Boron neutron capture therapy for high-grade meningiomas

TABLE 1: Patient profile and parameters of BNCT in 20 patients with malignant meningiomas*

First BNCT Dose
Case Age(yrs)  TreatmentPriorto BNCT ~ TumorSize TumorDepth  BPA PET (Gy-Eq) No. of
No. Histology Sex (no. of times) (mm) (mm) (T/N) Max Min BNCTs
1 papiliary 29,F SRS (3), resection (2) 52 39 5.0 93.9 39.7 3
2 anaplastic 48,F EBRT, SRS, resection (5) 31 59 28 73.2 44.2 3
3 anaplastic 60, F SRS, resection (5) 50 49 none 49.0 320 1
4 papillary 67, M EBRT, resection (2) 42 70 5.0 71.8 221 2
5 anaplastic 77.F SRS (3), resection (4) 24 70 4.5 86 372 1
6 atypical 72,F SRS, resection (2) 66 69 2.0 65.6 19.0 2
7 sarcoma 57,F SRS (2), resection (4) 47 92 27 48.3 14.3 2
8 rhabdoid 26,F EBRT, resection (3) 24 66 31 75.8 18.8 1
9 anaplastic 62, M EBRT, resection (3) 70 66 44 11.5 50.7 1
10 anaplastic 56, F SRS, resection (2) 25 74 3.9 773 26.0 1
11 anaplastic 38, M EBRT, resection (3) 27 68 3.9 88.9 28.8 1
12 anaplastic 67, F SRS, resection (4) 24 54 35 58.0 221 1
13 anaplastic 65, F EBRT, SRS (2), resection (4) 34 64 3.6 50.2 24.2 1
14 atypical 75, F SRS (3), resection (3) 80 +40 29 40 72.9 42.3 1
15 anaplastic 79, M SRT, resection (5) 88 26 37 61.0 57.2 1
16 atypical 68, M SRS (2), resection (2) 52 45 2.7 67.0 52.0 1
17 anaplastic 49, F SRS, resection (6) 61 74 40 68.5 15.0 1
18 anaplastic 50, M SRS (4), resection (3) 43 52 44 100.0 59.0 1
19 anaplastic 63,F SRS (2), SRT, resection (4) 94 76 4.0 69.5 31.0 2
20 atypical 4,M SRS (4), resection (5) 48 60 3.0 80.2 32.0 1

* TIN = tumor-to-normal-brain ratio.

consecutive images obtained in each patient’s [ollow-up
evaluation. Then, changes in these values over time were
graphed and investigated for trends among our 20 pa-
tients with high-grade meningiomas undergoing BNCT.

Survival Analysis

Patient survival was defined in 2 ways: the number
of months survived after diagnosis of high-grade menin-
gioma and the number after the application of BNCT.

Results
Absorbed Dose in Tumor Tissue

The duration of irradiation was planned to not exceed
15 Gy-Eq in normal brain tissue. The absorbed dose to the
tumor tissue was dependent on both the boron concentra-
tion in the tumor tissue and the neutron irradiation time,
which varied in each case. Therefore, the absorbed dose to
the tumor tissue in our protocol was not uniform from case
to case. The mean maximum and minimum absorbed doses
in our series were 734 Gy-Eq (95% CI 65.6-81.3 Gy-Eq)
and 33.3 Gy-Eq (95% CI 26.9-399 Gy-Eq), respectively
(Table 1). These absorbed doses were administered not in
fractionation but in 1-time irradiation in BNCT.

Volume Reduction of the Treated Mass During Follow-Up

As we reported previously, all of the initial case se-
ries (Cases 1-7) showed volume reduction of the mass
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during the observation.?*? In Fig. 1 we show representa-
tive volume reductions of the treated masses from more
recent cases (Cases 14, 17, 18, and 20). All other treated
tumors also showed definitive shrinkage during follow-
up; this tendency toward volume reduction is illustrated
in Fig. 2. Although all tumors showed a trend of gradual
reduction in volume, a transient increase after BNCT
was observed in some cases, usually within a month
of treatment, before decreasing; this pattern was called
pseudoprogression. The mean tumor size prior to BNCT
was 52.2 cm?, ranging from 4.3 cm?® to 109 cm®. A mean
volume reduction of 64.5% was achieved within only 2
months of BNCT (Fig. 2).

