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“Nowadays, the so-called silent areas of the brain are eloquent to those who 

know how to listen.” 

 

Macdonald Critchley 

(1900- 1997) 
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ABSTRACT 

 

In recent decades, brain tumour surgery has increasingly benefited from technological 

innova*ons. Through detailed surgical planning involving various imaging modali*es and 

func*onal localiza*on via navigated magne*c field s*mula*ons, the tumour can be accurately 

localized both spa*ally and func*onally within its surroundings. Intraopera*vely, various tools 

have also been implemented to visualize the tumour and its boundaries, contribu*ng to 

improved resectability, which, in turn, translates to a beder pa*ent outcome. However, when 

tumours are located in areas known to have significant func*onal importance, even thorough 

planning does not suffice for resec*on. In such cases, intraopera*ve monitoring and cor*cal 

and subcor*cal mapping techniques become crucial, providing real-*me informa*on about the 

tumour’s rela*onship to the specific motor and - in the context of awake surgeries - some*mes 

linguis*c and cogni*ve func*ons. These techniques help determine whether resec*on with 

func*onal preserva*on is feasible and, if so, whether maximal resec*on can be achieved. Over 

the years, intraopera*ve neurophysiological tes*ng techniques have evolved, with various 

nuances tailored to individual cases. This study delves into the benefits and weaknesses of these 

intraopera*ve techniques, highligh*ng technical differences and their implica*ons on surgical 

outcomes and pa*ent outcomes. Addi*onally, the emergency indica*on, as a special case for 

cor*cal and subcor*cal mapping, was examined. Finally, the rela*vely overlooked aspect of 

psychooncological distress associated with the performance of awake surgeries, which have 

become a standard form of intraopera*ve func*onal monitoring in many centres, was 

thoroughly explored. The results underscore the importance of intraopera*ve func*onal 

monitoring through the applica*on of various monitoring and mapping techniques, as well as 

the significance of awake surgery. The study introduces new perspec*ves on these techniques 

and aims to encourage colleagues to integrate them into their daily prac*ce. 
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ZUSAMMENFASSUNG 

 

Die Hirntumorchirurgie hat in den vergangenen Jahrzehnten mehr und mehr von technischen 

Innova*onen profi*ert. Aufgrund einer sehr detaillierten opera*ven Planung mit 

unterschiedlichster Bildgebung sowie Funk*onslokalisa*on über eine navigierte 

Magnegelds*mula*onen kann der Tumor in seiner Umgebung detailgetreu sowohl räumlich 

lokalisiert als auch funk*onell diagnos*ziert werden. Intraopera*v wurden ebenfalls mehr und 

mehr Hilfsmidel zur Darstellung von Tumor und Tumorgrenzen implemen*ert. Diese Hilfsmidel 

dienen einer verbesserten Resektabilität, die wiederum ein besseres Outcome für die Pa*enten 

bedeutet. Wenn nun die Tumore jedoch an Stellen gelegen sind, von denen wir wissen, dass sie 

eine funk*onell hohe Bedeutung haben, hilj eine noch so gründliche Planung nicht bei der 

Resek*on. Hier sind das intraopera*ve Monitoring sowie die kor*kalen und subkor*kalen 

Mapping Techniken von großer Bedeutung, da sie, wenn sie rich*g angewendet werden, eine 

Echtzei*nforma*on über die Lagebeziehung des Tumors zu einer gewissen motorischen und im 

Rahmen von Wachopera*onen auch sprachlichen, manchmal kogni*ven Funk*on liefern. Diese 

Techniken geben Auskunj darüber, ob eine Resek*on unter Funk*onserhalt überhaupt möglich 

ist und, wenn ja, ob eine maximale Resek*on erreicht werden kann. Über die Jahre haben sich 

die Techniken der intraopera*ven neurophysiologischen Testung weiterentwickelt. Es gibt 

diverse Einzelheiten, die für den jeweiligen Einzelfall berücksich*gt werden können und 

müssen. Im Rahmen der vorliegenden Arbeit, wurde der Nutzen und die Schwächen dieser 

intraopera*ven Techniken aufgearbeitet und entscheidende Nuancen in den technischen 

Unterschieden und Ihre Implika*onen auf die Opera*onsergebnisse und den Pa*enten 

herausgearbeitet. Des weiteren wurde die Nogallindika*on als Spezialfall einer Indika*on für 

das kor*kale und subkor*kale Mapping untersucht. Letztlich wurde dann der bislang wenig im 

Fokus stehende Aspekte der psychonkologischen Belastung in Anbetracht der Durchführung 

von Wachopera*onen, die heute als Maximalvariante einer Möglichkeit der intraopera*ven 

Funk*onsüberwachung standardmäßig in vielen Zentren durchgeführt wird, eingehend 

aufgearbeitet. Die Ergebnisse dieser Arbeit unterstreichen die Wich*gkeit der intraopera*ven 

Funk*onskontrolle durch die Anwendung verschiedener Monitoring - und mapping Techniken 

sowie die der Wachopera*on, zeigen neue Aspekte dieser auf und sollen Kollegen ermu*gen, 

sich diese zu eigen zu machen.   



 VI 

ABBREVIATIONS 

 

 

ATRX  alpha thalassemia/mental retarda*on X-linked syndrome muta*on 

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

CST  cor*co-spinal-tract 

CT  computed tomography 

cMAP  compound muscle ac*on poten*al 

DT  distress thermometer 

EGFR  epidermal growth factor receptor 

fMRI  func*onal magne*c resonance imaging 
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GBM   IDH-Wildtype Glioblastoma, WHO Grade 4 

HADS  Hospital Anxiety and Depression Scale 
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IDH  isocitrate dehydrogenase 
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I 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 na*ve 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 pa*ents with primary brain tumours included in the later described studies at our 

department were diagnosed with glioma.  

The classifica*on of gliomas is primarily based on histological criteria, but molecular criteria 

have increasingly become part of the classifica*on through intensive inves*ga*ons 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 classifica3on of the majority of diffuse gliomas in adults (from EANO guidelines on the 

diagnosis and treatment of diffuse gliomas of adulthood [3], used under Crea3ve Commons AFribu3on 4.0 

Interna3onal License, hFp://crea3vecommons.org/licenses/by/4.0/.).  

 

Due to their infiltra*ve growth, high-grade gliomas are not curable by surgery alone. Adjuvant 

radia*on and chemotherapy [3] play a crucial role here. Significant milestones include the work 

of Stupp, who demonstrated that adding alkyla*ng chemotherapy with Temozolomide to a 

standard radia*on protocol significantly extended the median overall survival (OS) in pa*ents 

with GBM [4, 5] in 2005. In 2019, the benefit of addi*onal chemotherapy with Lomus*ne was 

shown for the subgroup of GBM with molecular markers indica*ng methyla*on 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, respec*vely GBM. For low-grade tumours, there might be the possibility of a watch-
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and-wait approach depending on the loca*on and clinical symptoms, although there is great 

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

an adjuvant therapeu*c concept follows depending on risk stra*fica*on. Radia*on and 

chemotherapy using Temozolomide are employed in pa*ents with 1p/19q non-co-deleted 

astrocytoma grade 3 (referred to as anaplas*c glioma before an update of WHO classifica*on 

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

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

Procarbazine, Lomus*ne and Vincris*ne [10-12].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Diagnos3c and therapeu3cal pathway on pa3ents with IDH-mutant glioma (from EANO guidelines on the 

diagnosis and treatment of diffuse gliomas of adulthood [3], used under Crea3ve Commons AFribu3on 4.0 

Interna3onal License, hFp://crea3vecommons.org/licenses/by/4.0/.). 
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Figure 3: Diagnos3c and therapeu3cal pathway on pa3ents diagnosed with GBM (from EANO guidelines on the 

diagnosis and treatment of diffuse gliomas of adulthood [3], used under Crea3ve Commons AFribu3on 4.0 

Interna3onal License, hFp://crea3vecommons.org/licenses/by/4.0/.). 

 

Besides all efforts made, pa*ents with high-grade glioma, par*cularly GBM, experience a very 

limited life expectancy. Therefore, addi*onal or alterna*ve therapies are subject to various 

studies. In the past years, an addi*onal therapy with Tumour-trea*ng fields (TTF) found its way 

into clinical prac*ce. TTF refers to wearable scalp transducers that administer localized, low-

intensity, intermediate-frequency alterna*ng electrical fields. These fields exert an an*-mito*c 

effect and operate in synergy with concurrent chemotherapies. Studies showed improved 

progression-free survival (PFS) and OS in pa*ents who underwent TTF treatment [13].  
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Further experimental therapy research focuses on targeted therapies [14, 15],  immunotherapy 

[16] either adjuvant or neoadjuvant [17] or vaccina*on studies with, among others, dendri*c 

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

In case of recurrence, there is the op*on of re-irradia*on with various re-treatment regimens 

or con*nua*on of chemotherapy with temozolomide. Furthermore, there are several studies 

on bevacizumab, a humanized monoclonal an*body that binds to the vascular endothelial 

growth factor (VEGF), inhibi*ng its interac*on with its receptors. As a result, there is a reduc*on 

in tumour vasculariza*on 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 mul*-centre prospec*ve 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 therapeu*c strategies, like in the case of ini*al diagnosis, are reserved for 

experimental studies. Pa*ents should be offered the opportunity to par*cipate in studies early 

on, whenever possible. Similarly, suppor*ve assistance from psycho-oncologists or a pallia*ve 

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 lympha*c 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 infiltra*ve growth padern similar to that seen in intrinsic 

brain tumours [25] , the approach of trea*ng brain metastases has changed over the past years. 

The significance of surgical resec*on will be discussed in the next chapter.  
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Other treatment op*ons comprise whole-brain radia*on and stereotac*c single-dose radia*on. 

Given diverse side effect profiles and discussed efficacy, the choice of specific radia*on - as first-

line therapy - depends on factors such as pa*ent age, overall health, and the number and 

loca*on of metastases [26, 27] . 

Concerning an adjuvant treatment situa*on, typically, radiotherapy is performed, as studies 

have shown that adjuvant radia*on significantly reduces the recurrence rate [28, 29] although 

OS remains unaffected. If possible, stereotac*c radiotherapy should be considered [30] but this 

decision is as discussed earlier, individualized and based on a number of metastases, symptoms 

and the pa*ent's condi*on. Regarding the op*mal *ming of adjuvant radia*on, there is current 

evidence sugges*ng that the period of 3-4 weeks postopera*vely proves to be the most 

favourable [31]. 

