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primary cancer and tumor location in the eloquent cortex were
significantly associated with complications. However, no chro-
nologic data were presented in their article, and there was no
description of delayed complications. Varlotto et al reported (11)
that among 137 patients with brain metastases who survived for at
least 1 year after GKRS, postradiosurgical sequelae developed in
2.8% and 11.4% of patients at the first and fifth year, respectively,
after GKRS. The incidence of 11.4% at the fifth post-GKRS year
was far higher than our result, 4.2%. In their study, only the
standard Kaplan-Meier method was used. This method assumes
that follow-up of those developing a competing event (death) is
simply censored. We consider competing risk analysis to have
been necessary for evaluation of their data (6, 7). Furthermore,
their Kaplan-Meier plot of the proportion without neurologic
sequelae showed that none of their patients experienced neuro-
logic sequelae between the 24th and 120th post-GKRS months. In
other words, Varlotto et al (I1) observed complications that
occurred in a somewhat earlier post-GKRS period, 2 years or less.
By contrast, herein we have described delayed complications
occurring 24 months or more after GKRS, and our data demon-
strated a time-related increase in the incidence (Fig. 1).

Predictive factors

Several authors have shown correlations with tumor volume and/
or WBRT and complications (11, 14-17). In our present study, the
only factor associated with delayed complications was larger
tumor volume. Nakagawa et al reported prior or concomitart
WBRT to be a possible sk factor for low-grade dementia (16).
‘We also observed 1 patient in whom severe dementia occurred
after WBTR followed by GKRS (8). However, in our series,
a small number of patients—only 4—underwent WBRT, so the
correlation between WBRT and delayed complications was
unclear. It is common knowledge in radiobiology that higher
irradiation doses carmry a higher risk of complications. The median
peripheral dose, 24.0 Gy, in the subset reported here was higher
than the 21.0 Gy in our entire cohort (2000 cases). We cannot deny
that such a relatively high dose may have an impact on delayed
complications, although univariate analysis did not demonstrate
the peripheral dose to be a predictive factor for delayed compli-
cations in this study (Table 3).

Paddick and Lippitz (10) found, among several radiosurgical
parameters, the gradient index to be a crucial factor for compli-
cation avoidance. Also, Ishikawa et al (3) described, as noted in
our previous report on delayed cyst formation after GKRS for
patients with brain metastases, that a poor gradient index may
partially explain the observed phenomenon. However, univariate
analysis did not demonstrate the gradient index to be a predictive
factor for delayed complications in this study. Although Varlotto
et al (11) found that complications correlated with brain volume
receiving >12 Gy and we reported receiving >5 Gy to be
important (12), neither >12 Gy nor >5 Gy irradiated brain volume
was associated with delayed complications in our present study.

Pathogenesis

The first author (M. Y.) previously reported post-GKRS sequelae (ie,
expanding mass lesions with or without cyst formation) occurring
many years after GKRS for arteriovenous malformations (18, 19).
Our present study revealed similar complications to occur in long-
term survivors after GKRS for brain metastases. As noted in our
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previous report, the mechanism of delayed cyst formation after
GKRS for brain metastases is speculated to be increased perme-
ability through partially injured blood vessel walls within the
degenerated or scar tissue (3). However, the mechanism of
enhanced mass lesions has yet to be fully elucidated. The histo~
pathologic changes of resected specimens in the 6 cases reported
herein were characterized as degenerated tissue mainly consisting
of fibrous tissue and various stages of hemorrhage, from fresh to
organized with hemosiderin deposits. Also, there was evidence of
neovascularization, enlarged vessels, and albuminous fluid exuda-
tion. In most cases, the irradiated metastatic lesions showed find-
ings from coagulation mecrosis to liquefaction necrosis and
ultimately collapsed, as Szeifert et al very recently described (20).
However, we speculate that in some other cases, degenerated tissue
remains for many years and reparative processes may oceur after
repeated intranidal microhemorrhage, which may finally cause an
expanding mass lesion, although the triggering mechanism remains
unknown. Therefore, the existence of a long-standing enhanced
area may be a risk factor for delayed complications.

Treatment

Observation alone is reasonable for compensated and asymp-
tomatic patients because spontaneous regression can be expected
in some, as is the case in patients with arteriovenous malforma-
tions. When delayed cysts and/or enhanced mass lesions are
symptomatic, surgical intervention should be considered. Even if
these conditions have not yet produced neurologic symptorms,
surgical intervention is recommended for patients whose cysts
and/or mass lesions show continuous expansion. For a patient with
a simple cyst, we believe that Ommaya reservoir placement may
be a better choice than fluid aspiration without a reservoir, because
some patients require reaspiration. Moreover, Ommaya tube
placement may maintain the drainage tract from the cyst to the
subarachnoid space, thereby preventing cyst regrowth. For
a patient with an enhanced mass lesion with or without cyst
formation, however, surgical resection should be considered even
if the mass lesion is not particularly large. In any case, the surgical
results of our present series were favorable.

Conclusions

In conclusion, 10.2% of long-surviving patients showed delayed
complications, with a median interval of 53 months (range, 24.0-
121.0 months) after GKRS for brain metastases. A larger tumor
volume, particularly larger than 10 cc, was a risk factor for these
complications. Long-term follow-up is crucial for patients with
brain metastases treated with GKRS because the risk of compli-
cations long after treatment is not insignificant. However, if
a delayed complication does occur, a favorable outcome can be
expected with timely surgical intervention. This is considered to
be quite different from WBRT, which causes the untreatable
complication of decreased NCF.
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Abstract

Objective The recurrence rate of meningioma after sur-
gery is high, and progression is often observed. The risk
factors for recurrence and progression are not clear. We
evaluated the risk factors for recurrence and progression in
meningioma using C-methionine (MET) positron emis-
sion tomography (PET).

Methods Thirty-seven  patients (mean  follow-up,
80 months) with an intracranial meningioma were enrolled.
MET PET was performed before treatment between 1995
and 2010, and patients were followed up in an out-patient
clinic. Surgery was performed in 33 patients, and a wait-
and-see approach was taken in four patients. We evaluated
the extent of tumor resection, location, WHO grade, Ki-67
labeling index, and lesion to normal ratio (LN ratio) of
MET uptake.

Results Six of the surgical cases had a recurrence, and
two of the observation-only patients had tumor progres-
sion. A high LN ratio of MET uptake was a significant risk
factor for recurrence and progression with univariate
analysis. The area under the curve of receiver operating
characteristic curve for the LN ratio of MET uptake was
0.754, and the optimal cutoff value was 3.18 (sensitivity
63 %, specificity 79 %). With multivariate analysis, a high
LN ratio of MET uptake, non-gross total resection, and a
high WHO grade were significant risk factors for pro-
gression and recurrence.
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Conclusion A high LN ratio of MET uptake was a risk
factor for tumor progression and recurrence. The advantage
of MET PET is that it is not invasive and can easily be used
to evaluate the whole tumor.

Keywords ''C-methionine PET - Meningioma -
Riskfactor of recurrence and progression - Multivariable
analysis - ROC analysis

Introduction

Meningioma is the most common primary brain tumor in
adults. The frequency of meningioma among all types of
brain tumors is 26.4 % in Japan [1] and 344 % in the
United States. Many histopathological subtypes exist. Most
meningiomas are benign, but World Health Organization
(WHO) grade I and grade Il meningiomas, which exhibit
aggressive clinical behavior, are found in 10 % of patients
with meningioma. We usually perform surgery for symp-
tomatic cases or cases with large tumors. For small and
asymptomatic cases, a wait-and-see approach is taken.
However, gross total resection (GTR) is difficult in some
surgical cases because of the tumor location and invasion
into the brain tissue and the venous sinus. The residual
tamor often recurs with malignancy, making the patient’s
prognosis poor. Meningiomas that are only observed
sometimes progress and require surgical resection. In pre-
vious papers, the recurrence rate after surgery was high.
Even if the tumor is removed completely, the recurrence
rate is between 7 and 32 %. After subtotal resection, the
recurrence rate is between 19 and 50 % [2-4].