Treatment Failure

Among the 20 cases of high-grade meningioma treat-
ed by BNCT, 6 cases demonstrated systemic metastasis,
including lung, vertebral bone, clavicle, liver, and lymph
node metastasis (Table 2). Four of these 6 patients died
from these metastatic lesions and not the original intra-
cranial lesions. A typical systemic metastasis is depicted
in Fig. 3 (Case 13, A-D; Case 7, E-H). Figures 3A and
B show good local control of the anaplastic meningioma
over the first 3 years, compared with the patient’s repeated
local tumor recurrence every few months prior to BNCT,
even with repetitive SRS treatment. This patient died due
to lung metastasis (Fig. 3D). Prior to BNCT, the patient
had had a metastatic lesion in the left clavicle, which was
controlled by EBRT for 3 years during the observation
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Fic. 1. Representative tumor shrinkage after BNCT demonstrated on axial (A, B, E, F, I, J, M and N) and sagittal (C, D, G,

H, K, L, O, and P) Gd-enhanced MR images. Each case shows marked tumor volume reduction after BNCT. A-D: Case 17.

Images of an anaplastic meningioma before (A and C) and 10 months after BNCT (B and D).
atypical meningioma before (E and G) and 6 months after BNCT (F and H).

before (I and K) and 10 months after BNCT (J and L).
4 months after BNCT (N and P).

period. Also in this case, we experienced tumor recur-
rence out of the field of neutron irradiation (Fig. 3C).

In Case 7, in which anaplastic meningioma devel-
oped into sarcoma, there was continuous tumor shrinkage
during the 7 months of follow-up (Fig. 3E and F). This
patient developed liver metastasis (Fig. 3G), and died due
to dyspnea from the lung metastasis (Fig. 3H). Unfortu-
nately we had no chance to verify that the histological
diagnosis of the metastatic lesions was the same as that of
the original high-grade meningioma.

Seven of the 20 BNCT-treated high-grade meningio-
ma cases showed recurrence outside the field of neutron
irradiation (Table 2). A representative recurrence outside
the field of neutron irradiation is depicted in Fig. 3C; this
lesion was discovered incidentally 33 months after BNCT.
We did not apply a second BNCT for this recurrent lesion
because multiple metastases had already been identified
in the lung. One patient (Case 14, atypical meningioma)
chose to abandon further treatment because of financial
difficulties and died due to the metastatic lesion.

Three of the 20 cases experienced increased intra-
cranial pressure by intractable hydrocephalus due to
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E-H: Case 14. Images of an
I-L: Case 18. Images of an anaplastic meningioma

M-P: Case 20. Images of an atypical meningioma before (M and O) and

CSF dissemination (Table 2). This type of hydrocephalus
could not be controlled by a shunting operation due to the
viscosity of the CSF. Typical images are depicted in Fig.
3I-K (Case 11, anaplastic meningioma).

Only 3 of 20 patients died due to local tumor pro-
gression (Table 2). Two of these 3 local tumor progres-
sion cases were complicated with symptomatic radiation
necrosis.

Survival Analysis After Diagnosis and BNCT

The median follow-up duration was 13 months. Six pa-
tients are still alive; at present, the median survival times
after BNCT and diagnosis are 14.1 months (95% CI 8.6—
40.4 months) and 45.7 months (95% CI 32.4-70.7 months),
respectively (Fig. 4). It is rather difficult to compare our
results to other reports®® because our patients were refrac-
tory to any existent treatments; therefore our study sample
was biased due to multiple treatments with repetitive sur-
geries and radiotherapies (Table 1). Also, many patients in
our study died due to systemic metastasis and recurrence
outside of the radiation field, as noted above (Table 2).
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Fic. 2. Scatterplot of the relationship of fumor volume relative to the
elapsed time (days) after BNCT. Day 0 means the date of the treatment,
and the value (100%) plotted on Day 0 was actually acquired 1-3 weeks
before treatment. All the values obtained from each patient from BNCT
to relapse were plotted on the same graph.

Discussion

In this report, we present evidence of favorable local
control of high-grade meningiomas using BNCT. Only 3
patients died due to local treatment failure, although the
follow-up observation periods were rather brief in several