 

2. ResecMon as a foundaMon of therapy for high- and low-grade glioma and 

metastases 

 

For years, gross total resec*on (GTR) has been the defined surgical goal in the context of brain 

tumour opera*ons, par*cularly for high-grade intrinsic brain tumours. Therefore, evalua*on of 

the extent of resec*on (EOR) and more recently the residual tumour volume (RTV) in the 

postopera*ve MRI became a standard procedure in pa*ents with glioma [32]. Postopera*ve 

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-Adenuated Inversion 

Recovery (FLAIR) sequence, which played a significant role in low-grade glioma resec*on [33] 

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

To date, maximal safe resec*on is declared as the primary surgical objec*ve in all leading 

treatment guidelines that refer to high-grade glioma [34, 35], based on various crucial resec*on 

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 pa*ent group without residual tumour volume, measured as remaining 

contrast-enhanced *ssue, compared to those with remaining tumour volume in the 

postopera*ve MRI [37] in pa*ents with GBM. Addi*onal studies have demonstrated that 
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pa*ents 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 

resec*on" was introduced, and studies were conducted to assess the impact on pa*ent survival 

not only for resec*on 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 

classifica*on for different subgroups of extent of resec*on and residual volume in GBM pa*ents 

based on contrast-enhancing *ssue and the surrounding T2/FLAIR changes in the postopera*ve 

MRI. The study revealed a significantly higher OS for pa*ents with maximum EOR or minimal 

residual volume, meaning maximum resec*on not only of contrast-enhanced *ssue 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 indica*ve for PFS and the dura*on un*l malignant transforma*on 

as seen in radiological imaging [41, 42].  

 

 

 

 

 

 

 

 

 

 

Figure 4 Schema3c visualisa3on of total vs. supramarginal/supratotal resec3on in GBM (A) and low-grade Glioma 

(B) (from The surgical management of diffuse gliomas: Current state of neurosurgical management and future 

direc3ons, 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) 
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Furthermore, not only in primary brain tumours evidence was proven that resec*on is a 

profound step in treatment. However, resec*on of brain metastases has been subject of much 

controversy for a long *me and was seldom performed in earlier *mes. But, due to numerous 

studies comparing a surgical approach combined with radia*on therapy or radia*on therapy 

alone, surgical resec*on emerged as a crucial factor associated with prolonged survival and 

maintenance of func*onal status. It was shown that pa*ents who underwent surgery before 

receiving radia*on, irrespec*ve of the radia*on type (whole-brain or stereotac*c radiosurgery), 

exhibited significantly longer survival and higher Karnofsky Performance Scale Scores (KPS) [44-

46].  

 

In summary, evidence suppor*ng resec*on in pa*ents with primary and secondary brain 

tumours is undeniable. Nevertheless, surgery can be highly challenging due to the loca*on of 

the lesion. The primary objec*ve is to achieve maximum resec*on without causing new 

neurological deficits, as we understand that new postopera*ve 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 pa*ents who are already significantly affected 

by the diagnosis [48]. 

To achieve the defined surgical goal, a successful resec*on is preceded by precise surgical 

prepara*on. Various preopera*ve assessments can facilitate surgical planning. Imaging through 

MRI with T1 and T2/FLAIR sequences is considered standard [49]. Addi*onally, func*onal MRI 

and Diffusion Tensor Imaging (DTI) sequences can aid in depic*ng fibre pathways in the MRI 

and visualizing the tumour’s posi*on in rela*on to eloquent areas [50]. Preopera*ve mapping 

techniques, such as navigated transcranial magne*c s*mula*on [51], can precisely locate 

crucial brain func*ons on a map with millimetre accuracy. Intraopera*vely, it is possible to easily 

locate the tumour using a radiological naviga*on system [52].  

Also intraopera*vely, 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]. Intraopera*ve assessment of the 

lesion and resec*on outcome is possible through intraopera*ve ultrasound (iU) or 

intraopera*ve MRI (iMRI). IU can, among other things, contribute to the precise localiza*on of 

the tumour, iden*fica*on of vessels and anatomical structures, and especially real-*me 
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resec*on control [55]. Real-*me determina*on of the EOR can also be achieved through iMRI, 

poten*ally influencing decisions such as con*nuing the opera*on to achieve a more favourable 

EOR [56].  

However, while these techniques are established and essen*al, they contribute to me*culous 

planning, nevertheless, they do not work as a control mechanism for the preserva*on of a 

pa*ent's motor or language func*on in eloquent brain tumours intraopera*vely. For this 

purpose, the techniques of intraopera*ve 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. IntraoperaMve neurophysiological monitoring (IONM) and mapping 

techniques for preservaMon of funcMonality during tumour resecMon in highly 

eloquent localizaMons  

 

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 

iden*fiable neurologic func*on and, if injured, would result in a disabling neurologic deficit" 

[57]. The strategy was clear: preserving “eloquent” regions responsible for core brain func*ons, 

such as movement and speech, over “non-eloquent” regions that do not have an obvious 

func*on. 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 con*nue to change with advancing 

research. Therefore, efforts regarding the intraopera*ve tes*ng of these networks have been 

driving force behind this work and must be ongoing in the future. 
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Historical background of modern IONM and mapping procedures 

 

The incep*on of IONM dates back to the 1930s when Walter Penfield used direct cor*cal 

s*mula*on (DCS) during epilepsy surgeries to localize the motor and sensory cortex. Alongside 

electroencephalogram (EEG) measurement derived directly from the cortex, areas exhibi*ng 

EEG abnormali*es 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 poten*als 

(SSEPs) during spinal surgeries [61, 62]. In their ini*al stages, SSEPs were prone to interference, 

leading to several technical modifica*ons, par*cularly in the filter domain. Ul*mately, by the 

mid-1980s, a technical setup was reported, serving as the founda*on for modern SSEP 

monitoring [63]. Addi*onal motor-evoked poten*al (MEP) monitoring through transcranial 

electric s*mula*on emerged as a technique in the 1990s [64].  

Besides SSEP, MEP and EEG monitoring there are addi*onal direct cor*cal and subcor*cal 

s*mula*on techniques under usage of different s*mula*on probes. Bipolar s*mula*on as 

men*oned at the beginning was introduced by Penfield and ever since has been referred to as 

a low-frequency s*mula*on with long s*mula*on dura*on. In the early 90s, Taniguchi et al. 

published a modifica*on of direct cor*cal s*mula*on by using a monopolar s*mula*on probe 

using high-frequency s*mula*on parameters with shorter s*mula*on dura*on [65]. The 

techniques will be described in detail in the following. 

 

IONM with motor-evoked poten+als 

 

IONM comprises different technical approaches. It is a passive way of pa*ent monitoring, 

meaning that the pa*ent can be monitored under general anaesthesia. If IONM using evoked 

poten*als is planned, it is essen*al to administer total intravenous anaesthesia. Inhala*on 

anaesthesia can adversely affect the derived poten*als. This applies to both MEP and SSEP  [66, 

67]. MEP monitoring usually serves as monitoring of motor pathway integrity whereas SSEP 

monitors the func*on of sensory pathways.  

 



 11 

MEP monitoring 

 

The technique of MEP monitoring can be performed by either transcranial electric s*mula*on 

(TES) or direct cor*cal s*mula*on (DCS). Short-train, mostly “train-of-five”, high-frequency 

(250- 500 Hz) pulses are applied to elicit MEPs. MEPs are recorded compound muscle ac*on 

poten*als (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 alterna*vely 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 bi*ng 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 

extremi*es can be monitored simultaneously. Various s*mula*on setups should be explored, 

and the most effec*ve montage can be chosen for each pa*ent as ideal electrode configura*on 

for s*mula*on may differ among pa*ents and surgical scenarios [69]. 

 

 

 

 

 

 

 

 

 

 

Figure 5: A) TES corkscrew placement for MEP monitoring; B) TES MEP recordings via EMG. Ac3vity in nearly all 

derived muscles, copyright by University Hospital Düsseldorf, Department of Neurosurgery, image use with 

permission of Prof. Dr. Sabel, Video Atlas of Neurophysiological Monitoring in Surgery of Infiltra3ng Brain tumours, 

Thieme 2022 
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If con*nuous 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) ajer opening the dura, allowing for con*nuous, directly 

cor*cal-triggered MEP monitoring. 

As described EMG recording serves as tool for visualisa*on and registra*on of the triggered 

MEP respec*vely cMAP. In addi*on to scalp electrodes, paired needle electrodes are placed in 

the predefined muscles of the contralateral side and some*mes ipsilateral – which serves as 

control mechanism - for EMG recording. Furthermore, recommenda*ons 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 examina*on of the pa*ents 

has to take place, as presurgical neurological impairment influences chosen muscles and 

s*mula*on intensity. Therefore, number and loca*on 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 

devia*ons during surgery. S*mula*on intensity at about 20% above MEP thresholds, which is 

the lowest s*mula*on intensity obtaining motor feedback in the EMG, is considered as 

approximate op*mal benchmark. Different warning signs are men*oned in the literature. While 

loss of MEP is usually seen as major warning sign, a reduc*on in amplitude of over 50% or 

threshold increases for triggering MEPs are also regarded as warning signs during MEP 

monitoring [71].  

 

SSEP monitoring 

 

As men*oned SSEP monitor func*on of sensory pathways, in this regard one of the main u*li*es 

of SSEP monitoring lies in its ability to discern ischemic events impac*ng the somatosensory 

cortex. There is a well-known correla*on between cri*cal cor*cal perfusion in brain 

parenchyma and a reduc*on 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: s*mula*on of peripheral nerves and recording of the transmided signal peripheral or 

centrally from the cortex. In the context of brain tumour surgeries, these procedures typically 

involve the s*mula*on of the N. medianus for the upper extremity (0.2 ms at 20 mA, 4.7 Hz) 

and the N. *bialis for the lower extremity (0.5 ms at 20 mA, 4.7 Hz). Norma*ve latencies, 

deno*ng the dura*on from s*mulus emission to registra*on at corresponding electrodes are 

established for both loca*ons. While s*muli can be discerned at various anatomical levels, the 

focus during brain tumour surgery is on cor*cal-level signals. Analysis of the signal encompasses 

evalua*on of latency (*me taken from s*mulus genera*on to detec*on) 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 repe**vely emided signals 

(approximately 200-500). This averaging process, however, cons*tutes a drawback in SSEP 

measurement, as it extends over several seconds to minutes, consequently leading to a delayed 

iden*fica*on of latency or amplitude altera*ons. 

Deteriora*on of SSEP, characterized by the prolonga*on of latency and reduc*on in amplitude, 

is regarded as indica*ve of warning signs [67].  

 

 

 

 

 

 

 

 

 

 

Figure 6: Example of intraopera3ve N. medianus SSEP monitoring. The green line indicates the baseline which is 

used for evalua3on of intraopera3ve obtained SSEP average. The yellow line indicates the actual, averaged SSEPs. 

