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1. INTRODUCTION 

         

1.1. Inducement for investigation 

Gliomas make up for a majority of intracranial tumors in adult patients. Of these, 14.6% can 
histologically be identified as glioblastoma, the most malignant entity (Ostrom et al., 2019). 
Despite promising research in the field of both non-surgical and surgical oncologic therapy, 
only a minority of glioma patients can be cured to date (De Angelis, 2001; Wen et al., 2008; 
Ottenhausen et al., 2013). However, early surgical intervention and maximum resection have 
repeatedly been shown to decisively improve overall survival time (Ammirati et al., 1987; 
Berger et al., 1994; Keles et al., 2001; Sanai et al., 2008b; Jakola et al., 2012; Capelle et al., 
2013). Aside of general risk factors present in any surgical setting, neurosurgical procedures 
always pose the risk of iatrogenous neurological deficits. Cortical areas in which tissue damage 
correlates with neurological deficits are referred to as eloquent. Sparing these eloquent areas 
often limits the extent of resection (EOR) in glioma surgery. Yet, maximizing the EOR without 
damaging eloquent tissue in the process is among the main factors determining the overall 
survival time in glioma patients (Chang et al., 2011; Jakola et al., 2012). 
Optimizing the methods at hand for the identification of eloquent cortical tissue therefore marks 
an important goal of neurosurgical research. On the one hand, this requires improvement of 
macroanatomical diagnostic imaging techniques such as magnetic resonance imaging (MRI) 
and diffusion tensor imaging fiber tracking (DTI FT) as well as refinement of the ways of 
inclusion of said techniques for guidance of the operator prior and during the procedure (Claus 
et al., 2005; Barone et al., 2014). On the other hand, functional diagnostic methods were 
developed to allow for the spatial localization of cortical functions. Combining both structural 
and functional information about a certain structure allows for the identification of eloquent 
areas that need to be handled with care during the procedure to improve the patients quality 
of life in a process called mapping (Ottenhausen et al., 2015). Utilizing multiple preoperative 
as well as intraoperative techniques, e.g. cortical language mapping was shown to lead to a 
significant reduction of post-operative language disorders (Sanai et al., 2008c).  
Functional diagnostic techniques that can be used in language mapping include 
measurements of metabolic surrogate parameters, such as functional magnetic resonance 
imaging (fMRI) and positron emission tomography (PET). Both techniques measure brain 
activity by detecting changes of the spatial blood flow (Price, 2012). While fMRI identifies the 
change in the blood oxygen level dependent (BOLD) signal (Logothetis et al., 2004), PET 
detects the spatial increase of radiation derived from a radiopharmaceutical that was injected 
to the blood stream prior to the examination (Petersen et al., 1988). Further, changes in neural 
activity can be detected by measuring changes in the brain’s electric field. 
Electroencephalography (EEG) measures voltage fluctuations on the cranial surface, while 
magnetoencephalographic imaging (MEG) uses dipole analysis to quantify the magnetic brain 
activation (Findlay et al., 2012; Tarapore et al., 2012). Both electrical and metabolic 
measurements can represent underlying neurophysiologic pathways. Yet, both methods lack 
information about the exact function a cortical area partakes in that pathway (Rutten et al., 
2010).  
To do so, direct electrophysiological functional testing methods directly influence neural activity 
via electrical stimulation, allowing for the observance of changes in a certain neural function – 
e.g. language – following an increase or decrease of electrical activity of a certain cortical 
region. Preoperatively, this is conducted using transcranial magnetic stimulation (TMS) while 
the gold standard of intraoperative stimulation mapping (ISM) utilizes direct electrical 
stimulation (DES).  
As the german philosopher Immanuel Kant (*1724 - ┼1804) already aptly put it: language is the 
manifestation of thoughts and the greatest means of understanding oneself and others (Kant, 
1798). Fittingly, language function is among the most important factors that determine quality 
of life in glioma patients. It is hence of outmost importance to securely identify and preserve 
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language-eloquent cortical areas during neurosurgery while at the same time safely 
maximizing the EOR to enable the longest possible progression-free survival with maintained 
high quality of life. 

1.2. Essentials of language 

1.2.1. Basics of neuroanatomy and brain tumors 

Covered by different layers (the scalp, the scull, the meninges) and floating in cerebrospinal 
fluid (CSF), the brain can be segmented into two layers, the white and grey matter (Figure 1) 
(Benninghoff et al., 2011; Trepel, 2017). The functionally most relevant cell of the brain is the 
neuron, consisting of the soma and the axon (Figure 2). Myelinated axons – referred to as 
nerve fibers - merge to form nerve cell bundles. These bundles mark the foundation of the 
white matter. The grey matter, forming inter alia (i.a.) the cortex, consists of neuron somata 
(Speckmann et al., 2009). The shape of the cortex is determined by gyri, meaning cortical 
ridges, and sulci, meaning cortical valleys (Figure 1). Further, the cortex is divided into different 
macroscopic lobes (frontal, temporal, occipital, parietal, insular) which are separated from 
another by characteristic sulci (Figure 3) (Paulsen et al., 2010; Trepel, 2017). Nerve cells 
interconnect via axons, building so-called neuronal synapses. Here, information is transmitted 
via chemical messengers, referred to as neurotransmitters (Speckmann et al., 2009; Rassow, 
2012). When leaving the brain en route to their respective target organ, most nerve fibers 
switch to the opposite body half. Hence, motor function of the right body is represented by the 
left hemispheric cortex (Pinto, 2012).  
The brain further consists of different types of supporting cells, mostly glial cells (Speckmann 
et al., 2009). These glial cells are the origin of gliomas (Pinto, 2012; Trepel, 2017). The World 
Health Organisation (WHO) classifies gliomas into four grades of malignancy. The higher the 
grade, the more aggressive and destructive is their growth.This grading system is based on 
the glial tumor’s original cell type (astrocytoma, oligodendroglioma, ependymoma), the grade 
of differentiation (e.g. pilocytic, low-malignant or anaplastic) as well as further histologic and 

Figure 1 Frontal slice of the human brain showing the white matter (= substantia alba) and the grey matter (= 
substantia grisea). Inter alia the grey matter forms the cortex (= cortex cerebri) with its ridges (= gyri; singular gyrus) 
and valleys (= sulci; singular sulcus). Localization regarding the midline: lateral = sideward, medial = inward. 
(Source: Gillroy, Atlas of Anatomy, 1st ed., Abb 39.4 A, Illustrator: Markus Voll © 2019 Thieme Medical Puplishers, 
Inc. All Rights Reserved). 
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molecular characteristics (Pinto, 2012; Komori, 2017; Kristensen et al., 2019). WHO grade I 
contains i.a. the pilocytic astrocytoma, while the most malignant glioblastoma multiforme 
corresponds to WHO grade IV (Pinto, 2012; Louis et al., 2016; Gupta et al., 2017). This grading 
system is also used for other types of primary intracranial tumors, such as meningiomas. 
Metastases on the other hand are to be distinguished from primary intracranial tumors (Pinto, 
2012; Gupta et al., 2017). Other anatomic structures can also give rise to neoplastic effects. 
An example is the arteriovenous malformation (AVM). Unlike the above-mentioned tumors that 
originate from pathological cell proliferation, the AVM originates from a congenital anomaly of 
the blood vessels, a direct connection between artery and veins without a braking capillary bed 
in between. Due to the unhindered blood flow, AVMs can grow significantly in size, have an 
increased risk of causing intracerebral bleeding and can further lead to neurological failures 
due to blood bypasses (Henkes et al., 2006). 

Figure 3 Division of the brain in its four cortical represented lobes. Frontal lobe (= green), temporal lobe (= blue), 
parietal lobe (= yellow) and occipital lobe (= red). The two big sulci, which separate the frontal, the temporal and 
the parietal lobe from each other are further displayed (sulcus centralis, sulcus lateralis) as well as the two sulci 
involved in working memory (sulcus frontalis inferior, sulcus intraparietalis) (Source: Gillroy, Atlas of Anatomy, 1st 
ed., Abb 39.12 A, Illustrator: Markus Voll © 2019 Thieme Medical Puplishers, Inc. All Rights Reserved). 

Figure 2 Nerve cell bodies (= 1) with their connecting axons (= 2) and surrounding myelin shields (= 3). The stamp-
like contact points between the axons correspond to synapses (Source: Gillroy, Atlas of Anatomy, 1st ed., Abb 39.2, 
Illustrator: Markus Voll © 2019 Thieme Medical Puplishers, Inc. All Rights Reserved). 
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1.2.2. Neurophysiological processing of language 

Unlike motor activity, the cortical basis of language and speech production is still not fully 
understood (Duffau, 2008; Price, 2012; Cattaneo, 2013). The complexity of language and 
speech processing is retrieved in the wide field of linguistics. First, the terms “speech” and 
“language” have to be kept apart. Language refers to the entirety of processes included in the 
act of communication between different individuals except for the act of communicating itself, 
which is referred to as speech. Language hence involves both verbal- and non-verbal means 
of communication. This communication has to be planned, shaped, conveyed, understood and 
processed. Language therefore involves multiple cortical networks, such as the auditory and 
the visual network. Speech on the other hand comprimises of the active act of communicating 
without regard to the mean of communication. Factors of speech include articulation and 
pronunciation, fluency of talking and voice skills. In this context, it should be noted that 
prearrangig processes preceding articulation and pronunciation of communication are 
regarded as part of language and not speech (Schwarz-Friesel, 2008). This doctoral thesis 
focuses on language production by the human brain while explicitly excluding the motor-
dominated field of speech.  
Language is a complex framework of meaning and structure. It is further divided into receptive, 
expressive and non-verbal domains. The term Semantics refers to the concept of the meaning 
of linguistic units. Semantics encompasses the meaning of single words, phrases and full 
sentences both expressed and recepted. Language further includes i.a. sentence structure, as 
well as grammatical and syntactical rules. The connection between language and speech is 
established, i.a. by the field of Phonology. The term Phonology refers to the knowledge of the 
correct pronunciation of certain parts of e.g. words both receptively and expressively while the 
actual act of pronunciation itself is part of speech. During receptive language processing, an 
extrinsic acoustic piece of information is transformed into an invariant internal representation 
of the verbal material and further analysed for correct understanding (Cattaneo, 2013). 
Language further consists of a multitude of characteristics that need to be considered and put 
in contex by the human brain to enable for proper communication (Schwarz-Friesel, 2008). 

1.2.3. Cortical organisation of language 

The term Aphasia refers to language errors due to an illness with consecutive impairment of 
brain function. As stated above, language consists of a multitude of separate processes and 
factors. Hence, the clinical manifestation of Aphasia significantly varies depending on the 
defected cortical area. Observing these defects allows to establish connections between 

Figure 4 Representation of the cortical parcellation system with its 37 parcels based on Corina et al. (2005). The 
respective designations for the CPS abbreviations can be found on page 101 in section 8.2. 
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certain cortical areas and certain language functions. Hence, Aphasias led to a first 
understanding of language processing in the human brain (Naeser et al., 1978; Dronkers, 
1996). Modern studies using either fMRI (McGraw et al., 2001; Indefrey, 2011; Schuhmann et 
al., 2012; Wheat et al., 2013), or stimulation techniques such as TMS and DES (Ojemann et 
al., 1989; Haglund et al., 1994; Tarapore et al., 2013) have led to new insights into these 
connections and have established more detailed anatomical models of language processing 
(Cattaneo, 2013). To do so, Corina et al. introduced the cortical parcellation system (CPS). 
The CPS divides the cortex of each hemisphere into 37 parcels. Each parcel is identifiable 
based on given anatomical landmarks (Figure 4) (Corina et al., 2005; Corina et al., 2010).  
Based on prior findings from Aphasia studies, language processing is roughly segmented into 
an anterior (= frontal) and a posterior (= temporoparietal) part. The anterior part consists of the 
triangular (trIFG) and opercular inferior frontal gyrus (opIFG), the ventral pre-central gyrus 
(vPrG) and the middle middle frontal gyrus (mMFG). It includes the Broca’s area (trIFG, opIFG) 
with its known focus on expressive language (Figure 5) (Broca, 1861; Brodmann, 1925). The 
posterior (= temporoparietal) part includes the anterior (aMTG), middle (mMTG) and posterior 
middle temporal gyrus (pMTG) as well as the receptive Wernicke’s area consisting of the 
anterior (aSTG), middle (mSTG) and posterior superior temporal gyrus (pSTG) (Figure 5) 
(Wernicke, 1874; Brodmann, 1925; Cattaneo, 2013; Tarapore et al., 2013).  
Yet, based on recent findings, a simple division into anterior and posterior regions seems unfit 
to adequately describe cortical depiction of language. Instead, a complex language 
architecture involving multiple separate cerebral areas and networks should be assumed 
(Chang et al., 2011; Indefrey, 2011; Cattaneo, 2013). Broca’s area was repeatedly found to 
host expressive language. It manages phonation, syntax and preparation for speech 
production (Penfield et al., 1950; Poeppel, 1996; Tarapore et al., 2013). Broca’s area is directly 
and indirectly connected to supplemental areas of motor speech processing, i.e. the posterior 
middle frontal gyrus (pMFG), the middle (mPoG) and ventral post-central gyrus (vPoG), as well 

Figure 5 Representation of the four cerebral main directions (anterior, superior, posterior, inferior), the anterior (= 
frontal, rostral) part (red) with its Broca's area (orange), the posterior part (dark blue) with its Wernicke's area (light 
blue), areas of motor speech processing (yellow) and the Geschwind’s area (green). Inferior = ventral. Superior = 
dorsal. The respective designations for the CPS abbreviations can be found on page 101 in section 8.2. 
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as the middle pre-central gyrus (mPrG) (Figure 5) (Sanai et al., 2008c; Bohland et al., 2010; 
Rauschecker, 2012; Tarapore et al., 2013; Sollmann, 2015). The mPrG, as well as the dorsal 
(dPrG) and ventral pre-central gyrus (vPrG) form the pre-central gyrus (PrG). The PrG is 
located anterior to the sulcus centralis, is the main seat of the primary motor cortex and the 
main site of peripheral motor control (Figure 3 on page 3 and Figure 6). For example hand 
motor function is located inside the macroscopically distinguishable omega- or epsilon-shaped 
hand knob in the area of dPrG or mPrG (Yousry et al., 1997; Boroojerdi et al., 1999; Caulo et 
al., 2007; Ahdab et al., 2016). Further, muscles that are related to speech are controlled by 
neurons inside the vPrG (Edwards et al., 2010; Houde et al., 2011; Price et al., 2011; Hickok, 
2012; Tarapore et al., 2013).  
One of the most relevant efferences onto Broca’s area stems from Wernicke’s area, which is 
in turn part of the secondary auditory cortex (Wernicke, 1874; Brodmann, 1925). Wernicke’s 
area is the sensoric language centre and interpretates incoming visual (e.g. reading, facial 
expression, gestures) and auditory information. Wernicke’s area neurons transform heard or 
read information into an internal representation of verbal material. This process is called 
phonological processing (Boatman, 2004; Cattaneo, 2013). To do so, Wernicke’s area is 
directly connected to the primary auditory cortex (= gyri temporales transversi) and indirectly 
connected to the visual cortex via the angular gyrus (anG) (Figure 6) (Roux et al., 2004; Graves 
et al., 2010; Cattaneo, 2013; Sollmann, 2015). Aside of projecting visual information to 
Wernicke’s area, anG itself is part of Geschwind’s area (Figure 5). Further including the 
anterior (aSMG) and posterior supramarginal gyrus (pSMG), Geschwind’s area hosts semantic 
processing of language reception and expression. I.a. somatosensoric information is 
incorporated to internal representations of verbal material based on context (e.g. “cold/hot” or 
“painful/pleasant”) (Catani et al., 2005).  
Broca’s, Wernicke’s and Geschwind’s areas each are connected to several supplemental 
association fields. These fields elaborate the process of semantic interpretation. E.g., 
sourrounding smells, tastes, emotions or gained individual experiences are associated to the 
verbal material. Most language-eloquent areas are located bordering the lateral sulcus, also 
called Sylvian fissure. Aphasia is therefore a possible pathology in patients suffering from 
perisylvan brain tumors. Yet, also non-perisylvian regions, such as the middle superior frontal 
gyrus (mSFG) give input for semantic comprehension of language (Scott et al., 2003; Catani 

