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Glioblastoma is highly vascularized 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].

Bevacizumab (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 (PFS) 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 cellular 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.
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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 [15]. 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
T1-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 (mm?) 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
column) with BV in
representative patients who
achicved 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

(1079 mm?s), which
subsequently decrease after

BV treatment. a, b, ¢, d: case 1;
e, f, g h:case 2; 1, j, k, I: case §;
m, n, 0, p: case 9

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-pm-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.

06-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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Post-BV mADC

1,321

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 Karnofsky Performance
Scale (KPS) was 70 (30-80) (Table 1). Five patients
underwent RT plus concomitant TMZ at the initial therapy,
and others received TMZ monotherapy on disease pro-
gression. BV treatment was primarily (67 %) given as the
second line therapy (range 2-5). The cycles of BV therapy
ranged from 1 to 21 (median 7). There were no serious
adverse events in any of the patients.

Response to BV

After the first BV cycle, early post-treatment MR imaging
(taken between days 3 and 21, median 13) demonstrated
rapid shrinkage of both enhancing and T2-elongated
(hyperintense on T2-weighted and FLAIR images) areas in
most tumors (Fig. 1). By a patient-based analysis, single
BYV treatment resulted in a decrease in evaluable enhancing
tumor volume in eight of nine cases (88.9 %) (Table 1).
Four patients (44.4 %) had a partial response (PR), four
had a stable disease (SD), and one had a progressive dis-
ease (PD) by the Macdonald criteria; the overall response
rate was 44.4 %. In cases 1, 3, and 8, both hemiparesis and
disturbance of consciousness recovered soon after the first
BV administration with a marked reduction of extent of
hyperintensity on T2-weighted or FLAIR images along
with the enhancing tumor shrinkage. KPS improved
immediately in four cases (44.4 %).

Association of tumor mADC values with the response
to BV

Of 15 individual evaluable enhancing lesions in the nine
patients, 11 tumors shrank (Fig. 1), while four did not
respond upon initial BV treatment (Fig. 2). We then eval-
uated parameters obtained in the MR images to determine
if there were any predictors for tumor response to BV, The
pretreatment MR images were obtained on days —1 to —25
(median —10). The average pretreatment mADC value for
all lesions was 1249 (107° mm?¥s) (range 964-1672).
Tumor mADC values were above 1100 in all of the
responding tumors, in contrast to those in all non-
responding lesions that scored below 1100 (Fisher’s exact
test, p = 0.001) (Fig. 3), suggesting that a pretreatment
mADC value higher than 1100 may be predictive for a
rapid shrinkage of enhancing tumors. Interestingly, the
tumor mADC values decreased significantly after the first
BV treatment in all lesions except for one that did not
respond (paired ¢ test, p < 0.001) (Fig. 4). The average
mADC value after the first cycle of BV was 1051 (range
828-1320).

To determine whether the mADC value after the first
BV treatment (post-BV mADC) could also predict a further
response of the lesion to additional cycles of BV, the ratio
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Table 1 Summary of cases treated with bevacizumab monotherapy on temozolomide failure

[e}}

KPS Relapse PFS Out-

BV Relative
OR TV®

mADC Total

(pre-BV)

Months
from

MGMT BV BV

™Z TMZ

KPS Pathological RT (Gy)
(pre-BV) Dx cycles

Gender

No Age

come (months)

(months)

(post

TV (ml)
(pre-BV)

line® cycles

status

OR

(years)

(10”6 mm2/3)

1st BV)

last RT

57
16.0

22
7.7

50
70
90
70
80
50
80
50
40

SD 063
PR 0.03
SD 088
SD 073
PR 0.13

61.7

1394
1354

77

nd
nd

CR

46
14
11

10

60
60 + SRT

60 + SRT

50

AA

40
70
70
70
80
60
80
30
30

Female

Male

74

45.0

25.7

15.2
5.6

35.8

21

SD
SD
SD
PD
SD
SD
CR

AA

51

o

33

1.5
23

964-1490°
1190
1273

o

GBM

Female

55
10.3

23.7
1

GBM-s

Female
Male

55

6.8
79

2.1

12

60

GBM-s

22
73

3.9

11.1

04

1.78

PR 0.67
SD  0.54
PR 0.24

PD

1009-1281°
1323
1281

6.7

ot

60
60

GBM

Female

3.9

8.4
152.8

7.6
43

GBM

Female

2.9

1.4
2.1

54

60 + SRT 40

40

GBM

Female
Male

8.3

729

1257-1672¢

1.9

PD

GBM

78

KPS Karnofsky Performance Scale, Dx diagnosis, RT radiotherapy, TMZ temozolomide, OR objective response, MGMT 0°-methylguanine-DNA methyltransferase, BV bevacizumab, mADC mean apparent diffusion
coefficient, pre-BV before the first BV treatment, TV tumor volume, PFS progression-free survival, OS overall survival, AA anaplastic astrocytoma, GBM glioblastoma, GBM-s, secondary GBM, SRT stereotactic

radiotherapy, CR complete response, PR partial response, SD stable disease, PD progressive disease, nd not determined, # methylated promoter, U unmethylated promoter, D, dead

° The ratio of tumor volume at the first MR imaging post-bevacizumab treatment compared with that of the baseline

2 Previous chemotherapy included bevacizumab
¢ The lowest and highest values of multiple lesions
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Pre-BV

Fig. 2 Post-contrast T1-weighted images aligned side-by-side with
the corresponding ADC maps in patients with tumors which did not
respond to BV (a, b, ¢, d: case 3; e, f, g, h: case 6). Note that the non-
responding lesions have mADC values below 1100 (107° mm?*s). In
case 3, the anterior frontal lesion with an initial mADC of 964