Own figure, image copyright by University Hospital Düsseldorf, 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 cor*cal SSEP polarity between the postcentral and precentral gyri to 

ascertain the loca*on of the central sulcus, which can be helpful if motor mapping does not 

clearly reveal the M1 motor-cortex [73]. 

 

Cor+cal, subcor+cal mapping and language tes+ng 

 

Cor*cal and subcor*cal mapping of motor and language func*on can be performed by either 

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

High-frequency s*mula*on is applied by a monopolar probe with a reference electrode, 

typically situated at the scalp in FZ posi*on.  During monopolar s*mula*on there is a substan*al 

electrical field extending from the s*mula*on site (monopolar probe) to the reference 

electrode. In monopolar s*mula*on, either the *p of the s*mulator or the reference electrode 

can func*on as anode or cathode, allowing for anodal-cathodal or cathodal-anodal s*mula*on 

configura*ons. Cor*cal mapping is applied in order to locate the M1, primary motor cortex in 

order to evaluate distance to tumour localiza*on and safety of surgical approach and resec*on. 

Subcor*cal motor mapping is employed to locate the cor*cospinal tract (CST) and is applied 

under resec*on in order to obtain informa*on on motor func*on during resec*on nearby the 

CST. Either way an EMG is established as visualiza*on tool for cMAP just like with the TES 

technique described earlier. Monopolar mapping is the preferred technique for intraopera*ve 

monitoring of motor func*on. On one hand, it enables the assessment during resec*on to 

determine if the tumour  is in close proximity to motorically func*onal areas. On the other hand, 

it provides a means of monitoring the preserva*on of motor ac*vity [74, 75]. 
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Figure 7: Intraopera3ve example of monopolar mapping techniques. The probe is placed on the cortex. The 

technician choses amplitude of s3mula3on at the device. In this pa3ent we obtained cor3cal and subcor3cal MEPs 

with 10 mA (red * = MEP BOX, MEPS for upper and lower extremi3es). Own figure, image copyright by University 

Hospital Düsseldorf, Department of Neurosurgery. 

 

Low-frequency bipolar s*mula*on (50 or 60 Hz) involves a bipolar s*mula*on probe which 

consists of 2 ball *ps with typically 5-10 mm distance represen*ng the cathode and anode. In 

contrast to monopolar s*mula*on/mapping the electrical field is concentrated only between 

those *ps, crea*ng an almost homogeneous and localized electrical field. Consequently, the 

bipolar technique yields a higher-resolu*on map of the cortex. Low-frequency s*mula*on also 

has the poten*al to elicit MEPs but the required s*mula*on intensity is significantly higher and 

thereby elevates the pa*ent's risk for seizure. Therefore, it is not a standard procedure for 

motor control but primarily applied in awake surgery during language tes*ng [76-78]. Bipolar 

s*mula*on is applied during tes*ng and leads to “block of func*on”, the most pronounced form 

is “speech arrest”, wherein the pa*ent completely ceases speaking. Between the extremes of 

“normal” language func*on and speech arrest, there are grada*ons depending on the tes*ng 

procedure, nevertheless intraopera*ve language tes*ng requires a compliant pa*ent and 
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detailed and focused examina*on to elucidate intraopera*ve details of language and its 

impairment.  

Intraopera*ve language tes*ng presents two prominent challenges. Firstly, the 

conceptualiza*on of localiza*on of language func*on in the brain has undergone a significant 

shij in recent decades. Today, it is understood that func*onal language is organized at mul*ple 

loca*ons, and DTI tractography studies have iden*fied dorsal and ventral subcor*cal tracts 

crucial for language processing. Important subcor*cal 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 syntac*cal errors in case of affec*on of 

AF, IFOF or UF [79]. Secondly, language encompasses numerous dimensions, necessita*ng test 

baderies comprehensive but feasible for intraopera*ve applica*on, for syntax, seman*cs, and 

phonology   [80].  

 

 

 

 

 

 

 

 

 

Figure 8: Intraopera3ve example of bipolar cor3cal mapping techniques. The probe is placed on the cortex. At the 

same 3me, the pa3ent has to fulfil different language tasks. The monitor shows strong muscle poten3al due to the 

awake and speaking pa3ent. Own figure, image copyright by University Hospital Düsseldorf, Department of 

Neurosurgery. 
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Awake surgery  

 

In the planning of brain tumour resec*on, a decision must be made regarding the poten*al 

necessity of the pa*ent's wakefulness during surgery. This may be required, for example, when 

the tumour's loca*on necessitates language mapping, a procedure feasible only in an awake 

pa*ent. Intraopera*ve language mapping is currently the standard indica*on for awake surgery 

in brain tumour pa*ents. However, motor aspects can also be examined during awake surgery. 

The primary indica*on for motor awake monitoring arises when monitoring MEPs as an 

expression of overall func*on alone is not sufficiently informa*ve. This par*cularly 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 abili*es. 

Awake craniotomy also allows control over another domain that has been neglected for many 

decades but is crucial for the preserva*on of quality of life — neurocogni*on. In recent years, 

there has been an increasing focus on preserving non-motor or language-dependent 

abili*es[81]. Intraopera*ve neurocogni*ve tes*ng remains a subject of intense inves*ga*on, as 

test baderies are some*mes elaborate, and strategies for quickly and easily applying tests 

intraopera*vely are s*ll under development [82, 83]. 

 

When considering the indica*on for awake craniotomy, the necessity of intraopera*ve 

func*onality monitoring must be balanced against the individual and specifically assessable 

compliance of the pa*ent, as well as any pre-exis*ng neurological deficits. For example, pre-

exis*ng sensory aphasia may be an exclusion criterion for awake surgery, as meaningful 

intraopera*ve tes*ng is not possible with an exis*ng deficit. Previously applied exclusion 

criteria, such as pa*ent age, now play a subordinate role, as publica*ons demonstrate the 

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

Various protocols exist for the technical execu*on of awake surgery, wherein pa*ents may 

either be ini*ally under general anaesthesia and awakened par*ally for intraopera*ve tes*ng 

or may be awake during the whole surgery. In the “awake-asleep-awake” seÅng pa*ents are 

under anaesthesia during craniotomy and awakened for tes*ng ajerwards. When tes*ng is 

completed, pa*ents can be either sedated or reintubated. In contrast, a pa*ent may be awake 
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from the beginning of the opera*on in an "awake-awake-awake" seÅng. The decision on the 

approach is made by the surgeon. An essen*al factor for the success of awake craniotomy is a 

skilled and experienced anaesthesia team, along with trained personnel capable of conduc*ng 

tests on the pa*ent during surgery. Pa*ents are prepared for the tests preopera*vely, and 

baseline examina*ons are conducted to establish preopera*ve individual norm values for each 

pa*ent. 
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II OBJECTIVES  

 

This comprehensive thesis aims to address several key objec*ves to enhance the understanding 

of intraopera*ve monitoring and mapping techniques in eloquent brain tumour surgery, as 

these techniques built an important founda*on of save and maximum resec*on in pa*ents with 

brain tumours of several origins. 

Our primary objec*ves were as follows: 

 

1. IllustraMon of the importance of resecMon in a dedicated cohort of paMents 

with high-grade tumours. 

With the first study described in this thesis we aimed to build a founda*on for understanding 

the significance of resec*on for pa*ents, and the resul*ng necessity to maximize resec*on 

through the u*liza*on of intraopera*ve monitoring and mapping techniques, specifically in a 

selected subgroup of brain tumour pa*ents, those with high-grade tumours. For this purpose, 

a favourable molecular gene*c factor was juxtaposed against the resec*on 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 pa*ent to achieve the surgical goal. This involves evalua*ng 

the variability in requirements based on individual pa*ent characteris*cs. 

 

3. EvaluaMon of monitoring/mapping for an individual approach 

We aimed to determine if the preopera*vely chosen monitoring/mapping technique, based on 

defined criteria, remains the technique of choice postopera*vely. We will explore poten*al 

influencing factors in the evalua*on, 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 inves*gated the feasibility of using a mapping-only device for tumours in eloquent 

loca*ons without addi*onal intraopera*ve monitoring. We aim to assess whether this approach 

can provide comparable safety to standard technical approaches. 

 

5. Motor mapping emergency resecMon and its outcome 

We explored the ease of performing motor mapping in emergencies, specifically when 

opera*ng on decompensated brain tumours and evaluated whether complica*ons arise during 

this process. Another aim of the study was to analyse the outcomes following motor mapping 

in emergencies, focusing on the effec*veness and safety of this technique in cri*cal scenarios. 

6. Impact of monitoring and mapping techniques on PFS and OS in GBM 

We will inves*gate 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 paMents with 

a malignant brain tumour 

With this study, we examined whether awake craniotomy, represen*ng a maximal variant of 

intraopera*ve monitoring of motor and language func*ons, nega*vely influences factors on the 

psychooncological outcome of brain tumour pa*ents.  

 

By addressing these objec+ves, we aimed to contribute valuable insights to the op+miza+on of 

intraopera+ve techniques and enhance pa+ent outcomes in the context of brain tumour 

surgeries. 
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III RESULTS 

 

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

complete resecMon concerning the OS of glioblastoma paMents? 

 

In the introduc*on, the importance of resec*on for various tumour en**es is profoundly 

discussed. The first study in this comprehensive work serves as a basis for understanding why 

complete resec*on is crucial, focusing on a subgroup, the Glioblastoma pa*ents. Here, we 

inves*gated whether the posi*ve MGMT-status - considered a significant posi*ve factor for OS 

in glioblastoma pa*ents - can compensate for an incomplete resec*on in terms of OS. 

Understanding the significance of resec*on in brain tumour pa*ents simultaneously 

emphasizes the importance of intraopera*ve techniques for maximizing safe resec*on. The 

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

 

Does posi+ve MGMT methyla+on outbalance the limita+on of subtotal resec+on in glioblastoma 

IDH-wildtype pa+ents? Müller Mareike*, Staub-Bartelt Franziska*, Ehrmann Julia, Hänggi 

Daniel, Sabel Michael, Felsberg Jörg, Rapp Marion, *equal contribu+on  

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

 

Introduc*on 

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-gene*c markers 

play a crucial role in diagnosis, prognosis, and treatment decisions. In par*cular, isocitrate 

dehydrogenase (IDH) muta*on status and O-6-methylguanine-DNA methyltransferase (MGMT) 

methyla*on are significant. IDH-muta*on posi*vely influences OS (31 vs. 15 months: IDH-

mutated vs. IDH-wildtype [88, 89]), while MGMT promoter methyla*on enhances treatment 

response to standard chemotherapy and thereby has also proven to posi*vely influence OS 

(median OS 21.7 vs. 12.7 months: “MGMT-posi*ve” vs. “MGMT-nega*ve” [5, 90]. Complete 

resec*on of contrast-enhancing tumour *ssue is the primary goal to improve survival, albeit 
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challenging due to poten*al neurological deficits. Postopera*ve residual tumour correlates with 

decreased OS, emphasizing the importance of aggressive resec*on [37, 91]. Adjuvant therapies, 

including radio-chemotherapy and addi*onal Lomus*ne administra*on in pa*ents with 

methylated MGMT promoter, significantly enhance OS [6]. Intraopera*ve techniques such as 

neuromonitoring and fluorescence-guided surgery aid in achieving maximal resec*on 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, par*cularly in MGMT-

posi*ve methylated tumours, raises ques*ons regarding treatment strategies. In this study, we 

inves*gated whether MGMT promoter methyla*on could offset the nega*ve effects of residual 

tumour *ssue on tumour progression, PFS, OS, and clinical outcomes in IDH-wildtype GBM 

pa*ents, correla*ng data with postopera*ve MRI findings of no residual tumour *ssue. 

