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necrosis in 4, pneumonia in 1, lung embolism in 1, and pneu-
monitis in 1. The median OS of all patients was 20.0 months. The
1-, 2-, 3-, 4-, and 5-year survival rates were 69.6%, 42.8%, 26.5%,
13.3%, and 6.6%, respectively (Fig. 3A). The presence of a
methylated MGMT gene promoter was significantly correlated
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Fig. 3.  Overall survival of the 46 patients. The median survival time

was 20.0 months (A). Methylation (Met) of the O-6-methylguanine-
DNA methyltransferase (MGMT) gene promoter (B) and necrosis in
the subventricular zone (SVZ) (C) were significantly correlated with
better survival (log—rank P=.034 and .0001, respectively).
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with longer patient survival (HR, 2.42; 95% CI, 1.10-6.08;
P=.026) (Fig. 3B), but no other patient- or treatment-related
variables were associated with survival (Table 2). Subgroup ana-
lyses of patient survival are summarized in Table 3.

Toxicity

No grade >3 adverse events were observed during IMRT. How-
ever, during and after treatment, radiation necrosis was frequently
observed. This necrosis arose not only surrounding the original
tumor site (Fig. 1D) but also in the SVZ, although this area was
not included in the high-dose field (Fig. 1E). The incidence of
radiation necrosis was 10.9% surrounding the original tumor,
21.7% in the SVZ, and 10.9% in both. The median time to ne-
crosis was 42.0 months (95% CI, 28.1 months to not reached) at
the original tumor site and 16.1 months (95% CI, 12.2 months to
not reached) in the SVZ. The occurrence of radiation necrosis was
not associated with the methylation status of the MGMT gene
promoter: the HR was 1.40 at the original tumor site (P=.641)
and 0.57 in the SVZ (P=.278).

Radiation necrosis in the SVZ was strongly associated with
prolonged patient survival. The median OS was 36.2 and
13.3 months in patients with and without SVZ necrosis, respec-
tively (HR, 4.08; 95% CI, 1.97-9.10; P=.0001) (Fig. 3C). Radi-
ation necrosis at the original tumor site also showed a tendency to
correlate with better survival, but this difference was not statisti-
cally significant (HR, 1.94; 95% CI, 0.91-4.61; P=.089). In
multivariate analysis, SVZ necrosis was the only variable signif-
icantly associated with prolonged survival after hypofractionated
high-dose IMRT (Table 2).

Hematologic toxicities secondary to chemotherapy or antiepi-
leptic drugs were also observed during the treatment, as follows:
grade 3 liver dysfunction in 8 patients (17.8%), grade 3 or 4
anemia in 8 (17.8%), grade 3 or 4 lymphocytopenia in 21 (45.7%),
grade 3 or 4 neutropenia in 3 (6.5%), and grade 3 thrombocyto-
penia in 1 (2.2%).

Discussion

Nakagawa et al (5) reported alteration of the failure pattern of
GBM from local to disseminated by dose escalation to 90 Gy by
3-dimensional conformal radiation therapy (3D-CRT), which
indicated better local tumor control by high-dose radiation ther-
apy. However, Chan et al (6) reported no local control benefit with
90 Gy by 3D-CRT. Several other investigators also failed to prove
a survival benefit of dose escalation with 70 Gy (7), 78 Gy (8), and
84 Gy (9) by 3D-CRT. Therefore, the effect of dose escalation
with conventional 1.8- to 2.0-Gy fractions is still being debated.
Hypofractionation is a different approach to increase the biolog-
ical effect of irradiation (10). It has several advantages over con-
ventional fractionation. First, increased cell damage by a higher dose
per fraction is expected from a linear-quadratic (1.Q) model. Second,
the shortened treatment time may reduce the effect of rapid tumor
repopulation during treatment (11). In GBM, the potential tumor-
doubling time is reportedly <10 days (12, 13), and the effect of
repopulation cannot be ignored. In addition to these advantages, the
shortened treatment time may contribute to fewer hospitalized days.
However, hypofractionation has an increased risk of late toxicity
of normal brain tissue. Therefore, recent trials have attempted to
deliver doses focusing on a limited area using IMRT. Sultanem et al
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: Tabie 2. Survival analyses
Univariate analysis Multivariate analysis
Variables High-risk group Hazard ratio (95% CI) r Hazard ratio (95% CI) P
Age, y <60 1,32 (0.64-2.60) 441
Sex Male 151 (0.75-3.29) 261
KPS (%) <70 1.42 (0.74-2.75) 291
Extent of resection <95% 1.44 (0.71-2.82) 303
RPA class (II/IV- vs (V/VI) V/VI 1.52 (0.79-3.05) 215
~“MGMT UnMet 242 (1.10-6.08) 026 1.57 (0.68-4.11) 305
Necrosis (regional) No 1.94 (0.91-4.61) 089 1.70 (0.76-4.33) 205
Necrosis (paraventricular) No 4.08 (1.97-9.10) 007 4.71 (2.08-11.55) .0002

“Abbreviations: Cl ‘= confidence interval; KPS = Karnofsky performance status; MGMT = O-G-methylguanine-DNA methyltransferase gene;

RPA = recursive partitioning analysis; UnMet = unmethlylated.

(14) reported on their hypofractionated IMRT with 60 Gy in 3.0-Gy
fractions. IMRT with 50 Gy in 5.0-Gy fractions was also reported by
Floyd et al (15). In the above 2 trials, hypofractionation contributed
to a shortened treatment period, but the biologically effective doses
(BEDs) calculated based on the LQ model (alpha/beta = 10; 78 Gy
in the trial by Sultanem et al [14], 75 Gy in the trial by Floyd et al
[157) were equivalent to that of conventional irradiation (72 Gy), and
failed to improve patient survival. In contrast to these reports, we
previously reported the benefits of dose escalation using hypo-
fractionated IMRT (16). In that report, the dosc for the central lesion
was escalated from 48 Gy (BED, 77 Gy) to 68 Gy (BED, 126 Gy),
and we demonstrated a favorable effect on local control without
severe early toxicities. From these results, we fixed the dose at 68 Gy
and used the same fractionation scheme: § fractions during 10
treatment days.

More recently, trials of dose escalation using hypofractionated
IMRT with concurrent and adjuvant TMZ have been reported. In a
study by Chen et al (17), all patients received a total dose of
60 Gy, but the dose per fraction was escalated from 3.0 to 6.0 Gy
in 1.0-Gy increments. Their median patient survival was
16.2 months, and acute toxicity secondary to irradiation was
extremely rare. A recent report by Tsien et al (18) also demon-
strated the safety of hypofractionated IMRT. In our current series,
we experienced no acute toxicity related to irradiation. In contrast

to previous reports, our hypofractionated high-dose IMRT altered
the dominant failure pattern from local to disseminated. A
decreased incidence of local failure after high-dose irradiation has
also been reported by several investigators. In addition to the
report by Nakagawa et al (5) noted carlier, Tsien ct al (18)
reported a decreased probability of central failure with increased
radiation doses. Intensive IMRT targeting regional tumors pro-
longed the time to Jocal failure, but not to dissemination, resulting
in earlier appearance of dissemination rather than local progres-
sion and alteration of the dominant failure pattern. Although our
treatment still had limitations, the median patient survival was
20.0 months, and the 2- and 3-year survival rates were 42.8% and
26.5%, respectively. These survival results indicate the potential
benefit of hypofractionated high-dose IMRT.

