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Abstract Here we demonstrate that differentiation

between glioblastoma (GB) tumor progression (TP) and

radiation necrosis (RN) can be achieved with fluoride-

labeled boronoalanine positron emission tomography (F-

BPA-PET). F-BPA-PET images were obtained from his-

tologically verified 38 GB, 8 complete RN, and 5 RN cases

with partial residual tumors. The lesion/normal (L/N) ratios

for these groups were 4.2 ± 1.4, 1.5 ± 0.3, and 2.0 ± 0.3,

respectively. Ten GB patients underwent F-BPA-PET

twice (once before and once after radiation treatment) due

to enlargement of the original lesion or the development of

new lesions post radiation. The L/N ratios of ten original

site lesions had decreased by the second PET, and these

lesions were revealed to be RN. In contrast, the L/N ratios

of two lesions distant from the original site increased, and

these lesions were revealed as cases of TP. Repeat PET

imaging was found to be useful for evaluating changes in

GB-associated tumor activity with respect to the treatment

received.
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Introduction

Glioblastoma (GB) is the most common primary malignant

brain tumor. The treatment of patients with this pathology

remains problematic. GB infiltrates into the normal brain

parenchyma and is usually impossible to cure completely

with surgical resection. Recently, new high-dose radiation

therapies absorbed into the tumor tissue [e.g., boron neu-

tron capture therapy (BNCT) and intensity-modulated

radiotherapy (IMRT)] have been applied to treat patients

with GB [1–4]. The efficacy of these treatments in eliciting

clinical responses has been demonstrated in neuroimaging

studies, in which lesions appear to have shrunk or the

amount of peritumoral edema has decreased, and the

associated clinical symptoms have likewise improved.

Such radiation treatments and certain chemotherapeutic

agents may alter the biological activity of tumor tissue, but

it remains difficult to assess such changes.

It has been reported that high-dose, standard fraction-

ated X-ray radiotherapy (XRT) has potential as a

postoperative treatment for patients with supratentorial

malignant gliomas [4]. Radiation necrosis (RN) was the

most frequent adverse effect of radiation treatments, and

excision of necrotic foci was required in some patients who

had undergone standard XRT or IMRT [3, 4]. It remains

important to evaluate the therapeutic effects of radiation

therapy and chemotherapy on GB. Methods of treatment

for RN and tumor progression (TP) differ substantially.
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Radiotherapy and chemotherapy combined with salvage

surgery must be considered for TP, and RN may be treated

initially, primarily using medical approaches (steroids,

anticoagulants, vitamin E, etc.) [5–12]. Necrotic tissue

should be excised when medical treatment means fail to

control an increase in perifocal edema around a lesion.

However, from a clinical perspective, it remains difficult to

differentiate between these pathological conditions using

ordinary neuroimaging technologies such as magnetic

resonance imaging (MRI) and computed tomography (CT).

Here we examine and describe how to evaluate the bio-

logical activity of GB and how to differentiate radiation

necrosis from GB tumor progression using positron emission

tomography (PET) with fluoride-labeled boronophenylala-

nine (F-BPA) as a tracer.

