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Abstract: Over the last decade, advances in molecular and imaging-based biomarkers have
induced a more versatile diagnostic classification and prognostic evaluation of glioma patients.
This, in combination with a growing therapeutic armamentarium, enables increasingly individu-
alized, risk-benefit-optimized treatment strategies. This path to precision medicine in glioma
patients requires surgical procedures to be reassessed within multidimensional management
considerations. This article attempts to integrate the surgical intervention into a dynamic network
of versatile diagnostic characterization, prognostic assessment, and multimodal treatment options
in the light of the latest 2016 World Health Organization (WHO) classification of diffuse brain
tumors, WHO grade II, 111, and IV. Special focus is set on surgical aspects such as resectability,
extent of resection, and targeted surgical strategies including minimal invasive stereotactic
biopsy procedures, convection enhanced delivery, and photodynamic therapy. Moreover, the
influence of recent advances in radiomics/radiogenimics on the process of surgical decision-
making will be touched.

Keywords: extent of resection, biomarker, metabolic imaging, molecular markers, personalized
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Introduction
Diffuse gliomas make up about 80% of all malignant brain tumors with World Health
Organization (WHO) grade IV glioblastoma being the most common and most aggres-
sive tumor entity."? The different WHO grades refer to the degree of malignant behavior
and associated prognosis. Clinical outcome is highly variable and ranges from years
of stable tumor formations to a rapid progression and fatal course, despite aggressive
treatment.® Notably, even “benign” grade II tumors are an incurable chronic disease;
in here, malignant progression toward anaplastic glioma or glioblastoma represents
the pivotal event in prognosis. Clinical complaints depend on the tumors size and
localization, growth rate, degree of infiltration, and proximity of eloquent brain areas.
A slow tumor growth frequently becomes symptomatic with epileptic seizures, whereas
patients with fast growing tumors show acute deficits and a rapid clinical deterioration.*
Due to the increasing complexity of management algorithms, patients should be
referred to specialized brain tumor centers with high case load, whose interdisciplin-
ary team consists of experienced neurosurgeons, neurologists, medical and radiation
oncologists, neuropathologists, neuroradiologists, palliative physicians, and specialized
psycho-oncological care. Initial diagnosis is routinely based on magnetic resonance
imaging (MRI), which is increasingly being supplemented by anatomical, functional,
and metabolic imaging data in terms of differential diagnosis, identification of
intratumoral heterogeneity, determination of tumor extension and spatial relation to
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function-relevant brain areas, and monitoring of the course
of disease. Treatment considerations are based on clinical
characteristics, conventional prognostic factors, and an
increasing number of molecular, metabolic, and imaging
biomarkers to fit tumor profiles to available treatment con-
cepts, which should be adjusted each for its risk and possible
benefit. Surgery, radiotherapy (RT), chemotherapy, and any
combination thereof are the most important tumor-specific
treatment modalities.

The neurosurgeon usually initiates the multidisciplinary
treatment cascade. First, the question of open resection is
evaluated. Imaging-defined complete resections improve
outcome in glioma patients. The prognostic impact of com-
plete resections may also to be seen in the relapse situation.>
The neurosurgeon must be aware, however, that total tumor
removal cannot be achieved in the clear majority of patients,
due to the highly infiltrative nature of the disease. Alterna-
tive options include biopsy procedures in high-risk patients
which may occasionally be combined with sophisticated
local treatment methods such as interstitial brachytherapy
or photodynamic therapy for highly selected cases. As
total tumor removal/local control does not exist, additional
therapies are needed. Percutaneous RT plays a central role in
glioma therapy. Over the past decade, significant advances
in RT treatment and image-guidance technology have led to
enormous improvements in the ability to optimize definitive
and salvage treatment including re-irradiation protocols. An
accurate and precise delineation of treatment volumes by
molecular imaging in combination with conformal radiation
strategies considering both the more or less heterogeneous
composition of the disease and its relation to eloquent brain
areas and neurovascular structures can be regarded as the
hallmarks of modern RT.” Systemic chemotherapy is of
central importance at the time of first diagnosis and during
the course of disease.®!° Future protocols may be stratified
according to the individual molecular characteristics (such
as the protocol of the CeTeG-trial for O6-methylguanine-
DNA-methyltransferase (MGMT) promoter methylated
glioblastoma).!! Moreover, there is an increasing pursuit of
targeted and immunomodulatory approaches, particularly
in case of recurrent disease after conventional treatment.'?
Tumor-treating fields (TTF) is a recently approved novel
treatment modality that is referred to as the fourth modality
of glioblastoma treatment.'* TTF is an antimitotic treatment
modality that interferes with glioblastoma cell division and
organelle assembly by delivering low-intensity (1-3 V/cm)
intermediate frequency (200 kHz) alternating electrical fields
to the tumor, which results in a significant improvement in