Understanding the interplay between molecular markers and surgical outcomes is vital for 

op*mizing glioma management strategies, ensuring maximal tumour removal while preserving 

neurological func*on and improving pa*ent outcomes. 

 

Methods 

The study was conducted as a retrospec*ve single-centre study, exploring the influence of 

MGMT-status on the survival of GBM pa*ents with postopera*ve residual tumours. The study 

received approval from the local ethical commidee. Inclusion criteria encompassed pa*ents 

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 postopera*ve MRI scans taken within 72 hours post-opera*on, exhibi*ng residual 

tumour *ssue in the early postopera*ve MRI. MGMT promoter analysis has been standard 

prac*ce since 2005 at the Ins*tute of Neuropathology at the University Hospital Duesseldorf, 

employing methyla*on-specific PCR for determining MGMT promoter methyla*on status and 

immunohistochemistry for IDHR132H and DNA pyrosequencing for IDH muta*on status. All 
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diagnoses preda*ng the WHO 2016 classifica*on were reclassified accordingly by the Ins*tute 

of Neuropathology1.  

The KPS was assessed pre-and post-opera*vely to gauge pa*ent clinical status, with clinical 

deteriora*on defined as a ≥10% decrease in KPS.  

Ini*al and residual tumour volumes were calculated using MRI data. Subsequent analyses 

differen*ated between residual tumour volumes smaller or larger than 1.5 cm3. Follow-up MRIs 

were conducted every three months post-comple*on 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 *ssue, metabolic ac*vity in 18F-FET-PET 

examina*on, or histopathological diagnosis from re-resec*on. 

 

Results 

The study enclosed 81 pa*ents 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 

observa*on period of 13 months. The median PFS was 7 months. Most pa*ents had died by the 

*me of data evalua*on. 64% had unmethylated MGMT promoters, while 36% had posi*ve 

MGMT-status. 

Preopera*vely, 66.7% had a median KPS > 90%, which did not change postopera*vely. Upon 

local tumour progression, pa*ents experienced either no change or a minor decline of 10% in 

KPS (n=37, 81.1%). 9 pa*ents showed KPS decrease between 20-30% and two pa*ents 

experienced a major decrease by 50%. Tumours were evenly distributed between hemispheres, 

with the frontal lobe being the most common loca*on (35.0%). 92.6% of tumours were located 

in eloquent areas, necessita*ng awake brain surgery in 57.3% and intraopera*ve monitoring in 

92.6% of cases. The median preopera*ve tumour volume was 36.85cm³, with methylated 

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

 

1 Histopathological classifica<on for diffuse glioma has evolved over the years. For this paper, the terminologies of 
the WHO Classifica<on 4 for Central Nervous System tumours were u<lized. The data collected during <mes of 
older classifica<on were adjusted according to the WHO 4 classifica<on as described. 
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Concerning survival data, a significant increase in OS as well as PFS was observed in pa*ents 

with MGMT-methylated tumours (p = 0.009, p = 0.003, respec*vely). Pa*ents with MGMT 

hypermethylated residual tumours had a median OS of 16 months (95% CI, 13.00–19.01) and a 

median PFS of 13 months (95% CI, 5.94–20.06). In contrast, pa*ents with MGMT-nega*ve 

tumours exhibited a median OS of 12 months (95% CI, 9.92–14.08) and a median PFS of 5 

months (95% CI: 2.92–7.08).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Kaplan-Meier Curve on OS (A) and PFS (B) for both groups (MGMT-methylated vs. MGMT 
unmethylated),figure cited from own publica3on [92], used under Crea3ve Commons AFribu3on 4.0 Interna3onal 
License, hFp://crea3vecommons.org/licenses/by/4.0/.). 



 25 

Survival data were compared to a cohort of pa*ents who underwent gross total resec*on 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 

lej hemisphere (58.8%), while incomplete resected tumours were more prevalent in the right 

hemisphere (48.2%). Incomplete resected pa*ents had a larger preopera*ve tumour volume 

(median 36.85 cm3 vs. 23 cm3) and were associated with a higher age at diagnosis (median 63 

years). Pa*ents with a posi*ve MGMT-methyla*on status demonstrated increased OS (median 

OS: 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 sta*s*cally 

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

 

Discussion 

In this study, we aimed to inves*gate whether a methylated MGMT promoter could mi*gate 

the nega*ve impact of incomplete resec*on in IDH-wildtype glioblastoma pa*ents, as the 

presence of a methylated MGMT promoter has been associated with improved response to 

adjuvant chemoradiotherapy and subsequently beder OS.  

Our findings support the commonly published observa*ons, as pa*ents 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 methyla*on was posi*vely associated with increased treatment 

response (51.6% vs. 14.0%), consistent with findings in the literature [93, 94]. Nevertheless, 

when compared to pa*ent cohorts undergoing complete resec*on, our study popula*on 

exhibited decreased survival *mes. Therefore, our data do not support the no*on that 

favourable MGMT methyla*on status could fully compensate for the survival detriment 

resul*ng from incomplete resec*on.  

Besides molecular paderns, other variables are considered to influence the disease trajectory, 

accoun*ng for similar survival paderns in the ini*al months of follow-up and the presence of 

long-term survivors with MGMT-nega*ve glioblastoma. These variables typically include age at 
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diagnosis, overall health status, tumour loca*on, and pre-and post-opera*ve tumour volume. 

In our study, older pa*ents and those with greater residual tumour volume tended to exhibit 

poorer outcomes, although these associa*ons did not reach sta*s*cal significance. 

Postopera*vely, pa*ents maintained a median KPS of 90%, indica*ng no discernible difference 

between preopera*ve and postopera*ve func*onal status. Surgical interven*ons, ojen 

conducted under neuromonitoring and awake surgery seÅngs to minimize new neurological 

deficits, likely contributed to both favourable outcomes and residual tumour volume, as 

func*onal constraints were addressed during surgery. Comparable studies have reported 

similar median postopera*ve KPS values of 90% in pa*ents undergoing complete resec*on [95] 

with however lower amount of eloquently located lesions. 

 

Conclusion 

The findings of this paper emphasize the significance of the MGMT promoter methyla*on status 

in the treatment response of IDH-wildtype glioblastoma as pa*ents with hypermethylated 

MGMT tumours exhibited increased OS and PFS compared to MGMT-nega*ve pa*ents. 

However, the detriment of incomplete resec*on could not be counteracted by a favourable 

MGMT-status. Therefore, maximized but safe resec*on should con*nue to be regarded as the 

gold standard in the treatment. In the era of personalized medicine, where op*mizing quality 

of life is a primary objec*ve in oncology, neuro-oncologists must comprehensively inform 

pa*ents and their caregivers about the advantages and disadvantages of residual tumour 

volume versus poten*al neurological deficits associated with complete resec*on, especially in 

eloquent tumour loca*ons and ensure the best possible intraopera*ve func*onal monitoring 

for achieving the surgical goal of "maximal” or “supramaximal” resec*on.  
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2. Strengths, pi^alls and opMmizaMon of intraoperaMve monitoring and mapping 

procedures – does everyone need everything? - 

 

In this study, we examined various approaches of IOMN and mapping procedures in pa*ents 

with highly eloquent brain tumours, focusing on the “u*lity-to-effort ra*o”. The idea behind the 

study was to inves*gate whether a technically and personnel-intensive monitoring/mapping 

setup is mandatory in all pa*ents or if it could be replaced by a customized technical setup 

tailored to the pa*ent and their brain tumour, mainly depending on localisa*on, with both, 

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

 

Feasibility of intraopera+ve neuromonitoring and cor+cal/subcor+cal mapping in pa+ents with 

cerebral lesions of highly func+onal localiza+ons—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 

 

Introduc*on 

IONM and mapping techniques have become standard in the care of pa*ents with eloquently 

located brain tumours [74, 77, 96]. The technical execu*on 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 preopera*ve setup, opera*on of the technical devices, and the analysis of the 

collected data [97]. As described earlier in the introduc*on, various techniques can be applied 

intraopera*vely. In our clinic, all monitoring procedures (MEP, SSEP, TES, DCS) and mapping 

procedures (monopolar and bipolar cor*cal/subcor*cal mapping) as well as awake 

craniotomies are performed. In 2019, we ini*ated a systema*c prospec*ve data collec*on 

aiming to provide a comprehensive overview of pa*ents, diagnoses, intraopera*vely applied 

techniques, and associated outcomes. Addi*onally, specific postopera*ve surveys were 

conducted among surgeons regarding the intraopera*ve usability of the preopera*vely selected 

technique to achieve the surgical goal. The primary ques*on addressed in this study was 
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iden*fying which pa*ents or tumour loca*ons necessitate a specific technical seÅng, and 

whether a highly differen*ated selec*on of techniques could offer an individualized 

monitoring/mapping program for each pa*ent. As the ul*mate goal is to achieve maximal 

resec*on outcomes without inducing new neurological deficits, we also inves*gated whether a 

deliberate omission of certain techniques has consequences for clinical outcomes or resec*on 

results. Furthermore, the general strengths and weaknesses of each technique in daily clinical 

prac*ce were to be elucidated. 

 

Methods 

From January 2019 to January 2023, monitoring and mapping data were collected for all 

pa*ents in whom these techniques were preopera*vely planned, along with informa*on on the 

surgical mode of awake craniotomy, if performed. These data were supplemented with 

sociodemographic informa*on, neuropathological results, and details of medical/surgical 

history where applicable. Addi*onally, clinical data on the neurological status were collected 

preopera*vely, postopera*vely, and during follow-up. Another focus of the study was the EOR, 

involving the determina*on of RTV, as well as matching the intraopera*ve evalua*on of the 

surgeons (complete resec*on yes/no) with postopera*ve MRI data. Furthermore, surgeons 

were interviewed postopera*vely to assess whether the preopera*vely chosen monitoring or 

mapping technique also proved to be the most suitable technique intraopera*vely.  

