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ABSTRACT

In recent decades, brain tumour surgery has increasingly benefited from technological
innovations. Through detailed surgical planning involving various imaging modalities and
functional localization via navigated magnetic field stimulations, the tumour can be accurately
localized both spatially and functionally within its surroundings. Intraoperatively, various tools
have also been implemented to visualize the tumour and its boundaries, contributing to
improved resectability, which, in turn, translates to a better patient outcome. However, when
tumours are located in areas known to have significant functional importance, even thorough
planning does not suffice for resection. In such cases, intraoperative monitoring and cortical
and subcortical mapping techniques become crucial, providing real-time information about the
tumour’s relationship to the specific motor and- in the context of awake surgeries- sometimes
linguistic and cognitive functions. These techniques help determine whether resection with
functional preservation is feasible and, if so, whether maximal resection can be achieved. Over
the years, intraoperative neurophysiological testing techniques have evolved, with various
nuances tailored to individual cases. This study delves into the benefits and weaknesses of these
intraoperative techniques, highlighting technical differences and their implications on surgical
outcomes and patient outcomes. Additionally, the emergency indication, as a special case for
cortical and subcortical mapping, was examined. Finally, the relatively overlooked aspect of
psychooncological distress associated with the performance of awake surgeries, which have
become a standard form of intraoperative functional monitoring in many centres, was
thoroughly explored. The results underscore the importance of intraoperative functional
monitoring through the application of various monitoring and mapping techniques, as well as
the significance of awake surgery. The study introduces new perspectives on these techniques

and aims to encourage colleagues to integrate them into their daily practice.



ZUSAMMENFASSUNG

Die Hirntumorchirurgie hat in den vergangenen Jahrzehnten mehr und mehr von technischen
Innovationen profitiert. Aufgrund einer sehr detaillierten operativen Planung mit
unterschiedlichster  Bildgebung sowie Funktionslokalisation Uber eine navigierte
Magnetfeldstimulationen kann der Tumor in seiner Umgebung detailgetreu sowohl raumlich
lokalisiert als auch funktionell diagnostiziert werden. Intraoperativ wurden ebenfalls mehr und
mehr Hilfsmittel zur Darstellung von Tumor und Tumorgrenzen implementiert. Diese Hilfsmittel
dienen einer verbesserten Resektabilitadt, die wiederum ein besseres Outcome fiir die Patienten
bedeutet. Wenn nun die Tumore jedoch an Stellen gelegen sind, von denen wir wissen, dass sie
eine funktionell hohe Bedeutung haben, hilft eine noch so grindliche Planung nicht bei der
Resektion. Hier sind das intraoperative Monitoring sowie die kortikalen und subkortikalen
Mapping Techniken von grolRer Bedeutung, da sie, wenn sie richtig angewendet werden, eine
Echtzeitinformation Uber die Lagebeziehung des Tumors zu einer gewissen motorischen und im
Rahmen von Wachoperationen auch sprachlichen, manchmal kognitiven Funktion liefern. Diese
Techniken geben Auskunft dariber, ob eine Resektion unter Funktionserhalt Gberhaupt moglich
ist und, wenn ja, ob eine maximale Resektion erreicht werden kann. Uber die Jahre haben sich
die Techniken der intraoperativen neurophysiologischen Testung weiterentwickelt. Es gibt
diverse Einzelheiten, die fir den jeweiligen Einzelfall bertcksichtigt werden kénnen und
mussen. Im Rahmen der vorliegenden Arbeit, wurde der Nutzen und die Schwachen dieser
intraoperativen Techniken aufgearbeitet und entscheidende Nuancen in den technischen
Unterschieden und lhre Implikationen auf die Operationsergebnisse und den Patienten
herausgearbeitet. Des weiteren wurde die Notfallindikation als Spezialfall einer Indikation fir
das kortikale und subkortikale Mapping untersucht. Letztlich wurde dann der bislang wenig im
Fokus stehende Aspekte der psychonkologischen Belastung in Anbetracht der Durchfiihrung
von Wachoperationen, die heute als Maximalvariante einer Mdaglichkeit der intraoperativen
Funktionstberwachung standardmafig in vielen Zentren durchgefihrt wird, eingehend
aufgearbeitet. Die Ergebnisse dieser Arbeit unterstreichen die Wichtigkeit der intraoperativen
Funktionskontrolle durch die Anwendung verschiedener Monitoring- und mapping Techniken
sowie die der Wachoperation, zeigen neue Aspekte dieser auf und sollen Kollegen ermutigen,

sich diese zu eigen zu machen.
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ATRX alpha thalassemia/mental retardation X-linked syndrome mutation

CDKN2A/B  cyclin-dependent kinase inhibitor 2A/B

CST cortico-spinal-tract

CT computed tomography

cMAP compound muscle action potential

DT distress thermometer

EGFR epidermal growth factor receptor

fMRI functional magnetic resonance imaging
GTR gross total resection

GBM IDH-Wildtype Glioblastoma, WHO Grade 4
HADS Hospital Anxiety and Depression Scale
IONM intraoperative neuromonitoring

IDH isocitrate dehydrogenase

iMRI intraoperative magnetic resonance imaging
iU intraoperative ultrasound
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INTRODUCTION AND BACKGROUND

1. Overview of malignant primary and secondary brain tumours and non-

surgical therapies

Primary brain tumours

Primary brain tumours are tumours that originate from cells native to the brain. They occur with
varying frequencies, but the majority of primary brain tumours are known as gliomas. Gliomas
in adults (> 18 years) will be the main subgroup of interest and discussion here, as the majority
of patients with primary brain tumours included in the later described studies at our

department were diagnosed with glioma.

The classification of gliomas is primarily based on histological criteria, but molecular criteria
have increasingly become part of the classification through intensive investigations on cell lines
[1]. The majority of gliomas comprise IDH-mutated astrocytoma, IDH-wildtype glioblastoma and
oligodendroglioma, in this group the glioblastoma, WHO grade 4 (GBM) is the most aggressive

and most common malignant brain tumour in adults [2].
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Figure 1: Integrated classification of the majority of diffuse gliomas in adults (from EANO guidelines on the
diagnosis and treatment of diffuse gliomas of adulthood [3], used under Creative Commons Attribution 4.0

International License, http.//creativecommons.org/licenses/by/4.0/.).

Due to their infiltrative growth, high-grade gliomas are not curable by surgery alone. Adjuvant
radiation and chemotherapy [3] play a crucial role here. Significant milestones include the work
of Stupp, who demonstrated that adding alkylating chemotherapy with Temozolomide to a
standard radiation protocol significantly extended the median overall survival (OS) in patients
with GBM [4, 5] in 2005. In 2019, the benefit of additional chemotherapy with Lomustine was
shown for the subgroup of GBM with molecular markers indicating methylation of the O-6-
methylguanine-DNA-methyltransferase (MGMT) promoter [6]. The “Stupp”- and “Herrlinger”-
protocols currently serve as standard protocols for first-line therapy in the group of high-grade

gliomas, respectively GBM. For low-grade tumours, there might be the possibility of a watch-



and-wait approach depending on the location and clinical symptoms, although there is great

evidence for resection [7, 8]. If resection is performed, either a watch-and-wait procedure or

an adjuvant therapeutic concept follows depending on risk stratification. Radiation and

chemotherapy using Temozolomide are employed in patients with 1p/19g non-co-deleted

astrocytoma grade 3 (referred to as anaplastic glioma before an update of WHO classification

in 2021 was published) and grade 4 tumours [9]. Patients with 1p/19q co-deleted tumours

mostly receive chemotherapy using the "PCV - regimen" comprising chemotherapy with

Procarbazine, Lomustine and Vincristine [10-12].
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Figure 2: Diagnostic and therapeutical pathway on patients with IDH-mutant glioma (from EANO guidelines on the

diagnosis and treatment of diffuse gliomas of adulthood [3], used under Creative Commons Attribution 4.0

International License, http://creativecommons.org/licenses/by/4.0/.).
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Figure 3: Diagnostic and therapeutical pathway on patients diagnosed with GBM (from EANO guidelines on the
diagnosis and treatment of diffuse gliomas of adulthood [3], used under Creative Commons Attribution 4.0

International License, http://creativecommons.org/licenses/by/4.0/.).

Besides all efforts made, patients with high-grade glioma, particularly GBM, experience a very
limited life expectancy. Therefore, additional or alternative therapies are subject to various
studies. In the past years, an additional therapy with Tumour-treating fields (TTF) found its way
into clinical practice. TTF refers to wearable scalp transducers that administer localized, low-
intensity, intermediate-frequency alternating electrical fields. These fields exert an anti-mitotic
effect and operate in synergy with concurrent chemotherapies. Studies showed improved

progression-free survival (PFS) and OS in patients who underwent TTF treatment [13].



Further experimental therapy research focuses on targeted therapies [14, 15], immunotherapy
[16] either adjuvant or neoadjuvant [17] or vaccination studies with, among others, dendritic

cell vaccines [18]. However, a breakthrough in treatment has not yet been achieved.

In case of recurrence, there is the option of re-irradiation with various re-treatment regimens
or continuation of chemotherapy with temozolomide. Furthermore, there are several studies
on bevacizumab, a humanized monoclonal antibody that binds to the vascular endothelial
growth factor (VEGF), inhibiting its interaction with its receptors. As a result, there is a reduction
in tumour vascularization and, consequently, tumour growth. Bevacizumab first received
accelerated approval from the FDA in the USA for recurrent therapy in 2009, followed by full
approval in 2019. The results of the studies leading to approval consistently demonstrated an
advantage in PFS in the bevacizumab groups, although OS did not show a significant
improvement [19-21] so did a recently published multi-centre prospective randomized study by
Tsien et al., [22]. Data for non-GBM recurrences also did not reveal significant benefits in OS,
although PFS was extended [23]. Thus, this therapy remains outside of a standardized treatment
protocol. Other therapeutic strategies, like in the case of initial diagnosis, are reserved for
experimental studies. Patients should be offered the opportunity to participate in studies early
on, whenever possible. Similarly, supportive assistance from psycho-oncologists or a palliative

care team should be provided as early as possible.

Secondary brain tumours

Secondary brain tumours are tumours whose cells originate from other organs and are known
as brain metastases. Tumour cells from the primary tumour can spread hematogenous through
the bloodstream or lymphogenic through the lymphatic pathways in the body. The most
common tumours causing brain metastases are bronchial carcinomas, breast carcinomas, and
malignant melanomas and their adjuvant therapies are determined by the primary tumour [24].
In the past, it was believed that cerebral metastases were delineated. Today, it is understood
that brain metastases also exhibit an infiltrative growth pattern similar to that seen in intrinsic
brain tumours [25] , the approach of treating brain metastases has changed over the past years.

The significance of surgical resection will be discussed in the next chapter.



Other treatment options comprise whole-brain radiation and stereotactic single-dose radiation.
Given diverse side effect profiles and discussed efficacy, the choice of specific radiation- as first-
line therapy- depends on factors such as patient age, overall health, and the number and

location of metastases [26, 27] .

Concerning an adjuvant treatment situation, typically, radiotherapy is performed, as studies
have shown that adjuvant radiation significantly reduces the recurrence rate [28, 29] although
OS remains unaffected. If possible, stereotactic radiotherapy should be considered [30] but this
decision is as discussed earlier, individualized and based on a number of metastases, symptoms
and the patient's condition. Regarding the optimal timing of adjuvant radiation, there is current
evidence suggesting that the period of 3-4 weeks postoperatively proves to be the most

favourable [31].

2. Resection as a foundation of therapy for high- and low-grade glioma and

metastases

For years, gross total resection (GTR) has been the defined surgical goal in the context of brain
tumour operations, particularly for high-grade intrinsic brain tumours. Therefore, evaluation of
the extent of resection (EOR) and more recently the residual tumour volume (RTV) in the
postoperative MRI became a standard procedure in patients with glioma [32]. Postoperative
imaging is primarily assessed based on contrast enhancement in the T1-weighted sequence
(with and without contrast for comparison) and changes in the T2- or Fluid-Attenuated Inversion
Recovery (FLAIR) sequence, which played a significant role in low-grade glioma resection [33]

but has also become important in high-grade glioma over the past few years.

To date, maximal safe resection is declared as the primary surgical objective in all leading
treatment guidelines that refer to high-grade glioma [34, 35], based on various crucial resection
studies. For example, in 2001 Lacroix et al., described that an EOR of more than 98% was
significantly associated with a survival advantage [36]. Stummer et al., found significant results
regarding OS for the patient group without residual tumour volume, measured as remaining
contrast-enhanced tissue, compared to those with remaining tumour volume in the

postoperative MRI [37] in patients with GBM. Additional studies have demonstrated that



patients with an EOR > 78% had a significant survival advantage, which further increased when
considering subgroups with an EOR between 95-100% [38]. Over the years, the term "supratotal
resection" was introduced, and studies were conducted to assess the impact on patient survival

not only for resection of the T1 contrast-enhancing lesion but also for the surrounding T2/FLAIR

- changes [39].

Recently, the Response Assessment in Neuro-Oncology (RANO) resect group proposed a
classification for different subgroups of extent of resection and residual volume in GBM patients
based on contrast-enhancing tissue and the surrounding T2/FLAIR changes in the postoperative
MRI. The study revealed a significantly higher OS for patients with maximum EOR or minimal

residual volume, meaning maximum resection not only of contrast-enhanced tissue but also

T2/FLAIR changes [40].

Also, in case of low-grade glioma, studies have revealed that the amount of remaining tumour
volume and the EOR can be indicative for PFS and the duration until malignant transformation

as seen in radiological imaging [41, 42].
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Figure 4 Schematic visualisation of total vs. supramarginal/supratotal resection in GBM (A) and low-grade Glioma
(B) (from The surgical management of diffuse gliomas: Current state of neurosurgical management and future
directions, Jacob S Young, Ramin A Morshed, Shawn L Hervey-Jumper, Mitchel S Berger, Neuro-Oncology, Volume

25, Issue 12, December 2023, Pages 2117-2133 [43], image use with permission of Oxford University Press)



Furthermore, not only in primary brain tumours evidence was proven that resection is a
profound step in treatment. However, resection of brain metastases has been subject of much
controversy for a long time and was seldom performed in earlier times. But, due to numerous
studies comparing a surgical approach combined with radiation therapy or radiation therapy
alone, surgical resection emerged as a crucial factor associated with prolonged survival and
maintenance of functional status. It was shown that patients who underwent surgery before
receiving radiation, irrespective of the radiation type (whole-brain or stereotactic radiosurgery),
exhibited significantly longer survival and higher Karnofsky Performance Scale Scores (KPS) [44-

46].

In summary, evidence supporting resection in patients with primary and secondary brain
tumours is undeniable. Nevertheless, surgery can be highly challenging due to the location of
the lesion. The primary objective is to achieve maximum resection without causing new
neurological deficits, as we understand that new postoperative deficits can delay or even
prevent adjuvant therapies and can lead to lower survival rates [47] at least in GBM.
Furthermore, it diminishes the quality of life for patients who are already significantly affected

by the diagnosis [48].

To achieve the defined surgical goal, a successful resection is preceded by precise surgical
preparation. Various preoperative assessments can facilitate surgical planning. Imaging through
MRI with T1 and T2/FLAIR sequences is considered standard [49]. Additionally, functional MR
and Diffusion Tensor Imaging (DTI) sequences can aid in depicting fibre pathways in the MRI
and visualizing the tumour’s position in relation to eloquent areas [50]. Preoperative mapping
techniques, such as navigated transcranial magnetic stimulation [51], can precisely locate
crucial brain functions on a map with millimetre accuracy. Intraoperatively, it is possible to easily

locate the tumour using a radiological navigation system [52].

Also intraoperatively, some techniques have simplified the surgical approach, especially
concerning achieving a significant EOR. Fluorescence-guided surgery, especially in the field of
GBM surgery, has led to a significant increase in EOR [53, 54]. Intraoperative assessment of the
lesion and resection outcome is possible through intraoperative ultrasound (iU) or
intraoperative MRI (iMRI). IU can, among other things, contribute to the precise localization of

the tumour, identification of vessels and anatomical structures, and especially real-time



resection control [55]. Real-time determination of the EOR can also be achieved through iMRI,
potentially influencing decisions such as continuing the operation to achieve a more favourable

EOR [56].

However, while these techniques are established and essential, they contribute to meticulous
planning, nevertheless, they do not work as a control mechanism for the preservation of a
patient's motor or language function in eloquent brain tumours intraoperatively. For this
purpose, the techniques of intraoperative monitoring (IONM) and mapping as well as awake
surgery, described in the next chapter, have evolved, forming the basis for the research

conducted in this work.

3. Intraoperative neurophysiological monitoring (IONM) and mapping
techniques for preservation of functionality during tumour resection in highly

eloquent localizations

When discussing surgery for eloquently located brain tumours, it is crucial to clarify the term
"eloquent” in the context of the brain. For decades, “eloquent” referred to areas that "contain
identifiable neurologic function and, if injured, would result in a disabling neurologic deficit"
[57]. The strategy was clear: preserving “eloquent” regions responsible for core brain functions,
such as movement and speech, over “non-eloquent” regions that do not have an obvious
function. Due to the ongoing progress in connectome research, we now understand that "non-
eloquent" areas also play a crucial role in higher-order brain networks. Due to the extensive
data, details on this cannot be addressed at this point. However, it is important to note that the
term "eloquent" has evolved over the years and will continue to change with advancing
research. Therefore, efforts regarding the intraoperative testing of these networks have been

driving force behind this work and must be ongoing in the future.



Historical background of modern IONM and mapping procedures

The inception of IONM dates back to the 1930s when Walter Penfield used direct cortical
stimulation (DCS) during epilepsy surgeries to localize the motor and sensory cortex. Alongside
electroencephalogram (EEG) measurement derived directly from the cortex, areas exhibiting
EEG abnormalities could now be resected [58, 59]. From the 1970s, the technique of IONM
underwent rapid advancements. Firstly, monitoring spinal procedures via epidural monitoring
was achieved [60]. A pivotal new technique involved deriving the first somatosensory potentials
(SSEPs) during spinal surgeries [61, 62]. In their initial stages, SSEPs were prone to interference,
leading to several technical modifications, particularly in the filter domain. Ultimately, by the
mid-1980s, a technical setup was reported, serving as the foundation for modern SSEP
monitoring [63]. Additional motor-evoked potential (MEP) monitoring through transcranial

electric stimulation emerged as a technique in the 1990s [64].

Besides SSEP, MEP and EEG monitoring there are additional direct cortical and subcortical
stimulation techniques under usage of different stimulation probes. Bipolar stimulation as
mentioned at the beginning was introduced by Penfield and ever since has been referred to as
a low-frequency stimulation with long stimulation duration. In the early 90s, Taniguchi et al.
published a modification of direct cortical stimulation by using a monopolar stimulation probe
using high-frequency stimulation parameters with shorter stimulation duration [65]. The

techniques will be described in detail in the following.

IONM with motor-evoked potentials

IONM comprises different technical approaches. It is a passive way of patient monitoring,
meaning that the patient can be monitored under general anaesthesia. If IONM using evoked
potentials is planned, it is essential to administer total intravenous anaesthesia. Inhalation
anaesthesia can adversely affect the derived potentials. This applies to both MEP and SSEP [66,
67]. MEP monitoring usually serves as monitoring of motor pathway integrity whereas SSEP

monitors the function of sensory pathways.
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MEP monitoring

The technique of MEP monitoring can be performed by either transcranial electric stimulation
(TES) or direct cortical stimulation (DCS). Short-train, mostly “train-of-five”, high-frequency
(250- 500 Hz) pulses are applied to elicit MEPs. MEPs are recorded compound muscle action

potentials (cMAP) that can be registered via electromyogram (EMG).

Corkscrew electrodes are the preferred choice for TES due to their lower impedances compared
to needle electrodes which might be used alternatively and are placed on the scalp analogue
to the 10-20 system [68]. For upper limb monitoring, electrodes can be placed either at C1/C2
or C3/C4, whereas C1/C2 electrodes are preferable due to less biting movements. Lower limb
montages can vary even more, however also C1/C2 or C3/C4 can be used like in upper limb
monitoring. The advantage of C1/C2 or C3/C4 montages is that both the upper and lower
extremities can be monitored simultaneously. Various stimulation setups should be explored,
and the most effective montage can be chosen for each patient as ideal electrode configuration

for stimulation may differ among patients and surgical scenarios [69].

Figure 5: A) TES corkscrew placement for MEP monitoring; B) TES MEP recordings via EMG. Activity in nearly all

derived muscles, copyright by University Hospital Diisseldorf, Department of Neurosurgery, image use with
permission of Prof. Dr. Sabel, Video Atlas of Neurophysiological Monitoring in Surgery of Infiltrating Brain tumours,

Thieme 2022
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If continuous monitoring of MEPs is necessary, it is advisable to use DCS monitoring with a so-
called strip electrode containing 4-8 contacts. This electrode is placed on the exposed
precentral gyrus (M1, motor cortex) after opening the dura, allowing for continuous, directly

cortical-triggered MEP monitoring.

As described EMG recording serves as tool for visualisation and registration of the triggered
MEP respectively cMAP. In addition to scalp electrodes, paired needle electrodes are placed in
the predefined muscles of the contralateral side and sometimes ipsilateral — which serves as
control mechanism- for EMG recording. Furthermore, recommendations about number of
monitored muscles are at least three contralateral hand and arm as well as two leg muscles and
two face muscles. Before choosing monitored muscles, neurological examination of the patients
has to take place, as presurgical neurological impairment influences chosen muscles and
stimulation intensity. Therefore, number and location of monitored muscles can be adjusted

due to various reasons [70].

Baseline recordings, that are performed before skin incision are needed in order to register MEP
deviations during surgery. Stimulation intensity at about 20% above MEP thresholds, which is
the lowest stimulation intensity obtaining motor feedback in the EMG, is considered as
approximate optimal benchmark. Different warning signs are mentioned in the literature. While
loss of MEP is usually seen as major warning sign, a reduction in amplitude of over 50% or
threshold increases for triggering MEPs are also regarded as warning signs during MEP

monitoring [71].

SSEP monitoring

As mentioned SSEP monitor function of sensory pathways, in this regard one of the main utilities
of SSEP monitoring lies in its ability to discern ischemic events impacting the somatosensory
cortex. There is a well-known correlation between critical cortical perfusion in brain

parenchyma and a reduction in SSEP amplitudes, as indicated by Astrup [72].
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SSEP recording is done by measuring latency and amplitude of signals between two determined
points: stimulation of peripheral nerves and recording of the transmitted signal peripheral or
centrally from the cortex. In the context of brain tumour surgeries, these procedures typically
involve the stimulation of the N. medianus for the upper extremity (0.2 ms at 20 mA, 4.7 Hz)
and the N. tibialis for the lower extremity (0.5 ms at 20 mA, 4.7 Hz). Normative latencies,
denoting the duration from stimulus emission to registration at corresponding electrodes are
established for both locations. While stimuli can be discerned at various anatomical levels, the
focus during brain tumour surgery is on cortical-level signals. Analysis of the signal encompasses
evaluation of latency (time taken from stimulus generation to detection) and the
morphology/size of the signal (amplitude). It is crucial to emphasize that the assessment
involves not only a single signal but also the averaging of numerous repetitively emitted signals
(approximately 200-500). This averaging process, however, constitutes a drawback in SSEP
measurement, as it extends over several seconds to minutes, consequently leading to a delayed

identification of latency or amplitude alterations.

Deterioration of SSEP, characterized by the prolongation of latency and reduction in amplitude,

is regarded as indicative of warning signs [67].

Figure 6: Example of intraoperative N. medianus SSEP monitoring. The green line indicates the baseline which is
used for evaluation of intraoperative obtained SSEP average. The yellow line indicates the actual, averaged SSEPs.

Own figure, image copyright by University Hospital Diisseldorf, Department of Neurosurgery.
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A special technique in SSEP monitoring involves SSEP phase reversal. This involves recording the
inversion of median nerve cortical SSEP polarity between the postcentral and precentral gyri to
ascertain the location of the central sulcus, which can be helpful if motor mapping does not

clearly reveal the M1 motor-cortex [73].

Cortical, subcortical mapping and language testing

Cortical and subcortical mapping of motor and language function can be performed by either

high-frequency — monopolar- or low-frequency — bipolar — mapping techniques.

High-frequency stimulation is applied by a monopolar probe with a reference electrode,
typically situated at the scalp in FZ position. During monopolar stimulation there is a substantial
electrical field extending from the stimulation site (monopolar probe) to the reference
electrode. In monopolar stimulation, either the tip of the stimulator or the reference electrode
can function as anode or cathode, allowing for anodal-cathodal or cathodal-anodal stimulation
configurations. Cortical mapping is applied in order to locate the M1, primary motor cortex in
order to evaluate distance to tumour localization and safety of surgical approach and resection.
Subcortical motor mapping is employed to locate the corticospinal tract (CST) and is applied
under resection in order to obtain information on motor function during resection nearby the
CST. Either way an EMG is established as visualization tool for cMAP just like with the TES
technique described earlier. Monopolar mapping is the preferred technique for intraoperative
monitoring of motor function. On one hand, it enables the assessment during resection to
determine if the tumour isin close proximity to motorically functional areas. On the other hand,

it provides a means of monitoring the preservation of motor activity [74, 75].
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Figure 7: Intraoperative example of monopolar mapping techniques. The probe is placed on the cortex. The

technician choses amplitude of stimulation at the device. In this patient we obtained cortical and subcortical MEPs
with 10 mA (red * = MEP BOX, MEPS for upper and lower extremities). Own figure, image copyright by University

Hospital Disseldorf, Department of Neurosurgery.

Low-frequency bipolar stimulation (50 or 60 Hz) involves a bipolar stimulation probe which
consists of 2 ball tips with typically 5-10 mm distance representing the cathode and anode. In
contrast to monopolar stimulation/mapping the electrical field is concentrated only between
those tips, creating an almost homogeneous and localized electrical field. Consequently, the
bipolar technique yields a higher-resolution map of the cortex. Low-frequency stimulation also
has the potential to elicit MEPs but the required stimulation intensity is significantly higher and
thereby elevates the patient's risk for seizure. Therefore, it is not a standard procedure for
motor control but primarily applied in awake surgery during language testing [76-78]. Bipolar
stimulation is applied during testing and leads to “block of function”, the most pronounced form
is “speech arrest”, wherein the patient completely ceases speaking. Between the extremes of
“normal” language function and speech arrest, there are gradations depending on the testing

procedure, nevertheless intraoperative language testing requires a compliant patient and
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detailed and focused examination to elucidate intraoperative details of language and its

impairment.

Intraoperative language testing presents two prominent challenges. Firstly, the
conceptualization of localization of language function in the brain has undergone a significant
shift in recent decades. Today, it is understood that functional language is organized at multiple
locations, and DTI tractography studies have identified dorsal and ventral subcortical tracts
crucial for language processing. Important subcortical tracts in language processing include the
superior longitudinal fasciculus (SLF), the inferior fronto-occipital fasciculus (IFOF), the arcuate
fasciculus (AF), and the uncinate fasciculus (UF). Various language deficits can be observed with
damage to specific tracts, to cite just a limited number of examples, speech arrest and
dysarthria can be triggered by disturbance of SLF and syntactical errors in case of affection of
AF, IFOF or UF [79]. Secondly, language encompasses numerous dimensions, necessitating test
batteries comprehensive but feasible for intraoperative application, for syntax, semantics, and

phonology [80].
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Figure 8: Intraoperative example of bipolar cortical mapping techniques. The probe is placed on the cortex. At the
same time, the patient has to fulfil different language tasks. The monitor shows strong muscle potential due to the
awake and speaking patient. Own figure, image copyright by University Hospital Diisseldorf, Department of

Neurosurgery.
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Awake surgery

In the planning of brain tumour resection, a decision must be made regarding the potential
necessity of the patient's wakefulness during surgery. This may be required, for example, when
the tumour's location necessitates language mapping, a procedure feasible only in an awake
patient. Intraoperative language mapping is currently the standard indication for awake surgery
in brain tumour patients. However, motor aspects can also be examined during awake surgery.
The primary indication for motor awake monitoring arises when monitoring MEPs as an
expression of overall function alone is not sufficiently informative. This particularly emphasizes
the monitoring of fine motor skills or sensory aspects, such as the dependence of professional

musicians like violinists, guitarists, etc., on their fine motor and sensory abilities.

Awake craniotomy also allows control over another domain that has been neglected for many
decades but is crucial for the preservation of quality of life — neurocognition. In recent years,
there has been an increasing focus on preserving non-motor or language-dependent
abilities[81]. Intraoperative neurocognitive testing remains a subject of intense investigation, as
test batteries are sometimes elaborate, and strategies for quickly and easily applying tests

intraoperatively are still under development [82, 83].

When considering the indication for awake craniotomy, the necessity of intraoperative
functionality monitoring must be balanced against the individual and specifically assessable
compliance of the patient, as well as any pre-existing neurological deficits. For example, pre-
existing sensory aphasia may be an exclusion criterion for awake surgery, as meaningful
intraoperative testing is not possible with an existing deficit. Previously applied exclusion
criteria, such as patient age, now play a subordinate role, as publications demonstrate the

feasibility of awake craniotomies in both children and the elderly [84-87].

Various protocols exist for the technical execution of awake surgery, wherein patients may
either be initially under general anaesthesia and awakened partially for intraoperative testing
or may be awake during the whole surgery. In the “awake-asleep-awake” setting patients are
under anaesthesia during craniotomy and awakened for testing afterwards. When testing is

completed, patients can be either sedated or reintubated. In contrast, a patient may be awake
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from the beginning of the operation in an "awake-awake-awake" setting. The decision on the
approach is made by the surgeon. An essential factor for the success of awake craniotomy is a
skilled and experienced anaesthesia team, along with trained personnel capable of conducting
tests on the patient during surgery. Patients are prepared for the tests preoperatively, and
baseline examinations are conducted to establish preoperative individual norm values for each

patient.
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I OBJECTIVES

This comprehensive thesis aims to address several key objectives to enhance the understanding
of intraoperative monitoring and mapping techniques in eloquent brain tumour surgery, as
these techniques built an important foundation of save and maximum resection in patients with

brain tumours of several origins.

Our primary objectives were as follows:

1. Illustration of the importance of resection in a dedicated cohort of patients

with high-grade tumours.

With the first study described in this thesis we aimed to build a foundation for understanding
the significance of resection for patients, and the resulting necessity to maximize resection
through the utilization of intraoperative monitoring and mapping techniques, specifically in a
selected subgroup of brain tumour patients, those with high-grade tumours. For this purpose,
a favourable molecular genetic factor was juxtaposed against the resection outcome concerning

overall and progression-free survival.

2. Assessment of technical setup and personnel resources in IONM and mapping

procedures

The aim was to reveal whether the same comprehensive technical setup and personnel
resources are necessary for every patient to achieve the surgical goal. This involves evaluating

the variability in requirements based on individual patient characteristics.

3. Evaluation of monitoring/mapping for an individual approach

We aimed to determine if the preoperatively chosen monitoring/mapping technique, based on
defined criteria, remains the technique of choice postoperatively. We will explore potential
influencing factors in the evaluation, considering the individual adaptability and efficacy of the

chosen technique.
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4. A mapping-only device in eloquent brain tumour surgery

The study investigated the feasibility of using a mapping-only device for tumours in eloquent
locations without additional intraoperative monitoring. We aim to assess whether this approach

can provide comparable safety to standard technical approaches.

5. Motor mapping emergency resection and its outcome

We explored the ease of performing motor mapping in emergencies, specifically when
operating on decompensated brain tumours and evaluated whether complications arise during
this process. Another aim of the study was to analyse the outcomes following motor mapping

in emergencies, focusing on the effectiveness and safety of this technique in critical scenarios.
6. Impact of monitoring and mapping techniques on PFS and OS in GBM

We will investigate whether specific monitoring or mapping techniques have a significant
impact on progression-free survival (PFS) or overall survival (OS) in the subgroup of highly

malignant GBM.

7. Awake surgery and its impact on psychooncological outcome in patients with

a malignant brain tumour

With this study, we examined whether awake craniotomy, representing a maximal variant of
intraoperative monitoring of motor and language functions, negatively influences factors on the

psychooncological outcome of brain tumour patients.

By addressing these objectives, we aimed to contribute valuable insights to the optimization of
intraoperative techniques and enhance patient outcomes in the context of brain tumour

surgeries.
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[ RESULTS

1. Can a favourable molecular genetic marker balance the lack of achieved

complete resection concerning the OS of glioblastoma patients?

In the introduction, the importance of resection for various tumour entities is profoundly
discussed. The first study in this comprehensive work serves as a basis for understanding why
complete resection is crucial, focusing on a subgroup, the Glioblastoma patients. Here, we
investigated whether the positive MGMT-status- considered a significant positive factor for OS
in glioblastoma patients - can compensate for an incomplete resection in terms of OS.
Understanding the significance of resection in brain tumour patients simultaneously
emphasizes the importance of intraoperative techniques for maximizing safe resection. The

original work can be found in the Appendix (1).

Does positive MGMT methylation outbalance the limitation of subtotal resection in glioblastoma
IDH-wildtype patients? Miiller Mareike*, Staub-Bartelt Franziska*, Ehrmann Julia, Hdnggi

Daniel, Sabel Michael, Felsberg J6rg, Rapp Marion, *equal contribution

Journal of Neuro-Oncology (2021) 153:537-545

Introduction

Malignant gliomas, the most common adult brain tumours, have an incidence of 5-6 per
100,000 people annually, with GBM comprising over 50% of cases. Molecular-genetic markers
play a crucial role in diagnosis, prognosis, and treatment decisions. In particular, isocitrate
dehydrogenase (IDH) mutation status and O-6-methylguanine-DNA methyltransferase (MGMT)
methylation are significant. IDH-mutation positively influences OS (31 vs. 15 months: IDH-
mutated vs. IDH-wildtype [88, 89]), while MGMT promoter methylation enhances treatment
response to standard chemotherapy and thereby has also proven to positively influence OS
(median OS 21.7 vs. 12.7 months: “MGMT-positive” vs. “MGMT-negative” [5, 90]. Complete

resection of contrast-enhancing tumour tissue is the primary goal to improve survival, albeit
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challenging due to potential neurological deficits. Postoperative residual tumour correlates with
decreased OS, emphasizing the importance of aggressive resection [37, 91]. Adjuvant therapies,
including radio-chemotherapy and additional Lomustine administration in patients with
methylated MGMT promoter, significantly enhance OS [6]. Intraoperative techniques such as
neuromonitoring and fluorescence-guided surgery aid in achieving maximal resection while
minimizing neurological damage. However, balancing the risk of deficits against tumour removal

remains a complex decision, especially in eloquent areas.

The impact of molecular tumour status on surgical aggressiveness, particularly in MGMT-
positive methylated tumours, raises questions regarding treatment strategies. In this study, we
investigated whether MGMT promoter methylation could offset the negative effects of residual
tumour tissue on tumour progression, PFS, OS, and clinical outcomes in IDH-wildtype GBM
patients, correlating data with postoperative MRI findings of no residual tumour tissue.
Understanding the interplay between molecular markers and surgical outcomes is vital for
optimizing glioma management strategies, ensuring maximal tumour removal while preserving

neurological function and improving patient outcomes.

Methods

The study was conducted as a retrospective single-centre study, exploring the influence of
MGMT-status on the survival of GBM patients with postoperative residual tumours. The study
received approval from the local ethical committee. Inclusion criteria encompassed patients
diagnosed with IDH-wildtype GBM between January 2010 and December 2018, who underwent
surgery at the neurosurgical department of the University Hospital Duesseldorf, with available
pre- and postoperative MRI scans taken within 72 hours post-operation, exhibiting residual
tumour tissue in the early postoperative MRI. MGMT promoter analysis has been standard
practice since 2005 at the Institute of Neuropathology at the University Hospital Duesseldorf,
employing methylation-specific PCR for determining MGMT promoter methylation status and

immunohistochemistry for IDHR132H and DNA pyrosequencing for IDH mutation status. All
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diagnoses predating the WHO 2016 classification were reclassified accordingly by the Institute

of Neuropathology?.