Late toxicities after our treatment were more frequent than
early toxicities, and careful observation was required. Radiation
necrosis was the most frequent late toxicity, and symptomatic
necrosis requiring necrotomy developed in 5 patients. Surpris-
ingly, these necroses progressed more frequently and much earlier
in the SVZ than at the original tumor site, although SVZ was not
included in the high-dose field. The irradiated doses to the SVZ
were equivalent to 50 to 60 Gy of conventional radiation (alpha/
beta = 3). Hypofractionated radiation might have a higher risk of
SVZ injury than expected by the LQ model.

Table 3 ;Subgroub analyses of patient survival

Median, mo (95% CI) 2y (%) 3y (%) 4y (%) 5 years (%)
Overall (46) 20.0 (13.3-27.6) 428 26.5 13.3 6.6
Extent of surgery ) ey
~ Complete resection (29) 20.0 (13.6-30.4) 46.1 26.3 13.2 8.8
Partial resection (17) 11459383 39.2 294 14.7 0.0
Age, y i o
<50 (3) 20.4 (11.4-49.9) 33.3 333 33.3 0.0
50-60 (11) 20.0 (11.6-25.1) 31.8 0.0 0.0 0.0
- >60(32) 17.2 (9.8-36.2) 47.5 35.9 154 10.3
RPA
Class IV (17) 25.1 (11.4-59.6) 51.3 36.7 24.5 12.2
Class V (16) 21.4 (7.9-36.2) 43.8 292 7.3 7.3
- MGMT methylation . R
Unmethylated (34) 14.8 (11.4-22.8) 29.9 15.0 7.5 3.7
Methlyated (11) 36.2 (9.8-not reached) 72.7 52.0 17.3 17.3

Abbreviations: CL = confidence interval; MGMT = O-6-methylguanine-DNA methyltransferase gene; RPA = recursive partitioning analysis.
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On the other hand, the SVZ is believed to harbor cancer stem
cells (CSCs) in patients with GBM (19, 20). Increased dose de-
livery to the SVZ (2594 Gy) has recently been reported to
correlate with better tumor control (21-23). However, CSCs may
reportedly be resistant to radiation therapy because of preferential
activation of the DNA damage checkpoint and DNA repair
response (24). It is difficult to believe that conventional radiation
may directly control CSCs in the SVZ, but impairment of CSC
niches may sterilize the function of CSCs and decrease the supply
of mature glioblastoma cells. In our current series, SVZ injury was
strongly associated with patient survival. Hypofractionated radi-
ation had a higher risk of SVZ injury, but it also had a stronger
effect on impairment of CSC niches, which resulted in better
patient outcomes. However, the SVZ also harbors neural stem
cells, and injury to this area may increase the risk of neuro-
cognitive sequelae. Several studies have recently reported a pos-
itive correlation between the radiation dose to the hippocampus
and cognitive function in series of pediatric brain tumors (25-27).
In our series, hippocampus injury was observed in only | patient,
and the majority of necroses were observed in the SVZ of the
anterior horn (6 patients), body (7 patients), and occipital horn of
the lateral ventricle (1 patient). However, SVZ necrosis progressed
after irradiation, and the performance status of the patients was
impaired as necrosis progressed. Although it progressed very
slowly, SVZ injury was the major cause of deterioration in the
performance status of long-term survivors. Whether we should
escalate the irradiation dose to the SVZ to control CSCs or spare
this area to protect neural stem cells remains controversial.

Recent reports have indicated the usefulness of Met-PET to
distinguish tumor recurrence from necrosis with excellent sensitivity
(75%-100%) and specificity (60%-100%), although different T/N
cutoff ratios (1.58-1.90) have been used (28-31). In this study, Met-
PET was available in 22 cases; 16 lesions were diagnosed as necro-
sis, and the remaining 6 were diagnosed as tumor recurrence with a T/
N threshold of 1.8. Among these lesions, the pathologic diagnosis was
confirmed in 9 cases: 3 SVZ necroses, | regional necrosis, 2 local
recurrences, and 3 disseminated diseases. No discrepancies in diag-
nosis were observed between Met-PET and pathologic analysis.
However, another patient experienced regrowth of the lesion even
though it had been diagnosed as necrosis by Met-PET 8 months
before progression. We should be aware of the limitation of tracer
imaging in that it reflects only the dominant features of lesions.

This single-institution prospective study demonstrated a satis-
factory effect of hypofractionated high-dose IMRT on local control
and survival in patients with GBM in the TMZ era. Despite the
significant effect on control of GBM, this method still has some
limitations. First, our IMRT contributed to local tumor control but
not to prevention of dissemination. Second, our treatment increased
the risk of radiation injury to the SVZ. The SVZ injury was asso-
ciated with better patient survival but with impairment of patients’
performance status. Third, this was a single-institution, small,
nonrandomized study. Larger multiinstitutional randomized trials
are required to validate our results and to confirm the efficacy of
hypofractionated high-dose IMRT on control of GBM.
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Introduction achicved should receive postoperative radiotherapy [5,6], whercas

other reports recommend that all patients with HGMSs should
receive postoperative irradiation regardless of the extent of the
-resection [2,4]. Thus, the indication of postoperative radiotherapy
for HGMs is only discussed with respect to the extent of resection.
However, is the extent of resection a sufficient clinical prognostic
factor, especially by itself, when we make a decision regarding
irradiation timing for postoperative HGM paticnts?

To elucidate the influence of radiotherapy on treatment
outcomes and to discuss suitable irradiation timing in patients
with HGMs, we rigorously reviewed the clinical factors and
outcomes of HGM patients treated at our institutions and paid
special consideration to radiation timing. We performed multi-
variate analysis of clinical and pathological factors, which are
typically available in the postoperative period, leading to the

Although mecningiomas have become the most common
primary brain tumor and thc majority of these are considered
histologically benign [1], therc is low incidence of high-grade
meningiomas (HGMs), defined as Grade II and Grade III by
WHO classification, and their biological behaviors are occasion-
ally unpredictable [2,3]. In particular, the aggressive naturc of
HGMs in the cvent of tumor relapse has been noted, and
recurrent HGMs are generally difficult to manage.

Retrospective studies have demonstrated that adjuvant radio-
therapy can contribute to a favorable prognosis for patients with
HGM [2,4]. However, the optimal timing of radiotherapy remains
unclear for many clinicians. Some studies rccommend that
patients for whom gross total resection of the HGM cannot be
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identification of possible prognostic factors for the risk of
recurrence for HGM patients without postoperative radiotherapy.
Based on the results of this analysis, we propose a stratification of
recurrence-risk. In addition, an important aim of this study was to
identily the patient group that did not require postoperative
racliotherapy using appropriate criteria.

Materials and Methods

Patients

This study was approved by the Internal Review Board on
Ethical Issucs of Hokkaido University Hospital and appropriate
written informed consents were obtained from cligible patients. A
retrospective review was performed at the Hokkaido University
Hospital and our affiliated institutions on patients since 1995 that
were over 20 years old with a histological diagnosis of HGM,
including WHO Grade II (n=42) and Grade III (n=13). We
referred to pathological reports to identify HGM patients, and
their diagnoses were re-confirmed by senior neuropathologists
(H.N. and H.K.) according to WHO 2007 criteria, as described
below. Pediatric patients, spinal meningiomas, and radiation-
induced meningiomas were excluded in this study.