 

Results 

In total, data from 437 procedures involving 400 pa*ents within the defined *me frame were 

included in the study. The majority of opera*ons were conducted for lej-hemispheric lesions 

(54%) and in pa*ents diagnosed with high-grade gliomas2. Overall, 53% of the interven*ons 

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 Classifica<on 5 for diffuse gliomas were u<lized. The 
data collected during the <mes of the old classifica<on were adjusted according to the new terminology. 
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clinical ques*ons. Interes*ngly, under these specific condi*ons, the awake phases for right-

hemispheric cases significantly exceeded the dura*on of lej-hemispheric cases.  

SSEP and MEP monitoring were employed in about half of the procedures, indica*ng that in a 

substan*al 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.  

 

 

 

 

 

 

 

 

 

 

Figure 10: Number of procedures for different monitoring/mapping modes that were used intraopera3vely. Mostly 
monopolar s3mula3on was used. The combina3on (“comb”) of monopolar and bipolar mapping plus monitoring 
was the least combina3on that was used intraopera3vely. Figure cited from own publica3on [98], used under 
Crea3ve Commons AFribu3on 4.0 Interna3onal License, hFp://crea3vecommons.org/licenses/by/4.0/.). 

 

The choice of localiza*on had a significant impact only on bipolar mapping, which was 

expectedly more frequently used for lej-hemispheric tumours. The increased applica*on of 

mapping procedures was evident in the postopera*ve survey of surgeons. In most cases, it was 

reported that either a mapping technique or the combina*on of both techniques was obligatory 

to achieve the surgical goal. It is noteworthy that only in 10 procedures, the combina*on of all 

available monitoring and mapping techniques was deemed obligatory. Three surgeries were 

ul*mately conducted without any applica*on of these techniques, sugges*ng a preopera*ve 

misjudgement of eloquence. SSEP and MEP monitoring were considered obligatory in only 16% 

of cases, par*cularly in right-hemispheric lesions in combina*on with monopolar mapping. The 
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correla*on between tumour loca*on and the postopera*vely deemed obligatory 

monitoring/mapping mode was sta*s*cally significant (p < 0.001). 

 

 

 

 

 

 

 

 

 

 

Figure 11: Postopera3ve evalua3on of obligatory mapping or monitoring modes by the opera3ng surgeon. 
Monopolar, bipolar, and a combina3on of both mapping procedures were mostly stated as “obligatory” for the 
preceding surgery. Full technical equipment with a combina3on of mapping and monitoring was less frequently 
recalled as obligatory. Figure cited from own publica3on [98] used under Crea3ve Commons AFribu3on 4.0 
Interna3onal License, hFp://crea3vecommons.org/licenses/by/4.0/.). 

 

Regarding neurological outcomes, a direct postopera*ve deficit was observed in 13% of 

pa*ents, but it persisted as a permanent deficit in only 2% of pa*ents ajer 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 resec*on results, it was interes*ng to note that in one-third of procedures, a 

func*onal limit was reached due to mapping/monitoring, emphasizing the highly func*onal 

cohort that was operated on, in those cases a RTV was inten*onally lej. 50% of procedures 

achieved the expected complete resec*on. In procedures where an unexpected RTV was 

iden*fied, an average of 0.41 ml RTV was recorded, which, according to various studies would 

correspond to a GTR and should not have a nega*ve 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 u*lized monopolar s*mula*on in the majority of procedures. Motor 

pathway mapping, involving both cor*cal and subcor*cal monopolar s*mula*on, demonstrated 

no significant differences between lesions in either hemisphere. Bipolar motoric mapping was 

selec*vely employed in our clinic, typically in conjunc*on with monopolar cor*cal mapping, 

especially when monopolar mapping revealed MEP responses in mul*ple gyri or displayed 

inconsistencies when defining M1. Bipolar mapping was more frequently applied for lej 

hemispheric lesions during language mapping procedures, consistent with standard prac*ces 

in the literature. However, for language mapping, pa*ents needed to be awake during surgery. 

The majority of procedures in our cohort were performed with the pa*ent in an awake state, 

and most lesions were located on the lej hemisphere. SSEP monitoring was also more prevalent 

in lej 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 pa*ent in an awake state. Our group primarily employed monopolar s*mula*on for 

right hemispheric lesions during awake surgeries, due to monitoring fine motor skills or complex 

motor tasks during the procedure. 

Regarding resec*on 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 pa*ents. The postopera*ve 

control by inves*ga*ng the surgeons’ view on the feasibility of the chosen monitoring/mapping 

technique showed that in 73 % of the procedures, the preopera*vely defined method matched 

as obligatory intraopera*vely.  

The tumour localiza*on was found to correlate with the postopera*ve surgeons' evalua*ons, 

indica*ng that monopolar obligatory mapping was more frequently deemed essen*al for right 

hemispheric lesions, while bipolar mapping and combined monopolar/bipolar mapping were 

more frequently considered essen*al for tumours in the lej hemisphere. Notably, the necessity 

for SSEP and MEP monitoring, either alone or in combina*on with mapping procedures, was 

seen as obligatory in only 16 % of cases. This percentage increased ajer the engagement of 

new monitoring staff, rising from 11 procedures ini*ally evaluated as obligatory to 25 

procedures per year. The authors discussed the observed increase, sugges*ng a poten*al bias 

due to the availability of more monitoring staff or an escala*on in procedural complexity 
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involving high-risk vascular involvement. However, despite the rise in obligatory evalua*ons, 

there was no observed correla*on between the stated obligatory s*mula*on mode and 

postopera*ve neurological outcomes. Interes*ngly, more incongruence between the evaluated 

obligatory method and the actual technique used was noted with bipolar mapping. This 

discrepancy may be adributed to situa*ons where pa*ents with lej hemispheric lesions, 

requiring bipolar mapping due to the tumour's localiza*on, were unable to undergo mapping 

or adequate tes*ng due to noncompliance with the awake situa*on or experiencing seizures at 

the beginning of the procedure. 

 

Conclusion 

We concluded that not every pa*ent necessitates the full spectrum of available technical 

capabili*es to achieve favourable resec*on results under the preserva*on of neurological 

func*on. A me*culous surgical planning, conducted by experienced surgeons, allows for the 

omission of a standardized comprehensive monitoring concept without drawbacks for the 

pa*ents. Instead, monitoring and mapping should be individually tailored for each pa*ent. 

 

3. Mapping-only procedures in eloquent brain tumour surgery 

 

Since the beginning of 2019, we have been able to perform solely monopolar (and bipolar) 

mapping without the need for addi*onal personnel other than the surgeon due to the 

implementa*on of a technological advancement. This marked a significant step towards a more 

personalized approach to intraopera*ve func*onal monitoring of pa*ents. Independent of 

technical or personnel resources, cor*cal and subcor*cal 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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Resec+on 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 

 

Introduc*on 

As evident from the introduc*on and the first paper described above, intraopera*vely cor*cal 

and subcor*cal mapping of motor and language func*ons is crucial for ensuring the func*onal 

preserva*on of pa*ents. Bipolar mapping can be performed independently from the described 

techniques using a so-called Ojemann S*mulator. This is a bipolar s*mulator developed 

according to the specifica*ons of Dr. George Ojemann from the University of Washington in 

Seadle [101]. The s*mulator can be used and adjusted intraopera*vely by the surgeon, allowing 

for autonomous language mapping without the need for external personnel to set up and 

operate the technical applica*ons. Un*l the beginning of 2019, there was no equivalent for 

monopolar mapping. At that *me, the C2 Xtend was introduced by the company Inomed 

(Inomed Medizintechnik GmbH in Emmendingen, Germany). It is a mobile device that allows 

for cor*cal and subcor*cal mapping with monopolar and bipolar s*mula*on probes. 

Monopolar mapping is monitored similarly to the large standard devices using an EMG with up 

to 8 muscles being recorded intraopera*vely. The needles used are in accordance with the 

standard equipment for IONM devices. Eight subdermal needles are adached for EMG, along 

with a reference electrode in the FZ posi*on and a grounding electrode. All device seÅngs are 

customizable and can be changed at any *me. For bipolar s*mula*on, only one probe needs to 

be adached, and the s*mula*on intensity is then individually determined on the device. It is 

possible to perform both mapping techniques on a pa*ent without changing the whole 

technical setup. The setup and intraopera*ve handling are carried out by the surgeon. The 

device provides acous*c feedback upon detec*on, and con*nuous EMG serves for visual 

control of MEPs. Our clinic was one of the early adopters, and we commenced data collec*on 

in early 2019 to evaluate a pure mapping approach for supratentorial eloquently located 

tumours. 
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Methods 

The analysis included pa*ents 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 seÅngs for both mapping techniques which were set on the device. Furthermore, the 

8 muscles were defined for motor mapping. Here, standard recommenda*ons 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. *bialis anterior and the 

M. abductor hallucis). For the general cohort descrip*on, we collected sociodemographic data 

and the histopathological diagnosis 3. Regarding the u*lized device, we examined the type of 

mapping (monopolar/bipolar) and the corresponding s*mula*on parameters and we 

addi*onally collected data on awake surgery. Postopera*ve MRIs were scru*nized to evaluate 

surgical success in terms of RTV. Addi*onally, preopera*ve, postopera*ve, and follow-up 

neurological examina*ons were incorporated into the study. At the conclusion of each 

opera*on, surgeons were asked to assess the applicability of the device. If an inadequate 

technical seÅng was postopera*vely iden*fied in a case, the reasons for this were documented 

too. Pa*ents with lesions showing a clear vascular conflict on preopera*ve MRI were excluded 

to avoid the need to forgo SSEP monitoring. 

 

 

 

3 For this paper data concerning histopathological classifica<on were also adjusted according to the new WHO 5 
classifica<on of diffuse glioma. 
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Figure 12:: First genera3on of mapping device (C2Xtend), B: Screenshot of the intraopera3ve display under usage 
of monopolar mapping. Cor3cal mapping was applied and with 15 mA there were EMG recordings of cMAP of face 
and hand muscles. Figure cited from own publica3on [102], used under Crea3ve Commons AFribu3on 4.0 
Interna3onal License, hFp://crea3vecommons.org/licenses/by/4.0/.). 

 

 

 

 

 

 

 

 



 36 

 

Results 

In total, data from 131 pa*ents who underwent 136 surgeries were included in the study. 

Pa*ents 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 lej hemisphere were significantly more ojen operated on under awake condi*ons. Two 

cases were intraopera*vely evaluated as non-eloquent lesions as there was no posi*ve control 

in the near area around the localisa*on. All other cases showed highly func*onal involvement. 