Figure 6 Brodmann areas with its functional assignment (Brodmann, 1925). E.g. somatosensory cortex (= 1 - 3), 
primary motor cortex (= 4), primary (= 17) and secondary visual cortex (= 18 - 19), Wernicke’s area (= 22), primary 
auditory cortex (= 41), secondary auditory cortex (= 42) and Broca’s area (= 44 - 45). The primary auditory cortex 
is located mainly inside of the lateral sulcus on the gyri temporales transversi (Source: Gillroy, Atlas of Anatomy, 
1st ed., Abb 39.11 A, Illustrator: Markus Voll © 2019 Thieme Medical Publishers, Inc. All Rights).  
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et al., 2005). The verbal working memory, which serves as a storage for the processed 
syntactic information during language production, can be located based on two other sulci, the 
inferior frontal sulcus and the sulcus intraparietalis (Figure 3 on page 3) (Makuuchi et al., 2013). 
The phonological working memory is mostly located in aSMG and pSTG. Further, caudal parts 
of Broca’s area as well as the posterior superior frontal gyrus (pSFG) have been found to save 
language-relevant information (Simos et al., 2002; Du Boisgueheneuc et al., 2006; Jacquemot 
et al., 2006; Graves et al., 2008).  
Expressive word production is triggered in the temporal areas mMTG and pMTG. Information 
is then forwarded to anterior temporal regions such as the aMTG, aSTG, polar middle 
(polMTG) and polar superior temporal gyrus (polSTG). There, information is further processed 
and projected onto anterior frontal expressive areas including Broca’s area (trIFG, mMFG, 
pMFG) (Binder et al., 2009; Indefrey, 2011; Gow, 2012; Price, 2012; Henseler et al., 2014; 
Hauck et al., 2015). The process of syllabification, meaning articulatory planning with 
phonological coding, is sited in opIFG (Poldrack et al., 1999). Ultimately, motor efferences are 
produced by vPrG, the orofacial domain of the primary motor cortex (Indefrey, 2011; Hauck et 
al., 2015). Based on clinical findings of Aphasias, as well as fMRI and PET studies, a possible 
separation between production of verbs and nouns is being discussed (Damasio et al., 1993; 
Daniele et al., 1994). While noun processing appears to happen mainly in the temporal regions 
of expressive word production, processing of verbs seems to include more frontal areas as 
well as the anterior cingulate cortex and the nucleus dentatus of the cerebellum (Buckner et 
al., 1995; Papathanassiou et al., 2000; Kircher et al., 2001; Thurling et al., 2011). Yet, other 
studies findings oppose that theory (Soros et al., 2003; Siri et al., 2008). 

1.2.4. Subcortical organisation of language 

Every exchange of information between two cortical areas bases on reciprocal connected 
nerve fibers (Axer et al., 2013). According to the hodotopical model of Duffau et al., language 
processing represents a widely branched and dynamic interaction of cortex and connecting 
fibers (Duffau et al., 2014). Damage to one cortical region or subcortical tract may affect the 
functional integrity of further connected parts of the directly or indirectly appending language 
network (Axer et al., 2013; Bajada et al., 2015). Hence, occurring symptoms (e.g. Aphasias) 
or provoked language errors may not simply reflect the inherit function of the injured or 
disturbed anatomical site itself (Rubinov et al., 2010; Sporns, 2013; Bajada et al., 2015), but 
reflect that the fiber tracts running through that cortical area may be part of a network involved 
in said function. Thus, fiber tracts do not have an exclusive function on their own (Axer et al., 
2013). This is an explanation for in part contradictory conclusions regarding the functional role 
of language fiber tracts (Axer et al., 2013). Furthermore, also the exact terminology and 
findings about the course of the tracts show discrepancies (Bajada et al., 2015).  
Still, an anatomic and in part functional division of fiber tracts into a dual-stream model 
consisting of a predominantly semantic ventral (= inferior) and a phonological dorsal (= 
superior) language fiber stream can be postulated (Hickok et al., 2004; Duffau, 2008; Saur et 
al., 2008; Axer et al., 2013; Ueno et al., 2013; Bajada et al., 2015). Both streams represent 
tracts that interconnect Broca’s, Wernicke’s and Geschwind’s areas among each another and 
with other language-relevant regions (Matsumoto et al., 2004; Catani et al., 2005; Duffau, 
2008; Cattaneo, 2013; Sollmann, 2015). The ventral stream is associated with Semantics, 
understanding the meaning of heard or read as well as self-formulated content. The dorsal 
stream is involved in phonological processing, proofing and refining i.a. the pronunciation or 
articulation of received and newly produced content (Hickok et al., 2004; Saur et al., 2008; 
Hickok, 2009). The dorsal stream is hence also required for verbal repetition as well as internal 
feedback (Saur et al., 2008; Edwards et al., 2010; Houde et al., 2011; Price et al., 2011; Hickok, 
2012). Reflecting the different aspects of communication, the ventral stream is also part of 
visual and emotional processing, e.g. during reading as well as the integration of emotional 
context (Williamson et al., 2013; Bajada et al., 2015). A relevant degree of interaction between 
both streams is suggested (Cloutman, 2013; Bajada et al., 2015). E.g. both streams are 
required to allow for correct syntax and morphology, meaning the structure of words (Rolheiser 
et al., 2011; Axer et al., 2013). Driven by DES studies, the dual-stream model has been 



 

 8 

extended by two complementary pathways, the speech perception pathway and the 
articulatory loop (Duffau, 2008; Axer et al., 2013).  
Bajada et al. postulated a division of the ventral stream into 4 key tracts of the temporal lobe 
(Bajada et al., 2015), the uncinate fasciculus (UF), the inferior fronto-occipital fasciculus 
(IFOF), the middle longitudinal fasciculus (MdLF) and the inferior longitudinal fasciculus (ILF) 
(Figure 7). Axer et al. further discussed, whether fibers of the external capsule (ExC) and 
extreme capsule (EmC) are also part of the ventral system (Figure 8 A) (Axer et al., 2013). The 
dorsal stream contains the arcuate fasciculus (AF) and the superior longitudinal fasciculus 
(SLF) (Figure 7) (Cattaneo, 2013; Sollmann, 2015). Each language tract can be further divided 
into smaller subsections inheriting different functional language skills (Duffau et al., 2002). 
Findings about the validity of the two-stream model are inconsistent. An electrical inhibition of 
the lateral portion of the SLF was found to cause a phonemic paraphasia (Maldonado et al., 
2011), while inhibition of the IFOF lead to semantic paraphasias (Duffau et al., 2008). In 
phonemic (= phonological) paraphasia, a non-word is expressed that still resembles the 
intended word in e.g. half of the syllables. In semantic paraphasia, the expressed word is of 
correct structure, yet the meaning of the word deviates from the intended word, albeit in 
semantic paraphasias, the meaning is still close to the intended word. The UF has been found 
to be essential in lexical and semantic storage and retrieval (Cattaneo, 2013), enabling 
semantic control of the ventral stream (Harvey et al., 2013). These findings would fit the above 

Figure 7 Schematic illustration of the different language-related tracts of the ventral and dorsal stream. Typical 
lesions provoked by stimulation according to Chang et al. (2015) are shown. EmC and EC are not depicted. 
(Source: Chang et al. (2015) - Contemporary model of language organisation. Figure 4. DOI: 
https://doi.org/10.3171/2014.10.JNS132647. Online Publication Date: Feb 2015. © Edward F. Chang.) 
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described model. Inhibition of the AF was found to be associated to anomia, the disability of 
naming (Duffau et al., 2002), as well as to phonological paraphasias (Duffau et al., 2008). 
Again, these findings fit the attribution of the AF as part of the dorsal stream. Yet, inhibition of 
the AF was also found to lead to semantic paraphasias, a feature attributed to the ventral 
stream (Duffau, 2006; Bello et al., 2007). Catani et al. and Axer et al. have both challenged the 
existence of an isolated MdFL and postulated it to be included in the posterior segment of the 
AF (Catani et al., 2005; Axer et al., 2013). Yet, both tracts are assigned to different parts of the 
two-stream model. Again, data availability is heterogenous as others have contradicted this 
assumption (Makris et al., 2009). Similarly, the EmC and ExC have been postulated to be 
included in the IFOF due to their similarity in fiber course (Axer et al., 2013). 
The speech perception pathway and the articulatory loop run lateral to the AF (Duffau, 2008; 
Nishida et al., 2017). In 2017 Nishida et al. developed a model of the articulatory loop (Figure 
8 B) (Nishida et al., 2017), which connects the supramarginal gyrus with the inferior frontal 
cortex (Duffau, 2008). These two areas are located next to the two sulci assumed for verbal 
working memory (Makuuchi et al., 2013). It is suggested that the articulatory loop stores the 
language content temporary until its reproduction (Duffau, 2008; Nishida et al., 2017). The 
suggested functions of the articulatory loop and the speech perception pathway overlap with 
the tasks previously assigned to the ventral and dorsal stream (Bajada et al., 2015).  
As already depicted in Ille et al. (2015b), although the amount of gained informations 
continually rises, language distribution and processing is still not fully understood and more 
investigation is needed.  

1.3. The relevance of individuality in the context of neurosurgery 

Human anatomy varies interindividually, not only referring to general factors such as skull 
shape and size, but also regarding e.g. the assembly of gyri and sulci (Ruohonen et al., 2010). 
Further, the spatial distribution of langauge-eloquent cortical areas significantly varies as well 
(Ojemann et al., 1978; Giussani et al., 2010). E.g., partly language dominance is influenced by 
a patient’s sex and handedness (Witelson, 1989; Steinmetz et al., 1992; Kulynych et al., 1994; 
Binder et al., 1996; Jancke et al., 1997; Kansaku et al., 2001; Hirnstein et al., 2013). Aside of 
interindividual variances, language distribution also varies intraindividually, especially in the 
presence of neoplasia-related processes such as pressure and tissue damage due to invasive 
and destructive growth, space-occupying edema, as well as necrosis (Suess et al., 2001; 
Hastreiter et al., 2004; Suess et al., 2007; Robles et al., 2008; Gil-Robles et al., 2010; De Witt 
Hamer et al., 2012; Potgieser et al., 2014; Shahar et al., 2014). Aside of possible hindering 

Figure 8 A Anatomic position of the external capsule (= EC = ExC in this doctoral thesis) and the extreme capsule 
(= EmC). The claustrum (= green) is the dividing structure. Both are located on a level with the putamen (= blue) 
and the insular cortex (= red) (Source: Bajada et al. (2015) - Transport for language south of the Sylvian fissure. 
Figure 2. DOI: https://doi.org/10.1016/j.cortex.2015.05.011. Online publication date: May 2015. © 2015 The 
Authors. Published by Elsevier Ltd. All rights reserved. B Proposed model of the articulatory loop system (Source: 
Nishida et al. (2017) - Brain network dynamics in the human articulatory loop. Figure 9. DOI: 
https://doi.org/10.1016/j.clinph.2017.05.002. Online publication date: May 2017. © 2017 International Federation 
of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.) 
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macroscopic identification of anatomic conditions (Pouratian et al., 2010), these processes can 
also induce a functional reorganisation due to neuroplasticity (Duffau, 2005, 2006; Desmurget 
et al., 2007; Krieg et al., 2013b; Duffau, 2014c; Rosler et al., 2014; Southwell et al., 2016). 
Neuroplasticity is the rearrangement of synaptic interconnection based on modulated cell 
activity patterns (Abraham et al., 1996; Todd et al., 2009). As these factors cannot be 
addressed based on structural information, functional diagnostics are required to correctly 
identify language-eloquent tissue.  
The first functional testing method, ISM, was introduced as early as 1950 (Penfield et al., 
1950). Since then, language-eloquent cortical and also subcortical tissue can be identified and 
allow for safe maximization of the EOR (Duffau, 2005; Benzagmout et al., 2007; Sarubbo et 
al., 2012). In 1985 TMS was firstly used for cortical stimulation of the human brain (Barker et 
al., 1985). TMS allows to temporarily and non-invasively modulate cortical activity, e.g. in a 
preoperative setting (Hallett, 2000; Ruohonen et al., 2010). Further, the addition of 
neuronavigation to ISM and TMS allows for the exact localization of the stimulated areas. 
Adding these assets to the diagnostic process significantly reduces the number of iatrogenous 
severe neurological deficits and permanent neurological restrictions during tumor surgery of 
language- or motor-eloquent areas to less than 3.5% and 2%, respectively, while at the same 
time allowing for an increase in EOR (Ojemann et al., 1989; Haglund et al., 1994; Duffau et 
al., 2008; Sanai et al., 2008c; De Witt Hamer et al., 2012).  
Both, repetitive transcranial magnetic stimulation (rTMS) and DES electrically disturbe nerve 
cell activity in the targeted brain region, thereby setting a virtual lesion that leads to clinically 
identifiable language errors (Ojemann et al., 1989; Pascual-Leone et al., 1991; Haglund et al., 
1994; Wassermann et al., 1999; Corina et al., 2005; Corina et al., 2010; Lioumis et al., 2012). 
Underlying this effect is the induction of an inhibitory postsynaptic potential by a long-lasting 
repetitive electrical stimulation of a certain frequency and intensity (Pascual-Leone et al., 1999; 
Amassian et al., 2006). To correctly identify language errors, patients complete language tasks 
with different emphasis on the linguistic domains. Different emphases include expressive 
versus receptive tasks as well as phonologic or semantic tasks. To date of the study, the 
standard for language testing during rTMS and DES was an object-naming task (Duffau, 2008).  

1.4. Intraoperative stimulation mapping 

1.4.1. Direct electrical stimulation via DCS and SCS 

DES currently marks the gold standard for language mapping (Duffau et al., 2005; Szelenyi et 
al., 2010; Chang et al., 2011; De Witt Hamer et al., 2012; Duffau et al., 2014; Ottenhausen et 
al., 2015). Depending on intended stimulation site, it can be conducted either as direct cortical 
stimulation (DCS) or as subcortical stimulation (SCS).  
Unlike intraoperative motor mapping, which can be performed under general anaesthesia, 
language mapping requires an alert and cooperative patient (Sanai et al., 2008c; Ottenhausen 
et al., 2015). Different anaesthesiological approaches are in use to allow for this, most 
commonly performed as a so-called “asleep-awake-asleep” sequence (Duffau, 2013). In this 
case, general anaesthesia is only performed during craniotomy and closure. This minimizes 
the waking phase with minimal loss of patient concentration. In addition, potentially painful or 
frightening as well as time-consuming surgical phases can be overslept by the patient (Duffau, 
2013). Specific complications such as aspiration, epileptic seizures or swelling are rare (Duffau 
et al., 2008; Deras et al., 2012). Awake surgery is well tolerated and rarely has to be interrupted 
or stopped (Nossek et al., 2011; Beez et al., 2013). The degree of sedation is monitored using 
the EEG-based bispectral index (BIS). Semantic tasks require a BIS of above 90, while other 
parts can be conductet at BIS values of 80-90 (Tamura et al., 2016; Saito et al., 2018). Absolute 
contraindications for awake surgery are uncontrollable coughing, incooperation e.g. due to 
severe cognitive impairment, persistent focal neurologic deficit despite a therapy trial with 
dexamethason and mannitol as well as significant mass effects. In the last case, a separate 
awake resurgery can be performed following debulking (Hervey-Jumper et al., 2015).  
Various language mapping protocols have been published (Ottenhausen et al., 2015). DES 
utilizes both monopolar and bipolar flow, with amplitudes of up to 20 mA, the general DES 
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maximum stimulation intensity. When using a bipolar flow, the probe tip distance is standardly 
5 - 10 mm and the induced charge is twice as high compared to monophasic flow using the 
same current (Szelenyi et al., 2010; Saito et al., 2018). In case of awake language mapping, 
the biphasic flow intensity is limited to 6 - 8 mA (12 - 16 mA for monophasic flow) due to a 
higher risk of induced seizures due to the lack of anti-epileptic drug effects of the sedatives 
e.g. propofol (Sanai et al., 2008c; Szelenyi et al., 2010; Hervey-Jumper et al., 2015; Spena et 
al., 2017; Saito et al., 2018). Language mapping utilizes stimulation frequencies of 50 - 60 Hz 
with a stimulation duration of 1 to 4 sec (Ottenhausen et al., 2015; Saito et al., 2018). An area 
is never directly stimulated several times in succession to avoid epileptic seizures. Pauses 
must be observed between each stimulation (Duffau, 2008). Language impairments caused 
by epileptic potentials are distinguished from intended errors via an EEG derived from 
electrodes directly placed on the cortex, referred to as electrocorticography (ECoG) 
(Ottenhausen et al., 2015). Further the applied stimulation intensity is limited to a level lower 
than a positive ECoG (Hervey-Jumper et al., 2015). Prior to mapping, the individually required 
stimulation intensity is tested sensomotorically or via a counting test with 1 mA steps up to a 
maximum of 6 - 8 mA (Duffau, 2004, 2005). To distinguish between eloquent and non-eloquent 
tissue, each cortical area usually is mapped three times (Ojemann et al., 1989).  
DCS-based language mapping yields a high degree of reliability when conducted under similar 
conditions (Ojemann et al., 1989; Haglund et al., 1994; Sanai et al., 2008c; Corina et al., 2010; 
Chang et al., 2011). SCS is performed parallel to tumor resection to define the boundaries of 
the surgical cavity (Duffau et al., 2005). Damage to connecting fibers leads to more severe 
and persistent language disorders compared to cortical erroneous resection. Hence, a positive 
stimulation by SCS leads to an immediate stop of resection (Bello et al., 2007; Duffau et al., 
2008; Trinh et al., 2013). A simultaneous stimulation of cortical and subcortical structures can 
lead to erroneus results and should be avoided (Szelenyi et al., 2010).  

