and the CCEP
response was defined as the highest observed negative
peak in either direction. During each stimulation session
two or more trials of 100 responses were averaged using
the stimulus onset as the trigger and a delay of 10 msec to
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Cortico-cortical evoked potentials

Fic. 1. Case 5. Intraoperative photograph showing strip electrodes
for CCEP monitoring, located ahove the TLA (black arrow) and FLA
(white arrow) and within the resection cavity (gray arrow) during remov-
al of the left frontal glioma.

avoid artifacts caused by the stimulation itself. The com-
plete CCEP response was obtained in 100 seconds, but
it usually stabilized after the application of 30 stimuli;
therefore, the changes, if presented, could be identified
in 30-40 seconds. A decrease in the CCEP response was
considered to occur when its amplitude reduced approxi-
mately 20% or more. All stimulations and recordings
of CCEP were performed with a dedicated multimodal
neuromonitor (Neuromaster Mee-1000). Patients in the
awake condition were not specifically requested to per-
form any task during CCEP evaluation.

Postoperative Evaluation

Tumor resection rate was assessed with contrast-
enhanced MRI performed within 48 hours after surgery.
Speech function was evaluated initially after the patient
awoke from anesthesia and subsequently on a daily basis
until discharge from the hospital. Thereafter all patients
were regularly followed up in the outpatient clinic by an
attending neurosurgeon. In cases of high-grade gliomas,
adjuvant radiochemotherapy was administered as appro-
priate.

Statistical Analysis

Nonparametric statistical tests were applied to evalu-
ate factors associated with speech disturbances in the
early postoperative period and with the time required
to recover speech. For statistical analysis, in cases with
normal postoperative speech function, the time to speech
recovery was considered as 0. Statistical significance was
defined at p < 0.05.

Results

Intraoperative brain mapping was successfully ac-
complished in all 12 patients who underwent awake cra-
niotomy. In all cases the FLA and TLA were identified
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within the posterior part of the inferior frontal gyrus and
the posterior part of the superior temporal gyrus, respec-
tively. Additionally, in one patient (Case 13) the middle
part of the superior temporal gyrus also contained the
TLA.

In 10 of these 12 patients, intraoperative speech dys-
function persisted to the end of surgery. However, in 2
(Cases 3 and 6) of the 10 patients mild dysphasia was
present before surgery and was not aggravated during le-
sion resection, whereas in another patient (Case 1) dysar-
thria caused by pyramidal tract injury was observed, but
dysphasia was not. Among 7 other patients paraphasias
and repetition failures were mainly encountered.

An intraoperative CCEP response was not obtained
in one patient (Case 11), presumably because of technical
problems. In 4 patients (Cases 4 and 6-8) a clear bidirec-
tional response was evident, whereas in 8 others (Cases
1-3, 5,9, 10, 12, and 13) a definite CCEP response was
observed in only one direction. Overall, the best response
was identified from the FLA during stimulation of the
TIA (7 cases) and from the TILA during stimulation of
the FLA (5 cases) with a mean latency of 83 + 15 msec
(range 48-98 msec, median 91 msec). Attempts to detect
the CCEP response with strip electrodes located within
the resection cavity were not successful in any case.

During removal of the necoplasm the CCEP response
was unchanged in 5 cases, decreased (up to 20%~40%) in
4, and disappeared in 3. In all cases changes in the CCEP
response abruptly appeared during removal of the deep
part of the tumor in the presence of speech dysfunction,
but the occurrence of the latter was not always accompa-
nied by alterations in response. In 2 patients (Cases 10 and
13) some recovery of CCEP was noted within 20-30 min-

~ utes and was not accompanied by improvement in speech.
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Limits for tumor removal were identified through
subcortical stimulation of language or motor pathways
(Cases 1, 3, 5, 6, and 11), decrease or disappearance of
the CCEP response (Cases 7, 8, and 12), or both of these
factors (Cases 2,9, 10, and 13). The median resection rate
was 95% (range 30%—100%). Histopathological examina-
tion revealed 7 high-grade gliomas, 5 low-grade gliomas,
and 1 cavernous malformation. The mean duration of sur-
gery, including two intraoperative MRI sessions, was 8.2
= |7 hours (range 5-10 hours).

Postoperative Course

During the early postoperative period, impairment
of speech was noted in 10 of 13 patients. However, as
mentioned above, in 2 patients (Cases 3 and 6) the mild
dysphasia had been present before surgery and was not
aggravated during lesion resection; in another patient
(Case 1) dysarthria caused by pyramidal tract injury was
observed, but dysphasia was not.

All 7 patients with a decreased or absent CCEP re-
sponse after tumor removal experienced deterioration
in speech function compared with its preoperative level.
In contrast, in 5 cases with an unchanged intraoperative
CCEP response, including 2 with preexisting mild dys-
phasia, speaking abilities were preserved at the preopera-
tive level, except in the patient in Case 1, who experienced
dysarthria due to pyramidal tract injury. The difference

831



