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Fig A1. (A) Ten-year overall survival curves for WNT medulloblastoma by metastatic status. (B) Overall survival curves for age groups within Group 3 subigroup {infant, age < 3 years;
child, age 3 to < 16 years). (C} Overall survival curves for metastatic status for Group 4 subgroup. Numbers below xaxis represent patients at risk of event; statistical significance:
evaluated by logank tests; hazard ratio {HR) estimates derived from Cox praportional hazards analyses. NS, not significant.
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Fig A2. Overall survival curves for chromasome 10q (chr10qg) status in (A} SHH and (B) non-SHH medulloblastomas; survival differences evaluated by log-rank tests;
hazard ratio (HR) estimates derived from Cox proportional hazards analyses. NS, not significant.
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Fig A3. Clinical prognostication of patients with SHH medulloblastoma. Overall survival curves for (A} GLI2 copy-number status, (B) MYCN copy-riumber status, (C)
chromosome 14q (chridq) status, and (D) chromothripsis status. HR, hazard ratio; NS, not significant.
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Fig A4. Clinical prognostication of patients with Group 3 medulloblastoma. Overall survival curves for (A) chromosome 17 (chr17) copy-number aberrations, (8) MYC
copy-number status, and (C) chr8q status. HR, hazard ratio; iso, isochromosome; NS, not significant.
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Fig AS. Clinical prognostication of patients with Group 4 medulloblastoma. Overall survival. curves for {A) chromosome 11 (chr11) status and whole chr17 status and
{B} MYCN copy-number status. HR, hazard ratio; NS, not significant.
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Rapid and sensitive intraoperative detection of mutations in
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Object. Intraoperative diagnosis is important in determining the strategies during surgery for glioma. Because

the mutations in the isocitrate dehydrogenase I and 2 (IDH! and IDH2) genes have diagnostic, prognostic, and
predictive values, the authors assessed the feasibility and significance of a simplified method for the intraoperative
detection of IDHI and IDH2 gene mutations.

Methods. Rapid DNA extraction, amplification with conventional polymerase chain reaction (PCR).or co-ampli-
fication at lower denaturation temperature PCR (COLD-PCR), and fluorescence melting curve analysis with adjacent
hybridization probes were performed for the intraoperative detection of JDHI and IDH2 mutations in 18 cases of
suspected nonneoplastic lesions and low- and high-grade gliomas and in 3 cases of radiation necrosis.

Results. DNA extraction for detection of the mutation took 60-65 minutes. The results of this assay showed
complete correlation with that of Sanger sequencing: The sensitivity for detection of mutations in a background of
wild-type genes was 12.5% and 2.5% in conventional PCR and COLD-PCR, respectively. The diagnosis of glioma
was established in 3 of § cases in which definitive diagnosis was not obtained using frozen sections, and information
was obtained for the discrimination of glioblastoma or glioblastoma with an oligodendroglioma component from
anaplastic glioma or secondary glioblastoma. This assay also detected a small fraction of tumor cells with IDH!
mutation in radiation necrosis.

Conclusions. These methods provide important information for establishing the differential diagnosis between
low-grade glioma and nonneoplastic lesions and the diagnosis for subtypes of high-grade glioma. Although tumor
cells in radiation necrosis were detected with a high sensitivity, further investigation is necessary for clinical applica-

tion in surgery for recurrent glioma.

(http://thejns.org/doi/abs/10.3171/2014.3.JNS131505)
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NTRAOPERATIVE diagnosis is important in determining
the strategies to use during surgery for glioma. For

. example, in the differential diagnosis for low-grade
glioma and nonneoplastic lesions, information on the
sensitivity to radiation therapy and chemotherapy and the
presence of viable tumor cells in recurrent glioma tissue
influence the extent of the resection to be performed. Al-

Abbreviations used in this paper: COLD = co-amplification at
lower denaturation temperature; FMCA = fluorescence melting
curve analysis; IDH = isocitrate dehydrogenase; PCR = polymerase
chain reaction; Tc = denaturation temperature; Tm = melting tem-
perature.
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though the rates of diagnostic accuracy of intraoperative
frozen-section and cytolytic smear-based examinations
are 97.2% and 89.8%, respectively,?#? intraoperative

diagnosis sometimes cannot give objective answers to

these issues.