recent cases. However, irrespective of good local control
of high-grade meningiomas by BNCT, many patients died
and the median patient survival time in high-grade menin-
giomas after BNCT was 14.1 months (Fig. 4). The most
prominent pattern of treatment failure in our series was in-
tracranial distant recurrence outside the radiation field, ex-
perienced in 7 of 20 cases. The other patterns of treatment
failure were systemic metastasis in 6 cases and CSF dis-
semination in 3 cases. Given that the reported incidence of
CSF dissemination in meningioma is only 2%, our series
shows a rather high incidence rate. With regard to systemic
metastasis in high-grade meningioma, such high incidenc-
es have been previously reported in the literature.> We are
not entirely sure of the reason for this high incidence of
systemic metastasis. It may be possible that the treatment-
refractory nature of our cases resulted in a selection bias
for aggressive care and longer survival. Overall, the high
incidences of out-of-field recurrence, CSF dissemination,
and systemic metastasis might be ascribed to the advanced
stage of the patients in our series, as all cases were referred
to us after the failure of local tumor control, even using
repetitive surgeries and radiotherapies. This selection bias
for refractory cases makes it difficult to compare our treat-
ment failure results with the incidence rates reported in the
literature. Our patients’ advanced tumor stage also makes
it difficult to compare the survival data with that of other
treatments. All high-grade meningioma cases in this series
were recurrent, complicated cases.

TABLE 2: Clinical results and treatment failure patterns after BNCT in 20 patients with malignant high-grade meningiomas*

Longevity (mos) Local Recurrence
Case From From Systemic Symptomatic
No. Diagnosis ~ BNCT  Metastasis  Dissemination ~ Radiation Necrosis ~ OutofField  InField Cause of Death
1 44.2 224 yes no yes yes yes local progression, radiation
necrosis
2 43.2 141 yes no no no no metastasis
3 324 12.9 no no yes yes no gastric cancer metastasis
4 707 131 no no no no yes local progression
5 457 248 no no no no no senility
6 64.3 6.4 no no yes no no radiation necrosis (DIC)
7 113.4 8.6 yes no no no no metastasis
8 30.4 7.3 no yes no no no dissemination
9 36.8 9.4 no yes yes no no dissemination
10 47.5 44.0 no no yes yes yes local progression, radiation
necrosis
11 28.3 12.4 no yes no no no dissemination
12 56.8 55.6 no no no no yes alive
13 59.6 40.4 yes no no yes no metastasis (lung, and others)
14 12.3 77 no no no yes no remote recurrence
15 12.8 8.3 yes no no no no metastasis (lung, liver)
16 69.1 15.0 yes no no no no alive w/ metastasis (lung)
17 224 15.6 no no no no no alive
18 68.6 107 no no no yes no alive
19 324 10.4 no no no no no alive
20 30.1 8.6 no no no yes no alive

* DIC = disseminated intravascular coagulation.
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Fie. 3. Typical images of systemic metastasis, intracranial recurrence outside the field of neutron irradiation, and CSF dis-

semination.

A-D: Case 13 (anaplastic meningioma). Axial contrast-enhanced MR images obtained prior to BNCT (A) and 33

months after BNCT (B and C), and plain chest CT scan obtained 39 months after BNCT (D). The MRI (C) shows intracranial recur-
rence out of the field of neutron irradiation. The chest CT scan (D) shows lung metastasis of the meningioma. This patient died
due to dyspnea. The patient had already suffered from metastasis of the meningioma at the left clavicle prior to BNCT.  E-H:
Case 7 (sarcoma transformed from anaplastic meningioma). Sagittal contrast-enhanced MR image obtained prior to BNCT (E);
sagittal contrast-enhanced MR image (F), plain abdominal axial CT scan (G), and chest radiograph (H) obtained 7 months after
BNCT. The original, very large tumor was well controlled by BNCT, but lung and liver metastasis occurred. This patient died due
to dyspnea. The black arrow (G) shows liver metastasis. I-K: Case 11 (anaplastic meningioma). Axial contrast-enhanced MR
images obtained prior to BNCT (I) and 7 months after BNCT (J); axial contrast-enhanced CT scan (K) obtained 10 months after

BNCT. The original tumor was controlled well, but CSF dissemination with untreatable hydrocephalus occurred.

Historically, conventional EBRT was first used to treat
high-grade meningiomas, but with unsatisfactory results.?
In our series, the original high-grade meningiomas were
not controlled locally by EBRT alone. Thereafter, SRS
was used for the treatment of high-grade meningiomas,
as reported in the literature.!>?%23! The gross tumor vol-
ume treated by SRS in these studies was relatively small
in comparison with that in our series. Additionally, in our

survival
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series, 9 patients had already received repetitive SRS but
experienced recurrence nonetheless. The typical treatment
failure pattern of high-grade meningiomas by SRS in our
series was marginal recurrence at the SRS fields. Even for
these SRS-refractory cases, BNCT was able to provide
good local tumor control.