2.5+

2.0

1.5

L0

Relative tumor volume (%Baseline)

T T T T v
1000 1200 1400 1600 1800

Mean ADC value (10 °mm?/sec)

T
800

Fig. 3 Clear correlation between mean ADC values and changes in

tumor size after a single BV treatment in recurrent high-grade glioma

lesions. All lesions with mADC above 1100 (10~6 mm?/s) shrink,

while those with lower mADC continue growth (Fisher’s exact test,
= 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 test,
p = 0.045) and all five high post-BYV 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
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mADC

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

800

600

400

Mean ADC value (10-5mm?/sec)

200

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 TV gAY vV
(107° mm%s) (%baseline) (%baseline) (%lst
e (1st F/U (2nd F/U MRI)
Before After MRI) MRI) (2nd
F/U
MRI)
1 P/T 13942 8425 627 21.8 349
2 T 1353.6 1135.8 33 0.0 0.0
3 F 1490.1 11256 66.1 63.6 96.3
F-AL 9643 1092.0 2064 4455 2159
F-AM 971.1  841.1 1209 135.5 112.1
F-MF  1227.6 930.0 298 304 103.1
F-PM 10445 9618 1232 225.6 183.1
F-BG 11875 11554 728 15.2 20.9
T 1272.6 1053.0 129 0.0 0.0
T 1008.9 827.6 204.6 na na
F 1281.1 1267.7 448 na na
cC 13234 11929 665 18.3 279
PT 12809 9774 53.8 106.7 198.4
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, T 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. PFS from the initiation of BV therapy was
2.2 months [95 % confident interval (CI) 1.8-2.6 months].
PES for two patients (cases 3 and 6) having a lesion with
mADC value <1100 (low mADC) was short (0.4 months),
whereas PFS 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 number (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).

VEGEF 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 treatment 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"6mm2/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“6 mmz/s), 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 ol 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 PFES 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 tumor [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 PES 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 tumors 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 VEGE/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 intriguing to investi-
gate methods of delineating (umors in which BV would
provide long-term response in the future.
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Abstract

Background: This research paper presents a valid treatment strategy for recurrent glioblastoma multiforme (GBM)
using hypofractionated stereotactic radiotherapy by intensity modulated radiation therapy (HS-IMRT) planned with
"'C-methionine positron emission tomography (MET-PET)/computed tomography (CT)/magnetic resonance imaging
(MRI) fusion.

Methods: Twenty-one patients with recurrent GBM received HS-IMRT planned by MET-PET/CT/MRI. The region of
increased amino acid tracer uptake on MET-PET was defined as the gross tumor volume (GTV). The planning target

given as 5- to 7-Gy daily for 5 days.

radiation therapy, ''C-methionine PET

volume encompassed the GTV by a 3-mm margin. Treatment was performed with a total dose of 25- to 35-Gy,

Results: With a median follow-up of 12 months, median overall survival time (OS) was 11 months from the start of
HS-IMRT, with a 6-month and 1-year survival rate of 71.4% and 38.1%, respectively. Karmnofsky performance status
was a significant prognostic factor of OS as tested by univariate and multivariate analysis. Re-operation rate was
4.83% for radiation necrosis. No other acute or late toxicity Grade 3 or higher was observed.

Conclusions: This is the first prospective study of biologic imaging optimized HS-IMRT in recurrent GBM. HS-IMRT
with PET data seems to be well tolerated and resulted in a median survival time of 11 months after HS-IMRT.

Keywords: Recurrent glioblastoma multiforme, Hypofractionated stereotactic radiotherapy, Intensity modulated

Background

In recurrent gliomas retreated with radiation therapy, pre-
cise dose delivery is extremely important in order to reduce
the risk of normal brain toxicity. Recently, novel treatment
modalities with increased radiation dose-target conformal-
ity, such as intensity modulated radiation therapy (IMRT),
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have been introduced [1-4]. While IMRT has superior tar-
get isodose coverage compared to other external radiation
techniques in scenarios involving geometrically complex
target volumes adjacent to radiosensitive tissues, planning
and delivery in IMRT are resource intensive and require
specific and costly software and hardware.

Gross tumor volume (GTV) delineation in gliomas has
been traditionally based on computed tomography (CT)
and magnetic resonance imaging (MRI). However, *'C-
methionine positron emission tomography (MET-PET)
for high-grade gliomas was recently demonstrated to
have an improved specificity and sensitivity and is the

© 2014 Miwa et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (httpy//creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain

Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,

unless atherwise stated.
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rationale for the integration of biologic imaging in the treat-
ment planning [5-8]. In previous studies using MET-PET/
MRI image fusion, we demonstrated that biologic im-
aging helps to detect tumor infiltration in regions with a
non-specific MRI appearance in a significant number of pa-
tients [9-11]. Moreover, non-specific post-radiotherapeutic
changes (e.g., radiation necrosis, gliosis, unspecific blood—
brain barrier disturbance) could be differentiated from
tumor tissue with a higher accuracy [12-14]. A recent
study demonstrated that MET-PET could improve the
ability to identify areas with a high risk of local failure in
GBM patients [15].

Based on the prior PET studies, we hypothesized that
an approach of hypofractionated stereotactic radiother-
apy by IMRT (HS-IMRT) with the use of MET-PET data
would be an effective strategy for recurrent GBM. This
prospective study was designed to measure the acute and
late toxicity of patients treated with HS-IMRT planned by
MET-PET, response of recurrent GBM to this treatment,
overall survival (OS), and the time to disease progression
after treatment.