The KPS was assessed pre-and post-operatively to gauge patient clinical status, with clinical

deterioration defined as a 210% decrease in KPS.

Initial and residual tumour volumes were calculated using MRI data. Subsequent analyses
differentiated between residual tumour volumes smaller or larger than 1.5 cm3. Follow-up MRIs
were conducted every three months post-completion of concomitant radiotherapy and
chemotherapy, with treatment response evaluated based on RANO criteria. Tumour recurrence
was diagnosed using follow-up MRI showing the smallest measurable residual tumour volume,
or evidence of increased contrast-enhancement tissue, metabolic activity in 18F-FET-PET

examination, or histopathological diagnosis from re-resection.

Results

The study enclosed 81 patients with IDH-wildtype glioblastoma and residual tumour volume in
the post-op MRI treated at a neurosurgical department from January 2010 to December 2018,
who passed the inclusion criteria. The median age at diagnosis was 63 years, with a median
observation period of 13 months. The median PFS was 7 months. Most patients had died by the
time of data evaluation. 64% had unmethylated MGMT promoters, while 36% had positive
MGMT-status.

Preoperatively, 66.7% had a median KPS > 90%, which did not change postoperatively. Upon
local tumour progression, patients experienced either no change or a minor decline of 10% in
KPS (n=37, 81.1%). 9 patients showed KPS decrease between 20-30% and two patients
experienced a major decrease by 50%. Tumours were evenly distributed between hemispheres,
with the frontal lobe being the most common location (35.0%). 92.6% of tumours were located
in eloquent areas, necessitating awake brain surgery in 57.3% and intraoperative monitoring in
92.6% of cases. The median preoperative tumour volume was 36.85cm?3, with methylated

MGMT promoter tumours showing a higher median volume compared to unmethylated ones.

! Histopathological classification for diffuse glioma has evolved over the years. For this paper, the terminologies of
the WHO Classification 4 for Central Nervous System tumours were utilized. The data collected during times of
older classification were adjusted according to the WHO 4 classification as described.
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Concerning survival data, a significant increase in OS as well as PFS was observed in patients
with MGMT-methylated tumours (p = 0.009, p = 0.003, respectively). Patients with MGMT
hypermethylated residual tumours had a median OS of 16 months (95% Cl, 13.00-19.01) and a
median PFS of 13 months (95% Cl, 5.94-20.06). In contrast, patients with MGMT-negative
tumours exhibited a median OS of 12 months (95% Cl, 9.92—14.08) and a median PFS of 5
months (95% Cl: 2.92-7.08).
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Figure 9: Kaplan-Meier Curve on OS (A) and PFS (B) for both groups (MGMT-methylated vs. MGMT
unmethylated),figure cited from own publication [92], used under Creative Commons Attribution 4.0 International
License, http.//creativecommons.org/licenses/by/4.0/.).
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Survival data were compared to a cohort of patients who underwent gross total resection at the
same department. It was found that tumours were predominantly located in eloquent areas in
both groups (67% vs. 92.6%). Complete resected tumours were more commonly found in the
left hemisphere (58.8%), while incomplete resected tumours were more prevalent in the right
hemisphere (48.2%). Incomplete resected patients had a larger preoperative tumour volume
(median 36.85 cm3 vs. 23 cm3) and were associated with a higher age at diagnosis (median 63
years). Patients with a positive MGMT-methylation status demonstrated increased OS (median
0S: 21.0 vs. 19.0 months) compared to those without. However, the median PFS was similar in
both groups (9.0 months). Age over 60 years and a residual tumour volume greater than 1.5
cm3 were associated with decreased OS and PFS, although these findings were not statistically

significant. Pre- and postoperative KPS did not significantly influence OS or PFS in the cohort.

Discussion

In this study, we aimed to investigate whether a methylated MGMT promoter could mitigate
the negative impact of incomplete resection in IDH-wildtype glioblastoma patients, as the
presence of a methylated MGMT promoter has been associated with improved response to

adjuvant chemoradiotherapy and subsequently better OS.

Our findings support the commonly published observations, as patients with a hypermethylated
MGMT promoter exhibited increased median OS (16 months) and median PFS (13 months),
compared to those with unmethylated MGMT promoter residual tumours (median OS of 12

months and median PFS of 5 months, p = 0.009; p = 0.003).

Furthermore, MGMT tumour methylation was positively associated with increased treatment
response (51.6% vs. 14.0%), consistent with findings in the literature [93, 94]. Nevertheless,
when compared to patient cohorts undergoing complete resection, our study population
exhibited decreased survival times. Therefore, our data do not support the notion that
favourable MGMT methylation status could fully compensate for the survival detriment

resulting from incomplete resection.

Besides molecular patterns, other variables are considered to influence the disease trajectory,
accounting for similar survival patterns in the initial months of follow-up and the presence of

long-term survivors with MGMT-negative glioblastoma. These variables typically include age at
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diagnosis, overall health status, tumour location, and pre-and post-operative tumour volume.
In our study, older patients and those with greater residual tumour volume tended to exhibit
poorer outcomes, although these associations did not reach statistical significance.
Postoperatively, patients maintained a median KPS of 90%, indicating no discernible difference
between preoperative and postoperative functional status. Surgical interventions, often
conducted under neuromonitoring and awake surgery settings to minimize new neurological
deficits, likely contributed to both favourable outcomes and residual tumour volume, as
functional constraints were addressed during surgery. Comparable studies have reported
similar median postoperative KPS values of 90% in patients undergoing complete resection [95]

with however lower amount of eloquently located lesions.

Conclusion

The findings of this paper emphasize the significance of the MGMT promoter methylation status
in the treatment response of IDH-wildtype glioblastoma as patients with hypermethylated
MGMT tumours exhibited increased OS and PFS compared to MGMT-negative patients.
However, the detriment of incomplete resection could not be counteracted by a favourable
MGMT-status. Therefore, maximized but safe resection should continue to be regarded as the
gold standard in the treatment. In the era of personalized medicine, where optimizing quality
of life is a primary objective in oncology, neuro-oncologists must comprehensively inform
patients and their caregivers about the advantages and disadvantages of residual tumour
volume versus potential neurological deficits associated with complete resection, especially in
eloguent tumour locations and ensure the best possible intraoperative functional monitoring

|”

for achieving the surgical goal of "maximal” or “supramaximal” resection.
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2. Strengths, pitfalls and optimization of intraoperative monitoring and mapping

procedures — does everyone need everything?-

In this study, we examined various approaches of IOMN and mapping procedures in patients
with highly eloquent brain tumours, focusing on the “utility-to-effort ratio”. The idea behind the
study was to investigate whether a technically and personnel-intensive monitoring/mapping
setup is mandatory in all patients or if it could be replaced by a customized technical setup
tailored to the patient and their brain tumour, mainly depending on localisation, with both,

safety and resource efficiency, assured. The original work can be found in the Appendix (2).

Feasibility of intraoperative neuromonitoring and cortical/subcortical mapping in patients with
cerebral lesions of highly functional localizations—pathway to case adapted monitoring and

mapping procedures

Franziska Staub-Bartelt, Marion Rapp, Michael Sabel, Front. Oncol. 13:1235212. doi:
10.3389/fonc.2023.1235212

Introduction

IONM and mapping techniques have become standard in the care of patients with eloquently
located brain tumours [74, 77, 96]. The technical execution cannot be carried out by the
surgeon alone, as external devices are used for recording and analysis, and which cannot be
handled simultaneously by the surgeon during surgery. Specifically trained personnel are
required for the preoperative setup, operation of the technical devices, and the analysis of the
collected data [97]. As described earlier in the introduction, various techniques can be applied
intraoperatively. In our clinic, all monitoring procedures (MEP, SSEP, TES, DCS) and mapping
procedures (monopolar and bipolar cortical/subcortical mapping) as well as awake
craniotomies are performed. In 2019, we initiated a systematic prospective data collection
aiming to provide a comprehensive overview of patients, diagnoses, intraoperatively applied
techniques, and associated outcomes. Additionally, specific postoperative surveys were
conducted among surgeons regarding the intraoperative usability of the preoperatively selected
technique to achieve the surgical goal. The primary question addressed in this study was
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identifying which patients or tumour locations necessitate a specific technical setting, and
whether a highly differentiated selection of techniques could offer an individualized
monitoring/mapping program for each patient. As the ultimate goal is to achieve maximal
resection outcomes without inducing new neurological deficits, we also investigated whether a
deliberate omission of certain techniques has consequences for clinical outcomes or resection
results. Furthermore, the general strengths and weaknesses of each technique in daily clinical

practice were to be elucidated.

Methods

From January 2019 to January 2023, monitoring and mapping data were collected for all
patients in whom these techniques were preoperatively planned, along with information on the
surgical mode of awake craniotomy, if performed. These data were supplemented with
sociodemographic information, neuropathological results, and details of medical/surgical
history where applicable. Additionally, clinical data on the neurological status were collected
preoperatively, postoperatively, and during follow-up. Another focus of the study was the EOR,
involving the determination of RTV, as well as matching the intraoperative evaluation of the
surgeons (complete resection yes/no) with postoperative MRI data. Furthermore, surgeons
were interviewed postoperatively to assess whether the preoperatively chosen monitoring or

mapping technique also proved to be the most suitable technique intraoperatively.

Results

In total, data from 437 procedures involving 400 patients within the defined time frame were
included in the study. The majority of operations were conducted for left-hemispheric lesions
(54%) and in patients diagnosed with high-grade gliomas?. Overall, 53% of the interventions
were performed as awake surgeries, primarily due to language mapping. However, there was a

notable number of awake craniotomies (n=61) for right-hemispheric tumours, driven by specific

2. For this paper, the actual terminologies of the current WHO Classification 5 for diffuse gliomas were utilized. The
data collected during the times of the old classification were adjusted according to the new terminology.
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clinical questions. Interestingly, under these specific conditions, the awake phases for right-

hemispheric cases significantly exceeded the duration of left-hemispheric cases.

SSEP and MEP monitoring were employed in about half of the procedures, indicating that in a
substantial number of cases, monitoring was waived in favour of pure mapping. In 79.6% of the
surgeries, one of the two mapping techniques (monopolar vs. bipolar) was used. When both

mapping techniques were employed, it occurred in 91% of cases during awake craniotomies.

MONITORING AND MAPPING PROCEDURES
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Figure 10: Number of procedures for different monitoring/mapping modes that were used intraoperatively. Mostly
monopolar stimulation was used. The combination (“comb”) of monopolar and bipolar mapping plus monitoring
was the least combination that was used intraoperatively. Figure cited from own publication [98], used under
Creative Commons Attribution 4.0 International License, http://creativecommons.org/licenses/by/4.0/.).

The choice of localization had a significant impact only on bipolar mapping, which was
expectedly more frequently used for left-hemispheric tumours. The increased application of
mapping procedures was evident in the postoperative survey of surgeons. In most cases, it was
reported that either a mapping technique or the combination of both techniques was obligatory
to achieve the surgical goal. It is noteworthy that only in 10 procedures, the combination of all
available monitoring and mapping techniques was deemed obligatory. Three surgeries were
ultimately conducted without any application of these techniques, suggesting a preoperative
misjudgement of eloquence. SSEP and MEP monitoring were considered obligatory in only 16%

of cases, particularly in right-hemispheric lesions in combination with monopolar mapping. The
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correlation between tumour location and the postoperatively deemed obligatory

monitoring/mapping mode was statistically significant (p < 0.001).
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Figure 11: Postoperative evaluation of obligatory mapping or monitoring modes by the operating surgeon.
Monopolar, bipolar, and a combination of both mapping procedures were mostly stated as “obligatory” for the
preceding surgery. Full technical equipment with a combination of mapping and monitoring was less frequently
recalled as obligatory. Figure cited from own publication [98] used under Creative Commons Attribution 4.0
International License, http.//creativecommons.org/licenses/by/4.0/.).

Regarding neurological outcomes, a direct postoperative deficit was observed in 13% of
patients, but it persisted as a permanent deficit in only 2% of patients after 6 months. The
majority of permanent deficits were newly acquired language-associated disorders. The

technique deemed obligatory did not correlate significantly with a new neurological deficit.

Concerning resection results, it was interesting to note that in one-third of procedures, a
functional limit was reached due to mapping/monitoring, emphasizing the highly functional
cohort that was operated on, in those cases a RTV was intentionally left. 50% of procedures
achieved the expected complete resection. In procedures where an unexpected RTV was
identified, an average of 0.41 ml RTV was recorded, which, according to various studies would
correspond to a GTR and should not have a negative effect on overall survival in high-grade
glioma according to the literature [36, 91, 99, 100], however we did not obtain data on OS in

this study.
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Discussion

The study predominantly utilized monopolar stimulation in the majority of procedures. Motor
pathway mapping, involving both cortical and subcortical monopolar stimulation, demonstrated
no significant differences between lesions in either hemisphere. Bipolar motoric mapping was
selectively employed in our clinic, typically in conjunction with monopolar cortical mapping,
especially when monopolar mapping revealed MEP responses in multiple gyri or displayed
inconsistencies when defining M1. Bipolar mapping was more frequently applied for left
hemispheric lesions during language mapping procedures, consistent with standard practices
in the literature. However, for language mapping, patients needed to be awake during surgery.
The majority of procedures in our cohort were performed with the patient in an awake state,
and most lesions were located on the left hemisphere. SSEP monitoring was also more prevalent
in left hemispheric lesions, likely influenced by the higher occurrence of lesions in this
hemisphere (at least 54% of procedures). 31% of right hemispheric lesions were also operated
on with the patient in an awake state. Our group primarily employed monopolar stimulation for
right hemispheric lesions during awake surgeries, due to monitoring fine motor skills or complex

motor tasks during the procedure.

Regarding resection outcome measured by RTV, our study showed comparable results to other
major studies. The same applies to the neurological outcome consistent with the literature,
featuring a new neurological permanent deficit in only 2 % of the patients. The postoperative
control by investigating the surgeons’ view on the feasibility of the chosen monitoring/mapping
technique showed that in 73 % of the procedures, the preoperatively defined method matched

as obligatory intraoperatively.

The tumour localization was found to correlate with the postoperative surgeons' evaluations,
indicating that monopolar obligatory mapping was more frequently deemed essential for right
hemispheric lesions, while bipolar mapping and combined monopolar/bipolar mapping were
more frequently considered essential for tumours in the left hemisphere. Notably, the necessity
for SSEP and MEP monitoring, either alone or in combination with mapping procedures, was
seen as obligatory in only 16 % of cases. This percentage increased after the engagement of
new monitoring staff, rising from 11 procedures initially evaluated as obligatory to 25
procedures per year. The authors discussed the observed increase, suggesting a potential bias

due to the availability of more monitoring staff or an escalation in procedural complexity
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involving high-risk vascular involvement. However, despite the rise in obligatory evaluations,
there was no observed correlation between the stated obligatory stimulation mode and
postoperative neurological outcomes. Interestingly, more incongruence between the evaluated
obligatory method and the actual technique used was noted with bipolar mapping. This
discrepancy may be attributed to situations where patients with left hemispheric lesions,
requiring bipolar mapping due to the tumour's localization, were unable to undergo mapping
or adequate testing due to noncompliance with the awake situation or experiencing seizures at

the beginning of the procedure.

Conclusion

We concluded that not every patient necessitates the full spectrum of available technical
capabilities to achieve favourable resection results under the preservation of neurological
function. A meticulous surgical planning, conducted by experienced surgeons, allows for the
omission of a standardized comprehensive monitoring concept without drawbacks for the

patients. Instead, monitoring and mapping should be individually tailored for each patient.

3. Mapping-only procedures in eloguent brain tumour surgery

Since the beginning of 2019, we have been able to perform solely monopolar (and bipolar)
mapping without the need for additional personnel other than the surgeon due to the
implementation of a technological advancement. This marked a significant step towards a more
personalized approach to intraoperative functional monitoring of patients. Independent of
technical or personnel resources, cortical and subcortical mapping could now be conducted
autonomously by the surgeon with the omission of bigger technical setups providing IONM.

The study results are summarized below, and the original work can be found in Appendix (3).
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Resection of Eloquent Located Brain Tumors by Mapping Only—A Feasibility Study

Franziska Staub-Bartelt, Marion Rapp, Michael Sabel, Brain Sci. 2023, 13, 1366. doi.org/
10.3390/brainsci13101366

Introduction

As evident from the introduction and the first paper described above, intraoperatively cortical
and subcortical mapping of motor and language functions is crucial for ensuring the functional
preservation of patients. Bipolar mapping can be performed independently from the described
techniques using a so-called Ojemann Stimulator. This is a bipolar stimulator developed
according to the specifications of Dr. George Ojemann from the University of Washington in
Seattle [101]. The stimulator can be used and adjusted intraoperatively by the surgeon, allowing
for autonomous language mapping without the need for external personnel to set up and
operate the technical applications. Until the beginning of 2019, there was no equivalent for
monopolar mapping. At that time, the C2 Xtend was introduced by the company Inomed
(Inomed Medizintechnik GmbH in Emmendingen, Germany). It is a mobile device that allows
for cortical and subcortical mapping with monopolar and bipolar stimulation probes.
Monopolar mapping is monitored similarly to the large standard devices using an EMG with up
to 8 muscles being recorded intraoperatively. The needles used are in accordance with the
standard equipment for IONM devices. Eight subdermal needles are attached for EMG, along
with a reference electrode in the FZ position and a grounding electrode. All device settings are
customizable and can be changed at any time. For bipolar stimulation, only one probe needs to
be attached, and the stimulation intensity is then individually determined on the device. It is
possible to perform both mapping techniques on a patient without changing the whole
technical setup. The setup and intraoperative handling are carried out by the surgeon. The
device provides acoustic feedback upon detection, and continuous EMG serves for visual
control of MEPs. Our clinic was one of the early adopters, and we commenced data collection
in early 2019 to evaluate a pure mapping approach for supratentorial eloquently located

tumours.
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Methods

The analysis included patients who underwent surgery between 2019 and 2023 using the C2
Xtend and its successor model, the C2 Xplore. The surgical team and neurophysiologists defined
standard settings for both mapping techniques which were set on the device. Furthermore, the
8 muscles were defined for motor mapping. Here, standard recommendations were followed,
which are also applicable in more elaborate technical setups [70]. The standard set up included
monitoring of two face muscles (M. orbicularis oris and M. mentalis), three muscles in the upper
extremity (M. biceps brachii, M. abductor pollicis brevis and the hypothenar muscle group) as
well as three muscles in the lower extremity (M. quadriceps femoris, M. tibialis anterior and the
M. abductor hallucis). For the general cohort description, we collected sociodemographic data
and the histopathological diagnosis 3. Regarding the utilized device, we examined the type of
mapping (monopolar/bipolar) and the corresponding stimulation parameters and we
additionally collected data on awake surgery. Postoperative MRIs were scrutinized to evaluate
surgical success in terms of RTV. Additionally, preoperative, postoperative, and follow-up
neurological examinations were incorporated into the study. At the conclusion of each
operation, surgeons were asked to assess the applicability of the device. If an inadequate
technical setting was postoperatively identified in a case, the reasons for this were documented
too. Patients with lesions showing a clear vascular conflict on preoperative MRI were excluded

to avoid the need to forgo SSEP monitoring.

% For this paper data concerning histopathological classification were also adjusted according to the new WHO 5
classification of diffuse glioma.
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Figure 12:: First generation of mapping device (C2Xtend), B: Screenshot of the intraoperative display under usage
of monopolar mapping. Cortical mapping was applied and with 15 mA there were EMG recordings of cMAP of face
and hand muscles. Figure cited from own publication [102], used under Creative Commons Attribution 4.0
International License, http://creativecommons.org/licenses/by/4.0/.).
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Results

In total, data from 131 patients who underwent 136 surgeries were included in the study.
Patients with metastases and high-grade gliomas were equally represented in this cohort.
Awake craniotomies were conducted in 53% of the procedures. As expected, lesions located in
the left hemisphere were significantly more often operated on under awake conditions. Two
cases were intraoperatively evaluated as non-eloquent lesions as there was no positive control

in the near area around the localisation. All other cases showed highly functional involvement.

LOCALIZATION OF TUMOUR BY FUNCTIONAL INVOLVEMENT

combination of language and motor involvement
-

not eloquent

language involvement only

motor involvement only

Figure 13: Details of tumour localization concerning the functional involvement, 99% of the lesions that were
surgically approached by mapping-only strategy were functionally located. Figure cited from own publication [102],
used under Creative Commons Attribution 4.0 International License,
http.//creativecommons.org/licenses/by/4.0/.).



The technical setup required for the surgery could be independently established by the surgeon
in an average time of less than 6 minutes. In over 80% of patients, monopolar mapping was
performed, primarily as this was the mapping technique of particular interest for the study.
Bipolar mapping was conducted in 42% of cases, and a combined approach was used in
approximately 30% of cases. The "mapping-only" strategy was deemed sufficient in 95% of the
procedures. A permanent new neurological deficit occurred in 2.2% of the patients. Regarding
the resection results, a GTR was achieved in 60% of cases, while in a quarter of patients, a
residual lesion had to be left in situ due to the functional limit defined by mapping. This residual
volume was estimated as minimal, with 0.47 ml and a maximum finding of 2.8 ml. The chosen
mapping procedure did not influence the RTV. Overall, in 95% of the procedures, the mapping-
only technique was evaluated as sufficient, which was emphasized by the outcome results of

interest- neurological impairment and RTV.

Discussion

Before the introduction of the mapping-only device, the essential monitoring of neurological
functionality in patients with eloquent brain tumours could only be achieved intraoperatively
through extensive technical setups and external, highly trained personnel responsible for setup,

handling, and result interpretation [97]. In the present study, we aimed to examine whether

cortical/subcortical mapping during brain tumour surgeries at functionally eloquent locations is
sufficient using a new mapping-only device. According to our data, the device could replace
standard technical settings 1:1 in 95% of all procedures. A bias that might have occurred due to
non-eloquent lesions that were approached was disclosed by the evaluation of functional

localization through mapping results.

The assessment's critical aspect lies in the outcome concerning the EOR respectively RTV and
neurological deficits. Regarding EOR and RTV, the mapping-only technique yielded comparable
results to other technical settings. While the discussion around the pure GTR rate must be
approached carefully, our studies applied a stringent limit of 0.1 ml RTV for GTR. If we were to

define the boundaries for GTR based on survival benefits as indicated in other publications,
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excluding the subtotal resections due to functional limits, we would have also achieved a GTR
rate close to 100%. Hence, we do not perceive a significant disadvantage with the mapping-

only technique.

Furthermore, in terms of neurological outcomes, we did not observe adverse results for our
patients. Similar studies conducted with combinations of monitoring and mapping have

generated comparable outcomes [103, 104].

Conclusion

The combination of monitoring and mapping techniques is widely acknowledged for enhancing
safety in brain tumour surgeries. However, our study demonstrates that deviating from the
established combined setup by using a mapping-only device can yield comparable results in
terms of postoperative deficits and resection outcomes. We've shown that the mapping-only
technique is both safe (2% deficit) and efficient, offering a viable alternative for treating
eloquently located tumours. Considering its simplicity and affordability, we advocate for the
wider availability of mapping-only devices in neurosurgical units, particularly in emergency care
or healthcare systems with limited resources for patients with eloquent brain tumours. This
could significantly benefit brain tumour patients and improve outcomes, particularly in

challenging situations.
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4.  Special indications of monopolar mapping— emergency resection of

eloguent brain tumours

With the newly introduced mapping-only device the surgeon could perform mapping
independently from other trained personnel. Thus, new ideas for application in a non-elective
setting emerged. The operating surgeons and senior assistants responsible for routine
procedures underwent training for the device, leading to the exploration of monopolar
autonomous mapping in emergencies for certain patients. Detailed data were collected for two
patients experiencing acute tumour decompensation, and these findings were summarized in

a publication described below. The original work is included in the Appendix (4) to this study.

Direct Cortical Stimulation in Neurosurgical Emergencies: Single-Center Experience in 2
Patients

Franziska Staub-Bartelt, Bjérn B. Hofmann, Marion Rapp, Daniel Hdnggi, Marcel Alexander

Kamp, Michael Sabel

World Neurosurg. (2021) 150:147-152.https://doi.org/10.1016/j.wneu.2021.03.118

Introduction

The significance of intraoperative monitoring and mapping for successful tumour resection in
lesions located in highly functional areas has already been emphasized in the preceding pages.
However, logistical challenges and the need for a dedicated technician often limit the
application of complete IONM and mapping techniques to elective cases. These methods may
not be readily accessible in emergencies or neurosurgical departments with limited resources.
Nevertheless, identifying eloquent cortical and subcortical structures during emergencies can

enhance patient safety and outcomes.

In our clinic, there also is no IONM/mapping on-call service, creating a deficit in resources to
perform functional monitoring urgently for patients with conditions affecting the motor system,
such as intracerebral haemorrhages or decompensated tumours with a spatial relationship to

M1 or CST. During the data collection for the mapping-only device, which was introduced in our

39



clinicin 2019, non-elective indications were also discussed as the device can be handled by the
surgeon alone without any significant delay in patient care. Thus, all responsible surgeons
involved in emergency services were trained in handling the device. Subsequently, a few
patients presenting urgently with intracerebral haemorrhage or clinically evident
decompensated tumour progression were operated on using the mapping device. Data from
two tumour patients initially planned for elective resection using IONM and mapping
techniques but rapidly deteriorating clinically, were analysed in detail to assess the device's

applicability in emergencies.

Methods

The data of patients initially planned for elective IONM/mapping procedures but subsequently
operated on in an emergency setting were subjected to a detailed retrospective analysis. The
medical history and the course of treatment in the general ward were traced, and existing
imaging and neurological findings were scrutinized for abnormalities. Additionally, an evaluation
of the intraoperative mapping data was conducted. Due to the emergency nature of the
situations, only monopolar mapping data were available, as language monitoring would not be
feasible in acutely neurologically deteriorated patients due to the absence of the awake phase.

The technical setup was solely managed by the operating surgeon.

Results

Two illustrative cases could be obtained from the data. Both cases showed decompensated

GBM patients.

The first patient presented with a history of personality changes, aphasia and latent hemiparesis
of the right side. A computed tomography (CT) scan revealed a massive bifrontal oedema and
an urgently performed skull MRI confirmed the suspicion of a left hemisphere brain tumour.
Due to the tumour’s size, there was compression of normal brain structures, causing a midline
shift of more than 2 cm. Urgent tumour resection was discussed, and it was deemed mandatory
to include monitoring and mapping due to the anticipated proximity of the lesion to motor
pathways in the dorsal area. Awake surgery was obsolete due to the pre-existing aphasia. Later

in the evening of admission, the patient exhibited a deterioration in vigilance requiring
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intubation. An urgent indication for tumour decompression was established, and conducted
with the assistance of the mapping device. Subcortical monopolar stimulation was applied up
to 0.3 ms at the dorsal resection margins, confirming the tumour’s immediate proximity to the
Corticospinal tract (CST). The postoperative MRl revealed a minimal RTV at the dorsal resection
margin, measuring < 2 ml. Neurologically, the patient was able to mobilize independently in the
short term, with the aphasia not completely regressing, yet basic communication became

possible.

In the case of the second patient, an initial diagnosis revealed a large right hemispheric mass
with a massive oedema. Primary symptoms included left-sided hemiparesis and sensory
disturbances. During the perioperative period, the patient presented with an acute decrease in
vigilance. An immediate CT scan showed bleeding into the tumour with a progressive mass
effect. Initially, the surgery addressed bleeding relief, followed by cortical and subcortical
mapping (up to 2 mA). Tumour tissue here also demonstrated immediate proximity to the CST.
Given the preservation of function, a complete resection was not possible. The postoperative
MRI confirmed the expected residual volume (4.2 ml). Neurologically, the patient fully

recovered, with, at most, a discreet residual limitation of the left leg at discharge.

Discussion

We here outlined a setup designed for eloquent tumour resection under monopolar mapping
in emergency scenarios, particularly when the assistance of a clinical neurophysiologist is
unavailable. Our approach involved the application of monopolar motor mapping in two
patients with eloquently located pathologies to enhance resection safety regarding
postoperative neurological deficits under emergency conditions. Notably, both patients
experienced no new neurological deficits postoperatively. While the benefits of IONM are well-
established, its use in emergencies is not standard in most neuro-oncological departments,
primarily due to the need for specialized training, external staff and time-consuming setup
associated with standard IONM devices. Our setup, in contrast, empowers surgeons to
autonomously leverage direct brain mapping advantages, facilitating the use of direct cortical
and subcortical stimulation beyond conventional surgery settings. Monopolar stimulation setup

takes minutes and the mapping procedure can be conducted without third-party involvement.
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Conclusion

In the light of emergency tumour resection, there is a notable lack of comparable literature.
Our findings demonstrate that the resection of highly eloquently located tumours in acute
emergencies, utilizing a mapping-only device, can be carried out without inducing new
neurological deficits in the patients. Consequently, we have inferred that in emergencies,
wherein standard IONM/-mapping may not be feasible, compact mapping-only devices can
serve as valuable tools for monopolar motor mapping. This approach facilitates a safe and
controlled resection, even in emergencies where standard IONM may not be practically

applicable.

5.  Impact of different intraoperative monitoring and mapping procedures on

PFS and OS on patients diagnosed with high-grade glioma

When discussing the use of technical tools for resection, then as previously described, they are
primarily employed to enhance safety and the outcome of the resection. Associated with
resection as a therapeutic target, there is always the question of a survival advantage for
patients. In the following study, data from 14 years of operative occupation in our clinic were
analysed, incorporating over 600 patient records. As we gradually introduced various
monitoring and mapping techniques throughout this period, we were able to examine the
impact of each technique on the PFS and OS of GBM patients. The original work is included as

an appendix to this manuscript (5).

Establishment of different intraoperative monitoring and mapping techniques and their impact
on survival, extent of resection and clinical outcome in patients with high-grade gliomas - a

series of 631 patients in 14 years

Franziska Staub-Bartelt, Marian Preetham Suresh Babu, Andrea Szelényi, Marion Rapp, Michael

Sabel, Cancers 2024, 16, 926. doi.org/10.3390/cancers16050926
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Introduction

GBM is the most aggressive form of glioma and is associated with the worst prognosis amongst
glioma tumour entities. As described in the introduction at the beginning ongoing research
seeks novel treatment strategies to extend the OS period and enhance the Qol for patients.
However, despite maximum treatment efforts, GBM recurrence following surgical resection is
nearly inevitable, and its management is often case-dependent. The standard of care was
described in detail at the beginning, in summary, resection followed by radiation and
chemotherapy still are the standard approaches. Surgical excision is challenging due to the
infiltrating nature of GBM, but maximizing tumour resection is crucial for prognosis. The
demand for intraoperative techniques preserving neurological integrity under maximization of
resection results has led to the establishment of procedures like IONM and mapping procedures

either with or without an awake approach during brain tumour resection.

As our department has implemented these techniques one by one over some years, a dataset
of 1010 patients could be retrospectively screened as part of a doctoral thesis for in- and
exclusion criteria. We excluded patients under 18 years old and patients who underwent
primary surgery in an external hospital. Furthermore, if we could not obtain any clinical data,
patients were also excluded, additionally, at least one follow-up had to be documented for
inclusion. Lastly, retrospective analysis was conducted on data from 631 patients, who
underwent surgery between 2004 and 2018 at our department. We focussed on analysing
implemented monitoring techniques at different time points, that may influence the
preservation of neurological functionality and assess whether intraoperative neurophysiological
monitoring or mapping techniques significantly contributed to improving PFS and/or OS in

patients with GBM or IDH-mutated astrocytoma WHO grade 4 *.

Methods

A systematic analysis was conducted on data from patients who underwent primary surgery at
the Neurosurgery Department of University Hospital Dusseldorf between January 1, 2004, and

December 31, 2018. A subset of patients with diagnoses of GBM and IDH-mutated astrocytoma

4 Again, for this publication, histopathological diagnosis was adjusted according to the new WHO 5 classification of
diffuse glioma.

43



WHO grade 4 was selected as the target cohort, resulting in a cohort of 1010 patients. After
applying the exclusion criteria, a cohort of 631 eligible patients for statistical analysis remained.
Then the cohort was divided into two subgroups, one group comprised patients undergoing
biopsy (n= 150) and the second group included patients who underwent resection (n=481). To
evaluate the influence of each monitoring/mapping technique the resection cohort was further

divided into subgroups according to the technique used (table 1).

Monitoring/mapping
technique Description Implemented since N =

surgical procedure only with no added

SP-0 monitoring and/or mapping modalities n.a. 160
awake craniotomy for 60-Hz bipolar
AWAKE-bipolar stimulation (language monitoring) 2007 71
surgery under general anaesthesia under
|ONM-monopolar usage of SSEP, MEP and EEG monitoring and 2010 145

additionally monopolar mapping

this method incorporated all techniques-
awake craniotomies with monitoring of SSEP
and MEP as well as mapping procedures via
bipolar and monopolar stimulation with focus 2010 105
on bipolar mapping for speech and language
assessment and monopolar mapping for
motor control

AWAKE-IONM-
mapping

Figure 14: Description of resection subgroups according to the specific monitoring/mapping technique that was
used. Figure cited from own publication [105], used under Creative Commons Attribution 4.0 International License,
http.//creativecommons.org/licenses/by/4.0/.).

To evaluate the impact of those techniques on PFS and OS, PFS was determined by evaluation

of RANO criteria for high-grade glioma in the post-operative and follow-up MRIs [106]°. The

5> The RANO criteria have been updated recently to consolidate the advancing knowledge of recent years, and are
now summarized in a comprehensive new guideline. (Wen et al., RANO 2.0: Update to the Response Assessment
in Neuro-Oncology Criteria for High- and Low-Grade Gliomas in Adults, J Clin Oncol. 2023 Nov 20;41(33):5187-
5199. Doi: 10.1200/JC0.23.01059. Epub 2023 Sep 29.) However, during data collection the cited version was used
for assessment.
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date of the MRI was set as a diagnosis of progress if applicable. OS was calculated from the
individual death data of the patients. Verification of the date of death was carried out through
screening the local patient data management system, registering queries, or communicating
with patients' families, adhering to local ethics approval. Furthermore, we collected data on
clinical outcomes measured by the National Institutes of Health Stroke Scale (NIHSS) and KPS
and resection results for the different groups. The impact of adjuvant therapies was also

investigated as a confounding factor for PFS and OS within each group.

Results

A year-wise analysis of technical settings was conducted to understand the changes in surgical
approaches over time. Awake surgeries with 60-Hz stimulation were introduced in 2007 and
steadily increased until 2011. The combination of IONM with monopolar stimulation and awake
surgeries with IONM and mapping procedures became the institutional standard after 2010.
Towards 2011 SP-O as surgical approach decreased considerably (figure 10). The chi-square test
indicated a significant decrease in biopsies and a simultaneous increase in AWAKE-bipolar,

IONM-monopolar, and AWAKE-IONM-mapping surgical settings after 2010 (p < 0.001).

Intraoperative neurophysiological itoring and mapping techniques from 2004 - 2018 (n = 631)
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Year of Surgery

Biopsy ~——SP-O0 —AWAKE-bipolar ~——IONM-monopolar AWAKE-IONM-mapping

Figure 15: Line graph of patients enclosed in the analysis (n = 631) divided by technical settings from 2004—-2018.
Figure cited from own publication [105], used under Creative Commons Attribution 4.0 International License,
http.//creativecommons.org/licenses/by/4.0/.).

45



The proportion of eloquent surgeries increased to the total number of operations over the
observed period (before and after 2010). SP-O group was the only subgroup with non-eloquent
tumours. All other groups only included lesions located eloquently (eloquent tumours before

2010 64.7 % & 90.4 % after 2010).