Particle radiotherapies using proton beamgs*6.14263033
and carbon ion beams®*® have been more recently applied
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Fie. 4. Graphs of Kaplan-Meyer survival curves after BNCT (left) and diagnosis {right). The median survival times after BNCT
and diagnosis were 14.1 months (95% Cl 8.6-40.4 months) and 45.7 months (95% Cl 32.4-70.7 months), respectively.
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to cases of high-grade meningioma. Again, it is very dif-
ficult to compare our data to the data from particle ra-
diotherapies. First, almost all reported series, including
our own, have comprised a limited number of cases. The
protocols have varied as well: in some studies, particle
therapy was applied just after surgery as the initial radio-
therapy, and in others it was applied at recurrence. The
applied doses varied and in some trials, particle radiation
was followed by fractionated EBRT. In addition, the data
on tumor shrinkage after particle irradiation have been
scarce. There has been only 1 preliminary report address-
ing this subject, and the results indicated no prominent
early tumor shrinkage using proton and carbon ion beams
for the treatment of high-grade meningiomas.°

One of the advantages of BNCT is that the radia-
tion field may be planned rather more ambiguously than
in SRS and other particle radiotherapies. This merit of
BNCT might decrease recurrence in the peri-irradiated
field in comparison with other radiation techniques, even
with the same absorbed dose as described as “Gy-Eq.”
Encouragingly, almost all masses in our series responded
well, with rapid shrinkage after BNCT (Figs. 2 and 3),
as also reported elsewhere.?® This rapid shrinkage might
contribute to the prompt recovery of symptoms in some
cases. Our patient in Case 1 became ambulatory 1 week
after BNCT, and our patient in Case 7 experienced relief
from facial pain within 2 weeks of BNCT, as reported
previously.?2

In BNCT, most potent antitumor effects are caused
by particles, and we applied 33.3 Gy-Eq and 734 Gy-Eq
for tumor tissue as minimum and maximum I-time tumor
doses, respectively (Table 1). In the literature on particle
radiation, some clinical trials have used proton or carbon
particle doses between 18 Gy-Eq and 56 Gy-Eq with frac-
tionation.®* The difference in tumor shrinkage between
a and lithium particles and other particles such as carbon
and protons may be ascribed to the difference of linear
energy transfer. The linear energy transfer of o and lith-
ium particles is higher than that of both protons and car-
bon particles. It is widely accepted that high linear energy
transfer particles have greater biological effects than low
linear energy transfer particles;"? of course, there might
be other causes. For example, in BNCT a large dose can
be delivered at a single time, while other particles are
usually applied with fractionation and additional low lin-
ear energy transfer EBRT. Because of this difference in
protocol, other particles might have less impact on tumor
shrinkage.

With respect to adverse effects of BNCT, we experi-
enced 6 cases of symptomatic radiation injury among our
20 cases. One instance was the occurrence of subacute
brain swelling after BNCT, as reported previously,” while
the other 5 cases appeared to show radiation necrosis.
Because all cases were introduced to our institute after
intensive radiotherapies prior to BNCT, radiation necro-
sis may have been inevitable, despite the tumor-selective
nature of BNCT. Recently, we applied BNCT to a patient
with a high-grade meningioma who had never been treat-
ed with any radiotherapy, and are now observing this case
carefully. Bevacizumab has shown potent effects treating
symptomatic radiation necrosis in the brain,>'® and we
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have applied this drug for symptomatic radiation necrosis
after BNCT for malignant gliomas.!! This strategy should
be applicable and effective for the treatment of radiation
necrosis after BNCT for high-grade meningiomas.

We should emphasize that we found pseudoprogres-
sion after BNCT in at least 3 of our 20 high-grade menin-
gioma cases. As we described previously,? this phenom-
enon could itself be an indicator of how promising and
intensive the effects of this treatment are.

Conclusions

Boron neutron capture therapy is a new treatment
concept and method that has already been used on ma-
lignant gliomas, including glioblastomas. Our study sug-
gests that high-grade meningiomas may be an even better
candidate for BNCT than those lesions. The meningio-
mas in our series were somewhat superficial (located on
the surface of the brain), except for some specific situa-
tions at the skull base, which is advantageous to neutron
penetration.