Ultimatcly, there were 27 males and 28 females with a mean age
of 60215 years (range: 23-84). Regarding histological classifica-
tion, Grade 11 meningiomas included two clear cell meningiomas
and one chordoid meningioma, and Grade III meningiomas
included one papillary meningioma and onc rhabdoid meningi-
oma on which we have reported previously [7]. In this study, we
included patients with HGMSs that were transformed from benign
(Grade I) meningiomas at first presentation. Those tumors arc
defined as “wransformed”, whereas the tumors that were diagnosed
as HGM at first presentation were defined as “de novo” [8]. Ten
Grade II tumors were categorized as transformed HGM; the mean
interval between benign and Grade 1T histology was 109 years
(range: 1-30 years). There arc no cases that had progressed
directly [rom benign to Grade I included in this series, All
paticnts’ characteristics are shown in Table 1.

Clinical Parameters and Outcome Assessment

Tumor size was delined by the largest diamcter of contrast
enhancement on the preoperative imaging. Each patient’s
preoperative condition was assessed by the Karnofsky perfor-
mance status (KPS). Tumor locations were categorized into five
groups: convexity, found in 17 cases; parasagittal/falcine/ tento-
rial, in 20 cascs; sphenoid ridge, in 9 cascs; skull base, in 5 cases;
and other, in 4 cases including intraventricular (n=2), orbital
(n=1), and interosseous (n=1). The endpoints were recurrence-
free survival (RFS) and overall survival (OS), which were measured
from the time of first HIGM diagnosis. In the patients with
transformed HGM, their time interval from benign to high-grade
was not included in the survival analysis. All patients were followed
in our institutions until death or their last visit. The time of
recurrence was defined as the development of either clinically and
radiographically evident relapse, or tumor re-growth. Patients
without event were regarded as censored obscrvations at the last
follow-up visit.

Treatment

Simpson Grades 1 and 2 resections were designated as gross
total resection confirmed by both operation record and postop-
erative radiographic appearance [9]. Postoperative adjuvant
radiotherapy was administered to 19 patients, while the remaining
36 patients had irradiation deferred in case of relapse or tumor re-
growth. The patients with postoperative radiotherapy were
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classificd into the “carly” irradiation group, and the others were
classificd into the “deferred” irradiation group. Postoperative
radiotherapy was administered at the diseretion of the physician.
At the time of this analysis, 15 out of 36 paticnts in the deferred
irradiation group had received irradiation for recurrent tumors. In
terms of radiotherapy, patients were treated with Xeray based
radiotherapy. The range of cumulative irradiation dose were from
50 Gy to 60 Gy using 2.0 Gy as the daily dosc. Patients with
HGM who were treated by other radiotherapics, such as gamma-
knife or Boron Neutron Capture therapy (BNCT), are not
included in this series.

Pathological Examination

All patients were re-evaluated to confirm the pathological
diagnosis according to WHO 2007 criteria by scnior ncuropa-
thologists. "They counted mitoses per 10 high-power ficlds (HPFs,
%400) and the 5 prognostic histological paramcters of hypercel-
tularity, macronucleoli, small cell formation, patternless architec-
turc and necrosis as 0 {no) or 1 {yes). ‘The sum of cach parameter
was designated as an atypical score. Gases with 4 or more mitoses
per 10 HPFs or with an atypical score greater or equal to 3
correspond to atypical meningioma. Cascs with an obviously
malignant cytology resembling that of carcinoma, melanoma,
high-grade sarcoma, or a markedly clevated mitotic index (20 or
more mitoses per 10 HPEs) correspond to anaplastic meningioma
[10]. Cellular proliferation was asscssed using the MIB-1 labeling
index by immunohistochemistry. The quantification of the MIB-1
labeling index was performed by H.K., who was blinded to the
clinical information. Eventually, MIB-1 labeling was made
available to index of 50 out of 55 cases.

Statistical Analysis

All statistical analyses were carried out in R statistical
cnvironment version  3.0.2. Continuous  variable data were
exprossed with standard deviation (SD). The mean of continuous
variables was compared by Welch two sample t-tests, the median
of continuous variables was compared by Mann-Whitney U test or
Kruskal-Wallis test, and the distribution of categorical variables
was comparcd by Pearson’s Chi-squarcd test or Fisher’s exact test
according to the counts of expected frequencics, Estimated
survival curves were shown by Kaplan-Meier method, and a
log-rank test was usced for the comparison.

"To analyze prognostic factors for the risk of recurrence in the
deferred irradiation group, the patient and the weatment
characteristics were cvaluated for association with the time to
recurrence using Cox proportional hazards regression model. The
analyzed characteristics included the patient’s age, gender,
preoperative KPS, previous diagnosis of meningioma, location of
the tumor, extent of resection, MIB-1 labeling index, and the
histological grade. A hazard ratio, with 95% confidence intervals
(Cls) from a Cox model, summarized the effect; a non-parametric
CI was caleulated by the Greenwood formula. In multivariate
analysis, the factors for which the P-valuc was below 0.1 in
univariate analysis were scelected. The factor of the MIB-1 labeling
index could not be applied in multivariate analysis due to
significant corrclation with the histological grade (P=0.015,
Fig. 1). Statistical significance was given to p-values <0.05.

Results

Patient characteristics

Table 1 shows the patient characteristics between the carly
irradiation group and the deferred irradiation group. In compar-
ison to the deferred irradiation group, the number of Grade III
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Table 1. Descriptive statistics of study samples by postoperative radiotherapy.

All patients (n=55) Early RT group {n=19)  Deferred RT group (n=36) P-value®
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o : e o

Preoperative KPS(%) . .
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e . , 3 : :
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Parasagittal/Falcial/T ehtorial
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Skull Base
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fBeni‘gn reningioma at first presentation

No (de novo)

Yes’;(tranéfdrr‘ﬁ 7
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Histology
Gradell s s
owen
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Median follow-up period (months)
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Recurrence (%)

23 (94%)
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11 (58%)
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Abbreviations: SD, standard deviation; RT, radiotherapy.

*Comparison between early irradiation group and deferred irradiation group.

P-values were calculated by "Welch t-test, “Pearson’s Chi-squared test, “Fisher's exact test and *Mann-Whiteny.
U-test.

doi:10.1371/journal.pone.0097108.t001

meningioma patients is higher in the early irradiation group, but resection was one of the candidates of poor prognostic factors in

the difference is not statistically significant (P =0.10). Therc were univariate analysis (P =0.0034), the extent of resection was not
no significant differences with respect to other clinical factors, nor found to influence tumor recurrence in multivariate analysis
to the extent of the resection. 34 out of the 55 tumors were found (P=0.82). The other possible poor prognostic factor was poor
to have recurred and 17 patients died as a result of tumor preoperative KPS (P=0.019, in univariate analysis). Although we
progression. The median follow-up period of all patients was 43.9 could not apply the MIB-1 labeling index of the tumor in
months (range: 3.1-182.9 months), and there was no significant multivariatc analysis, univariate analysis indicated that a high

difference in median follow-up period between the two groups MIB-1 labeling index, defined as more than 15%, might be a
(P=0.62). 21 out of 36 patients in the deferred irradiation group possible candidate for a prognostic factor for early rccurrence
did not require irradiation at the time of this analysis. The median (P=0.020).
follow-up period of these 21 patients was 36.4 months.
Recurrence-risk stratification

Prognostic factors in deferred irradiation group Based on the analyzed results of the Cox model, we propose to