1.4.2. Supporting techniques of ISM 

In tumor surgery, the balance between maximum EOR, which is associated with prolonged 
survival, and a sufficient safety margin to avoid iatrogenous neurological deficits must be 
maintained. Thereby, the individual prognosis of the patient and the tumor entity must always 
be addressed.  
Different forms of DES-based intraoperative neurophysiological monitoring are used to monitor 
motor, somatosensory, visual and brainstem auditory evoked potentials (Barbosa et al., 2015; 
Saito et al., 2018). A loss of evoked potential amplitudes can warn against impending or of 
already caused damage (Kombos et al., 2001; Krieg et al., 2012c; Seidel et al., 2013). Another 
well suited screening parameter is the patient’s ability to speak. This not only applies to the 
timespan of language mapping but is continued throughout all phases that include tissue 
irritation. The monitoring is enabled by a continuous conversation between the patient and an 
especially trained team member (Muragaki et al., 2005; Szelenyi et al., 2010; Saito et al., 
2018). Knowledge gained by neurophysiological monitoring can be used to define a safety 
margin for tumor resection. The greater the safety margin, the faster patients with already 
reduced prognosis can recover from transient deficits stemming from postoperative edema 
formation and hypoperfusion (Gil-Robles et al., 2010). Permanent deficits mostly stem from 
postresection ischemia following unintentional damage to supplying vessels (De Witt Hamer 
et al., 2012). Fluorescence guided surgery is another promising resection tool (Stummer et al., 
2006; Tonn et al., 2008). The fluorescent dye 5-aminolevulinic acid accumulates in epithelia 
while preferring brain tumors. However, this method is limited by a lower or missing 
accumulation in necrotic or less malignant tissue (Barbosa et al., 2015). Further, findings by 
Stummer et al. indicate an increase in morbidity following more radical resections when using 
this technique (Stummer, 2014).  
Preoperative MRI validity is often compromised by tumor progression in the timespan between 
the MRI and the surgery as well as brain shift following craniotomy, swelling and the spatial 
impact of the resection itself (Hastreiter et al., 2004; Suess et al., 2007; Barbosa et al., 2015; 
Sastry et al., 2017). Due to these insecurities, surgeon experience is decisive for the 
successive use of neuronavigation (Willems et al., 2006). The introduction of an intraoperative 
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ultrasonic device and intraoperative neuronavigation using intraoperative MRI (iMRI) of the 
brain have softened these hindrances. Yet, in particular iMRI is time-consuming and cost-
intensive (Barbosa et al., 2015; Sastry et al., 2017). The postoperative outcome is further 
influenced by the use of corticosteroids, which reduces the induced inflammatory response 
and thus the extent of edema formation. This results in faster regeneration and a better 
functional outcome (De Witt Hamer et al., 2012).  

1.5. Fundamentals of rTMS for language mapping 

1.5.1. Basic technical TMS setup 

TMS is based on electromagnetic induction as described by Faraday’s law. In short, the varying 
electric current flowing through the TMS coil induces an electric field (e-field) on the targeted 
brain surface conveyed by a magnetic field. The TMS coil is placed tangentially on the skull to 
align the magnetic field axis with the cortex (Barker et al., 1985; Ruohonen et al., 1999; Hallett, 
2000; Rossi et al., 2009; Klooster et al., 2016; Sollmann et al., 2016a). Characteristics of the 
e-field correlate to the magnetic field. Since hair, skin and bone consist no noteworthy electric 
conductivity, they do not influence the electromagnetic field (Klooster et al., 2016). Once the 
field hits the brain, field strength declines exponentially with increasing distance to the coil 
(Figure 9) (Barker et al., 1987; Barker, 1991; Roth et al., 1991). The only significantly affected 
structure between coil and cortex is muscle tissue (Barker et al., 1987). Besides tissue 
conductivity, the intensity of the magnetic field and the type of coil construction influences 
penetration depth, as well as e-field shape and strength (Ravazzani et al., 1996; Ruohonen et 
al., 1999; Wagner et al., 2007; Ruohonen et al., 2010). In general, higher stimulation intensities 
enable stimulation of deeper tissue. Yet, higher stimulation intensities also widen the e-field, 
leading to losses of focality (Levy et al., 1991; Brasil-Neto et al., 1992; Deng et al., 2013; 
Klooster et al., 2016). Hence, stimulation intensity is to be set as low as possible, without loss 
of effect.  
TMS head coils usually consist of tightly wound, insulated copper wires. Ring shaped coils 
lead to a ring-shaped, evenly distributed e-field (Figure 9) (Hallett, 2000; Wagner et al., 2007). 
Superior focality is achieved by the introduction of the figure-of-eight coil, which is most widely 
used for language mapping (Klooster et al., 2016). These coils consist of two adjacent and 
overlapping circular coils through which the two circling currents of each ring flow in opposite 
directions. The maximum electric current hence happens at the point of overlap. This leads to 
a conical shaped magnetic and hence e-field with a clear local maximum in field strength at 
the tip. Again, this focality is lost when using higher stimulation intensities (Levy et al., 1991; 
Brasil-Neto et al., 1992; Hallett, 2000; Liu et al., 2003; Deng et al., 2013).  
Roughly ଵଵ଴8 of the electromagnetic energy emitted by the coil ultimately reaches the actual 

targeted nerve cells. On a cellular level, the field leads to a voltage reversal over the cell 
membrane, triggering depolarisation (Ravazzani et al., 2002; Speckmann et al., 2009). When 
exceeding a specific depolarisation threshold, the nerve cell produces a so-called action 

Figure 9 Electric current in the magnetic coil and the targeted brain illustrated by Hallett (2000) (Source: Hallett 
(2007) - Transcranial Magnetic Stimulation: A Primer. Figure 1. DOI: https://doi.org/10.1016/j.neuron.2007.06.026. 
Online publication date: July 2017. © 2007 Elsevier Inc. All rights reserved.) 
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potential along the axon where ultimately stimulation is passed on to other nerve cells 
(Speckmann et al., 2009; Ruohonen et al., 2010). Again, the distribution and dimension of 
depolarisation depend on the spread and strength of the induced e-field (Ravazzani et al., 
2002).  

1.5.2. Further technical development of TMS 

1.5.2.1. nTMS - neuronavigation for TMS 

Until the turn of the millenium, TMS was classically oriented towards external landmarks on 
the skull’s surface. Yet, stimulation intensity and coil position need to be adjusted to the actual 
cerebral anatomy (Steinmetz et al., 1990; Cykowski et al., 2008). Therefore, information 
regarding patient-specific anatomy as well as the spatial position of the coil in relation to the 
subject’s head must be merged. To do so, a stereotactic camera registers the exact position 
of the coil as well as of the head and forwards this information to a stereotactic navigation 
system. This system contains prior MRI scans providing the exact anatomy of the brain and 
head structures. In this manner, navigated TMS (nTMS) enables a real-time three-dimensional 
(3D) tracking of the coil via neuronavigation and a pinpoint cortical stimulation (Ruohonen et 
al., 2010; Lioumis et al., 2012). Further, the exact site of stimulation paired with the 
documented clinical response can be stored. Using these assets, the reasonable 
implementation of preoperative nTMS in surgical planning and a precise comparison to other 
mapping tools such as DCS are possible (Krings et al., 2001; Picht et al., 2009; Tarapore et 
al., 2013). Hence, nTMS reliability has been improved (Gugino et al., 2001).  
To date, two different procedures are in use, line-navigated (Ln-TMS) and electric-field-
navigated TMS (En-TMS). While En-TMS calculates the produced e-field based on i.a. 
influencing factors such as the coil-cortex distance and coil tilting, Ln-TMS visualizes the 
geometric centre of the coil using a surface normal vector (Ruohonen et al., 1999; Ruohonen 
et al., 2010; Sollmann et al., 2016a). Recent findings imply a superior stimulation efficiency 
when using En-TMS rather than Ln-TMS, addressing the duration of stimulation and the mere 
mapping as well as the rate of positive responses. Yet, these findings were solely observed 
based on motor mapping and were lacking a comparison to the gold standard of DCS 
(Sollmann et al., 2016a). A comparison between Ln-TMS and En-TMS for language mapping 
is still pending. 

1.5.2.2. Depiction of the induced electric field and its alignment 

Aside of nTMS coil localization, coil alignment also influences the resultant depolarisation of 
the cerebral nerve cells (Kaneko et al., 1996; Thielscher et al., 2011; Tarapore et al., 2013; 
Klooster et al., 2016). Tarapore et al. (2013) found even slight rotations of just 10° to 15° to 
significantly influence the amplitude of muscle evoked potentials (MEP) or the positivity of a 
language site. Opitz et al. (2013) further found the rotative component to be more influential 
than coil angulation. In motor mapping, highest electromyography (EMG) values or MEP are 
found when stimulating perpendicularly rotated to the neighbouring brain sulcus (Day et al., 
1987; Mills, 1991; Brasil-Neto et al., 1992; Kaneko et al., 1996; Sakai et al., 1997; Werhahn et 
al., 1999). The same applies further when the coil is aligned perpendicular angled (= tangential) 
to the targeted gyrus (Thielscher et al., 2011; Klooster et al., 2016).  
In En-TMS, the assumed resultant e-field is illustrated and serves as a real-time visual tool for 
controlling coil alignment (Tarapore et al., 2013; Laakso et al., 2014; Klooster et al., 2016). 
Because visualizing the spread of the factual e-field or measuring its strength in situ could not 
be enabled so far, mathematic calculations based on complex head models were developed 
to draw a real-time theoretical field strength. These models pay respect to i.a. the diverse 
conductivity of brain tissue types, the individual anatomy, the applied coil geometry and 
alignment as well as current stimulation parameters (Tarkiainen et al., 2003; Salinas et al., 
2007; Tarapore et al., 2013; Klooster et al., 2016). Due to charge accumulation at the cortical 
surface, a secondary inversely oriented e-field appears (Salinas et al., 2009). By including 
these considerations, EnTMS allows the examiner to adjust the proposed stimulation before it 
is conducted. A deeper understanding of current distribution may further elucidate the 
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correlation between the applied stimulation parameters and the triggered physiological effects 
(Klooster et al., 2016).  

1.5.2.3. The development of single-pulse TMS to rTMS 

Single-pulse nTMS can induce single instantaneous depolarisations of neurons without long-
lasting effects. These stimuli can lead to involuntary motor reactions or visual sensations 
(Klooster et al., 2016). Paired-pulse or multiple-pulse nTMS concepts aim to influence cortical 
excitability and were initially used as priming conditioning stimuli before the proper (single) test 
stimulus (Pascual-Leone et al., 2002; Hamada et al., 2007; Sacco et al., 2009; Klooster et al., 
2016). Underlying this effect is the model of induced plasticity by cumulative TMS stimulations 
(Siebner et al., 2003; Hamada et al., 2007). This model also encourages the use of repetitive 
TMS for therapeutic purposes in clinical and scientifical settings (Hoogendam et al., 2010), e.g. 
depression (Berlim et al., 2013), migraine (Barker et al., 2017) and tinnitus (Kim et al., 2014). 
Klooster et al. (2016) define rTMS as trains of stimuli of a specific frequency and intensity, i.e. 
regularly repeated single navigated or non-navigated TMS pulses (Rossi et al., 2009). Similar 
to single-pulse TMS, rTMS also induces an instantaneous effect by eliciting a virtual cortical 
lesion aiming at changes in the examined cognitive function, e.g. language (Pascual-Leone et 
al., 2000; Devlin et al., 2007; Tarapore et al., 2013). Since the first report by Pascual-Leone et 
al. (1991), several stimulating protocols for rTMS were introduced. These protocols provoke 
varying degrees of language interruption using different stimulation frequencies (Hz) and 
intensities as well as language tasks (Epstein et al., 1996; Wassermann et al., 1999; Sparing 
et al., 2001; Devlin et al., 2007; Lioumis et al., 2012; Tarapore et al., 2013; Wheat et al., 2013; 
Hauck et al., 2015).  
Compared to DCS, rTMS causes significantly lower electrical currents in different frequencies. 
Therefore, single-trial rTMS stimulations so far do not provide the same powerful blocking 
stimulus as DCS per sé. Hence, it is recommended to search for clusters of language errors 
in certain cortical areas by means of stimulation trains in several passes (Krieg et al., 2017). 

1.6. Diffusion tensor fiber tracking 

1.6.1. Basic technical principles 

nTMS-based mapping targets the outer layer of the human brain, the cortex. Yet, traditional 
MRI sequences used for cortical language mapping do not suffice at depicting subcortical fiber 
tracts. To do so, a special MRI technique referred to as diffusion tensor imaging (DTI) is used. 
DTI is a subset of the special MRI technique diffusion-weighted imaging (DWI) (Figure 10). In 
short, DWI is based on the quantification of diffusion of water (dihydrogen oxide) molecules in 
the human brain introduced in 1986 (Le Bihan et al., 1986). Diffusion depicts the random proper 
motion of e.g. water molecules resultant of the Brownian motion described as a function of 

Figure 10 T1-weighted MRI of the brain with DTI of the AF & SLF lying close to a brain tumor. A = axial cut, B = 
sagittal cut, C = coronal cut. (Source: Henning Stieglitz et al. (2012) - Localization of primary language areas by 
arcuate fascicle fiber tracking. Figure 3. DOI: https://doi-
org.eaccess.ub.tum.de/10.1227/NEU.0b013e31822cb882. Online publication date: July 2011. Copyright © 2011, 
Oxford University Press.) 
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temperature by Einstein in 1905 (Potgieser et al., 2014; Grover et al., 2015). In an open space, 
these molecules would spread randomly in all directions. This would be referred to as isotropic 
diffusion. In tissues, the possible range of motion is limited and hence diffusion does not 
happen evenly spread. A vectored diffusion is referred to as anisotropic (Chenevert et al., 
1990; Le Bihan et al., 2012).  
In the human brain, diffusion is facilitated in and along white matter nerve cell fibers (Chenevert 
et al., 1990; Moseley et al., 1990; Le Bihan et al., 1993; Conturo et al., 1999; Basser et al., 
2000b). This effect in part relies upon the surrounding myelin sheaths that act as diffusion 
barrier. The higher the degree of myelinisation, the higher the extend of anisotropy (Toft et al., 
1996; Vorisek et al., 1997; Neil et al., 1998). Yet, a high level of anisotropy does also exist 
along non-myelinated fiber tracts indicating further underlying mechanisms than just 
myelinisation (Rutherford et al., 1991; Beaulieu, 2002). Diffusion happens both outside and 
inside of a nerve cell while cell membranes restrict diffusion. Yet, cell membranes do not fully 
subdue diffusion pathways (Le Bihan et al., 1993; Alexander et al., 2007). Therefore, grey 
matter is more isotropic compared to white matter due to the increased presence of 
myelinisation in the white matter. CSF contains nearly no diffusion barrier. A demarcation of 
white matter areas is hence possible (Alexander et al., 2007).  
To evaluate diffusion, DWI applies magnetic field gradients along different axes of a voxel. The 
higher the applied magnetic power, the faster the magnetic nuclear spin axis of a hydrogen 
core inside a water molecule rotates. In a magnetic gradient, the spin phases, i.e. rotation 
speed, hence starts to spread along the specific gradient axis in a process called dephasing. 
Following dephasing, the magnetic field gradient is inversed and held for the exact same 
duration as during dephasing. Thereby, spin phase changes were leveled out in a process 
called rephasing. With restricted diffusion, i.e. no changed hydrogen molecule position, the 
original state would be reinstated. Rephasing can be recorded as a strong electromagnetic 
signal. In presence of diffusion, it is not possible to rephase the hydrogene core which have 
changed position. Hence, the electromagnetic signal declines correlating with the amount of 
diffusion (De Figueiredo et al., 2011). Diffusion thresholds can be set by changing the so-called 
b-value, a function of magnetic field gradient strength and the time between the gradient shifts 
(Basser et al., 2002; O'Donnell et al., 2011).  