With regard to BPA accumulation, high-grade me-
ningiomas showed a good ratio of tumor to normal brain,
even compared with malignant gliomas (Table 1). In ad-
dition, judging from the rapid shrinkage of the mass, our
assumption about the compound biological effectiveness
of BPA for high-grade meningioma—which was assumed
o be equal to that of glioblastoma—might have been an
underestimation; the real value might be higher than that
for glioblastoma. If we can apply BNCT for high-grade
meningioma as the initial radiotherapy or at least at the
first recurrence, rather than at such advanced stages, more
favorable results than those described in our study might
be obtained, such as avoiding systemic metastasis or out-
of-field recurrence.
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Cell-selective Particle Radiation, Boron Neutron Capture Therapy and
Treatment of Symptomatic Radiation Necrosis in the Brain by Anti-
angiogenic Agent

Shin-Ichi Miyatake, M.D., Ph.D.V
1) Department of Neurosurgery, Osaka Medical College

Boron neutron capture therapy (BNCT) has been advocated as a novel particle radiation therapy for malig-
nant tumors that targets tumor cells biologically. Since 2002, we have applied this unique radiotherapy for 133
malignant gliomas and malignant meningiomas at our institution. In addition, we recently applied anti-angiogenic
agents aggressively for intractable symptomatic radiation necrosis in the brain.

Here is our latest comprehensive data regarding these unique treatments, including those I presented at the
32nd annual meeting of the Japanese Neurosurgical Congress, along with some new findings.
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Fig.2 Typical F-BPA-PET {findings in
glioblastoma multiforme (GBM)

A T1-Gd enhanced MRI revealed a left frontal
mass. B:F-BPA-PET imaging showed marked
BPA accumulation not only in the enhanced area but
also in the surrounding brain. The lesion/normal
brain ratio of the tracer uptake in this case was 7.1.
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Fig. 3 Periodic Gd-enhanced MRI findings of a GBM case treated by BNCT.
A newly diagnosed GBM case in which the left trigonal lesion was
treated by BNCT.

A ¢ Brain MR, prior to BNCT. B: Brain MRI, 8 months after BNCT. C:

Spinal MRJ, 8 months after BNCT, showing CSF dissemination of the lesion

at the spinal cord.

Fig. 4 Typical MRI changes of malignant meningiomas treated by
BNCT

A, B: Prior to BNCT and 3 months after BNCT of a anaplastic meningioma.

C, D¢ Prior to BNCT and 4 months after BNCT of a anaplastic meningioma.

E, F: Prior to BNCT and 5 months after BNCT of an anaplastic meningioma.

G, H: Prior to BNCT and 4 months after BNCT of a rhabdoid meningioma.
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Fig.5 Periodic change of F-BPA-PET imaging of a recurrent
anaplastic astrocytoma treated by BNCT

A Prior to BNCT, the lesion/normal brain ratio was 7.0.

B : 3 months after BNCT, the lesion/normal brain ratio was 3.5.

C : 9 months after BNCT, the lesion/normal brain ratio was 2.5.
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Picture of cyclotron-based
acceralator

Schematic drawing of
cyclotron-based acceralator
and irradiation room
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Fig. 6 Photograph of the cyclotron-based accelerator for neutron generation
and a schematic drawing of the total irradiation room
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Fig.7 Case of radiation necrosis successfully
treated by bevacizumab. Radiation necrosis
was due to repetitive SRSs for a metastatic
brain tumor of uterus cancer.

A Pre-treatment T1-Gd MRI. B: Pre-treat-
ment FLAIR MRI C: Post-treatment T1-Gd MRL
D : Post-treatment FLAIR MRI. A drastic decrease
of Gd—enhancement and brain edema was observed
by 6 cycles of bevacizumab treatment.
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Abstract The purpose of this study was to distinguish
pseudoprogression (PP) from early true progression in
patients with glioblastoma (GBM) based on the presence of
a mutation in isocitrate dehydrogenase 1 (IDH1). We ret-
rospectively surveyed 32 patients with GBM or GBM with
oligodendroglioma component (GBMO) who underwent
biopsy or maximal tumor resection followed by concurrent
radiotherapy and temozolomide (TMZ). We then selected
patients with early radiological progression in magnetic
resonance imaging within 6 months after concurrent
radiotherapy and TMZ treatment. DNA was extracted from
their tumor blocks. The IDH1 mutation was analyzed in the
genomic region by direct sequencing as a biomarker for PP.
Twenty-eight patients were diagnosed with GBM and four
with GBMO. Eleven patients were discovered to have early
radiological progression. PP was detected in two patients
(6.3 %) diagnosed with GBMO and one patient with GBM.
Both of the GBMO patients with PP had the IDH1 muta-
tion, the one GBM patient with PP and the other eight
patients with early true progression with wild type. The
sensitivity and specificity of the IDHI1 mutation for
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detecting PP were 66.7 and 100 %, respectively. This study
suggests the IDH1 mutation may become a novel molec-
ular biomarker for PP. Analyzing the IDH1 mutation, in the
case of recognizing early radiological progression, may
enable distinction of PP from early true progression, and
we could determine the need for second-look surgery.

