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Abstract
Background In gliomas molecular biomarkers are increasingly
gaining diagnostic, prognostic and predictive significance.
Determination of biomarker status after biopsy is important as
not all patients are eligible for open tumor resection. We devel-
oped and validated prospectively (6/10–12/11) a protocol
allowing for both reliable determination of multiple biomarkers
and representative histological diagnoses from small-sized
biopsies.
Methods All molecular stereotactic biopsies were performed
according to a detailed workflow. The selection of specimens

best suited for molecular analyses was intra-operatively guid-
ed by the attending neuropathologist. Postoperative screening
was done by methylation specific PCR using two distinct
cryopreserved specimens to test for reproducibility of the
findings and to rule out contamination. The DNA of a single
best-suited specimen (1 mm3) was subjected to detailed mo-
lecular analysis (MGMT promoter methylation, IDH1/2 mu-
tational status, LOH 1p and/or 19q).
Results 159 consecutively enrolled untreated gliomas were
analyzed (94 glioblastomas, 2 gliosarcomas, 24 anaplastic
astrocytomas, 10 oligo-tumors grade II/III, 20 grade II astro-
cytomas and 9 pilocytic astrocytomas). Transient morbidity
was 2 %. Overall, the drop-out rate due to tissue contamina-
tion was 0.4 %. Median time from biopsy to histological and
molecular genetic analyses was 3 and 5 days, respectively.
Distributions of the respective biomarker status for tumor
subgroups were consistent with the literature. The final histo-
logical diagnosis was changed/modified in 5/159 patients
according to molecular findings. Treatment after molecular
biopsy was highly personalized.
Conclusions Molecular stereotactic biopsy is feasible and
safe, can be implemented in daily clinical practice, improves
diagnostic precision and enables personalized treatment.
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Introduction

Molecular biomarkers are differentially expressed among
various types of gliomas with different prognoses. They
gain an emerging role in tumor subclassification and
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prognostic/predictive modeling as well as treatment deci-
sions and incorporation into study protocols for stratifica-
tion of treatment results [1–4]. Mutations in both the
TP53 gene and the IDH1 or IDH2 gene, for example,
are frequently seen in low-grade astrocytomas, grade III
astrocytomas, and secondary glioblastomas [5, 6]. A
1p19q codeletion occurs often in low- and high-grade
oligodendrogliomas (∼75 %) and oligoastrocytomas
(∼45 %), but seldom in fibrillary astrocytomas (∼8 %),
and almost never in gemistocytic astrocytomas [7, 8].
IDH1/IDH2 mutations are significantly associated with
other low-grade glioma-associated genetic abnormalities
such as TP53 mutations, 1p/19q codeletions, but not with
those seen in primary glioblastomas (i.e., EGFR amplifi-
cations and chromosome 10 loss) [9, 10].

Determination of the biomarker status can increase the diag-
nostic precision; the detection of a 1p/19q codeletion, for exam-
ple, supports the diagnosis of an oligodendroglioma/
oligoastrocytoma [11, 12]. Screening for IDHmutations is help-
ful to distinguish WHO grade I pilocytic astrocytomas and
ependymomas (harbouring no IDH mutations) from diffuse as-
trocytomas and to differentiate diffuse tumor infiltration from
reactive gliosis [6, 13–15]. There is a strong prognostic or
predictive role of molecular biomarkers:MGMT promoter meth-
ylation has been established as a powerful favourable prognostic/
predictive marker for malignant glioma patients receiving
alkylating agents [16, 17]. Loss of heterozygosity on 1p/19q
has been associatedwith favourable outcomemeasurements after
chemotherapy and/or radiation therapy in tumors with an oligo-
dendroglial component [1, 18, 19], and IDH1/2 mutations are
associated with a better prognosis in anaplastic astrocytomas and
glioblastomas but not in grade II astrocytomas [3, 6, 9, 20].
Notably, patients with anaplastic astrocytomas lacking an IDH1
mutation experienced a worse outcome than those with glioblas-
tomas harbouring an IDH1 mutation [21].

Molecular genetic analyses are usually performed on tissue
samples obtained from open tumor resection. Patients under-
going biopsy only are often left with uncertainties regarding
their biomarker status and the prognosis of the disease [22].
Recent clinical trials have pointed out the impact of molecular
biomarkers on treatment decisions [17, 23]. Particularly for
the elderly subpopulation with glioblastomas; for example,
determination of the MGMT promoter methylation status has
been shown to be important in treatment decisions favoring
radiotherapy alone or neo-adjuvant chemotherapy with temo-
zolomide. Hence, in elderly patients with unresectable glio-
blastomas, a stereotactic biopsy with determination of molec-
ular profiles is an important prerequisite for personalized
treatment. Even though preliminary data on small study
groups have already indicated that biomarker determination
can be principally obtained from small sized biopsy speci-
mens [10], biopsy-related methods and molecular genetic
processing techniques suitable for implementation in daily

clinical practise have not yet been defined [10]. In the present
prospective study, we detail a workflow for the surgical pro-
cedure and the molecular genetic processing concerning the
stereotactic glioma biopsy being termed as “molecular stereo-
tactic biopsy”. Practicability and validity were tested in a large
and consecutively treated study cohort. Using the presented
workflow, we demonstrate that molecular stereotactic biopsy
procedures can be done safely and successfully. We further
show that the combining conventional histopathological and
molecular genetic analyses improves the diagnostic precision
of stereotactic biopsy procedures and enables personalized
treatment.