Materials and methods

Patients

Thirty-eight patients with GB underwent an F-BPA-PET

study. All patients were treated at the Department of

Neurosurgery, Osaka Medical College, from January 2002

to December 2006, and received follow-up care until

December 2007. Among these 38 patients, 19 had recurrent

disease (those who had previously been treated with sur-

gery and radiation treatments), and 19 were newly

diagnosed with GB. All patients underwent surgery after

being included in the study and the pathology results

confirmed GB as the correct diagnosis after the patients

underwent F-BPA-PET. In 10 of these 38 patients, F-BPA-

PET was performed twice, i.e., once before treatment,

including surgical resection followed by radiotherapy, and

primarily with BNCT (this was defined as the first PET

study); and once again after treatment, when enhanced

lesions were enlarged at the original site (OS) or had newly

appeared distant from the OS, as shown by follow-up

gadolinium (Gd)-enhanced MRI. We defined the latter PET

study as the second PET. We also categorized ten patients

who underwent F-BPA-PET twice as belonging to a

‘‘twice-PET’’ group. In this latter group, following the

second F-BPA-PET, seven patients received surgical

resection of new or reappearing and enlarged lesions, and

histological diagnoses were confirmed as RN or TP. The

other lesions in the twice-PET group were followed

monthly with Gd-MRI. If the lesions grew during the fol-

low-up period, we considered them to constitute TP, and if

they remained stable in size and shape, or decreased in size

during the follow-up period ([4 months), we considered

them to be RN. The profiles of the patients in this group are

given in Table 1. Six lesions in four other patients,

including patients with GB and other malignancies such as

metastatic brain tumors, were also given F-BPA-PET once

only, when it was suspected that their intracranial lesions

were RN, the sequelae of radiation therapy. All six lesions

were histologically diagnosed as being either RN or RN in

the main portion, with some residual tumor cells. We cat-

egorized these six lesions in these four patients as

belonging to the ‘‘once-PET’’ group (Table 2).

PET scan

All F-BPA-PET scans were performed at Nishijin Hospital,

Kyoto, Japan. BPA was originally synthesized as described

previously [13, 14] and the protocol for the PET mea-

surements using a HEADTOME III (Shimadzu Co., Kyoto,

Japan) has also been described elsewhere [15, 16]. Briefly,

regional BPA incorporation into tumors and contralateral

brain tissue (as a nontumorous control area) was measured

on PET images after an intravenous injection of F-BPA at a

dose of 37–55.5 MBq (1–1.5 mCi) per 10 kg of body

weight. PET images were collected continuously for a 60-

min period, for a total of 15 periods. The lesions on the

PET images were confirmed using contrast-enhanced MRI

performed at levels equivalent to those used for the PET

imaging studies. To obtain quantitative measurements

using Amide software (SourceForge, Inc.), oval regions of

interest (ROIs) were placed on the tumors, including peak

values in tumors of various sizes. At the corresponding

level, the contralateral brain area was also chosen for ROI

analysis. All of the macroscopically necrotic tumor areas

observed on MRI were excluded when the ROIs were

designated. We designated several ROIs from tumor-

affected areas, and adopted regions with the highest values

as representative ROIs. We determined each ROI at least 1

cm2 at real area size.

Statistical analysis

The L/N ratios of the 38 cases were analyzed using the

Mann-Whitney U test, and the data from the first and

second PET in the twice PET group were analyzed with the

Wilcoxon matched-pair signed-rank test using StatView

version 5.0 (SAS Institute, Inc.). We considered p values of

less than 0.05 as statistically significant.

Results

The L/N ratios of histologically verified GB cases

and RN cases

We applied F-BPA-PET to examine 38 cases of histologi-

cally verified GB. The L/N ratio of these 38 cases was 4.2 ±

1.4 (mean ± standard deviation [SD]). We first compared
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the L/N ratios of newly diagnosed GB with those of

recurrent GB cases. The L/N ratios of newly diagnosed GB

were 2.1 to 7.1 (4.3 ± 1.3) and those of recurrent GB cases

were 2.6 to 7.0 (3.9 ± 1.4). There was no significant dif-

ference between the L/N ratios these two groups

(p = 0.16), as shown in Fig. 1a. Next, we compared the L/

N ratios of these histologically verified GB cases to those of

histologically verified RN cases. The latter were composed

of eight complete RN cases (four from the twice-PET group

and four from the once-PET group), and five cases of pri-

marily RN with partial residual tumor tissue (three from the

twice-PET group and two from the once-PET group). The

L/N ratios were 1.5 ± 0.3 and 2.0 ± 0.3, respectively. There

were marked differences in the L/N ratios between GB

cases (both the newly diagnosed and recurrent cases) and

RN cases (both the complete necrosis cases and cases of

necrosis in the main region, with partial residual tumor

tissue, verified histologically) (p \ 0.01), as shown in

Fig. 1b. There was a statistically significant difference in L/

N ratios between necrosis cases and cases of necrosis in the

main region, with partial residual tumor tissue, in all his-

tologically verified cases (p = 0.03) (Fig. 1a).