The mean EOR of the cohort was 96% and it did not show a significant difference when analysed
separately for the years before (2004-2009) and after (2010-2018) the introduction of all ONM
and mapping techniques (mean EOR before 95%, mean EOR after 96%). Additionally, the mean
RTV in the cohort was calculated (1.38 ml [+ 4.16 SD]). The RTV measured in the postoperative
MRI was lowest in the AWAKE-IONM-mapping group (0.9 [+4.2]) and highest in the SP-O group
(1.93 ml [5.0]). However, the comparison of both techniques did not reach statistical

significance.

Concerning short-term neurological outcome parameters measured by NIHSS and KPS, we saw
no difference in the median values for NIHSS and KPS for the whole cohort. However, when
comparing subgroups of monitoring/mapping techniques with the SP-O group, we found a
significantly higher NIHSS in the AWAKE-bipolar group postoperatively and at 3 months follow-
up and a significantly lower KPS at both time points postoperatively and at three months. Also,
in the monitoring/mapping intergroup comparison, the AWAKE-bipolar group showed
significantly higher NIHSS. KPS at three months follow-up was increased in patients operated by

IONM-monopolar and AWAKE-IONM-mapping conditions compared to the SP-O group.

The long-term outcome parameters PFS and OS were evaluated by calculating Kaplan-Meier
survival curves. They were plotted for different operative settings, showing no significant
difference in PFS but a significantly increased OS for patients in the SP-O group. The single

monitoring or mapping procedures did not influence the OS significantly.
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Kaplan-Meier for PFS
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Figure 16: Kaplan-Meier curve for PFS for the cohort with median PFS for all subgroups, number of events and
number censored in the footnotes. There was no significant difference concerning intraoperative mapping or
monitoring techniques in PFS (p = 0.749). Figure cited from own publication [105], used under Creative Commons
Attribution 4.0 International License, http.//creativecommons.org/licenses/by/4.0/.).
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Kaplan-Meier for OS
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Figure 17: Kaplan-Meier curve for OS for the cohort with median OS for all subgroups, number of events and number
censored in the footnotes. There was an increased OS in patients that underwent surgery in SP-O technique (p =
0.034). Figure cited from own publication [105], used under Creative Commons Attribution 4.0 International
License, http.//creativecommons.org/licenses/by/4.0/.).
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Discussion

The standards for surgical treatment of GBM have undergone substantial evolution, particularly
in intraoperative monitoring and mapping techniques, as observed in our study spanning from
2004 to 2018. Three distinct phases were identified: at first there was no monitoring until 2007,
then the introduction of awake craniotomies with bipolar stimulation followed in 2008, and at
last, there was the incorporation of IONM and mapping as a combined procedure in 2010,
subsequently utilizing all techniques as a combined approach. The study aimed to assess the
impact of these monitoring and mapping methods on both immediate neurological outcomes
and long-term prognosis in patients with eloquently located GBM. Awake craniotomies with
bipolar mapping were initially introduced for functional monitoring in eloquent tumour
resection to preserve neurological function, particularly for language control. As discussed
before, various studies have demonstrated improved outcomes highlighting the significance in
preserving, particularly language functions, by awake surgery with combined mapping. In our
study interestingly the AWAKE-bipolar group exhibited contrary results with an increased NIHSS
and reduced KPS postoperatively, particularly in lesions located in the parietal lobe. We
assumed that the absence of monopolar mapping for potential motor eloquent areas over a
long period was responsible for this phenomenon. As at the time point of implementation and
involving both- IONM and mapping techniques, the AWAKE-IONM-mapping group did not show
higher postoperative NIHSS.

The introduction of combined monitoring/mapping approaches at our department led to a
significant decrease in biopsies and an increase in surgical excision of eloquent tumours. Despite
these changes, no significant impact on PFS or OS was observed in our cohort for the
monitoring/mapping subgroups compared to the SP-O group. Studies assessing awake
craniotomy and mapping on OS have reported mixed results, and our findings align with the
absence of significant differences in PFS and OS between different technical settings. The side
analysis investigating EOR and residual tumour volume (RTV) did not show significant
differences between technical settings, possibly due to the increased eloquence of tumours and
subtotal resections due to functional limits that were seen when using monitoring/mapping
techniques. This present retrospective study spanning 14 years has important limitations that
need to be addressed for better contextualization. Major issues in data collection were changes

in documentation forms and standards over time. Furthermore, the introduction of advanced
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surgical technologies, fluorescence techniques and evolving surgical approaches may introduce
a bias into the surgical, particularly resection data. Additionally, the study's limited sample size

and imbalances between groups made comprehensive comparisons challenging.

Conclusion

Various publications have advocated for the utilization of IONM, mapping and awake
craniotomies in patients with GBM, typically in smaller patient cohorts. However, our study
represents a unique contribution as, to our knowledge, no analysis of comparable cohort sizes
has explored the influence of different intraoperative monitoring and mapping techniques on
PFS and OS. We found that the incorporation of awake surgeries, IONM, and mapping
techniques coincided with a significant reduction in the number of biopsies and a significant
increase in eloquent localization of resected lesions. This substantial decrease in biopsies
suggests a notable enhancement in the operability of eloquent tumours following the
implementation of those intraoperative techniques. Consequently, we emphasize employing
these methodologies, that facilitate the safe resection of eloquent GBM with an acceptable
level of post-operative morbidity, even though our study did not reveal a significant impact of
these various surgical monitoring and mapping techniques on PFS and OS within our large

cohort.
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6. Awake craniotomy as an indispensable monitoring setting in patients with
(language-) eloquent tumours and its influence on the psychooncological

burden of brain tumour patients

When considering the indication for an awake surgery, which generates the maximum
functional monitoring level during an operation, it should be critically discussed on a highly
individual basis for each patient. Various factors, as previously mentioned, should be taken into
account and it's not just about intraoperative compliance. The potential effects in the realm of
distress, anxiety, and depression resulting from such intraoperative procedures have not been
systematically studied for a long time. As in our department, about 50% of the procedures that
require monitoring/or mapping during resection are performed as awake craniotomy, we aimed
to gain insights beyond a surgical outcome. Therefore, we compared psycho-oncological
screening data from patients undergoing awake surgery with data from patients undergoing
surgery under general anaesthesia to scale the burden such an awake procedure might have on
these already “burdened-by diagnosis” patients. The original work is also available in the

appendix (6).

Impact of Anticipated Awake Surgery on Psychooncological Distress in Brain Tumor Patients
Franziska Staub-Bartelt, Oliver Radtke, Daniel Hinggi, Michael Sabel, Marion Rapp

Front. Oncol. 11:795247. Doi: 10.3389/fonc.2021.795247

Introduction

The study addresses the heightened risk of distress, anxiety, and depression in cancer patients,
particularly in neurooncological cases, where distress prevalence ranges from 38% to 52%
[107]. Approximately one-fourth of cancer patients experience depression or depressive
symptoms, with a reported prevalence of 21% in brain tumour patients, assumed to be higher
than other cancers. Increased distress, anxiety, and depression correlate with a reduced quality
of life (QoL) and decreased OS. Psychological distress is associated with higher cancer mortality,

particularly in patients with high-grade gliomas. Longitudinal analyses indicate heightened
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distress, especially perioperatively during hospitalization for neurooncological patients. Thus,

perioperative screening is crucial for timely psychooncological support.

The primary surgical goal in neurooncological patients is, as described before, the maximal
aggressive tumour resection without causing permanent neurological deficits. Advances in
surgical techniques, such as neuronavigation, fluorescence-guided surgery and IONM/mapping
technique have improved outcomes. Awake surgery in patients with eloquent lesions is known
to maximize resection extent, improving outcomes while reducing risks for postoperative
deficits [108, 109]. However, it is unclear if this anticipated technique causes additional distress
for neurooncological patients. The study aimed to determine whether the anticipation of awake
surgery negatively impacts distress, anxiety, depression and QoL compared to patients

undergoing surgery under general anesthesia.

Methods

The inclusion criteria for this analysis involved patients aged >18 years diagnosed with a brain
tumour, electively admitted for tumour surgery at the neurooncological department. Included
patients had to have completed a preoperative dataset for distress and QoL assessment. Due
to the retrospective study design, questionnaire completion varied, leading to heterogeneity
and partial missing data. To ensure uniformity and reliable analyses, only patients with a
complete psychooncological screening assessment were included. The analysis further
categorized patients based on resection modality (awake vs. general anaesthesia) and explored
the impact of primary or recurrent surgery. Screening assessments were conducted through
tablet-based self-assessment, administered 1-2 days preoperatively during hospitalization,
following brief instruction by medical staff. The used screening assessments were the National
Comprehensive Cancer Network (NCCN) distress thermometer (DT) with a cut-off score of 5
and above as indicator for distress [110]. Furthermore, the Hospital Anxiety and Depression
Scale (HADS) was administered. The 14-item self-report questionnaire is designed to assess
anxiety and depression. It comprises seven items targeting anxiety (HADS-A) and seven for
depression (HADS-D). A cut-off score of >8 is considered optimal for sensitivity and specificity
in identifying anxiety disorders in patients [111]. In addition, we assessed QoL by using a
disease-specific questionnaire for brain tumour patients, designed by The European

Organisation for Research and Treatment of Cancer (EORTC).
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Results

A total of 54 patients could be enclosed in the study. 35 patients underwent awake surgery and
19 patients were operated in GA. In the awake patient cohort 62.86% of the patients indicated
to experience subjective increased distress, compared to 52.63% in the general anaesthesia
(GA) cohort. Additionally, anxiety was reported by 17.14% of awake patients and 31.58% of GA
patients, and depression by 14.29% of awake patients and 15.79% of GA patients. Prevalence
of distress (p=0.465), anxiety (p = 0.223) and depression (p = 0.882) between both groups did

not differ significantly.

The questionnaires revealed a mean score of 5.69 for DT in the awake surgery group and 6.26
for GA surgery, with no significant difference between the two groups (p = 0.668). The mean
HADS-A and HADS-D scores did also not significantly differ between awake and GA groups
(anxiety p = 0.682; depression p = 0.630).

Awake: n =35, Non awake:n =19, p = .668 Awake: n =35, Non awake: n =19, p =.682

Mean anxiety score

Mean distress thermometer score

6
s|
5|
3
Awake Non awake Awake Non awake

Awake: n =35, Non awake: n =19, p =.630

Mean depression score

Awake Non awake

Figure 18: Mean cohort scores for DT (A), HADS-A (B) and HADS-D (C) divided into subgroups of awake and non-
awake surgery. Results showed no significant differences in both subgroups (A, p = 0.668, B, p = 0.682, C, p =
0.630).Figure cited from own publication [112], used under Creative Commons Attribution 4.0 International License,
http.//creativecommons.org/licenses/by/4.0/.).
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Recurrent surgery tended to show increased distress more often (76.47% vs. 51.35%) and
demonstrated higher scores for both anxiety and depression. Analyses of global health status
and future uncertainty from the EORTC QoL questionnaire did not show significant differences

between awake and GA surgery (future uncertainty p = 0.436; global health status p = 0.943).

Awake: n = 35, Non awake: n =19, p =.943 Awake: n =35, Non awake: n = 19, p = 436

100 | 100 |

Mean global health status score
3
Mean future uncertainty score

Awake Non awake Awake Non awake

Figure 19: Mean cohort scores for global health (A) and future uncertainty (B) again divided into subgroups of
awake and non-awake surgery. Again, results showed no significant differences in both subgroups (A, p = 0.943, B,
p = 0.463). Figure cited from own publication [113], used under Creative Commons Attribution 4.0 International
License, http.//creativecommons.org/licenses/by/4.0/.).

In this case, recurrent surgery had no significant impact on these parameters, however an

overall decreased global health status was observed in the recurrent surgery patient cohort.

Regarding need for psychooncological support, 27.78% of patients accepted additional support,
with no significant differences observed between awake and GA surgery or recurrent and

primary surgery groups.
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Discussion

In the context of awake surgery being a major opportunity for safe resection eloquently located
tumours, concerns arise about potential negative psychological impacts on neurooncological
patients already at risk for distress, anxiety, and depression. This study aimed to
comprehensively assess the preoperative psychological status of patients undergoing awake
surgery compared to those under GA. The data indicate that patients undergoing awake surgery
for cerebral lesions do not exhibit higher distress, anxiety, or depression preoperatively than
those undergoing surgery under GA. Recurrent surgery, however, showed an additional impact
on increased distress. While only limited data exist on the psychooncological impact of
anticipated awake surgery, this study, with its detailed preoperative preparation and screening,
demonstrates no significant negative influence on patients. Contrary to preoperative screening
results, postoperative screening outcomes also reveal no major negative impact of awake

surgery on patients.

Despite the positive outcomes, the study acknowledges the major limitation is, that only a small
cohort could be enclosed. This was due to restrictive inclusion criteria and the exclusion of
approximately 75% of screened patients because of missing single questionnaire items.
However, this analysis stands as the first comprehensive psychooncological screening in patients
undergoing brain tumour surgery under awake or non-awake conditions. The study emphasizes
the importance of awake surgery, offering intraoperative monitoring benefits and underscores
that, with thoughtful preparation and monitoring, awake surgery does not negatively impact
patients. The positive effects, such as an increased EOR and OS, outweigh potential concerns.
However, the indication for awake surgery should be carefully considered for each patient,
taking into account the detailed preparation and close monitoring to ensure a positive

experience without harm.

Conclusion

The study findings indicate that the anticipation of awake surgery does not significantly increase
distress, anxiety, or depression in patients before brain tumour surgery. Thus, surgeons can
anticipate their patients undergoing awake surgery without causing additional
psychooncological distress. The recommendation for awake surgery is emphasized when the
expected localization of the cerebral lesion involves eloquent areas, as it enhances patient
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safety. Although the observed results regarding patients undergoing recurrent surgery were not
statistically significant, there is a tendency for increased distress in this specific situation. In such
cases, early contact with professional psychooncologists is recommended to address potential

psychological challenges associated with recurrent surgery.
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[V DISCUSSION

1. Illustration of the importance of resection in a dedicated cohort of patients

with high-grade tumours

The findings of the incorporated study concerning the potential compensation of residual
tumour volume by a molecular genetic factor positively evaluated in the literature underscores
the importance of achieving maximal resection outcomes in patients with high-grade
intracranial tumours. We have demonstrated that even under optimal molecular genetic
conditions for therapy response, subtotal resection remains an irreconcilable disadvantage.
Understanding this is crucial when further investigating the works listed as the basis of the thesis
and exploring strategies to maximize resectability in predominantly high eloquent location

tumours

2. Assessment of technical setup and personnel resources &

3. Evaluation of monitoring/mapping for an individual approach

With our studies, we were able to demonstrate in a standard setup that this may not be
necessary for every patient. The technical availability does not necessarily dictate a
corresponding indication. In a large cohort of 437 procedures on highly functionally located
tumours, mapping techniques were seen as relevant for achieving the surgical goal in the
majority of procedures, with monitoring considered obligatory in only a fraction of surgeries.
Of course, the importance of monitoring techniques should not be negated; they particularly
contribute to additional assurance in cases of neurovascular conflicts and should be generously
indicated in such cases. However, if neurovascular conflicts can be excluded through
preoperative planning, the personnel and technically demanding monitoring can be omitted,
provided that the technical capabilities for mapping-only procedures are present. According to
our data, this can be done without compromising resection outcomes or resulting in poorer
neurological outcomes compared to the literature. This is crucial, especially since IONM

requires highly trained personnel in addition to the surgeon for setup, intraoperative operation
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and ultimately, evaluation. The effectiveness of IONM is contingent on the competence of the
technical operator, applying equally to preparation, execution, and analysis. These factors
should be considered in the decision-making process. An individualized monitoring/mapping
concept, conceptualized preoperatively for each patient based on preoperative assessments,

should be the goal for high-output clinics that can also benefit from more efficient utilization.

4. A mapping-only device in eloguent brain tumour surgery &

5. Motor mapping emergency resection and its outcome

Starting in the spring of 2019, we were able to examine the hypothesis that, with proper
indication, IONM could be omitted without compromising resection outcomes and neurological
outcomes Introducing a mapping-only device allowed us to investigate the practical technical
applicability by the surgeon during surgery and assess outcome parameters related to resection
results and neurological outcomes in a subcohort of patients with eloquently located tumours.
We observed that, with appropriate indication, a mapping-only device is comparable to larger
technical setups, considering that IONM is not possible with this device. The practicability and

adequacy were confirmed by the surgeon in 95% of the operations.

Regarding the EOR respectively RTV and neurological outcomes, we achieved comparable
results to other cohorts with combined approaches. These positive initial findings after the
introduction of the mapping-only device led us further to explore the specific indication for
emergency mapping. Here, we obtained significantly positive results in patients presenting with
either intracerebral bleeding or decompensated tumour events. This is particularly encouraging
as active monitoring, such as awake surgery, is not feasible in neurologically compromised
patients, and most clinics lack specially trained personnel on-call to operate monitoring devices
during emergency procedures. Additionally, the setup of the mapping-only device is

significantly faster and more compact compared to larger setups.

Overall, our studies summarized in this thesis, demonstrated the utility of the mapping-only
approach for both elective and non-elective indications, specifically for highly functionally

located tumours, without compromising quality for the patient.
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6. Impact of monitoring and mapping techniques on PFS and OS in GBM

GBM is the most common brain tumour in adults and is considered inadequately treatable.
Despite diverse efforts in exploring new therapeutic approaches, life expectancy remains
significantly compromised. The literature consistently indicates a clear correlation between the
EOR or RTV and the survival of GBM patients. Intraoperative monitoring - and mapping
technigues aim to maximize the EOR, particularly in patients with highly functionally located
lesions. Therefore, a subset of this study focused on examining the impact of various
intraoperative neuromonitoring- and mapping techniques on PFS and OS in GBM patients.
Conducting a subgroup comparison over a 14-year period during which these techniques were
gradually introduced, no significant survival advantage was observed in groups employing
monitoring or mapping techniques. While the EOR showed a minimal increase with the
application of these techniques, statistical significance was not achieved. However, a
significantly higher number of eloquently located lesions were operated on, potentially
influencing the obtained results, as in some cases only subtotal resection could be achieved due
to functional limits. Additional factors are extensively discussed in the summary. Nonetheless,
the overarching conclusion, as demonstrated by other studies described in this thesis, is that
the benefits of IONM and mapping for patients at risk of new neurological deficits due to surgery
are substantial. In many cases, the introduction of these techniques has been crucial for
achieving resectability, even though a direct significant impact on OS could not be

demonstrated in this context in our cohort.
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7. Awake surgery and its impact on psychoncological outcome in patients with

malignant brain tumour

Awake surgery presents a unique situation for both the patient and the neuro-oncological
surgeon. Much has been investigated regarding indications, inclusion and exclusion criteria and
the possibilities arising from intraoperative testing during awake surgery. Awake surgery, as the
maximal variant of patient monitoring, is now an integral part of everyday neurosurgical
practice, especially in the context of language and the increasingly explored neurocognitive
monitoring. In our clinic, awake surgery is a standard procedure and is performed in over 50%
of patients with an indication for intraoperative monitoring- or mapping procedures. As we
perform awake surgery weekly, the particular question arose whether patients, already known
to be psychologically burdened, would experience further deterioration in an objective psycho-
oncological screening due to awake surgery. This is of high relevance, as we know that increased
stress in cancer patients, especially in neuro-oncological patients, can lead to decreased therapy

responses and an overall worse outcome.

In the context of our subgroup investigation, we compared patients who underwent psycho-
oncological screenings and awake surgery with a group of patients who underwent surgery
under general anaesthesia. We demonstrated that the impending awake surgery had no
significant impact on the screening results. From this, it can be concluded that with proper
patient care, awake surgery, regardless of objective inclusion and exclusion criteria, is a very
valid option for maximal monitoring. Early involvement in psycho-oncology can help mitigate
the additional stress that may arise, especially in the context of disease recurrence that we saw

in our data.
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V CONCLUDING SUMMARY

The resectability of eloquently located brain tumours has immensely increased with the
introduction of intraoperative neuromonitoring and cortical/subcortical stimulation techniques.
This has resulted in significantly positive outcomes for affected patients. Naturally, the
preparation for such surgeries, which involve various procedures for example MRI, DTl or
transcranial mapping, needs to be thorough. However, the only intraoperative control factor
remains the application of the various described monitoring and mapping techniques and the
awake surgery setting. With a growing realization of the importance of supratotal resections,
intraoperative monitoring of motor and language functions must also be increasingly
emphasized. Additionally, strategies for the control of cognitive function during brain surgery
are under reconsideration in research groups worldwide. The selection of the most suitable
technique for the individual patient is of paramount importance and enables the performance
of complex operations without causing long-term neurological damage to the patient and
therefore contributes to a better outcome for patients with partially very limited survival due

to their diagnosis.
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Abstract

Background The impact on survival of complete resection (CR} in patients with malignant glioma and MGMT promoter
methylution on adjuvant therapy strategics has been proven in the past. However, it is not known whether a MGMT promoter
methylution can compensate & subtotal resection, Therefore, we analyzed the progress of postoperative residul numor tsswe
depending on the molscular mor stars,

Methods We included all glioblustoma, IDH-wildiype (WHO grade IV) patients with postoperative residual tamor i,
who were treated at our neurconcological depamment between 2000 and 200 8. Correlation of molecular patterns with clini-
cul darg and survival fimes was performed. The results were compared o patients following CR.

Results 267 patients with glioblastema, IDH-wildtype (WHO grade IV) received surgery of whom 81 patients with residual
tmor were included in the analysis. MGMT promoter was methylated in 31 patients (38.27% ). Median OF and PFS were
significuntly incregsed in paticnts with methylated MGMT promoter {mOS: 16 M va, 13 M, p=0.009; mPF5: 13 M v 5 M,
p=0.003). In comparison te survival of patients following CR, OF was decreased in patients with residual tumor regandless
MGMT meshylation.

Conclusion Our data confirm imipact of MGMT promoter methylation in patients with glioblustomy, IDH-wildtype on O8 and
PFS. However, in comparison to patients after CR. o methylated MGMT promuoter canmest compensate the disadvantage dug
o residual tomor volume. In terms of personalized medicine and quality of Life as major goal in encology, neuro-oncologists
have e thoroughly dizcuss advantages and disadvantages of residual tumor volume versus pessible neurological deficits in
CR.

Keywords Glioklastomy - Meurooneology - MGMT - Extend of resection - Subtotal resection

Introduction

Malignant gliomas are heterogencous, infiltrative growing
tumaors and represent the most fregquent disgnosed brain
tamors in adults with an incidence of 56 per 100,000 inhab-

Miiller Mareike and StaubBartelt Franziska have contributed itants per year. The most commaon subgroup of malignant

equally to this wark. glivima is glivhlastoma multiforme (GBM} mounting up te
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tumcr markers regarding diagnosis, progoosis and therapy
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flioblustoma and predominates in patients over 35 yeurs of
age [5].

As predominant markers isocitrate dehydrogenase (IDH)
mutation stams and O-6-methylguanine-DMNA methylirans-
feruse (MGM T} methylation have been discussed in multiple
studies. IDHI/2 muotation has o positive prognostic infiu-
ence on overall survival {05) (31 months vs. 15 months)
[6, T]. Furthermore, MGMT promoter methylation was
implemented in diagnostic and therapeutical considerations
as studics have proven that a methylated MGMT promoter
{i.e. a hypermethylation of MGMT) results in a signifi-
cantly better reatment responss to the standard alkylating
chemotherupy with Temozolomid (TMZ). The median 08
was 21.7 months in comparison to 12.7 menths in patients
without MGMT promoter methylation [, 9].

Despite improvement of therupy regimes, tumor recur-
rence cannot be prevented. With a mean progression free
survival (PFS) of 6.9 months mainly local tumor recormence
is inevitable [ 10].

Therefore, the actual primary gold standard o increase
survival is a complete resection {CR) of the contrust enhanc-
ing tumor tisswe. Even beyond whenever possible [11],
respecting location, functions] restrictions due o possible
risks of permanent neurddogical deficits [12] as well as gen-
erul health condition [ 13]. Viee versa it has been shown, that
postoperative residul nmor tissue results in g decrensed 08
with an inverse correlation of mmor volume and survival
[14, 15]). Additionally, adjuvant therapies with concomi-
tant radio-chemotherapy according to the EORTCNCIC
26,981-22 981 stady [16] as well as additional administra-
tion of Lomustin in patients with methylated MGMT pro-
muter, have proved te significantly increase O35 [17].

To improve surgical outcome, iMraoperative neuromoni-
toring, awake surgery of Auorescence guided surgery have
becoms widely used stundard tools in glioma surgery.
Although CR or even supramarginal resection has besn
proven to be the gold standard for primary therapy, this is
naot always achisvable. Neurosurgeons have vo identify intra-
wperative limits in order to prevent permanent neurological
deficits especially in eloguent located twmors. One of the
must difficult und alse cthical decisions is to outbalance the
risk of permanent neurologic deficits, which muay resolt in
decreased heulth related qualicy of Life versus leaving active
tumor tissue behind, which inevitubly results in decreased
survival. Bue it is not known, if a favorable molzcular mmor
status may outhalunce postoperative residoal tumor tissoe,
Dwr we, a5 nenresurgeons, have o be as aggressive in MGMT
positive methylated than in negative methylated tmors?

Therefore, to facilitate the decision process of “how far
cun you go' vs “how far must we go, we analyzed whether
a methylated MGMT promoter is able to balunce the disad-
vantage of post-op residual tumor regarding tmor progres-
sion, PFS. 058 a5 well as clinical outcome in IDH-wildoype
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glivhlastomy patients. In a second step, we correlated our
dary with patients with no residual tmor tissue in the post-
operative MRL

Patients and methods

In this retrospective single-center anulysis we investigated
the impact of MGMT stwtus on survival of GBM puticnts
with postoperative residual tumor. The study was approved
by the locul ethical committes {(study number: 5632 and
3005 ). Reponting of this study was wocording to the strength-
ening the reporting of ohservationy] siedies in epidemiology
{STROBE) guidelines fur ohservationy] studies (supplemen-
tary material).

Inclusion criteria were: (1) initial disgnosis of IDH-wildiype
glivhlustoma between Janoary 2010 and December 2018,
{2} surgery at the newrosurgical department, University
Huspital Duesseldorf, {3} availability of pre- and postop-
erative (< 72 h post-op) MRI scans, (4) residoal tomor tis-
aue in the curly postoperative MRI, (5) neuroputhological
diagnosis secording w the 2006 ruideline, (6) availability
of molecular-genetic testing of MGMT sttus, (7} adjuvant
therupy with concomitant radie-chemotherapy followed
by intermittent TMWME according w the EORTCMNCIC CTG
26,981-22,981 study.

Molecular analyses

Since 2005 MGMT promoter analysis is conducted stand-
ardly in regands to glioma diggnestic at the Institute of Mea-
ropithology an the University Hospital Duesseldorf. MGMT
promater methylationstats was determined by methylation-
specific PCR (MSP) und IDH mutation stutus was deter-
mined by immunohistochemistry for IDHRE132ZH and DNA
pyToseyquencing s reported before [18].

If histoputhological and molecular genetic disgnosis were
provided before introdection of WHO 2006 classification, all
diagnoses were reclassified svcording o WHO 20016 clus-
sificution by the Instionte of Mewropathology prior te our
anulysis,

Clinical status

The Kamofsky performunce stams scule (KPS) was deter-
mined pre- and post-operatively inorder to evaloate the clin-
icul stums of the patients during the course of diseuse. It was
also evaluated when a recurrent or progressing umor was
diagnosed. We defined clinical deterioration as 4 decrease
in the Karnofsky performance status scale of at least 10%.
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A decrease in the KPS postoperatively can be caused by a
new neurologic deficit as e.g. a hemiplegia but also by other
factors such as side-cffects from anesthesia, thrombosis, or
infection.

Calculation of tumor volume and treatment
FeSponse

Initial tumor velume was calenlated ot baseline (precpera-
tive MBIy und at T {= T2 h postoperutively) by defining the
largest dinmeter of contrast-enhancing tissue in three spatial
dimensions and then subsequently using the simplified for-
mula for ellipseids (A = B = C/2) for calculating the volome
[19]. When second look surgery was performed, the MRI
after second look was used for calculation.

Residual tumor volume wis defined us minimum tamor
volume greater than or equal w0175 cm’. In further analy-
ses we differentiated between residual tumor volume smuller
or greater than 1.5 cm’. Follow-Up MREIs were perfermed
every three months starting 6 weeks after completion of con-
comitant ridio chemotherapy (T1, T2 ).

Treatment response wus assessed regurding RANO cri-
terig [20]. For evaluation of complete (CR) or partial remis-
sion (PR} current MRIs were compared to baseline MRTs.
If current MRI demonstrated gither CR or PR, an addi-
tionul MRET after 4 weeks was performed o verify ireatment
response. I there was no further MR stable disease (30
only was defined.

According e Wen and colleagues [20] follow-up MRI
with the smallest measurable residual mmor volume wis
used for diagnosing tumor recurrence.

Furthermore, tumor progression was defined in cuse of:

{1} =25% increase of contrust-énhancement tissue in
Tl + contrast with siable or increasing need for corti-
costeroids poconding o RANO criteria

{21 evidence of an incressing metabolic activity of tomor
tissue in the '*F-FET-PET examinution {delimitation
of progression v, pseudoprogression)

{3 re-resection with histopathological disgnosis of recur-
rent tumo

Statistical analysis

Testing for normaul distribution of the data was performed
by using the Shapiro—Wilk west, variance homogeneity and
sphericity were tested by Levene and Mauchly test. Non-
parameiric testing for imdependent samples was conducted
using the Mann—Whitney L5 test and Kroskal-Wallis test.
Fur significunce esting of two categorical variables Fisher's
exact test was nsed.

Survival was caleulated by means of the Kaplan—Meier
method. In case of multivariable unalyvsis Cox regression
was used.

All stafistical unalysis was performed by using [BM SPS5
Sratistics Wersion 26 (IBM Corporation, USA).

05 in month was defined by the period from histopatho-
logical diggnosis to the time of death. In case of missing dute
of death, the last follow-up was defined as time of death. The
period from diagnosis until eceurrence of Jde novo wmaer
growth corresponded 1w PFS.

The cohorts’ survival data {median 05, median FFS)
were sdditionally compared to data from coborts reported
with complete resection [21-23).

Six hundred and sixey five patients with IDH-wildeype glio-
blastoma were treated at the newrosurgical department at the
University Hospital in Duesseldorf from Junwary 2010 anril
Dwcember 2018. 267 (40.15% ) patients received a complete
resection, in 256 (53.53%) putients, residual tumor on the
carly post-op MEI was diagnosed. Due o the retrospective
study design and chosen inclusion criteria, Gnally 81 patients
{male: n=50, 61 7%) were included in the following anaky-
sis. Figore | illustrates the patient recruitment.

The median age at disgnosis was 63 years (range
3086 years). The median observation period was 13 months
{95% CL 11.75-14.26). The median PFS was 7 months
{95% CT, 4.97-9.04). At time of dura evaluation, 77 patients
{95.1%) had died. An unmethylated MGMT promoter was
diagmmed in 49 (4%, o positive MGMT stwtus in 28 {36%)
Mmoo,

Pre-op, the KPS was = %0% in two thirds of the patients
{66.7%) with a median of 90%. The median KPS did not
chings pust-up. At the event of a lecal tumor progression, 37
patients (81.1%) bod po change or a decline of 10% in their
KPS5, whereas nine patients (15.5%) had o KPS decrease
from 20-30%. and reo patients {3.4%) from 50%.

The mmwrs were bocated in both hemispheres equally (left
n=137, 45.7T%; right n=739, 48.2%; both n=4, 4.9%; cerchel-
larn=1, 1 .2%}. The most comman location wus the frontal
lobe (350401 followed by the temporal lebe (22.5%). The
location wis considerad eloguent in 92.6% leading to wwake
bruin surgery in 43 patients (57.3%) and the application of
intraoperative monitoring in 75 patients (92.6%). Incomplete
resection was due to eloguent twumor location or vascular
conflicts.

The median pre-op tumor volume was 36,85 cm® (runge
31.34-127.05cm”). The group of MGMT promoter meth-
ylated tumors had shown a higher median pre-op volome
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Fig.1 Pabenis” inclusion and exclusion procedure illusirated as flow
chart

{43.5cm"y compared o the group of MGMT promorer
unmethylated tumers (32 16em®). Patient characteristics are
illustrated in Table 1.

Treatment response

At the time of data evalvation, PD was diagnosed in 58
patients. 23 patients showed a wreament response (TR).
There was o significant correlation between methylated
MGMT promoter and therapy responss (p=0.001). Tumors
with methylated MGMT promoter demonstrated o sig-
nificant higher TR (51.6%) compared to the wumors with
unmethylated MGMT promoter { 14.0%) (Tuble 2).

P was dingnosed via RANO criteria in 24, via "F-FET-
PET in %, and via surgery in 25 patienis. In cise of recurrent
tumor surgery, MGMT methylution status could be verified

€} Springer

in all paticnts and was identical in 100 to the MGMT status
of the tisspe resected in the primary surgery.

Survival data

In patients with MGMT methylated mumors a significant
incressed 085 as well as PFS were observed {(p=0.009,
p=0003, respectively). 05 and PFS (Fig. 2A, B) in
patients with MGMT hypermethylated residual tumors
were 16 months (95% CI, 13.00-19.01) and |3 months
{595% CL 5.594-20.06). In MGMT negative tumors mOS was
12 months (95% CI, 9.92-14.08) and mPF5 5 months (95%
CI: 2.92-7.08).

Survival dats were additionally correlated to a patient
cohort who received a gross wial resection st the same
department [22]. Comparing available data of both groups
tumors mostly were located eloguently (67% vs. 92.6%).
‘While complete resected tomors were muinly localized on
the left hemisphere (58.8%), incomplete resecied mwmors
oecurred mainly on the right hemisphere (48.2%). With a
median preoperative nmmor volume of 36,585 cm® incomplete
resected patients showed a larger preoperative umor volume
{3685 va. 22 cm’). The median preoperative KPS was 90%
in both populations. bledian age of paticnts with total resec-
ton was 58 years. An incomplete resection was associansd
with a higher age at time of diagnosis (median 63 years).

In this analbysis, paticnts with a pasitive MGMT methyla-
tion status alse demonstrated an increased OF (mOS: 21.0
i 190 months). The mPFS was 9.0 months in both groups.
Compared te our daty, following incomplete resection then:
is u similar mPFS, but increased mO3.

Tumor progression

Independent from modecular analysis, median residual tumor
volume of all patients was 0.94 cm’ (range: 0.18-11.50
em’, Tuble 31, There was no significant difference regard-
ing residual umor tssee and MGMT methylation status
{bann—Whimey L test: p=0.3%2) Due to the significant
difference of OF and PF5 in putients with MGMT positive
and pegative methylated tumors, fuwmor volumes wis caleo-
lated ar 3, 6, and % months post-ap (Table 4).