Materials and methods

Patient selection

MoBxSt was considered to be indicated i) for tumors not
completely resectable with no or only moderate spaceoccupying
effect (i.e., not demanding decompressive surgery); ii) in tumors
exhibiting an unfavourable risk/benefit estimation ofmicrosurgery
as compared to potentially alternative strategies (e.g., primary
chemotherapy); iii) in tumors of unclear origin and identity, and
iv) in patients with a significant comorbidity. All tumors were
reviewed by the multidisciplinary tumor board with regard to
tumor location, resectability, risk of surgical treatment, degree of
spaceoccupying effects, and the spectrum, benefit, and risk of
potentially suitable treatment strategies. Only those patients with
histologically verified glioma were included in the current analy-
sis, as the molecular genetic analysis protocol was applied in these
tumors only. Patients with inflammatory lesions, metastases, lym-
phoma etc. (n=119) were excluded. All enrolled patients gave
informed consent; the study protocol was reviewed and approved
by the institutional review board of the Ludwig-Maximilians-
University, Munich, Germany (AZ 216/4).

Molecular stereotactic biopsy (MoStBx) – work flow

The term MoStBx refers to a procedure established at the
Departments of Neurosurgery and Neuropathology of the
Ludwig-Maximilians-University Munich. MoStBx aims to
achieve a reliable pathological and molecular diagnosis on
the basis of small stereotactic specimens (<1 mm3). As DNA
yield from formalin-fixed and paraffin-embedded (FFPE) ma-
terial is considerably lower, molecular genetic analyses of
frozen material was generally preferred, which implies that
histological and molecular analyses were intended to be per-
formed on distinct samples. Given that the overall number of
specimens available for histopathological and molecular ge-
netic analyses is often limited, MoStBx should ideally enable
detailed molecular genetic analyses on the basis of one single
tissue specimen. It is therefore mandatory that tumor samples
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with no or only minimal contamination by non-neoplastic
tissue, blood, or necrotic tissue are selected for molecular
genetic analyses. Conversely, in cases of such contamination,
MoStBx should enable the recognition of the contamination.
It is important to note that the described selection procedure is
only appropriate for the determination of the status of bio-
markers, for which a homogeneous distribution throughout
the tumor has been demonstrated (e.g., TP53-, IDH1/2-muta-
tional status, MGMT promoter methylation status, LOH 1p/
19q status), since a representative molecular diagnosis can be
obtained from a single small tissue sample only for those
markers [22, 24, 25]. The presented flow chart (Fig. 1) pro-
viding a comprehensive overview on the selection procedure
includes links referring to the imaging details used for im-
proved target determination in the planning phase (protocol
A), the biopsy procedure itself (protocol B) and the applied
histopathological and molecular genetic methods (protocols
C-H).

Step 1 (guided-sampling) Selection of the tissue samples
best suited for cryopreservation/molecular genetic analy-
ses started in the operation room (OR) and was guided by
the attending neuropathologist on site. Hereby, intraoper-
ative evaluation of smear preparations (HE and methy-
lene blue) guarantees immediate histological feedback
without any delay (protocols B, C). For molecular anal-
yses, it was generally intended to collect two tissue sam-
ples from different sites of the tumor in the direct vicinity
(1 mm apart) of an intra-operatively identified solid and
viable tumor (protocol B). The second sample was used
in the screening phase of the procedure and represents a
backup sample (in case of technical difficulties during the
evaluation process).
Step 2 (screening) After DNA isolation (protocol D) a
methylation specific PCR (MSP) for the MGMT promoter
was used as a screening method for all (≥ 2) frozen samples
(protocol E). When all samples homogeneously indicated
methylation of the MGMT promoter, only one of the sam-
ples entered the subsequent detailedmolecular genetic work
flow. In cases with one or more samples exhibiting no or
only weak methylation signals, histological sections of the
adjacent stereotactic specimen were analyzed to ensure
tumor content and to identify the specimen best suited for
further molecular analyses. In cases of suspected contami-
nation of all samples, molecular analysis from FFPE-
material exhibiting a solid viable tumor was initiated.
Step 3 (detailed analysis) After MSP screening, DNA of
one single sample was usually subjected to detailed
analysis. MGMT promoter methylation status, 1p19q
status and IDH1/2 mutation status were examined
as described below (protocols E-H). Other analyses
(e.g. BRAF V600E mutation analysis) could be per-
formed if required

Step 4 (diagnosis) The histopathological and molecular
diagnoses were expected to bemade 3 days and 5–7 days,
respectively, afterMoBxSt. Both results were checked for
congruency. In case of discordance, molecular patholog-
ical analysis and histological diagnosis were re-
evaluated.

18FET-PET investigation (protocol A)

In selected patients with MRI-suspected low-grade gliomas, a
dynamic 18FET-PET evaluation was performed, as described
previously [25], for optimal target determination of the biopsy
procedure. This approach was used, as pronounced inter- and
intratumoral heterogeneity has recently been uncovered [25].