Table 1 Patient characteristics who undergone F-BPA-PET two times (twice-PET group)

Pre-Tx L/N at first

F-BPA-PET

Additional Tx L/N at second F-BPA-PET Result

Case 1 3.5 BNCT, XRT 1.9 RN (histological)

Case 2 2.6 BNCT, XRT 1.8 RN (clinical)

Case 3 XRT 3.3 BNCT 1.6 RN (histological)

Case 4 4.8 BNCT, XRT 1.8 RN (clinical)

Case 5 2.1 BNCT, XRT 1.4 RN with viable tumor cells (histological)

Case 6 SRS 5.0 BNCT, XRT 0.9 RN (histological)

Case 7 (OS) 4.3 BNCT, XRT 9 2 1.9 RN (histological)

(RL) 3.1 TP (clinical)

Case 8 (OS) XRT 2.6 BNCT 1.7 RN (clinical)

(RL) 2.9 TP (clinical)

Case 9 XRT 4.0 BNCT 2.1 RN with viable tumor cells (histological)

Case 10 XRT 3.7 BNCT 2.2 RN with viable tumor cells (histological)

BNCT: boron neutron capture therapy

Clinical: speculation by clinical course

Histological: histologically confirmed

OP: operation

OS: original site

RL: remote lesion

RN: radiation necrosis

SRS, SRT: stereotactic radiosurgery, or therapy

TP: tumor progression

Tx: treatment

XRT: X-ray radiation therapy

Table 2 Patient characteristics, histologically verified RN (once-PET group)

Case Pretreatment diagnosis Treatment L/N at F-BPA-PET after Tx Histological diagnosis

Case 11 Meta SRS 9 2 1.4 Complete RN

Case 12 Meta SRS 9 2 2.2 RN with viable tumor cells

Case 13 GB SRS, XRT 1.7 Complete RN

Case 14 GB XRT 2.1 RN with viable tumor cells

Case 15 None* XRT, BNCT 9 2 1.5 Complete RN

Case 16 None* XRT, BNCT 9 2 1.4 Complete RN

None: No enhanced lesion was observed at intracranial before BNCT was performed for adenoductal carcinoma of parotid gland. Case 15 and 16

is the identical case but different lesions at frontla and temporal, respectively
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The L/N ratios of first versus second BPA-PET studies

In the twice PET group, we compared the L/N ratios

between the first and the second PET studies. In all ten

cases, BPA accumulation at OS in the second PET scan

was lower than that in the first PET scan (Table 1 and

Fig. 2). The L/N ratios in the first PET scan were 2.1 to 5.0

(3.5 ± 0.9). There was no significant difference between

the L/N ratio of the first PET and that of all 38 cases

(p = 0.34). In the second PET, the L/N ratio of the ten

lesions at OS was 0.9 to 2.2 (1.7 ± 0.3). There was a

significant difference between the L/N ratios of the ten

lesions at OS in the second PET scan and those in the first

PET scan (p\0.01), as shown in Fig. 2. All ten lesions at

OS were judged as RN. Seven of these lesions were his-

tologically verified as RN, and the remaining three were

considered to be RN based on the clinical course. More-

over, the L/N ratios of the lesions judged as RN were

statistically different from those of cases of total GB and

also from those of cases of recurrent GB (p\0.01). There

was no significant difference between the L/N ratio of

histological RN cases (n = 13 in Tables 1 and 2) and that

of cases of clinical RN (n = 3 in Table 1) (p = 0.89).

On the other hand, the L/N ratios in the second PET

study obtained from the two lesions distant from the OS

were 2.9 and 3.1 (cases 7 and 8 in Table 1, and open tri-

angles in Fig. 2). These lesions were not verified as TP by

histological examination, whereas the clinical courses of

both lesions suggested a high possibility of TP, because

follow-up MRI showed rapid growth of both lesions,

whereas the lesions at OS of the same cases were stable in

size and judged as RN.