Keywords Biomarker - Concurrent radiotherapy and
temozolomide - Glioblastoma - IDH1 mutation -
Pseudoprogression

Introduction

Glioblastoma (GBM) is one of the most malignant brain
tumors, with patients having a median life expectancy of
13-17 months after diagnosis despite standard {reatment of
maximal tumor resection and concurrent radiotherapy (RT)
and temozolomide (TMZ) followed by six courses of
maijntenance TMZ [1]. Contrast enhancement on magnetic
resonance imaging (MRI) is a standard tool for assessing
response to treatment. Recently, there have been increasing
numbers of reports of pseudoprogression (PP), which is
difficult to distinguish from early true progression (TP)
based on contrast enhancement on MRI [2]. There are few
effective biomarkers of PP, so many patients may undergo
an unnecessary and potentially harmful second surgery.
Recently, genome-wide mutational analysis revealed
somatic mutations of cytosolic NADP-+-dependent isoci-
trate dehydrogenase 1 (IDH1) in approximately 12 % of
GBMs [3]. The IDH! mutation is associated with a
favorable prognosis in adult patients with GBM [3, 4].
Pseudoprogression also indicates a good prognosis [5]. We
investigated the incidence of PP according to the IDH]I
mutation.
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Materials and methods
Patients

Between December 2005 and November 2010, a total of 32
patients with GBM or GBM with oligodendroglioma
component (GBMO) who underwent biopsy or maximal
tumor resection and treatment with 60 Gy of brain-local-
ized RT concurrent with continuous TMZ, (75 mg/mzlday}
followed by maintenance TMZ (150-200 mg/m?*/day for
5 days, every 28 days) were reviewed. All histological
slides were re-evaluated by two neuropathologists blinded
to the clinical background and outcome of patients, and
classified according to the 2007 WHO classification.
GBMOs are defined based on histological specimens that
identify tumor parts with features of oligodendroglial dif-
ferentiation within typical histological findings of GBM.
The pathological diagnosis did not refer to genetic
information.

Clinical, radiographic and pathological records were
reviewed. All patients underwent MRI exams (T2, T1, T1
with gadolinium, diffusion-weighted images and fluid
attenuated inversion recovery) before and within 48 h after
surgery, within 7 days, and every 2 or 3 months after
concurrent chemoradiation therapy. Patients with early
radiological progression (RP), within 6 months after con-
current treatment, were defined according to MacDonald’s
criteria on MRI. Pseudoprogression was defined as radio-
logical improvement or stability of lesions without further
treatment other than adjuvant TMZ.

IDH1 sequencing and MGMT promotor methylation
status assessment

Tumor DNA was extracted from fixed paraffin-embedded
tissues using the TAKARA DEXPAT kit (Takara) as fol-
lows. After review of hematoxylin-and-eosin-stained slides
to confirm normal and neoplastic tissues, then determina-
tion was made of where sufficient invasive GBM was
present. DNA was also extracted from tumor specimens,
quickly frozen and stored at —80 °C using AllPrep DNA/
RNA Mini Kit (Qiagen). The genomic region spanning
wild-type R132 of IDHI1 was analyzed by direct sequenc-
ing using the following primers: IDH1 forward 5-TGC
AAAATCACATTATTGCC and IDH1 reverse 5-AATGG
CTTCTCTGAAGACCG. The PCR products were purified
using the LaboPass PCR Purification Kit (COSMO
GENETECH). All sequence reactions were carried out
using the BigDye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems). The reactions were carried out in an
automated DNA analyzer (3730x]1 DNA Analyzer; Applied
Biosystems). 06-Methylguanine-DNA methyltransferase
(MGMT) promotor methylation status was also evaluated
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with the methylation-specific polymerase chain reaction
(MSP), which was performed as previously described [6].

Statistical analysis

Sensitivity and specificity for detecting PP with IDHI
mutation, pathological diagnosis of GBMO or MGMT
promotor methylation status were assessed. Significance of
correlations between the parameters was assessed using
Fisher’s exact test, and values of P <2 0.05 were considered
statistically significant.