Methods

Patients eligibility

Patients were recruited from September 2007 to August
2011. Adult patients (aged =18 years) with histopatho-
logic confirmation of GBM who had local recurrent
tumor were eligible. Primary treatment consisted of sub-
total surgical resection in all patients. All patients had a
Karnofsky performance status (KPS) 260 and were pre-
viously treated with external postoperative radiotherapy
to a mean and median dose of 60 Gy (range 54 Gy-68
Gy) with concomitant and adjuvant Temozolomide
(TMZ) chemotherapy. Additional inclusion criteria con-
sisted of the following: age 18 years or older; first macro-
scopical relapse at the original site; and adequate bone
marrow, hepatic, and renal function. In all cases, a
multidisciplinary panel judged the resectability of the le-
sion before inclusion in this study. Thus patients with
non-resectable lesions were included in the study.

Study design

This prospective nonrandomized single-institution study
was approved by the Department of Radiation Oncology
of Kizawa Memorial Hospital Institutional Review Board.
Informed consent was obtained from each subject after
disclosing the potential risks of HS-IMRT and discussion
of potential alternative treatments. Baseline evaluation
included gadolinium-enhanced brain MRI and MET-PET,
complete physical and neurological examination, and
blood and urine tests within 2 weeks before treatment.
After completion of HS-IMRT, patients underwent a
physical and neurological examination and a repeat brain
MRI and MET-PET. TMZ chemotherapy was continued
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in a manner consistent with standard clinical use after
HS-IMRT course.

Imaging: CT

CT (matrix size: 512 x 512, FOV 50 x 50 c¢cm) was per-
formed using a helical CT instrument (Light Speed;
General Electric, Waukesha, WI). The patient head was
immobilized in a commercially available stereotactic mask,
and scans were performed with a 2.5-mm slice thickness
without a gap.

Imaging: MRI

MRI (matrix size: 256 x 256, FOV 25 x 25 c¢m) for radi-
ation treatment planning was performed using a 1.5-T
instrument (Light Speed; General Electric). A standard
head coil without rigid immobilization was used. An axial,
three-dimensional gradient echo T1-weighted sequence
with gadolinjum and 2.0-mm slice thickness were ac-
quired from the foramen magnum to the vertex, perpen-
dicular to the main magnetic field.

Imaging: MET-PET

An ADVANCE NXi Imaging System (General Electric
Yokokawa Medical System, Hino-shi, Tokyo), which pro-
vides 35 transaxial images at 4.25-mm intervals, was used
for PET scanning. A crystal width of 4.0 mm (transaxial)
was used. The in-plane spatial resolution (full width at
half-maximum) was 4.8 mm, and scans were performed in
a standard two-dimensional mode. Before emission scans
were performed, a 3-min transmission scan was per-
formed to correct photon attenuation using a ring source
containing 68Ge. A dose of 7.0 MBq/kg of MET was
injected intravenously. Emission scans were acquired for
30 min, beginning 5 min after MET injection. During
MET-PET data acquisition, head motion was continuously
monitored using laser beams projected onto ink markers
drawn over the forehead skin and corrected as neces-
sary. PET/CT and MRI volumes were fused using com-
mercially available software (Syntegra, Philips Medical
System, Fitchburg, W1I) using a combination of automatic
and manual methods. Fusion accuracy was evaluated by a
consensus of 3 expert radiologists with 15 years of experi-
ence using anatomical fiducials such as the eyeball, lacri-
mal glands, and lateral ventricles.

Radiation technique

Target volumes were delineated on the registered PET/
CT-MRI images and were used to plan HS-IMRT delivery.
In this preliminary study, GTV was defined as using an
area of high uptake on MET-PET (Figure 1). This high-
uptake region was defined using a threshold value for the
lesion versus normal tissue counts of radioisotope per
pixel index of at least 1.3. A previous study with high-
grade gliomas, comparing the exact local MET uptake
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contiguous tumor region.

Figure 1 An example of a target planned for a hypofractionated stereotactic radiotherapy using intensity modulated radiation
therapy. (A) Contrast-enhanced T1-weighted magnetic resonance imaging. (B) MC-methionine positron emiission tornography (MET-PET). Gross
tumor volume was defined as the region with high MET uptake (yellow line). The threshold for increased MET uptake was set to 21.3 in the

with histology of stereotaxically guided biopsies, demon-
strated a sensitivity of 87% and specificity of 89% for the
detection of tumor tissue at the same threshold of 1.3-fold
MET uptake relative to normal brain tissue [16]. Further,
this threshold was validated in a study using diffusion
tensor imaging in comparison with MET uptake [17].
Although the delineation of GTV was done by using
the automatic contouring mode (Philips Pinnacle v9.0
treatment planning system), the final determination of
GTV was confirmed by consensus among 3 observers
based on the co-registered MRI and PET data. The PET/
MRI fusion image was positioned properly by CT scans
equipped with Helical TomoTherapy (TomoTherapy Inc.,
Madison, WI). Finally, the GTV was expanded uniformly
by 3 mm to generate the planning target volume (PTV).
The prescribed dose for re-irradiation was based on tumor
volume, prior radiation dose, time since external post-
operative radiotherapy, and location of the lesion with
proximity to eloquent brain or radiosensitive structures.
Radiosensitive structures, including the brainstem, optic
chiasm, lens, optic nerves, and cerebral cortex, were out-
lined, and dose-volume histograms for each structure were
obtained to ensure that doses delivered to these structures
were tolerable. Considering these different conditions, the
dose for PTV was prescribed using the 80-95% isodose
line, and the total doses were arranged from 25 Gy to 35
Gy in each patient. The dose maps and dose-volume histo-
grams of a representative case are illustrated in Figure 2.