Impact of age, residual tumor volume and KPS
on survival

Our daty demonstrate a negutive impact of age and residoal
mor volume on survival. In patients older than 60 years
median 05 (95% CI: 6.19-13.85) and median PES (95%
CL 5.19-8.81) was decreased compared to younger patienis
{95% CI: 12.66-15.34 und 3.47-12.53). Paticnts with a
residual mmor velume greater than 1.5 em® had a shorter
median 08 (95% CI: 9.00-11.00) and median PFS (95%
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Tabde 1 Patient characteristics
Parameter Value Whale population MGMT positive MGMT nepgative
n=§1 n=3] n=5{
Al dala evaluation Alive 4 {4.9%) IeTH L {20%)
Ciead TT95.1%) 28 (90.3%) 45 (SR 0F)
Sex Male 5061 T%) 18 (38.1%) 326 0T
Female 31 (38.2%) 13 (4 1.9%) 18 {36.0%)
Age at initial diagnasis (in vears) 60 I8 (4692 13 (1.9} 25 {50.0%)
= Gl 43 (53.1%) 18 (38.1%) 25 (50.0%)
Medizn (range) 63 (3d-8a) 64 (4686} 61 (30-BX)
Mean (S0 61.74 {11.53) 6394 {%93) G038 (12.32)
KPS at initial diagnosis 1] 1 {1.2%) 1 {(3.2%) 0 {OE)
G 4 (4.9%) IR L {20%)
B S{11.2%) 1{65F) T{I4.0%)
i 54 (66. 7%y 1% (61.2%) 35 (TO0F)
100 13 {16.0%) 6 {19.4%) T{I4.0%}
Median {range] G0 60100 O (60 100) O T L0y
KPS past-op i 0{0%) BD%E) S
w 4 {4.9%) 2{65%) 2{4.0%)
L1 B (9.9%) 1{65F) & (12 0%)
o 45 (55.6%) 15 (4845} A0 (E0.0F)
100 24 (29.6%) 12 (35.6%) 12 {24 0%}
Meadian {range) G0 (T0-100) b (0 100 O 0= L0y
The table shoews the patient characteristics of the whole popalation and depending on the MGMT status
Table2 Course of discase Cahert MGMT pasitive MGMT negative
n=E1{%) n=31{%) n="50 (%)
Treatment response (TR n=23
Complete remission (CR} 2 (B.T) 2{125) [ {0V
Pastial remission (PR 2(8.T) 106.3 L {14.3)
Stable disease (5[0 19 (R16) I3 (RL.2) i (B5.T)
Progressive disease (FD) n=58
RAMNC-criteria 24414 5(31.3) 16 (44,23
*EFET.PET q(15.5) 96Ty B{IE6)
Surgery 25¢42.1) 15 431 16 {37.2)

Treatment respoase dependent from MGMT methylation status, and diagnosis of progressive dissase

CL 5.09-6.91} than paticnis with a smaller residual nmor
vilume {93% CI: 3.92-10.08 and 11.89-14.11}. However,
these findings were not statistically significant. The pre- and
postoperative analysis of the KPS could net show any sig-
nificant influence om G5 or PFS in our cohort.

Discussion
In this snedy, we intended w analyze whether o methylaged

MGMT premoter could ourweigh the burden of incompleie
resection in IDH-wildtype glioblustoma patients. During the

last years, the identification of molecular markers has been
of high importance in the treatment of malignant gliomas
[5, 24]. The methylated MGMT promoter is atributed 1w a
betier therapy response te adjuvant chemoradivtherapy, and
hence to u better OS5 [3, 25, 26].

Our data support these findings, since patients with
a hypermethylated MGMT promoter demonstrated an
increased mO5 (16 months with & mPES of 13 moenths)
compared to patients with unmethylated MGMT promoter
residual mwmers (mO8 of 12 months with a mPFS of 5 mot-
nhs (p=0.009; p=0.003)). On average, umor progres-
sion in MGMT promoter methylated residual mmors wus
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Table 3 Posi-(¥ residual bamar Vab

valume
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Cohost MGMT pesitive MGMT negative
n=gl n=3l n=>50
Wi incm’
£ 1.5cm® (%) 54 {&6.T) 20 (5 34 (R
= L.5am’ (%) 17355 11355 16 (320
Median (Range} 0.5 {0,181 1.50) 0.0 (1 1R-8.92) 004 (0. 18-11.500
Mean (50 163 (2.0 168 (1.58) LAL (212

The table shows the post-op residual bamor volume (2t TO=post-op) assoried by the MGMT stabas
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IuH.ell Ez:_jd.l.n.H.umur lassime Vale T Ti TE Ta
at different timepoinis
W oy MGMT psitive incm’
n 1] 26 0 13
Median (Range} 094 (0188920 0S8 (0 17-104)  L23 (21-10075) 041 (0185600
Mean (SN 1.68 (L.R8) 395 (104} 104 [1.5%) 1.28 (1.6)
Vg o MOMT egative in cm’
n 44 kL) 12 13
Median (Range) 084 (0L 1B=11.500 L4% (02=19346) 175 (03430451 123 (02537
Mean (S[H 161 {2.12) 395 [4.08) 4.4 {R.33) 638 {14.87)

The table shows the course of the residual tumor tmsue in patients with o MGMT positive and MGMT
negative GEM o diferemt Gme points: TO = post-op, after 3 (T3], 6 (T4, and 9 (T9) manths past-op

diggmosed 041 months luter than putients with an unmeth-
ylated MGMT promoter. A possible reason for this short
i difference might be the gray zone of glioblastoma with
borderline methylation of the promoter region and the selec-
tiom of the cut-off to which category the fumors are classified
[Z7].

MGMT tumor methylation was also positively correlated
e increasad rentment response (51.6% vs. 14.0% ), which is
in line with the recent literature [23, 25, 26, 28, 29].

Huowever, compared w patient cohorts following CR, our
sty population showed decreased survival times. Thus, our
daty cannot support that a preferable MGMT methylution
conld compensate the loss in survival tmes from incomplets
resection.

Surgical treatment strategies

The extent of resection 15 considered crucial for the fur-
ther course of the disease in IDH-wildtype glioblastema.
Becently, Molinaro et al. discussed, that IDH -wild-type
amd IDH -mutant glioblastoma patients benefii from a maxi-
mized percentage of resection of contrast- and non-contrast
enhancing mmor regardless the MGMT stams [30]. Since
residual tumor tissue is anributed w0 a reduced OF, aggres-
sive gross total resection of at least all contrust-enhancing
tumer on METD or even bevond is the gold standard [13,
31-35]. Several surgical adjuncts cun help o optimize the
extent of resection without causing permuanent post-op neu-
rological deficits. They include intraoperative neuromoni-
toring with cortical and subcortical mapping, awake brain
surgery, fluorescent-guided resection with 5-aminelevulinic
acid, and intraoperative imaging echnigues such as ulirs-
sond or MRI [36]. In case of eloguent located tumaers, com-
plete resection without cansing a new permanent neurslogi-
cul deficit is mot always feasible and residual mor tissoe
cun be lefi in sitw as risk—benehit analysis [22, 28, 31, 37].
This risk—benefit unalysis should always include a thor-
oughly information of the patient and his relatives. Possible
increased survival times that can be achieved through an

extreme ageressive resection in which permanent new neu-
rological defcits are hazarded necd w be waded off for the
quality of life. Surgeons carefully need to discuss possible
postoperatively affection of quality of life with patients and
relatives: what does quality of life mean for the particular
patieni? Is there an adequate home care infrastrociure and
what kind of prefessional suppoert will be needed? This
decision-muking process requires well-trained neureonco-
logicul surgeons and neurooncoelegists as well as a consid-
erahle information of patients und relatives. Additionally,
apart from personal preferences and environment thit might
be willing 1o gocept new newrological deficits pest-op, one
also nedds w consider and clarify the impact from nearologi-
cal deficits on survival [38]. Postoperative new neunological
deficits can affect survival to the extent of sbolishment of the
benefit caused from complete resection.

Impact factors on survival

Besides the molecular pattern, further variables are dis-
cussed to influenee the course of the disease, explaining
similur survival eurves in the first months of follow up [E].
and the existence of longrime survivors with MGMT negu-
tive GBM [3%]. These variables are expected to be age at
diagnesis, generd] condition, wmor location and pre- and
post-op tumor volume [21, 40]. In accordance with that,
in our study older patients and those with more residual
tumer volume had a worse outcoms. However, these find-
ings were not statistically significant. With a postoperative
median KPS of 9% patients of our study showed noe differ-
ence between preoperative and posteperative scale. Patienis
were mostly operated under newromonitoring and often
awike surgery seitings alming te prevent new nearologi-
cul deficits. We sssume that operative procedurs added w a
fuvorable outcome but also to residual tumor volumingl as
functional limits wers achieved under surgery. The median
post-up KPS in a comparable study, in which patients had
a complete resection, was 0% as well [22]. In this study
patients with mainly less freguent eloquent located lesions
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were enlosed which might have contributed to a compara-
ble KPS under total resection.

General limitations

Based on the strict inclusion criteria we analyzed data of &
very homogenous group, which might alse cause a selection
bias. D to the retrospective and monoceniric siady design,
resulis may be less conclusive caused by small patient num-
bers especially in the subgroup analysis. However, here we
present an analysis of residual omor tissue throughoor the
whale course of disease, dll patients wers meated at the same
neurosurgical department with the same adjuvant therapy
scheme. Survival data of the other cohorts wsed for com-
parison betwesn CR and residual tumor were extracted from
literuture. In one sody, data was collected at the same hos-
pital with comparable inclusion criteria, however data were
not collected for this present study, parculardy. Compared
e other studies, a different cut-off o categorize MGMT
promoter methylated and unmethylated glioblastomes might
also have an impact [29]. Concerning evaluation of the clini-
cal stanis measured by BPS in most of studies used for com-
parison, onky little reference was made to the post-op KPS
[21, 23]. Therefore, o comparizon concerning the KPS as
Pustoperative ouicome score o patents with complete vs,
incomplete resection between these study populations and
the present reported data could not be made. In general, the
EPS is only u restricted outcome meusure a5 subtle cognitive
impairment can hardly be measared with the KPS as it only
mensures the physical stains but omits other parts that con-
tribwte o quality of life (¢.g spiritealicy). Therefore, addi-
ticnal newrocognitive and psychooncological assessments
are crucial in nearconeologica] patients. Mevertheless, the
EF5 is an easily sccessible and quickly performable ool
and still important as o correlation of physical functioning
deficits and significantly decreased quality of life has been
reported. The KPS cun assess the evolution of the clinical
status of a glioklastoma patient and is therefore widely used
in neureoneology.

At last, all histopathological diagnoses werns re-classified
avcording to the 2006 WHO guidelines, which lead to a loss
of putients in which re-classification was not feasible, The
risk of over- or underestimation of the manua] wmer volume:
caleulation was minimized since the same person calealated
itin all cases,

Conclusion
Oy duts vmderline the impact of the MGMT promoter meth-
ylation staius in the treaiment response of IDH-wildiype

glioblastoma. Even after incomplete resection, patients with
MGMT hypermethyloted twmor demonstrated increased
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05 und PFS. However, our data revealed that the disadvan-
tage of an incomplete resection cannat be ourweighed by a
favorable MGMT status in contrast we. Therefore, gross total
resection of IDH-wildiype glioklastoma should remuain the
gold standard. Still, more sudies abowt the behavior and
ireatment of residual umor tissee are reguired. In ames
of persomulized medicine and quality of life representing a
major gaal in encelogy, nearo-oncologists need to inform
the patients and their carcgivers thoroughly sbout advan-
tages and disadvantages of residual tumor volums versus
pessible neurelogicul deficits in gross sl resection espe-
cially in an eloguent tumaer location,
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Feasibility of intraoperative
neuromonitoring and
cortical/subcortical mapping
in patients with cerebral
lesions of highly functional
localizations—pathway to
case adapted monitoring
and mapping procedures

Franziska Staub-Bartelt”, Marion Rapp and Michael Sabel

department of Mewcargeny. Uity Hospitel Duesseicont, [umssmidord :.ll_"l'l‘r:ll

Background: Intreoperative neurcmonitoring oMM and mapping procedures
wia direct cortical stimulation (DCS) are required for resection of elogquentty
located cerebral lesions. In ouwr rewrconcological department, mapping and
monitoring are used elther combined or separately for surgery of functional
lesions. The study alms to provide a practical insight into strengths and pitfalls of
intracperative neuromonitonng and mapping in supratentoral functionally
located infiltrating lesions.

Methods: [2MM and mapping technigues performed in eloguent located brain
tumnors were anatyzed with a focus on neurological outcome and resection
results obtained wa MAI. Additonally, the surgeons’ view om obligatory
technigues was explored retrospectively immediately after surgery. To evaluate
the impact of the described items, we comelated infracperative technigues in
varigus issues.

Results: Majority of the 437 procedures were performed as awake surgery (535).
Maonopalar stimulation was used in 348 procedures and correlated with a
postoperative temporary neurological deficit. Bipolar stimulation was
performed in 127 procedures, partsoularty on turmors in the left hemisphere for
lamguage mapping. Overall permanent defict was seen in 2% of the patients;
rielther different mapping o monitoring modes nor stimulatien intensity,
localization, or histopathological findings correlated significantly with
permanent deficits. Evaluation of post-OF MR revealed total resection (TR in
20% out of 417 cases. Marginal residual woleme in cases where total resection
was asswmed but MR failed to proof TR was found (0.4 mb. Surgecns’ post-OF
evaluation of obligatory technigques matched in 73% with the technigues
actually wsed.
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Conclusion: We report 437 surgical procedures on highty functional located
brain kesions. Resection without permanent deficit was adequately achievabée in
98% of the procedures. Chosen mapping of monitoring techniques mosthy
depended on localization and vascular conflicts but also in some procedures
on avalabdity of resources, wihich was emphasized by the post-OF sungeons
evaluation. With the present study, we aimed to pave the way to 3 la carte chodce
of monitoring and of mapping techniques, reflecting the possibilities of ewven
supratotal resection in eloguent brain turmor lesions amd the herawith increased

need for monitoring and limiting resources.

AEFECADE

Intrasperative monltoring, braln mapping, braln tumor, aleguent lecatisn,
supratentorial brain tumar

Introduction

Surgical gross total resectivn represents the gold standard
according to therapewtical appreaches of infiltrating brain tumors.
The aim af the surgical intervention & an achievement of complete
removal af the tomor as seen on the MBI scan and described as
grass tofal resection in the |#erature in order to extend survival of
the patients as this is directly linked to an extended averall survival
in high-grade glioma patients {1-3). For low-grade glioma, it is well
known that a residual tumor volume and extent of resection can
predict the progression-free survival and time to malignant
transtormation (4, 5) as well as overall survival Surgical resection
in brain metastasis has also been the object of partly critical
inwestigation. For this brain tamar entity too, surgical resection
was found to be a significant factor for longer survival and
presermtion of fanctional status in many studies comparing the
surgical approach and radiation therapy or radiation therapy alone.
Patients that anderwent surgery before radiation, regardless of the
type af radiation (whele-brain ar sterestactic radicsurgery), showed
a significant longer patient survival and higher Karnofsky
Performance Scale Scores (6, 7).

Thus, surgical therapy represents a main step in therapentical
concepts for cerebral lesions of diferent etiologies.

Thie st comman highly functional supratentorial cerebral lesions
camprise areas of motor and speech function. An impartant feature of
gliomas and to some extent metastasis is the infilimting zone Here,
fanctional tisswe is infiltrated by malsgnant cells. Sargical intervenizom in
this zone would inherently result in neurologicalneurocognitive
deficits, @ mon-resection in potential eadier recurrence. Thus, a
passible definition af “eloquent” localiztion could be the ability to
correlate a defined nevrologicalinenrocognitive deficit with the
destruction af this tissue by progression of the tumar ar resection.

Maximum but safe resection is the superior aim in brain tamor
surgery. In arder to achieve the aimed resection hat also to preserve
functicnal status, as well as to provide the patient with optimal
conditions for adjuvant therapies, intracperative neuwromanitoring
and mapping using direct cortical and subcortical stimulation

Froevtiens: in Oreclogy

techniques have been well-established procedures in resection of
tumors relating o mator pathways or speech areas and fiber tracts
{&8-12). In addition to motor and speech function, nearocognitive
integrity has more and more become a target for intracperative
testing over the last few years {13-15).

There are different methods used for intrapperative monitaring
{10M) of neurplogical function. Transcranial electric stimulation
{TES) can be used for mator-evoked potentials (TES-MEP) for
monitering of motor pathway integrity. Additionally,
somatosensory-evaked potential (55EP) monitoring to watch ower
sensary function can be pedformed MEP monitoring can also be
perfarmed wia direct cortical stimulation (DS} by placing a strip
electrode {SE) on the precentral gyrus allowing 2 continucus contral
af neuralogical motor function in asleep patients. [H% is also
carried out by the usage of handheld moncpolar or bipolar
stimulation probes {16, 17), which enables the surgeon to map
the functionality of the tissue. Bipolar stimulation is commaonly
used for awake mapping procedures, whereas monopolar mapping
is particularly used for motar mapping for tumors located near or
around motor pathways even though speech mapping is alse
performed at least on a research hasis via monopolar mapping
stimulation (1%, 19). In summary, to date there are several options
for mapping and monitoring procedures available, fram which the
surgenn <an choose for special indications.

Civer the past two decades, we have implemented the mentioned
technical metheds as well as awake and asleep resection protocols at
our department. Instead of chocsing ane methed over the ather, we
preaperatively determine what we think is the most suitable
techmique for preservation of newrological function. For
reevaluation of the decisicns, the present study was conceived in
which we analyzed clinical and intraoperative data of 437
procedures in 400 patients that underwent surgery of eloguent
brain lesions during a period of 4 years and complemented these
data with subjective evaluations of the decisions made
precperatively by the surgeons that had performed surgery. All
patients underwent surgery using either a single or combination of
different mentioned intrapperative newromonitoring and mapping

frantersr org
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methads. Additionally, we combined asleep and awake procedures.
With this study, we aim to provide 2 deeper insight into strengths
and pitfalls of intraoperative neuromonitoring and mapping in
supratentorial elequent brain tamors, especially gliomas and the
herehy weed methods at cur nstitution

Patients and methods

I this single- center analysis (screening peried 01/ 200 5-01/23],
we performed evalwation of intracperatively collected data of
neuramonitoring and mapping procedures in patients undergoing
surgery for eloguently located supratentorial brain lesions. We
complemented these data with sociodemographic data, clinical
findings of preoperative and postoperative neuralogical status up
to & months postoperative, and MRI studies for residual volume
evaluation and newropathological diagnosis. The study was
appraved by the local ethical committes (Stody Number 2022
2242). Reparting of this study was according to the strengthening of
the reporting of observational studies in epidemiclogy {STROBE)
guidelines for observational studies (Supplementary Material).

Patients

Inclasion criteria for the present analysis were (1) surgical
intervention in patents >18 years between January 2019 and
January 2023, (1) Intraoperative monitoring and/or mapping
devices were used. (3] The addressed lesion was located
supratentarial. Procedures for posterior fossa or spine surgery
were excluded Availability of I0MM or mapping data was also
taken into consideration as bo some extent some data were missing
in some of the cases. However, missing of few data of individuals did
not lead to exclusion. The number of proceduares is given for all

single analyses.

Data collection

General data

Sociodemographic data, newropathological results, and
informaticn on medicalfsurgical history, if applicable, were taken
from the local patient administration system. Surgical history was
divided into four categories: {1) primary surgery, {2} recurrent
surgery with neurapathological confirmation of recarrent disease,
{3} recarrent surgery without neuwropathalogical confirmation of
recurrent disease, (4] Ind-look surgery.

MNeuropathological results if chtained before introduction of
WEHO 5 Classifications of Central Nervous System Tumars 2021
(20) were adapted according to the new classification.

Meurological outcome
Patients underwent initial neurological examination at
timepoint of admission; this was defined as timepoint “pre-
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aperative”. Postsurgery patients underwent multiple examinaticn,
especially in case of any new newrological deficit. For the present
analyses, we consistently used the examination at fimepoint of
dismission for delnition of timepoint “pastoperative”.
Furthermore, patients with new neorclogical deficit in the
postaperative state were followed wp at around 3 months {3

menth FUY} and & months {6-month FU). Meurclogical
examination was performed by different specially trained team
members who also carried out awake procedure preparation and
awake procedure testing intracperatively. Our protocol indudes a
detailed guestionnaire about general condition and health-related
problems as well as a detailed newrological examination of cranial
nerves, matoric and sensory testing. and, if applicable. speech
testing as described farther an

Meonitoring and mapping data

Maonitoring and mapping data were obtained wsing the
following technical devices with a described standard setup for
different monitoring/mapping technigues.

ISIS Xpert and 2 Xplore (inomed Medizintechnik Gk,
Emmendinger, Germany, NeuraExplorer Software Version &)

manitoTing
SSEP (IS5 only)
TES-MEP (1515 anly)
DS MEF {1515 only, foar te six contact subdural strips).

mapping
Cortical and subcortical with monopalar probe
cortical and subcortical with bipoelar probe

Ini cases where the ©2 Xplare device was used, amperage of bipolar
gtimulation is given in the numbers of ISIS Xpert device as there are
other technical nuances between those devices leading to different
settings. For better comparisan, we standardized the data obtained.

Ojemann Cortical Stimulator [Tntegra LifeSciences)

mapping
Cortical and subcortical with bipolar prabe

Awake status

Additionally, surgical protocels were screened for stimulation
details and information on awake status and time of awake
condition if applicable. Awake status was divided into fallowing
subcategories: “awake,” "not adeguately awake,” “not awake”. In
cases where awake surgery was planned but mot conducted due to
nan-compliance of patients or other reascns (“not adequately
awake"], the procedure was categorized in awanke surgery status
for statistical analyses.

Moare detailed technical data such as monitoring mapping devices
and technical setups are reported in the Supplementary Informaticn.

franbersr crg
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Chioice of adequate mapping/monitoring or
speech testing

Ab patients’ presentation and when indication for susgery is set
due to radiological and or clinical findings, we take a deep loak inta
MR scans and decide a5 a team of the leading surgecn and assistant
surgecn as well as monitoring staff which technigue to use in this
special case. There has to be careful consideration of dinical and
technical examination resalts in order to choose the right methads
far the particular cases. The day before surgery. team members of
the neurconcelogical team will talk to the patient through the
pro<edure and perform neuralogical examination of the patient
with evaluation of cranial nerves, mator and sensibility deficits, and
general symptoms as hesdaches and perform a quick screening of
speech disturbances. If there are any conspicwousness aboat speech
deficits in the screening, the whole testing battery that we defined at
our department is useful for efhicient speech festing is performed.
Dhetails about the speech testing are described belaw.

Language testing

When language testing was performed, different tests woere
conducted with some items taken from Aachen Aphasia Test
(21]. Baseline testing was performed the day before surgery in
order to have comparable data for intraoperative testing.
Furthermare, all patients underwent postoperative testing at least
at one time point in the postoperative state until they
were discharged.

The following dimensions of language skills were tested pre
intra- and postoperatively in order to evaluate patients’

speech affection:

Spontaneous speach

Patients are motivated to talk about a topic of their chobce. This
is done to test semantic aspects of the patients’ speech, articulation,
phonology, and syntax in general.

Token test
Testing language comprehension by showing and matching
geometrical shapes of different sizes and colors.

Free reading
By reading the written language comprehension is tested.

Ficture namimg
Analysis of the designation of images of colors, ohjects,
oF actions.

Fyramids and palm treas test

Test for semantic memory used to detect language impairment.
The test uses iconic images to determine the degree to which a
subject can access meaning from pictures and words.

Surgeons’ postoperative evaluation
In arder to compare chosen methods with a postoperative
resvaluation, we retrospectively performed inguiries of surgeons
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concerning assessment of chligatory monitoring/mapping in the
present case. (hligatory modes were divided into the following 13
categories: monapolar stimulation, bipelar stimulation,
combination monopalarfSSER/MEP, combination moncpoelar
SSEP/MEP/SE. combination monepolar/bipolar, combination
manopolarbipolar/S5ERMEP, combination monopalarthipolar/
SSEP/MEP/SE, combination bipolar 55EP/MEPSE, S5EP/MEPS
SE only, monitoring/mapping (m/m) not nesded, m/m not
applicable/no resection, used methods inconcusive.

The chosen methiod for each specific case served as preoperative
evaluaticn and was not documented separately.

Pracedures were led by three senior surgeons with each more
than 10-25 years of experience in the field of brain tumor surgery
and intraoperative monitoring/mapping procedures. Senior
surgeans were accompanied by residents with different
experiences in brain tumor surgery.

Residual volume (MRI)

For evaluation of residuoal tumor volume, resolts of
postoperative conducted MRIs were screened. All MRIs were
carried out within 72 h postsurgery. We defined four groups for
rezult description:

(I} intraoperatively defined macroscopic total resection and
todal resection in postoperative MBI {2) intraoperatively defined
macroscopic total resection and residual tumor wolome in
postoperative MRL (3]} intraoperatively defined macroscopic
residual tumor volume and residual tumor volome in
postoperative MEL and (4) no MRIL Residual volume was either
calculated by the reporting radiologist or if missing by the study
team under usage of 2 volumetry tool in the local rmdiclogy
mformation system (SECTEA Workstation 101, IIFS7, Version
4.1, Sectra AB, Sweden, 2022). Pesultx of residual tumor volumse
are stated in milliliters. Residual volumes less than 0.1 ml were
defined as iotal resection.

Statistical analyses

Al statistical analyses were conducted using TBM SP55 Statistics
Version 26 {[BM Corporation, USA). Obtained resalts were
statistically analyzed by wsing chi-square test for nominal
variables. Group comparison was performed by wnivariate
analyses of variance by (ANOVA)L and post-hoc tests were
adjusted using Ronterroni correction. Additicnally, we carried out
correlation calculation under usage of Pearson correlation.

Statistical cutalf stated as p-value for all results was set at 0L05.
Results
General data

Owerall, we incduded 437 surgical procedures in 400 patients
{47% women, n = 1E8; 53% men. n = 212) over a pericd of 48
months in the present analyses. There were 27 patients who

underwent surgery twice and five patients who had triple surgery
during the chservation periad.
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The mean age of patients at surgery was 56,6 years [+ 5IF 14.9,
range 20-%0 years]. If patients underwent more than one surgical
procedure, age at fArst recorded surgery was enclosed in the
reported data

&% of surgeries were primary cases (n = 29). One-third were
recurrent surgeries with newropathological confirmation of
recurrent disease (n = 121). In 3% {n=12). recurrent susgery
revealed no recarrent disease but showed other diagnoses, for
example radio necrosis or reactive tissue changes. Eight {2%)
procedures were labeled as second-look surgery in patients with
significant residoal tumor volume in postoperative MRIs due to
different reasons.

e patient underwent primary surgery without mapping'
manitoring and showed residual volume in the postoperative
MEL therefore, second-look surgery was advised. Four patients
showed different impairments under subcortical stimulation {one
patient amamia with 2 mA bipolar subcortical stimulation, one
patient =70% deterioration in the picture naming test as well as
under subcortical bipolar simulation, ane patient who onderwent
manopalar subcortical mapping with a 2-maA resection limit
achieved, and one patient who showed a significant increase in
S5EP latencies and therefore resection had to be stopped).

In bwo patients, primary surgery was finished under expectance
of tofal resection with no link to functicnal limits. Ome patient
underwent primary surgery under expectance of debulking as
resection could only be achieved under speech monitoring, but
speech testing preoperatively showed too much effect for reliable
intracperative testing. After recovery from primary surgery, awake
surgery was evaluated as soon as possible; therefore, a second-look
surgery with indented tofal resection was performed.

A total of 235 procedures were performed on lesions in the left
hemisphere {54%), 196 were right-hemispheric tumars (45%), and
6 were located elsewhere (1%, rostrum, splenium, bifrontal).

Majority af newropathological diagnoses were high-grade
glioma [(glichlastoma, IDH-wild type, MGMT methylation
positive or negative] with 191 procedures {43.7%). IDEH-mutan:
astrocytoma (WHO 1-4} and cerebral metastazes were each
diagnosed in 8& procedures (19.7%). Oligedendroglioma, TDH-
mutant Ip/l9q co-deletion (WHO 2 + 3), was diagnosed in 38
procedures (8.7%).

For a summary of cohorts” complete general data results, please
refer to Tahle 1.

Awake status

Orverall, 53% {n = 233} of procedures were conducted as awake
surgery or were at least planned as awake surgery. Out of 133
planned awake procedures, 36 were categorized as “not awake
adequately™ {15%). Most frequent localzations for awake surgery
in left hemispheric tumors were frontal, temporal, fronto-temperal,
and parietal lesions, in the rght hemisphere most commeanly right
parietal tumars followed by temporal and frontal lesions. Patients
that underwent planned awake sargery were significantly younger
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compared with the non-awake patients with a mean age of 523
years in the awake group vs. 60.2 years in the non-awake group {p <
0.0801, Figure LA).

Avwake statas and duration of awake status differed signfcantly
according to the hemisphere. While lesions located in the left
hemisphere were maore frequently planned and conducted as
awake procedure (p < 0.001, Figure 1B), the dumtion of the
awake phase was significantly longer when performed on lesions
in the right hemisphere (left = 59,6 min [+ 5D 25.2] vs. right = 808
min [+ D 27.1], p = 0023, Figure 1C).

Intraoperative monitoring/stimulation data

TES-MEP and SSEP monitoring

S5EF monitoring was conducted in 234 and TES-MEP in 360
procedures, The range of stimulation for the present cobort for left
ard right medmnus SSEP monitoring was 0.8-20 mA and for tibilias
S5EF on the right side 0.5~ 30 m and for the beft side 1.7-30 mA. Far
MEP moni#oring, maximum stimulation of 220 maA at 2 band-pass
flter betwean 250 and 500 Hz or a maimum of 100 mA at 300 Hz
was used. For wpper extremities, the range of stimulation was 40 to 80
m and for lower extremities 60-110 mA in the present cohart.
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SSEP and MEF monitoring via SE was conducted in 172 cases
{Figure 2). 85EP monitoring was significantly more frequently used
in left hemispheric lesions (n = 136 vs. 94, p = 0007}, whereas usage
af TES-MEP did not significantly differ concerning localization
{Figure 3). 55EP monitoring was significantly more often used in
asleep surgery status (p < 0001 55EP, Figure 4).

Furthermore. we analyzed EEG documentation for
intraoperative seizures; EEG data were available for 260 patients.
Seizures were chserved in 22 patients either wia EEG only or by EEG
and dinical determination (8%). There were 13 patients with
seimre occurrence {59%) who underwent an awake procedure
Preoperative seizure did not increase the risk for intraoperative
seizares {p = (L&54), but bipalar stimalaticn significantly correlated
with occurrence of intraoperative seizures [p = 0008) whereas
mancpolar stimulation did not.

Meonopolar/bipolar mapping

Monopolar mapping was conducted in 348 procedures
{Figure 2). Stmulation ranged from 05 to 20 mA. Epidural
stimulation in 127 cases (36%) was conducted with a mean
current of 104 mA [+ 5D 4.2]. In the vast majority of surgeries, 2
cortical stimulation was performed with 329 cases (96%) and 2
mean current af 76 mA [+ 5D 4.4); subcortical stimulation was
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FIGURL 2

Murmber of procsdanes for diilenent moniloring/mapping mades trat wiene Wsed intraoperatively. Mostly monapolar stimalation was ised. The
comitiration CoambT) of manopolir and bpolar mapping plus mansaning was the least combination that was Lsed inbaaperatively.

found in 302 surgeries {87%) with 2 mean current of 3.4 ma [+ 5D
1.2], ranging from 0.2 to 30 mA.

The proportion of awake procedures in monopalar mapping
procedures was 52% with 181 cases {Figure 4}

There were 186 procedures condocted under usage of bipolar
stimulation {Figure 2). Bipolar cortical mapping was foand in 91%
(o = 165} with a mean current of 22 mA [£ 510 1.4, range 1-3 mA)
and subcartical stimulation in T3% {n = 138} with a mean current of
21 mA [+ SD L0, range 0.8-3 mA]. In the awake setting, 160
patients underwent bipalar stimulation (91%, Figure 4). If clinical
evaluation, in case of awake surgery, or MEP/SSEP manitoring
allowed so, resection was stopped 2t a minimum of 1 mA when
perfarming subcortical mapping.

In 151 cases, both monopolar and hipolar stimulation were
performed, thereaf a total of 91% {n = 138} proceeded in an awake
setting {Figure 1)

Dwuring bath mapping procedures, awake surgery stabus was
more frequently planned than asleep proced [monopal
stimulation p = 026, bipalar stimulation p = 00001, Figure 4).

Localization did not correlate significantly with use of

manopalar mapping however, bipolar mapping was used more
frequently for left hemispheric tamars (p = 0,001, Figure 3).

Surgeons' evaluation of obligatory
stimulation mode

Most frequently monopolar mapping {n= 172}, bipalar
mapping (n= %8}, and combination of monapalarfbipolar
mapping {n= &5) were designated as obligatory stimulation
mades. In only 10 procedures, combination of all mapping and
manitoring technigues was seen as chligatory (four lesions left
frontal, temporal and fronto-temporal, six lesions right fronto-
parietal, parietal and fronto-temporal); however, SSEP/MEPF
manitoring was seen obligatory in around 16% of all procedures,
independently from mapping procedures that were performed, but
most commonly in right hemispheric lesions with monopolar
stimulation combined with SSER/MEP monitoring,
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In eight cases, SSEF/MEP monitoring only was evaloated as
reguired without any mapping procedure. Three procedures were
performed witheut any reguirement of moniboring er mapping due
te intranperative non-functional localization (0.7%). Two surgeries
were terminated without any intervention. In one procedure, 2l
methods used were rated as inconclusive with no benefit for sate
resection (Figare 5).

A significant correlation between localzation of tumor and
postoperative stated chligatory stimulation medus was found (p =
< 0001},

Monopalar obligatory mapping was found to be essential in
right hemispheric tumors more aften than left hemispheric ones; on
the contrary, bipelar mapping and combination of moncpalar!
bipalar mapping were evaluated as essential more aften on left
hemispheric lesions.

Incongruency of the chligatory method according to surgeons'
evaluation and the intraoperatively used method was maore often

«HBEREEEEEN

FIGLUEL &

zeen with abligatory bipolar mapping {23% bipolar mapping, 10%
for monopolar mapping).

Clinical outcome

In 378 cases, preoperative deficits were noticed {64%), mostly
mator deficits {n = 70}, speech disorders {n = 58}, affection of vision
and or cranial nerves (n = 28). and behavicral changes (n = 28).
Additionally, precperative seizures were abserved in 49 cases (11%).

A new postoperative newrological impairment was seen i 57
patients (13%, Figure &); seven patients died shortly after resection.
However, deaths were nat directly related to surgical complications.
Majority of neurclogical deficits [61%) were seen after procedares
o ledt hemispheric tumors, and right hemispheric surgeries led to
postoperative new deficits in 35% of the cases. 4% ocourmed in
other locations.

Postoperative evaluation of obligatony manpirg or monitoeing modes by the apemting sungeon. Monopolar, binolar, and a combination ol both
mapping procedunes wene mastly sabed as oblgatany” for the preceding surgeny. Full technical equipment with a combiration of mapping and

MANRONNG wirs b2ss reguentty recalked a5 abbgatory.
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IRrstrating cases wiih posioperabese anc perssienl reyw neuroicges) defcRs. We dehned persrtent cehot @5 neumologcsl imparment afspr &
mantte pastoperatree. Mire patents ouBered from persnfent deficts sfer sargical reenveriion: mostly permane speech dronders were seen

A eotal of 24 patients suffered from high-grade hemiparesis, one
patient showed sensory deficits as new and leading symptoms, 22
patients presented a new speech disorder affecting either sensory ar
mataric aspects of speech, and global aphasia as the combination of
both was seen in one patient. Three patients presented new
impairment in facial motoric or wision. Six patients had a
combined defict of speech and motor function.

At hrst follow-up after 3 maonths postoperative, persistent
neuralogical deficits in 16 cases out of 56 were reported (4%, 0 =
411, Figare &). At & months of folbow-up, neuralogical deficits were
still seen after nine procedures, an overall of 2% concerning all
procedures, and were defined as permanent deficit by that time (n=
A0, Figure &) with five patients with persistent motor impairment
and four speech disturbances. Owerall, 13 patients had died within 6
months postsurgery {2%).

Permanent deficits ocourred independently from diagnasis (p =
0.958) or localization [p = 0.271). Significantly increased risk of
death was seem in cases with precperative neuralegical deficit {p =
0.030). Surgical status “awake” significantly correlated with direct
postoperative speech deficits not motor deficits (p = (U003} Chverall
evaluation of persistent deficit after & months however revealed o
significant influence by awake or asleep status {p = 0.593).