progression-free survival and overall survival in glioblas-
toma patients with low treatment-associated side-effects.!
Last but not least, early psycho-oncological attendance and
palliative care may additionally ameliorate the course of
the disease.' The overarching goals are to improve clinical
prognosis while preserving the patients’ quality-of-life as
long as possible which should also critically determine the
activity of the neurosurgeon. This article aims to position the
surgical procedures into this increasingly complex manage-
ment of diffuse gliomas and to consolidate the neurosurgical
perspective as an important component in a multidisciplinary
treatment algorithm.

Classification of diffuse gliomas

According to the revised 2016 WHO classification of central
nervous system tumors, diffuse gliomas are being catego-
rized by integrated diagnoses considering both genetic and
histological findings.>* A hierarchical structure of molecular
biomarkers, namely the mutational status of the genes encod-
ing the isocitrate dehydrogenasis (/DH) and loss of heterozy-
gosity (LOH) on chromosomes / p and 19¢g (LOH 1 p/19q),
have gained a powerful impact on both tumor classification
and prognosis of the disease. / p/19q co-deleted IDH mutant
tumors do better than /DH mutant tumors without LOH 1
p/19q, and IDH wildtype tumors bear the worst progno-
sis.'® The determination of the 7 p/19¢g chromosomal status
sustainably has overcome uncertainties in the diagnosis of
oligodendroglial tumors: an oligodendroglioma can now only
be diagnosed in the case of a / p/19¢g co-deletion, whereas
astrocytomas (typically harboring a loss of the histone chapa-
rone protein ATRX) represent the glioma subgroup lacking
this co-deletion.'”!8 The new integrated diagnoses reflect the
fact that prognosis depends primarily on molecular biomark-
ers and only secondarily on WHO grading. This also includes
determination of the promoter methylation status of the gene
encoding for the MGMT as it indicates a better response to
alkylating chemotherapy and may serve as a basis for treat-
ment decisions in selected patients with low- and high-grade
gliomas.'*2! Moreover, mutations in the telomerase reverse
transcriptase (7ERT) have recently raised attention as impor-
tant molecular events in /DH wildtype gliomas: It has been
shown, for example, that IDH wildtype gliomas formally
graded as WHO grade II, have glioblastoma-like character-
istics in case of an additional TERT mutation.*!¢?* H3-K27
mutated midline gliomas represent a new aggressive subgroup
of grade IV tumors, which frequently occur in the thalamus
or brain stem area. Historically, a considerable number of
these tumors had been grouped among low-grade brainstem
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gliomas. In summary, the introduction of integrated diagnoses
in the revised WHO classification scheme has diminished
diagnostic uncertainties, allows improved assessing of the
prognosis, and provides a new basis for personalized treat-
ment concepts. A representative viable tumor tissue sampling
process (ie, avoidance of necrotic tissue samples) either by
biopsy or resection is a prerequisite for proper molecular-
genetic classification to avoid false negative results.?* 2

Conventional and advanced glioma
imaging
Magnetic resonance imaging (MRI) is the gold standard
for diagnosis, characterization, and clinical management.?
Radiological findings in conventional MRI that can be
indicative of a high-grade glioma include a bilateral pattern
of growth, undefined margins with perifocal edema, mixed
signal intensity, and significant contrast enhancement. How-
ever, a malignant phenotype must also be taken into account
in non-enhancing lesions without pronounced edema.?’
Determination of true tumor extensions can be challenging
as single tumor cells invade into the surrounding brain tis-
sue far beyond MRI-defined tumor margins.*® Particularly in
non-enhancing lesions with a diffuse extension in FLAIR/
T,-weighted sequences, an extensive tumor cell spread, ie,
along the U-fibers into the surrounding brain tissue, can be
expected.’** In these patients, the benefit-risk profile should
be critically assessed with regard to the surgical strategy,
as complete resection is rarely achieved.* In malignant
gliomas the spatial extent is routinely defined by contrast
enhancement in T -weighted sequences. Signal alterations on
T,-weighted sequences, however, can indicate tumor infiltra-
tion beyond contrast-enhancing tumor parts. This particularly
concerns /DH mutant high-grade gliomas.*

Recent advances in radiomics/-genomics appear to offer
a nearly limitless supply of potential imaging biomarkers
that could support the suspected tumor diagnosis and the
assessment of both prognosis and treatment response.’>*
Using large-scale data characterization algorithms and
deep-learning methods, imaging based information might
assess the patients’ individual prognosis (radiomics) and
allow the prediction of distinct molecular-genetic textures
(radiogenomics). Attention must be paid, however, that
independent validation remains a concern. Hence, the quality
of information should be ensured, eg, by blinded, preferably
automatized imaging analyses.