The risk factors for progression and recurrence in
meningioma are not clear, and clarification of these factors
is important for determining surgical indications and
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treatment strategies. We usually use the Ki-67 labeling
index (L) to evaluate the proliferative activity, but surgery
is required to obtain a tissue specimen. Surgery is invasive
for the patient, and evaluating the risk of recurrence with
the Ki-67 LI is controversial because the tissue specimen
sometimes does not reflect the whole tumor.

In this study, we evalnated ¢ methionine (MET)
uptake of the whole tumor using MET positron emission
tomography (PET) to investigate the risk factors for
recurrence and progression.

Methods
Patients

From a database of patients who were examined with MET
PET, we retrospectively retrieved data for all 73 patients
who were diagnosed with intracranial meningioma
between 1995 and 2010. These cases were not a consecu-
tive series. We could not examine MET PET results for all
meningioma cases because the number of cases that could
be examined by MET PET per week in our facilities is
limited. Thirty-seven patients fulfilled the inclusion criteria
for this study: (1) patients were initially diagnosed with
meningioma; (2) MET PET was performed before surgery
or observation; (3) patients were followed at Osaka City
University Hospital or affiliated hospitals; (4) during the
follow-up period, no additional treatment was performed
other than the first surgery. Thirty-three patients were
excluded because of recurrence after surgery, and three
patients dropped out during the follow-up period. Thus,
37 cases (23 females and 14 males) were enrolled in this
study (Fig. 1). The mean age of the patients was
54.5 £ 129 years. All study participants provided

73 patients examined
with MET PET for

meningioma
(36 patients excluded -
33 post operative cases
3 dropped out during the
L follow-up period
A 4

37 patients enrolled

and analyzed
I

|

33 patients :
Surgical cases

)

4 patients :
Observed cases

Fig. 1 Analysis of meningioma cases with MET PET
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informed consent, and the study design was approved by an
ethics review board.

MET PET study

All patients underwent a MET PET scan with HEAD-
TOME-IV (BGO, Shimadzu, Japan) between 1995 and
2005, Eminence-B (BGO) since 2005, and Biograph-16
(LSO, Siemens, Germany) since 2010. Twenty-six patients
were examined with HEADTOME-IV. Axial and in-plane
resolutions of the PET images were each 4.5 mam (in full
width at half maximum), and the slice thickness was 4 mm.
Twenty minutes after MET injection (4 MBg/kg), an
emission scan of the brain was performed for 10 min. The
emission scan was reconstructed to a matrix of 128 x 128
(using an iterative algorithm), and attenuation and
scatter correction were done. The voxel size was 2 x 2 X
3.25 mm.

Ten patients were examined with Eminence-B. Axial
and transaxial resolutions of the PET were each 4.5 mm (in
full width at half maximum). The injection volume and
timing of the scan were the same as HEADTOME-IV. The
emission scan was reconstructed to a matrix of 128 x 128,
and attenuation and scatter correction were done. The
voxel size was 2 x 2 x 3.25 mm.

One patient was examined with Biograph-16. Axial and
transaxial resolutions of the PET were 5.5 and 5.9 mm (in
full width at half maximum), respectively. The injection
volume and timing of the scan were the same as HEAD-
TOME-IV. The emission scan was reconstructed to a
matrix of 336 x 336, and attenuation and scatter correction
were done. The voxel size was 1.02 x 1.02 x 2 mm.

All MET PET images were interpreted by an experi-
enced neurosurgeon. The MET uptake was calculated by
drawing a region of interest (ROI) using a freehand pro-
cedure. In all cases, MET uptake of the lesion was higher
than in normal gray matter. In cases with a multiple
meningioma, the lesion with the highest mass was evalu-
ated. From the tumor lesion and normal reference region
(frontal lobe of the normal side), the lesion to normal ratio
(LN ratio) of mean MET uptake was calculated.

Surgical resection, pathological findings, and clinical
follow-up

Thirty-three cases were treated with surgery, and four cases
were observed. In surgical cases, GTR (Simpson grade I or
1T} was performed in 18 cases (55 %), and subtotal resec-
tion (Simpson grade I or IV) was performed in 13 cases
(39 %). Partial resection (Simpson grade IV) was per-
formed in one case (3 %), and a biopsy (Simpson grade V)
was performed in one case (3 %). The pathological diag-
nosis and the WHO grade were determined by experienced
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pathologists according to the WHO classification updated
in 2007. The Ki-67 LI was also calculated. All patients
were followed up at our out-patient clinic without any
additional treatment for the tumor during the follow-up
period. For the surgical cases, gadolinium (Gd)-enhanced
magnetic resonance imaging (MRI) was performed every
3-6 months in the first 2 years after surgery, and then
every year during the follow-up period. For the observation
cases, Gd-enhanced MRI was performed more than once a
year. The mean follow-up period was 80 + 52 months
(range 4-180 months). In surgical cases, the lesion was
defined as a ‘recurrence’ when a lesion was found at the
same location or a residual lesion was obviously enlarged
in the radiological examinations. In non-surgical observa-
tion cases, the lesion was defined as a ‘progression’ when
the tumor size was obviously enlarged in the radiological
examinations.

We evaluated the risk factors for recurrence and pro-
gression by age, gender, location (skull base or not), extent
of resection (GTR or not), Ki-67 LI, and LN ratio of MET
uptake.

Statistical analysis

We evaluated the risk factors for recurrence and progres-
sion using paired ¢ tests. When the data were not normally
distributed, Wilcoxon’s rank-sum test was used for con-
tinuous data. Fisher’s exact tests were used for categorical
data. Cox proportional hazards regression analysis was
used for the surgical cases to assess the predictors of
recurrence and progression with duration of the recurrence-
free period as the time variable. A receiver operating
characteristics (ROC) curve was assessed to confirm the
best cutoff value of the LN ratio for recurrence and pro-
gression. All statistical analysis was performed using JMP
9 software (SAS Institute Inc.).

Results
Characteristics and pathology

During the follow-up period, six surgical patients had a
recurrence, and two observation patients progressed. The
characteristics of the 37 cases are shown in Table 1.
Summaries of the recurrence group and the non-recurrence
group are shown in Table 2. The mean age of the recur-
rence group was 57.9 4+ 11.8 years, and that of the non-
recurrence group was 53.6 = 13.2 years. We found no
significant difference in the numbers of males and females
in each group.

@ Springer
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The tumor location is shown in Table 1. We classified
the tumor location into two groups: skull base and non-
skull base. The recurrence rate was not significantly dif-
ferent between these two groups.

Two patients died during the clinical follow-up period.
One (case 20) died of thyroid cancer 51 months after PET
examination, and another (case 21) died due to tumor
progression 4 months after PET examination. The tumors
were classified by pathology as follows. Ten were men-
ingothelial (30 %), nine were fibrous (27 %), eight were
transitional (24 %), two were angiomatous (6 %), two
were chordoid (6 %), one was secretory (3 %), and one
was atypical (3 %). Thirty cases were WHO grade 1
meningiomas, and three cases were WHO grade II
meningiomas. The recurrence rate was not significantly
different between WHO grade I (17 %, 5/30 cases) and
grade I (33 %, 1/3 cases). The mean LN ratio of WHO
grade I meningiomas was 2.99 + 1.07, and the mean LN
ratio of WHO grade II meningiomas was 2.35 £ 0.36.
The LN ratio was not significantly different between
WHO grade I and grade II.