Correlation of stimulation/monitering medes and
postoperative neuralogical deficit revealed no significant results
for 55EF monitoring (p = 0.341), TES-MEP (p = 0659), and
bipolar stimulation {p = 0.061), bat monopelar stimulation with
p = 0007, Permanent deficit at & months did also only significantly
correlate with usage of monopolar stimulation {p = Q00LZ). At last,
neuralogical impairment and ohligatory stimulation mede turmed
ot to be not significantly related {p = 0.109).

We examined postoperative MBI scans of patients wha
experienced new neurological impairments after surgery. In our
analysis, we ddentified indications of infarction or postoperative
bleeding in 21 MR scans (comprising 17 cases of infarction and 4

Fromtien in Orcology

cases of bleeding). Motably, mest infarctions were very and
relatively small {n = 15) and are oot assumed to be a potential
reason for neurclogical fmpairment. In two patients, the infarction
may have contributed to their postoperative and later permanent
deficits. In a specific case, a patient exhibited a basal ganglia
infarction and subsequently experienced postoperative motor
deficits. Additicnally, in the second patient, a relatively extensive
territorial infarction sooarred, lesding to mator deficits as well.

Resection results

For evaluabion of resecticn results, 417 MRBIs were available. In
30 cases, postoperative MBI was renounced due to biopsy-only
procedures or postoperative bleeding with no reascnable MR
results expected. In 50% of the procedures, a total resection was
achieved {n = W} in 149 [(36%) procedures, an already
intraoperatively expected residual volume was proven by
postoperative MEIL, mostly in left fronto-temporal and straight
left temporal lesions. In 14% of the cases, intraoperative
evaluation of total resection failed proof by postoperative MEL
Overall, 268 sargeries were evaluated as total resection procedures
by the surgeons: however, in 59 cases, postoperative MR revealed
residual tumor volume in those cases with a mean residual volume
of 041 ml [+ 5D 0.73, range 0.1-4.8 ml) {Figure 7).

Discussion

The present study summarizes newrclogical outcome and
resection results of 437 procedures as well as risk factors for
neurcological impairment after surgical procedures in eloquent
brain areas when combining all modalities of monitoring and
mapping procedures for tumer resection of infilirating lesions.
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Stimulation procedures and
neurclogical cutcome

Moenopalar stimulation was conducted in the vast majority of
procedures. Motor pathway mapping with cortical and subcartical
monopelar stimulation was performed on lesions in both
hemispheres with no significant difference. This technique is
widely used for intraoperative mapping af the motar cortex {M1]
and cortico-spinal tract (22, 23). Mapping of motor functions can
alsa be carried out using bipolar stimulation {12, 24); however, it is
by far not as reliable as monepolar-induced MEPs or TES-MEP.

In oar clinic, bipolar stimulation for motor mapping was anly
perfarmed additionally to monopolar cortical mapping in cases
when monopalar mapping revealed MEF answers in more than one
gyrus or if obtained MEPs showed some inconsisbences. Bipolar
mapping was significantly more aften wsed on left hemispheric
lesions for language mapping procedures, which is also described as
standard procedure in the literatare {11, 25); howeves, for language
mapping, patients need to be awake during sargery. In our cohart,
the majority of procedures were perfarmed in the awake status and
hereaf the majority of lesions were located on the left hemisphere.
55EP monitoring was also used maore often in left hemispheric
lesions, which the authors think i a result of the majority of lesions
located left hemispheric; at least 54% of the procedures were
performed on lesions located in the left hemisphere. 3% of the
right hemispheric lesions were also operated on in the awake statas,
Our group mainly addressed right hemispheric lesions under
manopolar stimulation in the awake status when fne motor skills
or complex motor tasks had to be monitored during surgery.

Major focus when choosing individual mapping and or
monitoring modes lies in the neuralogical catcome. Maximum

Froevtiers in Oreclogy

resection results shall be achieved under maximuom safe
circumstances concerning motor and speech integrity of the
patient. Mew neurclogical deficits after brain surgery negatively
affect quality of life in glioma patients, which has been discussed
mare frequently in the past years to be defined a5 an important
prognostic factor (26}, and can contribute to a shorter overall
survival at least in patients with glioblastoma (27). Furthermaore, a
delay in adjuvant therapies due new postoperative motor
impairment contributes to a decreass in life expectancy. Thus,
there is consensus about focusing on preservation of functional
integrity during surgical therapy of brain tumors especially high-
grade gliomas, as they cannat be cared by surgery (22).

In our stady with a large number of procedures, we oaly found
permanent new neurclogical deficits in 2% of the procedures.
Viagano et al. published similar results with new permanent
deficits in 1.9% of patients when combining TES and IMCS high-
frequency stimulation in asleep procedures for tumors afecting
meator pathways (28], Rossi et al. studied outcomes in 102 patients
with tumors affecting the motor cortex when using different
stimulation paradigms for high-frequency stimulation. In the
standard approach group, using the same paradigm for
mancpolar stimulation as we did i our study, alsa 2% of the
patients sufered from permanent neuralogical impairment (300 A
meta-analysis induding 90 publications with over 8000 glsama
patients revealed slightly more permanent neuralogical deficits with
14% of surgeries under mapping procedures in eloguent
procedures (31} The same result with 3.4% new deficits were
achieved in a study by Gogos et al. (16), comprising 58 patients
with diagnosed glioma and lesions located near motar pathways.

In patients with direct postoperative neurolegical impairment,
we found twi patients in which intraoperatively an increase of S55F
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latencies was seen. In three patients, speech testing showed
difficulties due to lack of patients” compliance resolving in a new
deficit in the postoperative phase. In the ather cases, there were no
warning signs such as loss of S5EP ar MEP signals, bt majarity of
patients that underwent surgery in the awake status showed fne
impairment during intraoperative testing therefore, resection was
stopped under carehul consideration of the clinical findings.

Mone of the patients with permanent deficits underwent surgery
with special intrapperative monitoring or mapping events. Five
patients suffered from speech disorders, and four patients suffered
from mew high-grade hemiparesis. Two patients showed minar
territorial infarcts in the postoperative MEL it must be assumed that
these were camsal for the new and then in the follow.up also
permanent neuralogical deficit (hemiparesis).

There are two guestions &o be raised in the light of the certainly
very low persistent deficits in our cobort. On the one hand, the
guestion is whether the cohorts’ localizations really were as
functicnal as assumed from the MEL We found that anby in 0.7%
of the procedures, there were oaly negative mapping resualts or there
was no MEP or S5EP signal to be obtained during the surgical
pro<edure. The aothars concluded that in these cases, the tomor
was ot functionally located. However, this is a very small number
given more than %9% of the surgeries with positive feedback and
useful monitoring/mapping procedures as evaluated
postoperatively by the surgeons. On the other hand, heterogeneity
of our cohort might have contributed to the slightly better result as
there are different growth and therefore infiltration patterns
between tumor entities resulting in different complexities of
functional preservation during resection. Infiltrating tumors
might be relevantly of higher risk for postoperative deficits due to
difficulties in resection limits. In our cohort, the infiltrating tumors
were the majority, bat there were a not insignificant number of
patients with tumer entities that are known for not infiltrating but
extruding growth patterns, which is different to the meta-analyss of
de Witt 2t al_ as they cnly enclosed glicma patients with infltrating
growth patterns. In crder to ewvaluate the significance of
neurcpatholegical diagnoses, we correlated diagnoses with
neuralogical autcome and found no significant correlation. Thus,
for cur cohort, we did not see 2 link from diagnoses to infiltration
patferns, resection, and permanent deficits.

When searching for determinants that contributed to the
patients” outcome, we foand that surgical procedures on left
hemispheric lesions were more often noticed to cause
postoperative neurclogical deficits than right hemispheric
procedures. Mevertheless, this did not result in permanent new
newrclogical deficits at & months FU. However, nine patients
suffered from permanent dehicit after & months past-op. four had
recurrent surgery, and five onderwent primary surgery. 67% were
left hemispheric lesions with five patients suffering from speech
disorder and one patient suffering from motor impairment in a left-
parietal lesion. Interestingly, we found a strong correlation of
precperative neurological deficit and death within the firse &
months postsurgery.

In cur study, majority of left hemizpheric lesions were operated
in the awake status. Awake procedures are discussed to improve
safety of resection {24, 32). Although we found that there was a
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significant correlation between awake surgical status and direct
postoperative speech deficit, which was not seen for maotor
impairment, in owr cohert and this correlation was seen
mndependently fram the localization of the lesion, the overall &

month evaluation of persistent deficits was not significantly
influenced by the surgical status. Eardy postoperative overall
neurclogical deterioration was only seen when using monopaolar
stimulation; all ather monitoring or mapping techniques did nod
significantly influence the neuralogical cutcome. However, again
this finding was not verthiable at the §-month FU and might have
been infuenced by the circumstance that monopelar stimulation
has been used in nearly 0% of the procedures compared with anly
8% hipolar stimulation; we think that the wider exposure of
manopelar simuolatiocn might have increased the probability of
postoperative efiect. Oither statistically significant cofounders were
not foand.

Intracperative seizures

Intraoperative seizares induced by DCS are commaonly seen and
dizouszed complications in the literature. Studies provide a wide
range of stimulation-induced seizures with reported rates in the low
single-digit up to more than 50%, leading to an increase of
neurplogical postoperative impairment (33-33). Part of the
dizcuszion are predictars for intracperative seizures. Preoperative
seizures tend to be risk factors for stimulation-induced
intranperative seizures (24, 33, 36). In our cohort. we recorded
seizures in 8% of the procedures, with none of the patients suffering
from preaperative seizures. All patients were therapy-naive
concerning anticonvulsants. We were not able to reproduce
findings of correlation between preoperative and intracperative
seizures; however, in our cohort bipolar stimulation expectedly
coarelated with incidence of stimulation-induced seizures, whereas
stimulation intensity did not significantly influence the incidence of
niraaperative seimares.

Evaluation of surgeons

One of the major aims of this study was to correlate
prepperatively chosen monioring or mapping techniques with
postoperative evaluation of the techniques used by the surgeon
We found that in 73% procedures, the postoperative evaluation of
obligatory stimulation mode matched the preaperatively defined
meethods to be used intraoperatively. The bocalzation of the tumar
correlated with postoperative surgeans’ evaluation, and as expected,
manopolar obligatory mapping was found to be essential mozse
aften in right hemispheric lesions, whereas bipolar mapping and
combined monopolarbipolar mapping were more aften evaluated
as essential for tumors in the left hemisphere. Interestingly, S5EP/
MEF monitering cnly or in combination with DCS was cnly seen
obligatory in 15% with a rising number of obligatory evaluations
after engagement of new monitoring staff from 11 procedures that
were evaluated as obligatory monitored by SSEP/MEP to 25
procedures (per year]. The authors discussed that and found that
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there either must be a bias due to availability of more monitoring
staft or procedures became more demanding with high-risk vascular
invabrement. Mevertheless, there was oo correlation between stated
obligatory stimuolation mode and postoperative newurological
outcame. Interestingly, more incongruence between the evalnated
chligatory methed and actual technigue used was seen with bipolar
mapping. This might be a result of non-adeguate awake patients
with left hemispheric lesions that needed to undergo bipolar
mapping due to localmation, but mapping or adequate testing was
not ahle to be performed due to noncompliance to awake situation
or seizures at the heginning.

Resection result

The extent of resection and #s impact on averall survival (05)
in patients sufering from glioma are widely discussed. Different
threshalds for impact on 08 were publizhed ranging from 60% ta
GE% {37-40) Also, in oligodendroglioma and metastasis, the extent
of resection seems ta have a significant imipact on survival (41, 42).

Tatal resection, meaning oo detectable contrast enhancement in
the post-0F MRL was achieved in 50% of the procedures. There
were 20 procedures perfarmed as biopsy without post-0F MRL In
149 (36%) procedures, the functional limit was achieved
intraoperatively, as defined by monitoring and or mapping
results. In 58 (14%) procedures, surgeons assumed total resection
but past-0OF MRI showed residual tumar valume with a very low
mean residual volume of 041 ml and 2 maximum residual volume
of 4.8 ml in one case. In oor cobort, total resection was achieved in
argaably fewer cases than in comparable publications {31), but there
are same points that led to this result. Firstly, functional limits were
achieved intracperatively. in more than omne-third of procedures.
Achievement of tatal resection would have meant neurclogical
detersoration for the patient, something that has to be avoided in
the light of survival benefits. Secondly, using intraoperative tools for
functional preservation and then deciding intracperatively to
maximize resection regardless of the mapping results would Eil
the surgical aim. Thirdly, in the procedures that were evaluated as
total resection but nonetheless showed residual volume in the post-
OF MBI, residual volume was marginal with @ mean of 0.4 ml.
Concerning comparable publications, a residual tumar valume up
ta B cm” could be acceptable for an effect on survival that can still be
achieved at least for gliomas {40}, Furthermare, with this stady, we
searched for impacts on resection resualts but found that there was
no signiftcant correlation either between monitoring/mapping
results ar between the resection result and neurclogical cutcome.
However, we did nat analyze survival data of the present cohart.
Mevertheless, in consideration of already published |ferature, we
assume that the very much marginal residual valume did not have
any megative impact on patients’ 05

Limitation
The lacking survival data might be a limitation to the study in

order to comprehend the given resection results. Honetheless, as
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this was nat the focus of the present analysis, the authars rencunced
this fractional analysis. Additionally in some cases, informaticn cn
stimulation modes or threshalds could not be obtained from all
sources that were available to the authors. However, as there were
only minor missing data, we do not think that this wouald have
affected the results significantly.

In the context of determining and evaluating the extent of
resection in patients with glioblastoma, ancther limitation might be
the lack of an assessment of the inffluence of 5-ALA on the resection.
However, a meaninghol statistical analysis in the reported cobort
was not feasible because all patients with suspected or confirmed
brain tomors, and at least at the beginning of the observation
period, patients suspected of cerebral metastasis, received 5-ALA
Therefore, group comparisons regarding the extent of resection
for this cohort were not applicable. We clearly assume thas, as
reported in the literature, resection under 5-ALA had a positive
impact on conduction of resection. However, it is important &o
comsider that the current cohort consists of highly functionally
located tumars. Even though resection was performed under
fluorescence guidance, and residual fluorescenice may have been
wisible, functional assessment was more decisive for the extent
af resection.

Conclusion

In the light of the important role of surgical proceduares in the
therapy process for brain tumar lesions and the superior aim &
preserve functionality of the patients, adequate planning of
intraoperative required monitoring or mapping technigues is of
highest priority. Deciding which intrapperative mapping and or
manitoring proceduare is best for the patient is highly individual.
The chpice of 2 certain technique mainly depends on localization
and experience of the surgeon. With the present study, we
demaonsirate operability of highly functional infiltrating brain
lesions of various localizations without major newrological
impairment under wsage of 1ONM and mapping techniques.
We were able to give an overview of pitfalls and strengths of
the different technical procedures and if, respectively, how
they correlate with postoperative neurological ootcome and
resection results. Furthermore, we retrospectively incloded the
surgeons’ view and evaluated the impact of a possibly existing
mismatch between preoperative and postoperative assessment of
individual technical considerations for each procedure With
this evaluation, we were able to show that certain techniques
might not be useful for every case and in the light of
optimalization of resources not required for safe resections in
every cases. These results shall contribute to a practical but high
quality decision-making process for every surgeon addressing
eloguent brain lesions.
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Abstract: Background: Patients with eloquently located cercbral besions require surgery that usaally
employs mapping and monitoring technigues for the preservation of meter and language function.
However, in many cases, mapping r..ml}' migh.‘t be sufficient, r\edul:i.'nlq the nesd for technical and
personnel logistics. Here, we report our experiences using a devics that can be operated by the
surgeon independently, providing mapping techniques but omiting menitoring techniques. Meth-
ods: For rnnmpular and bi.]:!ul.ar cortical /subcortical stimulation, pre-set programs wene availakble
and intraoperatively used—two enabling EMG real-time tracking of eight muscles for monopolar
{eortical / subcortical ) mapping, and two programs fer 60 He stimulation, one with EMG and one
witheut, Motor mapping was performed under continueus obiervation of the screened EMG signal
and acoustc feed back 'by the surgeon. For thes 80 He stimulation, a standard bip-u]a.l' stirmulation pu'drc
wag conmected I:hmug;h a soeond port. The precpesative app]icaﬁtm of the subdermal EMG meed les,
as well as the intraoperative handling of the device, were performed by the surgeons independently.
Postoperatively, an evaluation of the autonomeus handling and feasibility of the device for the
chionsen fest parameters was conducted. Results: From 04,/ 19-09,21, 136 Pm:l:d.url:'s in patients with
eloguently located cerebral lesions were performed by using the “mapping-only” device. Mapping
was performed in B2% of the monopolar cases and in 42% of the bipolar cases. Regarding the setup
and sufficiency for the cortical /subcortical mapping, the device was evaluated as independently
usable for mofor and |an|_.;ung,|.- mapping in 129 'PI.'\GH.'E\dIJL'\:l- {95%). Giross fotal resection was achieved,
or functional limdt ﬂ\mughuul resection was reached, in 9% of the patients. 13 patients pestopera-
ti'l.'El}' sufferad from a new rIEIJI.'\G.IJIJH'iﬂl deficit. At the 3-f-month Fvl.'l”uw-up.. thras patients showed
persistent deficit (2%). All of them had language disturbances. The setup time for the deviee was
less than 7 min. Conclusions: The devies was evaluated as sufficient in over 3% of cases concesning
nu.nwpular and bipu]a: mapping, and the setup and }umlling was sufficient in all patients. With the
present dats we show that in well-selected cases, a very :i:rn]:lle system PM\I’i.I:ti.T!E mapping un]:,r i
sufficient to achieve gross total resecton with the preservation of functionality.

Keyvwonds brain mapping menopelar stimulation; bipolar stimulation; eloguent brain tumor susgery

1. Introduction

Maximum resection is crucial for favorable outcomes in patients with intrinsic brain
tumars [1-3], but is also found to be important in patients with other histopathological
entities [4-7]. In the past decades, numerous technical innovations have been introduced
to facilitate the function-preserving resection of different brain tumor entities. Intraoper-
ative neuromonitoring {IOMNM-o) and mapping (IONM-a) procedures of the cortex and
subcortical structures, for example, have been complemented by fluorescence-guided pro-
cedures [8,9] and intraoperative MEI techniques [9]. Also, preoperative planning with
mapping techniques via transcranial mapping [10-12] and diffusion weight imaging [13,14]
has become more complex in order to increase safe maximum resection.

Particularly, intraoperative techniques like IONM-o and IONM-a by direct cortical and
subcortical mapping techniques have been established widely in neurooncological surgery

Bran 5ci. 2023, 13, 1366, hitps: )’ Sdol org, 103390, hransci 13101 366
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for the resection of tumors relating to cortical and subcortical functional areas [12,15-18], as
they provide real-time monitoring of the patient’s motor and language functional integrity.
IOMNM-0 is applied for the monitoring of motor and sensory function. Motor evoked
potentials (MEF) are employed for the monitoring of motor integrity. These evoked muscle
responses are capiured and analyzed, providing insights into the functional status of the
motor pathways in patients who are asleep [19-22]. Sensory pathway integrity is monitored
by somatosensory evoked potentials [SSEF), measuring the latency and amplitude of two
signals between defined points. The underlying principle of SSEF monitoring involves the
generation and recording of electrical signals that reflect the transmission of sensory infor-
mation along neural pathways [15,23]. Thus, these technically and logistically demanding
techniques play a crucial role in complex brain surgery where the risk of functional tissue
damage is high, and where avoiding such damage while achieving the maximum extent of
resection is the main goal in brain tumor surgery [24-26].

Besides these monitoring techniques, there is the possibility of intracperative brain
mapping. This can be done with a high-frequency stimulation technique using a monopa-
lar stimulation probe as well as a low-frequency stimulation technique using a bipolar
stimulation probe. Today, monopolar stimulation is the standard for monitoring motor
functionality [27,28]. Language mapping is standardly performed by bipolar low-frequency
stimulation due to its longer stimulus duration.

For IOMM-o with MEF and S5EF monitoring, specially trained personnel are needed
to operate technical devices, evaluate the collected measured values, and pass them on
to the surgeons. These data serve the surgeon as the basis for further decisions regarding
the surgical procedure. The use of bipolar stimulation requires a simple stimulation
device (e.g., Ojemnan stimulator) and a person who coordinates and evaluates the language
test performance. Monopolar stimulation requires the monopolar stimulation device, a
reference electrode, and the EMG recording. This technique is usually provided by IONM-o
machines, which also provide SSEF, MEF, and ECOG opltions.

Due to the introduction of a small new device which allows both monopolar and
bipolar mapping by the surgeon, a pilot project was started in our clinic. In this study, we
report on the indications of “mapping only™ without monitoring devices, the neuralogical
outcomes, and the postoperative evaluation of whether the “mapping only”™ strategy that
was determined preoperatively was also confirmed intrasperatively as sufficiently safe by

the surgeons.

2. Patients and Methods

The present analysis was conducted between January 2019 and January 2023 at the
Department of Neurosurgery at University Hospital Drisseldorf, with approval from the
local ethical committee (Study Number 2022-2242). The study focused on evaluating inkra-
operatively collected data from cortical and subcortical mapping procedures performed on
patients with eloquently located supratentorial brain lesions. We also conducted analvses
on neuronlogical outcomes, postoperative MEIs, and epidemiological data.

During all surgeries, we utilized the C2 Xtend, and later, the C2 Xplore devices (inomed
Medizintechnik GmbH in Emending, Germany). These devices, particularly the C2 Xplore,
were a novel addition at the beginning of this study, offering a wide range of functions,
concerning brain mapping procedures. We have enclosed a figure illustrating the C2
Xiend device (Figure 51A) and an intraoperative screenshot under monopolar stimulation
{Figure 51B). Consequently, the primary objective of our analysis was to determine whether
these advanced devices could effectively replace the standard equipment typically used for
mapping and monitoring procedures in cases involving eloguently located brain lesions.

2.1. Patients

Inclusion criteria for the present analysis were as follows: (1) supratentorial brain
tumor surgery in patients =18 yvears between January 2019 and January 2023, and (2) the
use of the C2 Xtend or C2 Xplore device during the surgery.
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All patients that underwent surgery using the mapping-only device in the reported
period were included, notwithstanding the assumed neuropathological diagnosis and
surgery mode (resection va. open biopsy). If an open rather than stereotactical biopsy was
planned for lesions involving assumed high eloquent localizations, the mapping device
was used for the definition of the biopsy limits. This is particularly important in patients
with assumed high-grade intrinsic tumors, as the extent of resection is directly linked to the
outcome of patients. If the preoperative ME] screening revealed a clear vasoular conilict
of the tumor, e.g., a tumor involving the Sylvian fissure, patients underwent the surgical
procedure using the established IONM-o processes, including MEF and SSET' monitoring,
and therefore were not included in the analysis.,

2.2. Methods
2.2 1. Mapping Data

In the present cohort, bwo devices were used for intraoperative brain mapping pro-
cedures: firstly, the C2 Xtend, and later, the successor model C2 Xplore (inomed Medizin-
technik GmbH, Emmending, Germany, Neuro Explorer Software Version 6). Both devices
enable cortical and subcortical brain mapping. The setup and intracperative handling of
the device is conducted by the surgeon alone without the need of additional external staff.

222 Setup and Implementation

We implemented a standardized configuration and provided training to all neura-
oncology surgeons o ensure consistency in our procedures. This technical setup involved
the precperative placement of subdermal needles for an 8-channel electromyography (EMG)
system. Individual customization is possible for the muscles to be monitored. At our clinic,
during intraoperative monitoring via EMG, we focused on assessing the muscles located
on the contralateral side of the lesion, which are listed below.

223, Face: M. orbicularis Oris, M. menialis

Upper extremity: M. biceps brachil, M. abductor pollicis breves, and hypothenar mus-
cle group.

Lower extremity: M. quadriceps femers, M. tilialis anterior, and M. abductor kallucis.

In addition, a neutral electrode was placed in the deltoid muscle and a reference
electrode was placed in the PC position according to the 10-20 systern. I there was a
conflict with the chosen skin incision, the reference electrode was positioned accordingly.
After insertion of the needles, they were connected to an adapter box.

All presurgical preparations, including the EMG setup, were performed by the operal-
ing surgeon. The setup time for the device and needles was measured randommly.

2,24, Stimulation Setlings

We stored various programs with the corresponding standard settings on the device.
These cam also be individually set and configured. Al our department, we chose the same
parameters as used in our IONM-o systems.

The monopolar cortical stimulation was performed either cortically or subcortically
with a monopolar probe. In both operational modes, we employed continuous stimulation
utilizing a repetition rate of .5 ms. Stimulation was administered in the form of a stimulus
train, consisting of five individual pulses, commonly referred to as a “train of five”. The
interval between successive pulses within this train was sel at 4 ms, while each individual
pulse had a width of 500 ps. During the monopolar stimulation, the EMG was continuously
transmitted to a large display for the visual control of the triggered muscles; in addition,
acoustic feedback was triggered via an EMG signal. There were two different programs
available: ome for cortical and one for subcortical stirnulation.

Bipolar stimulation was performed either cortically or subcortically as well. For
stimulation, a range of 0.5 to 4 mA with a pulse width of 0.8 mA was used. Each stimulation

101



Bragn Fci, 2023, 13, 1366

4a0f 16

cycle consisted of a single pulse, delivered at a frequency of 60 Hertz. The stimulation
duration was set at 4 s for each cycle.

Dwuring the resection and stimulation, language testing was performed using a stan-
dardized protocol with variows types of test tools, covering different aspects of language. A
more detailed description of this very specific test battery is beyond the scope of this paper.

For the monopolar mapping, the stimulation of the motor cortex standardly began at
10 mA {with the upper limit capped at 20 mA). Once the cortical thresholds for positive
responses in the EMG were determined, we proceeded ko test the cortical region encompass-
ing the underkying lesion. If there was positive testing in the area of the surgical approach,
a mew threshold for this specific area was established. Depending on these results, the
corticotomy and subcortical preparation could be initiated. The subcortical testing phase
takes place during the resection procedure.

The specific program is chosen pre-surgically by the surgeon at the monitor. Programs
could ke changed throughout surgery.

Parameters related to the stimulation intensity, repetition rates, the quantity of stinuli,
interpulse stirmulation intervals, and pulse widths were all adjustable to accommodate the
preferances and experience of the user. These adjustments could be made at any point
during the procedure according to specific requirements.

If the device was under a sterile drape, it could be operated by the surgeon only during
the surgery.

2.3. Awake Surgery

Awake surgery is a standard procedure in our department for patients with tumors
located in the left frontal or termporal lobe, in order to be able to test for language distur-
bances during resection. We also indicated awake surgery for patients that had to undergo
fine-motor skill esting during surgery or for vision control.

2.4 Evaluation of Sufficiency

Surgeons were interviewed directly in the postoperative phase if the applied technique
was sufficient in their view. Comments were collected and grouped into an evaluation of
“sufficient”™ or “non-sufficient” procedures.

2.5, Evaluation of Neurclogical Oulfcome

Upon admission, patients underwent an initial neurological examination in order ko
maintain comparability. Following surgery, patients were subject to multiple evaluations,
particularly if any new neurclogical deficits arose. For the current analysis, we consistently
ulilized the examination conducted at the point of discharge to define the postoperative
assessment. Furthermore, patients who developed new neurological deficits in the post-
operative period were subsequently monitored at approximately 3 months and 6 months
following surgery. Permanent deficit was defined by a persistent deficit at the &-month
fol I

2.6, Residual Volume (MEL)

To evaluate the remnaining tumor volume, we conducted a review of the postoperative
MEI scans. All MEIs were conducted within a 72-h window following surgery. Our classifi-
cation system included four distinct groups for describing the results: (1) the macroscopic
total resection and total resection in the postoperative MEI, {2} the macroscopic total re-
section and residual tumor volume in the postoperative MEI, (3} the macroscopic residual
tumor volume and residual tumor volume in the postoperative MEL and {4) no MEL

The residual volume was calculated by one member of the study team by usage of a
volumetry ool within the local radiology information system (SECTEA Workstation 101,
D57, Version 24.1, Sectra AB, Sweden, 2022). The results of the residual tumor volume were
expressed in mL, with volumes less than 0.1 mL defined as indicative of gross total resection.
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Secindemographic information, along with the neuropathological diagnosis and any
pertinent medical fsurgical histories, were extracted from the local patient administration
systemn. Neuropathological findings predating the introduction of the WHO 5 Classifica-
tions of Central Mervous System Tumors in 2021 [29] were modified to conform to the
revised classification criteria.

2.7, Statistical Analyzsis

A statistical analysis was performed using [BM S5PS5 Statistics Version 26 (IBM Corpo-
ration, Armonk, NY, USA).

Data were tested using the Shapiro—Wilk Test for normal distribution. Cohort data
were not normally distributed; therefore, non-parametric testing with Pearson’s chi-squared
test for nominal variables, and the independent samples f-test, were performed. Statistical
significance stated as a p-value for all results was set at 0.05.

3. Results

During the specified screening period from January 2019 to January 2023, the map-
ping devices were employed in 136 procedures. These procedures were carried oulb on
131 patients, with a mean age of 56 with a standard deviation of 16 years at the time of
their initial recorded surgery. The age range spanned from 22 bo 84 years. OF the patients,
62 (47%) were fermale, while &F (53%) were male.

Predominant neuropathological diagnoses were metastasis {35%, n = 34), with an
equal distribution of Glioblastoma WHO grade 4. In terms of lesion location, 5 procedures
were performed on lesions within the left hemisphere (55%), while 5% procedures were
directed at right hemisphere tumors (43%). Moreover, two procedures invabved surgery at
the splenium (2%). Unexpectedly, intracperative vascular conflicts were encountered in
two patients. An overview of the cohort is presented in Table 1.

Table 1. A brief description of demographic, histopathological, localization and functional tumor
involvement data of the cobaort.

Age (rear)
in=131)
mean 56 [S0 + 14]
Tange 2-H6
S
{n=131)
female 62
male i)
Diisagnosis
in =134
Astrocytoma IDH-mutant {2-3) 16
Astrocytoma [DH-mutant {4) 2
Glictlastoma, IDH-Wildbype (4) 19
MGMT -
Glioblastoma, IDH-Wildtype (4) 5
MGMT +
Oligodendroglioma (2-3) 15
Cerebral metastasis H
Aggressive NHL 4
Atypical Meningeoma k.1
Dysembrioplastic neuroepithelzal i
tumor
Ganglioglicma 1
Reactive tissue changes 1
Florid inflammatory demyelinating 1
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{n =134)
Left hemisphers
Right hemispherns
Oither

Functiomal Tumour Involvement

{n =138)
Language anly
Motor enly
Combination of language and motor
Positive stimulation at emaour margin
Mot eloguent

rE

2u

Figure 1A-D visualizes different neuropathological details and details about the
localization of the lesions that were included in the study, as well as the functional in-
valvement of the tumors that were surgically treated. Tumor localization was grouped
into four functional involvements: “language involvement only”™, "motoric involvement
only”, “combination of language and motor involvement”™, as well as “positive mapping
only at the tumer margin®. The last group defined tumors, that might only have been
partly functicnally located, as we only received positive mapping /stimulation results at
the tumor margins, sometimes with high current threshelds.

53% (n = 72} of all procedures in the cohort were performed as awake procedures,
independent from localization or mapping techniques. Left-hemispheric lesions more
often triggered awake status, with 56 procedures conducted in the awake setting in lesions
located in the left-hemisphere, versus 16 procedures in right hemisphere lesions (78% va.
22%; p = 0.01). All procedures (n = 2] with lesions located at the splenium were performed
as awake surgeries, Patients with tumor-vascular conflicts in the precperative MREI were
excluded, adhering to the defined exclusion criteria. Mevertheless, in two patients, there
was an unexpected vascular conflict due to a tumor extension to the vascular level of the
Sylvian fissure, which was not seen in the preoperative MREI scan. The mean setup time
(n =48} was 5 min 48 5.

Figure 1. Conf.

104



Brata Fei, 2023, 13, 1366

Faof 16

LOCALIZATION -LEFT HEMISPHERE

bt Lo T ]
kel sempoen.- purersl

lcft sommporal

l=fl parre-ee el

kel parscsall possooatra
It prnctad costeal

et e tal

et oni ik

ket e tommpaoral

Icfft fromice parcial

lefl| fromtal preceniral

Iy Froestsl sl Srrmporal
Befl Trontal esd bl sl
by fremial

- ‘ ‘ ‘

LOCALIZATION -RIGHT HEMISPHERE
right iempEre-persre- iyl | E—— 'E
3P TR T T
fuglel gregoral
rphl prras ool
right parsrisl peri podral
riphd marwiel Cemtral
Fighl B

—
e

Tt O
—

Fighl Bl e oal
righs froseo-parkensl
nght frostal procostral
raght irostel bl oocspcel
gkt fromeal

1 B ! " 7 ] ] m

LD AL XA TR OF TURDLUR BY FLNCTIONAL IMNVOLYEMENT

D e T

- nq-_

rmdmarre o pmpEp e sy

T

PEpTs——

Figure 1. {A} percentage distribution of disgnosis within the cohort, (B) visualization of detailed
turmir bocation in the left hemisphere, (C) details for tumor localization for right hemispheric lumors,
{D) Dretails of tumor localization concerning the funchonal invelvement.
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3.1. Mapping Data que:rmpaJ‘ﬂr Stimlation

Im 111 procedures (E2%), monopolar mapping was conducted by the surgeons. 24 pro-
cedures (18%) were performed without planned monopolar mapping. In one surgical case,
there was partly missing documentation regarding the use of the monopolar mapping
technique (information cn cortical stimulation was present but information on subcortical
stimulation was missing). Cortical monopolar mapping was performed in 111 procedures
{B2%), of which B7% (97) could define the cortical motor threshold. In the seven remaining
cases, the cortical monopolar stimulation up to 20 mA remained negative regarding the
EMG responses.

Subcortical monopolar stimulation was carried out in 101 surgical cases (74%). In
10 procedures, no tracking of the corticospinal tract defined as a positive EMG response
was achieved, with a stimulation intensity of up to 15 mA (Figure 2.

#%}ﬁ:ﬁ =

.

e

e

s

e Bup

Figure 2. Overview of mapping modalities used in the cohort: mono_stim = menopolar stimulation,
msnier_cort_stim = monepolar cortical stimulation, mone_subcort_sbim = monopolar subcortical
stimulation, same abbreviations were used for bipolar stimulation).

The mean cortical stimulation intensity for the cohort was 7.7 mA [+4.3 50, witha
range of 1.5-20 mA, and the subcortical stimulation intensity was 4.4 mA [£3.6 50 ranging
fromn 0.3-15 maA.

3.2, Mapping Data of Bipolar Stimulation

Owerall, 57 procedures were conducted with bipolar stimulation (42%%). Bipolar cortical
stimulation was employved in 42% of the cases (n = 57); however, in eight cases, there was no
stimulation-induced effect on the control area (14%). Furthermore, 28% of the procedures
used subcortical bipolar stimulation {n= 501, of which, in 15 cases, only negative stirmulation
results (no speech arrest or other disturbances in speech testing] were achieved (Figure 2).

The mean cortical bipolar stimulation intensity was 1.3 mA |+0L6 5D, ranging from
0.5 to 3 mA, and the subcortical bipolar stimulation intensity was 1.2 mA [+0.4 5D, with
an observed range from 0.8 to 2 mA. At this point, it is important to notice that, due to
technical differences in comparison to standard bipolar stimulation devices, including the
ernan stirnulator and monitoring devices with separate mapping boxes that measure the
peak current, the device used measured the peak-to-peak current, leading to a displaved
output stimulation intensity twice as high as those of standard devices (e_g., if the peak
current is displaved as 0.5 mA, the peak-to-peak current is displayed with 1 mA). For the
present analyses, the stimulation intensity results were recalculated as the peak current for
better comparability to other IONM-0/ TONM-a devices.

Bipolar stimulation was used significantly more often in left-hemisphere tumors than
right-hemisphere lesions (p = 0.011).