1.6.2. Fiber assignment by a continuous tracking 

The mathematical model of a diffusion tensor describes the diffusion directions in a 3D voxel 
as ellipsoids build by eigenvectors and eigenvalues (Basser et al., 1994b; Conturo et al., 1999; 
Mori et al., 1999b; Basser et al., 2002; Grover et al., 2015). Different movement axes for water 
molecules are weighted to determine the primary diffusion direction, the principal eigenvector 
(PEV). Moreover, the degree of anisotropy depicting the alignement of diffusion (= fractional 
anisotropy) as well as the mean diffusivity (= quantity of water motion) are calculated (Farrell 
et al., 2007; Grover et al., 2015). Calculation of the diffusion tensor includes diffusion data from 
at least six non-collinear directions to assure independency of rotational errors (Basser et al., 
2002; Grover et al., 2015).  
The calculation of the PEV is supplied for each voxel (Stejskal et al., 1965; Basser et al., 1994a, 
1994b). Using these values and starting from a seeding point or region of interest (ROI), fiber 
tracts can be built following stringed diffusion pathways (Catani et al., 2002; Mori et al., 2002a). 
This approach is referred to as fiber assignment by a continuous tracking (FACT) and to date 
marks the most commonly used deterministic approach of DTI FT (Mori et al., 1999b; Mori et 
al., 2002b; Hana et al., 2014). The seeding points can base on anatomical landmarks or e.g. 
nTMS points derived from a beforehand taken mapping. The latter would be referred to as 
nTMS-based DTI FT (Bello et al., 2008; Leclercq et al., 2011; Frey et al., 2012; Krieg et al., 
2012a; Conti et al., 2014; Sollmann et al., 2015a). Tracked fiber pathways are commonly 
depicted direction-coded by colour and matched with the anatomic MRI images (Figure 10) 
(Basser et al., 2000b; Pajevic et al., 2000; Witwer et al., 2002; Leclercq et al., 2011).  
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1.7. Objective of this thesis 

Navigated rTMS was repeatedly found to exceed other preoperative language mapping 
procedures (Picht et al., 2013; Tarapore et al., 2013; Ille et al., 2015b). Yet, the method’s 
comparability to DCS has not met expectations yet. Navigated rTMS language mapping suffers 
from low specificity and limited positive predictive values (PPV), while it achieves high 
sensitivity results and negative predictive values (NPV) (sensitivity of 90.2% and specificity of 
23.8% in Picht et al. (2013)). So far, this receiver operating characteristic (ROC) constellation 
only allows for negative language mapping by navigated rTMS, meaning that negative tested 
cortical areas have to be confirmed or discarded by DCS (Indefrey, 2011; Picht et al., 2013; 
Tarapore et al., 2013; Krieg et al., 2014a; Ille et al., 2015b). Yet, albeit these setbacks, negative 
language mapping using navigated rTMS already resulted in more tailored and smaller 
craniotomies (Tarapore et al., 2013; Sollmann et al., 2015b). However, during the data 
collecting process of this study in 2013, the rate of permanent neurologic morbidity after 
surgery of language-eloquent tumors still ranged between 3.2% and 20% (Tarapore et al., 
2013).  
In 2015, the combination of preoperative fMRI and navigated rTMS enabled a moderate 
improvement in the comparison to DCS (sensitivity 98%; NPV 95%; specificity 83%; PPV 51%) 
(Ille et al., 2015b). This thesis combines rTMS-based DTI FT with navigated rTMS as 
preoperative language mapping tools to achieve a higher comparability of cortical language 
mapping by navigated rTMS to DCS. To improve specificity, this study aims to screen out 
language-involved from truly language-eloquent brain areas. Underlying this method is the 
assumption that truly eloquent areas should cross-linked more intensely which may correlate 
with higher numbers of nerve fibers depicted via DTI FT (Duffau et al., 2014; Sollmann et al., 
2016b). Exploiting the functional connection between cortical regions and subcortical fibers 
also reflects the hodotopical model by Duffau et al. (2014).  
DTI FT has already been successfully deployed for depicting subcortical language-related fiber 
bundles in the past (Henry et al., 2004; Nimsky et al., 2007; Bello et al., 2008). Further, the 
approach of using nTMS-based seed regions instead of user-dependent anatomic seed 
regions for DTI FT was already implemented for preoperative language mapping (Bello et al., 
2008; Leclercq et al., 2011; Sollmann et al., 2015a). One case report in 2015 further 
established a connection between loss of language function and rTMS-based language DTI 
FT results (Sollmann et al., 2015a).  
In this study, the further information of functional connectivity gained by rTMS-based DTI FT 
was used to confirm or disprove navigated rTMS language mapping results, examining several 
different analysing parameters in the process. Aim of this investigation was to evaluate whether 
the combination of data from navigated rTMS and rTMS-based DTI FT was suited to improve 
the preoperative ROC in comparison to intraoperative DCS. Thereby, the following hypotheses 
were formulated and reviewed: 
 - The number of fibers coming from one rTMS language-positive CPS region reflects the 

underlying connectivity and hence correlates with its language eloquence. Non-

eloquent regions can be filtered out and thereby the number of by rTMS false-positive 

detected regions can be reduced. - The usage of different fiber tracking parameters can be used to adapt the depiction of 

this connectivity in order to improve ROC. - The implementation of different language error thresholds for the determination of 

rTMS language positivity or negativity influences the comparability to DCS and can be 

used to improve ROC. - The differing error types are not equally well detectable by rTMS as well as DCS. 

Evaluating single error types can influence the comparability to DCS and hence ROC.  - The differences in language processing regarding the classical segregation in anterior 

and posterior cortical regions is reflected in a different comparability to DCS. A 

segregated analysis can uncover these differences in ROC regarding the spatial 

distribution of stimulation. 



 

 17 

2. MATERIALS AND METHODS 

           

2.1. Study design 

Data collection took place between June 2011 and November 2014. During this time span 20 
patients were recruited. Patients had to fulfil the following study inclusion criteria: 
 - Left-hemispheric perisylvian brain tumor with medical indication for tumor surgery - Age over 18 years - Ability of speaking German fluently - Given informed consent by signature 

Exclusion criteria were defined as following: 
 - Prevailing rTMS and MRI exclusion criteria containing unsafe ferromagnetic or 

conductive objects and devices i.a. cardiac pacemaker, cochlea implant and deep brain 

stimulator (Rossi et al., 2009; Cross et al., 2018) - Exclusion criteria for a conclusive language testing (i.a. distinct Aphasia) - Absolute contradiction for awake surgery (i.a. uncontrolled coughing, significant mass 

effect, severe cognitive impairment)  

Each patient underwent a precise neuropsychological testing as well as an assessment of 
handedness via the Edinburgh Handedness Inventory (Oldfield, 1971). Cranial MRI along with 
DTI provided the basis for all subsequent steps. If not otherwise specified, rTMS always refers 
to navigated rTMS in this thesis. The different employed rTMS language mapping parameters 
reflect the retrospective analysis of this prospectively collected cohort of patients who 
underwent language mapping by rTMS congruent with the standards of practice. Language-
positive or -negative CPS regions were identified by rTMS (= rTMS+/-), rTMS-based DTI FT 
(= DTI FT+/-) as well as DCS (= DCS+/-). ROC calculation was conducted as based on the 
following combinations: DCS versus rTMS (= rTMS vs. DCS), DCS versus rTMS-based DTI 
FT (= DTI FT vs. DCS) and DCS versus rTMS-positive sites affirmed by rTMS-based DTI FT 
(= (rTMS + DTI FT) vs. DCS).  

2.2. Safety and ethical considerations 

Above stated inclusion and exclusion criteria were implemented to reduce the probability of 
following possible hazardous side effects (Wassermann, 1998; Rossi et al., 2009; Hervey-
Jumper et al., 2015; Panych et al., 2018): 
 - Burn injuries of tissue by heating up conductive material (e.g. silver, gold)  - Activation or malfunction of electronic devices (e.g. deep brain stimulator)  - Demagnetisation of magnets (e.g. in cochlea implants)  - Displacing of ferromagnetic objects (i.a. risk of flying objects)  - Damage on the auditory system (e.g. tinnitus) - Increased surgical risk due to a non-cooperative patient 

In addition, the following rules were established: 
 - Removal of all ferromagnetic or conductive objects - if possible - during nTMS and MRI 

(e.g. glasses, jewellery) - Reconciliation of non-removable objects with the listed safe devices by the MRI Safety 

Committee - In case of uncertainty regarding ferromagnetic or conductive characteristics of not 

removable objects, further proof ex-vivo or exclusion of the investigation 
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- Necessity of hearing protection during MRI 

The study design was reviewed by the ethics committee of the Klinikum rechts der Isar and 
was approved by the local institutional review board in accordance with the ethical standards 
stated in the 1964 Declaration of Helsinki and its addenda (Registration Number: 2793/10). 
Hence, the potential benefit was found to outweigh the risks. Patients were informed in detail 
about the course of the study, the potential risks or discomfort, the use of the collected data 
and their rights. This took place in an individual consultation with the investigator and with the 
help of a standardized information sheet. Patient gave their informed consent to their inclusion 
in this study and the use of their data for academic purposes by signing the information sheet. 

2.3. Neuroradiologic imaging 

Imaging studies were performed on a 3-Tesla MRI scanner (Achieva 3T, Philips Medical 
System, The Netherlands B.V.) equipped with an eight-channel phased-array head coil. This 
study’s imaging was part of a standardized imaging protocol for patients with brain tumors. 
This protocol included a fluid-attenuated-inversion-recovery (FLAIR) (repetition time (TR)/echo 
time (TE): 12.000/140 ms, voxel size: 0.9 × 0.9 × 4 mm3, acquisition time: 3 min), a 3D T1-
weighted gradient echo sequence (TR/TE: 9/4 ms, 1 mm3 isovoxel covering the whole head, 
acquisition time: 6 min 58 s) and a DTI with six orthogonal diffusion directions (single-shot spin 
echo EPI, TR/TE 7.571/55 ms, spatial resolution of 2 × 2 × 2 mm3, b-values of 0 and 800, 
acquisition time: 2 min 15 s). Motion image artefacts of DTI data were adapted and eddy 
currents emerging during MRI corrected. 3D T1-weighted gradient echo sequence were 
conducted at a slice thickness of 1 mm. Images were produced both natively and with the use 
of 0.1 mmol/kg intravenous contrast agent (gadopentetate dimeglumine, Magnograf, Marotrast 
GmbH). 

2.4. Language mapping by repetitive navigated TMS 

2.4.1. Setup and preparation 

Patients were again informed about the possible side effects of the rTMS procedure and 
general exclusion criteria were again checked before the beginning of each rTMS procedure 
(Rossi et al., 2009). Navigated rTMS studies were performed on an EnTMS-based eXimia 

Figure 11 Basic setup for a language mapping using navigated rTMS. The examiner steers the nTMS coil 
pinpointed over the patient’s head while using real-time neuronavigation using the 3D MRI head image and the 
stereotactic tracking system (stereotactic camera, head tracker and nTMS coil each with reflective sphere markers). 
A screen and a video camera serves for the application and analysis of the language task. The EMG connected to 
the APB of the right hand is needed for the determination of the RMT. 
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navigated brain stimulation (NBS) system with a figure-of-eight coil (eXimia NBS version 3.2.2 
or 4.3, Nextim Oy, Helsinki, Finland). This system to date marks the only device approved for 
preoperative cortical mapping by the U.S. Food and Drug Administration (FDA) (Eldaief et al., 
2013; Mäkelä, 2015). The system includes an electromyography device for simultaneous 
recording of muscle responses and was complemented by a NexSpeech® module to enable 
for language mapping. Worldwide this setup is in use in more than 40 neurosurgical centres 
and has been employed in several clinical trials (Figure 11) (Picht et al., 2013; Sollmann et al., 
2013c; Tarapore et al., 2013; Ille et al., 2015b; Mäkelä, 2015).  
Patients were positioned in an examination chair in the most comfortable position to reduce 
EMG-interference due to increased muscle tension, especially in the upper extremities. An 
stable and interference-free upper extremity EMG is essential for resting motor threshold 
(RMT) determination later on (Rossini et al., 1994; Auriat et al., 2015; Rossini et al., 2015; 
Ahdab et al., 2016). A fitting head position reduces possible headache and neck pain during 
the examination (Machii et al., 2006; Rossi et al., 2009). Following positioning of the patient, a 
tracker containing reflective sphere markers for the stereotactic camera of the infrared tracking 
system for real-time neuronavigation was mounted on the patient’s head (Polaris Spectra, 
Waterloo, Ontario, Canada) (Figure 11) (Picht et al., 2013; Ille et al., 2015b).  
Contrast-enhanced 3D T1-weighted gradient echo sequence images of the brain that serve as 
imaging part for real-time neuronavigation were then uploaded to the NBS system (Figure 11) 
(Ruohonen et al., 2010; Lioumis et al., 2012). Following import of the MRI data, pre-defined 

Figure 12 Co-Registration for neuronavigation. In total 12 reference points were presented with the digitizing pen. 
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reference points on the patient’s head were marked on the 3D image. These reference points 
were then spatially presented to the stereotactic camera using an infrared digitizing pen 
equipped with reflective spheres. MRI and spatial coordinates were then aligned by combining 
each reference point’s spatial coordinates registered by the stereotactic camera with its 
coordinates in the MRI. This was done adhering to the commonly used protocol outlined in 
Karhu et al. (2014). At first, rough alignment was achieved by marking each tragus of the ear 
and the root of the nose. To refine alignment, nine additional landmarks, disseminated over 
the 3D subject’s scalp, were presented by the NBS system and again presented in vivo using 
the infrared digitizing pen (Figure 12). This alignment of coordinate systems, also referred to 
as MRI to head co-registration allows for an accurate coil navigation during rTMS unaffected 
by head movement (Karhu et al., 2014). To ensure correct alignment, the head tracker must 
not be moved on the patient’s head after co-registration as it’s spatial coordinates represent 
the head’s position to the NBS system. Should the tracker be moved by accident, co-
registration had to be redone.  