Extent of tumor resection and recurrence

Gross total resection was performed in 18 patients, and one
patient (case 35) had a recurrence during clinical follow-
up. In 15 patients, some tumor remained after the surgery.
In this non-GTR group, recurrence of meningioma was
observed in five patients. The recurrence rate was not
significantly different between the non-GTR group and the
GTR group (p = 0.053).

LN ratio of MET PET and Ki-67 LI for progression
and recurrence

During the clinical follow-up, six cases of recurrence and
two cases of progression were found. The average LN ratio
of these eight cases was 3.67 + 1.15 [95 % confidence
interval (CI) 2.71-4.64] and that of the remaining 29 cases
was 2.65 + 0.86 (95 % CI 2.32-2.98). The average LN
ratio of the cases with recurrence and progression was
higher than that of the cases without recurrence or pro-
gression (p < 0.01, Fig. 2). The average Ki-67 LI of the
recurrent six cases was 1.81 £ 1.21 (95 % CI 0.54-3.09),
and that of the 27 cases without recurrence was
3.06 + 3.84 (95 % CI 1.54-4.58). The Ki-67 LI was not
significantly different between the recurrence group and
the non-recurrence group (p = 0.44). No correlation was
found between the LN ratio and the Ki-67 LI (Fig. 3). Risk
factors evaluated with univariate analysis are summarized
in Table 2. One illustrative case is shown in Fig. 4.
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Table 1 Characteristics of 37 patients with meningioma

No. Age Gender  Location Pathological WHO Ki-67 LN Surgery  Recurrence/ Follow-up
(years) diagnosis grade ratio progression (months  (months)
after pet exam)
1 48 F Parasagittal Transitional I 155 223 GIR No 176
2 67 F Parasagittal Transitional I 3 222 GIR No 45
3 49 F Sphenoid ridge Chordoid I 134 263 GTIR No 157
4 57 F Petroclival Secretory I 144 3.00 GTR No 40
5 49 M Olfactory groove Transitional I 498 263 GIR No 180
6 39 M Pineal Chordoid I 303 195 GTR No 26
7 61 F Clival Fibrous I 4 510 STR Yes () 141
8 43 M Parasagittal Fibrous I 0.3 397 GTIR No 159
9 58 F Parasagittal Fibrous I 145 310 GIR No 34
10 46 F Convexity Fibrous I 449 373 GIR No 88
11 61 M Clinoidal Transitional I 112 254 STR No 152
12 79 M Convexity Meningothelial I 126 538 STR Yes (13) 56
13 57 F Parasagittal Angiomatous I 229 361 STR Yes (20) 147
14 37 F Convexity Meningothelial I 227 337 GIR No 145
15 54 F Tentorial Fibrous I 059 332 STIR No 142
16 71 M Parasagittal Meningothelial I 092 509 STR No 65
17 66 F C-P angle Transitional I 049 265 STR No 138
18 22 F Convexity Meningothelial I 1.3 198 GTIR No 130
15 60 M Sphenoid ridge Fibrous I 133 2580 STR Yes (17) 71
20 74 M Tuberculum sellae ~ Meningothelial I 0.2 217 STIR No 51
21 35 M Middle fossa - - 318 - Yes (4) 4
22 75 F C-P angle Fibrous I 35 235 GTR No 54
23 52 F Tuberculum sellae  Angiomatous I 1 254 GIR No 110
24 50 F Sphenoid ridge Meningothelial I 126 165 STR No 29
25 49 F C-P angle - - - 153 - No 97
26 62 M Convexity Fibrous I 3 2.86 STR No 65
27 57 M Convexity Transitional I 295 120 GIR No 48
28 a4 F Foramen magnum  Meningothelial I 5.6 264 GTR No 48
29 43 F Intraventricular Fibrous 1 6.5 303 GTR No T4
30 42 F Sphenoid ridge Transitional 1 2 273 STR No 69
31 62 F Convexity Transitional 1 0.1 1.68  Biopsy No 47
32 30 F Intraventricular - - - 249 -~ No 24
33 69 F Convexity Meningothelial I 03 127 GTR No 43
34 49 M Clivotentorial - - - 239 - Yes (43) 43
35 53 F Intraventricular Atypical I 1.5 248 GTR Yes (26) 26
36 65 M Clival Meningothelial I 0.5 4.35  Partial Yes (15) 25
37 72 M Tentorial Meningothelial I 1 38% STR No 23

C-P angle cerebello-pontine angle, GTR gross total resection, S7R subtotal resection

In our study, the LN ratio was a significant risk factor
for recurrence and progression with univariate analysis.
We also evaluated risk factors using multivariate analy-
sis. The results are summarized in Table 3. Multivariate
analysis showed that the LN ratio, the extent of resec-
tion, and the WHO grade were significant risk factors for
recurrence and progression. The hazard ratio of the LN

184

ratio was 4.21. The LN ratio was the only factor
examined preoperatively.

ROC curve analysis

A ROC curve was generated, and the area under the curve
{(AUC) was calculated to determine the best discriminating

@ Springer
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Table 2 Evaluation of risk for recurrence and progression using univariate analysis

Total cases Recurrence/progression Non-recurrence/progression p value
Cases 37 8 29
Age (years) 37 579 £ 118 53.6 + 13.2 0.41
Gender 37 Female 3 20
Male 5 g 0.22
Skull base 37 Yes 5 11
No 3 18 0.25
LN ratio 37 367 £1.15 2.65 + 0.86 <0.01
Extent of resection 33 GTR 1 17
Non-GTR 5 10 0.053
WHO grade 33 Grade 1 5 25
Grade 1T 1 2 0.46
Ki-67 LI 33 181 4+ 1.21 306 +3.84 0.44
The LN ratio was a significant risk factor for recurrence and progression
LN lesion to normal, GTR gross total resection, L7 labeling index
6
15 .
w4
4 o
2 [ 5 .
B % © :
= ; 54 : K.
-4 A o3 . *. ,,
2 { - :~“.~" & o N “’:WN:'*
g T gy £ ¥
44 3 2 3 4 5
LN ratic
Fig. 3 Comelation between the LN ratio of MET PET and the Ki-67
Y] - LI No correlation between the LN ratio and the Ki-67 LI was
Yes (n=8) No (n=28) observed. Asterisks cases with recurrence or progression
Recurrence / Progression

Fig. 2 LN ratio of MET PET and recurrence/progression. The LN
ratio in cases with recurrence and progression was significantly higher
than that in cases without recurrence and progression (p < 0.01)

level of the LN ratio for predicting recurrence and pro-
gression. ROC analysis confirmed 3.18 as the best pre-
dictive cutoff value of the LN ratio for recurrence and
progression. The AUC was 0.754. Using the best cutoff
value of 3.18, the sensitivity and specificity were 63 and
79 %, respectively (Fig. 5).