A combination of both mapping modalities was used in 46 (34%) surgical procedures.

106



Bravn Fod, 2023, 13, 1366

Faf 16

Im regard to the precperatively defined required mapping or monitoring technigues, in
95% (n = 129) of the procedures the choice of the “mapping-only” procedure was evaluated
as sufficient by the performing surgeon. In this sub-cohort, in three cases additional
maonitoring via strip electrode was evaluated as “would have been helpful” but did neither
influence the surgical outcome regarding the extent of resection nor the neurological
outcome of the patients. In five cases, the "mapping-only” procedure was evaluated as
“mot suffickent™. In two of the cases, there were technical issues leading to technically
no stimulation. In three cases, MEP/S5EF monitoring was intraoperatively evaluated as
obligatory. In two of those cases, a marginal residual tumor volume (0.1 mL) was revealed
in the postoperative MEL In two further cases, all applied mapping techniques remained
negative; thus, the tumour localization appeared as not functional during surgery and
mapping was evaluated as "not needed”. An evaluation of the sufficiency of the “mapping-
only” procedure did not significantly depend on localization (p = 0.255], but in cases when
awake surgery was planned but patients were not adequately awake, the “mapping-only”™
procedure was significantly more often evaluated as “insufficient” {p = 0L042]).

3.3. Mewralagical Outoome
3.3.1. Postoperative Neurological State

Meurological deterioration, defined as a new neurological deficit in the postoperative
phase, was seen in 10% of the procedures (n = 13). Two patients died in the postoperative
course; hivwever, death was not directly associated to surgical intervention (Figure 3A].
Localization did not significantly influence a direct postoperative deficit, however a trend
for left-hemispheric lesions was seen (p = 0.099), whereas bipolar stimulation triggered new
postoperative deficits more often (p = (LD0E).

NEUROLOGICAL OUTCOMI

new newrological deficil (post- reruaining deficit (3 months follow-up) persistent deficit (6 months follow-up)
operatve, s discharge)

Figure 3. Canf.
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Figure 3. Mumber of new neurological deficits related to surgical intervention at three time points
{“postoperative”, “three-moenth”, and “sx-month follow-up™) (A) and their corresponding symptoms
at the corresponding time point (B).

The majority of patients suffered from new speech disturbances (46%, n = 6). Maotoric
impairment was seen in three patients {23%). A combination of new motor and speech
deficits was seen in two patients (Figure 3B).

3.32. 3 Month FU

Adter three months, three (2.2%) patients still suffered from a neurclogical deficit,
one more patient had died, and two patients did not show up to follow-up appointments
and were therefore categorized as loss of follow-up (Figure 3A). A persistent, respectively
permanent deficit at the &-month follow-up was still recorded in those three patients (2.2%:).
All of them suffered from a persistent speech disturbance. There was no permanent motor
deficit in this cohort (Figure 2A B) under mapping-only conditions.

3.3.3. Permanent Deficit

Permanent deficits were not caused by any vascular complications such as infarction
or bleeding. In all three patients with permanent deficit, a combination of monopolar and
bipolar stimulation was used. There was a trend for a higher risk of postoperative deficits
in patients who underwent awake surgery and in cases where awake surgery was planned
but the patients did not wake up adequately {p =0.53).

3.4. Resection Results as Evaluated by Postoperative MRI

In 127 procedures, a postoperative MEI was oblained (93%). Nine procedures were
conducted as open biopsies and an MEI scan was not planned and therefore also not
conducted in the postoperative course.

Concerning the whole cohort, 59% (n = 75) of the postoperative MEI scans showed no
contrast enhancermnent (threshold defined as <0.1 mL), and an infracperative evaluation of
the gross total resection was confirmed. However, in 25% (n = 32) of all procedures, there
was an expected residual tumour volume, as throughout the mapping process functional
limits were defined and the resection had to be stopped at some point. In the remaining 16%
(n = 20} of procedures, postoperative MEI scans revealed an unexpected residual volume
with a mean residual volume of 147 mL [+0.7 D] ranging from 0.1 to 28 mL. The mapping
maodality did not significantly correlate with the resection result {monopolar stimulation
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P =0.303, bipolar stimulation pr = 0.309). Additionally, there was no significant correlation
between the resection result and the sufficiency of the mapping procedure (p = 0.114).
Figure 4A B illustrates resection results of the cohort, as well as the resection results divided
inte groups of functional involvement. A total of 31% of the tumors involving motor
pathways showed a postoperative total resection {as defined by contrast enhancement
<1 mL in the postoperative MREI), as did 61% of the tumors involving language, and 36%
of the tumors combining motor and language functionality. Surgery was stopped according
te functional restrictions obtained by the mapping procedure due to motor impairment in
25% of the procedures, language affection in 21% of the procedures, and a combination
of both motor impairment and language affection in 36% of the procedures (Figure 4B).
Figure 4B illustrates the resection results grouped by the functional involvement of lumaors.

BESECTHS BRESULTS AS EVALUATELD BY POS T-CHPER ALY E MEE A
]
wli
=0
&0
i)
10

fhadiosiopn TR MEI TR s o RMELI R st rosdop TRNEL R i MR
o b % Y PLURICTIORAL [ Lkl I BTN B VM OF TSRS B

iy g il oAk wihd wvn oy oEEl ol B ot d Daigaing! Faddd

Figure 4. {AB) A: Resechon results evaluated by 72 h pestoperative ME scans. 127 MEls wers
available for this analysis. In the majority of patients either gross total resection or expected residual
volume was confirmed (79% macroscopic TR/MEI TR and macroscopic B/MREL R). In 20 proce-
dures an unexpected residual volume was revealed with a mean volume of 047 mL (macroscopic
TR/MEIE).
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4. Discussion

In the present study, mapping-only surgical approaches that were performed with a
device independently handled by the surgeon, are described for the resection of eloquently
located supratentarial lesions, including the neurslogical cutcomes and extent of resection
in 136 procedures.

Dwuring the resection of brain lesions in critical brain regions that control motor and
language functions, surgical newro-oncology units commaonly employ motor and language
mapping. This practice aims to preserve the patient's neurclogical functioning. To carry
out this mapping, specifically trained personnel like neurophysiologists or technicians
are essential. They are responsible for the precperative setup, operation of devices, and
crucially, the real-time evaluation of data during surgery [30]. However, it is worth noting
that these resources may not always be readily available, especially during night-time
procedures or in regions with limited medical infrastructure. Therefore, in our study, we
utilized a device that the surgeon can operate independently, which had previously been
proven to be effective in emergency situations during the resection of Glicblastoma in
two patients facing life-threatening neurological deterioration [31]. Thus, monopolar and
bipolar beain mapping can be performed without any further need for external expert staff
but by the surgeon alone.

In the present study, we assessed the effectiveness of using the mapping-only device
in elective surgical procedures for patients with brain lesions located in critical areas. Our
findings indicate that, in %5% of the procedures where we used the mapping-only device
without additional monitoring, it was deemed sufficient. Our analysis primarily focused
on bwo key aspects: the success of the lesion resection and the neurological outcomes of
the patients.

IMMonopolar motor mapping was performed in 82% of all procedures and was of partic-
ular interest as it could be conducted with relatively straightiorward effort. Motor mapping
is indicated in order to improve the extent of resection and patients” outcome [32-34]. This
approach is commonly employed in surgeries where there is a risk to the motor cortex or
corticospinal tract and is often conducted with patients under general anesthesia. Bipolar
stimulation is frequently used in patients who are required to undergo language testing
durimg awake surgery, which is a practice commonly described as the standard procedure in
the existing literature [16,16,35]. In our cohort, bipolar mapping was also mainly employed
for language mapping procedures. For effective language mapping. patients must remain
awake during surgery. In our patient group, the majority of procedures were conducted
with patients in an awake state (53%). During procedures where bipolar stimulation was
applied, a significant proportion of those lesions were found to be located within the left
hemisphers, as described in Duffan et al."s early mapping studies [36,37].

The neuralogical outcomes in our cohort showed a 2.2% occurrence of permanent
neurological deficits, which is a resull that is consistent with findings in other, sometimes
larger, studies focusing on mapping procedures. In 2008, Sanai el al. described permanent
speech deficits in 1.6% of patients in a cohort study of 250 Glioma patients [38]. In our
cohort, we observed a tendency toward a higher risk of neurological impairment in patients
scheduled for awake surgery but who did not adequately achieve an awake state. This
emphasizes the critical importance of thorowgh awake testing in patients with lesions that
potentially affect pathways related to phonological and semantic processing [39].

MMotor impairments in our patients occurred only temporarily ina direct postoperative
state, and there were no permanent motor deficits; thus we discussed that it is possible
o dispense with monitoring procedures in selected cases without posing an additional
risk to the patient. In studies where monitoring and mapping technigues were combined,
comparable quotas of neurclogical impairment were seen. Vigand et al. reported 1.9% of
permanent deficits using transcranial electric stimulation (TES) motor evoked potential
monitoring and direct cortical stimulation [12]. Interestingly, in this study they saw a
higher number of false positive results in TES monitoring in patients, depending on tumaor
localization and patient positioning during surgery. In 2020, Gogos et al. also reported a
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combined study of “triple motor mapping” with TES, bipolar, and monopolar controls in
patients with lesions located near motor pathways. Here, these authors found that, overall,
two patients (3.4%) suffered from a new neurclogical permanent deficit at & months,
although only one of them showed MEP worsening during resection [28].

As the extent of resection, particularly in high-grade glioma [40,41] but also low-grade
glioma [42.43] and even metastasis [44], plays an important role for the overall survival
of the patients, a major aim in the treatment of brain lumour patients is to maximize the
extent of resection. In cases invoelving language or motor pathways, this shall be achieved
under the preservation of functionability.

In owr cohaort, gross ttal resection, defined as residueal volume < 0.1 mL {non-measurable)
in the postoperative MRI, was achieved in 75 procedures; however, due to mapping results,
surgeons were forced to stop the resection in order to preserve the functicnability of
the patients in 32 cases (25%). In only 20 procedures, an unexpected residual contrast
enhancement was seen, with a mean volume of 0.47 mL and a maximum of 2.8 mL in one
case. In the literature, there are various limits reported concerning the significant influence
of residual tumor volume on overall survival, particularly in glioblastoma patients, ranging
from 2 to 5 mL [45-47]. The arguably low rate of gross total resection is due to the strictly
defined limit of 0.1 mL. If thresholds are applied on our cohorts, which are in line with
other reported rates providing advantage for overall survival, we were able to achieve
1007% gross total resection, excluding those patients thal underwent subtotal resection due
to functional limits in the mapping procedures. Therefore, we did not see disadvantages
for our patients” cohort due to waiving additional monitoring,

There are certain limitations in our study that need bo be considered. First, it is
important to acknowledge that the favorable outcomes observed in our study may be
influenced by the exclusion of patients with vascular conflicts. In these cases, MEP and
S5EF monitoring is essential for safety reasons. However, it is worth noting that our cohort
primarily consisted of patients with highly functional localizations. Second, due to the
relatively small sample sizes in sorme specific subgroups we examined during our data
analysis, statistical testing was not feasible and, consequently, was not conducted.

5. Conclusions

There is an indisputable increase in safety achieved through the combination of moni-
toring and mapping techniques. If they are easily and quickly available, these technigues
should be aimed for in brain tumour surgeries as described in this paper as a standard
procedure. However, we have showed that, deviating from the established combined
technical setup of monitoring and mapping possibilities, using a mapping-only device,
can achieve comparable results in terms of postoperative deficits and resection oubcomes.
We have demonsirated that a mapping only technigue is safe (2% deficit) and efficient.
Brain lumour surgery is performed in many countries around the world. With the help
of a mapping-only technique, elequently located tumors can be treated with great safety
and very good resection results. This is a prerequisite for improved outcomes after therapy
for aggressive diseases, not least in the case of high-grade infilirative tumors. Given the
simple logistics needed and the affordable price of the technology. we hope that our report
promotes the supply and availability of mapping only devices in neurosurgical units under
careful consideration of special indications. We think that this could be an absolute gain for
brain tumour patients, especially in the field of emergency care, or in health care systems
where there might be limited financial—and therefore personnel and technical—access bo
functional monitoring resources for patients with eloquent brain turmaors.

Supplementary Materials: The fellowing supporting information can be dewnloaded ak: hitps:

S woww mdpi.com/article, 1003390, brainscil 3101366 /51, Figure 51: C2 Xtend device and screenshot
of intravperative display of monopedar stimulation.

111



Bragn Fci, 2023, 13, 1366 14 0f 16

Author Contributions: F5-B. carried out the data collection and analysis, wrote the manuseript with
support from M5 and ME. MR and M5, helped supervise the project. M5 and ES-B. conceived
the original idea. All authors have read and agreed o the published version of the manuscript.

Funding: This ressarch received no external funding.

Institutional Review Board Statement: The study was approved by the local ethical commattes
{Study Number 2022-2242).

Data Awvailability Statement: Data are available on request by the correspendent author, subject to
ethical and legal restrictions.

Acknowledgments Statistical consulting and conduction of analyses were performed with the
support of Oliver Radke, Heinrich-Heine University Disseldost.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Stummer, W; Kamp, M.A. The importance of surgical resection in malignant glioma. Curr Opa. Newrol, 2009, 22, 645649,
[Crousket]

I Stumemer, W, Heulen, HJ; Meinel, T, Pichlmeier, U, Schumacher, W Tonn, [C; Rohde, V. Oppel, F; Turowsks, B
Woiciechowsky, C; et al. Extent of resection and survival in glioblastoma multiforme: Identification of and adjustment for bias.
Neurcsirgery J008, 62, 564-576. [Crossbef]

3. Sanai, N Pelley, MY McDermott, MW Parsa, AT Berger, MS. An extent of resection threshold for newly diagnosed
glio-blastomas. [ Mesrosarg. 2011, 115, 3-8, [CrossRef] [PubMed]

4. Patchell, B.A; Tibbs, FA Walsh, )W, Dempsey, B Maruyama, Y., Kryscio, R Markesbery, WK Macdoenald, |5 Young, B. A
Bandomized Trial of Surgery in the Treatment of Single Metastases to the Brain. Neo Exgl. | Mad. 1990, 322, 484500, [CrossRef]

Pubdded

L Lla.mp,. M.I.H.,; Dibue, M. Niemann, L; Reichelt, D0C; Felsberg, | Steigern, H ] Seebényi, A ; Rapp, M. Sabel, M. Proof of principle
Supramarginal resection of cerebral metastases in eloquent brain areas. At Nesrochie, 2002, 154, 1981-1986, [Crossief] [Pubbded)

. Duffau, H. Awake surgery for incidental WHO grade 1] ghomas involving eloguent areas. Acta Newrochir. 2001, 154, 575-584;
discussion SE. [CrossHef] [Pubbed)

7. Hervey-lumper, 5.L; Berger, M5, Maximizing safe resection of low- and high-grade glioma. |. Newro-Oreced. 2016, 130, 269-282.
[Crousket]

B Stummers, W Pichlmeier, U.; Meinel, T, Wiestles, 00 Zanella, F; Reulen, H -] ALA-Glioma Sthedy Group. Flusrescence-guided
surgery with Saminolevulinic acid for resection of malignant glioma: A randomised controlbed multicentre phase [ trial. Lewcet
Chvical. 2006, 7, 392401, [CrossRef]

% Roeder C.; Bisdas, 5. Ebner, F; Honegger, | Naegele, T.; Ernemann, U Tatagiba, M. Maximizing the extent of resection and
survival benefit of patients in gliohlastoma surgery: High-feld iMEL versus conventional and 5-ALA-assisted surgery. Ear. [
Surg. Owical. 2004, 40, 297-30M. [CrossBef]

10, Sollmann, N.; e, 5.; Hasck, T.; Mawrer, 5.; Negwes, C.; Zimmer, C; Ringel, F; Meyer, B Kreg, 5.0, The impact of preoperative
language mapping by repetitive navigated transcranial magnetic stimulation on the clinical course of brain tumor patients. BMC
Cuncer 3015, 15, 261. [Crossiet]

11.  Haddad, AF; Young, |.5.; Berger, M.5,; Tarapore, PE. Preoperative Applications of Navigated Transcrandal Magnetic Stimu-lation.
Fronf. Newral, 2020, 17, 628903, [’ED::-HHHL'}]

12, VWigano, L; Callipo, V. Lampert, M.; Kossi, M. Mibaly, M.C; Sciorting, T.; Gay, L; Puglisi, G.; Leonetti, A Cerri, G, et al. Tran-
seranial versus direct electrical stimulation for intraoperative moter-evoked potential monitoring: Progmostic value comparison
in asleep brain tumor surgery. Front. Oneol. 2023, 12, 963660, [Crossiet]

13, Nibals, M.C; Rossid, M Sciortine, T; Riva, M. Gay, LG Pessina, F; Bello, L. Presperative surgical planning of glioma: Limitations
and reliability of IMEI and DT tractography. [ Mewrasicrg. Sci. 3019, 63, 127-134. [Crossbed]

4. Manan, A A Yahya, N Idos, 2 Manan, H A, The Utilization of Diffusion Tensor Imagring as an Image-Guided Tool in Brain
Tumer Besection Surgery: A Systematic Beview. Cancers 2022, 14, 2466, [CrossEed] [PubXded]

15, Seidel, K Seelényi, A Bello, L. Chapter S—Infraoperative mapping and monitering during brain tumor surgeries. In Hasdbook
of Cliséeal Nesrologiy: Muwer, ML, MacDonald, [LB., Eds; Elsevier: Amsterdam, The Netherlands, 2022; pp. 133-149.

16, Duffan, H; Capelle, L; Denvil, [; Sichez, N.; Gatignol, P; Taillandier, L; Lopes, M_; Mitchell, M.-C; Koche, 5; Muller, | -C.; et al.
Usefulness of intracperative electrical subcortical mapping during surgery for low-grade ghiomas located within eloquent brain
regions: Funciional results in a consecutive series of 103 patients. [ Meurosarg. 2008, 38, 764-T78. [Crosslef] [PubMed]

17, Gogos, AL Young, 1.5 Moshed, RA; Hervey-Jumper, 5.1 Berger, M5, Awake glioma surgery: Technical evolution and

nuances. | Newro-Chical, 2020, 147, 515-524, [CrossRef]

112



Brava Foi, 2023, 13, 1366 150t 16

1&.

19.

21,

3l

g 4 8 @

2

Bello, L; Galluces, M.; Fava, M.; Carrabba, G.; Giussani, C; Acerbi, F; Baratta, P Songa, V; Conte, V.; Branca, W et al

Intrasperative subcortical language tract mapping guides surgical removal of gliomas involving speech areas. Newrosurgery 2007,

&), 62-80; discussion 62-80. [CrossBef]

Kombes, T.; Suess, (0 Brock, CM. Monitoring of intracperative motor evoked potentials to increase the safety of surgery inand

around the motor cortex, | Neuroziery. 2001, 95, 608614, [CrossHed]

Neuloh, G.; Pechstein, U; Cedezsch, C; Schramm, | Motor Evoked Potential Monitoring with Supratentorial Surgery. Meuresurgery

2004, 54, 1061-1070; discussion WFD-1062. [Crossiet]

Erieg, S.8.; Shiban, E.; Droese, D Gempt, |.; Buchmann, M. Pape, H.; Byvang, Y-M.; Mever, B; Ringel, F. Predictive Value and

Safety of Intraoperative Neurophysiological Monitoring with Motor Evoked Potentials in Glioma Surgery. Newrosurgery 2002, 70,

WEI-1071. [Crossbef]

Legatt, ALY Emerson, B.G Epstein, CM.; MacDonald, D.B.; Deletis, V; Bravo, B Lopez, LE. ACNS Guideline: Transcranial

Electrical Stimulation Motor Evoked Potential Monitoring, |, Clir. Neurophysiol. 2016, 33, 42-50, [Crossfed] [PubMed]

MacDenald, D; Deng, C.; Quatrale, B ; Sala, F; Skinnes, 5. Soto, E; Seelényi, A Recommendations of the International Society

of Infraoperative Neurophysiology for intraoperative somatosensory evoked potentials. Clin. Newropigsied. 2019, 130, 161-179.
[Crassket] [Pubbded]

Ferraces, E-X.; Duffau, H. Improving surgical suteome for gliomas with intraoperative mapping. Expert Rer. Nearothier. 2008, 15,

333-341. [Crossief] [Pubbied]

D Witt Hamer, PO Bobles, 5.6, Zwinderman, A H.; Duffau, H.; Berger, M5, Impact of Intraoperative Stimulation Brain

Mapping on Glioma Surgery Outcome: A Meta-Analysis, [ Clie, Onrol. 2002, 30, 2559-2565. [CrossRed] [Pubhed]

Wedler, M.; van den Bent, M.; Preusser. M. Le Ehun, E; Tonn, C; Minniti, G.; Bendseus, M Balana, C.; Chinot, O
Dirven, L etal. EANO guidelines on the diagnosis and treatment of diffuse gliomas of adulthood. Nat. Ree. Cloe. Oncal

2000, 18, 170-185, [Crossked]

Schucht, P; Seidel, K; Beek, |.; Murek, M; Jileh, A Wiest, B Fung, C; Raabe, A Intraoperative monopolar mapping during

F-AlA—pguided resections of ghoblastomas adjacent to motor eloguent areas: Evaluation of resection rates and neurological

outcome. Neswrosurg. Foeas 2004, 37, E16. [CrossHed]

Gagos, AL Young, |.5.; Morshed, BA; Avalos, LN Noss, B5; Villanueva-Meyer, | E; Hervey-Jumper, 5.1 Berger, M5 Triple

maror mapping: Transcranial, bipolar, and menepolar mapping for supratentorial glioma resection adjacent to moter pathways.

|- Nescrosurg. 2021, 134, 17261737, [CrossBed]

Lowis, [EN; Perry, A Wesseling, P Brat, D] Cree, LA Figarella-Branger, D Hawkins, C; N, HE; Plister, SM.;

Beifenberger, G.; et al. The 2021 WHO Classification of Tumors of the Central Mervous System: A summary. Newrp Oneol. 2021,

23, 12311251, [CrossBet]

Muwer, MR ; Husain, A M. Soto, F. Overview of intraoperative nearomonitoring. In Hardbook of Cliscal Nearology: Elsevier:

Amsterdam, The Netherlands, 2022; Volume 186, pp. 3-%. [CrossBef]

Staub-Bartelt, F; Hofmann, BB Rapp, M.; Hinggi, D.; Kamp, M.A; Sabel, M. Direct Cortical Stimulation in Meurosurgical
Emergencies: Single-Center Experience in 2 Patients. World Newrosierg. 2001, 150, 147-152. [CrossBef]

Rossi, ML; Sciortine, T.; Nikali, MUC.; Gay, L. Vigand, Lo Puglisi, G.; Leonett, A Howells, H.; Fornia, L. Cerri, G.; et al. Clinical

Pearls and Methods for Intracperative Motor Mapping, Maarosargery 2021, 88, 457467, [Cross Red]

Rosgi, M.; Nibali, MC; Vigans, L; Puglis, G.; Howells, H.; Gay, L.; Sciortino, T.; Leonett, A; Riva, M Fornda, L; et al. Resection

of tumors within the primary motor cortex using high-frequency stimulation: Oncological and functional efficiency of this

versatile approach based on clinical conditions. | Newrosurg. 2020, 133, 642-654. [CrossBef] [FubMed)

Schucht, P Seidel, K; Jilch, A Beck, [ Raabe, A A review of monopolar motor mapping and a comprehensive guide to

continuous dynamic motor mapping for resection of motor eloquent brain tumaors. Newrockiringie 2007, 63, 175-180. [CrossRef]
Pubdeled

llﬂdamum'i.ladia_, A Lavrador, | P; Bhangee, R Ashkan, K.; Vergani, F. How many patients require beain mapping in an adult

neurs-oncology service? Nearosurg, Kev, 2019, 43, F29-738, [CroasHed)

Duffau, H.; Capelle, L Lopes, M.; Faillot, T.; Sichez, |.E; Fohanne, I3 The insular lobe: Physiopathological and surgical

con-siderations. Newresicrgery 2000, 47, BI1-B10. [Crossief] [FubMed]

Duffau, H.; Capelle, L; Sichee, N.; Denvil, D Lopes, M. Sichez, | Bitar, A Fohanno, D, Intracperative mapping of the

subcortical language pathways using direct stimulations. Bragt 2002, 125, 199-214. [CrossBHef] [Fubbded]

Sanai, N,; Mirzadeh, Z; Berger, M5, Functional Qutcome after Language Mapping for Glioma Resection. New Engl. | Maid. 2008,

358, 18-27. [CrisaRef] [PubMed)

Chang. EE; Ravgoer, K Berger, M5, Contemporary medel of language organization: An overview for neuresurgeons.

J- Nesrosurg. B015, 122, 250-261. [CroasEed]

Li, ML Suki, D Hess, K. Sawava, K. The influence of maximum safe resection of glioblastoma on survival in 1229 patients: Can

we do better than gross-total resection? |, Nearosurs. 2006, 124, $77-988. [CrossBet)

Killock, [ Extent of resschon is important across ghioblastoma molecular subtypes. Naf. Ree. Clin. Oesl. 2020, 17, 275, [CrossBef]
Berger, M5 Deliganis, AV Dobbins, |; Keles, G E. The effect of extent of resection on recurrence in patients with low grade

cerebral hemisphers gliomas. Casicer 1994, 74, 17841791, [CrossBet]

113



Brats 5cd, 2023, 13, 1366 16 af 16

43,

a4,

47.

Duffau, H. Long-term outcomes after supratotal resection of diffuse low-grade gliomas: A consecutive series with 11-vear
follow-up. Acta Newrochir. 2006, 158, 51-58. [CrossRef] [Fubbled)

Winther, KR Hjermstad, b_]; Skoviund, B Aass, N Helseth, E; Kaaga, 5 Yo, O.E,; Vik-Mo, EQ. Surgery for brain me-tastases-
impact of the extent of resection. Acti Mewrochir. 2022, 164, 2773-2780. [CrossBef] [FubbMed)

Chaichana, KL Jusue-Torres, [; Navarmo-Ramirez, B.; Raza, 5 M. Pascual-Gallego, M.; [brahim, A Hernandez-Hermann, M.;
Gomes, L.; Yo, X.; Weingart, |.00; et al. Establishing percent resection and residual volume thresholds affecting survival and
recurrence for patients with newly diagnosed intracranial ghoblastoma, Mewro Oneall 2013, 16, 113-122. [CrossBef] [Fubbdad]
Woo, PY.; Ho, | M Tse, TE; Lam, 5W.; Mak, C.H.; Chan, DT Lee, MW Wong, 5-T,; Chan, K.-Y; Poon, W-5. Determin-
ing & cut-off residual tumor volume threshold for patients with newly diagnosed glioblastoma treated with temozolomide
chemoradiotherapy: A multicenter cohort study. | Clin. Newrosel, 2019, 63, 134-141. [CrossBef] [Fubbded)

Grabowski, MM Becanos, BE; Mowacki, AS; Schroeder, | L Angelov, L; Barnett, G H.; Vogelbaum, M.A. Besidual tumor
volume versus extent of resection: Predictors of survival after surgery for glioblastoma. [ Neirosieryg. 2004, 127, 1115-1123,
[CrossBet]

Disclaimen/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
authers) and contributors) and not of MDPLand for the editor(s). MDPLand /or the editors) disclaim responsibility for any injury to
peeple or property resulting from any ideas, methods, instructions or products referred to in the content.

114



Direct Cortical Stimulation in Meurosurgical Emergencies: Single-Center Experience in 2

Patients

Franziska Staub-Bartalt’, Bjém Bastian Hofmann', Marlon Rapp™, Danial Hinggl", Marcel Alexandar Kamp'~,

Michael Sabel™”

BACKGROUND: Intraoperative neurcmonitoring (IONM)
i5 widely used for elective resection of eloguently |ocated
brain tumors to increase safety and extent of resection.
Owing to the need for specially trained personnel for IONM
and the sophisticated, time-consuming technical setup,
standard IONM is uswally not switable for emergency sit-
uations. We report the use of a device that can be operated
by the newrosurgeon autonomously for momopolar brain
mapping in 2 emergeancy cases.

METHODS: Both patients were initially scheduled for
glective neurosurgery under |ONM. Acute neurological
deterioration in both cases led to emergency surgery. For
monopolar cortical/subcertical stimulation, a standard
monopolar probe was connected to a new device enabling
glectromyography real-time tracking of 8 muscles. Preop-
erative application of subdermal electromyography neadles
and intraoperative handling of the device were performad
by the nevrosurgeons independently.

RESULTS: Cortical mapping of the motor cortex was per-
formad in both patients with a threshold of 4 mA in case 1 and
14 mA in case 1. Gross total resection with residual tumar
wolume of <2 mL in case 1 and subtotal resection with re-
sidual tumor volume of 4.2 ml in case 2 were achieved under
use of the new device without any new neurclogical deficit.
Grade IV glichlastoma was diagnosed in both patients.

COMCLUSIONS: We demonstrate the feasibility of
monopolar stimulation in 2 patients undergoing emergency
neurosurgery using a device autonomously oparated by the

Key words

m Enrin lumo

m Dirsat covtical stimulation

m Ghodlasioma

B Intecerabesl haemarhap

® Intmcperative neumphysidogical monitaring

Abbravistions and Acsanye

EMAG: Elactromyageaphy

HIMM: Inlrpperatise neuromanitcnng
MEFP: boaor peckiad potantial

WAL Magnetic resonance imaging
SSEF: Somatnsennry svoked potennal

surgeon. Dwing to fast setwp and nondemanding handling,
maonopolar stimulation could be wsed during emergency
neurosargery to exitend resection with preservation of
neurclogical function in both cases.

INTRODUCTION

nimopeatve  aeuremonitoring  (IONM)  mcuding  direct

cortical and suboartical stimulation is the gold standard

methad for elective resection of eloguently located bram
tumors. In high-grade glioma sargery, it has been shown that
besides the extent of resection, preservation of motorie and
speech function s crucial for survival of patients.™ Motar and
speech mapping is considered to increase the extent of resection
and improwe npeuralogical outcome of patients by preventing
penoperative neuralogical deterioration.’ Basically, 10MM for
supratentorial lesions comprises tanscrandal electric stimulation
monstaring of somatosensory evoked potentials (S5EPs) and
motor evaked pobentials (MEPs) and direct cortical stimulation
by monepalar andfor bipelar simulation probes or a grd
electrode. Direct cortical stimuolation by monopalar simulabion
15 a high-frequency stimulation establishing a large electric field
between the stimulation probe and a reference electrode, resulting
i electrical activity tn the skeletal muscles. The triggered activiky
in terms of MEPs can be detected by electrompography (EMG).
Motor mapping via direct cortical stimulation or MEP monitoring
via transcransal electric stimuolation i mainly used in the
asleep state for motor testing only but cn also be wed in
patients in the awake surgery setting for fine motor skill testing.*
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Anodal-cathodal {corteally) and cathodal-anodal [subcortically)
monopalar sHmulation cn be perfformed. In contrast, bipolar
stimulatsan is a low-frequency stimulation cassing an electrical
field between the 2 tips of the probe. Ripolar stmuolation blodks
nearcnal activity and thus s wsed for speech mapping in the
awake surgery stte.’ Motoric testing with bipolar stimulabdon
probes & also possble, bat the nsk for intaopemtive selzunes is
increased owing te a required higher ampenge for motor
response compared with monopalar stimubtion.

Stmulation moedes can be pedormed, but owing to logistic
challenges of 10MM in terms of saphisticated technical setup and
the need for a dedicated technician far intmoperatove smbation of
I0MM results, foll BONM technigues are usaally applicable only in
electrve cases and might not be accessible in emergency Shuations
ar i elective settings in neurosurgical departments with limnibed
resources. [n emergency sitnabions, identification of eloguent
cartical and subcostical structures may enhance patients’ safety as
well. In this article, we deseribe a setup that enables direct cortical
and sabeortical mapping with monopokr andier bipelar simu-
laon that can easily be performed by neurosurgeons withot
suppart by a clinical neurophysialoges:.

MATERIALS AND METHDDS

The Cz2 Xtend (inomed Medizintechnik GmbH, Emmendingen,
Germany) 05 a device for intracpemtive nearophysclogical

monitoring  that uses EMG recordings of & moscles and
monapalar or bipolar cotical and subcortical stimuolation. The
setup of the device tan be pedformed by 2 tained nevrosurgeon
withaut additional suppost. We fmoed a standard aperating
procedure  for  our  department  and all  surgical
nNEurmIaCHogISks.

trained

Intrasperalive Newrophysiological stmmulatbon

Setup. Real-time EMG of 8 musdes 15 displayed on the monitar of
the device (Fgure 1) or a tablet screen. The handling of
stimulation settings can be conducted oaly at the device iself,
For EMG tracking, subdermal paired needle electrodes are
applied precperatively o predefined muscles. EMG of the
following musclesfmuscle groups s performed according o a
standlardzed  procedure:  orbecularis  ons, mentlis, biceps
brachiz, abductar pollicss brevs, hypothenar muoscle group,
quadrceps  Femons, dbialis  anterior,  abdoctor  hallocis.
Additonally, a grounding single-peedle electrode 15 placed at
the deltaidens and a single corksorew electrode 15 placed at FZ
position {aecording to 1o-20 system’ | adjusted to the planned skin
incision for reference of monapelar stimubtion. EMG needles are
placed to the muscles contralateral to the lesion. After connecting
the needle electrodes with the device via an EMG adapter box, the
monopalar mapping  program  with  predefined  stimulabion
settings is chosen. Regardless af the sorgery setup, setup af the

Figers 1. Screanzhot of reat-tme slecirommycgmphy Fecking during W)
cortical and 1B suboortical moncpalar SHmulation. ERe: troeryog raoty

teecking of B predefned musdes is shown on the device monior, Wesual and
aCoustc feadback s obiained under stimadaton.
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device can be performed in < minutes in parallel to the
anesthetic procedures. Immediately before starting the surgical
procedure, a stenle covering 15 pliced over the device and the
monopolar stimulation probe 05 connected to the device.

Stondord Stimulation Settimgs. For cortical motar mapping, anodal-
cathodal stimulation is performed; for subeortical sdmulation,
cathodal-anodal sHmulation = used. In both modes, we ose
cantinuous stimubation mode with a repetition mee of 0.5 ms {2
Hz). SHmalation is canducted 2% 2 train of stimuli with 5 pulses
{erain of 5) with an interpulse stimulabon interal of 4 ms and a
pulse width of soa ps. Cortical stimulation starting with 10 mA {up
to 2 maximum of 20 mA] is conducted for defining the motor
cortex. After determination of cortical threshalds for posstive
contral, the cortical area with uoderlbying lesion is tested and again
a threshold s defined. After carticotomy and soboartical prepa-
ratian, subsastical besting i condocted during resection. Repeti-
ton rates amd oumber of stimuli as well as the interpulse
stimulatsan interval and pulse width can be changed according o
uger requirements and experience at any Hme.

Nlustrative Coses. Case 1 Acute Decompensahion of Gheblastoma. A& 3o-
year-old woman was brought to an emergency department at
another hospital because of progressive bebhavioral changes in the
past seveml weeks, The patient had a history of a constitutsonal

mismatch repair deficency syndrome with multiple cancer-related
surgenies and had mental retardation. The nitial computed to-
mography scan revealed huge bdfrontl edema, and the pabent
was transterred to pur neurasurgical ward, On examination, the
patient presented with signs of frontal lobe malfanction as well as
mutism, aphasia, and a lve-grade paresis on the right sade, We
ordered emergency magoetdc resomance imagmg (MEI], which
showed a massve contrast-enhancing cerebral lesion in the lefi
frantal lobe crossing the mddlne and causing madline shifting of
2.1 em and displacement of the ventricular system [Figure 24).
Additicnally, a parafalcine extm-axial lesion was detected. The
patient was scheduled for planned tumor ressction under I0MM.
In the evening hours of admission day, the padent’s condidon
deeeriomted to 2 Glasgow Coma Scale score of g becawse of
reduced wglanee, and emergency tumor decompression with
monopolar sHmulation was performed. Setup of the cortical
mapping system was performed by the surgeon within 5 minates
in parallel to anesthede preparations.