Chemotherapy

After HS-IMRT course, a dose of 200 mg/m®/day for
5 days with TMZ chemotherapy was administered. Cy-
cles were repeated every 28 days with 3 or more cycles
after HS-IMRT. Treatment was discontinued when un-
equivocal progression or severe toxicity occurred. TMZ

was not administrated in patients who refused treatment
or did not meet inclusion criteria. Patient inclusion cri-
teria for TMZ chemotherapy consisted of the following:
KPS score 50 or higher; evidence of good maintenance
of major organ function (bone marrow, liver, kidney,
etc.) in routine laboratory studies; expected to survive
more than 3 months.

Follow-up

Regular serial neurological and radiological examinations
were initially performed at 1 month after completion of
treatment and then every 2 months thereafter or in the
event of neurological decay. Follow-up examinations in-
cluded MRI and MET-PET imaging. If the MRI revealed
further enlargement of the enhanced mass, the lesion
was diagnosed as “local progression”, and the day on
which MRI first revealed lesion enlargement was defined
as the date of progression. However, in cases with low
MET uptake on PET in the MRI-enhanced lesion, the
diagnosis was changed to “radiation necrosis”. The cri-
terion of MET-PET differential diagnosis between local
progression and radiation necrosis was utilized in a pre-
vious MET-PET study by Takenaka et al. [18]. However,
all patients couldn’t be applied with PET examination in
the follow up study. In cases without PET examination,
diagnosis of radiation necrosis was based on pathologic
examination or clinical course. Cases in which lesions
showed spontaneous shrinkage or decreased in size during
corticosteroid treatment were also defined as “radiation
necrosis”. A diagnosis of “distant failure” was defined
as the appearance of a new enhanced lesion distant
from the original tumor site. Either local progression or
distant failure was defined as disease progression. Acute
and late toxicities were determined based on the Common
Terminology Criteria for Advance Events (version 4).
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Statistical analysis

Survival events were defined as death from any cause for
OS and as disease progression for progression-free sur-
vival (PES). OS and PFS were analyzed from the date of
HS-IMRT to the date of the documented event using
the Kaplan-Meier method. Tumor- and therapy-related
variables were tested for a possible correlation with sur-
vival, using the Log-rank test. Variables included age
(250 vs. <50), KPS (270 vs. <70), and combined TMZ
chemotherapy (“yes” vs. “no”). P-values of less than 0.05
were considered significant. Prognostic factors were fur-
ther evaluated in a multivariate stepwise Cox regression
analysis.

Results

Twenty-one patients (18 men, 3 women) with histologi-
cally confirmed GBM were enrolled in this trial (Table 1).
The median patient age was 53.9 years (range 22-76),
and median KPS was 80 (range 60—90).

The median elapsed time between external postopera-
tive radiotherapy and study enrollment was 12 months
(range, 3—-48 months). HS-IMRT was performed in 5
fractions, keeping a total dose for the PTV at 25 Gy in 6
patients, 30 Gy in 11 patients, and 35 Gy in 4 patients,
given as 5- to 7-Gy daily over a period of 5 days. The
average PTV was 27.4 = 24.1 cm® (3.4 - 102.9 cm®). All

21 patients completed the prescribed HS-IMRT course.
Overall, thirteen patients (62%) received combined mo-
dality treatment with TMZ.

Toxicity assessment

No patients demonstrated significant acute toxicity, and
all patients were able to complete the prescribed radi-
ation dose without interruption. In the late phase, Grade

Table 1 Patient characteristics

Parameter n (%)
Age, years
250 13 (62)
<50 8 (38)
Gender
Male 18 (86)
Female 3(14)
KPS score
270 16 (76)
<70 5(24)
Combined TMZ chemotherapy
Yes 13 (62)
No 8(38)

Abbreviations: KPS Karnofsky performance status, TMZ temozolomide.
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2 radiation necrosis was observed in 1 patient, although
the lesion was decreased in size during corticosteroid
treatment. One patient who received a dose of radiation of
25.0 Gy, experienced Grade 4 radiation necrosis in the
form of mental deterioration 4 months after HS-IMRT. In
this case, a second necrotomy was required 5 months after
HS-IMRT. Although after a second surgery, the patient’s
clinical condition was stable for a long period, disease
progression occurred 40 months after HS-IMRT, causing
death. The actuarial reoperation rate was 4.8% for radi-
ation necrosis.

Outcomes

With a median follow-up of 12 months, the median OS
was 11 months from the date of HS-IMRT, with a 6-
month and 1-year survival rate of 71.4% and 38.1%, re-
spectively (Figure 3A). The survival rates by age, KPS,
and TMZ chemotherapy are shown in Figure 4A-C. OS
of patients with KPS 70 or over was 12 months versus
5 months for patients with KPS less than 70. KPS was a
significant prognostic factor of OS as tested by univari-
ate analysis (p <0.001). OS of patients who received
combined TMZ chemotherapy was 12 months versus
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6 months for patients who did not receive chemotherapy.
The differences between the two groups approached sig-
nificance (p = 0.079). In the multivariate model, only KPS
remained statistically significant (p = 0.005) (Table 2).

The median PFS was 6 months from the date of HS-
IMRT treatment, with a 6-month and 1-year survival rate
of 38.1% and 14.3%, respectively (Figure 3B). KPS was the
significant prognostic factor for PFS as tested by univariate
analysis (p =0.016). On multivariate analysis, none of the
variables were significantly predictive of PFS (Table 3).

A representative case is shown in Figure 5, in which a
follow-up MET-PET scan was performed to improve the
diagnostic accuracy.