To identify which clinical factors influenced the recurrence of  stratify the recurrence-risk group according to these prognostic
HGMs, we analyzed the deferred irradiation group using the Cox factors (Table 3). For the high-risk group, two classifiers are

model (n=36, Table 2). According to multivariate analysis, two selected that were identified as significant poor prognostic factors
parameters were found to he significant poor prognostic factors of by multivariate analysis: Grade Il malignancy, and transformed
early recurrence: Grade III malignancy (P=0.0073) and trans- histology. For the intermediate-risk group, three prognostic factors
formed histology (P =0.047). Although Simpson Grade 3-5 are sclected as classifiers based on univariate analysis as follows:
PLOS ONE | www.plosone.org 3 May 2014 | Volume 9 | Issue 5 | 97108
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Figure 1. The MIB-1 labeling index of Grade Il and Grade Ili 2 e
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the patients with poor preoperative KPS, tumors with Simpson
grade 3-5 resection, and high proliferative tumors suggested by
high MIB-1 labcling index (more than 15%). The tumors that
meet any of the above criteria are stratified into each recurrence-
risk group, and the patients whose clinical and pathological
characteristics do not match the above criteria are stratified into a
low-risk group.

Figure 2 shows Kaplan-Meier curves of the patients in the
deferred irradiation group according to the recurrence-risk
stratification we propose. The prognosis shows a significant
difference not only in RFS bhut also in OS among the
recurrence-risk stratified groups (p<<0.001 in PFS, P=0.001 in
0OS). The 3-ycar actual recurrcnce-free rates of the low-risk,
intermediate-risk, and high-risk groups were 90%, 31%, and 15%,
respectively. In the intermediate-risk group, the median RFS is
28.4 months. Although the RFS of the intermediate-risk group was
poor comparcd to the low-risk group, all patients who were
stratified in intermediate-risk and low-risk group have been alive
through follow-up periods. Finally, the prognosis of the high-risk
group was dismal. The median RFS and OS of the high-risk group
arc 11.2 months and 52.1 months, respectively.

In addition, when the patients who received carly irradiation
had been assigned to this recurrence-risk stratification, 10 out of
19 tumors fell into the high-risk group, and 9 out of 19 tumors
were in the intermediate-risk group. Figure 3 shows the RFS in the
high-risk group and intermediate-risk group according to the
postoperative radiation. As clearly shown, the prognosis of the
patients with high-risk HGMs who were treated by carly
irradiation was significantly better (P =0.019), whereas there were
no significant prognostic differences between early irradiation and
deferred irradiation in the intermediate-risk HGMs (P = 0.34).
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Discussion

Since radical resection of meningioma is widely agreed to cause
an improvement of prognosis [1 1], neurosurgeons always attempt
to resect the tumor at the highest possible extent irrespective of
histological subtype or tumor location. Although some promising
antincoplastic agents, such as trabectedin [12] or histonc
deacetylase inhibitors [13], are being used in preclinical studies,
commonly acceptable chemotherapies for HGMs are currently

Table 2. Cox regression Hazard model on RECURRENCE FREE SURVIVAL in deferred irradiation group.

Abbreviations: Cl, confidence interval; KPS, Karnofsky performance status; NA, no assessment.

Extent of resection (Simpson grade) Grade 3-5
*continuous variable.

doi:10.1371/journal.pone.0097108.t002
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Table 3. Recurrence-risk stratification of high-grade meningioma.

Risk group Classifiers

High-risk group 1 .Grade Il malignancy

2 Transformed histology
Intermediate-risk group o

3 High MIB-1 labeli

Low-risk group

1 Poor preoperative KPS score (less than 70%)

index (more than 15%)

None of matched above factors

2 Simpson grade 3-5 resection

Abbreviation: KPS, Karnofsky performance status.
doi:10.1371/journal.pone.0097108.t003

unavailable. Therefore, radiotherapy remains the sole treatment
option after surgical resection of HGMs, and the timing of
radiotherapy is of great concern to physicians and has been
discussed in several retrospective analyses [2,4,5,6].

There is no doubt that radiotherapy for HGMs is beneficial for
controlling tumor recurrence and has demonstrated improvement
in patient prognosis [2,4]. However, compared to other malignant
brain tumors such as high-grade gliomas and medulloblastomas,
the role of radiotherapy for HGMs remains ambiguous. Previous-
ly, some studics suggested that patients with atypical meningiomas
for whom gross total resection is possible do not necessarily need
postoperative radiotherapy [5,6]. In additdon, Pearson et al.
pointed out that the incidence of atypical meningiomas increased
dramatically after 2004 due to the reclassification of WHO criteria
[6]. Our series also show this trend, as 39 (71%) out of the 55 cases
were diagnosed as HGMs after 2004. This fact might indicate that
recent cases diagnosed as HGM might include cases that did not
meet the old criteria, suggesting in turn that the number of
surgically curable HGMs may have recently increased.

The main aim of this study is to attempt to identify the
prognostic risk factors of carly recurrence that arc available at the
time physicians decide whether postoperative irradiation should be
performed. To climinate the influence of radiotherapy, we
specifically focused on HGM patients who did not received
postoperative radiotherapy at primary HGM diagnosis. Thereaf-

B

ter, we stratified our patient pool into three recurrence-risk groups
according to these factors, which were identified by multivariate
and univariate analyses, and we validated the survival effect for
cach of these groups. Although this novel approach is debatable,
we propose that it can provide some clues for the treatment
strategy of this rare discase.

Through this analysis, we were able to identify two significant
risk factors: Grade III malignancy and transformed histology. In
terms of Grade III meningioma, previous reports evidently
recommended postoperative radiotherapy regardless of the extent
of resection [14,15]. Durand ct al. evaluated the prognostic factors
for high-grade meningioma on 199 adult patients. Although no
significant difference was found in overall survival rate between
the patients who had and had not reccived radiation adjuvant
treatment, it was found that only the prognosis of Grade III
meningioma could be improved by postoperative radiotherapy
[16]. These results are consistent with our analysis.

The other significant poor risk factor is transformed malignan-
cy. In our series, all transformed HGM cases ranged from benign
to atypical. Nevertheless, the prognosis of these patients was
significantly poor, as was that of the Grade III meningioma
paticnts. With respect to glioblastoma, sccondary malignancy is
representative of a good prognostic factor [17], whereas the
malignant transformation exhibited contrasting findings for HGM.
This poor prognostic factor was also recognized by two previous
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Figure 2. Kaplan-Meier estimates based on the recurrence-risk stratification. The graphs show recurrence-free survival (A) and overall
survival (B) according to the recurrence-risk stratification defined as prognostic factors. Prognosis shows a significant difference in both RFS and 0S
among the recurrence-risk stratified groups (p<<0.001 in PFS, P=0.001 in OS).

doi:10.1371/journal.pone.0097108.g002
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Figure 3. Recurrence-free survival analysis according to postoperative irradiation. Kaplan-Meier estimates of recurrence-free survival are
illustrated according to the treatment option of postoperative irradiation in high-risk group (A) and intermediate-risk group (B). In high-risk group,
the prognosis of the patients with early irradiation was significantly better (P=0.019), whereas there were no significant prognostic differences
between early irradiation and deferred irradiation in the intermediate-risk HGMs (P =0.34). RT stands for radiation therapy.

doi:10.1371/journal.pone.0097108.g003

studics [8,18]. Interestingly, Krayenbiihl ct al. demonstrated the
significant differences of histological characters, in addition to
cytogenctic findings between “de novo” subgroup and “trans-
formed” subgroup. They hypothesized that the “transformed”
HGMs could comprise distinct subgroups of aggressive meningi-
omas compared to “de novo” HGMs [8]. In addition, Yang ct al.
reported that tamors with malignant transformation had a higher
percentage of pd3 overexpression than “de novo® tumors [18].
"Their findings are consistent with our results, and can provide the
biological clues toward a better understanding of the poor
prognosis of this subpopulation.