2.4.2. RMT determination 

The RMT of the examined left hemisphere was determined to adapt stimulation intensity to the 
individual level of cortical motor excitability (Klooster et al., 2016). It is defined as the minimal 
stimulus intensity that produces MEP > 50 µV in peak to peak amplitude in at least five out of 
ten trials with MEP recorded from the same, fully relaxed muscle (Rossini et al., 1994; Auriat 
et al., 2015; Rossini et al., 2015; Ahdab et al., 2016). Muscle tension leads to a decrease of 
the stimulus threshold and hence to higher MEP amplitudes. Moreover, spontaneous activity 
may superimpose muscle contraction provoked by the magnetic stimulus (Picht, 2015). Active 
pregelled surface electrodes (Neuroline 720, Ambu, Ballerup, Denmark) were linked to the 
right abductor pollicis brevis (APB) muscle and complemented by a reference electrode to the 
bone transition area. Joint position was modified until the resting activity (spontaneous EMG 
amplitudes) was always below the threshold for positive MEP responses (0.05 mV) (Krieg et 
al., 2012b; Picht, 2015).  
The systems depiction of the patient’s MRI reconstruction was adjusted to centre the left 
hemisphere’s hand knob, which is typically located in a depth of around 20 - 25 mm below the 

Figure 13 3D MRI head image with the sulcus centralis (= orange line), the precentral gyrus (= blue shading) and 
the area of the hand knob (= red encircling). 
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scalp tissue (Figure 13). Starting there, a rough motor mapping was started to find the spot 
with the highest evoked amplitude in EMG, the hotspot (Yousry et al., 1997; Park et al., 2007). 
Mapping procedure followed common mapping protocols (Rothwell et al., 1991; Rossini et al., 
1994). Stimulation was started with an intensity of around 40% of the systems maximum output 
aiming at EMG amplitudes between 0.1 and 0.5 mV. Using the visualized induced e-field, the 
coil was positioned tangentially to aim the e-field maximum to the targeted spot. The cortex 
was then stimulated in rectangular (= perpendicular) direction to the closest cerebral sulcus, 
the sulcus centralis (Day et al., 1987; Mills, 1991; Brasil-Neto et al., 1992; Kaneko et al., 1996; 
Sakai et al., 1997; Werhahn et al., 1999; Thielscher et al., 2011; Klooster et al., 2016).  
Stimulation intensity was manually adjusted until MEP amplitudes were between 0.1 and 0.5 
mV (Figure 14 no. 1) (Krieg et al., 2017). Once the assumed hotspot was narrowed down and 
marked, optimal stimulation orientation and coil angulation were rechecked. This was done 
using a visual software tool with an arrow corresponding to the coil’s alignment. Coil orientation 
was tested in the original direction (= 0° deviation), as well as rotated by 45 degrees both 
clockwise and counterclockwise. For each trial, correct angulation was depicted by the arrow’s 
green colour (Figure 14 no. 2 and no. 3). Each alignment was tested 10 times using the original 
stimulation intensity. For affirmation of the optimal coil alignment, highest MEP had to be 
evoked in at least 5 out 10 stimuli.  
RMT determination was then done using the optimal alignment. If this procedure resulted in 
another than the original 0° orientation, hotspot detection had to be done anew. The actual 
determination of the RMT was done machine aided with the NBS automatically applying stimuli 
every 2 seconds (Sollmann et al., 2017b), utilizing a maximum-likelihood-threshold-hunting 
algorithm to narrow down the stimulation intensities until reaching the RMT as defined above 
(Rossini et al., 1994; Picht, 2015). Again, using the above outlined visual tool, the examiner 
ensured optimal stimulation orientation, angulation and location during automated RMT 
determination. Inaccurate coil position was detected by the system and stimulation was 
automatically stopped until coil position was corrected. The RMT is stated as the resultant 
stimulation intensity, declared as percentage of the maximum output of the system (Ruohonen 

Figure 14 In no. 1 the neuronavigation surface during the rough motor mapping for the detection of the hotspot is 
depicted. The further recorded EMG is displayed in real-time as well as every MEP of every nTMS stimulation. In 
no. 2 an upward, as originally directed, and green, so correctly angulated, arrow is shown during the recheck of the 
hotspot. In no. 3 the same stimulation point is rechecked 45° anticlockwise. The visual tool in no. 2 and 3 is also 
used for the determination of the RMT. 
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et al., 2010; Picht et al., 2011; Auriat et al., 2015; Picht, 2015). The later applied stimulation 
intensity for language mapping is based on the individual RMT (Ruohonen et al., 2010; Auriat 
et al., 2015).  

2.4.3. Language task and baseline performance 

This thesis utilizes the current standard of an object-naming task (Lioumis et al., 2012; Picht 
et al., 2013; Krieg et al., 2014b; Krieg et al., 2016). Before starting rTMS language mapping, 
patients had to perform baseline object naming with the NexSpeech® module, in which 131 
coloured pictures of common objects and creatures based on the Snodgrass and Vanderwart 
picture set were presented on a computer screen (Snodgrass et al., 1980; Lioumis et al., 2012; 
Picht et al., 2013; Tarapore et al., 2013). The patient was asked to name the pictures in 
German as fast and clearly as possible without using an article (“house” instead of “the or a 
house”) (Figure 15). All pictures, which were pronounced unclearly or faltering or which were 
entitled incorrectly were separated out. This was done based on the database of the German 
version of the "International Picture Naming Project" (Szekely et al., 2004). This procedure 
was then repeated using only pictures named correctly during the first session. In this manner, 
an individually adjusted object-naming batch containing familiar and identifiable pictures could 
be created for each patient. The number of pictures in this individual batch was noted. The 
applied period between two shown pictures, the interpicture interval (IPI), and the duration of 
picture presentation, the picture presentation time (PPT) are outlined in Table 1. 

2.4.4. Stimulation 

Video and audio of the baseline performance and the actual language mapping procedure 
were recorded by the NexSpeech® module. Pictures were presented as infinite loop in 
randomized order to avoid possible learning effects. During stimulation, the interval between 
the beginning of picture presentation and the onset of the rTMS burst, also referred to as 
picture-to-trigger interval (PTI) was set individually (Ille et al., 2015b). PTI was either set to 0 
ms, meaning that stimulation and picture presentation happen simultaneous, also referred to 
as time-locked stimulation, or to 300 ms (Table 1). The applicability of both PTI variants was 

Figure 15 Baseline object naming. Pictures are presented on the screen. The patient's voice and face are video 
recorded for later analysis of language errors. 
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demonstrated in earlier studies (Indefrey et al., 2004; Indefrey, 2011; Brennan et al., 2012; 
Picht et al., 2013; Krieg et al., 2014b; Sollmann et al., 2017a). 
During IPI, the coil was moved manually to the next stimulation point with regard to 
perpendicular angulation (Ruohonen et al., 1999; Ruohonen et al., 2010; Lioumis et al., 2012). 
Unlike motor mapping and RMT determination, the electromagnetic field was directed strictly 
anterior-posterior for the entire language mapping procedure (Epstein et al., 1996; 
Wassermann et al., 1999; Lioumis et al., 2012). E-field strength varied between 55 and 80 
V/m. Patient-specific stimulation frequency and intensity were determined adhering to the 
prevailing standard protocol (Table 1) (Pascual-Leone et al., 1991; Sollmann et al., 2013a; 
Sollmann et al., 2013c; Ille et al., 2015b). Stimulation intensity was at first set to 100% of the 
ipsilateral RMT while stimulation frequency and pulse count was evaluated using three 
possible combinations (a: 5 Hz, 5 pulses; b: 5 Hz, 7 pulses; c: 7 Hz, 7 pulses). Using these 
settings, the most comfortable and effective combination was chosen based on both the 
patient’s and investigator’s impression. In ambiguous situations the decision was made with 
the help of video analysis. If there was still a lack of language errors, the stimulation intensity 
was gradually increased, up to a maximum of 122% whereas stimulation intensity was 
decreased if result-interfering pain or discomfort occurred (Epstein et al., 1996). The resultant 
mapping intensity calculates as follows:  
 |𝑅ܯ𝑇| × 𝑖݊ݏ݊݁ݐ𝑖ݐ𝑦 ሺ%ሻͳͲͲ = 𝑦ݐ𝑖ݏ݊݁ݐ𝑖݊݃ 𝑖݊݌݌ܽ݉ × ͳͲͲ =  𝑦 ሺ%ሻݐ𝑖ݏ݊݁ݐ𝑖݊݃ 𝑖݊݌݌ܽ݉
 

18 out of 20 subjects were stimulated without fixation points, meaning that mapping was aimed 
to cover all presumably language-eloquent CPS regions as best as possible. Areas important 
for surgery were mapped with greater accuracy, meaning a reduced distance between the 
stimuli of about 10 mm and at least triply repeated stimulation of each point (Lioumis et al., 
2012; Picht et al., 2013; Tarapore et al., 2013; Hernandez-Pavon et al., 2014; Ille et al., 2015b). 
Due to a change in protocol that happened during the observation period of this study, the last 

Table 1 Different applied language mapping parameters regarding PPT, IPI, PTI, stimulation intensity as well as 
frequency and pulse count per study subject and further the usage of a CPS template for stimulation is listed. ID = 
identification number of each patient. 
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two patients (identification numbers #19 and #20) were stimulated using a predefined 
schematic (Figure 16). This schematic bases on 46 orientation dots on the left hemisphere that 
are set before starting the language mapping. Each orientation dot is then stimulated 6 times. 
Doing so simplifies correct allocation of stimuli to each CPS parcel and further standardizes 
the count of stimulations set to each CPS parcel. Irrespective of protocol used, stimulation was 
never successively applied to the same cortical region to prevent summation effects or focal 
seizure-type phenomena (Krieg et al., 2017).  
Following language mapping, patients were asked about their subjective intraprocedural pain 
sensation. Pain was assessed separately for the left temporal region and the remaining areas 
of the left hemisphere. Using the visual analogue scale (VAS), both VAStemporal and VASconvexity 
could be obtained per each subject. VAS intensity score ranges from 0 to 10, referring to no 
pain (0) to the highest imaginable distress (10).  

2.4.5. Offline analysis 

Language mapping data was stored as NBS session file, containing the stimulation sites 
marked on the 3D head model and as speech session file, containing the video and audio 
recordings of the examination. Both files were then combined using the NexSpeech® analyser 
tool. From here on, each stimulation was connected to the resultant clinical finding documented 
in video and audio. Yet, to avoid possible bias, the software did not display the site of 
stimulation during evaluation of audio and video files (Lioumis et al., 2012; Picht et al., 2013; 
Krieg et al., 2014a). To asses each event with respect to the patient’s individual pronunciation 
and reaction latency as well as to detect sublime language errors, each rTMS stimulus video 
was compared to the baseline performance video for the same picture (Corina et al., 2010; 
Picht et al., 2013). Incorrect rTMS stimulations due to i.a. interrupted stimuli as well as errors 
evoked by pain, muscle contraction or non-compliance were discarded. The remaining 
language errors were ascribed to the stimulation. To do so, the examiner was properly and 
specifically trained. These errors were classified to the following, standardized scientific error 
types (Corina et al., 2010; Sollmann et al., 2013a): 
 

Figure 16 CPS stimulation template with orientation dots added. Each dot was identified and marked in the 3D MRI 
head model of the respective subject prior to the actual mapping. Each point was stimulated 6 times. 
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- No response errors: complete malfunction during stimulation. No verbal reaction in 

respect to a shown object during the object-naming task. - Performance errors: every change in language performance during stimulation e.g. 

stuttering, slurred speech or uncommon emphasis, including dysarthria (difficult or 

unclear articulation of speech) and apraxia (inability to perform purposive actions e.g. 

opening the mouth). - Hesitation errors: delayed verbal reaction to a shown picture compared to baseline 

output. - Neologism: new word creation to a shown picture (“tremy” instead of “tree”). - Semantic paraphasias: erronous naming of a semantically similar object (“bush” 
instead of “tree”). - Phonological paraphasias: unspecific phonemic alteration of the proper original word 

(”bree” instead of “tree”). - Circumlocution: paraphrasing the shown object (“apples grow on it” instead of “tree”). 

Following review of all rTMS stimulation sites, language-positive (= rTMS+) denoted spots 
were automatically listed in a report file that included the assigned language error type.  

2.4.6. Further processing of raw data 

Language errors were further categorized into five different error categories (EC). These 
categories were all errors (AE), an overview of the total error number, all errors without 
hesitation (AEWH), no response errors (NRE), performance errors (PE) and hesitation errors 
(HE). Error types neologism, circumlocution, phonological paraphasias and semantic 
paraphasias were not specifically categorized. They are included in AE and AEWH.  
rTMS+ stimulation sites and their coordinates in the corresponding MRI’s coordinate plane 
were exported as a digital imaging and communications in medicine (DICOM) file. Using this 
file, the stimulation site coordinates could be integrated in the clinic’s picture archiving and 
communication system (PACS) to allow for later use in rTMS-based DTI FT. Export was 
conducted separately for each EC resulting in one file for each EC containing the data of all 
sites in which stimulation leads to an error of the corresponding EC. Further, information about 
rTMS+ and rTMS- sites was separately integrated in PACS to allow for intraoperative 
neuronavigation (Dellani et al., 2007). Language error sites were further assigned to the 
corresponding CPS regions. CPS regions were identified using the respective MRI of the study 
subject and a template based on Corina et al. (Corina et al., 2005). Doing so allowed to 
calculate CPS-specific error counts and enables for statistical analysis of error frequency and 
distribution. For the preoperative surgical planning and preoperative DTI FT, a CPS region was 
regarded rTMS+ if at least one error of any error type could be provoked in this region. All other 
regions were deemed rTMS language-negative (rTMS-). As was done with single errors, 
rTMS+ areas were again categorized to the above described EC. Doing so, the assignment of 
language positivity was only done exclusively based on language errors of a specific EC. 
Regarding the comparison to DCS (= rTMS vs. DCS), positivity of a CPS region was 
designated based on 12 different threshold categories (TC) taken from prior studies (Haglund 
et al., 1994; Sanai et al., 2008a; Krieg et al., 2013b; Picht et al., 2013; Ille et al., 2015b). Of 
these 12 TC, eleven are based on different error rates. Error rates are defined as the number 
of triggered errors in a single CPS region divided by the total number of rTMS stimulation trials 
in said CPS region (Krieg et al., 2013b; Picht et al., 2013; Ille et al., 2015b).  
݁ݐܽݎ ݎ݋ݎݎ݁  =  ݏ݊݋𝑖ݐ݈ܽݑ𝑖݉ݐݏ ݂݋ ݎܾ݁݉ݑ݊ݏݎ݋ݎݎ݁ ݂݋ ݎܾ݁݉ݑ݊

 

This study utilizes eleven different error rate thresholds (ERT) as lower limits for the decision 
of rTMS positivity for each CPS region. ERT values start at 0% and increment in 5% steps up 
to an ERT of 50%. rTMS positivity was assigned when the error rate was greater or equal (൒) 
to the specific ERT, with the exception of the 0% ERT. In this case, the error rate had to be 
greater than (>) the ERT, an error rate of 0 resulted in a designation as rTMS-.  
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These eleven ERT based TC were complemented by a final TC based on the 2-out-of-3 rule 
(Haglund et al., 1994; Sanai et al., 2008a). Adhering to this rule, at least 2 out of 3 rTMS 
stimulations on the same spot within a single CPS region must lead to provoked language 
errors to designate said region as rTMS+.  

2.5. rTMS-based DTI FT 

2.5.1. Setup and preparation 

To allow for rTMS-based DTI FT, the above mentioned DICOM file containing rTMS+ 
stimulation sites, as well as the patient’s DTI and contrast-enhanced 3D gradient echo 
sequence were uploaded into the Image Fusion Software BrainLAB iPlanNet server® (iPlan 
Cranial 3.0.1, BrainLab AG, Feldkirchen, Germany). Making use of this frequently used 
neurosurgical tractography software, these files could be fused and their coordinate planes 
aligned (Nimsky et al., 2007; Frey et al., 2012; Krieg et al., 2012a; Sollmann et al., 2015a; 
Weiss et al., 2015). Fusion is carried out semiautomatic and offline on a PC workstation 
following a rough alignment based on the investigator’s visual impression of certain anatomical 
landmarks (nose and ears). Following this first step, a “rigid registration algorithm applying an 
intensity-based pyramidal approach using mutual information” completes data fusion 
(Studholme et al., 1996; Thevenaz et al., 1998; Nimsky et al., 2007). This algorithm results in 
a 3D head model that contains information about the anatomic head and brain structure, nerve 
fiber pathways derived from the deterministic diffusion tensor model with its PEV and FACT 
approach, and the rTMS+ spots of each patient. This procedure was separately done for each 
EC to allow for a differentiated analysis of each EC’s influence on fiber tracking parameters as 
well as their comparability to intraoperative DCS.  