Recently, somatic mutations have been identified
in the isocitrate dehydrogenase 1 and 2 (IDHI and
IDH?2) genes in adult gliomas. ?*?” These mutations are
frequently found in astrocytic and oligodendroglial tu-

This article contains some- figures that are displayed in color
online but in black-and-white in the print edition.
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mors at a very early stage of gliomatogenesis, such as in
WHO Grade IT and III astrocytic and oligodendroglial
tumors, and in secondary glioblastomas, but not in pri-
mary glioblastoma."*2 Thus, these mutations may have
diagnostic value for differentiating low-grade glioma
from nonneoplastic lesions, non-CNS tumors, or reac-
tive gliosis®® and for differentiating anaplastic glioma
from primary glioblastoma or radiation necrosis.? Addi-
tionally, the mutations have been shown to be prognos-
tict2%25 in high-grade gliomas and we can expect them
to be present after radiation therapy and chemothera-
py-t1?2 Based on these findings, we considered that the
intraoperative detection of these mutations has potential
for clinical application.

The mutations in IDHI and IDH?2 are restricted to
analogous codons, exon 4 at codon 132 and exon 4 at co-
don 172, respectively. Various methods have been report-
ed to detect these mutations, including pyrosequencing,’
immunohistochemistry with antibody specific to mutant
IDHI R132H protein,** enrichment of low-frequency mu-
‘tant sequence with co-amplification at lower denaturation
temperature polymerase chain reaction (COLD-PCR)
combined with high-resolution melting? or with deep se-
quencing,'® and conventional PCR, followed by fluores-
cence melting curve analysis (FMCA) with adjacent hy-
bridization probes (HybProbe, Roche Applied Science),®
which provide faster and more sensitive detection than
conventional direct sequencing with the Sanger method.
These methods allow rapid and sensitive detection of
DNA from frozen or formalin-fixed tissues, but applica-
tion to intraoperative detection of IDH] and IDH2 muta-
tions has not been demonstrated.

The COLD-PCR technique has been reported to be
a simple method for identifying low-frequency mutations
in the TP53, KRAS, and EGFR genes.”? During the PCR
process, a critical denaturation temperature (Tc) occurs at
a temperature lower than the melting temperature (Tm).
Below Tc, the PCR efficiency drops abruptly. The Tc is
dependent on the DNA sequence, and DNA amplicons
differing by a single nucleotide have different amplifica-
tion efficiencies, with the PCR denaturation temperature
set to Tc. Because most mutations found in the IDHJ
gene are Tc-reducing mutations, COLD-PCR with a de-
naturation temperature lower than the Tc of the wild-type
sequence and higher than that of the mutant sequence
should amplify only the mutant sequence,? thus enriching
the low-frequency mutant sequence.

In this study, we developed systems based on con-
ventional PCR and COLD-PCR, followed by FMCA with
HybProbe, to achieve rapid, sensitive, and specific intra-
operative detection of the IDH1 and IDH2 mutations and
examined the feasibility and provision of useful informa-
tion during surgery for:glioma.

Methods
Tissues for Validation

We have previously reported the detection of muta-
tions of [IDH I and IDH?2 genes in glioma, based on Sanger
sequencing analysis of DNA extracted with a QlAamp

J Neurosurg / Volume 120-/ June 2014

DNA Mini Kit (Qiagen).?” To confirm concordance be-
tween the standard method for sequencing analysis and
conventional PCR, followed by FMCA with HybProbe
from rapidly extracted DNA, we analyzed 14 tumors
previously examined for mutation status: 5 gliomas with
IDH! mutation, including R132H (CGT—CAT) in 3,
R132G (CGT—=GGT) in 1, and R132S (CGT—AGT) in 1;
2 gliomas with I/DH2 mutation at R172 K (AGG—AAG);
and 7 gliomas without mutations in the IDHI or IDH2
gene. To determine the sensitivity for detection, we exam-
ined a dilution series with 50%, 25%, 12.5%, 5%, 2.5%,
1%, 0.25%, and 0% of DNA from the R132H mutation in
the IDHI gene in a DNA sample from a tumor with the
wild-type IDHI gene. These DNA samples were ampli-
fied with conventional PCR and COLD-PCR, followed by
FMCA with HybProbe. Each experiment was performed
in triplicate.

Intraoperative Detection of Mutation

Intraoperative detection of IDH! and IDH2 muta-
tions was performed in 18 patients who have undergone
cytoreductive surgery or biopsy for intraparenchymal tu-
mors since May-2012. This study was conducted with the
approval of the ethics committee of Tohoku University
School of Medicine, and written informed consent was
obtained from all patients.