For the classificrs of the intermediate-risk group, three risk
factors were designated based on univariate analyses: patierts’
poor preoperative KPS, incomplete tumor resection, and tumors
with high MIB-1 labeling indices. Our serics failed to demonstrate
a significant beneficial effect from gross total rescction in
multivariate analysis, suggesting that the extent of resection is
not always a definitive prognostic factor for HGM paticnts. In
addition, we adopted the MIB-1 labceling index as a prognostic
factor by histological aspect. It is well known that the MIB-1
labeling index is routinely performed worldwide and recognized as
onc of the most reliable markers of proliferative tumor activity
[19]. Compared to Grade III meningioma, it is commonly
recognized that the diagnosis criteria of Grade II meningiomas arc
highly controversial despite the objective criteria of WHO
classification. In actuality, the difference of mean MIB-1 labeling
index among the studies was signilicant, ranging {rom 3.2%(18] to
15.81% [20]. To complement this interinstitutional or interob-
server difference, the “high MIB-1 labeling index” became a
proper objective factor to identify the tumors that might posc a
potential risk for carly recurrence.

For the treatment of high-risk HGM patients, we advocate
postoperative radiotherapy regardless of the extent of resection. As
shown in Figure 3A, carly irradiation could contribute to
prolonged recurrence-free survival of the patients with high-risk
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Abstract

Background Although histological diagnosis is indispensable
in treating primary central nervous system lymphoma
(PCNSL), we sometimes face an intractable situation in which
tissue can be obtained only from a deep-seated brain lesion. In
place of a histological diagnosis, the diagnostic adequacy of
the combined use of 18 F-FDG PET and corticosteroid ad-
ministration for PCNSL located in a deep-seated brain struc-
ture is reported.

Methods Patients with a deep-seated tumor were treated as
having PCNSL without histological confirmation, based on
the following criteria: (1) there was no evidence of systemic
malignancy; (2) the tumor showed an extremely high FDG
uptake relative to normal gray matter on pretreatment 18 F-
FDG PET; (3) the tumor decreased in size 1 week after
diagnostic therapy by corticosteroid administration on
contrast-enhanced T1-weighted magnetic resonance imaging
(MRI). FDG uptake of the lesion was evaluated by the max-
imum of standardized uptake values (SUVmax) and tumor-to-
normal ratio of the SUV (T/N ratio). The extent of the tumor
reduction was calculated by volumetric analysis for the treat-
ment response to corticosteroid administration.
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Results Ten patients (4 males and 6 females) matched these
criteria. On pretreatment 18 F-FDG PET, mean SUVmax in
the tumor was 24.8 (8.75-60.75), and mean T/N ratio was
3.24 (2.17-5.12). The extent of tumor volume reduction was
shown to be 21 to 68 % 1 week after diagnostic therapy by
corticosteroids. Mean total dose and duration of corticoste-
roids were 719 mg as prednisolone and 6.5 days, respectively.
Nine patients achieved complete response and one patient
achieved partial response on MRI after standard freatment
for PCNSL with high-dose methotrexate and/or whole-brain
irradiation.

Conclusion Although the value of biopsy is universal, com-
bining 18 F-FDG PET and corticosteroid administration is an
important alternative method that may lead to the diagnosis of
deep-seated PCNSLs in cases with intractable histopatholog-
ical confirmations.

Keywords Braintumor - Corticosteroid - 18 F-FDG - Position
emission tomography - Primary central nervous system
lymphoma

Introduction

Tumor resection has not contributed to the treatment of the
primary central nervous system lymphoma (PNCSL)) because
it has not been associated with any survival benefits and in fact
may lead to neurological deficits resulting from treatment
delays [14]. In addition, since almost all PCNSLs are diffuse
large B-cell lymphomas, the treatment strategy is rarely
changed by subtype. Nevertheless, histological diagnosis
should be performed before any adjuvant treatment for
PCNSL, since the adjuvant treatment strategy is quite different
from that of other malignant brain tumors, such as high-grade
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gliomas or metastatic brain tumors. However, difficult biop-
sies are occasionally encountered, particularly when the tumor
is located in a deep-seated region and in other critical brain
structures, such as the hypothalamus and the brain stem.

Magnetic resonance imaging (MRI) is routinely performed
upon diagnosis of PCNSL. The MRI features of PCNSL are
well recognized by relatively characteristic features, i.e., they
display contrast enhancement and no necrosis [19]. However,
MRI appearances of high-grade gliomas or inflammatory
disorders sometimes mimic that of PCNSLs. Thus, the MRI
appearance alone cannot confirm the diagnosis. On the other
hand, the usefulness of 18 F-FDG (FDG) PET on PCNSLs has
been reported, and an FDG PET appearance could play a
subsidiary role in the diagnosis of PCNSLs [2, 15, 16, 18].
PCNSLs usually show an extremely high FDG uptake com-
pared to other brain tumors, and we demonstrated that the
tumor-to-normal brain uptake ratio (T/N ratio) is the appro-
priate parameter for distinguishing PCNSL from other malig-
nant intraaxial brain tumors [18].

In addition, PCNSLs are known to be exquisitely sensitive
to the lympholytic effect of corticosteroids [10]. There are
anecdotal reports of the complete radiological disappearance
of tumors and survival for more than a year with steroids alone
[4]. It is also known that these agents may result in a complete
radiographic response or even an uninformative pathological
biopsy [2].

With this in mind, we report a total of ten PCNSL cases in
which tissue biopsies were not taken and yet the patients were
successfully treated with high-dose methotrexate (HDMTX)
and/or whole-brain irradiation after diagnosis based on MRI,
FDG PET, and the response to corticosteroid administration.
We use these cases to present acceptable criteria for diagnosis
by using both FDG PET and corticosteroid administration for
PCNSLs.

Patients and methods
Patients

This study was performed with the approval of the Internal
Review Board on Ethical Issues of Hokkaido University
Hospital, Sapporo, Japan (no. 014-0142). Patients with intrac-
table histological confirmation by biopsy were treated as
having PCNSL after fulfilling the following criteria: (1) there
was no evidence of systemic malignancy; (2) the tumor was
located in a deep site of the brain, such as in the hypothalamus
(Fig. la), brainstem including the cerebral peduncle (Fig. 1b),
and cerebellar peduncle (Fig. 1c), or periventricular infiltra-
tion (Fig. 1d); (3) the tumor had a high FDG uptake on PET,
which is defined as when the FDG uptake of the lesion is
relatively higher than that of the adjacent and contralateral
gray matter based on the visual inspection (Fig. 1); (4) patients
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were radiological responders to corticosteroid administration,
which is described in detail below. Written informed consent
was obtained from all of the patients included in this report.