2.5.2. ROI definition 

ROIs mark the starting points for fiber tracking. EC-specific rTMS+ spots were transformed 
into ROIs using the auto-segmentation tool of the software. First, rTMS+ spots were transferred 
into trackable objects and then enlarged by an added rim of 5mm. The area covered by the 
resultant spheres was then used as a ROI (Figure 17) (Frey et al., 2012; Krieg et al., 2012a; 
Conti et al., 2014; Sollmann et al., 2015a; Negwer et al., 2017). Following surgery, cortically 
directly stimulated CPS regions (DCS+ and DCS-) were manually marked as objects and 

Figure 17 3D head model with rTMS language-positive spots marked as objects (= yellow coloured balls) 
supplemented by an additional rim (5 mm) (= transparent yellow shells) to form a ROI. Further, tracked fibers are 
displayed. Colour coding was done as follows: blue = superior/inferior; red = left/right; green = anterior/posterior) 
(Pajevic et al., 2000; Witwer et al., 2002). 
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formed into ROIs on the same model (Figure 18). These CPS ROIs were used to assign 
tracked fibers to specific CPS regions as well as for the definition of language positivity or 
negativity by means of rTMS-based DTI FT (= DTI FT+/-).  

2.5.3. Tracking parameters and fiber tracking 

Displayed fibers are color-coded dependent on their route of passage: anterior-posterior 
direction in green, left-right in red and superior-inferior in blue (Pajevic et al., 2000; Witwer et 
al., 2002). Adjustable tracking parameters, e.g. the minimum fractional anisotropy (FA) and the 
minimum fiber length (MFL) serve as filters for the FACT-based fiber tractography and 
influence the delineation of fibers (Mori et al., 2002a; Mori et al., 2002b). Patient- and EC-
specific tracking parameter combinations were therefore assessed prior to the comparison of 
DTI FT to DCS (DTI FT vs. DCS). The individual fractional anisotropy threshold (FAT) was 
determined as outlined by Frey et al. in 2012. To do so, fiber tracking was conducted with a 
MFL of 110 mm using the rTMS ROI of each EC as starting point. FA was adapted in 0.01 
(1%) steps until first fibers could be visualized. The maximal FA value at which fibers could still 
be depicted defines the specific FAT for each patient and EC (Frey et al., 2012). DTI FT was 
then conducted using four different percentages of the FAT (100%, 75%, 50% and 25%). E.g. 
with a determined FAT of 0.35 the four applied FA values were 0.35 (= 100%), 0.26 (= 75%), 
0.18 (= 50%) and 0.09 (= 25%), each rounded to two decimal places. Each of these FA values 
was then combined with three different MFLs (100 mm, 70 mm, 40 mm), resulting in twelve 
different tracking parameter combinations (Table 2) for each of the five EC. In total 60 fiber 
trackings were conducted per patient.  

2.5.4. Definition of language positivity and negativity by rTMS-based DTI FT 

Aside of fiber tracking, ROIs can also be used to exclude certain fibers from the analysis. Doing 
so, CPS regions were defined as DTI FT+ or DTI FT- for each EC. Following fiber tracking with 
one of the 12 above described sets of parameters, the resultant total number of fibers (NoF) 
was noted. In a next step, the CPS ROI of concern was activated. Fibers that passed through 
this area were excluded from the analysis. The difference in NoF before and after this analysis 
yielded the count of fibers passing through the CPS ROI. If at least one fiber bundle was found 
to be passing through - respectively originating from - the CPS ROI of concern, this CPS region 

Figure 18 Illustration of fiber deletion: no. 1 shows tracked fibers passing through the concerned CPS ROI. In no.
2 these fibers are excluded. For a better illustration the fibers were not presented in the standard colour-code. 

Table 2 12 different rTMS-based DTI FT parameter combinations regarding one EC. 100% FAT 75% FAT 50% FAT 25% FATMFL 100 1 4 7 10MFL 70 2 5 8 11MFL 40 3 6 9 12
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was defined as DTI FT+ (Figure 18). If no fiber was passing through, the CPS region was 
tagged as DTI FT-. This approach assumes language eloquence of a CPS region to correlate 
with language-related fiber connectivity. Fibers were regarded language-related as they were 
generated using rTMS+ spot-based ROIs. This procedure was repeated for each CPS ROI 
and for each of the 12 tracking parameter combinations per EC. This wide spread was done 
to ensure that the appropriate combination of parameters will be used to identify language-
relevant fiber tracts and corresponding CPS regions. At the same time, the fibers wrongly 
assumed to be language-relevant should be faded out. 

2.6. Direct cortical stimulation 

2.6.1. Setup and preparation 

Results gathered during language mapping by rTMS as well as the patient’s MRI images were 
uploaded to the neuronavigation system (BrainLAB iPlan Net®, iPlan Cranial 3.0.1, and 
BrainLAB Curve, BrainLab AG, Feldkirchen, Germany) and used both during presurgical 
planning as well as the actual procedure (Krieg et al., 2012b; Krieg et al., 2013a). During DCS 
and SCS, neuronavigation was again established. Surgical tools and a navigation pointer were 
again marked with reflective spheres and tracked by a stereotactic camera as well as a tracker 
fixed on the patient’s head. To ensure immobility, the patient’s head was fixed in a Mayfield 
clamp and co-registration of a presurgical cranial MRI and actual anatomy was performed. The 
asleep-awake-asleep approach was chosen. Anaesthesia was applied by continuous infusion 
of remifentanil and propofol (Hervey-Jumper et al., 2015; Spena et al., 2017). Vigilance during 
DCS and SCS was monitored by BIS and held at a Ramsay score of 2, defined as the patient 
being awake, calm and cooperative (Picht et al., 2006; Ille et al., 2015b). Thereby optimal 
surgical conditions could be maintained. This was achieved by terminating general 
anaesthesia at least ten to fifteen minutes before ISM. A mixture of local anaesthesia and 
epinephrine was further injected into the head fixation pin sites, as well as the galea and dura 
to avoid local pain (Picht et al., 2006; Ille et al., 2015b; Saito et al., 2018). Body temperature 
was monitored and kept in the optimal range for ISM between 36° C and 37° C (Hervey-Jumper 
et al., 2015). 

2.6.2. Language assessment and definition of language positivity and negativity 

DCS was performed using a bipolar electrode with a tip distance of 5 mm (Inomed 
Medizintechnik GmbH). Stimulation intensities were between 1 and 10 mA, stimulation 
frequency was 50 Hz with 5 pulses applied to provoke virtual language lesions. The stimulation 
took place at intervals of 5 to 10 mm. Monitoring via electroencephalography (bandpass filter 
of 10 Hz to 1.5 kHz) was attached to detect epileptic potentials and afterdischarges (Szelenyi 
et al., 2010; Saito et al., 2018). Optimal stimulation intensity was assessed under EcOG 
monitoring with regard to the functional outcome of the language task. Using an intraoperative 
examination monitor for awake surgery (IEMAS), surgeons were able to track the current 
language task as well as the patient’s face and hence performance, the depth of anaesthesia 
and the neuronavigation-monitoring in real-time (Muragaki et al., 2011; Saito et al., 2018). 
Language errors were registered using the same object-naming task as employed by rTMS 
language mapping. Yet, unlike rTMS mapping, naming of the object was intraoperatively 
opened with the German phrase “This is a …” (Kohn et al., 1985).  
Information from preoperative rTMS mapping was used for negative cortical mapping, meaning 
the confirmation of rTMS- sites via DCS. If rTMS- sites were confirmed as DCS-, they were 
deemed safe for resection. Craniotomy was planned in regard to rTMS results with a focus on 
rTMS- sites. Unlike in positive mapping, rTMS+ sites were not necessarily encompassed by 
the craniotomy. This approach bases on results by Sanai et al. in 2008. To account for 
inconsistencies in the trigger-response correlation of language-eloquent areas (Ojemann et 
al., 1989), each site was tested three times without directly successive stimulation of one site. 
If stimulation of a certain site resulted in at least two language errors, it was deemed language-
positive and tagged with a marker for later integration into the navigation system using the 
navigation pointer (Picht et al., 2006; Sanai et al., 2008c; Picht et al., 2013). This approach 
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mimics the 2-out-of-3 rule described above. DCS language errors were not further categorized, 
all errors were counted.  
The comparison of DCS to rTMS and rTMS-based DTI FT (= rTMS vs. DCS and DTI FT vs. 
DCS) hence included all surgically exposed language-positive or -negative CPS regions that 
were stimulated by DCS (= DCS+/-). If a region contained at least one stimulation site that 
fulfilled the 2-out-of-3 rule, or an ERT of 66%, it was deemed DCS+. The remaining areas were 
tagged as DCS-. Following DCS, resection could be started. Resection was monitored by SCS 
and stopped immediately when SCS of a certain direction yielded language errors. This 
approach was continued in every direction to allow for a maximized safe extent of resection. 
SCS results were not further recorded.  rTMSDCSCrS 3: allR, antR, postR rTMS +/-rTMS+DCS +/-rTMS-based DTI FTDTI FT +/- rTMS vs. DCSDTI FT vs. DCS CrS 3: allR, antR, postRAC 3 x 60 = 180 AC 3 x 60 = 180TP, TN, FP, FN (rTMS + DTI FT) vs. DCS 

EC 5: AE, AEWH, HE, NRE, PE
TP, TN, FP, FNCrS 3: allR, antR, postRAC 5 x 144 x 3 = 2160TP, TN, FP, FN

TC 11 ERT + 2/3 rule5 x (11+1) = 60eachEC 5: AE, AEWH, HE, NRE, PETC 4 FAT x 3 MFL = 125 x (4 x 3) = 60each ROCROC ROCEC 5: AE, AEWH, HE, NRE, PETC 3 MFL x (11 ERT + 2/3 rule) x 4 FAT = 144eacheach
Figure 19 Flow chart of data analysis. 2/3 rule = 2-out-of-3 rule. 
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2.7. Data analysis 

Language-positive and -negative areas were identified and assigned to the CPS system as 
outlined in the respective sections: rTMS+/- (section 2.4.5 and 2.4.6), DTI FT+/- (section 2.5.4) 
and DCS+/- (section 2.6.2). DCS-based results were used as reference for language 
eloquence for the analysis of rTMS and rTMS-based DTI FT results (rTMS vs. DCS and DTI 
FT vs. DCS), as DCS currently marks the gold standard for this examination (Duffau et al., 
2005; Szelenyi et al., 2010; Chang et al., 2011; De Witt Hamer et al., 2012; Duffau et al., 2014; 
Ottenhausen et al., 2015). Hence, DCS+ and DCS- areas could have been confirmed by rTMS 
as well as rTMS-based DTI FT or otherwise objected to. Whereby only CPS regions exposed 
by surgery could be used and therefore compared.  
Figure 19 depicts the process of data analysis. Language rTMS+/- as well as DTI FT+/- areas 
were assessed separately for each EC (AE, AEWH, HE, NRE and PE) and different threshold 
categories. TC are created using either the 12 DTI FT parameter combinations, namely three 
different MFLs combined with four different FATs, or the 11 ERTs as well as the 2-out-of-3 rule 
for the analysis of the rTMS results. Following earlier studies, the CPS system was categorized 
in three CPS region subdivisions (CrS) for the DCS-based analysis (Picht et al., 2013; 
Sollmann et al., 2013a; Krieg et al., 2014a; Krieg et al., 2014b; Krieg et al., 2016). The CrS all 
regions (allR) includes all CPS regions. The CrS anterior regions (antR) encompasses trIFG, 
opIFG as well as vPrG, while the CrS posterior regions (postR) includes anG, aSMG, pSMG, 
mSTG and pSTG (Figure 20).  

Regarding the three mapping comparisons (rTMS vs. DCS, DTI FT vs. DCS and (rTMS + DTI 
FT) vs. DCS), each combination of EC, TC and CrS resulted in a specific number of analysis 
combination (AC), applied separately for each patient (Figure 19).  

2.8. Statistics 

Statistical data analysis was performed using GraphPad Prism (GraphPad Prism 6.04, La 
Jolla, CA, USA). Results regarding patient characteristics, language mapping and fiber 
tracking parameters, technical setup details as well as rTMS and DTI FT are presented as 
mean value (MV) ± standard deviation (SD) with the range between the minimum value (MIN) 
and the maximum value (MAX) in parenthesis: MV ± SD (MIN - MAX). The median value 
(MEDIAN) was calculated as well. The Wilcoxon-test was used for significance testing. A p-
value of < 0.05 was considered significant.  

Figure 20 Anterior (= green area) and posterior (= blue area) CrS. The respective designations for the CPS 
abbreviations can be found on page 101 in section 8.2 (Abbreviation - Cortical parcellation system). 
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2.8.1. Calculating the ROC 

Four fractions of CPS regions were determined based on the comparison of rTMS+/- and DTI 
FT+/- CPS regions to DCS+/- regions (rTMS vs. DCS and DTI FT vs. DCS). This was done 
separately for each AC:  
 

1) true positive (TP) [= language positivity correctly identified] 

2) true negative (TN) [= language negativity correctly identified] 

3) false positive (FP) [= language positivity incorrectly identified] 

4) false negative (FN) [= language negativity incorrectly identified] 

 

The comparison of DCS to the combined results of rTMS and rTMS-based DTI FT also referred 
to as (rTMS + DTI FT) vs. DCS was conducted as depicted in Table 3. Language positivity or 
negativity was only regarded as such when rTMS and rTMS-based DTI FT results were in 
accordance to each other. Conflictive results were deemed false by definition. Thereby, the 
further information of functional connectivity gained by rTMS-based DTI FT confirmed or 
disproved rTMS language mapping results. The count of regions assigned to each fraction was 
used to calculate the ROC sensitivity, specificity, PPV and the NPV: 
 sensitivity = TPTP + FN = specificity ݁ݐܽݎ ݁ݒ𝑖ݐ𝑖ݏ݋݌ ݁ݑݎݐ = TNTN + FP = PPV ݁ݐܽݎ ݁ݒ𝑖ݐ݃ܽ݁݊ ݁ݑݎݐ = TPTP + FP NPV = TNTN + FN 

 

The analysis of rTMS vs. DCS and DTI FT vs. DCS resulted in 180 ACs and hence sets of 
ROC per patient, while (rTMS + DTI FT) vs. DCS yielded 2160 ACs and hence sets of ROC 
per patient. Data was further analysed without distinction for patient identity. 

Table 3 Definition of the four fractions (TP, TN, FP, FN) for each comparison group. 
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2.8.2. Graphic representation and statistic comparison of ROC 

2.8.2.1. ROC plot 

ROC values based on EC, CrS and TC variations were plotted as illustrated in Figure 21. 
Sensitivity is plotted on the y axis against 1-specificity on the x axis. This plot style is commonly 
used to visualize ROC feasibility (Akobeng, 2007). As shown in Figure 21, the orange curve 
depicts a perfectly matched comparison, while the green curve (= diagonal line) shows ROC 
parameters created by chance with equally shared true- and false-positive results (Akobeng, 
2007). Curves tending to the bottom right side comprise a majority of false-positive results. 
The grey line exemplifies realistic ROC results with good comparability. 

2.8.2.2. Youden’s index and best-balanced result 

Objective measures were further implemented to enhance ROC analysis. These measures 
were the Youden’s index (YI) (Youden, 1950) and the self-implemented balance index (BI), 
which both process the each specific ROC pair of sensitivity and specificity. YI and BI were 
calculated for each AC and each of the three comparison groups (rTMS vs. DCS, DTI FT vs. 
DCS, (rTMS + DTI FT) vs. DCS) as follows: 
 𝐵𝐼 =  ሺݏ݊݁ݏ𝑖ݐ𝑖ݒ𝑖ݐ𝑦 + 𝑦ሻݐ𝑖݂𝑖ܿ𝑖ܿ݁݌ݏ   −  |ሺݏ݊݁ݏ𝑖ݐ𝑖ݒ𝑖ݐ𝑦 – 𝑦ሻ| 𝑌𝐼ݐ𝑖݂𝑖ܿ𝑖ܿ݁݌ݏ  = + 𝑦ݐ𝑖ݒ𝑖ݐ𝑖ݏ݊݁ݏ  − 𝑦ݐ𝑖݂𝑖ܿ𝑖ܿ݁݌ݏ   ͳ 
 

The self-implemented BI was developed following fixed assumptions. A BI value of 2.00 
indicates 100% sensitivity and 100% specificity. A BI value equal 0.00 stands for sensitivity or 
specificity of 0%. BI values equal to 1.00 represent a sensitivity and specificity of 50%. A BI 
between 1.00 and 2.00 reflects sensitivity and specificity values each above 50%. A BI less 
than (<) 1.00 indicates that either sensitivity or specificity or both are lower than 50%. Higher 
BI values indicate higher ROC pair values and/or better balance while lower BI values indicate 
the opposite. The best balance index (BBI) is used to indicate the most reasonable sensitivity 
and specificity pairing regarding its single values as well as their balance in this doctoral thesis. 
Unlike the self-implemented BI, the YI has been in scientifical usage for curve-based ROC 
optimization since its introduction in 1950 by Youden (Zweig et al., 1993; Schisterman et al., 
2005; Akobeng, 2007; Lai et al., 2012). In this study, the YI is employed to investigate the 
feasibility of the preoperative tests rTMS, DTI FT and their combination compared to DCS. In 
general, higher cut-off values correlate with lower sensitivity and higher specificity and vice 
versa (Greiner et al., 2000; Akobeng, 2007). Akobeng (2007) states that the best YI “is defined 
as the maximum vertical distance between the ROC curve and the diagonal or chance line 
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Figure 21 Exemplary presentation of a ROC plot. A comparison based on a perfect match (= orange), caused by 
chance (= green) is displayed. The grey course is an example for a possible ROC outcome with good comparability. 
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[…]”, meaning that the best YI “corresponds to the point on the curve farthest from chance”. 
The best YI can therefore be used as a “global measure of overall […] accuracy” (Lai et al., 
2012). YI values range from −1.00 to +1.00. A YI equal to 1.00 represents a perfectly accurate 
comparison with no FN or FP (sensitivity and specificity each 100%). A value equal or less to 
(൑ሻ 0.00 indicates incongruent matches in the concerned comparison. 