Discussion
The risk factors for recurrence and progression in meningi-

oma have been reported in many previous studies. They
include age [3, 6], gender [7], tumor size [8], calcification [7,

) Springer
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91, brain invasion [10], location [11], vascular density [12],
Ki-67 LI [8, 13-15], extent of the resection [12, 16, 17], and
WHO grade [11]. In our study, age, gender, tumor location,
Ki-67 LI, and the LN ratio of MET PET were investigated. A
high LN ratio was significantly correlated with tumor
recurrence and progression. However, age, gender, tumor
location, and KI-67 LI were not significantly correlated with
tumor recurrence. These risk factors remain controversial.
Recently, the MET PET method has been used in glio-
mas and other intracranial tumors to evaluate the malig-
nancy of the tumor and the proliferative activity. In
previous studies of gliomas, MET uptake correlated with
the WHO grade, Ki-67 LI, and patient survival [18-21].
However, the role of MET PET in meningioma is not clear.
In a previous study using **F-fluorodeoxyglucose (FDG)
PET, 18 FDG uptake was correlated with the Ki-67 LI but
not with recurrence of the meningioma [22, 23]. Using
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Fig. 4 Case 36. a Preoperative Gadoliniom (Gd}-énhanced T1-
weighted image. The tumoris located at the clivus. b e methionine
“was taken up into the tumor. The LN ratio was 4.35. ¢, d Photomi-

crograph of a sample of the lesion. Hematoxylin and eosin-stained.

section (e x 100} and Ki-67 staining (d x200) of a meningioma tissue

kinetic analysis with ®F-FDG PET, Tsuyuguchi [24]
:showed that the kinetic rate constant of glucose metabolism
is related to the Ki-67 LI. However, that analysis requires
frequent -arterial blood samplings and dynamic PET scan-
-ning. The procedure is very complicated and not practical
for clinical use. Moreover, the results of **F-FDG PET are

186

specimen. ‘The diagnoesis based on pathology was meningothelial
meningioma. The Ki-67 LI was 0.5. e Postoperative Gd-enhanced
Tl-weighted image. In this case, the tamor was partially removed
using a trans-sphenoidal approach. f Gd-enhanced TI1-weighted
image 15 months after surgery. The tumer had begun to grow again

influenced by blood glucose. In patients with hyperglyce-
mia, the results may lead to overestimation [25]. Tuchi et al.
[26] showed that MET uptake is significantly correlated
with the count of nuclear organizer regions, which is a
histological index of protein synthesis, the Ki-67 LI, and a
histological index of proliferative activity, In that study,

‘&) Springer
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SE_FDG uptake showed no significant correlation with the
Ki-67 LI or clinical malignancy. The uptake of methionine
reflects amino acid transport and metabolism, but this does
not mean that methionine uptake is correlated with protein

Table 3 Evaluation of risk factors for recurrence using Cox pro-
portional hazards model

p value Risk ratio
Age (years) 0.28
Gender 043
Skull base 0.12
LN ratio 0.03 4.21
Extent of resection (non-GTR/GTR) 0.014
WHO grade (grade I/grade I) 0.0074
Ki-67 LI 0.079

LN ratio, extent of resection, and WHO grade were significant risk
factors

LN lesion to normal, WHO World Health Organization, GTR gross
total resection, L labeling index

22 04 08
I-Specificity
Fig. 5 ROC curve of the LN ratio. AUC of the LN ratio of MET PET

was 0.754. The optimal cutoff value was 3.18. The sensitivity and
specificity were 63 and 79 %, respectively

0.0 08 10

synthesis and proliferation [27]. Some previous studies
have shown that MET uptake correlates with microvessel
density in glioma cases [28, 29], but in meningioma cases,
MET uptake does not correlate with microvessel density
[30]. This observation may reflect the fact that meningioma
has multiple pathological subtypes and, thus, microvessel
density may be different in each subtype. To evaluate the
correlation between the LN ratio and microvessel density
in meningioma, many cases of each subtype would be
necessary.

Arita et al. [30] showed that the LN ratio of MET uptake
is not significantly correlated with tumor doubling time.
In this study, many asymptomatic patients were enrolled,
and the mean tumor doubling time was very long
(174 £ 270 months) despite a short follow-up period
(26.7 + 16.7 months). Thus, evaluation of recurrence and
progression in meningioma using tumor doubling time
appeared to be difficult because most meningiomas pro-
gress slowly.

Compared with **F-FDG PET, the contrast between a
meningioma lesion and normal brain tissue is clear in MET
PET and, thus, we can correctly define the ROI using MET
PET. Recently, we have evaluated MET uptake more
correctly by fusing PET images with computed tomogra-
phy or MR images.

In this study, we calculated the LN ratio using the mean
MET uptake of the lesion and the normal brain tissue. The
methionine uptake in the tumor depends not only on the
metabolic rate, but also on the vascular bed [31]. The
vascular bed of the meningioma is different within the
various pathological types of meningiomas [32], and the
vascular bed may be variable in the same specimen. Bio-
logical activity is heterogeneous in the same meningioma
lesion [33, 34]. Thus, partially high MET uptake does not
always indicate a high metabolic rate of the whole tumor.
In this study, we used the mean MET uptake, not the
maximum MET uptake, to reduce the influence on the
heterogeneity of MET uptake.

Table 4 Evaluation of risk

factors for recurrence and Total cases Recurrence/progression  Non-recurrence/progression p value
progression' excluding gross Cases 19 7 12
total resection cases
Age (years) 19 58.6 +12.5 578 £13.2 0.9
Gender 19 Female 2 7
Male 5 5 0.35
Skull base 19 Yes 5 6
Only the LN ratio was No 2 6 0.63
significantly different between 70 i, 19 3.84 £ 1.13 274 + 1.02 0.04
the recurrence/progression )
group and the non-recurrence/ Surgical cases 5 10
progression group WHO grade 15 GradeI 5 10
LN lesion to normal, WHO GradeII 0 0
World Health Organization, Ki-67 L1 15 1.87 + 135 1.06 & 0.87 0.18

LI labeling index

@ Springer

187



Ann Nucl Med (2013) 27:772-780

779

In this study, tumor progression and recurrence were not
significantly different between the GTR and non-GTR
groups. However, in some cases with a high Ki-67 LI, GTR
was performed, and the recurrence rate was low. GTR was
a factor that strongly influenced the recurrence rate. We
evaluated the recurrence and progression in the non-GTR
group. The LN ratio in the group with recurrence and
progression was also significantly higher than that in the
group without recurrence and progression (p < 0.05). The
Ki-67 LI was not significantly different (p = 0.18). Our
observations are summarized in Table 4.

In our study, the LN ratio was a significant risk factor
for recurrence and progression. The LN ratio of MET PET
may indicate the proliferative activity of meningioma.
Using ROC analysis, the AUC was 0.754, and the best
cutoff value was 3.18, resulting in a sensitivity and speci-
ficity of 63 and 79 %, respectively. The sensitivity and
specificity of the LN ratio were not less than those of the
Ki-67 LI, as described in a previous study [35, 36].

In our study, the Ki-67 LI was not significantly different
between the patients with recurrence and those without. We
also found no correlation between the LN ratio and the Ki-
67 LI. Some previous papers have reported that the cor-
relation between the Ki-67 LI and tumor recurrence is
controversial [4, 33, 37, 38]. Meningioma is characterized
by heterogeneous biological activity within the same tumor
tissue [33, 34]. It is doubtful that the Ki-67 LI obtained
from a small tumor specimen can adequately evaluate the
proliferative potential of the whole tumor. In fact, MET
uptake is heterogeneous in a large tumor and may reflect
the heterogeneity of the Ki-67 LI The MET PET method is
useful for evaluating the whole tumor. The Ki-67 LI
overlaps within each grade of meningioma [39-41]. Eval-
uating the proliferative activity of the whole tumor and
providing an accurate prognosis may be difficult with only
one index.