A chemotherapy regimen of three cycles of HDMTX
(3.5 g/m” as an intravenous rapid infusion in 3 h) on the first
day of a 14-day cycle was applied in the usual fashion. After
completion of chemotherapy, whole-brain irradiation was giv-
en to a total dose of 30-40 Gy in 15-20 fractions of 2 Gy
given daily on weekdays with or without a tumor bed boost.
The patients who could not tolerate HDMTX only underwent
whole-brain irradiation with a tumor bed boost.

MR imaging and volumetric analysis

The MR imaging evaluation included routine conventional
multiplanar brain scans at a field strength of 1.5 T with and
without gadolinium contrast. Quadrature head coils on four
different GE MRI scanners were used (GE Health Care,
Milwaukee, WI). In addition to routine T1-weighted images
(T1WI), T2-weighted images (T2WI), fluid-attenuated inver-
sion recovery (FLAIR) and gradient echo sequences, echo
planar diffusion-weighted images (DWI) (b=1,000s/mm?)
were obtained. Using in-house software based on DICOM
data, manual segmentation was performed with region-of-
interest analysis to measure tumor volumes on the basis of
contrast-enhanced TIWI axial slices. The extent of tumor
volume reduction by steroid administration was calculated as
((pre-treatment tumor volume)—(tumor volume after steroid
administration))/(pre-treatment tumor volume).

PET protocol and imaging analysis

Detailed PET protocol and imaging analysis has been de-
scribed previously [18]. Briefly, following a blood glucose
test excluding hyperglycemia, a 4.5 MBq/kg of FDG was
intravenously injected, and the whole brain was scanned 1 h
later. All the images were acquired using a high-resolution
PET scanner (ECAT HR+ scanner; Asahi-Siemens Medical
Technologies Ltd., Tokyo, Japan) operated in a three-
dimensional mode or scanned using an integrated PET-CT
scanner (Biograph 64 PET-CT scanner; Asahi-Siemens Med-
ical Technologies Ltd., Tokyo, Japan). Attenuation-corrected
radioactivity images for both scanners were reconstructed
using ordered subset expectation maximization with a Hann
filter of 4 mm full width half maximum.

A circular region of interest, 10 mm in diameter, was
placed in the lesion at the area corresponding to the MRI
abnormality. Regional uptake of FDG was expressed as a
standardized uptake value (SUV) calculated as (tissue activity
[Bg/ml]) x (body weight [g])/(injected radioisotope activity
[Bql). Maximum SUV (SUVmax) of tumors was sampled
from the single pixel showing the highest FDG accumulation.
The T/N ratio was defined as the ratio of the SUVmax of the
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Fig. 1 Representative magnetic
resonance imaging (MRI) and
FDG-PET findings of deep-
seated primary central nervous
system lymphoma located in the
hypothalamus (a), cerebral
peduncle (b), cerebellar peduncle
(¢), and periventricular infiltration

@

lesion to the SUVmax of the contralateral normal gray matter
on the same axial plane. For the central lesion, the average
SUVmax of both sides of the gray matter were adopted as the
normal SUV.

Assessment of steroid response

After completing the imaging studies, corticosteroid was ad-
ministered to every patient. Duration and cumulative total
dose of steroid therapy depend on the patient’s age and asso-
ciated discases. Cumulative corticosteroid dose was calculated
by conversion to prednisolone. MRI with contrast enhance-
ment was performed approximately 1 week after corticoste-
roid administration. The treatment response was assessed by
the patient condition and MRI findings. The patient condition
was assessed by the Karnofsky Performance Status (KPS).
For the radiological response evaluation, the volume of the
contrast enhancement lesion on MRI was compared before
and after corticosteroid administration, as described above.

Results
Patient characteristics

We retrospectively identified 10 patients, 4 male and 6 female
(age range 4630 years; mean 69.6) who matched the criteria
described above and were treated by HDMTX and/or radia-
tion therapy as having PCNSL without histological confirma-
tion since 2007 (Table 1). The lesions were located in the
hypothalamus in four patients, cerebral peduncle in one, cer-
ebellar peduncle in two, and periventricular infiltration in four.
One patient (case 4) suffered from multiple lesions located in
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the hypothalamus and periventricular infiltration, and two
patients (cases 2 and 6) suffered from tumor spreading into
the bilateral ventricular walls.

Six patients developed consciousness disturbance due to
direct tumor invasion. In addition, two patients showed
intratumoral hemorrhage at presentation (case 5, Fig. 2a; case
6, Fig. 2b). Median KPS of ten patients at admission was quite
low at 40.

Screening body CT was performed on all patients, and
bone marrow biopsy was performed on nine out of ten pa-
tients. In addition, six patients underwent whole-body FDG
PET scans simultancously with a first-time brain FDG PET.
There was no evidence of systemic lymphoma throughout
these examinations for any of the patients. Serum soluble
interleukin-2 receptor (sIL-2R) was also investigated in all
patients on admission, and slight elevation of the serum level
of sIL-2R was observed in two cases (cases 4 and 8) compared
to age-matched healthy controls. By ophthalmological exam-
ination, vitreous opacity was strongly suspected in two cases
(cases 7 and 9), but definitive diagnostic procedures could not
be performed because of poor patient condition. In the MRI,
all lesions were demonstrated via contrast enhancement with
marked cerebral edema. Increased diffusivity of water protons
was displayed in all patients, except one with massive
intratumoral hemorrhage (case 6).

FDG PET appearance and response to corticosteroid
administration

The lesions were visually detected as high uptake compared to
adjacent and contralateral gray matter on pretreatment FDG
PET. SUVmax of FDG uptake in the tumor ranged from 8.75
to 60.57, with a mean of 24.83. The T/N ratio in the tumor
ranged from 2.17 to 5.12, with a mean of 3.24 (Table 1).
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Table 1  Individual characteristics of the deep-seated primary central nervous system lymphoma (PCNSL) without pathological confirmation
Case Age/ Tumor FDG Status at onset Status after steroid Curative Status after Follow-up
no. sex location PET administration therapy curative

therapy

SUV T/N KPS Tumor KPS Tumor Extent of Resp KPS Months Status
max ratio (%) volume (%) volume reduction onse (%)
(ml) (ml) (%)

1 T9/F CeP 15.35 2.60 40 6.84 40 222 68 % HDMTX + RT CR 40 25 PD
2 55/F PV 433 312 40 13.91 50 8.38 40 % HDMTX + RT CR 100 36 CR
3 T4/F PV 13.74 2.17 70 10.54 80 5.51 48 % HDMTX + RT CR 100 43 CR
4 69/F PVand HT 21.86 3.64 30 17.71 50 8.76 51 % HDMT + RT CR 70 3* CR
5 T4/F HT 338 2.77 30 7.07 40 2.40 66 % HDMTX + RT CR 60 8 D
6 46/M PV 8.75 2.60 30 N/A 60 N/A N/A HDMTX + RT CR 90 29 CR
7 70M CeP 14.66 2.81 50 1.85 50 0.89 52 % HDMTX + RT CR 60 21 CR
8 75/M HT 14.01 2.50 40 7.40 50 2.59 65 % RT CR 50 6 D
9 T4/F HT 60.57 5.06 50 6.05 50 4.76 21 % RT PR 50 5 D
10 80M CP 2222 512 50 1.97 60 0.80 59 % RT CR 70 13 CR

CP cerebral peduncle; CeP cerebellar peduncle; CR complete response; D dead; HDMTX high-dose methotrexate chemotherapy; H7T hypothalamus; KPS Karnofsky Performance Status; N/4 not
applicable; PD progressive disease; PR partial response; PV periventricular infiltration; RT radiation therapy; SUVmax maximum of standardized uptake value; /N ratio tumor-to-normal SUV ratio

“Lost to follow-up after curative chemo-radiotherapy
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Fig. 2 Two deep-seated PCNSL
cases presented with intratumoral
hemorrhage: case 5 (a); case 6 (h)

Corticosteroid administration began within 3 days after
admission for all patients. Total amount of applied corticoste-
roid (as prednisolone) ranged from 200 to 2,400 mg (mean,
719 mg), and duration of administration ranged from 3 to
10 days (mean, 6.5 days). The patients’ conditions were
improved in seven out of ten cases. All patients showed a
radiological response to steroid administration, and the extent
of tumor volume reduction was shown to be 21 to 68 %
(Table 1, Fig. 3).