Even though current data are immature and obtained
mainly from retrospective analyses, interesting aspects have
been described and may already be considered with respect to

differential diagnosis, prognosis, and the process of surgical
decision-making. For example, radiomic analyses have been
shown to predict overall survival from baseline T -weighted
contrast-enhanced MRI in glioblastoma patients.*' Radioge-
nomic analyses suggest that IDH mutant grade I1 or I1I tumors
tend to grow within a single lobe, are rarely found in deep-
seated locations, are likely to have sharp tumor margins, a
homogeneous signal intensity, and less contrast enhancement
as compared to their IDH wildtype counterparts.*? The rare
subgroup of IDH wildtype grade 11 gliomas are predominantly
seen in the fronto-temporo-insular region presenting with
larger tumor volumes as compared to /DH mutant grade 11
astrocytomas.® IDH wildtype grade 1l and IV gliomas share
poorly defined margins, mixed signal intensity, and pro-
nounced enhancement.* In IDH mutant high-grade gliomas,
the tumor infiltration may be better visualized by T,-weighted
sequences. The size of the hyperintense infiltration zone fre-
quently extends beyond the contrast-enhanced tumor parts of
the enhanced T,-weighted images.** These data suggest a link
between operative resectability of high-grade gliomas and the
IDH mutation status: IDH mutant malignant gliomas seem to
more often be suitable candidates for a gross total resection
because of their relative sharp delineation on MRI. / p/19¢q
co-deleted (oligo) tumors usually grow as well demarcated,
sometimes cystic and/or calcified lesions in lobar location,
which makes them more amenable for complete resection.*
[ll-defined tumor margins and intratumoral signal heteroge-
neity may indicate a worse prognosis in / p/19¢ co-deleted
gliomas.* Regarding the MGMT methylation status, only a
few data in radiogenomic analyses have been described so
far.*4 Some ill-defined tumor margins may be seen more
frequently in methylated glioblastomas.” Other authors
describe that MGMT unmethylated glioblastomas have a
smaller volume on both T1-contrast enhanced and T2-FLAIR
images than their methylated counterparts.*® The extent of
perifocal edema seems to stratify survival in MGMT promoter
methylated (but not in unmethylated) glioblastomas: patients
with methylated tumors with little or no edema may exhibit
particularly long survival.* Supervised machine learning of
MRI texture features might be used to predict MGMT meth-
ylation status in glioblastoma patients.*#%° Further genes
potentially found to be correlated with respective imaging
phenotypes in quantitative MRI analyses include EGFR,
VEGF, PDGF, TP53, and PTEN.***5! Transcriptomics,
correlating transcriptome patterns with imaging features,
revealed that glioblastomas exhibiting the proneural gene
expression subtype most frequently occur in the frontal
lobe.* Zinn et al*? correlated imaging features with data from
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The Cancer Genome Atlas and found that tumors with high
T2-/FLAIR volumes were enriched with genes and miRNAs
involved in cellular migration and invasion and are associated
with rapid tumor progression and short survival.