Illustrative cases

Case 6: GB treated with surgical resection and BNCT

(Table 1 and Fig. 3)

Fig. 1 (a) The L/N ratios in histologically verified newly diagnosed

and recurrent GB cases and in histologically verified RN cases with

and without tumor components. The L/N ratios of newly diagnosed

GB cases ranged from 2.1 to 7.1 (4.3 ± 1.3), and those of recurrent

cases ranged from 2.6 to 7.0 (3.9 ± 1.4). There was no significant

difference in the L/N ratio between newly diagnosed and recurrent

GB cases (p = 0.16). Histologically verified RN cases were com-

posed of eight complete RN cases (four from the twice-PET group

and four from the once-PET group), and five primarily RN cases with

partial residual tumors (one from the twice-PET group and two from

the once-PET group). There was a significant difference in the L/N

ratio for complete RN cases and primarily RN cases with partial

residual tumors (p = 0.03). (b) The L/N ratios in all GB cases and in

histologically verified RN cases with and without tumor components.

Significant statistical differences were observed in both groups (p \
0.01)

Fig. 2 Comparison of the L/N ratios in the GB of the first PET with

that of the second PET. Filled circles and open triangles express the

L/N ratios at the original site and remote lesions, respectively. Filled

circles on the second PET were all cases of RN (seven cases

histologically verified, and three cases clinically suspected). Open

triangles indicate the non-OS L/N ratio and that for lesions clinically

considered as TP. Statistical significance was observed in the L/M

ratios between the first PET and the second PET at OS (p \ 0.01)
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This is a patient with a glioma in the right frontal lobe.

Surgical resection was applied, and the histological diag-

nosis was anaplastic oligodendroglioma. After the

operation, adjuvant therapy was administered (chemother-

apy with nimustin, procarbazin, and vincristin and

stereotactic radiosurgery (SRS) for the enhanced lesion).

Eight months after the final chemotherapy treatment, local

recurrence was observed on MRI. The patient was referred

to our clinic, and the first PET suggested tumor recurrence

(L/N ratio 5.0, Fig. 3a, d). The second surgical resection

was performed, and the histological diagnosis of the

surgical specimen was GB with oligodendroglioma com-

ponent. After the second operation, BNCT was performed,

with a minimum tumor dose of 37.3 Gy-Eq: (Gray-equiv-

alent), i.e., a biologically equivalent X-ray dose that can

yield effects equivalent to total particle radiation with

BNCT; also in addition, the maximum normal tissue dose

of 8.34 Gy-Eq and conformal XRT was added to treat the

deep lesion (40 Gy). Six months after the second operation,

a locally enhanced lesion with perifocal edema was rec-

ognized on MRI, and the patient underwent a second PET.

The L/N ratio was 0.9 in the second PET study, suggesting

RN of the enhanced lesion (Fig. 3b, e). No enlargement of

the enhanced lesion was obtained in the follow-up Gd-

enhanced MRI at 10 months, and a clinical diagnosis of

radiation necrosis was given (Fig. 3c, f). The patient

wanted histological confirmation that the lesion was truly

RN, and therefore we performed a surgical biopsy. The

histological diagnosis was pure necrosis; no tumor cells

were found.

Case 7: GB recurrence treated with surgical resection,

BNCT, and XRT twice (Table 1 and Fig. 4)

This is a patient with glioblastoma in the right parietal

lobe. The first surgical resection was performed and the

histological diagnosis was GB. Before first resection, MRI

and F-BPA-PET were carried out (Fig. 4a, b). The L/N ratio

of the OS in the first PET study was 4.3. After gross total

resection, BNCT was performed with a minimum tumor dose

of 50.5 Gy-Eq, and a maximum normal tissue dose of 13.3

Gy-Eq, and for a deep lesion, XRT (30 Gy) was added. Ten

months after BNCT, a new lesion appeared at the bottom of

the cavity where the previous lesion had been removed, and

this lesion had invaded to the splenium at the opposite side.