Results

Eleven (344 %) of 32 patients developed early RP. In
these 11 patients with RP, 8 developed true progressions
(TP), whereas three patients were classified as having PP
(Table 1). Two of 11 patients had an IDH1 mutation, and
both mutations were of the R132H type. Two PP patients
had an IDHI mutation, the other patient had wild-type
IDHI, and the MGMT promotor methylation status could
be determined for two out of three PP patients. Eight
patients with early TP had progressive disease, and died or
developed terminal disease during the investigation. All
early TP patients had wild-type IDH1, but MGMT pro-
motor methylation statuses were various: three patients
were methylated, and five were unmethylated (Tables 2, 3).
Within early RP group, the sensitivity and specificity of
IDH1 mutation for detecting PP were 67 and 100 %,
respectively; meanwhile, those of MGMT promotor
methylation status were 67 and 63 %, respectively.

Histopathologically, two PP patients were diagnosed
with GBMO and one patient with GBM. Meanwhile, seven
early TP patients were diagnosed with GBM, and one was
diagnosed with GBMO (Table 4). The sensitivity of
GBMO was 67 %, but the specificity was 88 %. Using
Fisher’s exact test, there were no significant associations
between the IDH1 mutation and PP (P = 0.055) mutations,
MGMT methylation status and PP (P = 0.424), or GBMO
and PP (P = 0.156).

Illustrative case

A 44-year-old woman presented with mild hemiparesis on
the left side. MRI with contrast media demonstrated a
heterogeneously enhanced mass in the right parietal region
(Fig. la). Surgical resection was performed, and the
enhanced lesion was totally removed (Fig. 1b). The tumor
was diagnosed as a GBM with an oligodendroglioma
component (Fig. 2a, b). Concurrent TMZ and radiotherapy
was performed, followed by 5 consecutive days of TMZ
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Table 1 Cases developing early radiological progression

Case Pathological diagnosis Course IDH1 MGMT promoter
methylation status

1 GBM True progression Wild type Methylated

2 GBM Pseudoprogression Wild type Methylated

3 GBM True progression Wild type Unmethylated

4 GBM True progression Wild type Unmethylated

5 GBM True progression Wild type Unmethylated

6 GBMO Pseudoprogression Mutation Methylated

7 GBM True progression Wild type Methylated

8 GBM True progression Wild type Unmethylated

9 GBMO True progression Wild type Unmethylated

10 GBMO Pseudoprogression Mutation Unmethylated

11 GBM True progression Wild type Methylated

IDH1 isocitrate dehydrogenase 1, GBM glioblastoma multiforme, GBMO glioblastoma with oligodendroglioma component

? Tllustrative case

Table 2 Relevance between IDHI mutation and pseudoprogression

administered every 28 days. Early radiological progression
was found 2 months after the concurrent treatment (Fig. 1c)
without clinical deterioration. Spontaneous improvement of
the enhancing lesion was observed without further treat-
ment other than adjuvant TMZ after another 2 months
(Fig. 1d). By immunohistochemistry, the tumor cells
exhibited diffuse IDH1-R132H mutation (Dianova, Ham-
burg, Germany; monoclonal, Clone HO09, diluted 1:50)
(Fig. 2c). Her lesion was revealed to have an IDHI
mutation also by direct sequencing (Fig. 2d). This patient
has remained free of relapse for more than 3 years.

Pseudoprogression was first described by Hoffman et al. [7]
in a group of malignant glioma palients treated with RT
and carmustine. This phenomenon has been increasingly
reported since the standard therapy of concurrent radiation
and TMZ was developed [2, 8—11] but the incidence rates
of PP vary (5.5-46.7 %) among reports [5, 9, 11-13].
Pseudoprogression is defined as the spontaneous improve-
ment of enhancing lesions without further treatment other
than adjuvant TMZ. Some studies have demonstrated that
PP is associated with favorable prognosis [5, 8, 13, 14].
Hence, meaningful biomarkers are desired so that TMZ can
be used more effectively and in order to avoid unnecessary
second-look surgeries for PP. The MGMT promoter
methylation status can predict the incidence and outcome
of PP [8]. Brandes et al. found that its sensitivity for PP

IDH! mutation PP TP

Mutation 2 0

Wild type 1 8

Sensitivity 67 %

Specificity 100 %

Fisher’s exact test P = 0.055

Table 3 Relevance between MGMT methylation status  and

pseudoprogression

MGMT PP TP . .
Discussion

Methylation 2 3

Unmethylation l 5

Sensitivity 67 %

Specificity 63 %

Fisher’s exact test P = 0424

Table 4 Relevance  between  pathological  diagnosis  and

pseudoprogression

Pathological diagnosis PP TP

GBMO 2 1

GBM 1 7

Sensitivity 67 %

Specificity 88 %

Fisher’s exact test P =0.156

IDH] isocitrate dehydrogenase 1, GBM glioblastoma multiforme,
GBMO glioblastoma with oligodendroglioma component, MGMT O6-
methylguanine-DNA methyltransferase
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was 66 % and specificity 89 %. Kan et al. reported over-
expression of p53 as a potential biomarker for predicting
the development of PP. Its sensitivity and specificity were
87.5 and 70 %, respectively [13]. Methylated MGMT