Detection of Mutation in Radiation Necrosis

Oligodendroglial tumors carrying the IDHI muta-
tion develop recurrent disease with viable tumor cells
rather than undergo radiation necrosis.? To assess the
significance of intraoperative detection of IDHI muta-
tion in recurrent cases for differentiation of recurrence
from radiation necrosis and reactive astrocytes, we simu-
lated the intraoperative diagnosis in such cases by using
DNA rapidly extracted from stored frozen tissues from 3
rare cases diagnosed as radiation necrosis based on small
fractions of tumor cells or reactive astrocytes using H &
E staining of formalin-fixed, paraffin-embedded sections
after treatment of glioma carrying the IDH/ mutation.

Histological Processing for Intraoperative Detection of
Mutation

Tumor specimens (10—20 mg) were cut into two piec-
es. One piece was immediately frozen in liquid nitrogen,
followed by rapid extraction of DNA. The other piece was
processed for intraoperative and postoperative histologi-
cal examination. The intraoperative histological diagno-
sis was established by the same neuropathologist (M.W.)
using current WHO criteria," based on H & E staining.

Rapid DNA Extraction, Amplification, and FMC

DNA from the snap-frozen tissues was extracted with
UltraClean Tissue & Cells DNA Isolation Kit (MO BIO
Laboratories, Inc.) according to the manufacturer’s proto-
col. The amplification and detection of IDHI and IDH2
mutations was performed using LightCycler 1.5 (Roche
Applied Science), as described previously with some
modifications.>® Briefly, the loci flanking codon 132 of
the IDHI gene and codon 172 of the IDH2 gene were
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amplified with conventional PCR. The forward and re-
verse primer sequences for the IDH gene were 5'-CGG
TCTTCAGAGAAGCCATT-3' and 5-GCAAAATCACA
TTATTGCCAAC-3" For mutation detection, HybProbes
complementary to the wild-type allele were designed. The
HybProbe sequences for the IDHI gene were 5'-CCCCGG
CTTGTGAGTGGATGGGTAAAACCTA-Fluores-
cein-3,, and 5-LC Red 640-CATCATAGGTCGTCATG
CTTAT-Phosphate-3. The forward and reverse primer
sequences for the IDH2 gene were 5-TTCCGGGAG
CCCATCAT-3' and 5-TGCCCAGGTCAGTGGAT-3' For
mutation detection, HybProbes complementary to the
wild-type allele were designed. The HybProbe sequences
for the IDH?2 gene were 5'-CGTGCCTGCCAATGGTGA-
Fluorescein-3, and 5-LC Red 640-GGCTTGGTCCAG
CCAGGGACTAGG-Phosphate-3' (Nippon Gene Re-
search Laboratories). Extracted DNA (20 ng) was ampli-
fied with AmpliTaq Gold (Applied Biosystems) in a glass
capillary tube in a 20-pl reaction volume. The conven-
tional PCR conditions for the amplification of IDHI and
IDH?2 genes were as follows: 95°C for 10 minutes, 40 cy-
cles of PCR consisting of denaturation at 95°C for 15 sec-
onds, and annealing and extension at 58°C for 30 seconds.

Alternatively, the same locus of the IDHI gene was
amplified with COLD-PCR to achieve more sensitive de-
tection. The same reaction mixture was amplified with
COLD-PCR as follows: 95°C for 10 minutes and 10 cy-
cles of PCR consisting of denaturation at 95°C for 15 sec-
onds and annealing and extension at 58°C for 30 seconds;
then 30 cycles at 79°C for 15 seconds and annealing and
extension at 58°C for 30 seconds.

Postamplification FMCA with HybProbe was per-
formed by gradual heating of samples at 0.1°C/sec. from
40°C to 95°C. Fluorescence melting peaks were built by
plotting the negative derivative of the fluorescent signal
corresponding to the temperature (-dF/dT) with LightCy-
cler software 4.1, as described previously.?

We confirmed the results of intraoperative detec-
tion of the mutations in JDH! and IDH?2 genes by Sanger
sequence analysis and immunohistochemistry for IDH1
R132H protein as mentioned below.