Molecular stereotactic biopsy technique (protocol B)

The multimodal image-guided surgical technique of MoStBx
has been described: Co-registration of contrast enhanced com-
puterized tomography (CT, slide thickness: 0.6 m); magnetic
resonance imaging (MRI; axial T2-weigthed sequences, slide
thickness: 2 mm, 3D T1-weighted sequences after adminis-
tration of gadopentetate dimeglumine, slide thickness: 1 mm);
and, 18FET-PET imaging data (if indicated) served for 3D
visualization (i-plan stereotaxy, Brainlab) of the tumor and
simulation of the “best” trajectory [10]. Whole biopsy speci-
mens were consecutively collected in 1 mm steps towards the
target point via a small skin incision (6–10 mm) and a 2 mm
bore . Using micro forceps, the maximum amount of tissue per
biopsy specimen was 1 mm3. The tissue sampling and selec-
tion procedure was guided by the attending neuropathologist.
Tissue samples selected for molecular genetic analyses were
stored at −20 °C immediately after surgery. Each of the tissue
samples taken along the biopsy trajectory were consecutively
numbered with regard to distance from the target point and
documented in the biopsy protocol of each patient, thereby
enabling corresponding analyses of the tissue, molecular, and
imaging data. Another native CT-scan was done in all patients
1 day after biopsy to rule out surgery-related bleeding. Any
adverse events within 30 days after surgery that may have
been potentially attributable to the biopsy were considered as
perioperative morbidity.

Histopathology (protocol C)

For the intraoperative diagnosis smear preparations were
stained with methylene blue and/or hematoxylin and eosin.
Stereotactic biopsy specimens chosen for final histopatholog-
ical evaluation, were fixed in 4 % buffered formalin (Fisher
Scientific GmbH, Schwerte, Germany) and embedded in par-
affin. Tumor morphology in 2 μm paraffin sections was
visualized using hematoxylin and eosin staining.
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Standardized immunohistochemistry was done on a bench-
mark staining machine with a 3, 3′-diaminobenzidine (DAB)
detection system according to the manufacturer’s instructions
(Ventana Medical Systems, Arizona, USA). Antibodies used
were usually anti-human GFAP (monoclonal mouse, clone
6 F2, Dako, Glostrup, Denmark), anti-MAP2 (clone HM-2,
Sigma, Saint Louis, Missouri, USA) and anti-human Ki67
antibody (mouse monoclonal, clone MIB-1, Dako, Glostrup,
Denmark). Tumor classification and grading was done by
members of the histopathological conference according to
the 2007 WHO classification of tumors of the central nervous
system [26].

Molecular genetic analyses

Isolation of DNA from a stereotactic biopsy sample (protocol
D)

DNA extraction from frozen tissue and FFPE tissue was
performed using a QIAmp DNA Micro Kit and a QIAmp
DNA FFPE Tissue Kit, respectively (both: Qiagen, Hilden,
Germany). Isolation from blood was performed using the
QIAmp DNA Blood Kit (Qiagen, Hilden, Germany). The
quantity and purity of DNA were assessed using a
NanoDrop1 ND-1000 Spectrophotometer (NanoDrop,
Wilmington, NC). DNA yield from one frozen sample was
in the range of 15–40 ng/μl in a 70 μl elution volume; for one
FFPE sample (10–25 ng/μl) the OD 260/280 ratio was ∼1.9.
Alternatively, DNA was isolated on a Maxwell® 16 MDx
instrument using the M16 tissue LEV DNA purification kit
(frozen tissue), the M16 FFPE Tissue LEV DNA purification
kit (FFPE tissue) or the M16 Blood DNA purification kit
(blood) (all: Promega Deutschland GmbH, Mannheim,
Germany). Due to up to 30 % higher DNA yield this was the
method of choice for cases limited to FFPE material.

Determination of the MGMT promoter methylation status
(protocol E)

Determination of the MGMT promoter methylation was
done by methylation-specific PCR (MSP) and sequencing
analysis. Bisulfite conversion of 200–400 ng DNA was
performed with the EpiTect® Bisulfite Kit (Qiagen) as
described previously [24]. For MSP as molecular screen-
ing (Fig. 1, step 2), two pairs of primers, each specific for
either the methylated or the unmethylated MGMT promot-
er region, were used as originally described by Esteller
and colleagues [27]. MSP and visualization of the
amplicons by gel electrophoreses were performed accord-
ing to standard protocols [24]. For detailed analysis with
capillary sequencing (flowchart step 3), primers originally
described by Moellemann and colleagues were used [28].
The sequencing reaction covers a 316 bp region of the
MGMT promoter with 25 CpG sites, including those de-
tected by MSP (corresponding to CpG positions 2–14).
The MGMT promoter was considered “methylated” when
more than half of the CpG sites (≥13 of the 25 CpG sites)
were found to be “methylated” or “partially methylated”.
A “partially methylated” CpG site was defined as the
cytosine peaks being 50 % or more of the corresponding
thymine peak. Positions with cytosine peaks as small as
10–50 % of the thymine peak were considered weakly
methylated. When 9 – 12 of 25 CpG sites were “methyl-
ated/partially methylated” the MGMT promoter was con-
sidered “partially” methylated. When more than 9 of the
25 CpG sites were “methylated/partially methylated” the
MGMT promoter was considered not methylated.