Additional 50 Gy XRT was applied with two opposed right–

left beams, followed by chemotherapy with Temozolomide;

this approach controlled growth of the lesion for another 8

months. After this period of stabilization, the enhanced

lesion at the OS was enlarged and some enhanced lesions far

from the OS were detected in follow-up MRI (Fig. 4c, d).

The patient exhibited left hemiparesis due to perifocal edema

of the enhanced lesion at the OS. A second surgical resection

was performed on the OS lesion to control the perifocal

edema. Prior to the second operation, a second PET study

was carried out (Fig. 4e, f). The L/N ratio of the lesion at the

OS was 1.9. On the other hand, the L/N ratio of the remote

enhanced lesion was 3.1, and we arrived at a diagnosis of TP

due to cerebrospinal fluid dissemination. The surgical

specimen from the second operation showed radiation

necrosis (Fig. 4g). The OS lesion was not enlarged on

follow-up MRI, but the remote lesion rapidly enlarged.

Fig. 3 A representative case

(case 6): GB treated by surgical

resection and BNCT.

Glioblastoma treated by surgical

resection followed by BNCT

and 40 Gy conventional XRT.

(a) Gd-MRI taken just prior to

the second surgery. (b, c)

Periodic follow-up MRI. (d)

First PET, taken just prior to the

second surgery, showing high F-

BPA accumulation; L/N 5.0. (e)

Second PET, taken 6 months

after BNCT. The L/N ratio was

0.9 in this PET, suggesting

radiation necrosis of the

enhancement-positive lesion. (f)
No enlargement of this

enhanced lesion was recognized

in follow-up MRI for 10 months

after the last surgery
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Discussion

New modalities for the treatment of malignant gliomas

(MG), and primarily of GB, have recently been introduced.

In addition, new chemotherapeutic agents such as Tem-

ozolomide are being developed for the treatment of MG

[17]. The main approach to the adjuvant treatment of MG

remains radiotherapy, and this approach is also advancing.

To date, not only conventional XRT and SRS, but also new

brachytherapies such as gliasite [18] and IMRT, a particle

radiation modality, have been developed to administer

highly absorbed doses to tumorous tissue with high con-

formity [1, 3, 19]. In addition, BNCT, a tumor-selective

targeting particle radiation treatment, has been used for the

treatment of malignant brain tumors [2, 20, 21]. These new

modalities are steadily improving the results of MG treat-

ment, although local high-dose radiation itself increases the

possibility of RN. Even BNCT, if applied in recurrent

cases, carries the risk of RN due to previous XRT expo-

sure, as shown in Table 1.

It is important to differentiate between RN and TP when

determining the optimal radiation dose for high-dose

radiation studies such as BNCT, IMRT, and particle radi-

ation therapies. If we consider a lesion to be TP, the

radiation dose should be increased, whereas if it is deemed

to be a case of RN, the radiation dose should be decreased

at the next step of a radiation study. It is crucial to dis-

tinguish correctly between RN and TP, because the

appropriate treatment differs for each pathological condi-

tion after diagnosis. If an incorrect diagnosis leads to the

application of the wrong treatment, the treatment itself may

decrease the patients’ quality of life or even shorten sur-

vival. In many cases, earlier diagnosis may also lead to a

better outcome.

A number of modalities for differentiating between RN

and malignant tumor recurrence have been studied,

including thallium-single photon emission computed

tomography (SPECT) [22] and magnetic resonance spec-

troscopy (MRS) [23]. Among such approaches, PET

imaging has undergone rigorous scrutiny as it allows for

the direct analysis of tissue metabolism. In some patients

with suspected RN who underwent F-BPA-PET and sur-

gery, we applied MRS mapping. Moreover, in some of our

cases, MRS and PET yielded the same results (RN), while

in other cases, no lactate and lipid peaks, which are indi-

cators of RN on MRS, correctly, while F-BPA-PET

suggested RN, and histological examination confirmed the

diagnosis of RN (data not shown).