Immunohistochemical Examination

The primary antibody used in this study was mouse
monoclonal antibody for anti-IDH1 R132H protein (Di-
anova; 1:400). Pathological materials were immediately
fixed in 10% buffered formalin (Wako Pure Chemical
Industries, Ltd) at room temperature for several days.
Thick paraffin sections (2 um) were deparaffinized, re-
hydrated, and incubated in 0.3% hydrogen peroxide in
100% methanol for 10 minutes at room temperature to
block endogenous peroxidase. Antigen retrieval was ac-
complished by microwaving for 5 minutes in citric acid
buffer (2 mmol/L citric acid and 9 mmol/L trisodium
citrate dihydrate, pH 6.0). After blocking of nonspecific
binding, slides were incubated with primary antibodies
overnight at 4°C. Sections were treated with biotinylated
anti-mouse immunoglobulin G for 30 minutes at room
temperature, followed by peroxidase-conjugated strepta-
vidin for 30 minutes at room temperature, using the His-
tofine kit (Nichirei Biosciences, Inc.). Sections were de-
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veloped with diaminobenzidine solution (0.01 M 3.3'-di-
aminobenzidine in 0.05 M Tris-HCI buffer, pH 7.6, and
0.006% hydrogen peroxide). Nuclei were counterstained
with hematoxylin.

Results

Detection of Wild-Type and Mutant IDH1 and IDH2
Genes With Conventional PCR, Followed by FMCA With
HybProbe

DNA extraction required 15 minutes, and amplifica-
tion and detection were completed within 50 minutes. A
single peak, representing wild-type allele, was detected
in the DNA of 7 tumors with wild-type IDHI and IDH?2
genes (Fig. 1A and E). All heterozygous mutations were
successfully detected with different Tm from that of wild-
type allele in 5 tumors with IDH R132H, 1 tumor with
IDHI1 R132G, and 1 tumor with R132S mutation (Fig. 1B
D). Similarly, mutation of the IDH2 gene was detected un-
der the same PCR conditions (Fig. 1F). Dilution analysis
detected as low as 12.5% of the IDHI mutation (R132H)
against a background of the wild-type allele (Fig. 2A).

Detection of Mutant Sequence of IDH1 Gene With
COLD-PCR and FMCA With HybProbe

To enhance the sensitivity of detection for the IDH]
gene, we applied COLD-PCR in the amplification steps.
Amplification with COLD-PCR and detection with
FMCA with HybProbe was completed within 45 minutes.
Dilution analysis showed this assay detected 2.5% of the
mutated allele (R132H) against a background of the wild-
type allele (Fig. 2B).

Intraoperative Detection of Mutant Sequence From

Surgical Specimen

During cohort periods, 18 cases were enrolled in this
study. Mutation of the IDH] gene was detected in 10 of
18 cases. The results of intraoperative detection for IDHI
and IDH? are shown in Table 1. These results completely
corresponded with those of Sanger sequencing analysis
and immunohistochemistry for IDH1 R132H protein. All
mutations detected were IDH1 R132H. There were no
false-positive or false-negative results.

Detection of IDH1 and IDH2 Mutations in Low-Grade
Glioma

During the cohort period, the morphological diagno-
sis based on frozen-section examination was a low-grade
glioma in 3 cases and a nonneoplastic lesion difficult to
differentiate from low-grade glioma in 5 cases. The diag-
noses of low-grade glioma were based on findings such as
slightly increased cellularity, nuclear atypia, and uneven
distribution of nuclei. A summary of the intraoperative
diagnoses using frozen sections; final diagnoses using
formalin-fixed, paraffin-embedded sections; and intraop-
erative detection of IDHI and IDH2 gene mutations is
shown in Table 1 (Cases 1-8). In the 5 cases of low-grade
glioma and nonneoplastic lesions that were difficult to
differentiate, detection of the IDHI gene mutation led to
an intraoperative definitive diagnosis of low-grade glioma

J Neurosurg / Volume 120 / June 2014



Intraoperative detection of /DH1/2 mutation

A Wild-type IDH1

B mutantih1 R132H:COT-CAT)

D mutantion

Fie. 1. Fluorescent curve analysis of conventional PCR fragments of IDHT and IDH2 genes from rapidly extracted DNA for

intraoperative detection.

A-D: Fluorescent melting curve analysis of PCR fragments, inciuding the site of IDHT gene mutation.