Discussion

Recently, much work has been performed on various frac-
tionation regimens and dose escalation with IMRT for
GBM. These studies reveal relatively favorable survival re-
sults [1-4], although a distinct advantage over conventional
radiation therapy has not been demonstrated. However,
if a precise conformal treatment technique such as HS-
IMRT is utilized, and a greater biologic dose to the infil-
trating tumor is achieved through hypo-fractionation, it
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could be possible to deliver an effective therapy that may
increase patient survival without increasing morbidity. To
meet these requirements, the contouring of the target vol-
ume is of critical importance.

PET is a newer imaging method that can improve the
visualization of biological processes. In recent PET stud-
ies, analysis of the metabolic and histologic character-
istics provided evidence that regional high MET uptake
correlates with the malignant pathologic features [6-8,16].

Table 2 Analysis of prognostic variables for overall survival

Furthermore, nonspecific post-therapeutic changes could
be differentiated from tumor tissue with a higher accuracy
[12-14]. These findings support the notion that comple-
mentary information derived from MET uptake may be
helpful in developing individualized, patient-tailored ther-
apy strategies in patients with recurrent GBM.

This prospective study was designed to measure the
acute and late toxicity of patients treated with HS-IMRT
planned by MET-PET, response of recurrent GBM to

Table 3 Analysis of prognostic variables for progression -
free survival

Variables Median Univariate Multivariate  Variables Median Univariate Multivariate
survival analysis* analysis' survival analysis* analysis'
(months) p value p value (months) p value p value
Age Age
250 10 0931 250 0.279
<50 N <50
KPS KPS
270 12 <0.001 0.005 270 6 0016 0.059
<70 5 <70 5
Combined TMZ Combined TMZ
chemotherapy chemotherapy
Yes 12 0.079 0.581 Yes 6 0447 0479
No 6 No 5

Abbreviations as in Table 1.
Statistical analyses were performed with *Log - rank test and TCox’s proportional
hazards model.

Abbreviations as in Table 1.
Statistical analyses were performed with *Log - rank test and fCox’s proportional
hazards model.
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quality of life issues. KPS was 90%.
-

Figure 5 Recurrent glioblastoma multiforme (GBM) in a 55-year-old man before and after hypofractionated stereotactic radiotherapy
by intensity modulated radiation therapy (HS-IMRT), Before HS-IMRT, two enhanced lesions (fong and short arrow) were demonstrated in the
left temporal lobe on T1-weighted magnetic resonance imaging (A). ''C-methionine positron emission tomography (MET-PET) demonstrated a
MET high-uptake on the region of short arrow, which was defined as the Gross Tumor Volume (red line) (B). 5 months after HS-IMRT, there was
no tumor recurrence on the lesion (long arrow, C & D). The enhanced lesion (short arrow) was increased in size (C), although MET uptake
decreased relative to normal tissue, which suggested a necrotic change in the irradiated region (D). The patient had no neurologic deficits or

J

this treatment, OS, and the time to disease progression
after treatment. We found that the OS rate from re-
irradiation was 11 months and that the 6-month and
1-year OS rates were 71.4% and 38.1%, respectively
(Figure 3). The survival results of our study appeared to
be favorable compared to prior studies using other hypo-
fractionated stereotactic radiotherapy in recurrent ma-
lignant glioma [19-22]. Also, we observed an improved
toxicity profile, suggesting that hypofractionated stereotac-
tic radiotherapy should be considered standard salvage
therapy for previously irradiated high-grade gliomas [23].
We hypothesized that MET-PET/CT/MRI image fusion
could facilitate target volume delineation and normal
tissue sparing. This might lead to an improved thera-
peutic ratio, especially in pre-treated patients, in which
post-therapy changes in CT or MRI, as with contrast en-
hancement, are difficult to distinguish from tumor recur-
rence (Figure 5).

In our study, KPS = 70% was associated with longer pa-
tient survival, as previously described for recurrent GBM
[21]. In addition, we observed a trend toward a beneficial
effect on OS when combining TMZ chemotherapy

372

(Figure 4C, Table 2). We estimated that the addition
of TMZ might be particularly effective if the radiation
dose to normal brain tissue was limited by better tar-
geting. However, the impact of TMZ along with the
methylation status of the O-6-methylguanine-DNA meth-
yltransferase (MGMT) on survival was not systematically
evaluated in the present study. This study has a selection
bias which necessitates prospective studies, as the pa-
tients with methylated MGMT or who were in better
clinical condition were more likely to have received adju-
vant TMZ chemotherapy. Nevertheless, the results of
this study support our initial work and further estab-
lish the efficacy of this HS-IMRT regimen combined with
TMZ.

Both single-fraction stereotactic radiosurgery and brachy-
therapy have been reported to have modest utility as pal-
liative salvage interventions; however, both have been
associated with high rates of re-operation because of the
associated toxicity [24,25]. Our initial experience with
HS-IMRT used the 5- to 7-Gy fractions to a maximum of
35 Gy and reported an actuarial reoperation rate of 4.8%
for radiation necrosis, providing additional support that
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this dose and fraction size is well tolerated. In our opin-
ion, MET-PET/CT/MR image fusion could facilitate tar-
get volume delineation and normal tissue sparing, which
might lead to an improved therapeutic ratio. MET-PET/
CT/MR image fusion planning, which examines biological
behavior in re-irradiation, seems not only to decrease the
likelihood of geographical misses in target volume defin-
ition, but also to facilitate normal tissue sparing and tox-
icity reduction, especially when conformal treatment
technique such as HS-IMRT is implemented.