 

 

 

Figure 13: Details of tumour localiza3on concerning the func3onal involvement, 99% of the lesions that were 
surgically approached by mapping-only strategy were func3onally located. Figure cited from own publica3on [102], 
used under Crea3ve Commons AFribu3on 4.0 Interna3onal License, 
hFp://crea3vecommons.org/licenses/by/4.0/.). 
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The technical setup required for the surgery could be independently established by the surgeon 

in an average *me of less than 6 minutes. In over 80% of pa*ents, monopolar mapping was 

performed, primarily as this was the mapping technique of par*cular 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 pa*ents. Regarding 

the resec*on results, a GTR was achieved in 60% of cases, while in a quarter of pa*ents, a 

residual lesion had to be lej in situ due to the func*onal limit defined by mapping. This residual 

volume was es*mated 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 introduc*on of the mapping-only device, the essen*al monitoring of neurological 

func*onality in pa*ents with eloquent brain tumours could only be achieved intraopera*vely 

through extensive technical setups and external, highly trained personnel responsible for setup, 

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

cor*cal/subcor*cal mapping during brain tumour surgeries at func*onally eloquent loca*ons is 

sufficient using a new mapping-only device. According to our data, the device could replace 

standard technical seÅngs 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 evalua*on of func*onal 

localiza*on through mapping results.  

 

The assessment's cri*cal aspect lies in the outcome concerning the EOR respec*vely RTV and 

neurological deficits. Regarding EOR and RTV, the mapping-only technique yielded comparable 

results to other technical seÅngs. 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 publica*ons, 



 38 

excluding the subtotal resec*ons due to func*onal 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 

pa*ents. Similar studies conducted with combina*ons of monitoring and mapping have 

generated comparable outcomes [103, 104]. 

 

Conclusion 

The combina*on of monitoring and mapping techniques is widely acknowledged for enhancing 

safety in brain tumour surgeries. However, our study demonstrates that devia*ng from the 

established combined setup by using a mapping-only device can yield comparable results in 

terms of postopera*ve deficits and resec*on outcomes. We've shown that the mapping-only 

technique is both safe (2% deficit) and efficient, offering a viable alterna*ve for trea*ng 

eloquently located tumours. Considering its simplicity and affordability, we advocate for the 

wider availability of mapping-only devices in neurosurgical units, par*cularly in emergency care 

or healthcare systems with limited resources for pa*ents with eloquent brain tumours. This 

could significantly benefit brain tumour pa*ents and improve outcomes, par*cularly in 

challenging situa*ons. 
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4. Special indicaMons of monopolar mapping– emergency resecMon of 

eloquent brain tumours  

 

With the newly introduced mapping-only device the surgeon could perform mapping 

independently from other trained personnel. Thus, new ideas for applica*on in a non-elec*ve 

seÅng emerged. The opera*ng surgeons and senior assistants responsible for rou*ne 

procedures underwent training for the device, leading to the explora*on of monopolar 

autonomous mapping in emergencies for certain pa*ents. Detailed data were collected for two 

pa*ents experiencing acute tumour decompensa*on, and these findings were summarized in 

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

 

Direct Cor+cal S+mula+on in Neurosurgical Emergencies: Single-Center Experience in 2 

Pa+ents 

Franziska Staub-Bartelt, Björn B. Hofmann, Marion Rapp, Daniel Hänggi, Marcel Alexander 

Kamp, Michael Sabel 

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

 

Introduc*on 

The significance of intraopera*ve monitoring and mapping for successful tumour resec*on in 

lesions located in highly func*onal areas has already been emphasized in the preceding pages. 

However, logis*cal challenges and the need for a dedicated technician ojen limit the 

applica*on of complete IONM and mapping techniques to elec*ve cases. These methods may 

not be readily accessible in emergencies or neurosurgical departments with limited resources. 

Nevertheless, iden*fying eloquent cor*cal and subcor*cal structures during emergencies can 

enhance pa*ent safety and outcomes. 

In our clinic, there also is no IONM/mapping on-call service, crea*ng a deficit in resources to 

perform func*onal monitoring urgently for pa*ents with condi*ons affec*ng the motor system, 

such as intracerebral haemorrhages or decompensated tumours with a spa*al rela*onship to 

M1 or CST. During the data collec*on for the mapping-only device, which was introduced in our 
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clinic in 2019, non-elec*ve indica*ons were also discussed as the device can be handled by the 

surgeon alone without any significant delay in pa*ent care. Thus, all responsible surgeons 

involved in emergency services were trained in handling the device. Subsequently, a few 

pa*ents presen*ng urgently with intracerebral haemorrhage or clinically evident 

decompensated tumour progression were operated on using the mapping device. Data from 

two tumour pa*ents ini*ally planned for elec*ve resec*on using IONM and mapping 

techniques but rapidly deteriora*ng clinically, were analysed in detail to assess the device's 

applicability in emergencies. 

 

Methods 

The data of pa*ents ini*ally planned for elec*ve IONM/mapping procedures but subsequently 

operated on in an emergency seÅng were subjected to a detailed retrospec*ve analysis. The 

medical history and the course of treatment in the general ward were traced, and exis*ng 

imaging and neurological findings were scru*nized for abnormali*es. Addi*onally, an evalua*on 

of the intraopera*ve mapping data was conducted. Due to the emergency nature of the 

situa*ons, only monopolar mapping data were available, as language monitoring would not be 

feasible in acutely neurologically deteriorated pa*ents due to the absence of the awake phase. 

The technical setup was solely managed by the opera*ng surgeon.  

 

Results 

Two illustra*ve cases could be obtained from the data. Both cases showed decompensated 

GBM pa*ents.  

The first pa*ent 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 lej hemisphere brain tumour. 

Due to the tumour’s size, there was compression of normal brain structures, causing a midline 

shij of more than 2 cm. Urgent tumour resec*on was discussed, and it was deemed mandatory 

to include monitoring and mapping due to the an*cipated proximity of the lesion to motor 

pathways in the dorsal area. Awake surgery was obsolete due to the pre-exis*ng aphasia. Later 

in the evening of admission, the pa*ent exhibited a deteriora*on in vigilance requiring 
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intuba*on. An urgent indica*on for tumour decompression was established, and conducted 

with the assistance of the mapping device. Subcor*cal monopolar s*mula*on was applied up 

to 0.3 ms at the dorsal resec*on margins, confirming the tumour’s immediate proximity to the 

Cor*cospinal tract (CST). The postopera*ve MRI revealed a minimal RTV at the dorsal resec*on 

margin, measuring < 2 ml. Neurologically, the pa*ent was able to mobilize independently in the 

short term, with the aphasia not completely regressing, yet basic communica*on became 

possible. 

In the case of the second pa*ent, an ini*al diagnosis revealed a large right hemispheric mass 

with a massive oedema. Primary symptoms included lej-sided hemiparesis and sensory 

disturbances. During the periopera*ve period, the pa*ent presented with an acute decrease in 

vigilance. An immediate CT scan showed bleeding into the tumour with a progressive mass 

effect. Ini*ally, the surgery addressed bleeding relief, followed by cor*cal and subcor*cal 

mapping (up to 2 mA). Tumour *ssue here also demonstrated immediate proximity to the CST. 

Given the preserva*on of func*on, a complete resec*on was not possible. The postopera*ve 

MRI confirmed the expected residual volume (4.2 ml). Neurologically, the pa*ent fully 

recovered, with, at most, a discreet residual limita*on of the lej leg at discharge. 

 

Discussion 

We here outlined a setup designed for eloquent tumour resec*on under monopolar mapping 

in emergency scenarios, par*cularly when the assistance of a clinical neurophysiologist is 

unavailable. Our approach involved the applica*on of monopolar motor mapping in two 

pa*ents with eloquently located pathologies to enhance resec*on safety regarding 

postopera*ve neurological deficits under emergency condi*ons. Notably, both pa*ents 

experienced no new neurological deficits postopera*vely. 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 *me-consuming setup 

associated with standard IONM devices. Our setup, in contrast, empowers surgeons to 

autonomously leverage direct brain mapping advantages, facilita*ng the use of direct cor*cal 

and subcor*cal s*mula*on beyond conven*onal surgery seÅngs. Monopolar s*mula*on 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 resec*on, there is a notable lack of comparable literature. 

Our findings demonstrate that the resec*on of highly eloquently located tumours in acute 

emergencies, u*lizing a mapping-only device, can be carried out without inducing new 

neurological deficits in the pa*ents. 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 resec*on, even in emergencies where standard IONM may not be prac*cally 

applicable.  

 

5. Impact of different intraoperaMve monitoring and mapping procedures on 

PFS and OS on paMents diagnosed with high-grade glioma 

 

When discussing the use of technical tools for resec*on, then as previously described, they are 

primarily employed to enhance safety and the outcome of the resec*on. Associated with 

resec*on as a therapeu*c target, there is always the ques*on of a survival advantage for 

pa*ents. In the following study, data from 14 years of opera*ve occupa*on in our clinic were 

analysed, incorpora*ng over 600 pa*ent 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 pa*ents. The original work is included as 

an appendix to this manuscript (5). 

 

Establishment of different intraopera+ve monitoring and mapping techniques and their impact 

on survival, extent of resec+on and clinical outcome in pa+ents with high-grade gliomas - a 

series of 631 pa+ents 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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Introduc*on 

GBM is the most aggressive form of glioma and is associated with the worst prognosis amongst 

glioma tumour en**es. As described in the introduc*on at the beginning ongoing research 

seeks novel treatment strategies to extend the OS period and enhance the QoL for pa*ents. 

However, despite maximum treatment efforts, GBM recurrence following surgical resec*on is 

nearly inevitable, and its management is ojen case-dependent. The standard of care was 

described in detail at the beginning, in summary, resec*on followed by radia*on and 

chemotherapy s*ll are the standard approaches. Surgical excision is challenging due to the 

infiltra*ng nature of GBM, but maximizing tumour resec*on is crucial for prognosis. The 

demand for intraopera*ve techniques preserving neurological integrity under maximiza*on of 

resec*on results has led to the establishment of procedures like IONM and mapping procedures 

either with or without an awake approach during brain tumour resec*on.  

As our department has implemented these techniques one by one over some years, a dataset 

of 1010 pa*ents could be retrospec*vely screened as part of a doctoral thesis for in- and 

exclusion criteria. We excluded pa*ents under 18 years old and pa*ents who underwent 

primary surgery in an external hospital. Furthermore, if we could not obtain any clinical data, 

pa*ents were also excluded, addi*onally, at least one follow-up had to be documented for 

inclusion. Lastly, retrospec*ve analysis was conducted on data from 631 pa*ents, who 

underwent surgery between 2004 and 2018 at our department. We focussed on analysing 

implemented monitoring techniques at different *me points, that may influence the 

preserva*on of neurological func*onality and assess whether intraopera*ve neurophysiological 

monitoring or mapping techniques significantly contributed to improving PFS and/or OS in 

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

 

Methods 

A systema*c analysis was conducted on data from pa*ents who underwent primary surgery at 

the Neurosurgery Department of University Hospital Düsseldorf between January 1, 2004, and 

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

 

4 Again, for this publica<on, histopathological diagnosis was adjusted according to the new WHO 5 classifica<on of 
diffuse glioma. 
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WHO grade 4 was selected as the target cohort, resul*ng in a cohort of 1010 pa*ents. Ajer 

applying the exclusion criteria, a cohort of 631 eligible pa*ents for sta*s*cal analysis remained. 