All types of mutation (CAT, GGT, and AGT) had a distinct Tm (arrows) from the wild-type sequence (single asterisk). E and F:
Fluorescent melting curve analysis of PCR fragments, including the site of IDH2 gene mutations. Mutation of the IDH2 gene had
a distinct Tm (arrow) from the wild-type sequence (double asterisks).

in 3 cases (Cases 2, 3, and 5 in Table 1; Figs. 3 and 4),
whereas no IDHI and IDH2 gene mutation was found
in 2 cases (Cases 1 and 4). H & E staining of formalin-
fixed, paraffin-embedded sections established diagnoses
of diffuse astrocytoma in 2, oligodendroglioma in 2, and
oligoastrocytoma in 1 case. Case 5 had a diffuse lesion in
the left temporal lobe (Fig. 4A). The finding of cells with
low-grade atypia distributed unevenly with low cellular-
ity on intraoperative frozen sections is indicative of low-
grade glioma (Fig. 4B). Conventional PCR and FMCA
with HybProbe detected a slight peak other than that of
wild-type allele, and COLD-PCR enriched the mutant se-
quence (Fig. 4C). Immunohistochemical analysis of the
specimen from this lesion revealed that one-third of cells
expressed mutant IDH1 protein (Fig. 4D).

Detection of IDH1 and IDH2 Mutations in High-Grade
Glioma

During the cohort period, 10 cases of high-grade gli-
oma were suspected based on MRI. The diagnoses based
on frozen sections and formalin-fixed, paraffin-embedded

J Neurosurg / Volume 120/ June 2014

sections, as well as the mutation status, are shown in Table
1 (Cases 9-18). Intraoperative frozen-section examination
suggested diagnoses of glioblastoma in 5 cases. Intraop-
erative detection of the IDHI or IDH2 gene revealed no
mutation in 4 of these cases and an IDH gene mutation in
1 of the cases. The final histological diagnoses of the cases
without mutation were glioblastoma in 3 and glioblastoma
with an oligodendroglial component in 1, and the diagno-
sis of the case with mutation was glioblastoma. Another
5 cases were diagnosed as high-grade glioma without
evidence of glioblastoma. Intraoperative diagnosis based
on frozen sections was anaplastic astrocytoma in 2 and
anaplastic oligodendroglioma in 3. We detected the IDH
gene mutation in 3 cases, and final histological diagnosis
of these cases was anaplastic oligodendroglioma.

Differentiation of Recurrence From Treatment-Induced
Changes

To examine whether our procedures could detect the
presence of tumor cells in radiation necrosis, we evaluated
the frozen tissues and formalin-fixed, paraffin-embedded
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0,025

‘f, 25, 5% |

Fie. 2. Fluorescent melting curve analysis after conventional PCR (A) and co-amplification at lower denaturation temperature
(COLD-PCR,; B) for the detection of IDH1 R132H mutation. Mutant DNA from tumors with IDH1 R132H mutation was serially

diluted with wild-type DNA from tumor without /DHT mutation.

sections from 3 specimens of radiation necrosis contain-
ing a small fraction of reactive astrocytes or tumor cells.
Conventional PCR and FMCA with HybProbe detected
low signals corresponding to the mutated sequence in. all
3 cases, and the mutated sequence could be enriched with
COLD-PCR in all 3 cases (Fig. 5A). We confirmed this
finding with immunohistochemistry for mutated IDH1
protein, and found a small fraction of cells expressing
mutated IDHI protein within the necrotic tissue in all 3
cases (Fig. 5B and C).

Discussion

In the present study we investigated intraoperative
procedures for the detection of mutations in the IDHI
and IDH?2 genes. Various methods are available for their
detection, with the greatest sensitivity being high as
0.0002% when using COLD-PCR followed by targeted
resequencing,’® and the fastest method for amplification
and detection being FMCA, which can detect mutation
in 80 minutes using extracted DNA.# Our present method
detected mutation in 60—65 minutes from sampling of
specimens to extraction of DNA and detected /DHI mu-
tation as low as 2.5% against a background of the wild-
type allele. This study showed that our simple method
was feasible for the intraoperative detection of mutation
and demonstrated complete concordance with the results
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obtained from standard DNA extraction and Sanger se-
quencing.