2.8.2.3. ROC sums for positive or negative mapping 

Analysis of rTMS feasibility has to differentiate between the applicability of rTMS for positive 
or negative intraoperative mapping. Negative mapping requires high specificity in combination 
with a high NPV, whereas positive mapping requires high sensitivity and a high PPV (Ille et al., 
2015b). The respective sums required to identify the best suited AC for both negative and 
positive mapping were calculated as follows: 
𝑖݊݃݌݌ܽ݉ ݁ݒ𝑖ݐ𝑖ݏ݋݌ ܽ ݎ݋݂ ݉ݑݏ  = + 𝑦ݐ𝑖ݒ𝑖ݐ𝑖ݏ݊݁ݏ   𝑃𝑃𝑉 ݐܽ݃݁݊ ܽ ݎ݋݂ ݉ݑݏ𝑖݌݌ܽ݉ ݁ݒ𝑖݊݃ = 𝑦ݐ𝑖݂𝑖ܿ𝑖ܿ݁݌ݏ  + ܰ𝑃𝑉 

2.8.3. Pearson’s correlation coefficient 

Pearson’s correlation coefficient (r) including the respective p-value was utilized to evaluate 
the possibility of increased provoked errors due to an increase in number of rTMS trials (Zou 
et al., 2003). The analysis was done with distinction for study subject as well as for CPS region. 
Results were presented as r = x, p = y. The coefficient’s algebraic sign indicates the positivity 
or negativity of the correlation. The coefficient’s value indicates the strength of correlation. 
Values ≤ 0.10 indicate weak correlation, values ≤ 0.30 moderate and values > 0.50 strong 
correlation. The value of p indicates the correlation’s significance (Cohen, 2013). In addition, 
this study utilized r to explore a possible impact of rTMS stimulation intensities on the temporal 
and convexity pain levels regarding each patient. Further, r was used to assess whether the 
temporal pain level influenced AE count of the CPS regions under the temporal muscle and 
whether the applied rTMS intensities are connected to the AE count of each patient. The area 

Figure 22 Area under the musculus temporalis. The respective designations for the CPS abbreviations can be 
found on page 101 in section 8.2 (Abbreviation - Cortical parcellation system) (Source head model in the upper 
left corner: Gillroy, Atlas of Anatomy, 1st ed., Abb 30.12 B, Illustrator: Karl Wesker © 2020 Thieme Medical 
Puplishers, Inc. All Rights Reserved). 
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under the temporalis muscle includes aSTG, mSTG, polSTG, aMTG, mMTG, polMTG, the 
orbital part of the inferior frontal gyrus (orIFG), trIFG, opIFG, vPrG and vPoG (Figure 22). This 
area slightly exceeds the area encompassed by the definition of anterior temporal CPS regions 
by Brennan et al. (2012). The twelve threshold categories in DTI FT, consisting of four different 
FAT values and three different MFLs (Table 2 on page 27), influence the resultant NoF. The 
number of provoked rTMS errors ultimately influences the size of the ROI used for DTI FT. 
This could confound the individual determined FAT value and NoF of each study subject. This 
possibility is again assessed using r. 
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3. RESULTS 

        

3.1. Patient cohort 

Subject count was 20. Age average was 40 ± 11 (24 - 63) years. 70% were male while 30% 
were female. Only 10% were left-handed based on the Edinburgh Handedness Inventory. 
Table 4 further lists the intake of antiepileptic medication, the underlying tumor entity and its 
location in each study subject. 

3.2. rTMS language mapping results 

3.2.1. Technical setup data, pain level and its potential systematic bias 

During baseline performance, 83 ± 20 (31 - 104) out of 131 presented coloured objects could 
be named immediately and correctly. The RMT averaged to 0.35 ± 0.09 (0.21 - 0.58). RMT 
values as well as the finally applied mapping intensities per patient are listed in Table 5. Four 
study subjects were mapped at a frequency of 7 Hz/7 pulses or 7 Hz/5 pulses, while the 
remaining 12 patients underwent a 5 Hz/5 pulses stimulation (Table 1 on page 27). Figure 23 
further lists the maximum provoked pain intensity for each patient. With an average VAStemporal 

of 5 ± 2 (2 - 9) compared to VASconvexity of 2 ± 2 (0 - 7), rTMS stimulation of the temporal head 
area was significantly more dolorous (p < 0.0001) (Figure 23). Based on Pearson’s correlation 
coefficient, there was no significant correlation between pain level and the applied mapping 
intensity (VASconvexity: r = 0.00, p = 0.994; VAStemporal: r = 0.07, p = 0.762). VAStemporal level and 
AE count in the area under the temporal muscle correlate moderately, but not significantly (r = 
−0.24; p = 0.153).  

Table 4 Patient characteristics per study subject. Characteristics consist of age, sex, handedness and the intake of 
antiepileptic medication. The underlying tumor entity and its location in relation to essential language sites is further 
listed. ID = identification number of each patient.  ID Age Sex Tumor entity Relation to essential language sites Handedness antiepileptic medication1 27 M IV - R Yes2 24 M II Within R Yes3 31 M I - R Yes4 38 M III Remote R Yes5 47 M IV Adjacent R -6 49 M II Adjacent R Yes7 27 F AVM Adjacent R -8 43 M II Within R -9 53 M IV Within R No10 33 M IV Within R -11 47 F IV Adjacent R No12 63 F II Within R -13 34 M AVM Adjacent R -14 40 M IV Within R -15 52 F IV Within R Yes16 51 M IV Within R Yes17 43 M IV Adjacent L Yes18 43 F II Adjacent R Yes19 28 M II Remote R Yes20 34 F III Within L Yes
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Table 5 Overview of the technical setup data (baseline number of objects, RMT in %, mapping intensity in %) and 
the collected data regarding temporal and convexity VAS per subject. The respective mean value (= MV), standard 
deviation (= SD), minimum value (= MIN), maximum value (= MAX) and the median value (= MEDIAN) were further 
calculated. ID = identification number of each patient. ID Baseline number of objects RMT (%) mapping intensity (%)  VAS 

convexity

VAS 
temporal1 78 35 35 3 22 61 33 35 4 83 96 29 31 5 74 - 23 26 3 75 82 25 30 3 66 102 46 46 4 97 102 36 36 1 38 71 21 21 0 59 101 41 41 1 310 82 37 37 2 411 31 30 30 1 312 90 36 44 1 413 104 43 52 2 514 87 39 47 2 315 98 33 33 7 716 72 25 25 1 217 95 58 46 2 818 68 34 34 2 619 100 42 42 1 420 52 35 35 0 5MV 83 35 37 2 5SD 20 9 8 2 2MIN 31 21 21 0 2MAX 104 58 52 7 9MEDIAN 87 35 35 2 5

VAS temporal VAS convexity
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Figure 23 Box plots for VAStemporal and VASconvexity with their median value (= MEDIAN), maximum value (= MAX), 
minimum value (= MIN), first (= q1) and third quartile (= q3). A significantly higher pain level over temporal areas is 
shown. The mean value (= MV) is depicted as cross sign (= +). **** indicates p < 0.0001. 
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3.2.2. Number of rTMS stimulation trials and error counts 

All patients underwent rTMS, but the number of stimulations applied on the left hemisphere of 
each patient differs. The stimulation count averaged to 378.8 ± 135.3 (223 - 665) applied rTMS 
stimulations. Language errors could be induced by means of rTMS in each case, although 
error counts varied. MV ± SD of each EC’s error counts is illustrated in Figure 24. PE could not 
be produced in three cases, one case produced no NRE. HE marks the most common error 
type, without significant difference to NRE (p = 0.1201), while PE was significantly less 
prevalent. A significant association of mapping intensities to the AE count could not be proven, 
besides a moderate positive correlation (r = 0.25, p = 0.290).  

3.2.3. Cortical distribution of error counts and stimulation trials 

Figure 25 indicates varying counts of rTMS stimuli between different CPS regions. rTMS mean 
stimulation counts coincide with each EC’s mean error counts. Pearson’s correlation coefficient 
of the count of rTMS trials and the AE count of each subject is r = 0.46 (p = 0.021), indicating 
a significant positive correlation. Moreover, the number of rTMS trials applied on each CPS 
region and the mean number of provoked AE per CPS region significantly correlate as well (r 
= 0.96, p < 0.001). Thus, higher error counts of certain CPS regions can be influenced by 
higher number of rTMS trials, e.g. in antR.  
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Figure 24 Box plots for the error counts of each EC with their median value (= MEDIAN), maximum value (= MAX), 
minimum value (= MIN), first (= q1) and third quartile (= q3). The mean value (= MV) is depicted as cross sign (= +) 
and in small boxes above each box plot the respective MV ± SD of each EC is shown. **** indicates a significant p-
value < 0.0001. Further ** stands for a p-value of 0.0028, * for p = 0.0410. The Abbreviation ns means “non-
significant”. 
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3.3. rTMS-based DTI FT results 

3.3.1. FAT values in the context of each EC 

Figure 26 depicts the FAT values of all study subject with distinction to the EC. Values listed 

are MEDIAN, MIN, MAX, first and third quartile. The median and mean FAT values of AE, 

AEWH, NRE and HE lie close to each other. A significantly higher FAT was found for AE versus 

HE (p = 0.0026). PE median FAT amounts to 0.24, significantly below all other EC values (p-

values listed in Figure 26). AE counts produced by rTMS of each study subject and its 

respective FAT value in rTMS-based DTI FT do not significantly correlate (r = −0.04; p = 0.439). 

When including all 96 FAT without distinction for EC, again no significant interrelationship was 

found (r = 0.13; p = 0.100).  

Figure 25 Colour-coded illustration of the mean number of applied rTMS trials per CPS region (no. 1) and error counts 
per EC (no. 2 = AE; no. 3 = AEWH; no. 4 = HE; no. 5 = NRE; no. 6 = PE). The respective designations for the CPS 
abbreviations can be found on page 101 in section 8.2 (Abbreviation - Cortical parcellation system). 
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3.3.2. Progression pattern for the number of fibers 

Table 6 illustrates the 60 different DTI FT parameter combinations used in this study. NoF rises 
with lower MFL and FAT values. Highest NoF levels were produced at an MFL of 40 mm and 
25% FAT without distinction for EC. Further, error categories PE and AE present the highest 
mean NoF values. As stated above, PE is associated with the lowest mean FAT value while 
AE is associated with the highest mean FAT value (Figure 26), which underlines that the FAT 
level alone is not mainly predefining the NoF. Further, there is no significant correlation 
between the mean NoF per subject and the error count regarding all ECs (r = 0.02; p = 0.8304). 
The contingent of fibers passing through at least one of the CPS regions, which were exposed 
to DCS averages to 35.5%. This is mainly explained by the limited amount of DCS+ and DCS- 
CPS regions to compare with.  

3.4. DCS results: surgical exposure and DCS positivity considering 

CPS regions 

On average, 9.15 ± 3.13 (5 - 19) CPS regions were exposed and underwent DCS during 
surgery. Of these CPS regions on average 2.15 ± 1.66 (0 - 6) were identified as language-
positive. The boxplots in Figure 27 on page 41 visualize the inter-individual distribution of the 
count of exposed and language-positive DCS CPS regions. Figure 28 no. 1 on page 41 depicts 
each CPS region’s counts of exposure in relation to the twenty study participants. E.g. opIFG 
was disclosed seventeen times while the dorsal post-central gyrus (dPoG) was only disclosed 
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Figure 26 Box plots for the mean FAT value for each EC with their median value (= MEDIAN), maximum value (= 
MAX), minimum value (= MIN), first (= q1) and third quartile (= q3). The mean value (= MV) is depicted as cross 
sign (= +) and in small boxes below each box plot the respective MV ± SD of each EC is shown. * - *** indicates a 
significant p-value (AE to PE: p = 0.0001; AEWH to PE: p = 0.0004; AE to HE: p = 0.0026; HE to PE: p = 0.0050; 
NRE to PE: p = 0.0062). The remaining mean FAT values do not differ significantly. 
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three times. Figure 28 no. 2 illustrates the rate at which each CPS region was identified as 
language DCS+, proportional to the amount of surgical exposure. The two CPS regions with 
the highest proportion of DCS+ in relation to exposure by surgery are opIFG (approx. 65% 
[11/17]) and vPrG (approx. 53% [9/17]).  
Language errors could not be provoked by means of DCS in 2 out of 20 patients. Figure 28 
no. 2 labels the surgically exposed and stimulated CPS regions of these two patients 
(identification numbers #1 and #3) with yellow and blue dots.  

3.5. Report of adverse events 

Beside the above-mentioned pain sensation, no adverse events or technical difficulties were 
reported during the language mapping procedures of either modality (DCS, rTMS and rTMS-
based DTI FT). In particular, no patient suffered a seizure regardless of the intake of 
antiepileptic medication (Table 4 on page 35).  
  

100% FAT 75% FAT 50% FAT 25% FATMFL 100 1 4 7 10MFL 70 2 5 8 11MFL 40 3 6 9 12AE (A) 100% FAT 75% FAT 50% FAT 25% FATMFL 100 9 83 353 1877MFL 70 60 383 1466 5149MFL 40 359 1466 4084 10919AEWH (B) 100% FAT 75% FAT 50% FAT 25% FATMFL 100 11 76 318 1456MFL 70 72 304 1161 4071MFL 40 350 1149 3249 8874NRE (C) 100% FAT 75% FAT 50% FAT 25% FATMFL 100 12 80 323 1279MFL 70 85 379 1199 3820MFL 40 448 1396 3388 8248HE (D) 100% FAT 75% FAT 50% FAT 25% FATMFL 100 10 109 432 1724MFL 70 88 445 1391 4295MFL 40 516 1660 3956 9144PE (E) 100% FAT 75% FAT 50% FAT 25% FATMFL 100 15 122 631 2248MFL 70 304 897 2369 5750MFL 40 826 2124 5122 10950
Table 6 Progression of mean NoF in rTMS-based DTI FT dependent on EC and TC. The shade-code and the 
arrows illustrate rising NoF. The single parameter combinations are numbered as follows: one alphabetic letter for 
each EC (AE: A; AEWH: B; NRE: C; HE: D; PE: F; each in respective parenthesis behind) combined with a number 
ranging from 1 to 12 regarding the TC combination (see upper box).  
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Figure 27 Box plots for the number of CPS regions exposed by surgery and DCS language positivity. Further 
illustrated is their median value (= MEDIAN), maximum value (= MAX), minimum value (= MIN), first (= q1) and 
third quartile (= q3). The mean value (= MV) is depicted as cross sign (= +). **** indicates a significant p-value < 
0.0001. 
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Figure 28 Colour-coded illustration of the count of surgical exposures per CPS region (= no. 1) and the 
corresponding counts of DCS language positivity (= no. 2). Explicit numbers are partially added. The blue dots 
refer to the surgical exposed CPS regions of patient with the ID 1 and the yellow dots to patient with the ID 3. ID 1 
and 3 had no DCS+ results. ID = identification number of each patient. The respective designations for the CPS 
abbreviations can be found on page 101 in section 8.2 (Abbreviation - Cortical parcellation system). 
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3.6. Results of the comparison rTMS vs. DCS 

3.6.1. Results regarding the different ERTs 

Figure 29 and Figure 30 depict different ERT’s ROC curves spread around the 45-degree 
diagonal (= green line) of the ROC space. The spread is similar, regardless of the EC or CrS, 
as supplementary illustrated for CrS allR and each EC in Figure 29. This indicates a low 
accuracy of language mapping by rTMS compared to DCS. Lower ERT lead to rising sensitivity 
with decreasing specificity, as shown by the posterior CrS ROC curve and its corresponding 
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Figure 29 ROC plot rTMS vs. DCS allR for all ERTs distincted for EC. The green line represents ROC results 
created by chance. 
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Figure 30 ROC plot rTMS vs. DCS AE for all ERTs regarding CrS. Further are the corresponding %ERT illustrated, 
exemplary for the course of the postR. The green line represents ROC results created by chance.  
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ERT in Figure 30. Again, this finding was consistent throughout all EC and CrS in the 
comparison rTMS vs. DCS. Hence, the TC ERT is a possible tool for reacting to the high 
sensitivity of rTMS. Regarding the EC AE, best results compared to DCS could be achieved 
including only postR (Figure 30). Again, this finding was persistent across all ERT. 