@ Springer



70

Brain Tumor Pathol (2013) 30:67-72

Fig. 1 Pseudoprogression in a 44-year-old woman with a right
parietal glioblastoma with an oligodendroglioma component followed
by concurrent 60-Gy radiotherapy and temozolomide therapy.
Preoperative (a) and postoperative (b) contrast-enhanced MRIs are
shown. The gadolinium-enhanced lesion was grossly resected, but

promoter and p53 overexpression are slightly weak bio-
markers for distinguishing PP from early true progression
in order to decide on courses of treatment. Although
GBMO seems a good biomarker, it would be inadequate
for making decisions because GBMO could include an
early TP case and the diagnosis could fluctuate depending
on the pathologist. Some patients might be diagnosed with
GBM or anaplastic oligodendroglioma. There are few
reports regarding PP and anaplastic gliomas, but Wit et al.
[15] described 3 patients with PP out of 32 malignant
glioma patients after radiotherapy; two had oligodendrog-
lial features (one anaplastic oligodendroglioma and one
anaplastic oligoastrocytoma). Oligodendroglial features
may have some influence on developing PP. Regarding the
IDH1 mutation, both the sensitivity and specificity for
detecting PP were high at 66.7 and 100 %, respectively,
within early radiological progression, and this biomarker
provides a very objective means of assessment. However,
there was no narrowly found statistical significance
between the IDH1 mutation and pseudoprogression. If
some additional inspections of larger populations revealed
high specificity of the IDHI1 mutation in pseudoprogres-
sion, we could then determine the need for second-look
surgery when MRI detected early radiological progression.

Can any possible assumption be made to account for the
mechanisms involved in the relationship between the IDH1
mutation and pseudoprogression? Histopathologically, PP
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early radiological progression was found 2 months after concurrent
treatment (c¢) without clinical deterioration. Spontaneous improve-
ment of the enhancing lesion was observed without further treatment
other than adjuvant TMZ after another 2 months (d)

resembles radiation necrosis, i.e., a mixture of necrotic
changes and gliosis with few viable tumor cells, in addition
to endothelial thickening, hyalinization and thrombosis of
vessels [5, 11]. Radiation-induced injury to endothelial
cells is thought to be a main cause of acute and subacute
radiation injury. Endothelial cell death induces destruction
of the blood brain barrier (BBB) with vasogenic edema,
ischemia and hypoxia [16]. Also, radiographically, PP
shows enlarging contrast enhancement and edema on
MRI, which suggests destruction of the BBB. The BBB is
composed of capillary endothelial cells surrounded by
basal lamina and astrocytic perivascular endfeet. Is there
any relationship between the IDH1 mutation and MGMT
promoter methylation status and blood-brain barrier dam-
age? It is well known that MGMT promoter methylation
status and IDH1 mutations in the GBM may sensitize tumors
to irradiation and chemotherapy. Therefore, there could be
two hypotheses for PP. The first is that the tumor vessels’
endothelial cells came from GBM stem cells with methylated
MGMT promoter or IDH1 mutation. Wang et al. [17] dem-
onstrated the capability of GBM stem cells for differentiation
along tumor and endothelial lineages. If this was correct, and
the tumor vessels’ endothelial cells also had methylated
MGMT promoters or IDH1 mutations, DNA damage could
easily increase, and clinically PP could develop. In our cases,
immunostaining of IDH1 mutations could not be detected in
any type of tumor vessels (Fig. 2c). Then, we state the second
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Fig. 2 Pathological findings and molecular biological detection of
isocitrate dehydrogenase 1 (IDH1) mutation in a 44-year-old woman
with pseudoprogression 2 months after concurrent 60-Gy radiother-
apy and temozolomide therapy. Photomicrograph shows necrosis with
pseudopalisading pattern (a, H&E, x100), and tumor cells with clear
cytoplasm and marked microvascular proliferation (b, H&E, x200).

hypothesis about PP, in which tumor cells with genetic or
epigenetic anomalies, which might maintain the BBB,
respond to initial therapy, resulting in the collapse of the
BBB, and then PP would develop.

In summary, in our small series, there might be a cor-
relation between PP and an IDH1 mutation. If this corre-
lation were statistically confirmed in larger populations, we
could avoid unnecessary and potentially harmful second-
look surgery.
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