PCR amplification of microsatellite markers (protocol F)

For the LOH on 1p/19q status determination 5 tetranucleotide
markers were used as described previously [11, 29]. Briefly,
10–20 ng of DNA (blood and tumor) was used for PCR
(HotStarTaq® Master Mix Kit, QIAGEN®, Hilden,
Germany) using microsatellite markers D1S1608, D1S548,
D1S1592, D1S1184, D1S1161 for chromosome 1p and
D19S433, D19S431, D19S718, D19S559, D19S601 for chro-
mosome 19q with annealing temperatures as suggested by
Hartmann et al. [11]. The distribution of the markers through-
out the entire chromosomal arms also allowed the detection of
partial deletions [30]. The PCR reaction was performed with
an initial denaturation at 94 °C for 15 min, followed by
35 cycles (94 °C, 30s; annealing time 40s; 72°, 1 min) in an
automated thermocycler (Eppendorf Mastercycler gradient)
and final extension at 72 °C for 10 min. Given the minimal
amounts of tumor DNA, special care was taken to avoid cross-
contamination. The samples of each patient were analysed in
separate experimental rounds with one no template control
(NTC) for each microsatellite primer pair.

�Fig. 1 The flowchart illustrates the MoStBx procedure in chronological
order. Capital letters in brackets (A–J) refer to the respective detailed
protocols in the materials and methods section. Step 1 Initial planning,
surgical procedure and probe sampling. Step 2 Screening steps for
selection of best suitable tumor tissue for molecular examination. The
left box “MSP (methylation specific PCR) ambiguous” provides three
commonly occurring combinations of histological and molecular
findings: 1) no signal in MSP of both samples+viable tumor in all
adjacent specimens→any sample suitable for molecular analysis; 2)
“MSP signal at position −7, but not at −14+viable tumor at −8 but non-
tumor tissue at −15→selection of −7 for molecular analysis; 3) Weak to
moderate signals in MSP + viable tumor in all adjacent specimens→
selection of the −2 for subsequent analysis due to best signal intensity at
this level. The right box “MSP methylated” provides one example with
clear signals in MSP of all three samples→any sample suitable for
molecular analysis with preference of the −6 due to slightly better signal
intensity. Step 3 Overview on the subsequent detailed analyses. Step 4
Diagnostic procedures including both initially independently-performed
histopathological and molecular evaluation and, additionally, the option
for re-evaluation and revision if needed.
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Microsatellite analysis by horizontal gel electrophoresis
on synthetic high resolution gels and SYBR® Gold staining
(protocol G)

From each PCR amplicon, 0.5 μl were analyzed on synthetic,
highly resolving Spreadex® EL 800 wide mini gels (Elchrom
Scientific®, Switzerland). Electrophoresiswas performed at 120V
and 55 °C for 140 min by use of the Elchrom submerged gel
electrophoresis system. This system controls for constant flow of
the running buffer and provides a uniform electric field in the gel
compartment which ensures reproducible experimental condi-
tions. PCR products were visualized by SYBR® Gold
(Molecular Probes®, Oregon, USA) which has a several fold
higher sensitivity than ethidium bromide [31].

Detection of IDH1/2 mutations (protocol H)

IDH1 and IDH2 mutations were examined using pyrose-
quencing techniques. Primer design was performed with
PSQ Assay design Software (Qiagen, Hilden, Germany)
based on accession numbers NC_000002.11 (209100953–
209119806), IDH1 and NC_000015.9 (90627210–
90645708) and IDH2. For IDH1, a fragment of 88 bp length
including codon 132 was amplified using the primer pair 5'-
biotin-AAAAATATCCCCCGGCTTG-3' (forward) and 5'-
TGCCAACATGACTTACTTGATCC-3' (reverse) [3]. For
IDH2 a fragment of 83 bp length including codon 172 was
amplified using the primer pair 5'-TCCCACGCCTAGTCCC
TG -3' (forward) and 5'-biotin-CTCTCCACCCTGGCCT
ACC -3' (reverse). PCR was performed in a 200 μl tube with
a final volume of 40 μl using the HotStarTaq DNA
Polymerase Master Mix Kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s instructions with 20 ng of DNA.
Each PCR was accompanied by a no template control (NTC).
Initial denaturation (95 °C, 15min) was followed by 40 cycles
of 20 s at 94 °C, 20 s at 52 °C and 30 s at 72 °C and a final
extension step at 72 °C for 5 min. The PCR product was
checked by gel electrophoreses including no template controls
(NTC). Next, 10 μl of the PCR product as well as the NTC
were subjected to pyrosequencing on a PyroMarkQ24 System
using the Pyro Gold reagents kit (both: Qiagen, Hilden,
Germany) and the sequencing primers 5'-TGATCCCCATAA
GCA-3' for IDH1 or 5′-AGCCCATCACCATTG-3′ for IDH2,
respectively. Subsequent purification and processing of the
biotinylated single-strand DNA was performed according to
the manufacturer’s instructions. Resulting data were analyzed
and quantified with the PyroMark Q24 Software (Qiagen,
Hilden, Germany).

Statistical analysis

The distribution of continuously scaled variables was ana-
lyzed with theWilcoxon test. Associations between molecular

alterations and histological subtypes were assessed with [chi]2

statistics or Fisher exact tests (in cases of small sample size). A
value of p<0.05 was considered significant.