The motor cortex was identified by cortical menopolar mapping
at a threshald of 4 mA with matar response in all tmcked muscles.
Subcortical monapalar sttmulation was performed dunng remowal
af humor massss in the frontal lobe pale. Subcorteally, thresholds
af 0.3 m at the dorsl parts of the resecton cavity wene obtained.
Intrappemtively, there were no macroscopic sgns of rematning
tumor Hssue, Mearopathological results revealed a World Health

Figers 1. Acoe decormpengaton of Qicblasioma. (A Preopanatia magnatic
resonance imagng showeng led fromial contras] snfancament with midine
crusang. (BN Postoperdlivie Magnelc rscnancs maging sheoawing axtant of

réciechon. Resacton wias stopped a1 0.3 mé ot the dorsal bordars of thia
remnchinn caviky
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Figurs 3. |A] Sxil smargency tomputed iomography scen of giobiastoma
in case 2 shoawing Mymofdana ity in ™ aned of suspaciod neonlEsia as a
aigr of poute blssdiing 1B Precpecstive magretc rmeorance imegng
shoradng @ contrasi-anhancng struciuwra mdbirabing tha rght panedal and
tempoesl lokma. 161 Postopeestus megretic rescnance imaging showing
ricibdual contrast anhancement aspacally at tha supanor and tempan
borders of the ressction cavty. Chaing b promimity 10 the corticoesginal
MBCL, Fasaclion Was stopped inraoparhalky ol 2 med, and residual Tumor
wae left rterdonslly to presarm mctor funclion

[Connnuas]

Organization grade IV glioblastoma, [DH wild-type, and a Waorkd
Health Onganization grade 1 mendngioma.

Postoperative ME] demenstrated regular postoperative tissue
changes and a gross total resection with minimal [resdual volame
<2 mlL) contrast-enhanang tesoe (Figure 28] with the maximam
at the fonctional limit border. Postoperatively, the patent
recovered  without any  additional newsalogical deficst The
patient's aphasm remained, but she was keenly responsive,
adeguate n nonverbal contact, and after physical thempy
independently mobile on the ward.

Cose 3: Ghiohlastomo and Acute Hemorhage, A Gg-year-old woman was
refirred ta owr hospial owing to a newly diagnosed cmnzl lesion
with massive perifocal edema seen on computed tomography sean
at another hospital Initial symptoms were hyposenstvity and
hemiparesis on the left side of the body mainhy affecting the leg as
well ag recurring headaches. Furthermore, physical examination
revealed homonymous bemznopsia and bemineglect. Preopena-
tive MBI demonstrated a contrast-enhancing cerehml lesion in the
right temporal and parietal lobes affecting the ventricular system
and beginning of the midlne shift to the left (Figure 38) In the
course of surgery preplanning, the patient presented with an
acute redudtion of vigilance with 2 Glsgew Coma Scale score g
and progresseee left hemiparess. An emergency compubed

tomography scan was ordersd, which showed massive bleeding
o the tssue of the suspected tumar with progressive midline
shifting and consecutive bydrocephakus (Figure 38). The padent
was immediately transferred to the opemating room. Setup of
monopalar stimubtion was performed by the sargean in 6
minutes. Crapiotomy was performed, and the dum appeared to
be under extreme tension; therefore, maigation-assisted decom-
pression of the hleeding was performed nitially, FPollowing
decompression, cortical and subcortical mapping was canducted
with thresholds of 14 mA and 2 maA, respectively. Stimulation
revealed localization of the corticospinal tmct i direct relation-
ship to the tomor and blesdmg; hence resection was perdformed.
Full macroscopic resection could not be achieved under preser-
vatian af the cartcospinal tmct.

Postopemtive MED demonstrated regalar postopemative tissue
chanpes and expected substal resection [residual volume 4.2 mL)
{Figure 3L). Mearopathelogical resales revealed a World Health
Organization grde IV glioblastoma, I0H wild-type. The pabent
made a full recovery with a Glasgpw Coma Sale score of 15
withaut any mew neuralogical defeibs

DISCUSSION

In this asticle, we describe a setup that 5 swible for intra-
aperabive neuraphysiological monitoring in emergency stuations
when support by a clinical nearophysclogist is not avilable. We
chose te apply monopalar motor mapping in 2 patients with
eloquently located pathalogies to increase the safety of resection
reganding postoperative neuralogical deficits under emergency
canditions. As reported, pur 2 patients did not experience any new
nearclogical defeit in the postopemtive course, We did not wee
bipalar stimulation, as in decompensated patients this method of
stanclard mapping in awake patients 1% not applicable.

The adwntages of IONM have been frequently described in
recent decades” ") however, use of IONM in emergencies s
nesther standard nor available in most nearo-oncelogical
departments, and publications about viage in emergency situa-
tions are lacking. This could be due to a need for speaally tmined
nearosurgeans and external stalf for handling of the devices and
nearophysiological assessment af the resulls obtained  intra-
aperatively as well as the time-consuming setap, Besides the need
for personal expertise, standand HONM dences might not be
camprehensvely available in all pewrasungical departments.

In contrast to a standand TONM setup, our setup enables the
surgeon to ose the adwmomges of direct brain mapping autono-
mously, albweng usage of direct cortical and suheorbical stmuo-
lation bevond standard surgery settings. Monopelar stimulabion
can be get up within minutes, and the mapping procedure cin be
canducted withowt any third-pasty participation.

A general limitation of the present report is that we have
limmited data on only 2 patients. In general, the number of patients
with decom pensated tumors in elogquent locations that need o be
resected in an emergency setting is lmited. As we consider IOMM
techniques highly relevant for patients with eloquently locaved
lesions not only in electve but alss in emergency settings, fusther
investigations are ongoing in this specific patient cohort.
Furthermore, only direct monopalar or bipolar stimulation s
possible, as the device does not allow constant transcranial
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CORTICAL MAFMINNG TN EMERSBENEYT SURBERT

Figers 1 [Cortnued

electrical 25EP or MEF moenitoring, but SSEP and MEP
maonitoring still 5 essential at least in some localizations, espe-
crally in lesions with newrovascular conflices. ™" In case 1,
nearovascubar conflict was assumed to be the loclization of the
tumor, and S5EF monitoring would have been indicated in
elective surgery but was not available in the emergency setting
at night; therefore, monopolar stimulation with the new device
to ohtain motone control was chosen rather than not osing any
monitoring. Setop of S5EPF and standard MEP monitoring by
means of transcranmial and direct cortical stimulation requires
time and erained extermal personal.”’ Those requirements
therefore might be a knockout criteion for the wse of IONM in
emergency surgeres such as the cses described here as well as
i planned resections in nearosurgery departments with lemabed
TESOLIEES,

CONCLUSIONS

In emergency simations, which wsually de oot allow standand
I0MM mondtosing, the Ca Xtend device could be a usefal toal for

HEFERENCES

monopalar motar mapping, leading to a sabe and contralled
resection. Howewver, future studies of emergency use in larger
patient cohorts as well as wse for other indications are required.
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Simple Summary: Glioblastoma is the mest prevalent intracranial tumer inadults, and simultane-
ously the most aggressive. Surgical resection constitutes the initial step in the therapeutic approach,
and is alse highly significant, as studies have demonstrated that overall survival is markedly in-
fluenced by the extent of resection or residual tumor velume, Over the past few decades, various
bm:hnis{l.les foor precperative thn.inﬁ and ntracperative Functional mumnitoring have been introduced
tos enhance the extent of resection, particularly in the case of functionally eloguent tumors, In this
study, we conducted a monocentric investigation into the impact of varous intraoperative surgical
technigques within the realm of neurophysiological monitoring and mapping, introduced sequen-
I:iul]].'. omn the overall survival of El:iubl.axtuma patients. ln our cohort of 631 patients, mach tachn'lquz
desicribred did not exhibit a significant influence on overall survival,

Abstrack BACKGROUND: The resection of brain tumors can be entical conceming localization, but
i# a key point in treating gliomas. Intracperative neuromonitoring (JOMNM), awake craniotomy, and
map]:!i:lﬁ F:mn:dura have been iJ'b:urFquTbed aver the years. IJsinE these 'lrll:raupmﬁ\'z I:ech.nil:]u.wq,
the resection of eleuent-area tumors without increasing postoperative maorbidity became possible.
This Hh.u!}' aims ko ana.l.}lzn.- short-term and ]:!a.ﬂ:'qua.rI:,.' Iung—tzn'n outcemes in patients diapmned
with Il:iﬁh-sp'adz El.inma. who underwent nu.rHi.caI regection under various technical intraoperative
settings over 14 years. METHODS: A total of 1010 patients with high-grade glioma that underwent
resiecHon betwesn 2004 and 2008 under different monitoring or mapping pm-crdl.m:s ware sereeved
£31 were considered eligible for further analyses. We analyzed the type of surgery (resection vs.
biepsy) and type of I0NM or mapping procedures that were pecformed. Furthermore, the impact
on shert-term (The National Institute of Health Stroke Scale, NIHSS; Karnofsky Pecformance Scale,
EPS) and long-term (progression-free survival, PFS; overall survival, 05) outcemes was analyzed,
Additionally, the localization, extent of resection (EOR), residual tumor volume (KIV), IDH status,
and a.diuva:nl: ﬂ'-ura]:!].- wWere aFPmm:h.:d. EESULTS: In 4581 Paiilmbq, SUrgery, and in 150, biu‘:‘.‘iit‘i
were performed. The number of biopsies decreased signaficantly with the incorporation of awake
surgeries with bi]:!ular stmulation, IOMM, and for rnnlw]:!ul,ar magping {p < 0L00T) FPFS and OS%
were not significantly influenced by any intraoperative technical setting. EOR and BTV achieved
under diffesent operative techniques showed no statistical significance (p = 0,404 EOR, p = 0186 KTV).
CONCLUSION:- Based on the presant ana]}'s:is using dats from 14 years and more than 600 patients,
we ohserved that Iiuuu.;;]‘u the im]:ll.eml:nbaﬁun of various maniboring and mapping tuchnjr.lue:. a
significant decrease in blopsies and an increase in the resection of eloquent tumors was achieved,

With that, the upera]:u[il:}' af E]ul:juml: turmors without a ru:ﬁal:i.\-e ntlusnce on n|:q.|:m||:|5i.m|. pubcomes
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iz suggested by our data. However, a statistical effect of monitoring and mapping procedures on
long-term cutcomes such as PFS and 05 could not be shown.

Keywords: intracperative neuremaenitoring; brain mapping: supratentorial brain tumos; elogquent
brain tumor; surgical approach; infiltrating tumor

1. Introduction

IDH-wildtvpe Glioblastoma [(GBM) is the most aggressive form of glioma and the
most commoen primary malignant brain tumor, accounting for 16% of primary brain and
central nervous system (CNS) neoplasms [1]. The worldwide incidence varies [2], with
an average age-adjusted incidence of GEM of 3.2 per 100,000 population in the TUSA i3]
GBM is primarily diagnosed at older ages, with a median age of diagnosis of 64 vears. Itis
also more prevalent in men than women. GBEM is uncommoen in children, accounting for
approximately only 3% of all brain and CNS tumors reported among patients 0-1% vears
old [4].

Constant research is performed to identify novel treatment strategies that increase
the 05 period of patients while ameliorating their quality of life, as the prognosis still
is very limited. Despite maximum treatment, the recurrence of GBM following surgical
resection is nearly inevitable, and its management is tvpically not standardized, but rather
case-dependent [5,6].

Currently, the standard of care for patients with GBM comprises surgical resection
followed by radio and chemotherapy [7-%], with emphasis on the importance of the sur-
gical approach. Since GBM is an infiltrating tumor, surgical excision is often challenging.
However, maximizing the resection of the tumor plays an important role in the prognosis
of the disease [10-12]. The extent of resection threshold =80% was shown to be beneficial in
primary and recurrent high-grade gliomas [13,14]. Over the years, advances in “supratotal”
resection, meaning resection beyond contrast-enhancing tumor margin, have also been
commaonly discussed in both low-grade and high-grade glioma surgery. In glioblastoma
patients, evidence was found that supratotal resection increased survival benefit [11,15,16].

Hence, with the manifesting impartance of surgical approaches, more technigues have
evolved to push the limits of gross total resection. The introduction of 5-Aminolevulinic acid
{5-ALA) as an intraoperative tool for the visualization of the tumaor increased progression-
free survival and results of tumaor resection [17]. However, there is a significant demand
for intraoperative techniques that enable the preservation of neurological integrity in the
patients as postoperative new neurological deficits are well known to decrease survival
benefits [13]. For the control of maotor and sensory functionality, intraoperative neuromoni-
toring (IOMNM) and menopolar mapping procedures are well-established procedures during
brain tumor resection |19-22]. Monitoring techniques with transcranial electric stimulation
of motor-evoked potentials (MEFP) as well as monopolar direct cortical stimulation are
used for the control of motor function [23-25], whereas somatosensory-evoked potential
{55EF) monitors the primary sensory cortex by stimulating peripheral nerves along the
somatosensory afferent pathways that lead to the primary somatosensory cortex. The
inceplion of awake craniotomy in glioma surgery additionally enables speech monitoring
via bipolar mapping during surgery [25,27].

As we—aone by one—have implemented different monitoring and mapping techniques
as well as awake surgery in our surgical procedures over the past few vears, we aimed
to investigate the relevance and impacts of different technical approaches on the survival
and outcome of GBM patients. For the present study, we retrospectively screened data
from 1010 patients who underwent surgery at our department between 2004 and 2018, In
total, 631 patients were included in a detailed study, analyzing the operative techniques
that might have increased or decreased the preservation of neurological functionality and
whether these intraoperative neurcphysiological lechniques played a significant role in
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improving the PF5 and OS5 of patients with GBEM or IDH-mutated astrocytoma WHO
grade 4.

2. Patients and Methods

The present study received approval from the local ethics committee of the University
Hospital of Duesseldorf (Study-MNr. 2018-79-RewroDEuA) and was performed as a relrospec-
tive patient amalysis. All patients enclosed in this study gave written informed consent
on data processing within the neurosurgical working group for different scientific issues.
The local ethics committee approved the informed consent document and procedure as
appropriate for this study.

The authors want to emphasize that the used terms for histopathological diagnosis
were adapted to the latest WHO classification published in 2021 [28], even though the
observation time ended in 2018, Patients formerly classified as [DH-mutated glioblastoma
and IDH-wildtype glioklastoma were included in the study: In the following, the authors
will wse the erm “IDH-mutated astrocytoma WHO grade 47 for all patients in the cobort
who were formerly diagnoesed with IDH-mutated glhioblastoma. IDH-wildtype glioblastoma
patients remained the same and are referred to as “GBM”.

The systematic data screening of patients who underwent primary surgery at the
Department of Neurosurgery at University Hospital Disseldorf from 1 January 2004 to
31 December 2018 was performed. Fatient recruitment was conducted through “Medico®,
the local patient data management system (CompuGrouphdedical, CGM Clinical Europe
CmbH, Koblenz, Germany), Using the C7] classification code from the International Clas-
sification of Diseases {ICDY), search criteria were created to generate a list of all cerebral
neoplasms. From this list, all patients with a diagnosis of IDH-wildtype glioblastoma and
IDH-mutated astrocytoma WHO grade 4 were selected [formerly IDH-mutated glioklas-
toma), resulting in 1010 patients. The verification of the date of death was performed by
either screening the local patient data management systemn, registering queries, or contacl-
ing the patients’ families. This procedure was in line with the obtained local ethics approval.
Then, we defined further exclusion criteria for the analysis to obtain comparable data:
Fatients under 18 vears at time of diagnosis;

Primary surgery at external hospital;
Loss of follow-up < 3 months;
Incomplete clinical data {WIHSS, KPS, MEI).

After applying the exclusion criteria, a cohort of 631 eligible patients remaimed (Figure 1).

$e La b=

2.1. Surgical Procedure—Resection vs. Biopsy and Categories c_l,l’SurgJ'fﬂ]' Momitoring and
Mupping Approaches

Eligible patients were divided into bwo major subgroups according to the surgical
procedure: “surgical resection” and “biopsy”. The biopsy group was excluded from further
statistical analysis as the major focuses of the study were PFS and O5. The comparison
of biopsy-only patients to patients who underwent surgery in the context of FF5 and
05 would have been extremely blased. However, we included patients with biopsies
for a description of their distribution from 2004 to 2018 o compare their frequencies in
correlation with the implementation of different operative settings over the years.

Patients from the resection group additionally were analyzed according to the type of
technical surgical approach.

The types of intracperative neurophysiological mapping and monitoring techniques
were categorized as follows:

SP-O—S5urgical procedure only, with no added menitoring and /or mapping modalities;

AWAEE-bipolar—Awake cranictomy with 60 Hz bipolar stimulation;

IONM-monopolar—Surgery under general anaesthesia under usage of S5EF, MEF,
and EEG monitoring, and additionally monopolar mapping:

AWARE-IONM-mapping—This method incorporated all techniques, such as awake
craniotomies with monitoring of 55EF and MEF as well as mapping procedures via bipolar
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and monopolar stimulation, with a focus on bipolar mapping for speech and language
assessment and monopolar mapping for motor control

The determination of the chasen surgical setling was given following the consideration
of the lead surgeonis). During the observation period, the same three surgeons were mainly
leading the surgeries {lwo senior physicians, and one resident who later on also practiced as
a senior physician). All of them received specialized training in tumor surgery. Localization
of the lesion, evaluation of MREI scans, and neurological status as well as compliance of the
patients were evaluated pre-surgery.

1010 paticnts with initial diagnosis of IDH-
wildtype or IDH-mutated glioblasioma

2004-2018
379 excluded
— 247 loss of follow-Up
73 external OP
44 clinical data unavailable (MRI,NIHSS, KPS)
15<agel3Y
631 eligible
|
| ]
150 Biopsy 481 Surgery
147 IDH-status unknown S 14 IDH-mutant astrocytoma,
glioblastoma WHO grade 4
“GBM" (formerly IDH-mutated
glioblastoma)
MGMT-status MGMT—statu
4 methylated MGMT-status o lalu;
I oo brwia 2 unmethylated
130 unknown 152 unmethylated —
43 unknown unknowm

Figure 1. Flowchart of patient selection for analysis with numbers of drop outs at each stage.
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2.2 PF5 and O5

Progression-free survival was determined by an evaluation of BAMNO criteria for high-
grade glioma [29] in the post-operative and follow-up MEIs. The date of MEI was set for
the diagnosis of progress if applicable. (05 was calculated from the individual death data of
the patients. PFS and OS5 were calculated for the resection cohort regardless of adjuvant
treatment, and PES and OS5 were compared between the different surgical approaches. In
a further subgroup analysis, patients from the resection group that were treated with the
STUPT scheme in an adjuvant setling were separately analyzed concerning FFS and O5;
here also surgical approach subgroups were compared to each other.

2.3. Further Variables afﬂﬁh Caillection
2.3.1. 1DH Status and Adjuvant Therapy of Resection Group

For descriptive analysis, patients from the resection group were also divided into three
sub-groups based on their IDH statuses. Group one included IDH-mulated patients, now
referred to as IDH-mutated astrocytoma WHO grade 4; group two were IDH-wildtype
glioblastoma patients, and group three were patients without a known IDH status. Within
these subgroups, sub-classification related to MGMT status was performed, resulting
in three additional subgroups: MGMT-methylated, MGMT-unmethylated, and MGMT-
unknown. Additionally, adjuvant therapy was performed.

2.3.2. Eloquence of Tumor Localization

Although to some extent, the entire brain can be considered eloguent, for this study,
the authors defined brain areas as eloquent if they suffered a predictable detectable loss of
language, motor, or sensory function when affected by tumor growth or surgical approach.
These included the right and left pre- and post-central cortex, the basal ganglia, the calcaring
cortex, Wernicke's area, and areas of language function. The terms eloquent and functional
tissue are used interchangeably.

2.3.3. Extent of Resection and Residual Tumor Volume

Far the definition of EOF and residual umor velume (ETV), contrast enhancement in
the pre-operative Tl-weighted MREI was compared to residual contrast enhancement in the
post-operative Tl-weighted MEL Tumor volumetry was performed using either computer
software (Brainlab, Elements, Smartbrush, Munich, Germany) or by measuring using the
ABC /2 formula [30] if the Brainlab Software was not available. The EOR and RTV were
consistently assessed by a single teamn member within the neurc-oncology team to avoid
bias among various evaluators. An EOR, measured as a percentage reduction of tumor
volume, of 95% or greater in the post-operative MRl was defined as near total contrast
enhancement (CE) resection. Subtotal CE resection was achieved in cases with =B0%-95%
of CE resection + <5 mL residual tumor volume [31]. Percentage values of the mean,
median, and range were calculated for the EOE. RTV was measured as residual contrast
enhancement in the post-operative MEI and calculated in milliliters. EOR measured by
ETW was categorized, according to Karschnia et al, into class 2 maximal CE resection and
class 3 submaximal CE resection, while classes | and 4 EOR measured by KTV were not part
of the eohort [11]. “Supratatal” resection, meaning the resection of contrast enhancement
surrounding tissues with conspicuous findings in the MREI T2 or FLAIR sequence, was not
the target of analysis, as this surgical approach was introduced relatively late in terms of
the present data collection, and in earlier years of our cohorts” data, this concept was not
standardized.

2.3.4. Neurological Outcome

To evaluate neurclogical outcomes in patients, we applied the National Institutes of
Health Stroke Scale (WIHS5) pre-surgery, post-surgery at time of discharge, and 3 months
after surgery. Additionally, we used the Karmnofsky Performance Scale (KP5) to assess the
functionality of all patients at the above-mentioned time points. NIHSS data were grouped
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into score values of <5, 5-10, and =10 for the easier illustration of results. The KPS was
divided for group analysis into <60%, then segmented in 10-point increments up to 1005,
KPS and NIHSS were calculated with median values and their respective interquartile
ranges for all included time points.

2.4, Statistical Analysses

Descriptive statistics with the mean, and medians with interquartile ranges and stan-
dard dewvialions, were calculated using the statistical function available in Microsoft Excel.
Bar and line graphs generated from Excel were used to extrapolate the values graphically.
For special statistical analyses, the Statistical Package for the Social Sciences (IBM Caorp.
Releazed 2019, IBM SP55 Statistics for Windows, Version 26.0., Armonk, WY, USA, IBM
Corp.} was used. A Pearson chi-square test was used to determine whether the frequencies
of different intragperative techniques were statistically significant when compared to others.
The one-way ANOVA was used to test the statistical significance of EOR, NIHSS, and KI'S
in different surgical settings. Although this test allowed us to determine the statistical sig-
nificance of the means of the independent groups, repeated-measure ANOVA was required
to test the relationships of the means between the independent groups, as repeated-measure
ANOVA is a mode of analysis of dependencies. To analyvze the distribution of survival,
a Kaplan—Meier survival curve was used to determine the distribution of FFS and 05,
Statistical significance was sel al pr = 0.05,

3. Resulis

Crut of 1010 screened patients, 631 were considered eligible for the study. Of these,
150 were biopsied, and the remaining 481 patients underwent primary surgical resection.
Up to the last individual cbservation time, 165 patients underwent recurrent surgery,
60 patients had a second recurrent surgery, 19 patients had a third surgery, 4 patients
received a fourth surgery and 1 patient had five surgeries. The results are presented for
the primary resection only. In total, 303 of the 431 patients were male (63%) and 178
were female (37%). The median age at diagnosis for the resection group was 61 years
(IQR 52 8-7000); 94% of the patients underwent surgery using 5-ALA fluorescence. Fora
summarized description of the resection cohort and its surgical subgroups, please refer
to Table 1.

Table L. Summary of resection cohorts’ descriptive data (surgical subgroaps and overall cohert).

AWAKE- Oiverall
Characteristic SP-0 AR AN e~ 1ONM- Resection
Bipolar Monuepolar Mapping p———
n= 160 n=71 n=145 n=105 n =481
Sex
el ar =] B8 ] 303 (63%)
fermale 63 Il 57 ar 178 (37%)
Age at disgnosis, v
[ = 0,281} Median (IQK) 621 {17.4) &0 {17.7) £ (15.01) 64 (15.0) 610 {52.8-70)
range 23R I4-KH0 2-B5 29-E6 23-59
Als
[p=0.2H1) Administensd 142 il 136 104 452 (M%)
Mot
G | 1 W 1 29 (6%
IDH-S5has
[ < CLODA ) W—IHI:}'FE ah b 134 108k 320 (&H.5%)
Mutant K] 2 ] 3 14 {2.9%:)
Unknown 107 i3 5 2 147 (36
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Table L Cont
AWAKE- Owverall
AWAKE- TOMM-
Characberistic SP-0 Bimolar Mariosalas 1OMM- Resection
F nap Mapping Cohort
n = 160 n=T71 n=15 n =105 n =481
MGMT-5tatus
{p < 0.DG1) MGMT + 2 7 ) 50 139 (28.9%)
MGMT - ah 15 73 46 164 (34.5%
Unknown plin 449 1 a4 176 (36.6%
KI'S (mean)
preoperative 52 BT B9 G 8678 (£12.34)
postoperative 85 FTip <000l %0 n 86,78 (£ 11.08)
3 months 82 F7{p=0012)  BE(p=O0M) 8B (p=0021)  B4.57(+1323)
MIHSS (mean)
precperative 1.9 1.6 14 1 1.4
postoperative 16 25(p=0005) 12 1 13
3 months 1.6 2.3 (p = .M 13 1.4 1.6
Fre- OF
Tumear volume
[mL]
749 3683 aswr
= (1.2HE M SI¥ 2908 (+24.64 352 {+31E
LP J i o (+2E.14) [+4332) {£33.21) { J Je=ee)
Extent of resection, % by volume
(p = 4.04) Mean 9% 9% U5 6% 96.1 {8.6%)
Median 1% T 100G 100
Range S1-1H7s TE-10Ma A5-1004%: S55-100% 3B2-276
Residual volume {mL)
(p = 0.186) Mean (£50)  195mL(+51) 136ml(+658) 111mL(£226) 091 mL{+206) 137 {£d.16)
Range (37 mL 0-54.91 mL (1464 mL {1563 mL 0-54.91
Tumour kseation by hemisphere
{p = 0.001) Bilateral i i 1 1 15 (3.1%}
Left &l 42 qa HZ 223 (dbA o)
E'Ei.g]'ll: G I ] 21 243 (S5%)
Iﬂl:rl:]ucﬂl:l:-
(p < (LOIL) ﬂuqu:nl: &l 7l 143 105 405 (B4.2%)
Mok =|I:||'.|_I.IEI'I|: Th 1] ] 1] 76 (15.65%)
Bebre 2010
Eloguent 75 (84.7%)
Mok =|I:h:|_l.|-E1'||: 41 (35.3%)
After 2010
ﬂuquml: 330 (HA%)
Mot elogquent 35 (96%)

3.1. Surgical Characteristics and their Dmngﬁﬁ'crm 204t 2008

Out of 831 patients, 150 underwent biopsy only (24%) and 431 (76%) underwent
primary resection. In the resection group, SP-0 was performed in the majority of patients
{n = 180, 33%) compared to surgery with intraoperative monitoring and monopolar map-
ping {(IONM-monopolar), which was seen in 145 out of 481 patients {30%]. Surgery under
usage of all available methods [(AWAKE-IONM-mapping) was seen in 22% of the patients
{n = 105). AWAKE-bipolar surgery was performed in 71 patients {15%).

A vear-wise extrapolation of the technical settings was performed for a better under-
standing of the changes in surgical settings over time. Towards the end of 2011, the number
of SP-Cr decreased. In 2007, awake surgeries were implemented with 60 Hz stimulation,
and their numbers steadily increased until 2011, IOMNM-monopolar and the combination
of AWAKE-IONM-mapping were implemented in 2010, and over time, this became the
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institutional standard of surgical care for patienis. As [IONM-monopolar increased, SP-0
decreased considerably. As seen in the graphical representation, the period from 2010 to
2012 marked a pivotal change in defining the standard of care for surgery for patients with
GEM (Figure 2). The chi-square test showed that the performance of biopsies decreased
significantly after 2010, along with a statistically significant increase in AWARKE-bipolar,
IONM-monopolar and AWAKE-IONM-mapping surgical settings after 2010 (p < 0.001).
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Figure 2. Line graph of patients enclosed in the analysis (n = 631) divided by technical settings from
2004 to 2008, Extra information is given in the footnotes concerning the total number of cases and the
cases that were lost to follew-up per vear.

3.2 PF5 and OS5 in the Surgical Cohort

To calculate the FFS and O5, Kaplan—Meier survival curves were plotted for the
different operative settings. The median follow-up of the cohort was 14 months. The
median PFS was 8 months (IQR 4-15). There was no significant difference in the PFS
umder the various surgical settings in the log-rank (Mantel-Cox) test (p = (L.749). The
median 065 for the resection cohort was 23 months (IQR 14-50). There was a significantly
increased OS5 associated with 5P-0 surgical approach compared to the other surgical
approaches/ techniques (pr = 0.034). Figure 2A B illustrate Kaplan-Deier curves for PFS and
05 for the entire cohort, with median survival, number of events and number cemsored for
the cohort and all surgical subgroups.
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Impact of Adjuvant Therapy in Surgical Approaches concerning PF5S and OS5

From the surgical cohort, 427 patients underwent adjuvant treatmnent. Oul of 320
IDH-wildtype palients, 296 underwent at least one circle of treatment from the STUFP-
protocol, and cut of the 14 patients with mutated IDH statuses, 12 were reated with at least
one circle of STUPP-scheme. More detailed findings on adjuvant therapies for all patients
according to their surgical approaches are made available in Table 2.

We performed a subgroup analvsis for the STUPT cohort of 427 patients to reveal a pos-
sible influence of adjuvant therapy on PFS and OS5, There was no significant increase in PFS
for any of the surgical approach subgroups (median PFS for all subgroups in months = & 5P-
00—, AWAKE-bipolar—7, IONM-monopolar—7, AWARKE-IONM-mapping—9; p = 0.923).
Regarding 05, we found statistically significantly increased OS5 in patients associated with
the 5P-0 group for patients receiving adjuvant STUPF compared to the other surgical
approaches (median 05 for all subgroups in months = 25; SP-0—34, AWAKE-bipolar—
19, IONM-monopolar—21, AWAKE-IONM-mapping—20; p = 0.034). The details of this
subgroup analysis can be found in Figure 3CD.
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Figure 3. (A B): Kaplan-Meaier curves for PFS (A) and O5 (B) for the cobort with median O5 for all
surgical technigue subgroups, along with number of events and number censored as well as 95% Clin
the footnotes. There was no significant difference concerning infraoperative mapping or monitoring
technigques in PES (p = 0.7249). Kaplan-Meier curve for O5 (B) for the cohort with median O5 for all
subgroups, number of events and number censored as well as 95% Clin the footnetes. There was an
increased 085 in patients whe underwent surgecy via SP-0 technique compared to the other sungical
technigues (p = 0.034). (C,D): Kaplan—Meier curves for FFS (C) and OS5 (D) for the STUPP-suboobhaort
with median 08 for all surgical technique subgroups, number of events and number censered as well
a5 95% Clin the footmotes. There was an increased 05 in patients who underwent surgery via the
S0 technique compared to the other surgical techniques (p = 0.054).

3.3. Tiumor Localization and Eloquence

A total of 405 patients had eloquently located tumors. In order o compare the
functional locations between different surgical methods, we chose to extrapolate the dis-
tribution of elogquently located tumors by years comprising the whole screening pericd.
Statistical analysis showed that since the implementation of the AWAKE-bipolar and /or
IOMN-monopolar settings after 2010, the total number of surgeries of eloquence increased
significantly from 73 procedures between 2004 and 2009 to 330 procedures between 2010
and 2018 [p = 0.001). Furthermore, the proportion of surgeries comprising resection of func-
tional tisswe increased in relation to the total nember of operations over the observed period
(200420009, 116 procedures in total, &4.7% of those being eloquent, 35.3% not eloquent;
2010-2018, 265 procedures in total, of those 90.4% being eloquent and 9.6% not eloquent).
The 5P-0 group was the only subgroup with non-functional tumars. All other groups only
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included lesions located in functional areas. A summary of location and eloguence is illus-
trated in Table . Concerning the dependence of monitoring or mapping procedures, we
analyzed all procedures performed after 2010, when all surgical techniques were available
at our department. In line with a previous publication from another cohort that was treated
at our department |22], we found that, consistent with the widespread use of mapping
and monitoring, 82% of left hemisphere lesions were operated in an awake surgery sel-
ting, while in 64%, mapping procedures were performed. Intraoperative neuromonitoring
{IOMNM) using monopolar stimulation was performed, manly for right hemispheric lesions
{967, particularly in frontoparietal and multilocular cases, Table | presents a summary of
tumor location and eloquence by vears and technical setting,

Table 2. Defails on adjuvant therapy, if available, sub-grouped according to the surgical ap-
proaches/intraoperative techniques, TMZ = Temodal. Information regarding the initation of ad-
juvant therapy in the torm of combined radiochemotherapy was derived from the analyzed data
from 427 patients. Details about the extent of thas therapy were extracted from the data for a total
of 321 patients. Subsequently, these patients were categorized into subgroups based on the surgical
technique employed.

Adjuvant Therapy

in = 427} 5P-0 AWAKE-BIFOLAR 10MM-Monopolar AWAKE-IONM-Mapping
Total Mumber n=13 =65 n =132 n="9
Dhetails Concerning Adjuvant

Therapy Maillblllﬁﬁuu'lh = fem ol b= g
Stupp complete (60 Gy radiation +

concomitant TMEZ + adjuvant n 14 16 14

& cyeles Temodal

Radiatiom + comoomitant

Chermotherapy applied, adjuvant n 15 52 35
TE cancelled afber initiation

Radiation + comoomitant

Chemostherapy finalised, adjuvant 18 e 33 75
ThLE not initiated

Radiation + comoomitant

Chemotherapy cancelled, adjuvant k] il 2 z
ThLE not initiated

Radiation + comoomitant

Chemotherapy cancelled, adjuvant

TMZ finalised. ' ! . 2 .

(at least & cycles)

Herrlinger scheme & 1 5
Radiatiom IJEIJ.:.-' 1] i 1 o

3.4. Extent of Resection and RTV

In total, 479 patients received pre- and post-operative MR to assess the EOR and
ETV; 2 patients in the SP-0 group did not receive post-op MREL Mean tumor volume
in the preoperative MRI was 35.2 mL ((SD = 31.8), range 0.3-226.8 mL) for the cohort.
Pregperative tumor volume did not differ significantly between the surgical subgroups
{p=016%.