The extent of resection was a significant risk factor as
shown in a previous study [12, 16, 17]. However, the
location of the tumor was not a significant risk factor in this
study. Sixteen cases of skull base meningioma were
included. In these cases, total resection without complica-
tions is difficult. A GTR of the tumor would reduce the risk
of recurrence. This result may indicate that additional
treatments are necessary for a residual tumor in which the
LN ratio is higher than 3.18.

The WHO grade of meningioma was also a significant
risk factor. In this study, we investigated preoperative cases
and, thus, most cases were WHO grade I; only three cases
were WHO grade II. Cases with WHO grade III meningi-
oma are relatively infrequent at initial diagnosis. Almost all
cases of meningioma are pathologically benign. Thus, we
have to follow patients for a long time to investigate
malignant changes and the prognosis. We must investigate
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additional consecutive cases to evaluate the largest number
and the widest variety of cases.

Our study showed that the MET PET method has useful
sensitivity and specificity for evaluation of recurrence and
progression in meningioma. The most beneficial point is
that *!C-methionine PET is not invasive, whereas analysis
of the Ki-67 LI requires surgery. Thus, without surgery, we
can evaluate the risk of progression and recurrence and
consider the treatment strategy. We can determine the risk
of progression and recurrence before deciding on obser-
vation or surgery. In asymptomatic cases, high LN ratio of
MET PET may be the decisive factor for determining
surgical treatment. We did not evaluate a large number of
cases, and thus continued collection of cases and evaluation
of the data are necessary.

Conclusion

The results of our study showed that MET uptake by the
meningioma was a significant prognostic factor. MET
uptake was significantly higher in cases with recurrence or
progression. The AUC of the LN ratio for recurrence or
progression was 0.754, and the best cutoff value was 3.18.
The greatest advantage associated with the MET PET
method is its non-invasive nature.
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Abstract

Purpose: The aim of this study was to clarify the reliability of positron emission tomography
(PET) using a new hypoxic cell tracer, 1-(2-['®Ffluoro-1-[hydroxymethyllethoxy)methyl-2-
nitroimidazole ('8F-FRP170).

Procedures: Twelve patients with glioblastoma underwent '®F-FRP170 PET before tumor
resection. Mean standardized uptake value (SUV) and normalized SUV were calculated at
regions within a tumor showing high (high-uptake area) and relatively low (low-uptake area)
accumulations of '8F-FRP170. In these areas, intratumoral oxygen pressure (tpQO,) was
measured using microelectrodes during tumor resection.

Resufts: Mean 1p0O, was significantly lower in the high-uptake area than in the low-uptake area. A
significant negative comelation was evident between nomalized SUV and 1O, in the high-uptake area.
Conclusion: The present findings suggest that high accumulation on '8F-FRP170 PET
represents viable hypoxic tissues in glioblastoma.

Key words: F-FRP170, PET, Hypoxia, Glicblastoma, Oxygen pressure, HIF1-a

Abbreviation: Cu-ATSM, ®Cu-diacetyl-bis(N4-methylthiosemicarbazone); '8F-FRP170,
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Gadolinium-enhanced T1-weighted imaging; HIF, Hypoxic-inducible factor; MRI, Magnetic
resonance imaging; ROI, Region of interest; T2WI, T2-weighted imaging; PET, Positron emission
tomography; VEGF, Vascular endothelial growth factor
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Introduction

Imost all malignant solid tumors include hypoxic cells

due to both excessive consumption and insufficient
supply of oxygen within the tumor. Infratumoral hypoxia
induces various biological characteristics in tumors. For
instance, hypoxia in tumor activates the hypoxia-responsive
elements such as hypoxia-inducible factors (HIFs), leading
to transcription of target genes including vascular endothe-
lial growth factor (VEGF). VEGF induces angiogenesis, and
is also closely related to the proliferation and invasion of
tumor. Gene instability caused by hypoxia must affect the
differentiation of tumor cells. Intratumoral hypoxic condi-
tions are disadvantageous in term of the production of
peroxide radicals, which induces DNA damage under
irradiation. Cancer stem cells existing within hypoxic tumor
tissue have also been considered to represent a likely cause
of radioresistance [1-3]. In glioblastoma, hypoxic conditions
play a key role in the development of tumor characteristics.
Neuroimaging enabling minimally invasive, objective, and
quantitative evaluation of hypoxic conditions in glioblasto-
ma would offer many clinical benefits in terms of diagnosis,
selection of treatment, and prediction of prognosis.

Positron emission tomography (PET) using hypoxic cell
tracers offers an attractive method for detecting hypoxic cells
because it is simple, low-invasive, repeatable, and not limited
in applicability to superficial tumors [4]. So far, hypoxic cells in
brain tumors have been detected using PET with hypoxic cell
tracers such as [**F]fluoromisonidazole (**F-FMISO) [5-7], 1-
a-D-(5-deoxy-5-5-['®F]-fluoroarabino furanosyl)-2-
nitroimidazole (**F-FAZA) [8], and **Cu-diacetyl-bis(N4-
methylthiosemicarbazone) (Cu-ATSM) [9, 10]. A new hypoxic
cell tracer, 1-(2-[**F]fluoro-1-[hydroxymethyl]ethoxy)methyl-
2-nitroimidazole (**F-FRP170), has recently been identified
[11, 12]. PET using "F-FRP170 (**F-FRP170 PET) has
already been performed for detecting hypoxic cells in
malignant brain tumors, and the potential of this new tracer
has been documented [13]. Several studies assessing
intratumoral oxygen condition using electrodes or other
methods have confirmed reliability of PET with various
hypoxic cell tracers other than ' *F-FRP170 [14—17]. However,
whether areas of high accumulation on '*F-FRP170 PET really
represent tissues including hypoxic cells, and to what degree
areas of high accumulation represent regions under hypoxic
conditions have remained unclear. The aim of this study was to
confirm the reliability of 'F-FRP170 PET for detecting
hypoxic cells. We therefore compared standardized uptake
value (SUV) measured on *F-FRP170 PET with intratumoral
oxygen pressure (tpO,) within glioblastoma measured using
oxygen microelectrodes during tumor resection. Furthermore,
we performed immunohistochemical detection HIF-1, a
heterodimeric nuclear franscription factor playing a critical
role in cellular response to low oxygen pressure [18], in tissues
corresponding to the regions of interest (ROIs) on *F-FRP170
PET images.

T. Beppu et al.: "®F-FRP170 PET and Intratumoral Oxygen Pressure in Glioblastoma

Materials and Methods

Patients

All study protocols were approved by the Ethics Committee of
Iwate Medical University, Morioka, Japan (No. H22-70). Patients
recruited to this study were admitted to Iwate Medical University
Hospital between April 2008 and December 2012. Entry criteria for
the study were: patients >20 years old with non-treated glioblas-
toma localized in cerebral white matter other than the brain stem or
cerebellum, performance of '*F-FRP170 PET and measurement of
absolute oxygen pressure within the tumor according to the study
protocol, and voluntary provision of written informed consent to
participate. Preoperative diagnosis was based on present history and
findings from conventional magnetic resonance imaging (MRI) on
admission, and final diagnosis of glioblastoma was made based on
histological features after surgery. Twelve patients (ten men, two
women, mean age, 63+13.7 years) were enrolled after excluding
patients who did not meet the entry criteria (Table 1).