Results

Patients

This prospective study was comprised of a series of 159
patients with a diagnosis of a de-novo glioma, who were
consecutively treated during an 18 month period (06/2010–
12/2011). In 47 (29 %) of the patients with MRI-suspected
low grade gliomas a dynamic FET-PET guided biopsy was
done. Overall, tumors were classified as glioblastoma (n=94),
anaplastic astrocytoma (n=24), oligodendroglioma/
oligoastrocytoma (Grade II + III; n=10), astrocytomas
WHO II (n=20, incl. 4 brainstem gliomas), pilocytic astrocy-
tomas (n=9), and gliosarcoma (n=2). Patients with low-grade
gliomas (n=26) were significantly younger (p<0.01) than
those with high-grade gliomas (ie., mean age: 37 vs. 61 years).
Patient characteristic are summarized in Table 1. The mean
number of biopsy specimens taken was 17.1 per patient (range
8–37). Transient morbidity rate was 2%: two patients suffered
from focal seizures after biopsy, another one from an erosion
of the cornea as a consequence of inadequate protection
during surgery. There was no permanent morbidity and no
mortality. The median time from biopsy to histological and
molecular genetic analyses was 3 and 5 days, respectively.

Molecular diagnosis

The drop-out rate due to insufficient amount of tumor tissue
(contaminated specimens) was 0.4 %. Results of molecular
genetic analyses of the respective glioma subgroups are sum-
marized in Table 2. The MGMT promoter was methylated in
11 % of the astrocytomas grade I tumors, 65 % of the astro-
cytoma II tumors, 54 % of the astrocytoma WHO III tumors,
44 % of the glioblastoma multiforme WHO IV tumors and
100 % of oligodendroglioma/oligoastrocytoma grade II/III
tumors. A 1p/19q codeletion was seen in 90 % of the
oligodendroglioma/oligoastrocytoma grade II/III tumors,
15 % of astrocytoma grade II tumors, 8 % of astrocytoma
grade III tumors, 3 % of glioblastoma multiforme WHO IV
tumors, but not in the astrocytoma grade I tumors. 1p/19q
codeleted tumors always exhibited both an IDH1/2 mutation
and a methylated MGMT promoter. An IDH1/2 mutation
could be detected in 70 % of the astrocytoma grade II tumors,
in 90 % of oligo-tumors grade II/III but not in the grade I
astrocytoma tumors. IDH1/2 mutations were seen in 29 % of
the anaplastic astrocytomas and in 5 % of the glioblastomas;
all these tumors exhibited a methylatedMGMT promoter and
were significantly younger than those harbouring wild type
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IDH1/2 (42 vs. 64 years, p<0.001); they were classified as
secondary malignant gliomas. Overall, the frequency of
IDH1/2 mutations was significantly correlated with both the
frequency of LOH 1p19q and/or MGMT promoter methyla-
tion (p<0.001). Patients harbouring IDH1/2 mutations were
younger (p<0.001).

The final histological diagnosis was changed/modified in 5
of the 159 tumors according the molecular findings: i) the
detection of a methylated MGMT promoter supported the
diagnosis of grade II gliomas in two cases (exemplified in
Fig. 2). Histological evaluation alone could not unequivocally
distinguish between a reactive gliotic and a neoplastic lesion;
ii) Lack of 1p19q codeletion supported the diagnosis of an
anaplastic astrocytoma in another case. Histological evalua-
tion alone was uncertain concerning an oligodendroglial com-
ponent in this tumor; iii) The detection of LOH 1p19q in a
glioblastoma lacking unequivocal histological signs of oligo-
dendroglial differentiation led to the final diagnosis of a “glio-
blastoma with oligodendroglial component”; iv) The absence
of an IDH1/2 mutation supported the diagnosis of a pilocytic
astrocytoma in one case. Histological analysis of the small
specimens could not rule out a diffuse astrocytoma grade II.

Reproducibility of molecular analyses

At the time of tumor progression, a second molecular analysis
was done in 21 patients: Discordant findings (as compared to

the initial molecular findings) were seen in 4 of the 21 patients
and could be attributed to tissue contamination in two patients.
The third case concerned an astrocytoma with borderline
methylation, classified as “not methylated” in the initial anal-
ysis and as “at best partially methylated” in the follow-up
analysis. The fourth case concerned an astrocytoma grade II
(no 1p19q codeletion) that had progressed to GBM. Follow-
up analysis indicated partial LOH on 1p (LOH for 2 of 5
informative markers) and 19q (LOH for 3 of 5 informative
markers). Re-evaluation of the original gel electrophoresis
with knowledge of the second analysis showed that 2 of the
10 markers showed a suspicious fainting of bands that was not
considered however sufficient for the diagnosis of a partial 1p/
19q codeletion. In the remaining 17 patients the biomarker
pattern remained unchanged as compared to the initial
analysis.

Diagnostic reliability of MSP for determination of MGMT
promoter methylation

177 MGMT analyses (157 original and 20 follow-up at the
time of tumor progression) were performed. Diagnostic results
were obtained in 175 of the 177 of the cases (99 %). MGMT
status was “unmethylated” in 89 of the 175 cases (51 %),
“methylated” in 63 of the 175 cases (36 %) and “partial
methylated” in 23 of the 175 cases (13 %). Concordant find-
ings between the MSP and bisulfite-sequencing were seen in

Table 1 Patient characteristics

Low-Grade: Astrocytomas
WHO °II (incl. brainstem glio-
mas, n=4), Oligoastrocytomas/
Oligodendrogliomas WHO °II.
High-Grade: Astrocytomas
WHO °III, Oligoastrocytomas/
Oligodendrogliomas WHO °III,
Glioblastomas, Gliosarcomas.
Significance: * low grade glio-
mas vs. high grade gliomas, # low
grade gliomas vs. pilocytic astro-
cytomas, + high grade gliomas vs.
pilocytic astrocytomas

Low-grade
gliomas

High-grade
gliomas

Pilocytic
astrocytomas

p-value

Number of patients 26 124 9

Age (mean) 37.3 61 24.2 p<0.001(*, #, +)

Male/female (n) 13/13 72/52 3/6 n.s.