Over the last years, advanced imaging modalities such
as MR spectroscopy, MR perfusion analysis, and amino
acid positron emission tomography (PET) have been shown
to improve diagnostic accuracy and are increasingly used
for non-invasive glioma evaluation.’>*-¢ These techniques
can improve differential diagnosis and may detect infiltra-
tive tumor tissue beyond conventional MRI-defined borders
indicating “true” biological tumor volumes.”’> They can be
used to identify intratumoral heterogeneity, particularly in
suspected low-grade gliomas, which gains impact for both
biopsy planning and resective treatment.?*>7-%6! Moreover,
earlier detection and a more precise characterization of
glioma recurrence and their differentiation from pseudo-
progression has been reported to be achieved using these
advanced imaging techniques.®> MR spectroscopy might
be useful for preoperative detection of IDH mutant glio-
mas.*>¢* Correlations between apparent diffusion coefficient
in diffusion-weighted imaging and the presence of MGMT
promoter methylation seem to exist.® The pattern of intratu-
moral radio tracer uptake in dynamic 'F-FET PET in non-
enhancing gliomas has been found to be associated with both
the IDH mutational and 7 p/19q co-deletion status.?”-* Evolv-
ing prospective data support the usefulness of dynamic *F-
FET PET as an imaging biomarker in suspected low-grade
gliomas. In glioblastomas, the size of the biological tumor
volume before RT as described by 'F-FET PET has been
shown to be inversely correlated with the prognosis.”*** The
place of advanced imaging modalities within the framework
of the prognostic evaluation and treatment decision process
of gliomas must be further elucidated in future prospective
studies. Up to now, radiomics/-genomics cannot be used as
a substitute for molecular analyses of tumor tissue samples,
and it is too early to announce guidelines for their use in
everyday clinical practice.

The place of tumor resection and
minimal-invasive biopsy in diffuse gliomas
Open tumor resection is recommended as the first step in the
treatment of diffuse gliomas WHO grade 11, 111, and IV.'%66
At population level, prognostic favorable complete resection
is achieved in about 40%—75% of surgical cases.*3¢75 In
a selected series higher, complete resection rates might be
observed.” Still, there is a discrepancy between the number
of patients selected for complete resection and the number of

those for whom this goal has been achieved. It still remains
true that the majority of patients selected for gross total
surgery received an incomplete resection. Biopsy instead
of resection is a relatively seldom used surgical strategy in
glioma treatment concepts: in only 10%—-20% of the patients,
the glioma diagnosis has been obtained by open/stereotactic
biopsy procedures alone.®” These figures derive from a
rather conventional concept reserving biopsy procedures
only for high-risk patients (older age, poor clinical condition,
significant co-morbidity, deep-seated/eloquent tumor loca-
tions, such as the basal ganglia or brain stem). Due to the
immanent poor clinical performance status and unfavorable
prognostic profile, biopsied patients frequently undergo less
invasive treatment regimens and are commonly excluded
from large randomized controlled trials.!%”””® However,
recently published data have pointed out that biopsy only
is a useful tool in not safely resectable high-grade glioma
patients, even in the case of good clinical performance
scores and low co-morbidity and not associated with a worse
prognosis as compared to incomplete resections. Side-effects
of the biopsy, however, were significantly seen less often
than after incomplete resection.®”*% These data should be
reconsidered indications in favor of biopsy in the case of not
safely resectable tumors and to avoid therapeutic nihilism.

The challenge of accurate tissue sampling

An overriding goal of any surgical strategy is to obtain repre-
sentative tissue samples for detailed histological and molecu-
lar genetic examination. In specialized neuro-oncological
centers, a comprehensive neuropathological evaluation can
routinely be obtained, even from tumor specimens which may
be as small as the head of a match.?* In the majority of cases,
tissue samples derive from open tumor resections or — if not
safely feasible — from (stereotactic) biopsy procedures.?' Both
microsurgical and stereotactic neurosurgeons have to ensure
that tissue samples have been harvested from the biologi-
cally most active and prognostically most relevant parts of
the tumor.?®%? The implementation of advanced functional
and metabolic imaging data for the navigated precise tissue
sampling procedure, minimizes the risk of undergrading,
misdiagnosis, and undertreatment of heterogeneously com-
posed gliomas.?% The fact that the so far clinically relevant
molecular biomarker profiles do not differ throughout the
tumor volume (as shown for the IDH, I p/19q, and MGMT
status) shows that the risk of molecular-genetic misclas-
sification is relatively low.?3**8 However, contamination
of the samples by a significant amount of necrotic and/or
non-neoplastic tissue could easily result in false negative
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results. Thus, the selection of viable tumor tissue samples is a
prerequisite for valid determination of the molecular-genetic
profile of the glioma under consideration.?

Resectability

Any decision in favor of cytoreductive surgery should be
based on a thorough assessment of the resectability, the asso-
ciated risk profile, and the oncological benefit, considering
both the individual prognosis and the therapeutic network,
including alternative treatment options. Retrospective studies
have shown that the rate of glioma patients with additional
co-morbidity is relatively low. Brain tumor centers, however,
are increasingly confronted with an aging patient population
exhibiting significant comorbidity.* Accordingly, differen-
tiated management algorithms, particularly for the elderly,
have been developed, and gross total resection is sometimes
withheld.?*28586 Treatment algorithms lacking open tumor
resection include minimal-invasive biopsy procedures
followed by early hypofractionated irradiation alone or in
combination with concomitant and adjuvant temozolomid,
and upfront tremozolomid treatment. Decisions in favor of a
more or less invasive treatment strategy rely on the patients’
performance, their multidimensional quality-of-life scores,
and the MGMT promoter methylation status.?*'47 Older
patients with unmethylated malignant gliomas, for example,
are less likely to receive chemoradiation.