Conclusions

This is the first prospective study using biologic imaging
to optimize HS-IMRT using MET-PET/CT/MRI image
fusion in recurrent GBM. A low frequency of side effects
was observed. HS-IMRT with PET data seems to be well
tolerated and resulted in a median survival time of
11 months after HS-IMRT, although a properly designed
randomized trial are necessary to firmly establish whether
the present regimen is superior to the other treatment
methods for recurrent GBM.
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Bevacizumab treatment leads to observable morphological
and metabolic changes in brain radiation necrosis

Shingo Yonezawa - Kazuhiro Miwa * Jun Shinoda - Yuichi Nomura -
Yoshitaka Asano * Noriyuki Nakayama *+ Naoyuki Ohe - Hirohito Yano *

Toru Iwama

Received: 7 January 2014/ Accepted: 20 April 2014
© Springer Science+Business Media New York 2014

Abstract We investigated morphological and metabolic
changes of radiation necrosis (RN) of the brain following
bevacizumab (BEV) treatment by using neuroimaging.
Nine patients with symptomatic RN, who had already been
treated with radiation therapy for malignant brain tumors (6
glioblastomas, 1 anaplastic oligodendroglioma, and 2
metastatic brain tumors), were enrolled in this prospective
clinical study. RN diagnosis was neuroradiologically
determined with Gd-enhanced MRI and 11C-methionine
positron emission tomography (MET-PET). RN clinical
and radiological changes in MRI, magnetic resonance
spectroscopy (MRS) and PET were assessed following
BEV therapy. Karnofsky performance status scores
improved in seven patients (77.8 %). Both volumes of the
Gd-enhanced area and FLAIR-high area from MRI
decreased in all patients after BEV therapy and the mean
size reduction rates of the lesions were 80.0 and 65.0 %,
respectively. MRS, which was performed in three patients,
showed a significant reduction in Cho/Cr ratio after BEV
therapy. Lesion/normal tissue (L/N) ratios in MET- and
11C-choline positron emission tomography (CHO-PET)
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decreased in 8 (89 %) and 9 patients (100 %), respectively,
and the mean L/N ratio reduction rates were 24.4 and
60.7 %, respectively. BEV-related adverse effects of grade
1 or 2 (anemia, neutropenia and lymphocytopenia) occur-
red in three patients. These results demonstrated that BEV
therapy improved RN both clinically and radiologically.
BEV therapeutic mechanisms on RN have been suggested
to be related not only to the effect on vascular permeability
reduction by repairing the blood—brain barrier, but also to
the effect on suppression of tissue biological activity, such
as immunoreactions and inflammation.

Keywords Bevacizumab - Radiation necrosis - Positron
emission tomography - Magnetic resonance imaging -
Magnetic resonance spectroscopy

Introduction

Radiotherapy plays an important role among multidisci-
plinary therapies for malignant brain tumors and contrib-
utes to extension of survival time. However, radiation
necrosis (RN), which is a late effect after radiation therapy
for brain tumors, is still one of the most critical pathologies
in the neuro-oncology clinic. More importantly, the risk of
RN may increase with propagation of high power modal-
ities for radiation therapy. RN often represents symptom-
atic disorders with general and neurological deterioration
and sometimes leads to mortal conditions because of
intensive brain edema around the growing necrotic core.
Currently, the best non-surgical treatment for RN is
hyperbaric oxygen therapy or combination therapies using
steroids, anti-coagulants, and vitamin E; however, the
resulting clinical effects are minimal [1, 2]. Surgical
removal of the necrotic lesion is another treatment that
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controls intensive brain edema as well as simultaneously
examines for the presence of tumor recurrence. However,
there are therapeutic limitations of RN surgical removal in
cases of lesions in unresectable areas [3].

Strongly related to tumor progression, vascular endo-
thelial growth factor (VEGF) has been thought to play a
major part in angiogenesis, i.e., VEGF can facilitate pro-
liferation and migration of vascular endothelial cells and
increase vascular permeability. Bevacizumab (BEV) is a
molecular-target medicine using a humanized murine
monoclonal antibody that can selectively inhibit VEGF
biological effects and has been clinically used in treatment
of various solid tumors, inhibiting tumor angiogenesis [4].
In addition, VEGF is responsible for factors related to RN
deep growth. Nordal et al. [5] have reported that VEGF
knockout mice are resistant to radiation injury. Nonoguchi
et al. [6] suggested that VEGF-producing astrocytes con-
centrated in perinecrotic areas might be a universal cause
of pathological angiogenesis in RN and subsequent per-
ilesional edema. Therefore, BEV has been expected to be a
promising new agent for RN treatment.

Potential beneficial effects of BEV treatment on RN
were first reported by Gonzalez et al. [7] in their retro-
spective clinical analysis in 2007. This study was followed
by a 2011 randomized double-blind placebo-controlled
trial of BEV therapy for RN by Levin et al. [8]. They
reported that all BEV-treated patients demonstrated
decreases in necrosis volumes estimated by both FLAIR
and Tl-weighted Gd-enhanced MRI [7, 8]. Clinical
improvement in RN patients by BEV treatment has also
been shown in other reports [7-10].

To our knowledge, there have been no reports on the
metabolic evaluation of BEV effects on RN. Thus, in the
present study, for the first time, we report both morpho-
logical and metabolic changes of RN following BEV
treatment using MRI, proton magnetic resonance spec-
troscopy (MRS), 11C-methionine positron emission
tomography (MET-PET), and 11C-choline positron emis-
sion tomography (CHO-PET). In addition, clinical effects
and adverse events of BEV treatment are described.