Side (left/right/bilateral, n) 15/9/2 56/45/23 3/1/5 p<0.05(+), p<0.01(#)

Contrast enhancement in MRI (%) 27 94 78 p<0.0001(*), p<0.05(#)

Ki 67 (mean) 4.8 16.4 3.0 p<0.0001(*,+)

Samples per biopsy (mean) 16.5 17.7 11,1 p<0.02(*), p<0.0007(+)

Transient morbidity (%) 0 3 0

Permanent morbidity (%) 0 0 0

Table 2 Histological and molec-
ular genetic analysis

OA Oligoastrocytoma, OD
Oligodendroglioma; N/A not
available, p partial loss on 1p, q
partial loss on 19q

LOH 1p/19q MGMT Promotor
Methylation

IDH1/2
Mutation

Astrocytoma WHO °I (n=9) 0 % (4 N/A) 11 % (2 N/A) 0 %(1 N/A)

Astrocytoma WHO °II (n=20) 15 % (3 N/A, 1 p, 3 q) 65 % 70 %

Astrocytoma WHO °III (n=24) 8 % (5 N/A, 1 p, 2 q) 54 % 29 %

Glioblastoma multiforme WHO °IV (n=94) 3 % (47 N/A, 2 p, 7 q) 44 % (1 N/A) 5 % (2 N/A)

OA/OD WHO °II/III (n=10) 90 % 100 % 90 %
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151 of the 175 cases (86 %). In the remaining 24 cases (14 %)
MSP showed false positive as well as false negative results as
depicted in Fig. 3 (A). Positive predictive value (PPV), neg-
ative predictive value (NPV), sensitivity (SENS) and speci-
ficity (SPEC) for MSP were 92.1 %, 87.2 %, 88.2 % and
91.5 %, respectively, in cases showing “no” MSP signal (93/
175); the corresponding values for those exhibiting a “strong”
MSP signal (61/175) were 96.7 %, 96,5, 93.7 % and 98.2 %,
respectively (Fig. 3B); PPV, NNV, SENS, and SPEC for
tumors with “weak” MSP signal (21/175) were 47.6 %,
91.5 %, 43.5 % and 92.7 %, respectively.

Treatment after biopsy

Treatment strategies after MoStBx are summarized in
Table 3. Eleven patients underwent open tumor resection.
MoStBx before resection was done because of differential
diagnostic uncertainties in these cases. 89 % of the glio-
blastoma patients were treated according the EORTC pro-
tocol [32]. Those not receiving standard treatment (10
patients) were older (median age: 72 years vs. 65 years);
these patients received radiotherapy (chemotherapy) alone
in cases of an unmethylated (methylated) promoter status
or palliative treatment only because of poor clinical con-
ditions. Among grade III astrocytomas, those with MGMT
promoter methylation were more likely to receive chemo-
therapy alone (p<0.001). Four patients with anaplastic
astrocytoma harbouring either wild type IDH (3 tumors)
or an extremely high proliferation index (1 tumor; prolif-
eration index 30%) underwent radiotherapy with concom-
itant and adjuvant temozolomide. A 1p/19q codeletion was
significantly associated with the initiation of a primary
chemotherapy (p<0.001).

Discussion

During the last decade, genetic studies on gliomas have re-
vealed molecular alterations that increasingly serve as diag-
nostic, prognostic and predictive markers and are used for
stratification in clinical trials [1, 16, 33, 34]. It is therefore
important to ensure these biomarkers can also be reliably
analyzed from small sized stereotactic biopsies in daily clin-
ical practice, as not all patients are eligible for open tumor
resection or benefit from microsurgical treatment [35].
However, difficulties in the size adjusted molecular genetic
analysis, doubts as to whether the molecular findings are
representative, and concerns that additionally collected sam-
ples for genetic analysis might compromise the quality of
conventional neuropathological tumor-diagnosis assessment,
contribute uncertainty about the role of stereotactic biopsy in
the era of molecular neuro-oncology.

We demonstrate for the first time that multiple molecular
biomarkers can be reliably determined simultaneously from a
single small sized cryopreserved biopsy sample (<1 mm3)
containing a viable tumor. This could be achieved by a selec-
tion process of the collected samples as outlined in Fig. 1,
which was guided by the attending neuropathologist in the
OR. A prerequisite for such an approach is that the biomarker
under investigation is homogeneously distributed throughout
the tumor space. Exactly that has been shown for the described
biomarkers of the current report; these biomarkers are consid-
ered early events in gliomagenesis [10, 24, 25]. We also
showed, in accordance with this assumption, that the de-
scribed biomarkers usually remained unchanged in cases of
tumor recurrence or tumor progression. Similar results have
also reported by Felsberg et al. [36]. We show that MoStBx is
safe, can be applied in any location of the brain, and resulted in
conclusive histological diagnoses and corresponding molecu-
lar profiles that are in line with biomarker profiles of WHO
grade I-IV gliomas after open tumor resection. A histopatho-
logical and molecular diagnosis was typically available 3 days
and 5 days after stereotactic biopsy, respectively. This enabled
rapid personalized treatment planning. Our study shows that
the status of the evaluated biomarkers in each tumor generally
did not change in case of tumor recurrences after re-biopsy or
open tumor resection, which further corroborates the reliabil-
ity and validity of the analyses. One patient, however, was
found with a partial 1p and 19q codeletion after malignant
transformation, which was not seen in the initial biopsy of a
grade II astrocytoma. Whether this finding can be interpreted
as a new genetic alteration during the process of malignant
transformation remains unclear.