The most important application for intraoperative
molecular diagnosis is providing definitive, objective,
and rapid information to guide the surgical procedures.
We found that FMCA with one pair of specific probes for
the mutational hotspot® could provide exact information
on the mutation status, heterozygosity, and proportions of
mutant alleles in the tissue examined. In addition, we em-
ployed COLD-PCR as well as conventional PCR. COLD-
PCR was highly sensitive for detection of the low abun-
dance of mutated alleles in Case 5 and in cases of radia-
tion necrosis with a small fraction of tumor cells carrying
the IDHI gene mutation. In addition, this PCR-based de-
tection system requires small samples obtained by 2-mm
tumor forceps. Procedures for intraoperative diagnosis re-
quire rapidity. We achieved detection of mutation within
60—-65 minutes. Double COLD-PCR has been followed by
high-resolution melting analysis with an 0.25% sensitiv-
ity for detection of mutant allele.? The extraction of DNA
using the QIAamp DNA extraction kit, according to the
manufacturer’s instructions, took 90-270 minutes, and
amplification of the DNA fragment and detection of the
mutation took 180 minutes.> Such a method is clearly ap-
plicable to postoperative meticulous study, but this method
seems to be too sensitive and takes too much time for the
intraoperative qualitative diagnosis of glioma. Although
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TABLE 1: Results of rapid detection of /[DHT and IDH2 mutations and diagnosis based on examination of intraoperative frozen sections and

paraffin-embedded sections®

Diagnosis

IDH1 Status

Age (yrs), IDH2 Status:

Case No. Sex Using Frozen Sections Using FFPE Sections PCR COLD-PCR PCR
1 18, F nonpeoplastic tissue or LGG diffuse astrocytoma wt wt wt
2 “,F nonneoplastic tissue or LGG oligodendroglioma mut ND ND
3 22,F nonneoplastic tissue or LGG diffuse astrocytoma mut ND ND
4 7M nonneoplastic tissue or LGG oligodendroglioma wt wt wt
5 63, F nonneoplastic tissue or LGG oligoastrocytoma mutt mut wt

6 3L F oligoastrocytoma oligoastrocytoma mut ND ND

7 49, F oligodendroglioma oligodendroglioma mut ND ND
8 25, F ganglioglioma anaplastic ganglioglioma mut ND wt
9 48, M anaplastic astrocytoma GBMO wt wt wt
10 38,F anaplastic astrocytoma anaplastic oligodendroglioma mut ND wt
11 52,M anaplastic oligodendroglioma anaplastic oligodendroglioma mut ND wt
12 47, F anaplastic oligodendroglioma anaplastic oligodendroglioma mut ND wt
13 56,M anaplastic oligodendroglioma GBMO wt wt wt
14 52,M glioblastoma glioblastoma wt wt wt
15 60, M glioblastoma GBMO wt wt wt
16 42,M glioblastoma glioblastoma mut ND wi
17 59, M glioblastoma glioblastoma wt wt wt
18 62, F glioblastoma glioblastoma wit wt wit

* FFPE = formalin-fixed, paraffin-embedded; GBMO = glioblastoma with oligodendroglioma component; LGG = low-grade glioma; mut = mutant; ND =

not done; wt = wild-type.
1 Low peak of mutated sequence.

we achieved intraoperative detection of the mutation with-
in 60—65 minutes, further shortening of the assay time
would increase the applicability of the method. We could
shorten the time for DNA extraction (from 90 to 270 min-
utes to 15 minutes) and for detection of the mutation (from
180 minutes with Sanger sequencing to 5 minutes). The
time for DNA amplification took 40—45 minutes, and sim-
pler technology could further reduce the time required.
For example, loop-mediated isothermal amplification is
a novel nucleic acid amplification method that amplifies
DNA with high specificity, efficiency, and rapidity."” This
method requires a set of 4 specially designed primers and
a DNA polymerase with strand displacement activity un-
der isothermal conditions, needs only 15 minutes to am-
plify the DNA,? and has been applied to the detection of
microbial diseases and metastatic cancer cells.!019

The quality of any clinical test depends on its validity
and predictive value, Validity and predictive value con-
sist of sensitivity and specificity and positive and negative
predictive values, respectively. To assess the validity and
predictive values, we have to discuss the 2 objectives of
this test: 1) intraoperative detection of mutation of IDH
genes and 2) detection of the “glioma.” If the detection of
‘the IDH mutation is the main goal, the sensitivity/specific-
ity and the positive and negative predictive values are all
100%, as no false-positive or -negative results were found
in the 14 cases of the validation study and the 18 cases of
the intraoperative study. These parameters may be supe-
rior to those of Sanger sequencing, in which the detection
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threshold was 25% (data not shown) of the IDHI muta-
tion against a background of the wild-type allele, and im-
munohistochemistry for R132H IDH]1 mutation, in which
any other type of mutation of IDH! or IDH?2 could not be
detected. However, we need to be cautious in interpreting
this result. The threshold for detection was 2.5% of the
IDH] mutation against a background of the wild-type al-
lele, whereas an insufficient sampling with a low tumor/
normal cell ratio decreased the sensitivity and negative
predictive value. If detection of the “glioma” is the main
objective, then the sensitivity and specificity are very dif-
ferent. In this series, the sensitivity for the detection of
glioma was 44%. Since the mutations of IDH! and IDH2
are high-abundance mutations in gliomas, this result de-
pends on the frequency of the cases with /DH mutation
established by adequate sampling. Specificity could not
be assessed because no cases of nonneoplastic lesions
were included in the study. However, high specificity can
be expected because previous reports suggested that no
nonneoplastic lesions had IDH! and /DH2 mutations.>’
With regard to predictive value, the intraoperative
detection of mutation had a 100% positive predictive val-
ue for glioma. This is the most important clinical aspect
to apply in intraoperative genetic diagnosis. If intraopera-
tive diagnosis based on morphology cannot establish the
definitive diagnosis as glioma, the surgeon has to discon-
tinue the surgery and to await the results of histological
diagnosis. However, the detection of an IDH! or IDH?2
mutation definitively indicates that the lesion -contains
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Conve