Bp FRP170 PET

Within 7 days (mean, 4.3+2.4 days) before surgery for tumor
resection, both conventional MRI including gadolinfum-enhanced
Tl-weighted imaging (Gd-TIWI) and *SF-FRP170 PET were
performed. The '|F-FRP170 was synthesized using on-column
alkaline hydrolysis according to the methods described by Ishikawa
et al. [12]. The final formulation for injection was formed in normal
saline containing 2.5 %v/v ethanol using solid-phase extraction
techniques. At 60 min after intravenous injection of approximately
370 MBq (mean, 5.9+1.8 MBgkg) of '|F-FRP170, PET was
performed using a PET/computed tomography (CT) system
(SET3000 GCT/M; Shimazu, Japan). On ‘*F-FRP170 PET, ROIs
of 10 mm in diameter were placed at areas of high accumulation
(high-uptake area) and relatively low accumulation (low-uptake
area) within the tumor bulk (Fig. 1a, b). These ROIs were placed at
regions as close to the brain surface as possible to allow easy and
safe insertion of microelectrodes for measuring oxygen pressure
during surgery. A ROI was also placed in apparent normal cerebral
white matter of the contralateral side. SUV for each ROI was
automatically determined. Although both mean and maximal values
of SUV in ROI were measured, we defined the mean value of SUV
as “SUV” in this study. The normalized SUV, defined as SUV for
each high- or low-uptake area divided by SUV for the apparent
normal cerebral white matter of the contralateral hemisphere, was
also calculated.

Immediately before surgery for each patient, we created a fusion
image that combined a three-dimensional **F-FRP170 PET image
with Gd-T1WI using a surgical navigation system (Stealth Station
TRIA plus; Medtronics, Minneapolis, MN) in the operation room.
On the fusion image, both high- and low-uptake areas were
identified stereotactically for each patient (Fig. 2a d).

Measurement of Intratumoral Oxygen Pressure
During Surgery

Measurement of tpO, was performed during surgery for aggressive
tumor resection. The tpO, level was measured using disposable
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Table 1. Patient characteristics and measurement data

No. Sex Age Location suv Normalized SUV tpO, (mmHg) Pa0, HIF-1o.

(year) (mmHg) staining

High Low ANWM High Low High Low
uptake uptake uptake uptake uptake uptake

1 M 76 Parietal lobe 0.99 0.54 0.54 1.83 1.00 23 44 157 -

2 M 81 Parietal lobe 222 1.39 1.04 213 134 16 45 128 -

3 M 59 Frontal lobe 146 1.16 0.87 1.69 1.33 28 56 176 -

4 F 61 Frontal lobe 1.10 0.87 0.74 149 1.18 32 54 145 -

5 M 75 Parietal lobe 1.83 1.11 0.83 220 134 16 33 143 -

6 F 54 Parietal lobe 143 0.82 0.62 231 132 30 - 54 134 -

7 M 64 Temporal lobe 1.62 1.00 0.72 225 139 15 27 158 +

8 M 54 Occipital lobe 1.50 1.01 0.76 1.97 133 17 35 120 +

9 M 67 Frontal lobe 1.84 1.46 1.13 1.63 129 25 36 132 +

10 M 76 Temporal lobe 1.90 0.92 0.77 247 1.19 15 26 124 +

11 M 58 Frontal lobe 1.37 1.25 0.90 1.52 1.3% 24 34 o137 +

12 M 31 Frontal lobe 1.66 1.11 0.87 191 128 20 37 148 +

ANWM apparent normal white matter, zp(02 intratumoral oxygen pressure

Clark-type electrodes (UOE-04TS; Unique Medical, Tokyo, Japan)
at the tip of a sensor (Teflon-coated tube; diameter, 0.4 mm; length,
10 mm). Immediately before surgery, electrodes were sterilized by
imrpersion in a solution of 2.25w/v% ghitaraldehyde and buffer for
2 h, then washed with sterilized physiological salne solution. The
electrode was then connected to a digital oxygen pressure monitor
(POG-203; Unique Medical) to calibrate the value of oxygen
pressure to 150 mmHg in a sterilized physiological saline solution
prior to msertion into the tumor. After cramiotomy, we stereotac-
tically inserted a needle-shaped navigating marker of 2 mm in
diameter into the center region of the high-uptake area where the
ROI had been placed before surgery through the dura mater, while
we observed the localization of the tip of the marker in the tumor
on the monitor of the surgical navigation system (Fig. 2¢, d). After
removal of the navigation marker, we immediately inserted the
electrode along the same trajectory through the dura mater, with the
tip of the electrode placed within tumor tissue of the high-uptake
arca. A digital monitor was then used to measure tpO,. We
observed tpO, value gradually declined from [50 mmFg while
rising and falling on the digital monitor, and defined the minimum
value as the absolute tpO, value at the high-uptake area for each
patient. After completely washing and calibrating the value of
oxygen pressure to 150 mmHg in a sterilized physiological saline
solution, the same procedure described above was performed to
measure tpO, in the low-uptake area. During measurements of
tp0O,, arterial oxygen pressure (Pa0,) was measured using arterial
blood obtained from the radial artery. After measuring tpO, and
removing the electrode, we inserted a needle for biopsy along a
trajectory to obtain tumor tissues from the high- and low-uptake
areas in six patients. In all cases, the tumor was successfully
removed after completing the procedures described above.

HIF-1o Immunohistochemistry

Immunohistochemical staining of HIF-la was performed on
specimens obtained from tumor resection for six patients. From
~ all specimens in both high- and low-uptake areas, paraffin-
embedded tissue sections of 3-pm-thickness were collected onto
3-aminoprophyltriethoxylane-coated glass slides. The dewaxed
preparations were given microwave pretreatment for 30 min in
sodivm citrate. The preparations were incubated for 60 min using
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rabbit anti-HIF-1o monoclonal antibody (clone, Hlalpha67; Novus
Biologicals, Littleton, CO) at 1:200 dilution. Preparations were
mcubated using peroxidase-based EnVision kits (Dako Japan,
Tokyo, Japan) as the secondary antibody, then immersed in
diaminobenzidine/H,0, solution for colored visualization. Finally,
preparations were counterstained with hematoxylin.

‘We observed the staining attitude of HIF-1a in tumor cells for
all patients. We also evaluated the HIF-la staining indices for each
high- or low-uptake area for each patient, defined as the percentage
of cells showing nuclear staining as determined by counting
approximately 1,000 cells under light microscopy (x400
magnification).

Statistical Analyses

In all patients, differences in SUV, normalized SUV, and HIF-la
staining index were compared between high- and low-uptake areas
using the Mann Whitney U test. Differences in intratumoral pO,
between high- and low-uptake areas were also compared in all
patients using the Mann Whitney U test. Comrelations between
Pa0, and tpO, and between normalized SUV and tpO, for all
patients were analyzed in each high- and low-uptake area using
Pearson’s correlation coefficient test.

Results

Scanning at 60 min after intravenous injection of tracer
provided fine contrast images that enabled visual differenti-
ation between high- and low-uptake areas in all patients. In
eight patients with glioblastoma presenting a central necrotic
region, '8F_FRP170 was partially accumulated in the
intermediate layer between the deep layer surrounding the
central necrotic region and the outer layer within the
peripheral region of tumor involved in lesion enhancement
on Gd-T1WI (Fig. 1a, b). Fusion images combining Gd-
TIWI and *F-FRP170 PET provided precise locations of
both high- and low-uptake regions during surgery, and
allowed us to successfully insert electrodes and obtain the
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Fig. 1. Typical findings of "®F-FRP170 PET in glioblastoma with a large area of central necrosis in Case 1. High-uptake areas
are seen partially in the area between the outer peripheral region showing enhancement on Gd-T1W| and a deeper region
adjacent to the central necrotic region. ROls were placed on a high-uptake area {black circfe) and a relatively low-uptake area
(white circie) within the tumor bulk showing enhancement on Gd-T1W, and also on apparent normal white matter of the
contralateral hemisphere (white circle). a Gd-T1WI, b'®F-FRP170 PET.

sampling tissues (Fig. 2a d). No patient presented with any
complications due to **F-FRP170 PET.