The mean EOR calculated as a percentage reduction of tumor volume was 96% ({9 5D
for the entire cohort, range 38-100%); 373 patients {76%) had near-total CE resection, while
the remaining 108 (22%) had subtotal CE resection. Of the patients who were operated on
via SP-00, 129 showed near-total CE resection and 29 showed subtotal CE resection. In the
AWARKE-bipolar setting, 56 patients showed near-total CE resection and 15 subtotal CE
resection, and in the [OMM-monopolar group, 108 patients had near-total CE resection, and
37 subtotal CE resection. Finally, in those operated on via the AWAKE-IONM-mapping
setting, &2 had near-total CE resection and 23 had a subtotal CE resection. The EOR (%) did
not show a significant difference when analvzed separately for the years before (2004-200%)
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and after (2010-2018) the introduction of all IOMNM and mapping techniques {mean EQR
before 95%, mean EOR after %6%). In line with that, no statistical significance (p = 0.404) was
found regarding the EOR and different surgical settings for the whole period (Figure 4A)

A ]
Brvdusl Tomesr b odeme my
v oy Erurimes i
== ol L b o
n o] L - -
i 1 - - =
i £
d &
o
| =
d [ :
L l — r'hl.
W thoakd rgpeaa R ] ekl i g i o — [P T y——— i
e
b ey
- H P et 0 e
e T T -
[T e | et sl | i Bl '-‘—': i — h‘:__ e — |.“|_-_|
LET! ™
Uiversl - [ " = *rarad " C l_

Figure d. (A B} Boxplots. (A) EOK (%) compared within the different surgical technique subgroups,
showing intraoperative neurophysiclogical technigques of all cobort patients, and with one-way
ANOVA revealing no statistically significant difference (g = 0404, mean EOR in SP-0 group was
6%, i AWAKE-Bipolar subgroup it was 57%, in the IONM-monepolar cohort it was 95% and
in the IONM-AWAKE-mapping subgroup it was 96%). (B} KTV (mL) compared with different
intrapperative neurophysiological technigques for all cohort patients, and with ene-way ANOVA
revealing no statistically significant difference (p = 0.188). For illustrative purpeses, the representation
of two statistical outliers has been omitted. The values were group SP-0 n = 1 with 3700 mL sesidwal
velume and group AWAKE-bipolar n = 1 with 5491 mL residual velume.

The extent of resection was also assessed as BTV in the postoperative MEL The mean
ETV in the cohort was 1.38 mL (+4.16 5D). The mean KTV measured in the postoperative
MEI was the lowest in the AWAKE-TONM-mapping group (09 mL (£4.2]) and highest
in the SP-0 group (1.93 mL (5.00). Mo statistical significance (p = 0.186) was found re-
garding the RTV and different surgical settings for the whole period; according to the
mean values, all subgroups reached class 3 A {subtotal) resection (Figure 4B, mean RTV
for 5P-0 = 1.93 mL, AWAKE-bipolar = 1.35 mL, IONM-monopolar = 1.1 mL and AWAKE-
IOMM-mapping = 0.9 mL). Of the patients who were operated on via SP-0, 118 showed
class 2 B resection (near-total CE resection), 22 showed clasa 3 A resection and 18 showed
class 3 B resection. In the AWAKE-bipolar setting, 57 patients showed class 2 B resection,
and 12 showed 3 A, while 2 patients showed 3 B resection. In the [OMNM-monopolar group,
106 patients showed class 2 B, and 27 showed class 3 A resection, while 12 patients showed
class 3 B resection. Finally, in those operated on via the AWAKE-IONM-mapping setting,
7Ehad class 2 B resection and 23 had class 3 A resection, while 4 patients showed class 3 B
resection.

The BTV also did mot show a significant difference when analvzed separately for
the years before (2008-200%) and after (2010-2018) the introduction of all IONK and
mapping technigues.
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3.5, Newralagical Cutcome in Resection Group: NIHSS and KPS
3.5.1. NIHSS5

Median NIHSS for the entire cohort pre-surgery was 1 (I0R 0-2) and remained the
same at all other analyzed time points (Figure SA). When comparing the subgroups of
individual m:mitaring or m,appi.ng techniquﬂ, ]:ral:ienlx in the SP-0 group served as the
baseline without any moenitoring, and were compared to other groups with monitoring
and/or mapping techniques. In a post-hoc analysis, it was observed that at the ime of
postoperative assessment, patients in the " AWAKE-bipolar” group had a significantly higher
MIHSS compared to non-monitored patients in the SP-O group (p = 0.005). This effect was
also evident at the three-month follow-up (p = 0.04). In the intergroup comparison, when
only the monitoring /mapping groups were considered, the AWAKE-bipolar group also
exhibited a significantly higher NIHSS postoperatively and at the three-rnonth follow-up.
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Fiﬂ'un: 5. (A) Hu:.]:!hrl: NIHSS: NIHSS pre- amd Pu.'il—ﬂ-ul‘gﬂl‘}l:‘ as well as at three-mmonth fu]h.'lw-up for
all patients. The median MIHSS scoses for the surgical subgroups at different fime points were (pre-
surgery / post-surgery and at three-months follow-up): SP-0 2171, AWAKE-bipolar 1/1/2, 108M-
monopolar 1,1 /0, AWAKE-IONM-mapping 1/1/1. (B} Boxplot, KPS pre- and post-surgery as well
as at three-months fo]hn\'-u.]:! for all patients. The median KPS scores for the !LLTHi.ﬂI. xul:rgrwpﬁ for
dibferent time pednts wene [pre-surgery/ pest-surgery and at three-months fellow-up): SP-0 80/80/85,
AWAKE-bipolar 90,80 /80, IONM-menopolar 90,/90,/90, AWAKE-IONM-mapping 90,/90,/90.
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Median KPS pre-surgery for the whole cohort was 90 (I1OR 80-100) and remained
the same at post-surgical assessment and three-month follow-up. Post-operative analysis
showed that the patients operated on under SP-0, IONM-monopolar and AWAKE-IOMM-
mapping settings experienced no deterioration in terms of their KPS score. However, a
significant decrease i the KI'S score was observed in patients who were operated on under
the AWAKE-bipolar setting, while the KPS score for those who were operated on via SP-0
increased (Figure 5B, p < 0.001).

The three-month follow-up revealed significantly higher KP5 values for the IONM-
monopolar {p = 0.04) and AWAKE-IONM-mapping (p = 0.021) groups compared to
those under the 5P-0 surgical setting, and again, the AWAKE-bipolar group showed a
sigmificantly lower KPS score compared to 50, as calculated using the Bonferroni method
{p=0012).

4. Diiscussion

The standards for the surgical treatment of GBM have evolved considerably. In our
study, we found significant changes in the intracperative monitoring technigues used since
204, We observed three main phases: (1) no monitoring until 2007, {2) the introduction of
awake craniotomies with bipolar stimulation as the only monitoring /mapping technigue
in 2008 and (3) the introduction of IONM and mapping as a combined procedure in 2010.
From there on, whenever required, all techniques were used as combined techniques.

In the present study, which spanned 20042018, we aimed to quantify the influence
of elaborate intraoperative monitoring and mapping methods on the immediate effects
measwred in neurological outcomes and the long-term prognosis of patients with eloquently
located GEM.

Implementation q’ﬂ{ﬁerent Surgical Monitoring and Mapping Technigues and Their Impacts on
Short-Time and Long-Time Outcomes

In owr department, awake surgery with bipolar mapping was the first technique used
for the functicnal monitoring of patients with eloguent tumors, introduced to preserve
functionality in patients with eloquent tumors. Awake craniotomies with &0 Hz bipolar
stimulation as one technique for eloquent GBM resection provide functional control on
the cortical and subcortical levels of a wide array of neurological functions, particularly
language functions. Thus, the importance of awake craniotomies has bean recognized in the
surgical managerment of eloquently located gliomas in the past, and the implications of this
technigue for eloguently located GBM have been discussed widely in the literature. In 2008,
Sanai et al. reported data on 250 patients who underwent resection under intraoperative
language mapping. Further, they reported a worsening of language function in 8.4% of the
patients during the postoperative phase. However, after 6 months, only 1.6% af the patients
were reported with permanent worsening [32]. Recently, Gerritsen et al. published data
from a multicenter study comprising 5336 GBM patients with eloguently located lesions;
134 of the patients underwent awake surgery. Owverall, patients in the awake subgroup
compared to the non-awake group had significantly fewer neurological deficits at three
and six months [33]. Comparalle results were oblained in a meta-analysis published by
Sattari, revealing a significantly greater EOR, longer FES and 05, as well as higher KPS
scores at three months in 2032 eloquent gliomas [34]. In our cohort, we found a median FFS
of & months. PFS as calculated by Kaplan-Meier curve showed no significant superiority of
the technical settings that were used. For 05, a median survival of 14 months was observed
for the entire cohort, and here, the Kaplan-Meier curve revealed significant results in
the 5P-0 group. However, the authors want to interpret these results judicially. First
and foremost, the SP-0 group was the largest, with 160 patients compared to the other
subgroups. Several cases might have biased outcomes regarding PFS and OS5, Furthermaore,
SP-0 was maostly implemented in patients before 2000, when the significance of IDH-status
on the prognosis of GBM was still under investigation. The patients operated on via
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SP-0 in our cohort comprised mostly unknown IDH statuses. Amongst these patients,
statistical outliers had an OS5 of more than the expected normal average life expecltancy.
The authors can only speculate that a majority of patients in this cohort may have an
IDH-mutated status with a known beneficial overall survival {O5], although this cannot be
conclusively demonstrated. It should alse be noted that the groups were highly imbalanced
{14 IDH-mutated vs. 320 IDH-wildtype patients), allowing for trends buk not statistically
robust conclusions.

The AWAKE-bipolar group in our study exhibited a significantly increased NIHSS
and reduced KIS in the postoperative phase compared to the other groups. To further
evaluate this phenomenon, we examined factors that could have had some influence on
these unexpected results. The eloquence of the operated lesions was not a contributing
factor. However, upon investigating the locations, it was found that a quarter of the lesions
were located in the parietal lobe. Since, in comparison to the AWAKE-bipolar group, the
AWAKE-IONM-mapping group that implemented additional IONM and both mapping
techniques did not show a higher postoperative NIHSS, the possible absence of monopolar
mapping when addressing motor eloquent areas in the parietal lobe may explain this
outcome. However, as the nature of the deficit—motor or language—was not able to be
obtained from the raw data, and therefore not further evaluated, the authors can only make
corjechures in this regard.

As there is a distinctive dependence on the patient’s compliance, not all patients
can undergo awake surgery. If patients are identified as not suitable for awake cram-
iotomy or in cases where the control of motor function is prioritized over language testing
due o localization or clinical findings, IONM and monopolar mapping are profoundly
effective techniques for monitoring somatosensory and motor functions in the asleep set-
ting, providing the active monitoring (monopolar stimulation) of cortical or subcortical
makor functions.

Combined monitoring / mapping approaches for surgical resection were implemented
in our department, starting at the end of 2009, When using IONM with monopolar map-
ping only or awake surgery combined with those techniques, we did not see any signifi-
cant increases in NIHSS or decreases in KPS as parameters for new neurological deficits,
which is in line with multiple studies reporting save resection under usage of these tech-
niques [2035-37]. After the implementation of these combined techniques, the ratio of
biopsies compared to surgeries decreased significantly, and the incorporation of IONM-
monopolar and AWAKE-IONM-mapping procedures drastically increased in our cohort.
The surgical excision of eloguently located tumors also significantly increased from there on.
Mevertheless, as reported in our data, those techniques did not have any influence on PFS
or 05 in our cohort. Our findings are in line with a stedy by Fukui et al., which focussed on
the impact of awake craniotomy and mapping on 05 in a cohort of 235 patients and found
no significant results for (% when patients were operated on in the awake setting compared
to under general anaesthesia [28]. Additionally, Pan et al. found no statistically significant
differences between “IONM” and "noe-IONM™ groups concerning PFS and 08 [39].

Lastly, in a side analysis, we aimed to access poszible significant differences in EOK and
ETV within technical settings to determine a possible influence on PF5 and O5 in our cohort,
as EOR and KTV are known to be significant factors for prolonged PFS and 05, Maximizing
EOR is a well-established concept applied to prolong overall survival (O5). Many studies
have proven the significant influence of this approach in the past, e.g., Sanai et al. [13,40]
and Lacroix et al. [41]. In a recent study, the RAND Resect Group demonstrated that
resections beyond the contrast-enhancing part even more notably impact 05 [11]. In our
cohort, a mean EOR measured as a percentage reduction of 86% was observed throughout
the entire period, regardless of the technical setting employed. The average EOR before
the incorporation of IONM or mapping techniques or awake surgery was 95%:; after that,
we saw an average of %%, Furthermore, we evaluated the residual tumor volume, which
did alzo not differ significantly between technical settings; however, the lowest KTV was
seen in the AWAKE-IONM-mapping group in which all IDMNM and mapping techniques
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were incorporated. With the implementation of IONM and or mapping techniques, the
authors would have expected more different results favouring IONM and or mapping
techniques regarding resection results. However, in our cohort, no significant difference
was observed compared to the period without the use of IONM or mapping techniques.
An important factor to consider here is that with the introduction of these technigques,
the eloquence of tumors significantly increased. Comparing EOR or ETV in patients
without eloquently located tumors is challenging when compared to those with motor or
language-relevant tumors. For non-eloquently located tumors, resection can be guided
radiclogically/anatomically. But, with eloquent tumors, the aim is to avoid functional
deficits, necessitating the acceptance of functional resection boundaries. This could have
contributed to the very similar outcomes between the SP-0 and various AWAKE and
IOMNM-mapping groups.

Owerall, the equally distributed EOR and ETV may have resulted in a non-significant
impact of the monitoring/mapping techniques on PFS and 05, as it is known that the
extent of resection highly impacts survival in high-grade patients. Since there wers no
differences in the cohort regarding the extent of resection, the influence on OS5 of the
respective monitoring/mapping techniques could probably not be shown,

5. Limitations

This study has certain limitations that the authors want to point out. The retrospective
study is based on data spanning 14 vears, with some data acquisition dating back signif-
icantly into the past. Meanwhile, changes in documentation forms and standards have
occurred, posing challenges to comprehensive data collection and meaningful analysis.
For example, the chosen intraoperative technical setling was naturally dependent on the
standard technology available at the time of data collection. This factor influenced patient
allocation to different technical groups until the introduction of all mapping and monitor-
ing techniques after 2010. Notably, out of over 1000 screened patients, only just over &0
were included in the study. Additionally, since the first patient’s surgery, intraoperative
techniques, excluding the monitoring and mapping approaches under investigation in
this study, hawve evalved. The introduction and routine use of fluorescence techniques like
5-ALA, or increasingly advanced microscopes, intraoperative imaging, and preoperative
planning owver the yvears, have shifted the boundaries of surgeries, likely introducing a
certain bias into the data. Moreover, the group sizes of the surgical approaches have varied
significantly, making comparisons challenging in some instances. A prospective setting of
data acquisition and analysis would have certainly resulted in significantly less data loss,
thereby allowing for a substantial increase in both the total number of patients and the data
available for analysis. Additionally, the matching of patients would have been simplified,
helping to minimize the numbers and impacts of confounders.

6. Conclusions

Several publications have advocated for the ulilization of intracperative neuromaon-
itoring {IONM], mapping, and awake craniotomies in the resection of glicblastoma in
smaller patient cohorts. However, to our knowledge, there has been no analysis of com-
parable cohort sizes in the current study that examines the influence of different intracp-
erative monitoring and mapping techniques on FF5 and O5. We observed a significant
decrease in the number of biopsies following the incorporation of awake surgeries, in-
traoperative IONM, and mapping. This decrease suggests a considerable increase in the
operability of eloquent tumors since the adoption of awake craniotomies and 10MNM or
mapping technigues.

Therefore, employing these technigues facilitates the safe resection of eloquent GBEM
with acceptable post-operative morbidity. Mevertheless, our cohort did not demonstrate
a significant impact of one of these various surgical monitoring and mapping techniques
alone on PFS and O5. Although specific individual techniques did not show a significant
impact, our study highlights the importance of intrapperative monitoring and mapping
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techniques in enhancing overall resectability in GBM, which now provides an opportunity
for surgery to some patients who previously would not have been candidates for surgery.
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Impact of Anticipated Awake Surgery
on Psychooncological Distress in
Brain Tumor Patients

Franziska Staub-Bartait*, Oliver Raditke, Daniel Hanggi, Michasl Sabel and Marion Rapp

Dhapmrimont of Moorceorgany, Unaansty Riooedsl Dussmaloined, Dossgeidorn, Ganmany

Background: Brain tumar patients presant high rates of distress, anxiely, and
dapression, in parlicular parioparativaly. For resection of soguent located carsbral
lesians, awake surgary i the gold standard surgical method for the preservation of
speach and rmator function, which might ba aceompanied by increased psychalogical
distrass. Tha aim of the present study was to analza il patients who are undargoing
awaka cranictarmy suffer from increased prevalencs ar higher scoras in distrass, anxiety,
or daprassion.

Methods: Palianis, wha wara alectively admitted for brain lumor surgery al our
neurooncolagical departmant, were perioperatively screened regarding distress,
armiaty, and quality of lifa using three eslablishad self-assessmant instruments (Hospital
Arogely and Deprassion Scale, distress thermometer, and European Organisation for
Rasearch and Treatmant of Cancer (EORTC) QLO-C30-BN2D). Screaning resulls ware
carmslated regarding operation technigque [awaks ve, general anesthesia), Ratrospective
statistical analysas for nominal variables weara conducted using chi-squara tast. Metric
variables ware anahwad using the Kreskal-Wallis tast, the Mann-Whitney U-lest, and
indepandant-samplas -tests.

Results: Data from 54 patients (26 male and 28 famale) aged 29 1o B2 years wers
available for statistical analyses. A total of 37 patierts received primary resection and 17
recurrent turmor ressclion. Awake surgery was parfarmed in 35 patients. There was no
sigrificant diferance in awake versus non-awake surgery patienls regarding prevalance
(af distress (p = D.4B5), anxiety (p = 0.223), or depression {p = 0.882). Furtharmora, awaks
surgary had no significant influence on distress tharmometer seore {p = 0.668), anxiaty
scora (p = 0.682), or deprassion scone (p = 0.630) as well as future uncertainty (p = 0.436)
or global health status (p = 0.943). Additionally, analysas revealsd that primary or recurrent
surgary also did not have any significart influence on the prevalence or scorng of the
evaluated itams.

| Jariary 2022 | Voluma 11 | Aicke 795247
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Conclusion: Analyses of our cohart's data suggest that planned awake surgery might
nat hawve a negative impact on patients concarming the prevalnes and severity of
manifestation of distress, andaty, or deprassion in psychaoneological screaning.
Patiants undargeing recurrant surgery tand o demonstrate increased disiress,
although results ware not sigrificant.

Kayenonds: awake surgory, psychooncolsgioal dstreas, globlasioma, bmin tuenor, HADES, EGRT C GLG-C30

INTRODUCTION

Cancer patients are at high rigk of suffering increased bevels of
distress, anxiety, and depression. A stisdy regarding the prevalence
of distress in patients with dilferent types of cancer reported an
wverall prevalence of distress of aboul 35% (1), When focusing on
neuroancobgical patients, prevalence of distress is repurted 1o be
even higher with ranges of between 38% and 52% (2, 3). According
Lo previous studses, approxmmately one-fourth of cancer patsents
alan suffer from depression oo depressive symploms (4). In brain
lumior patients, the prevalence of depression & repored Lo be
approximately 21% and generally assumed io be higher than in
patienis with diferent cancers (4, 5). Further analyses undeddined
that in correlation to increased levels of distress, aniety, and
deprestion, brain lumoer patients additionally show a reduction of
guality of life (Qul) (6, 7}, fnally rEu]L'i.nH_ in decreased overall
survival. Studies reporied that psyehological dastress is associated
with increased cancer morality (8) and significantly worse
oulcomes in cancer patients with brain tumoss, especially in
patients with high-grade gliema (5-12). Lengiudinal analyses
regarding distress in neurconcolegical patients underlined
increased distres especially parioperatively during hospatalization
(13). Therefore, in partioular, perioperalive screemdng o faeilitate a
Limely additional psychooncological support seerms Lo be crucial

The aam of surgery in nevrooncological patients is a maximal
aggressive lumor resection withoul causing permanent
neurslogical deficits. In arder 1o achieve this goal, the operation
techniques were significantly improved by using neuronavigation,
fuarescence-guided surgery, and intraoperative neuromonitoring
during the last decade. Especially awake surgery in patients with
elogquent located lesions has been proven o maximiee the extent of
regection leading 1o an mmproved swleeme while decressing rigks
for new postoperalive neurological deficits (14-16). But less is
known il this anticipated operation techmigue causes additional
distress for meurooncological patients.

Therefiore, the present study aimed 1o answer the guestion ol
whether the anticipation of awake surgery has an additional
negalive impact on disgress, anxiety, depression, and Col status
in neuroencological patients in the preoperative phase as compared
with patients undergoing surgery under general anesthessa (GA)L

PATIENTS AND METHODS

In this retrospective single-center analysis (screening persod
Japnuary 201% to September 2020}, we investigated the

M

Frontiars in Onoclogy | wew. fromionsin.om

141

perieperative impact of anticipation of awake surgery
regarding psychooncological distress of brain lumer patients.
The study was approved by the local ethics committes (Study
Mumber 4087). Keporting of this study was according to the
Strengthening the Repurting of Observational Studies in
Epidemiology (STROBE) guidelines for obwrvalional sudses

{Supplementary Material).

Patients
[nclusion criteria for the present analysis were 1) patients age =18

years with the dsagnosis of a brain tumar 2) who were electively
admitted for tumor surgery at our pewrocnostogical department
with 3) a complete preoperdive data sel of distress and Qol
assessment. Due to the retrospective study design, assessment
questionnaires were Alled out quite heterogenesusly with
partially missing data. In order to aveid interference of
analyses by an indifferent amount of data for each single
screening paramseter, we defined that cnly patients with a
complete paychooneological sereening assessment were eligible
for inclusion, Patients with missing data in any of the bedow-
described screening ems were excluded, finally leading to
exclugion of 74.65% of the patienls. Screening assessment
comprising all sereening itermns will be described further below.

For further analysis, patients were divided regarding thear
resection madality (awake va. GA) (Figure 1). Secondly, analyses
concerning the impact of primary or recurrent SUrgery
were perlormed.

Dretailed epademiclogical information ncluding clinical data
of both groups is summmarzeed in Table 1.

Screening Assessments

Screening was performed as tablet-based self-assessment after
short instruction by our medical stalf. All patients were scéreened
1-2 days precperatively during hospitalization with the
Tallowing instruments.

Maticnal Comprehensive Cancer Network, Distrass
Thermometar

Aga rowline screening instrument for distress in cancer patients,
the distress thermometer (T} was Grstly published 10 1999 by
the Mational Comprehensive Cancer Network (NOCN). The DT
ig now parl of the NOCN guidelines and an easy-lo-administer
self-reporting tool with a rating scale ranging from 0 (no distress)
o 10 {extreme distress). According to the NOCN gusdelines, we
defined a DT scare of 5 or above as indicating distress. The DT
aleo containg a list of 4 symploms representing practical, family,

]
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n=44

FIGLARE 1 | Flovacher] chsscriting plien| sabcdion,

ematimal, spiritual-religious, and physical concerns. In our
setting, we only uwsed the visual scale, and the symptom list
wias excluded.

Hospital Anxiety and Deprassion Scala
Firstly published in 1983, the Hospital Ansiety and Depression Scale

(HADS) was criginally designed 1o assess the paycholegal state of
physically il patienis. Meanwhile, 5 has been establshed a5 an

effective soreening tool for the assessrment of anxiety and depresion.

TABLE 1 | Desgriplion aphsmiakagic sl ol potien] ook,

Aavake Mo -ravakoe (GA)
in =35 =19
Ay yeirs|
Maan EE BB 2 25 50 [5EM 2 25
Farnge a1 -0
Sarckar
Pk ] T
Mak: g 1z
Cragivirais
Jicblastoma (NHD MW i 13
Anepbati; olgodendmgioms (0 1) 2 1]
Anaplastio astrocyvtoma VS0 15 & 1
Diffrae glorro HD G 2 o
Aghrocytoma I0H rmutam JAHD 1 E [n]}
Corabiral metasiaias 4 2
Carabml krphoma ] ]
Gangloghara fVHD )
ECOHS pra-op
Kaary DAEE =01 10[EEM =202
ECOG post-op
] OEBEM =03 12[EEM=03
Frimary sungery a5 1z
P aren| gagery L} 7

a4, penael aneshesny 0KS, Easfem Doopeva ke LGy (i,
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= 19

The I4-item seli-report gquestionnaire consists of 7 ilems
used o identify anxiety (HADS-A) and 7 items for depression
[HADS-D), with &ach ftem ]1.a\ri|:||_.; a 4-point (0-3} Likert-type
scale. The maximum score on each subscale is 21 podnis.
A cutolf score of >8 B assumed to be oplimal concerning
sensitivity and specificity in defining anxiety disorders in
palients (17, 18).

Health-Related Quality of Life Assessment

The European Organisation for Research and Treatment of
Cancer (EORTC) QLO-C30-BMNI0 is a disease-specific
quesbionnaire developed by the EORTC to assess the Qol of
cancer patients The EORTC QLO-C30 consits of a 4-paint
scale containing four function scales, three symptom sales, and
six singhe-item scales as well as twe 7-point scales: the global
health status and the Quol. The QLO-BMI0 s an additsenal
module for brain tumor patients, consisting of 20 questions
specifically assessing brain tumor-related symploms. Distress
screening results were correlated with the following ilems:
glabal health status, Qol, and future uncertainty {7, 19). The
thresheld for the global health and Qol score was =4 and
for emotional function, cognitive function, and foture
uncerfainty 2275, scored according to the recommended
scoring evanual of the EORTC.

Indication for Awake Surgery and
Preparation Protocol

For doquent {aortically andfor subcortically) locabed tumers (ealusted
i presperative MBI scans), awake surgery with intracperative
monitoring was planned to preserve functionality. In patients
with suspected language affecting lessons or for specific moteric
testing, awake surgery was indicated in order to perform
adequate intraoperative monitoring of function (14, 20
Speech moniloring was performed using 60-Hz stimulation,

Joruary 2022 | Violuma 11 | Ardoke TBSE24T
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and melor stimulation was pedformed using high-frequency
monopolar stimulation.

Independently from localization, patients wilth severe
preoperative speech disorders were excluded fom the awake
surgery group.

All patients in the awake group usderwent baseline testing | day
prior to surgery, with the same fests used intraoperatively.
Additionally, the intraoperative setling of awake surgery was
practiced with the patients in order W prepare patients for the

In patients with a suspected malignant brain tumor, 5-
aminolevulinic acid (5-ALA} was administered orally 3-4 h
prior to surgery. 5-ALA leads to the accumulation of
Auorescent porphyring in malignant cells and helps
intracperatively with the klenification of tumar tissue keading
to the increased extent of resection and increased progression-
Free survival in patients with malignant gliema (21, 23}

Statistical Analyses

Obvained resulis were statistically analyzed by using the chi-
sqjuare Lest for pominal variables. Metric variables were analyzed
wsing the Kruskal-Wallis test, the Mann-"Whitney U-test, and
independent-samples ©-lests. Matistical analyses were conducted
using IEM SPSS Statistics Version 26 (1M Corporation, USA}
Statistical cutodl stated as p-value was sel al 0.05.

RESULTS

Fifty-four eut of 213 patients were eligible for inchsion in the
final analyas (Figure 1), O the patients, 26 were mabe and 28
female, with mean age of 56.04 | £ 2.1 SEM]. A iotal of 37
patients [68.53%] received frat tumor resection, and 17 (31.48%}
were hospitalized due to recurrent surgery. Out of 54, 35 patients
were undergoing awake surgery (B4.81%), a5 inlraoperalive
speech and motorc testing were required for enabling sie
resection duwe o elogquent localization of the legon. In the
recurrent patient groug, there was one case whese surgical
procedures had changed (primary surgery, non-awake;
recurrent surgery, awzke surgery). Sixteen patients umderwent
recurrent surgery following the same surgical strategy compared
with primary surgery. The subgroups’ mean time between
primary and recurrent surgery was 2.9 years | = 0.54 3EM].

Preoperative mean Eastern Cooperative Oncology Group
[ECOMG) Performance Status was 0.9 [ £ 0.1 SEM] and
postoperative 1 | = 0.1 SEM]. Neither af the included patients
repotted a prychiatric diagnosis in medsal hatory.

Screening Results

[ndependent from the screening instruments, in the awake
patient cohort, 22 patients were indicated 1o sulfer from
increased distress (62.86%). ln comparisoen, 10 oul of 19
patients who were undergodng surgery under GA complained
about digtress (5263%). The prevalence of distress (p = D465}
did not significantly differ between both cohorts. Furthermore,
six patients of the awake patient coborl mdicated increased
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anxiety (17.14%) and five depression (14.29%). Also, six
patients {31.58%) in the GA cohort (n = 10J19) reported
anxiely and three depression (15.79%). Therelore, again, the
prevalence of anxiely (p = .223) and depression (p = 0882} did
not differ signibcantly between patients who were undergoing
awake surgery and patients undergoing surgery under GA

The main results are presented regarding the different
screening insdrumenis.

Distress Thermometer
Begardang resulls of the DT assessment, the mean score in the
awake surgery patient cohort was 369 | + 0.50 3EM)|, compared
with 6.26 | £ 066 SEM] for patients undesgoing surgery under
GA. Satistical analyses revealed no significant difference in the
scormng ol DT in bath cchorts (p = 0.668, Figure 24}
Begarding the impact of recurrenl surgery, there was no
significant influence, although patients undergoing recurrent
surgery tended fo demonstrate increased distress more ofien
{recurrent 76.47% wi. primary 51.35%, Figure 2B).

Hospital Anxiety and Depression Scale
Scoring ol anxiety and depression flerms showed 2 mean scare of
6.14 | + 0.75 SEM)] for anxiety and 5.23 | +1.72 SEM] for depression
score i the awake group. In comparison, the men score in the GA
group was 7,16 [ £ 1.29 SEM| for anxiety and 5.89 [ = 099 SEM] [or
depressson. Meither of both results resched significance (ansety
awake vi. GA p = 0GR depression p = 0430, Figures 34, B).
Comparable with the DT resulis, although recurrent surgery
had no significant influence on the prevalence or scoring of beth

parameters, patients with recurrent surgery tend Lo demonstrate
higher scores for anxsety and depression.

CQuality of Life
Concerning analyses of global health status and future
uncertainty from the BORTC brain module, awake surgery did
st have any significant influence on seeres of [ulure uncertainty
{p = 0.435) ar global health siaius (p = 0.943, Figures 44, B).
Again, there was mo significant impact on those parameters
concerning recusrent surgery; however, a decreased global health
status was observed in the recurrent surgery patient cohort.

Psychooncological Support

At hospatalization, all patients were asked if they wish to get
psychoancological support perioperatively. Fiflleen patients
(27.78%) accepled additional supperl. Hegarding different
patient groups awake vi. GA and recurrent vs. primary
surgery, there was no difference (p = 005).

DISCUSSION
For eloquent located tumors, awake surgery 35 the gold standard

treatment aplion Lo obtain maximal wale resection. Bul less is
known about the potential negative impact that this additienal
pressure may have on neurooncological patients who are already
at high rigk for increased distress, anxiety, and depresion.

Joruary 2022 | Volumo 11 | Arboke 785247



Stoub-Bartal of o.

Awako Sungony Feychoonoologioal Disirass Gloma

Amihn 8 = 1, S, i &= UE =

—
et

\—

oh il

Prmiry &= BF, Bbviesss &= 00 g = 19

A —

L [ .

W el margern

Framary warpees

!u—
tesam

FIGARRE 2 | {&, By Moan scoding in DT in geoup companison. Trarm wene no significant diienennes seon babvwoeon both pationt groups (i po= OUEBE). Conoaming
omprson of raported disiness in eiffer picry or recurnenl surgeny, albough ol salisfcaly signilicant, palients urdegong recument surgeny mporked disimss

marn cfton B OT, distoss tharmomaier

We aimed 1o inclsde various essential psychooneslogical
lesting paramelers in order to oblain 2 comprehensive
overview of the preoperative psychological status of pabients
when undergoing awske surgery compared with undergeing
surgery under GA. Our data reflect that patients undergeing
awake surgery for cerebral lesions de not demonstrate distress,
anxietly, or depression more oflen than patients who are
undergoing surgery under GA in the preoperative phase
Furthermore, our analysis also elearly underlines the additional
impact of recurrent surgery regarding increased distress.

There are only a few data regasding the psychooncolugical
impact of anticipated awake surgery. Buis & al analyzed 70
patients using the HADE, and they reported a mean anxiety scale
of 6.1 poinls, comparable with our data. 1n this analysis,
partscularly younger patients and women were identified with
higher anviety scores (23). However, they did nol compare
results with patients undergeing surgery under GA. Our 2013
research group performed a postwperative survey of brain tumar
patients who received awake surgery. Most patients slated that
they would underge awake surgery at any time again. A
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theroughly pre-op preparation was the most important o
support the patients in this situation (24). Different sudies
uwiderlined that detailed preparation of a well-selected patient
cohorl is essential o prevent siress disorders and negative
peychological aftereffects (25, 26). In this context, Santini and
colleagues firstly reported psychological prediling for candidates
of awake surgery under the wie of psychological questivnnaires,
newrapsychological testing of language, neurocognition, and
infraoperalive inlerviews (27).

Al our d:pa:'l.m-url.l.. palients ul'lil-El’E'L'p & preoperalive
povchooncological soreening as described before; furthermore, a
sirmulation of the awake situation 1 day before scheduled surgery is
anal pracliced with the paizent,

Besides careful patient selection and preparation,
particpation in the decision making and anticipated active role
throughout surgery and therefore sctive rele i a pesilive surgery
gutcome maght contribute to the faa that awake surgery does not
have a negative influence on the patients (28), Additionally,
conbrary Lo our preoperative screening results, published reports
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of postoperative screening results of patients wedergoing awake
crandotemy alse revealed no major pegative impact of awake
surgery on patients. Goebel et al. deseribed pre- and
postoperative HADS anxiety and depression scores of 25
patients undergoing awake surgery combined with
intraoperative MBI, and only 1 patient showed negative
reaction Io surgery protocol postoperatively (Z5). In line with
that, Danks & al. reported no major consequences like poast-
traumatic stress disorders afler awake surgery (19, 30).
Although not significant, independent from the assessment
instrument, here, patients undergoing recurrenl surgery
presented increased scores Tor distress, anxiety, and
depresgion. In the literature, there are some data about
distress in the course of neurconcological disesses. There
sewim Lo be specific lime points, where increased distress was
ohserved, especially during hespitalization as well as 3t the tme
point of tumor recorrence {31} This might be due to various
general apprehensions when being disgnosed with recurrent
cancer. In our cohort additionally, a worse subjective global

health siatus at recurrence was revealed, and that might have
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also contributed to the increase of psychosocolegical
SCTeEning Soores.

Hoewever, along with positive resulls from our study, we alse
have 1o state major limitations of our dala analyses with an
arguable small cohort due o our restrictive inclusion eriteria. We
oaly included patients with full data sets during preoperative
paychooncelogical testing in order 1o generale comparability in
all analyzed categeries. That led o exclusion of approxmately
75% of the soreened palients Furthermore, the size of both
patient groups guite differed in numbers and might have led 1o
some bias in the analysis.

Mevertheless, to our knowledge, thss is the frst analysas of a
mmprehensive pavchooneological sereening in patsents undergoing
brain tumor under gther awake or non-awake surgery.
Hence, our data are of high mporance, 25 awake surgery offers a
full range of intraoperative monbonng of spesch and metor
J’unn.u.mﬁnﬁ.e:mw which is essential in patients with brain
tumors of some locations. According o previous ressarch
perioperative psychooneological distress, anxiety and depressson
can have a negative influence on the oubcome and the palients”
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subjective perception of global bealth care gtatus, which is quite the
opposile af the tratment intention. Therelore, an indicstion for
awike surgery has to be questioned for every single patient. Bul our
data shavw that with detadled preparation and close monitoring of
the patienis, awake surgery doss nod have any negative influence cn
patients, and we can expect our patients to go throogh this
procedure withoul hamming them. On the contrary, the postive
effects of a posidble increased extent of resection and that
accomgpanying incressed overall survival predomanate.

CONCLUSION

Our datz demonstrate that anticipation of awake surgery
represents no significant impact for increased distress, anxiety,
or depression preoperatively. Surgeons can expect their palients
to underge awake surgery without increasing psycheoncological
distress. Il expected localization of cerebral lesion includes
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eloguent areas, awake surgery is recommended in order to
increase the safety of the patient.

Even il the resulls were nol significant, our data clearly
illustrate that patients undergoing recurrent surgery tend o
demongirate increased distress; in this special situation, early
conlad with professional psychooneologists s recomimended.
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