In symptomatic patients with large tumor formations,
tumor debulking may stabilize the patient for further treat-
ment (see Figure 1). Upfront cortison treatment can help
to differentiate between edema and tumor infiltration.®
Prospective assessment of the resectability of a glioma is
still challenging: beyond conventional MRI, a multimodal
workup, including fiber tracking in diffusion tensor imag-
ing, metabolic PET data, and functional MRI, transcortical
magnetic stimulation, electrophysiology, and complex
neurocognitive testing, eg, for awake surgery, may improve
resectability assessments preoperatively.**%! Most of these
preoperatively obtained structural and functional data can
be integrated into the neuro-navigation device and used as
a surgical guide in combination with intraoperative neu-
romonitoring to enable maximal safe resection (Figure 2).
Prospective data elucidating factors associated with resect-
ability are urgently needed to further improve the risk-benefit
ratio of glioma surgery. The extent of resection (EOR) may
be assessed online by means of routine ultrasound or intra-
operative MRI.7%2 Both methods have their pros and cons.
The introduction of fluorescence techniques such as use
of 5-aminolevulin acid (5-ALA) has increased the rate of

T,-weighted sequence
(nativ)

T,-weighted sequence
(with gadolinium)

Preoperative MRI

Postoperative MRI

Figure | Tumor debulking. 64-year-old male patient with clinical deterioration
(headache, motoric aphasia, cognitive impairment) due to a large, bifrontal space-
occupying contrast-enhancing glioblastoma WHO grade IV, IDH wild-type. Upfront
biopsy revealed a glioblastoma WHO grade |V, IDH-wildtype, with an unmethylated
MGMT promoter status. Maximal safe resection was performed in order to
relieve burden from space occupying effect and to stabilize the patient before
chemoradiation could be initiated. Early postoperative T,-weighted sequences (with
and without gadolinium) confirmed an extensive bifrontal tumor debulking with
some hemorrhagic imbibition of the resection cavity. Clinically, the patient stabilized
and the aphasia completely resolved. Chemoradiation could be initiated two weeks
after surgery.

Abbreviations: IDH, isocitrate dehydrogenasis; MGMT, O6-methylguanine-DNA-
methyltransferase; MRI, magnetic resonance imaging; WHO, World Health
Organization.

complete tumor resection.”® The rationale is that 5-ALA
accumulates selectively in malignant glioma cells and can be
visualized by blue light in the surgical microscope, enabling
a better identification of tumor tissue in situ. Still, the sur-
geon has to keep in mind that a curative surgical treatment
of grade II-IV gliomas is usually not possible due to the
infiltrative character of the disease.”

EOR and prognosis

In malignant gliomas, the EOR is assessed by an early (within
72 hours) postoperative MRI. In low-grade gliomas, postop-
erative MRI 2—-3 months after surgery is considered sufficient
for EOR assessment.” Qualitative descriptions of EOR such

EEINNT3

as “gross total resection”,

2

near total resection”, “subtotal

EERNNT3

resection”, “partial resection”, and “extended biopsy” are
uncertain regarding their prognostic impact, and have been
variably defined and used throughout the literature. Con-

sensus exists, however, that patients undergoing gross total
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Preoperative MRI
e

Postoperative MRI

Initial tumor volume: 59.3 cm?

Residual tumor volume: 5.1 cm?

Figure 2 Volumetric assessment of EOR. Example of 60-year-old patient suffering from a large, highly vascularized, space-occupying IDH-wildtype, MGMT unmethylated
glioblastoma of the right mesio-temporal lobe with critical involvement of the basal ganglia and compression of the midbrain. A subtotal resection of the almost spherical
tumor formation (left side, highlighted in orange) has been achieved without perioperative morbidity. The postoperative control MRI confirmed an extensive resection with
sufficient decompression of vulnerable structures and some minor complex shaped, multifocal tumor remnants (yellow). The respective volumes were calculated using a
semiautomatically three-dimensional calculation tool (SmartBrush®, Brainlab, Feldkirchen, Germany) indicating an EOR of 91.4%.