MoStBx successfully contributes to the diagnostic classifi-
cation of those tumors in which the growth pattern and com-
position of the tumor often cannot be totally captured by small
sized biopsy specimens. For example, pilocytic astrocytoma
grade I (usually harbouring wild type IDH), or gliomas with

�Fig. 2 Example of a lesion histologically classified as “no tumor” (a–d)
in whichMoStBx (E, F) enabled the diagnosis of a glioma. aHE staining
of a stereotactic specimen (−4), shows few conspicuous cells with
irregular nuclei not sufficient for tumor diagnosis. b IHC analysis for
GFAP shows a picture compatible with reactive astrocytosis. c IHC
analysis for MAP2 also reveals no clear evidence for tumor cells. d
IHC analysis for the proliferation marker Ki67 showed only one
positive stained nucleus in all 17 samples. e MSP of the two specimens
(at −3, −15) indicates methylation of the MGMT promoter. U: MSP
product specific for unmethylated sequence, M: MSP product specific
for the methylated sequence, NTC: no template control. f Capillary
sequencing confirming methylation of the MGMT promotor led to a
revision of the initial histological diagnosis in favor of a glioma.
Arrowheads indicate “methylated/partially methylated” CpG sites,
asterisks indicate weakly/unmethylated CpG sites. Same symbols in
brackets indicate CpG positions which are not clearly seen in the forward
sequencing reaction (shown) and were evaluated in the reverse sequenc-
ing reaction (not shown). g Pyrosequencing revealed that the case did not
show an IDH1-mutation (picture). An histological tumor diagnosis using
an antibody directed against the IDH1 (R132H) mutation was therefore
not possible in this case
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suspected oligodendroglial components (often harbouring 1p/
19q codeletion); MoStBx has also been shown to be extreme-
ly useful in differentiating between reactive gliotic lesions and

infiltrative low-grade gliomas (MGMT promoter often meth-
ylated). Interestingly, although molecular markers were diag-
nostically helpful, we also found some cases in which the

Fig. 3 MGMT methylation
status: the diagnostic value of
MSP and capillary sequencing. a
Correlation of MSP screening
results (left column) with final
diagnosis determined by capillary
sequencing (right column). b
Corresponding positive predictive
value (PPV), negative predictive
value (NPV), sensitivity (SENS)
and specificity (SPEC) for cases
showing no (upper row), weak
(middle row) and strong (lower
row) signals in the MSP.

Table 3 Applied treatment strategies after stereotactic biopsy

Astrocytoma
WHO °I
(n=9)

Astrocytom
WHO °II
(n=20)

OA/OD WHO
°II/III (n=10)

Astrocytoma
WHO °III
(n=24)

Glioblastoma
Multiforme
(n=94)

Gliosarcoma
(n=2)

Overall
Patients
(n=159)

Radiochemotherapy (EORTC protocol) 0 0 0 17 % (4) 81 % (76) 50 % (1) 51 %(81)

Chemotherapy (Temozolomide) 0 25 % (5) 70 % (7) 54 % (13) 3 % (3) 0 18 %(28)

Radiation 11 % (1) 20 % (4) 0 17 % (4) 2 % (2) 50 % (1) 8 % (12)

Surgical resection 0 10 % (2) 10 % (1) 4 % (1) 7 % (7)* 0 7 % (11)

Brachytherapy 78 % (7) 10 % (2) 0 8 % (2) 0 0 7 % (11)

Photodynamic therapy 0 0 0 0 1 % (1)* 0 1 % (1)

Watchful waiting 0 30 % ( 6) 20 % (2) 0 0 05 % (8)

Palliative 0 5 % (1) 0 0 5 % (5) 0 4 % (6)

Other chemotherapy 11 % (1) 0 0 0 0 0 1 % (1)

OA Oligoastrocytoma, OD Oligodendroglioma; * adjuvant radiochemotherapy (EORTC protocol)
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histological picture seemed to be contradictory to the molec-
ular findings (e.g., 3 tumors showing purely astrocytic differ-
entiation exhibited a 1p19q codeletion, which is regarded as a
hallmark of oligodendroglial/oligoastrocytic differentiation).
It cannot be excluded that MoStBx had missed the oligoden-
droglial component in these cases. A recent study, however,
cautions one to rely on molecular markers alone; two markers
(IDH1mutations and KIAA1549-BRAF fusions) that seemed
to be mutually exclusive and were suggested to confidently
distinguish diffuse astrocytomas (IDH1/2 mutations, no
KIAA1549-BRAF fusion) and pilocytic astrocytomas
(KIAA1549-BRAF fusion, no IDH1/2 mutations) were now
found coexisting in some diffuse astrocytomas [37, 38]. In

gliomas molecular biomarkers have the potential to refine and
complement the current tumor classification and will provide
additional prognostic and/or predictive data for personalized
treatment strategies [39].