In addition, a number of different tracers have been used

for PET imaging to detect malignant tumors. Fluorodeox-

glucose (FDG) has been used and studied in numerous

tumor types [24]. The brain shows high sugar metabolism,

and FDG-PET reveals a very high metabolic background in

the normal brain. Moreover, FDG accumulates well in

cases of inflammation [25]. However, inflammatory cells

commonly infiltrate at the RN border as well as in normal

brain tissue [21, 26]. Therefore, it remains rather difficult

to apply FDG-PET for discriminating between RN and TP

[27]. It has been reported that, in some RN cases, FDG

accumulates well in the absence of evidence of tumor

Fig. 4 A representative case (case 7): GB treated with surgical

resection, BNCT, and XRT 9 2. (a, b) Initial Gd-MRI and F-BPA-

PET (First PET) just prior to the first surgery; the L/N ratio was 4.3.

(c, d) Follow-up MRI 1.5 years after BNCT and XRT 9 2 prior to the

second surgery. The enhanced lesion of OS lesion was enlarged, and a

remote lesion (RL), which was considered to have disseminated, was

observed. (e, f) Second PET was performed, and the L/N ratio of the

OS lesion was 1.9, which suggested radiation necrosis of the

enhancement-positive lesion; the L/N ratio of the RL was 3.1, which

on this PET study was suggestive of tumor progression. (g) A second

surgical specimen was confirmed histologically to be RN
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recurrence [28]. PET imaging using amino acids as tracers

is promising for the detection of malignant tumors in the

brain, because the background activity of protein metabo-

lism in the brain is rather low in comparison with that of

sugar. 11C-labeled methionine (MET) has been used as a

tracer for amino-PET [29, 30]. This tracer has been used

for analyzing metabolism in malignant brain tumors [29,

30] as well as for differentiating between RN and TP [30].

A known potential disadvantage of 11C-labeled substances

such as methionine is that, due to the short half-life of the

tracer, they are unavailable to PET centers without a

cyclotron [31]. On the other hand, 18F-labeled substances

have a longer half-life. We confirmed that the addition of

boron to phenylalanine at the phenyl radical improves

biodistribution over that achieved with naı̈ve phenylala-

nine. Phenylalanine itself tends to become trapped at the

liver if it is administered systemically. We speculate that

the addition of boron at the phenyl radical in phenylalanine

inhibits the nonspecific uptake of the tracer in the lever in

comparison with that of naı̈ve phenylalanine [32, 33].

Originally we and others undertook F-BPA-PET studies for

the purpose of BNCT [32–34]. One of the present authors

(Y.I.) reported that the accumulation of this tracer corre-

lates well with clinical malignancy and correlates inversely

with patient survival [15, 16, 32, 33]. In addition, the

accumulation of this tracer may enable differentiation

between RN and TP, as described here. Here, a marked

difference between the L/N ratios of GB and RN was

observed; the lowest L/N ratio in GB listed here was 2.1,

and the highest L/N ratio was 2.2, in cases primarily con-

sisting of RN with a partial tumor residue. Therefore, it

remains difficult to distinguish between RN and TP in all

cases, especially when only a single F-BPA-PET evalua-

tion is performed.

Finally, it should be kept in mind that, even in patients

with L/N ratios of\2.0, viable or recurrent tumor cells may

be present in the tissue. We identified some tumor cells in

the majority of necrotic tissues when necrotic tissue was

removed, even in patients with L/N ratios of less than 2.0,

as shown in Table 1. The majority of tissues can only be

deemed necrotic if the L/N ratio is below 2.0. In such

cases, the RN must be removed and/or treated with various

therapies such as steroids, anticoagulants, hyperbaric oxy-

genation, and vitamin E.

Conclusions

There were significant differences between GB tumor

progression and radiation necrosis in the L/N ratios

observed on F-BPA-PET imaging. An L/N ratio on F-BPA-

PET of greater than 2.5 is strongly suggestive of TP, and an

L/N ratio of less than 2.0 suggests a high possibility of RN.
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