Abbreviations: ceMRA, contrast-enhanced magnetic imaging angiography; EOR, extent of resection; IDH, isocitrate dehydrogenasis; MGMT, O6-methylguanine-DNA-

methyltransferase; MRI, magnetic resonance imaging.

resections did better than the other ones. In glioblastomas,
gross total resection refers to the complete removal of the
contrast enhancing tumor parts. In WHO grade II gliomas,
it refers to the complete removal of the tumor-associated
hypointense areas as being depicted in T,-weighted/FLAIR
sequences.”? Malignant enhancing gliomas also exhibit
more or less often in additional non-enhancing tumor parts
(a typical example is shown in Figure 1), which has been
particularly seen in /DH mutant high-grade gliomas.*
Accordingly, the latest definition by the Revised Assessment
in Neuro-oncology (RANO) criteria separates “complete
resections of the contrast-enhancing tumor parts” from
“complete resection of the detectable tumor” (including
non-contrast-enhancing tumor parts), and the respective
“incomplete (partial) resections” thereof.”

Quantitative EOR assessment also remains a controversial
issue. It relies on different methods such as the product of the
maximal diameter, the sum of areas on consecutive sequences,
and three-dimensional, software-based calculations, etc. None
of these methods has been validated in prospective studies.’
The volumetric calculation of complex shaped and/or mul-
tifocal tumor remnants is challenging and might be prone to
biased estimations (a typical example is shown in Figure 3).
Unspecific postoperative signal alterations (such as perifo-
cal edema), bleedings, hemostatic agents, and/or surgically

induced disturbances of the blood—brain barrier might also
bias volumetric calculations.” Relative EOR assessments indi-
cating the relative reduction of the preoperative tumor volume
have been performed in glioblastoma patients, and a linear
correlation between distinct relative EOR levels and survival
was assumed. For example, an EOR of 70% was better than a
50% EOR, which again was better than a 10% vol reduction
and biopsy only strategies.®®’ These analyses, however, were
not adjusted for the effects of the molecular biomarkers and
modern adjuvant treatment concepts, and should not be used to
revitalize the concept of incomplete resections in glioblastoma
patients. Other studies have referred to absolute measurements
of the residual tumor volume.””*® Some recent data suggest
that the prognostic relevance of EOR in high-grade glioma
may depend on the molecular profile.*** For example, in IDH
wildtype high-grade gliomas the prognostic decisive step is the
complete removal of the contrast-enhancing tumor, whereas
in IDH mutant high-grade gliomas best outcome may result
if resection of both the contrast-enhancing and non-enhancing
tumor parts has been achieved.**

The role of molecular imaging for critical assessment of
EOR as compared to structural imaging should be addressed
in further prospective studies. Notably, a correlative analysis
of MRT and '8F-FET PET in newly diagnosed glioblastomas
showed larger tumor volumes according to the applied PET
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Time (min)

Figure 3 Personalized surgical strategy. (A) 42-year-old male patient with a newly diagnosed tumor of the left frontal lobe. (i) Representative T -weighted axial
magnetic resonance imaging sequence at first diagnosis. (ii) Representative axial (top) and sagittal (below) reconstructions in '®F-FET PET metabolic imaging. (iii)
Dynamic analysis in '®F-FET PET indicating exclusively increasing time activity curves (each line represents a measurement of dynamic '®F-FET uptake within one voxel
over time) within the tumor tissue indicating a WHO grade Il glioma. Histopathological evaluation of targeted tissue samples (by stereotactic biopsy) confirmed an
IDH mutant, [p/l19q co-deleted oligodendroglioma WHO grade Il. Neoadjuvant temozolomid chemotherapy was initiated by the interdisciplinary tumor board.
At this time, any surgical risk as well as upfront irradiation were unacceptable for the busy managing director. (B) Follow-up after 6 cycles of temozolomide
5/28 protocol did not confirm any improvement with respect to the size of the tumor formation as being shown in (i) a representative axial T,-weighted sequence.
(i) Also, a stable tumor formation was confirmed by follow-up '®F-FET PET. Thereafter, maximal safe resection was recommended by the interdisciplinary tumor board. (C)
Representative postoperative axial T,-weighted sequence. No new neurological deficit was seen. Thereafter, adjuvant irradiation was withheld due to stable tumor formation
until last follow-up MRI.