Fis. 3. Case 3, Representative case of a 22-year-old woman with an asymptomatic diffuse lesion in the left frontal lobe.  A:
Preoperative FLAIR MR image demonstrating the diffuse lesion in the Jeft frontal lobe. B: H & E staining of the intraoperative
frozen section demonstrating cells with slight nuclear atypia distributed unevenly with low cellularity, however, these changes

were not conclusive of a diagnosis for low-grade glioma. Original magnification x200 (left)

and x400 (right).  C: Fluorescent

melting curve analysis after conventional PCR for the detection of the IDH? ‘mutation, demonstrating tissues containing the wild-
type and mutant [DH? gene.  D: Immunohistochemistry for mutant IDH1 R132H protein of a formalin-fixed, paraffin-embedded
section from the same region, demonstrating that tumor cells express mutant IDH1 R132H protein. Original magnification x200.

glioma. Therefore, an intraoperative molecular diagnosis
could provide critical information during surgery for tu-
mors suspected to. be low-grade glioma. In contrast, 2 of
5 cases in which a nonneoplastic lesion was difficult to
differentiate from low-grade glioma had wild-type IDH1
and IDH?2 genes. Because the absence of an IDH muta-
tion does not imply that the lesion is a nonneoplastic le-
sion, the negative predictive value for glioma was unsat-
isfactory based only on IDHI and IDH2 gene analysis.
Similarly, 6 of 10 cases with high-grade glioma had wild-
type IDHI and IDH?Z genes. To improve the negative pre-
dictive value of intraoperative molecular diagnosis in the
future, multiplex analysis with mutation sets for detecting
glioma is desirable. To date, the specific mutations such
as the BRAF V600E mutation in pleomorphic xanthoas-
trocytoma, ganglioglioma, and pediatric astrocytoma?32+
and the histone H3.3 K27 M mutation in diffuse intrinsic
pontine glioma®' have been reported, and they are poten-
tial candidates for intraoperative molecular analysis. Fur-
ther comprehensive sequence analysis of various types of
tumors and nonneoplastic lesions with the next genera-
tion of sequencer technology may achieve high negative
predictive value for clinical use, and detection of other
disease- or tumor-specific mutations may encourage wid-
er use of intraoperative detection systems in the future.

1294

411

The expected implication of intraoperative diagnosis
is that the neurosurgeon can decide the extent of resec-
tion based on the mutation status. We found this method
useful for the differential diagnosis of anaplastic oligo-
dendroglial tumors, glioblastoma with an oligodendro-
glioma component, and glioblastoma, as demonstrated in
Cases 11, 12, 13, and 15, based on the diverse frequency
ofthe IDH! or IDH2 gene.'*% As these entities have quite
different prognoses,'¢ this method is valuable for estab-
lishing the prognosis of the case intraoperatively. How-
ever, this intraoperative examination is no more than a
diagnostic technique of mutation status and histological
subtypes and is not useful for deciding the extent of resec-
tion. To this end, the differences in the sensitivity to adju-
vant radiation therapy/chemotherapy and in the impact of
the extent of the resection between glioma with mutated
and wild-type IDHI genes should be elucidated. To our
knowledge, 3 previously reported studies have demon-
strated differences in the sensitivity to adjuvant therapy
in tumors with mutated and wild-type IDHI genes. A
hazards ratio reduction by the addition of chemotherapy
(procarbazine, CCNU, and vincristine) was more pro-
nounced in patients with anaplastic oligodendroglial tu-
mors with I/DH] mutation.? Similarly, the presence of
an IDH mutation predicts response to temozolomide in
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Conventional

COLD-PCR

Fic. 4. Case 5. Representative case of a 63-year-old woman with an asymptomatic diffuse lesion in the left temporal lobe. ~ A:

Preoperative FLAIR MR image demonstrating the diffuse lesion in the left temporal lobe.