Treatments and outcomes

Seven patients received chemotherapy with HDMTX. Six out
of seven patients could achieve three cycles, but one of them
underwent only two cycles because of poor responsiveness to
HDMTZX. These patients were treated with whole-brain irra-
diation after HDMTX. The tumor bed boost with 10 Gy was
given to five patients. Three patients could not undergo
HDMTX mainly because of poor renal function; therefore,
these patients received whole-brain irradiation with a tumor
bed boost.

All treatments were well tolerated, and there were no
severe adverse episodes. Nine patients achieved a complete
response (CR), and one patient achieved a partial response
(PR) on MRI at the end of radiation therapy. The median KPS
after treatment remarkably improved up to 65 (range from 40
to 100). Although one patient (case 4) was lost to follow-up
just after discharge from our hospital, nine patients could be
followed up after curative chemo-radiotherapy. Three out of
nine patients died because of the tumor within 1 year, whereas
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five out of nine patients remained clinically and radiologically
stable without tumor relapse at the end of follow-up (Table 1).

Representative case

Case 2 (Fig. 4)

A 55-year-old female ultimately became stuporous and was
referred to our institute. The MRI showed contrast-enhancing
lesions along the whole ventricular system. The T2-weighted
image exhibited signal abnormality, especially in the bilateral
parieto-occipital periventricular white matter. MRI findings
indicate PCNSL (Fig. 4a-c). The results of the chest and
abdominal CT as well as the bone marrow biopsy showed
no evidence of systemic lymphoma. Human immunodeficien-
cy virus testing, CSF studies, and ophthalmological examina-
tion showed no abnormality.

The patient underwent FDG PET following our protocol
and obtained a SUVmax of 43.3 and T/N ratio of 3.12,
respectively (Fig. 4d). Prednisolone at a total of 1,300 mg
had been administrated intravenously for 4 days. Her con-
sciousness improved 5 days after steroid administration, and
the MRI showed a remarkable reduction in the enhanced
lesions (Figs. 3 and 4). Based on the MRL, FDG PET findings,
and response to steroid administration, the patient was diag-
nosed with PCNSL.

She received three cycles of chemotherapy with HDMTX
(3.5 g/m?) with no severe adverse events. Whole-brain irradi-
ation was given to a total dose 0f 30 Gy in 15 fractions of2 Gy
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Fig. 3 Contrast-enhanced MRI appearances of pre- (left) and post-
corticosteroid (right) administration. (a)-(h) correspond to cases 1, 3, 4,
5,7, 8, 9, and 10, respectively. Case 2 is presented in Fig. 4 as a

given daily on weekdays without a tumor bed boost. She
achieved complete response (CR) on the MRI after treatment
and returned to normal life (Fig, 4f). She has stayed well for
3 years without any evidence of lesions on MR

Discussion
Deep-seated primary central nervous system lymphoma

Image-guided stereotactic biopsy is the chosen method for
histopathological diagnosis for PCNSL because gross tumor
resection is not recommended [14]. However, this procedure
is considerably difficult in the following situations: (1) when

Fig. 4 Representative case
presentation (case 2). (a) T2-
weighted image shows signal
abnormality in bilateral parieto-
occipital periventricular white
matter. (b, ¢) Contrast-enhanced
T1-weighted imaging shows
contrast-enhancing lesions along
the whole ventricular system. (d)
The patient obtained a SUVmax
0f43.3 and T/N ratio of 3.12,
respectively. (e) MRI showed
remarkable reduction in the
enhanced lesion after
corticosteroid application. (f) The
patient reached complete
response after three courses of
HDMTX and whole-brain
irradiation

a Springer
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representative case. Case 6 is not presented because no assessable

contrast-enhanced lesion could be observed because of massive
intratumoral hemorrhage, as shown in Fig. 2b

the patient is in poor general condition and cannot tolerate
surgery, (2) when the lesion has a potential risk for non-
diagnostic biopsy, or (3) when the lesion is deep seated or
adjacent to vital structures with a risk of surgical complication.
Our ten reported cases correspond to these situations. In
addition, since two patients had lesions with fresh hemorrhage
at onset, the biopsy procedure itself had significant risk of
additional bleeding and could have led to a worse condition.
Stereotactic biopsy has generally been regarded as a safe
procedure; however, Kongkham et al. reported 4.8 % Symp-
tomatic intracranial hemorrhage in 622 cases of frame-based
stereotactic biopsy [7]. They also stated that the subgroup with
deep-seated lesions may have an elevated risk of overall
complications. Although there are a few papers concerning
nondiagnostic biopsy or biopsy failure, hard tumors, lesions
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adjacent to the ventricles, and inaccurate tissue sampling were
suggested as possible explanations [5].

Imaging modalities for PCNSL diagnosis

MRI is the best unaging modality for assessing PCNSL.
Previously reported imaging features of PCNSL are contrast-
enhancing lesions with a diameter of at least 15 mm in contact
with the subarachnoid space [8]. The mass cffect of PCNSL is
mostly attributed to the edema and not to the lesion itself. The
extent of the edema does not depend on the lesion localization.
Necrosis is a rare finding and does not correlate with lesion
size. The most frequent locations of PCNSL were the cerebral
hemispheres, followed by the basal ganglia and thalamus.
Mass lesions originating from the ventricular walls and cho-
roid plexus extending into the ventricular lumen are about
10 % of the lesion. These lesions are not associated with
hydrocephalus, but with the cerebral edema of the adjacent
cerebral tissue [8]. With a better understanding of these char-
acteristic MRI features of PCNSL, the diagnosis of PCNSL
can be inferred in most cases. Conversely, in the absence of
typical features of glioblastoma (GBM), i.e.,, a GBM with
relatively homogencous enhancement, tumefactive enhancing
lesions such as those in multiple sclerosis, neurosarcoidosis,
and toxoplasmosis pose significant diagnostic challenges [13].

Clinical studies in non-Hodgkin lymphoma (NHL) suggest
that FDG PET may be superior to anatomic-based imaging,
such as CT and MRI, in assessing residual abnormal lesions
following initial therapy [17]. Mohile et al. reported the results
of FDG PET imaging with 12 PCNSL patients. In their report,
all patients who received prior steroid therapy and suffered
from intratumoral hemorrhage showed hypermetabolic le-
sions with a median SUV of 15 [11]. Karantanis et al. reported
that the sensitivity of FDG PET/CT in detecting active
PCNSL in the brain was 87 %. Limited to patients with initial
staging, all had positive PET findings [6]. Makino et al. dem-
onstrated that the addition of the SUVmax of FDG PET
improved the differentiation between PCNSL and GBM [9].
We recently reported that the T/N ratio was superior to the
SUVmax in terms of distinguishing PCNSLs from other ma-
lignant brain tumors, and optimal cutoff values were 2.0 [18].
All ten cases in the current report had T/N ratios above 2.0,
suggesting that the FDG PET findings strongly supported the
diagnosis of PCNSL.