Abbreviations: '*F-FET, O-(2-[(|8)F]-fluoroethyl)-L-tyrosine; IDH, isocitrate dehydrogenase; MRI, magnetic resonance imaging; PET, positron emission tomography; WHO,
World Health Organization.

criteria as compared to conventional MRI in the majority of

The risk of surgery

the tumors.>® Limitations of prognostic EOR measurements
in glioblastomas also concerns estimations in low-grade
gliomas.'*!1%! Even though some retrospective data supported
a favorable impact of EOR on the malignant transformation
rate of low-grade gliomas®”%%19-1% and even argue in favor of
“supramarginal” resections guided by “functional” boarders,'*
significant selection bias by tumor location, molecular-genetic
profiles, and tumor size could not be excluded.'® Other studies
did not report correlations between EOR and the risk of malig-
nant transformation. Prospective data are necessary to define
standardized EOR measurements associated with the prognosis
and the respective molecular-genetic profiles of the disease.

Perioperative morbidity of microsurgical glioma resection
has been reported to be highly variable, currently lying in
the range of 5%-20% or even higher.®3%17 Even though
risk factors of glioma surgery are poorly defined, frequent
inclusion of older patients and/or those with an eloquent
tumor location might have increased the complication rate
in some studies.’”'%® The overall proportion of safe gross
total resections, however, has been increased by utilization
of elaborate imaging and functional diagnostics before and
during surgery.”!738:10-111 More recent data have suggested
that pre- and intraoperative functional assessments, neuro-
navigation, and in-situ imaging techniques have the potential
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to improve both the risk profile of resective treatment (mor-
bidity below 5%) and the proportion of complete resections
in the overwhelming number of patients.**” To which extent
patient selection has contributed to these favorable results
remains unknown. Intraoperative neurophysiological map-
ping, including awake craniotomy with language monitoring,
has been shown to be helpful to maximize safe EOR and to
maintain/improve functional scores postoperatively in elo-
quently located glioma surgery. However, all these imaging
and monitoring techniques could not adequately control for
the neurovascular risks of resective treatment. Symptomatic
ischemic events are expected to occur in 6%—10% of patients,
particularly if surgery is performed within areas of small
perforating arteries supplying highly eloquent areas such as
the insula or crus cerebri.!!?

The risk of stereotactic biopsy has been shown to be also
highly variable, presumably depending on the applied biopsy
technique and the biopsy frequency per year in the respective
centers.!>!"* In experienced hands, the risk has been shown
to lie in the range of 1% and was not influenced by tumor
size, number of biopsies taken, and tumor location.?***"

In general, risk assessment is of fundamental relevance
for treatment decisions and prognosis of the patient under
consideration. Those with significant postoperative morbidity
have a worse prognosis and are less often eligible for adjuvant
treatment.'”” Risk-adapted surgical concepts are one of the
cornerstones of individualized glioma treatment concepts.!!?

Toward individualized surgical strategies

The overwhelming contribution of molecular markers for
diagnostic classification, prognosis, and treatment decision
requires a reassessment of surgical strategies in the context
of increasingly complex, risk, and benefit-optimized manage-
ment strategies. Microsurgical resection should be performed
if a complete removal of the entire tumor volumes can be
safely achieved. In the case of unclear differential diagnosis
and/or an unfavorable risk-benefit ratio for microsurgery,
molecular stereotactic biopsy technique represents an use-
ful alternative.?* If the molecular profile indicates increased
chemo- and/or radiation resistance, surgical resection may
become even more important for the improvement of the
overall prognosis. Conversely, delayed resection might be
considered for residual eloquently located tumors when
upfront chemotherapy/irradiation had successfully been
applied (Figure 3).!'¢ Individualized modification of the place
of surgery within the treatment network of requires further
evaluation. In complex located low-grade glioma patients
suffering from pharmacoresistant epilepsy, a sophisticated
electrophysiological evaluation in highly specialized epilepsy

centers may be indicated.!'”'"” Invasive monitoring, eg,
with stereotactically implanted deep electrodes, could be
performed for identification of the epileptogenic focus and
to guide targeted resections.

Alternative local therapies

Besides surgical resection, alternative local treatment strat-
egies can be applied in addition to resective treatment or
instead of that. Most of these therapies are currently under
investigation.