B: H & E staining of the intraoperative

frozen section demonstrating uneven distribution of cells with slight nuclear atypia with low cellularity; however, these changes
were not conclusive of a diagnosis of low-grade glioma. Original magnification x200 (leff) and x400 (right).  C: Fluorescent melt-
ing curve analysis after conventional PCR (upper) and co-amplification at lower denaturation temperature (COLD-PCR; lower),
demonstrating a low peak of the mutation (arrow) after conventional PCR, and a clearer peak of the mutation (arrow) after COLD-
PCR. Same analysis of DNA from the tumor carrying mutated (asterisk) and wild-type (double asterisks) IDH1 gene was used

as the control.

D: Immunohistochemistry for mutant IDH1 R132H protein of a formalin-fixed, paraffin-embedded section from

the same region, demonstrating that one-third of the cells expressed mutant IDH1 R132H protein. Original magnification x200.

low-grade gliomas and secondary glioblastomas.!»* In
contrast, little reliable information is available to demon-
strate any difference in the impact of the extent of resec-
tion in glioma with a mutated and wild-type IDH1/IDH2
gene. If any difference between glioma with mutated or
wild-type [DH genes can be demonstrated in the future,
an intraoperative molecular diagnosis will provide useful
information for designing the surgical strategy.

In the present study, using intraoperative frozen-tis-
sue examination, we detected an /DH! mutation in all 3
cases that involved a diagnosis of radiation necrosis with
a small fraction of tumor cells. A previous report provid-
ed objective evidence for the presence of glioma cells in
most cases of radiation necrosis and without definitive tu-
mor demonstrated on H & E—stained photomicrographs.?
Mutant IDH1 protein was consistently detected in post-
therapy glioma with mutation of IDH! at first biopsy.?
Considered together with our results, the observation that
posttherapy glioma tissues always contain glioma cells
indicates that it is meaningless to apply this technology

J Neurosurg / Volume 120/ June 2014

for only intraoperative detection of tumor cells during the
surgery for recurrent glioma. Instead, we can estimate the
proportion of tumor cells to normal cells with the PCR
and COLD-PCR methods as shown in Fig, 2. For clinical
application in the surgery of recurrent glioma, it might be
useful to examine the correlation between the proportion
of mutated alleles and prognosis, combined with intraop-
erative assessment of proliferative activity shown using
Ki-67 immunostaining.’

Conclusions

The combination of rapid extraction of DNA and
conventional PCR, followed by FMCA with HybProbe,
provides a quick and specific method for intraoperative
detection of IDH! and IDH2 gene mutations. COLD-
PCR enhanced the sensitivity for detection of the IDH?
gene mutation and is applicable to intraoperative molecu-
lar diagnosis. These methods were useful in the differ-
ential diagnosis between low-grade glioma and nonneo-
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!

Fie. 5. Simulated detection of mutation from the tissue with radiation necrosis (RN). ~ A: Fluorescent melting curve analysis
after conventional PCR and co-amplification at lower denaturation temperature:(COLD-PCR) for the detection of IDH1 mutation
in the frozen tissues, obtained from 3 cases diagnosed with radiation necrosis on formalin-fixed, paraffin-embedded sections
(indicated as RN cases}), demonstrating the presence of the mutation in alt 3 cases. Note that COLD-PCR enhanced the sensitiv-
ity for detection. The same analysis of DNA from the tumor with mutated (single asterisk) and wild-type (double asterisks) IDH1
genes was used as the control.  B-and C: H & E staining (B) and immunohistochemistry for mutant IDH1 R132H protein (C) of
a formalin-fixed, paraffin-embedded section of the representative case with radiation necrosis, demonstrating gemistocytic cells
around the vessel in the background of necrotic tissue, and several gemistocytic cells expressing mutant IDH1 R132H protein
around the vessel. Original magnification x100 (B upper and C upper) and x400 (B lower and C lower).

plastic lesions, the diagnosis for subtypes of high-grade
glioma, and the prediction of the prognosis. Although
tumor cells in cases of radiation necrosis were detected
with high sensitivity, further investigation is necessary to
establish clinical application.
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