Response to corticosteroid administration

In addition to the FDG PET appearance, we attach importance
to the response to steroid administration. The total dose and
duration of applied corticosteroid optimal for assessing radio-
logical responders was not evident [10]. In general, anti-
edema and cytotoxic effects by corticosteroid appeared dra-
matically in the short term and resulted in improvement of

neurological performance and mass shrinking in PCNSL pa-
tients. Indeed, malignant gliomas have also been known to
lose contrast enhancement with corticosteroid administration
[201, but the beneficial effect of corticosteroid is thought to be
due to a decrease in the extent of peritumoral edema [1]. MRIs
performed approximately a week after steroid administration
showed radiological response in all ten patients, and the mean
total dose and duration of steroids were 719 mg as predniso-
lone and 6.4 days, respectively.

Tumefactive enhancing lesions, multiple sclerosis, and
toxoplasmosis could be diagnosed by findings of the FDG
PET. Only neurosarcoidosis is radiologically difficult to dis-
tinguish from PCNSL because of similar MRI and FDG PET
findings [3]. A greater 18 F-FDG than ' C-methionine uptake
was reported as a marker for its diagnosis [12].

Finally, it is quite important that suspected patients with
deep-seated PCNSL should not be treated by corticosteroids
before FDG PET examination when we are going to apply this
diagnostic procedure. Since FDG uptake of PCNSL may be
reduced by corticosteroid administration [18], the diagnostic
accuracy of this procedure might decrease. We have to keep in
mind that we should examine the treatment history of the
patient before FDG PET examination.

Conclusion

By adding FDG PET and corticosteroid administration to
conventional MRI, patients unable to receive histopathologi-
cal confirmation could be presumed to have PCNSL and thus
receive appropriate treatment. Although the value of biopsy is
universal, characteristic MRI features, hypermetabolism on
FDG-PET, and good radiological response to corticosteroid
administration are important clinical tools leading to the diag-
nosis of PCNSL.
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Clinical Benefit of ''C Methionine PET Imaging
as a Planning Modality for Radiosurgery of Previously
Irradiated Recurrent Brain Metastases
Toshiva Momose, MD,* Tadashi Nariai, MD, PhD,* Takuya Kawabe, MD, Motoki Inaji, MD, PhD,*

Yoji Tanaka, MD, PhD,* Shinya Watanabe, MD, | Taketoshi Maehara, MD, PhD,* Keiichi Oda, PhD,}
Kenji Ishii, MD, PhD,f Kiichi Ishiwata, PhD,# and Masaaki Yamamoto, MD, PhD7T§

Object: Stereotactic radiosurgery with gamma knife (GK-SRS) generally
improves the focal control of brain metastases. Yet in cases of focal recurrence
at a previous radiation site, MRI is often imperfect in differentiating between
active tumor and radiation injury. We have examined whether the use of 'C
methionine (MET) with PET will facilitate this differentiation and improve the
outcome of GK-SRS for focally recurrent brain metastases after prior
treatment.

Methods: Eighty-eight patients underwent GK-SRS for postirradiation re-
current brain metastases. Thirty-four patients received radiation in areas
manifesting high MET uptake (PET group) in a dose-planning procedure
using MET-PET/MRI fusion images. Fifty-four patients referred from other
institutes received radiation based on dose planning information obtained from
MRI (MRI group).

Results: Sex, age, and the ratio of breast cancer differed significantly between
the MRI and PET groups. The total irradiation volume was significantly
smaller in the PET group, and the minimal irradiation dose was significantly
higher. In a multivariable statistical analysis, the use of MET-PET (P = 0.02)
was independently associated with prolonged overall survival after treatment,
Karnofsky performance status (P = 0.002), the number of lesions (P = 0.03),
and patient’s sex (P = 0.02). The median survival time was significantly
longer in the PET group (18.1 months) than in the MRI group (8.6 months)
P=0.01).

Conclusion: ''C methionine-PET/MRI fusion images for dose planning
lengthened survival in patients undergoing GK-SRS for focally recurrent brain
metastases.

Key Words: methionine, PET, recurrent brain metastascs, radiosurgery

(Clin Nucl Med 2014;39: 939-943)

amma knife stereotactic radiosurgery (GK-SRS) is widely ac-

knowledged to be effective for the treatment of newly diagnosed
metastatic brain tumors.'™ Gamma knife stereotactic radiosurgery
may also be helpful when tumors recur focally at or within previous
radiation sites or when patients otherwise require additional
treatment,*~7 Yet it can be difficult to differentiate between a recur-
rent tumor and radiation injury caused by the initial SRS, as necrotic
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inflammation and recurrent active tumors are both similarly enhanced
in gadolinium (Gd) contrast MR1.5!

The authors have long been using ''C methionine (MET)
images with PET for the treatment of gliomas.' In more recent
years, PET-MRI fusion images for surgical navigation have proven
to be useful for achieving maximal resection of gliomas and
prolonging patients’ survival.!*~'* This trend, together with the
established use of MET-PET for differentiating active metastatic
brain tumor and radiation necrosis, suggests that the same type of
approach (ie, MET-PET/MRI fusion images) may facilitate the GK-~
SRS procedure for locally recurrent brain metastases.'>!'® Our
group started using PET-MRI fusion images in GK-SRS in-
terventions for patients treated under our PET program in 2005. In
this study, we retrospectively compared the posttreatment survival
of these patients with that of patients treated in the same GK center
using MRI information alone.

PATIENTS AND METHODS

Patient Population

This was an institutional review board—approved retrospective
cohort study (Tokyo Women’s Medical University and Tokyo Medi-
cal and Dental University). The subjects were selected from among
2502 patients with brain metastases who underwent GK-SRS at
Katsuta Hospital Mito Gamma House (our GK center) from 1998 to
2011. Local recurrence at the previously irradiated site, with or
without new lesions, was detected in 134 (5.4%) of the patients.
Patients with a low Karnofsky performance status (KPS) score due to
systemic disease, impaired neurocognitive function (resulting in a
noncooperative state), meningeal dissemination, and/or an expected
survival period of 3 months or less were excluded from re-treatment
(n = 46). The other 88 patients underwent a second GK-SRS. The
patients referred from Tokyo Medical and Dental University were
enrolled in a PET program and treated using PET-MRI fusion images
(n = 34, PET group). The patients referred from the other institutes
were treated with MRI information alone (n = 54, MRI group). The
patients’ characteristics and the overall survival of the 2 groups were
statistically compared.

PET Measurements

The PET images were obtained at the PET Center in the Tokyo
Metropolitan Institute of Gerontology. The equilibrated radioactivity
was measured with a PET scanner (SET 2400 W; Shimadzu, Kyoto,
Japan) 20 minutes after administering an intravenous injection of
MET (250-300 MBq). Transmission data were acquired in cach pa-
tient using a rotating 68Ge rod source for attenuation correction. The
regional MET uptake was expressed as a standardized uptake value.
The PET images were transferred to our GK center in digital format.

GK-SRS Planning for the 2 Groups
The patients in the MRI group were judged to have recurrent
lesions when the maximum diameter of the gadolinium-enhanced
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