Local chemotherapy
Outcome after partial resection may be ameliorated by the
use of local chemotherapy using biodegradable polymers as a
carrier matrix. These compounds are placed into the resection
cavity (preferentially attached to the resection walls), which
allows the drug to be delivered directly to the tumor cells left
behind after surgery. Carmustine (BCNU) wafers are the only
ones who have been evaluated in two controlled phase III tri-
als for recurrent'® and newly diagnosed'?! high grade glioma.
Due to positive study results, carmustine wafers have become
part of many guidelines and recommendations in clinical
neuro-oncology. The effectiveness, however, depends on
EOR with best results in the case of complete resections and
MGMT promoter methylated tumors.'?? As the formulations
release most of the BCNU within the first 2 weeks after appli-
cation it is considered a “gab-treatment” in newly diagnosed
glioblastoma before conventional chemoradiation is initiated.
Convection enhanced delivery (CED) represents another
highly attractive technique for intratumoral drug delivery.
This technique can be used to deliver small bioactive mol-
ecules within the tumor, thereby overcoming limitations due
to the blood—brain barrier. CED is achieved by stereotacti-
cally placed catheters and a constant low pressure infusion.!'?
Targeted toxins, which are chimeric molecules binding to
a selectively overexpressed cell surface molecule, include
transforming growth factor-alpha, interleukin-4 and -13
linked to pseudomonas exotoxin and others.'** First results
were promising, however, a clear indication and criteria for
patient selection have not yet established. Further investiga-
tions are needed to implement CED in glioma therapy.

Interstitial brachytherapy

For patients with well-demarcated, complex located
low-grade gliomas with a maximum diameter of 3.5 cm,
interstitial brachytherapy poses an alternative, minimally-
invasive, highly-localized treatment option.'> A versatile
neuropathological diagnosis must be obtained upfront, eg, by
means of minimal invasive stereotactic biopsy procedures.?
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The stereotactic implantation of low-energy radioactive
Iodine-125 seeds enables the application of a high, necro-
tizing dose within the tumor, whereas the steep decline of
dose at the tumor boundaries enables a continual, low-dose
“hyperfractionated” irradiation of the tumor margin under
protection of the surrounding brain parenchyma.'?® Due to
these favorable radiobiological characteristics, external beam
radiation may still be performed in the case of a local tumor
recurrence without an increase of radiogenic complications.
For larger and/or eloquently located low-grade gliomas,
a combination of a planned partial resection followed by
interstitial brachytherapy may be a reasonable treatment
recommendation within the framework of personalized sur-
gical therapy.'”” The place of interstitial brachytherapy for
circumscribed high-grade gliomas needs to be determined.!*
Moreover, we do not know whether molecular profiles influ-
ence responses to interstitial brachytherapy.

Photodynamic therapy

Oral application of 5-ALA leads to a highly specific accumula-
tion in malignant glioma cells. Besides its use for fluorescence
guided resections, the cytotoxic properties of 5-ALA in con-
junction with high energy light application leads to apoptosis
and subsequent cell death, which can be used for local therapy.
Tumor cell illumination can be effectively obtained from
stereotactically placed light fibers. Typically, after interstitial
photodynamic therapy (iPDT) there is a complete decrease of
the local contrast agent uptake in the tumor. In contrast, the
diffusion-weighted sequences show a massive restriction in
the treatment volume. First studies show that photodynamic
therapy for highly selected patients with localized malignant
glioma up to 4 cm in diameter (first diagnosis or recurrence)
significantly prolongs survival. These first observations should
be evaluated in future prospective trials.'*® From a pathophysi-
ological perspective, the remarkable results after iPDT may
be due to long-lasting immunological processes specifically
triggered by this method. Accordingly, cortison treatment
should be avoided not to interfere with these processes.

Outlook

Mostly due to ethical considerations it seems to be rather
unlikely that class I evidence will be available on the impact
of EOR on outcome measurements in glioma patients. How-
ever, an improved prognostic evaluation that also includes
the emerging field of molecular, metabolic, and imaging-
based biomarkers will certainly help to identify the surgical
procedure that fits most to the needs and limits of the indi-
vidual patient within a multimodal risk-/benefit-optimized
oncological management concept. Recent developments in

targeted therapy will also push treatment concepts toward
“molecular neurosurgery”, for example, using conjugated
immunotoxins that specifically bind to characteristic surface
markers for glioma cells. Emerging experimental therapies
will certainly influence future management consideration
and re-adjust the place of surgery in diffuse gliomas. More-
over, multimodal imaging systems with existing and new
contrast agents, molecular tracers, technological advances,
and advanced data analysis will serve as disease relevant
biomarkers that will improve disease management and
patient care.
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