Then the cohort was divided into two subgroups, one group comprised pa*ents undergoing 

biopsy (n= 150) and the second group included pa*ents who underwent resec*on (n= 481). To 

evaluate the influence of each monitoring/mapping technique the resec*on cohort was further 

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

 

 

 

Figure 14: Descrip<on of resec<on subgroups according to the specific monitoring/mapping technique that was 
used. Figure cited from own publica3on [105], used under Crea3ve Commons AFribu3on 4.0 Interna3onal License, 
hFp://crea3vecommons.org/licenses/by/4.0/.). 

 

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

of RANO criteria for high-grade glioma in the post-opera*ve and follow-up MRIs [106]5. 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/JCO.23.01059. Epub 2023 Sep 29.) However, during data collec<on 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 pa*ents. Verifica*on of the date of death was carried out through 

screening the local pa*ent data management system, registering queries, or communica*ng 

with pa*ents' families, adhering to local ethics approval. Furthermore, we collected data on 

clinical outcomes measured by the Na*onal Ins*tutes of Health Stroke Scale (NIHSS) and KPS 

and resec*on results for the different groups. The impact of adjuvant therapies was also 

inves*gated as a confounding factor for PFS and OS within each group. 

 

Results 

A year-wise analysis of technical seÅngs was conducted to understand the changes in surgical 

approaches over *me. Awake surgeries with 60-Hz s*mula*on were introduced in 2007 and 

steadily increased un*l 2011. The combina*on of IONM with monopolar s*mula*on and awake 

surgeries with IONM and mapping procedures became the ins*tu*onal standard ajer 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 seÅngs ajer 2010 (p < 0.001).  

 

 

Figure 15: Line graph of pa3ents enclosed in the analysis (n = 631) divided by technical serngs from 2004–2018. 
Figure cited from own publica3on [105], used under Crea3ve Commons AFribu3on 4.0 Interna3onal License, 
hFp://crea3vecommons.org/licenses/by/4.0/.). 
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The propor*on of eloquent surgeries increased to the total number of opera*ons over the 

observed period (before and ajer 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 % ajer 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 ajer (2010-2018) the introduc*on of all IONM 

and mapping techniques (mean EOR before 95%, mean EOR ajer 96%). Addi*onally, the mean 

RTV in the cohort was calculated (1.38 ml [± 4.16 SD]). The RTV measured in the postopera*ve 

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 sta*s*cal 

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 postopera*vely and at 3 months follow-

up and a significantly lower KPS at both *me points postopera*vely 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 pa*ents operated by 

IONM-monopolar and AWAKE-IONM-mapping condi*ons compared to the SP-O group.  

The long-term outcome parameters PFS and OS were evaluated by calcula*ng Kaplan-Meier 

survival curves. They were ploded for different opera*ve seÅngs, showing no significant 

difference in PFS but a significantly increased OS for pa*ents in the SP-O group. The single 

monitoring or mapping procedures did not influence the OS significantly.  
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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 intraopera3ve mapping or 
monitoring techniques in PFS (p = 0.749). Figure cited from own publica3on [105], used under Crea3ve Commons 
AFribu3on 4.0 Interna3onal License, hFp://crea3vecommons.org/licenses/by/4.0/.). 
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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 pa3ents that underwent surgery in SP-O technique (p = 
0.034). Figure cited from own publica3on [105], used under Crea3ve Commons AFribu3on 4.0 Interna3onal 
License, hFp://crea3vecommons.org/licenses/by/4.0/.). 
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Discussion 

The standards for surgical treatment of GBM have undergone substan*al evolu*on, par*cularly 

in intraopera*ve monitoring and mapping techniques, as observed in our study spanning from 

2004 to 2018. Three dis*nct phases were iden*fied: at first there was no monitoring un*l 2007, 

then the introduc*on of awake craniotomies with bipolar s*mula*on followed in 2008, and at 

last, there was the incorpora*on of IONM and mapping as a combined procedure in 2010, 

subsequently u*lizing 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 pa*ents with eloquently located GBM. Awake craniotomies with 

bipolar mapping were ini*ally introduced for func*onal monitoring in eloquent tumour 

resec*on to preserve neurological func*on, par*cularly for language control. As discussed 

before, various studies have demonstrated improved outcomes highligh*ng the significance in 

preserving, par*cularly language func*ons, by awake surgery with combined mapping. In our 

study interes*ngly the AWAKE-bipolar group exhibited contrary results with an increased NIHSS 

and reduced KPS postopera*vely, par*cularly in lesions located in the parietal lobe. We 

assumed that the absence of monopolar mapping for poten*al motor eloquent areas over a 

long period was responsible for this phenomenon. As at the *me point of implementa*on and 

involving both - IONM and mapping techniques, the AWAKE-IONM-mapping group did not show 

higher postopera*ve NIHSS.  

The introduc*on 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 seÅngs. The side 

analysis inves*ga*ng EOR and residual tumour volume (RTV) did not show significant 

differences between technical seÅngs, possibly due to the increased eloquence of tumours and 

subtotal resec*ons due to func*onal limits that were seen when using monitoring/mapping 

techniques. This present retrospec*ve study spanning 14 years has important limita*ons that 

need to be addressed for beder contextualiza*on. Major issues in data collec*on were changes 

in documenta*on forms and standards over *me. Furthermore, the introduc*on of advanced 
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surgical technologies, fluorescence techniques and evolving surgical approaches may introduce 

a bias into the surgical, par*cularly resec*on data. Addi*onally, the study's limited sample size 

and imbalances between groups made comprehensive comparisons challenging. 

 

Conclusion 

Various publica*ons have advocated for the u*liza*on of IONM, mapping and awake 

craniotomies in pa*ents with GBM, typically in smaller pa*ent cohorts. However, our study 

represents a unique contribu*on as, to our knowledge, no analysis of comparable cohort sizes 

has explored the influence of different intraopera*ve monitoring and mapping techniques on 

PFS and OS. We found that the incorpora*on of awake surgeries, IONM, and mapping 

techniques coincided with a significant reduc*on in the number of biopsies and a significant 

increase in eloquent localiza*on of resected lesions. This substan*al decrease in biopsies 

suggests a notable enhancement in the operability of eloquent tumours following the 

implementa*on of those intraopera*ve techniques. Consequently, we emphasize employing 

these methodologies, that facilitate the safe resec*on of eloquent GBM with an acceptable 

level of post-opera*ve 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 seang in paMents with 

(language -) eloquent tumours and its influence on the psychooncological 

burden of brain tumour paMents 

 

When considering the indica*on for an awake surgery, which generates the maximum 

func*onal monitoring level during an opera*on, it should be cri*cally discussed on a highly 

individual basis for each pa*ent. Various factors, as previously men*oned, should be taken into 

account and it's not just about intraopera*ve compliance. The poten*al effects in the realm of 

distress, anxiety, and depression resul*ng from such intraopera*ve procedures have not been 

systema*cally studied for a long *me. As in our department, about 50% of the procedures that 

require monitoring/or mapping during resec*on are performed as awake craniotomy, we aimed 

to gain insights beyond a surgical outcome. Therefore, we compared psycho-oncological 

screening data from pa*ents undergoing awake surgery with data from pa*ents undergoing 

surgery under general anaesthesia to scale the burden such an awake procedure might have on 

these already “burdened-by diagnosis” pa*ents. The original work is also available in the 

appendix (6). 

 

Impact of An+cipated Awake Surgery on Psychooncological Distress in Brain Tumor Pa+ents 

Franziska Staub-Bartelt, Oliver Radtke, Daniel Hänggi, Michael Sabel, Marion Rapp 

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

 

Introduc*on 

The study addresses the heightened risk of distress, anxiety, and depression in cancer pa*ents, 

par*cularly in neurooncological cases, where distress prevalence ranges from 38% to 52% 

[107]. Approximately one-fourth of cancer pa*ents experience depression or depressive 

symptoms, with a reported prevalence of 21% in brain tumour pa*ents, 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, 

par*cularly in pa*ents with high-grade gliomas. Longitudinal analyses indicate heightened 
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distress, especially periopera*vely during hospitaliza*on for neurooncological pa*ents. Thus, 

periopera*ve screening is crucial for *mely psychooncological support. 

The primary surgical goal in neurooncological pa*ents is, as described before, the maximal 

aggressive tumour resec*on without causing permanent neurological deficits. Advances in 

surgical techniques, such as neuronaviga*on, fluorescence-guided surgery and IONM/mapping 

technique have improved outcomes. Awake surgery in pa*ents with eloquent lesions is known 

to maximize resec*on extent, improving outcomes while reducing risks for postopera*ve 

deficits [108, 109]. However, it is unclear if this an*cipated technique causes addi*onal distress 

for neurooncological pa*ents. The study aimed to determine whether the an*cipa*on of awake 

surgery nega*vely impacts distress, anxiety, depression and QoL compared to pa*ents 

undergoing surgery under general anesthesia. 

 

Methods 

The inclusion criteria for this analysis involved pa*ents aged >18 years diagnosed with a brain 

tumour, elec*vely admided for tumour surgery at the neurooncological department. Included 

pa*ents had to have completed a preopera*ve dataset for distress and QoL assessment. Due 

to the retrospec*ve study design, ques*onnaire comple*on varied, leading to heterogeneity 

and par*al missing data. To ensure uniformity and reliable analyses, only pa*ents with a 

complete psychooncological screening assessment were included. The analysis further 

categorized pa*ents based on resec*on 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 preopera*vely during hospitaliza*on, 

following brief instruc*on by medical staff. The used screening assessments were the Na*onal 

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 ques*onnaire is designed to assess 

anxiety and depression. It comprises seven items targe*ng anxiety (HADS-A) and seven for 

depression (HADS-D). A cut-off score of >8 is considered op*mal for sensi*vity and specificity 

in iden*fying anxiety disorders in pa*ents [111]. In addi*on, we assessed QoL by using a 

disease-specific ques*onnaire for brain tumour pa*ents, designed by The European 

Organisa*on for Research and Treatment of Cancer (EORTC). 
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Results 

A total of 54 pa*ents could be enclosed in the study. 35 pa*ents underwent awake surgery and 

19 pa*ents were operated in GA. In the awake pa*ent cohort 62.86% of the pa*ents indicated 

to experience subjec*ve increased distress, compared to 52.63% in the general anaesthesia 

(GA) cohort. Addi*onally, anxiety was reported by 17.14% of awake pa*ents and 31.58% of GA 

pa*ents, and depression by 14.29% of awake pa*ents and 15.79% of GA pa*ents. Prevalence 

of distress (p=0.465), anxiety (p = 0.223) and depression (p = 0.882) between both groups did 

not differ significantly. 