Methods
Patient population

Nine symptomatic cerebral RN patients aged 37-64 years
(average: 52.8 years), who had already been treated with
radiation therapy for their malignant brain tumors (6 glio-
blastomas (GBM), 1 anaplastic oligodendroglioma, and 2
metastatic brain tumors), with neither clinical nor radio-
logical improvement upon medical treatment with steroids,
were enrolled in the clinical pilot study using BEV against

@ Springer

376

RN at Kizawa Memorial Hospital between June 2010 and
September 2011. Radiological RN was diagnosed based on
neuroimaging criteria described below (in “Diagnosis of
RN” section). This prospective nonrandomized single-
institution study was approved by the local ethics com-
mittee of Kizawa Memorial Hospital. Each patient pro-
vided written informed consent prior to treatment and
inclusion in this study. All patient characteristics are shown
in Table 1. All 6 GBM patients were treated by hypo-
fractionated radiotherapy according to our institutional
protocol [11, 12].

Patient eligibility criteria for study enrollment consisted
of the following: receipt of cranial irradiation for brain
neoplasm or neoplasm adjacent to brain or head and neck
cancer; diagnosed with RN by MET-PET; developed
symploms due to the necrotic lesion; Karnofsky perfor-
mance status (KPS) score 60 or higher; no evidence of
symptom improvement by conventional medical treatment;
difficulty or high risk in necrotic lesion removal; evidence
of good maintenance of major organ function (bone mar-
row, liver, kidney, etc.) in routine laboratory studies;
expected to survive more than 3 months; able to under-
stand and willing to sign a written informed consent
document.

Exclusion criteria for this study included the following:
prominent infection; high fever (>100.4 °F); clinically
significant complications such as cardiovascular disease,
pulmonary fibrous, interstitial pneumonia, bleeding ten-
dency, uncontrollable hypertension or diabetes mellitus at
the time of study; active bleeding (such as intracranial,
gastrointestinal, urinary, retroperitoneal, pulmonary, tra-
cheo-bronchial hemorrhage); severe BEV hypersensitivity;
pregnancy or lactation or the willingness and expectation to
become pregnant; and judged to be inappropriate for the
study by the medical attendant.

BEV therapy

All 9 patients were treated using BEV intravenously with a
dose of 5 mgrkg biweekly (one cycle), for a total dose of
30 mg/kg (6 cycles).

MRI

MRI was performed with a 3.0 T system (Achieva; Philips
Medical Systems, Milwaukee, WI). Axial TI1-weighted
images (TR/TE/NEX = 350/9/2) and T2-weighted images
(2300/100/2) (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 gadolinium (Gd) (Gd-DTPA,
Magnevist; Nihon Shering, Osaka, Japan) (Gd-MRI) using
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Table 1 Clinical features of RN patients

Case Age Sex Primary umor RT (Gy) Interval after RT  Symptoms Survival after BEV
no. pathology (months) therapy (months)
1 45 M GBM 68(GTV1[“])/8F1‘ 15 Seizure, aphasia, motor weakness 12 (alive)

2 37 F GBM 68(GTV1!1y/8Fr 12 Motor weakness 35 (alive)

3 58 M GBM 68(GTV 1M y8Rr 25 Motor weakness, headache 19

4 55 M GBM 68(GTV1Hy/8F, 6 Headache 18 (alive)

5 57 M GBM 68(GTVI!y/8Fr 15 Motor weakness 12

6 54 M META (lung) 30(WB) + 20(SRS) 15 Seizure, motor weakness 10

7 51 F META (lung)  30(SRT)/SFr 23 Headache, numbness 23 (alive)

8 54 M AO 60(EL) + 25(SRT)/5Fr 13 Seizure, motor weakness 20

9 64 M GBM 68(GTV1!y/8Fr 3 Disorientation, motor weakness 14

RN radiation necrosis, GBM glioblastoma, META metastatic brain tumor, AO anaplastic oligodendroglioma, RT radiation therapy, GTV gross
tumor volume, Fr fraction, SRS stereotactic radiosurgery, SRT stereotactic radiotherapy, WB whole brain, EL extended local, BEV bevacizmab

the following parameters: no gap; 1.0-mm thickness; TR/
TE = 20.0/1.6 ms; flip angle = 15°; NEX = 1; and axial
views.

The volume of Gd-enhanced area on T1-weighted MRI
(Gd-volume) and that of the abnormal hyperintense area on
fluid attenuated inversion recovery (FLAIR) (FLAIR-vol-
ume) before and after BEV therapy were measured in each
case using an image analysis program in combination with
Dr. View/Linux image analysis software (INFOCOM
CORPORATION, Tokyo, Japan). On each axial MRI slice,
those areas were manually outlined, measured and summed
across slices. These sums were multiplied by the slice
interval. The size reduction rates of the Gd-volume and
FLAIR-volume were calculated by the formulas below.

Size reduction rate of Gd - volume
= (Gd - volume before BEV therapy
— Gd - volume after BEV therapy)
/Gd - volume before BEV therapy

Size reduction rate of FLAIR - volume
= (FLAIR - volume before BEV therapy
— FLAIR - volume after BEV therapy)
/FLAIR - volume before BEV therapy

MRS

Proton MRS was performed in all 9 patients with the same
3.0-T system using an 8-channel SENSE head coil as
mentioned above. Following conventional MRI, but prior
to contrast administration, MRSI data were acquired using
two dimensional point-resolved spectroscopy (2D-PRESS)
slice-selective spin echo sequence with automatic shim-
ming and Gaussian water suppression. Measurement
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parameters were 2000/288 ms (TR/TE), 23 x 19 cm field
of view (FOV), 23 x 18 phase encoding steps, and 8 mm
section thickness. The T2-weighted images were used as
scout images for the placement of the rectangular volume
of interest (VOI) for MRSI acquisition, which extended
beyond the suspected RN (hyperintense areas on T2-
weighted images) to include normal appearing brain tissue,
allowing recording of control spectra. To prevent strong
contribution to the spectra from subcutaneous fat signals,
the VOI was completely enclosed within the brain. The
metabolite peaks were assigned as choline (Cho) at
3.22 ppm and creatine (Cr) at 3.02 ppm. Spectroscopic
data were processed on an independent Philips workstation
by SpectroView. For multi-voxel MRS analysis, Cho/Cr
ratios of each of the 9 voxels in the RN lesions before and
after BEV therapy were measured in 3 patients (Cases 2, 7
and 9) in which reliably analyzable spectroscopic data
without any remarkable baseline inconsistency could be
obtained.