Mean SUV for high-uptake areas; low-uptake areas, and
confralateral normal white matter regions were 1.58+0.35,
1.05+0.25, and 0.82+0.16, respectively. Significant differ-
ences in mean SUV. were found between high- and low-
uptake areas (p=0.001), between high-uptake areas and
normal white matter (p<0.001), and between low-uptake

areas and normal white matter (p=0.01), although SUV
values in the thres groups overlapped (Fig. 3a). Mean
normalized SUV for the high- and low-uptake areas were
calculated as 1.95+0.33 and 1.28+0.11, respectively. Mean
normalized SUV for the high-uptake area differed signifi-
cantly (p<0.001) and clearly from that of the low-uptake
area, with a cut-off level of around 1:4 (Fig. 3b). Mean tpO;
was significantly lower in high-uptake areas (21.7+

Fig. 2. High- and low-uptake areas were stereotactically localized on fusion images combining Gd-T1W| (a) and *®F-FRP170
PET (b) for Case 5, to identify tumor tissues corresponding to ROls. On fusion images, high--and low-uptake areas were
depicted as bluish regions (e} and greenish regions (d), respectively.
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Fig. 3. a Differences in SUV among the high-uptake area, fow-uptake area, and apparent normal white matter. b Difference in
normalized SUV between high- and jow-uptake areas.

6.2 mmHg) than in low-uptake areas (40.1+10.4 mmHg;  areas (Fig. 5a, b). No significant correlations between PaO, and
p<0.001, Fig. 4). In terms of the relationship between  tpO, were found in either high- or low-uptake areas (not shown).
normalized SUV and tpO; in all patients, a significant negative On specimens obtained from high-uptake areas, HIF-1a was
correlation was found in high-uptake areas (r=—0.64, p=0.03),  clearly detectable in nuclei in all six patients, with three patients
whereas no significant correlation was identified in low-uptake  also showing HIF-1a staining in cytoplasm. On the other hand,

tpO, (mmHg)
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Fig. 4. Difference in tpO, between high- and low-uptake areas.
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Fig. 5. Correlations between normalized SUV and tpO, in high-uptake areas (a) and low-uptake areas (b).

specimens from low-uptake areas showed three different
patterns, with HIF-1o staining only cytoplasm in three patients,
and both nuclei and cytoplasm in two patients. In the remaining
patient, few barely surviving cells with HIF-1a staining were
seen within a wide area of necrotic tissue (Fig. 6a~d). HIF-1a
staining indices ranged from 35.2 to 63.5 % in high-uptake

areas, and from 8.9 to 35.9 % in low-uptake areas. Mean HIF-
la staining index was significantly higher in high-uptake areas
(mean, 53.0+10.2 %) than in low-uptake areas (mean, 18.9%
9.5 %). Notably, HIF-1a staining index was markedly low
(8.9 %) in necrotic tissue obtained from a low-uptake area in
one patient.

strongly detected in nuclei in all patients. b HIF-1a was stained in both cytoplasms and nuclei in three patients. ¢ HIF-1a was
stained only in cytoplasm in three patients. d A few HIF-1a-stained cells were seen within a wide necrotic tissue in one patient.
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Discussion

The present study showed that mean values of both SUV
and normalized SUV were significantly higher in high-
uptake areas than in low-uptake areas. In particular,
normalized SUV values in high-uptake areas were absolutely
higher than those in low-uptake areas. In this study,
approximately 370 MBq of ¥F_FRP170 was administered
intravenously for all patients, according to a report by
Shibahara et al. [13]. Absolute SUV might thus have been
subtly influenced by the delivered volume of tracer into the
tumor as determined by individual parameters, such as body
size, cardiac output volume, and blood pressure. As
normalization of absolute SUV can eliminate differences in
these factors, we emphasize the importance of estimation
using normalized SUV. In the present study, tpO, did not
correlate with PaO, at all. Two previous reports examining
both tpO, in brain tumors and PaO, could not find any
relationship between these measured values, although
cotrelations were not estimated statistically [19, 20]. Our
results support those previous reports and indicate that tpO,
was not influenced by PaO, during surgery. Values of tpO,
were significantly lower in high-uptake areas (21.7+
6.2 mmHg) than in low-uptake areas (40.1£10.4 mmHg).
Furthermore, a significant correlation was found between
normalized SUV and tpO, in high-uptake areas. These
results indicate that high-uptake areas where “*F-FRP170
accumulates show relatively more hypoxic conditions than
low-uptake areas, suggesting the reliability of findings from
"SF_FRP170 PET.