Selection of the analytical methods best suited for imple-
mentation of small size-adjusted molecular analyses in a clin-
ical setting is challenging. Even though molecular genetic
analyses of cryopreserved material have the disadvantage of
histological and molecular genetic findings could not directly
correlating, we could demonstrate that the approach presented
herin using an alternating sampling technique for histological
and molecular evaluation in 1-mm-steps was highly effective,
This strongly contrasts to the experience of other groups who

Fig. 4 Future perspective –
endoscopy based stereotactic
biopsy. a MRI indicating a left
side temporal ring enhanced
lesion. Target level and
stereotactic trajectory (green
dotted line) are shown. TheWhite
scale [mm] depicted the stepwise
biopsy procedure throughout the
tumor. b Endoscopic image (left)
on level at −33 did not show 5-
ALA-induced fluorescence
(blue). Histological analysis at
this position revealed no tumor
tissue, as demonstrated in HE
stained sections in low (middle)
and high (right) magnification.
Scale bar: 50 μm. c Endoscopic
image at level −31 shows 5-ALA-
induced fluorescence (red), indi-
cating tumor tissue. Correspond-
ing histological examination re-
vealed a glioblastoma (WHO
grade IV) as demonstrated in HE
stained sections in low (middle)
and high (right) magnification.
Scale bar: 50 μm. d Endoscopic
image on consecutive level at −30
shows 5-ALA-induced fluores-
cence (red), also indicating tumor
tissue. Biopsy sample −30 was
selected for molecular analysis.
MSP (middle) and capillary se-
quencing (right) demonstrates an
unmethylated MGMT promotor
sequence. (U and M): PCR spe-
cific for the unmethylated and
methylated MGMT promotor se-
quence, respectively. Asterisks (*)
indicate unmethylated CpG
positions
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had applied FFPE based molecular analyses to small tissue
specimens of glioblastoma patients [16].

LOH1p19q was determined by PCR based microsatellite
analysis as this method also allows for the discrimination of
isolated/partial deletions. Alternative methods (FISH, alpha-
internexin immunohistochemistry) cannot detect these alter-
ations or are not suited for the limited amount of tissue and
DNA available [10, 11, 30]. As IDH1/2 mutations in gliomas
cluster in only one codon, they are perfectly in the scope of
pyrosequencing and thus were analyzed with this fast and
reliable method. In contrast to immunohistochemical detec-
tion with an antibody directed against the most common IDH1
(R132H) mutation, pyrosequencing has the advantage of cov-
ering all potential IDH1 and IDH2 mutations in the sequence
analyzed. The original publication describing this antibody
revealed that the immunohistochemical results did not always
correlate with the gold standard of sequencing [40]. Of note,
in our own experience the number of cases in which IDH1
(R132H) immunohistochemistry does not correlate with the
pyrosequencing results is even slightly higher. MSP is the
most widely applied method for determination of the MGMT
promoter methylation and has been shown to correlate well
with clinical outcomes in several studies [16]. In the current
study MSP was used as a general screening step before
detailed molecular genetic analyses and was followed by
capillary sequencing, which covers a larger number of CpG
sites [24, 41]. Comparing both methods, MSP revealed (false
positive and negative) results in 14 % of the analyzed tumors,
mostly in the group of patients with partial methylation
(Fig. 3). Failure to detect tumors with partial methylation
indicates a natural limitation of MSP. A recent study system-
atically analyzed the impact of specific CpG sites within the
MGMT promotor on the transcriptional regulation of MGMT
using a luciferase reporter assay [42]. This study revealed that
MSP is located within the optimal region for MGMT testing.
However, the study also showed that substitution of a single
CpG outside the MSP region almost completely inhibited the
promotor activity. The authors observed high variability re-
garding the methylated positions, which is in line with our
results. Given this, determination of a higher number of indi-
vidual CpG sites by capillary sequencing might indicate sen-
sitivity to alkylating substances more reliably than MSP.
Additional clinical data are necessary to support our observa-
tions in favour of sequencing analysis.

While the MoBxSt approach presented here will currently
be limited to larger centres having a neuropathologist on-site,
emerging technologies may provide the basis for wider appli-
cation in the near future. With the growing demand for per-
sonalized medicine, a new miniature endoscopic system has
been developed to specifically identify vital tumor tissue by
detection of protoporphyrin IX (PpIX) fluorescence which
accumulates in highly proliferating tumor cells but not in
necrosis upon administration of 5-aminolaevulinic acid (5-

ALA) [43]. The endoscopic system could be easily integrated
in the stereotactic setup of MoBxSt. In a glioblastoma patient,
preliminary results indicated that endoscopic fluorescence-
guided biopsy is able to detect viable tumor tissue suitable
for both histological and molecular pathological examination
independent of intraoperative evaluation. This technique
needs further validation and might enable sending samples
to centres experienced in molecular pathological analyses of
small-sized stereotactic specimens. Personalized biomarker
assisted diagnosis and treatment concepts could become more
readily available in the near future (Fig. 4).

Taken together, the current study demonstrated that
MoStBx: i) is feasible and safe and can be implemented in
daily clinical practise; ii) provides valid and reproducible
molecular analyses of multiple biomarkers without compris-
ing the quality of histological classification and grading; iii)
improves diagnostic accuracy; iv) provides a platform for
analyses of further prognostic/predictive biomarkers in the
future (e.g., BRAF-V600E); and, v) enables personalized
treatment planning.
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