PET

PET was carried out according to standardized procedures
recommended by the Japan Radioisotope Association. The
PET scanner was an ADVANCE NXi Imaging System
(General Electric Yokokawa Medical System, Hino-shi,
Tokyo, Japan), 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 stan-
dard 2D mode. Before the emission scan was performed, a
3 min transmission scan was performed to correct photon
attenuation with a ring source containing *®Ge. Patients had
fasted for at least 4 h before PET. A venous cannula was
inserted into the forearm for radiopharmaceutical

@ Springer



J Neurooncol

injections. From this cannula, blood samples could also be
collected if necessary. A dose of 5.0 MBqg/kg of MET or
5.0 MBg/kg of CHO was injected intravenously, depend-
ing on the particular examination. Emission scans were
acquired for 30 min, beginning 5 min after MET injection;
and for 7 min, beginning 2 min after CHO injection.
During PET data acquisition, head motion was continu-
ously 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. For
lesion evaluation on PET imaging, we calculated a ratio
between the maximum of standard uptake value (SUV) of
PET tracer in lesions and the mean of SUV of PET tracer in
the normal cortex in the opposite side of the brain (lesion/
normal tissue (L/N) ratio) using Dr.View (INFOCOM
CORPORATION, Tokyo, Japan).

MET and CHO L/N ratios before and after BEV therapy
were measured in each case. The reduction rates of MET L/
N ratio and of CHO L/N ratio were calculated by the for-
mulas below.

Reduction rate of MET L/N ratio
= (MET L/N ratio before BEV therapy
— MET L/N ratio after BEV therapy)
/MET L/N ratio before BEV therapy

Reduction rate of CHO L/N ratio
= (CHO L/N ratio before BEV therapy
— CHO L/N ratio after BEV therapy)
/CHO L/N ratio before BEV therapy

Clinical evaluations

KPS, blood—chemical examinations, MRI, MRS, and PET
were evaluated before and after BEV therapy. These clin-
ical and radiological parameters after BEV therapy were
obtained within 7 days after BEV therapy completion. For
KPS, a score increase of 10 points or greater following
BEV therapy was defined as improved.

Statistical analysis

Student’s ¢ test was used for statistical analysis to compare
the KPS score, Gd-volume, FLAIR-volume, MET L/N
ratio, and CHO L/N ratio before and after BEV therapy.
Student’s paired ¢ test was used for the Cho/Cr ratio. Dif-
ferences of p < 0.05 were considered statistically signifi-
cant. All data were analyzed using SPSS 2 for Windows.
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Diagnosis of RN

Radiological RN diagnosed by the criteria below was
defined as RN. First, for Gd-MRI, newly enhanced lesions
within areas previously irradiated for treatment were
regarded as RN candidates. Additionally, for Gd-MRI,
lesions showing a MET L/N ratio less than 2.51 were
defined as RN and BEV therapy candidates. This criterion
of MET-PET differential diagnosis was utilized in a pre-
vious MET-PET study by Takenaka et al. [13].

Results
MRI

Both Gd- and FLAIR-volumes of RN on MRI decreased in
all patients after BEV therapy (Table 2). The mean size
reduction rates were 80.0 and 65.0 % in Gd- and FLAIR-
volumes, respectively (Table 2). RN radiological change
on MRI of a representative case (Case 1) is shown in
Fig. 1. The mean values of both Gd- and FLAIR-volumes
before BEV therapy were 39.9 and 156.7 ml, respectively,
and those after BEV therapy were 8.3 and 50.8 ml,
respectively (Fig. 2). The mean values of both Gd- and
FLAIR-volumes were significantly decreased after BEV
therapy (p = 0.01 in Gd-volume and p < 0.001 in FLAIR-
volume) (Fig. 2).

MRS

Mean Cho/Cr ratios of RN before and after BEV therapy in
Case 2, 7, and 9 were 4.03 and 2.87, 3.76 and 1.93, and
3.90 and 3.44, respectively (Table 3). Mean Cho/Cr ratios
after BEV therapy were significantly decreased in each of
these three cases (p < 0.07, p < 0.016, and p < 0.14 in
Case 2, 7, and 9, respectively) (Table 3; Fig. 3).

PET

RN MET and CHO L/N ratios decreased in 8 (89 %) and 9
patients (100 %), respectively (Table 2). Mean reduction
rates of MET and CHO L/N ratios were 24.4 and 60.7 %,
respectively (Table 2). Radiological change of RN on PET
of a representative case (Case 1) is shown in Fig. 1. The
mean values of MET and CHO L/N ratios of the 9 patients
before BEV therapy were 2.19 and 9.24, respectively, and
after BEV therapy were 1.71 and 3.19, respectively
(Fig. 2). Mean values of MET and CHO L/N ratios sig-
nificantly decreased after BEV therapy (p = 0.01 in MET
and p = 0.002 in CHO) (Fig. 2).