 

The ques*onnaires 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).  

 

 

 

 

 

 

 

 

 

 

 

 

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 publica3on [112], used under Crea3ve Commons AFribu3on 4.0 Interna3onal License, 
hFp://crea3vecommons.org/licenses/by/4.0/.). 

 



 54 

Recurrent surgery tended to show increased distress more ojen (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 ques*onnaire did not show significant differences 

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

 

 

 

 

 

 

 

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 publica3on [113], used under Crea3ve Commons AFribu3on 4.0 Interna3onal 
License, hFp://crea3vecommons.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 pa*ent cohort.  

Regarding need for psychooncological support, 27.78% of pa*ents accepted addi*onal 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 resec*on eloquently located 

tumours, concerns arise about poten*al nega*ve psychological impacts on neurooncological 

pa*ents already at risk for distress, anxiety, and depression. This study aimed to 

comprehensively assess the preopera*ve psychological status of pa*ents undergoing awake 

surgery compared to those under GA. The data indicate that pa*ents undergoing awake surgery 

for cerebral lesions do not exhibit higher distress, anxiety, or depression preopera*vely than 

those undergoing surgery under GA. Recurrent surgery, however, showed an addi*onal impact 

on increased distress. While only limited data exist on the psychooncological impact of 

an*cipated awake surgery, this study, with its detailed preopera*ve prepara*on and screening, 

demonstrates no significant nega*ve influence on pa*ents. Contrary to preopera*ve screening 

results, postopera*ve screening outcomes also reveal no major nega*ve impact of awake 

surgery on pa*ents.  

Despite the posi*ve outcomes, the study acknowledges the major limita*on is, that only a small 

cohort could be enclosed. This was due to restric*ve inclusion criteria and the exclusion of 

approximately 75% of screened pa*ents because of missing single ques*onnaire items. 

However, this analysis stands as the first comprehensive psychooncological screening in pa*ents 

undergoing brain tumour surgery under awake or non-awake condi*ons. The study emphasizes 

the importance of awake surgery, offering intraopera*ve monitoring benefits and underscores 

that, with thoughgul prepara*on and monitoring, awake surgery does not nega*vely impact 

pa*ents. The posi*ve effects, such as an increased EOR and OS, outweigh poten*al concerns. 

However, the indica*on for awake surgery should be carefully considered for each pa*ent, 

taking into account the detailed prepara*on and close monitoring to ensure a posi*ve 

experience without harm. 

 

Conclusion 

The study findings indicate that the an*cipa*on of awake surgery does not significantly increase 

distress, anxiety, or depression in pa*ents before brain tumour surgery. Thus, surgeons can 

an*cipate their pa*ents undergoing awake surgery without causing addi*onal 

psychooncological distress. The recommenda*on for awake surgery is emphasized when the 

expected localiza*on of the cerebral lesion involves eloquent areas, as it enhances pa*ent 
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safety. Although the observed results regarding pa*ents undergoing recurrent surgery were not 

sta*s*cally significant, there is a tendency for increased distress in this specific situa*on. In such 

cases, early contact with professional psychooncologists is recommended to address poten*al 

psychological challenges associated with recurrent surgery. 
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IV DISCUSSION  

1. IllustraMon of the importance of resecMon in a dedicated cohort of paMents 

with high-grade tumours 

 

The findings of the incorporated study concerning the poten*al compensa*on of residual 

tumour volume by a molecular gene*c factor posi*vely evaluated in the literature underscores 

the importance of achieving maximal resec*on outcomes in pa*ents with high-grade 

intracranial tumours. We have demonstrated that even under op*mal molecular gene*c 

condi*ons for therapy response, subtotal resec*on remains an irreconcilable disadvantage. 

Understanding this is crucial when further inves*ga*ng the works listed as the basis of the thesis 

and exploring strategies to maximize resectability in predominantly high eloquent loca*on 

tumours 

 

2. Assessment of technical setup and personnel resources & 

3. EvaluaMon 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 pa*ent. The technical availability does not necessarily dictate a 

corresponding indica*on. In a large cohort of 437 procedures on highly func*onally 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 frac*on of surgeries. 

Of course, the importance of monitoring techniques should not be negated; they par*cularly 

contribute to addi*onal assurance in cases of neurovascular conflicts and should be generously 

indicated in such cases. However, if neurovascular conflicts can be excluded through 

preopera*ve planning, the personnel and technically demanding monitoring can be omided, 

provided that the technical capabili*es for mapping-only procedures are present. According to 

our data, this can be done without compromising resec*on outcomes or resul*ng in poorer 

neurological outcomes compared to the literature. This is crucial, especially since IONM 

requires highly trained personnel in addi*on to the surgeon for setup, intraopera*ve opera*on 
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and ul*mately, evalua*on. The effec*veness of IONM is con*ngent on the competence of the 

technical operator, applying equally to prepara*on, execu*on, and analysis. These factors 

should be considered in the decision-making process. An individualized monitoring/mapping 

concept, conceptualized preopera*vely for each pa*ent based on preopera*ve assessments, 

should be the goal for high-output clinics that can also benefit from more efficient u*liza*on. 

 

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

5. Motor mapping emergency resecMon and its outcome  

 

Star*ng in the spring of 2019, we were able to examine the hypothesis that, with proper 

indica*on, IONM could be omided without compromising resec*on outcomes and neurological 

outcomes Introducing a mapping-only device allowed us to inves*gate the prac*cal technical 

applicability by the surgeon during surgery and assess outcome parameters related to resec*on 

results and neurological outcomes in a subcohort of pa*ents with eloquently located tumours. 

We observed that, with appropriate indica*on, a mapping-only device is comparable to larger 

technical setups, considering that IONM is not possible with this device. The prac*cability and 

adequacy were confirmed by the surgeon in 95% of the opera*ons. 

 

Regarding the EOR respec*vely RTV and neurological outcomes, we achieved comparable 

results to other cohorts with combined approaches. These posi*ve ini*al findings ajer the 

introduc*on of the mapping-only device led us further to explore the specific indica*on for 

emergency mapping. Here, we obtained significantly posi*ve results in pa*ents presen*ng with 

either intracerebral bleeding or decompensated tumour events. This is par*cularly encouraging 

as ac*ve monitoring, such as awake surgery, is not feasible in neurologically compromised 

pa*ents, and most clinics lack specially trained personnel on-call to operate monitoring devices 

during emergency procedures. Addi*onally, 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 u*lity of the mapping-only 

approach for both elec*ve and non-elec*ve indica*ons, specifically for highly func*onally 

located tumours, without compromising quality for the pa*ent. 
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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 therapeu*c approaches, life expectancy remains 

significantly compromised. The literature consistently indicates a clear correla*on between the 

EOR or RTV and the survival of GBM pa*ents. Intraopera*ve monitoring - and mapping 

techniques aim to maximize the EOR, par*cularly in pa*ents with highly func*onally located 

lesions. Therefore, a subset of this study focused on examining the impact of various 

intraopera*ve neuromonitoring- and mapping techniques on PFS and OS in GBM pa*ents. 

Conduc*ng 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 

applica*on of these techniques, sta*s*cal significance was not achieved. However, a 

significantly higher number of eloquently located lesions were operated on, poten*ally 

influencing the obtained results, as in some cases only subtotal resec*on could be achieved due 

to func*onal limits. Addi*onal 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 pa*ents at risk of new neurological deficits due to surgery 

are substan*al. In many cases, the introduc*on 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 paMents with 

malignant brain tumour  

 

Awake surgery presents a unique situa*on for both the pa*ent and the neuro-oncological 

surgeon. Much has been inves*gated regarding indica*ons, inclusion and exclusion criteria and 

the possibili*es arising from intraopera*ve tes*ng during awake surgery. Awake surgery, as the 

maximal variant of pa*ent monitoring, is now an integral part of everyday neurosurgical 

prac*ce, especially in the context of language and the increasingly explored neurocogni*ve 

monitoring. In our clinic, awake surgery is a standard procedure and is performed in over 50% 

of pa*ents with an indica*on for intraopera*ve monitoring- or mapping procedures.  As we 

perform awake surgery weekly, the par*cular ques*on arose whether pa*ents, already known 

to be psychologically burdened, would experience further deteriora*on in an objec*ve psycho-

oncological screening due to awake surgery. This is of high relevance, as we know that increased 

stress in cancer pa*ents, especially in neuro-oncological pa*ents, can lead to decreased therapy 

responses and an overall worse outcome. 

 

In the context of our subgroup inves*ga*on, we compared pa*ents who underwent psycho-

oncological screenings and awake surgery with a group of pa*ents 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 

pa*ent care, awake surgery, regardless of objec*ve inclusion and exclusion criteria, is a very 

valid op*on for maximal monitoring. Early involvement in psycho-oncology can help mi*gate 

the addi*onal stress that may arise, especially in the context of disease recurrence that we saw 

in our data.  

  



 61 

V CONCLUDING SUMMARY  

 

The resectability of eloquently located brain tumours has immensely increased with the 

introduc*on of intraopera*ve neuromonitoring and cor*cal/subcor*cal s*mula*on techniques. 

This has resulted in significantly posi*ve outcomes for affected pa*ents. Naturally, the 

prepara*on for such surgeries, which involve various procedures for example MRI, DTI or 

transcranial mapping, needs to be thorough. However, the only intraopera*ve control factor 

remains the applica*on of the various described monitoring and mapping techniques and the 

awake surgery seÅng. With a growing realiza*on of the importance of supratotal resec*ons, 

intraopera*ve monitoring of motor and language func*ons must also be increasingly 

emphasized. Addi*onally, strategies for the control of cogni*ve func*on during brain surgery 

are under reconsidera*on in research groups worldwide. The selec*on of the most suitable 

technique for the individual pa*ent is of paramount importance and enables the performance 

of complex opera*ons without causing long-term neurological damage to the pa*ent and 

therefore contributes to a beder outcome for pa*ents with par*ally very limited survival due 

to their diagnosis.  
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VII APPENDIX 

The following 6 original peer-reviewed and published ar*cles contribu*ng to this habilita*on 

thesis are published here under the Crea*ve Commons Adribu*on 4.0 Interna*onal License, 

hdp://crea*vecommons.org/licenses/by/4.0/.). 
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