Selective accumulation of *F-FRP170 in hypoxic cells
has been considered to proceed as follows. First, the
nitroimidazole moiety in “*F-FRP170 is responsible for the
initial accumulation in hypoxic cells. After passive diffusion
inside the cells, enzymatic nitroreduction by nitroreductase
results in nitroimidazole changing to radical anions. Under
normoxic conditions, these radical anions are reoxidized and
diffuse out of the cells, whereas products comprising radical
anions covalently bound to intracellular macromolecules are
trapped within cells under hypoxic conditions [13, 21-23].
As a result, "*F-FRP170 can accumulate only within viable
and active hypoxic cells, but cannot accumulate within
normoxic cells or even hypoxic cells with low metabolism
such as apoptotic or necrotic cells. A previous report
assessing accumulation of "F-FRP170 in a rat model of
ischemic myocardium using autoradiography documented
that 'F-FRP170 was observed only within viable hypoxic
myocardiac cells [11]. As absolute SUV must correlate with
the concentration of PET tracer within the tissue, SUV on
"E_FRP170 PET should increase with a higher density of
viable hypoxic cells within the tissues of the ROL We think
that such high-uptake areas represent glioblastoma tissue
comprising a high density of viable hypoxic cells. In
contrast, tissues of low-uptake areas might represent low
densities of viable hypoxic cells. In other words, a majority
of cells in low-uptake areas could not accumulate ‘SF-
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FRP170 because of the presence of either viable cells
containing relatively higher tpO, than high-uptake area or
low metabolic-hypoxic cells degenerating in apoptosis or
necrosis. The oxygen environment may thus differ substan-
tially among different regions in low-uptake areas, despite
the similar content of viable hypoxic cells. Indeed, tpO,
levels showed a wide range in low-uptake areas, with a large
standard deviation (Fig. 4). This might be one reason for the
lack of significant correlation between tpO, levels and
normalized SUV in low-uptake areas. As intratumoral
hypoxia is generally considered to result from insufficient
oxygen supply paralleling the distance from normal vessels
surrounding the tumor, intratumoral oxygen pressure should
be higher in more peripheral regions of glioblastoma that are
also supplied with blood from normal vessels surrounding
the tumor bulk [24, 25]. On PET in the present study,
interestingly, high-uptake areas were observed partially
within the intermediate layer of enhancing lesions on Gd-
TIWIL and low-uptake areas were seen not only in the
peripheral layer external to the intermediate layer containing
high-uptake areas but also in the inner core layer adjacent to
the central necrosis deep to the intermediate layer (Fig. 1b).
We assumed that low-uptake areas in both peripheral and
inner core layers might contain little '*F-FRP170-accumu-
lating hypoxic cells, but the peripheral layers included many
viable cells at relatively high oxygen pressure, while the
inner core comprises low metabolic-hypoxic cells undergo-
ing degenerative apoptosis or necrosis. Remaining low-
uptake areas in the intermediate layer probably represent
mixture of the two histological types described above.
Pistollato et al. [26] evaluated biological characteristics in
tissues isolated from three concentric layers (core, interme-
diate, and peripheral layers) in glioblastoma. The core and
intermediate layers showed expression of HIF-la as a
hypoxic cell marker, whereas the peripheral layer did not
express HIF-1la, but showed expressions of glial fibrillary
acidic protein and B-IlI-tubulin as mature neural cell
markers. In addition, core and intermediate layers contained
more glioblastoma stem cells, which are well known to be
frequently seen in hypoxic niches. These results suggest that
inner core and peripheral layers depicted as low-uptake areas
on '®F-FRP170 PET in the present study are likely to exhibit
hypoxic and relatively normoxic conditions, respectively.
Hypoxic condition rapidly induces overexpression of
HIF-lo for transcripting target genes such as vascular
endothelial growth factor to induce angiogenesis, as coun-
termeasures against hypoxic conditions. Under normoxic
conditions, prolyl hydroxylation is induced in HIF-la,
allowing binding to the von-Hipple-Lindau protein, which
mediates ubiquitination of HIF-la and subsequent
proteasomal degeneration in the cytoplasm. However, under
hypoxic conditions, the oxygen requiring prolyl hydroxylase
remains inactive, resulting in accumulation of the constitu-
tively expressed HIF-la protein in cytoplasm. This subunit
is phosphorylated and translocated to the nucleus, where it
dimerizes with the HIF-1B subunit, binding to the hypoxia-
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response elements upstream of HIF-1-regulated target genes
[27]. Therefore, increasingly activated-HIF-la induced by
hypoxia accumulates in the nucleus. In this study, all
specimens obtained from high-uptake areas clearly showed
nuclear staining for HIF-1a, whereas this finding was seen in
low-uptake areas in only two patients. Furthermore, mean
HIF-1a staining index determined by the percentage of cells
showing nuclear staining was significantly higher in high-
uptake areas than in low-uptake areas. Necrotic tissue
obtained from a low-uptake area of one patient showed an
extremely low HIF-la staining index. These findings might
support the concept that high-uptake areas represent more
hypoxic regions with a high density of viable and active
hypoxic cells. Tissues of low-uptake areas were not obtained
from deeper than high-uptake areas but rather from the same
depth or more externally during surgery in all six patients.
As a result, HIF-1o was also detected in the low-uptake
areas of all patients, but showed a greater variety of features
than high-uptake areas. These findings support the possibil-
ity that low-uptake areas comprised either numerous viable
cells under conditions of relatively higher oxygen pressure
or low metabolic hypoxic cells under degenerative apoptosis
Or necrosis.

In the present study, PET at 60 min after intravenous
injection of *F-FRP170 could provide visually fine-contrast
PET images. Shidehara et al. [13] reported fine-contrast
color images provided by imaging at 120 min after injection
of 'F-FRP170 in patients with malignant brain tumor.
Kaneta et al. [21] reported that imaging results at 120 min
after injection of Y¥F_FRP170 for patients with lung cancer
contributed only a slightly higher tumor/blood ratio when
compared with that at 60 min, and concluded that imaging at
60 min after administration was clinically sufficient for
assessing hypoxic cells in tumors. The present study
supported these recommendations by Kaneta et al. In an
experimental study using mice bearing cultured cancer cells,
18F FAZA displayed significant higher tumor-to-background
ratios compared with *F-FMISO and another azomycin-
based nucleoside, iodoazomycin arabinoside, labeled with
1241 (**IAZA), when scanning for all tracer was fixed in
3 h post-injection [28]. Clinically, PET imaging with *F-
- FMISO and '®F-FAZA has usually been scanned at 120140
[5-7] and 120-210 min [8] after administration, respective-
ly. Although no previous reports have directly compared
18 FRP170 PET and *F-FMISO PET images, *F-FRP170
PET has been considered superior in terms of fine contrast
and rapid clearance from blood [21]. The short duration for
imaging could represent an additional advantage to 'SF-
FRP170 PET.

Some limitations regarding the interpretation of study
results must be considered for this study. First, the sample
size in this study was small. Additional studies of a larger
number of patients with glioblastoma are needed. Second,
use of smaller ROIs might provide more rigorous results in
comparisons among SUV, tpO,, and histological features.
However, in this study, we placed relatively huge ROIs of
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10 mm in diameter to avoid misplacement of microelec-
trodes within the ROI and sampling error of tumor tissues
corresponding to the ROI. These issues could represent
factors contributing to make maximum SUV within the ROI
unsuitable for use in this study. In short, errors involving
differences between pinpoint regions for insertion of
electrode and maximum SUV could easily anticipated.
Third, direct tpO, measurements using microelectrodes
available differ in sensitivity, accuracy, ability to measure
oxygen availability among types of probe used, and
impossibility in differentiation between hypoxic and necrotic
tissues, although this technique is commonly considered a
gold standard [4]. Other techniques indirectly measuring
oxygen through reduced drug levels, hemoglobin saturation,
or perfusion have been proposed. However, indirect mea-
surements, although valuable, require a set of assumptions to
relate the measurement to tpO, or oxygen concentration [4].
Fourth, measurement of tp0O, using electrodes in this study
did not strictly represent intracellular oxygen pressure, but
rather the oxygen pressure of tissue containing hypoxic cells.
However, tpO, as measured in this study would correlate
with infracellular oxygen pressure, as intracellular oxygen
pressure is regulated by extracellular conditions. Fifth,
measured tpO, values in this study were relatively higher
(21.7£6.2 mmHg in high-uptake areas and 40.1+10.4 mmHg
in low-uptake areas) than in previous reports of direct
measurement using Eppendorf oxygen electrodes in malig-
nant brain tumors, where mean tpO, has been reported as
approximately <20 mmHg [20, 24, 29]. In particular, mean
value in low-uptake areas was significantly higher. However,
mean tpOs, in low-uptake areas was lower that of brain tissue
around the tumor (59.8+6.5 mmHg) in a previous report
[20]. In previous reports regarding oxygen pressure at high-
uptake areas on “*F-FMISO PET in animal tumor models,
measurements using Eppendorf electrodes showed a high
frequency of tpO; <10 mmHg [15, 30, 31]. Although the
reasons for this contradiction are not entirely clear, we
consider these results may have arisen from differences in
the electrodes used, or from the inflow of a small amount of
air into the trajectory when electrodes were inserted
immediately after removal of the navigation marker with a
larger diameter than the electrode. However, as this issue
applied to measurements of tpO, for all patients in this
study, the findings of higher tpO, in high-uptake areas
compared to low-uptake areas appear valid.

Conclusions

Findings of a significant correlation between normalized
SUV and tpO,, and strong nuclear immunostaining for HIF-
lo in areas of high ¥F.FRP170 accumulation, suggest that
high-uptake areas on '“F-FRP170 PET represent high
densities of viable hypoxic cells, at least in glioblastoma.
However, interpretation of low-uptake areas is more com-
plicated, given the likelihood that these lesions comprise
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various oxygen environments containing low densities of
viable hypoxic cells.
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