3.6.2. Results regarding the 2-out-of-3 rule 

ROC based on the TC 2-out-of-3 rule are illustrated in Figure 31. The CrS postR and allR 
dominate over antR. Best YI was achieved by analysing AE in postR (sensitivity/specificity: 
71%/54%; YI = 0.26). Worst comparability based on the 2-out-of-3 rule lead from analysis HE 
in antR (sensitivity/specificity: 20%/59%; YI = −0.21). This YI is the lowest achieved YI in the 
whole comparison rTMS vs. DCS. 

3.6.3. BI and YI with the corresponding AC 

Table 7 lists the BBI and best YI for each EC and their corresponding TC, CrS and ROC. 
Highest BBI values (0.93 - 1.14) as well as highest best YI (0.15 - 0.29) were found when 
analysing postR, followed by allR. Employed TC for BBI ranged from 0% ERT to 20% ERT not 

EC  BBI (sv[%]/sc[%]) TC of BBI CrS of BBI Best YI (sv[%]/sc[%]) TC of best YI CrS of best YIAE 1.11 20% ERT postR 0.29 20% ERT postR(57%/71%) (57%/71%)AEWH 1.12 10% ERT allR 0.20 5% ERT postR(59%/56%) (86%/34%)HE 0.97 5% ERT allR 0.29 15% ERT postR(59%/48%) (43%/86%)NRE 0.93 0% ERT allR 0.15 0% ERT allR(68%/47%) (68%/47%)PE 1.14 0% ERT postR 0.26 0% ERT postR(57%/69%) (57%/69%)rTMS vs. DCSTable 7 rTMS vs. DCS addressing the different ACs: BBI and best YI, including corresponding sensitivity (sv) and 
specificity (sc). 2/3 rule = 2-out-of-3 rule. 

Figure 31 ROC plot rTMS vs. DCS 2-out-of-3 rule for all ECs regarding CrS. Further are the corresponding EC 
illustrated, exemplary for the course of the antR. The green line represents ROC results created by chance. 
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including the 2-out-of-3 rule. Hence, to achieve BBI no favouring TC suitable for all EC can be 
stated.TC + CrS combinations yielding the best YI often coincide with BBI. Yet, this is not 
mandatory, as can be seen in AEWH and HE (Table 7).  
Table 8 depicts the YI comparing language mapping by rTMS vs. DCS for all ACs (EC + TC + 
CrS). Lower ERT and the 2-out-of-3 rule appear to yield higher YI, while higher ERT mostly 
lead to decreased YI. While this assumption holds true for the most part, this trend did not 
show consistency across the entire dataset. Seven YI > 0.17, including one of the two best YI 
belonged to the EC AE. The highest two best YI (each 0.29) both belong to postR and to the 
error categories HE and AE. Regarding the EC AE, this YI was achieved using an ERT of 20%. 
AE also included three of the five highest YI when combined with the CrS postR. Fittingly, 
AE/postR also yielded the highest YImean CrS (AE + postR: 0.14).  
Regarding YImean per EC, highest values were resultant applying AE for all CrS combined 
(YImean EC = 0.06). As for YImean per TC, an ERT of 20% combined with the EC AE yielded the 
highest value (YImean TC = 0.20), followed by the 2-out-of-3 rule again combined with the EC AE 
(YImean TC = 0.16) and AE plus 15% ERT (YImean TC = 0.15). Lowest YImean EC were generated 
using the EC NRE (−0.03), while lowest YImean TC resulted from combining AEWH with 25% 
ERT (-0.11). YI > 0.14 were almost exclusively found in the CrS postR. Sporadic outliers were 
mostly found for allR (AE, 20% ERT + 2/3 rule; AEWH, 0% ERT + 2/3 rule; NRE, 0% ERT), 
while antR only once yielded YI > 0.14 (AE, 20% ERT, YI = 0.15).  
The CrS antR in general yielded low YI values across all EC. All YI < −0.12 including the 
minimal YI (HE, antR, 2-out-of-3 rule) are found in this CrS. The combination of antR and 
AEWH leads further to the minimal YImean CrS (-0.05), followed by postR when combined with 
NRE (YImean CrS = −0.04). Yet, only AE, AEWH and HE resulted in higher YImean CrS over postR 
(AE: 0.14; AEWH: 0.06; HE: 0.12) compared to antR (AE: -0.01; AEWH: -0.05; HE: -0.03), 
whereas YImean CrS values were almost on par for PE and NRE. YI ranges from -0.21 to 0.29.  

Table 8 Overview rTMS vs. DCS for all AC. Corresponding YI and calculated YImean (blue shadowed boxes). YI 
values above 0.00 were tagged and shadowed yellow, the highest YI values green and the lowest red. Highest and 
lowest YImean values are emphasised by coloured and bold digits (green = highest; red = lowest). 2/3 rule = 2-out-
of-3 rule. 0% 5% 10% 15% 20% 25% 30% 35% 40% 45% 50%allR 0.06 0.11 0.10 0.11 0.15 0.04 0.01 0.00 -0.08 -0.07 -0.05 0.19 0.05antR 0.00 0.09 0.07 0.09 0.15 -0.01 0.01 -0.07 -0.19 -0.14 -0.10 0.03 -0.01postR -0.03 0.00 0.17 0.26 0.29 0.17 0.20 0.14 0.14 0.03 0.03 0.26 0.140.01 0.07 0.11 0.15 0.20 0.07 0.07 0.02 -0.04 -0.06 -0.04 0.16allR 0.15 0.12 0.14 0.02 -0.04 -0.12 -0.07 -0.03 -0.03 -0.02 -0.02 0.16 0.02antR 0.01 0.03 0.04 -0.06 0.01 -0.19 -0.14 -0.05 -0.05 -0.05 -0.05 -0.07 -0.05postR 0.17 0.20 0.06 -0.11 -0.06 -0.03 0.03 0.03 0.09 0.09 0.09 0.14 0.060.11 0.12 0.08 -0.05 -0.03 -0.11 -0.06 -0.02 0.00 0.01 0.01 0.08allR 0.15 0.06 -0.01 0.02 -0.03 -0.07 -0.08 -0.06 -0.05 -0.03 -0.03 0.02 -0.01antR 0.03 -0.16 -0.08 -0.03 -0.01 -0.05 -0.05 -0.05 -0.05 0.00 0.00 -0.03 -0.04postR -0.11 -0.06 -0.06 -0.03 0.03 0.03 -0.09 -0.09 -0.06 -0.06 -0.06 0.06 -0.040.02 -0.05 -0.05 -0.01 0.00 -0.03 -0.07 -0.06 -0.05 -0.03 -0.03 0.02allR 0.10 0.09 0.00 -0.05 -0.03 -0.02 -0.01 -0.01 0.00 0.00 0.00 0.09 0.01antR -0.18 0.08 0.02 -0.06 -0.01 -0.05 0.00 0.00 0.00 0.00 0.00 0.10 -0.01postR 0.26 0.17 0.03 -0.06 -0.03 -0.03 -0.03 -0.03 0.00 0.00 0.00 -0.11 0.010.06 0.11 0.01 -0.05 -0.02 -0.03 -0.01 -0.01 0.00 0.00 0.00 0.02allR 0.02 0.07 0.05 0.04 -0.01 0.00 0.02 0.01 -0.02 -0.02 -0.02 0.04 0.01antR -0.10 0.09 -0.01 0.02 -0.14 -0.01 -0.01 0.00 0.00 0.00 0.00 -0.21 -0.03postR 0.06 0.17 0.14 0.29 0.20 0.11 0.14 0.14 0.00 0.00 0.00 0.17 0.12-0.01 0.11 0.06 0.11 0.02 0.04 0.05 0.05 -0.01 -0.01 -0.01 0.000.04 0.07 0.04 0.03 0.03 -0.01 0.00 0.00 -0.02 -0.02 -0.01 0.06

2/3 rule
Mean valuesTotal mean values for each single TC

TCrTMS vs. DCSYouden's indicesEC CrS ERTAEAEWHNREPEHEMean valuesMean valuesMean values Mean values0.060.01-0.030.010.03Mean values
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3.6.4. Results regarding a positive or a negative mapping 

Table 9 lists the highest sums for a positive or negative mapping subdivided per AC. 
Comparing rTMS to DCS, maximum achieved NPV + specificity sums ranged from 173% to 
185%. The maximum sums for PPV + sensitivity were comparatively lower and spread wider 
(111% to 156%). Best negative mapping sums could be achieved applying high ERTs over 
postR (HE: 30 - 35% ERT; remaining ECs: 40 - 50% ERT), while positive mapping benefitted 
from lower ERTs over antR. PostR in general worsened PPV + sensitivity sums compared to 
higher sums achieved over antR. Best positive mapping results were achieved for AE and 5% 
ERT over antR. Regarding positive mapping characteristics, all EC achieved PPV around 50%, 
yet only AE and AEWH also yield high sensitivities up to 100%. Highest sums for negative 
mapping are comparatively on the same level across all EC, with NPV and specificities both 
exceeding 80%. The highest sum of specificity and NPV belongs to the analysis of postR in 
combination with HE (185%).  
Combining allR and 0% ERT, i.e. analysis without error count and spatial limitation, yielded the 
following results: there was no EC with a PPV exceeding 30% (NRE and PE), the maximum 
sensitivity was 93% (AE), the maximum NPV was 87% (AEWH) and the maximum specificity 
was 57% (PE). Best sum for a positive mapping was 119% (AE) outperformed by 135% for a 
negative mapping (PE). 

3.7. Results of the comparison DTI FT vs. DCS 

3.7.1. Influence of TC and CrS for the EC AE 

Figure 32 illustrates ROC curves for all TC combining AE and allR. The curve depicting 100 
mm MFL nearly parallels the 45-degree diagonal (= green line) of the ROC space, indicating 
mediocre fit of results, while the curve depicting 40 mm MFL shows a better fitted course 
oriented towards the top left. Fittingly, the highest YI (0.27) for AE + allR, is achieved by 
tracking with 40 mm MFL and 100% FAT. Further, this TC results in the best-balanced result 
for AE based on the BBI (1.26). Using 25% FAT increases sensitivity to close to 100% at the 
cost of vastly reduced specificity (40 mm MFL [sensitivity/specificity]: 100%/2%; 70 mm MFL 
[sensitivity/specificity]: 98%/2%; 100 mm MFL [sensitivity/specificity]: 98%/4%).  
The remaining EC’s (AEWH, HE, NRE, PE) ROC plots for allR show a similar curve shape as 
Figure 32 while running even closer to the 45-degree diagonal of the ROC space.  

Table 9 rTMS vs. DCS, highest sums for positive or negative mapping. Respective AC and corresponding ROC 
values are listed. Sensitivity = sv; specificity = sc. 
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In comparison, Figure 33 shows the ROC curves regarding only postR with AE. Observing 
postR, graphs run more distant to the green line. Again, 40 mm MFL leads to best results 
including the topmost YI (0.29) for the category AE, again tracked with 100% FAT. AntR yields 
the lowest agreement to DCS for the EC AE. This is further outlined in Figure 34, comparing 
YI achieved with 40 mm MFL for each CrS. Independet of CrS, tracking with 40 mm MFL and 
100% FAT results in highest YI (postR: 0.29; allR: 0.27; antR: 0.25). 
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Figure 33 ROC plot of rTMS-based DTI FT vs. DCS combining AE and postR per TC. Corresponding %FAT are 
exemplary illustrated for 40 mm MFL. The green line represents ROC results created by chance. 
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Figure 32 ROC plot of rTMS-based DTI FT vs. DCS combining AE and allR per TC. Corresponding %FAT are 
exemplary illustrated for 40 mm MFL. The green line represents ROC results created by chance. 
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3.7.2. BI and YI with the corresponding AC 

The highest best YI (0.44) for the comparison DTI FT vs. DCS was achieved by analyzing PE 
only over postR with an MFL of 40 mm and 75% FAT (Table 10). Yet, the high YI results from 
widely imbalanced ROC values (sensitivity/specificity: 100%/44%). As illustrated in Table 10, 
a clear dominance of one CrS for all five EC could not be found based on the YI. 
Throughout all five EC, there was a tendency towards higher BI values for either lower FAT 
levels combined with higher MFL or higher FAT levels combined with lower MFL. The highest 
BI was found for 40 mm MFL + 100% FAT and 100 mm MFL + 50% FAT. As illustrated in 
Table 11, this trend does not apply to YI. For YI no clear rule or trend is deducible instead. BI 
values ranged from 0.00 to 1.37 (Table 10). 
Table 11 further illustrates that even though DTI FT vs. DCS yielded more positive YI and 
higher mean YI values than rTMS vs. DCS, total mean YI levels remained low. Highest YImean 

CrS was 0.16 (PE, postR). Highest YImean TC was 0.28 (NRE, 40 mm MFL, 100% FAT). 
Combining 40 mm MFL and 100% FATalso yielded a comparatively high YImean TC for AE (0.27).  
In general, YI leveled close to zero with single positive and negative peaks. YI ranged from  
-0.30 to 0.44, exceeding the range of rTMS vs. DCS YI (-0.21 to 0.29). Lowest YI belonged to 
PE over antR (MFL 40 mm, 75% FAT) and NRE over postR (MFL 100 mm, 25% FAT). Lowest 
YImean TC was -0.11 (NRE, 100 mm MFL, 25% FAT), lowest YImean CrS was -0.12 (PE, antR). 
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Figure 34 rTMS-based DTI FT vs. DCS - progression of YI for all FAT and CrS underlying the fixed EC AE and 
tracked with 40 mm MFL 

EC BBI (sv[%]/sc[%]) TC of BBI CrS of BBI Best YI (sv[%]/sc[%]) TC of best YI CrS of best YIAE 1.26 MFL 40 allR 0.29 MFL 40 postR(63%/64%) 100 % FAT (71%/57%) 100% FATAEWH 1.22 MFL 100 antR 0.30 MFL 40 antR(64%/61%) 50% FAT (56%/74%) 100% FATHE 1.37 MFL 100 postR 0.40 MFL 100 postR(71%/69%) 75% FAT (71%/69%) 75% FATNRE 1.20 MFL 40 postR 0.36 MFL 70 antR(67%/60%) 100% FAT (36%/100%) 100% FATPE 0.97 MFL 40 allR 0.44 MFL 40 postR(49%/60%) 100% FAT (100%/44%) 75% FATDTI FT vs. DCS Table 10 DTI FT vs. DCS indices per AC: BBI and best YI, including corresponding sensitivity (sv) and specificity 
(sc). 
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Unlike rTMS vs. DCS, all single EC subelements (NRE, PE, HE) demonstrated a clear CrS 
dominance: PE and HE yield higher YImean CrS over postR (PE: 0.16 vs. -0.12; HE: 0.15 vs. 
0.03), while NRE yields higher YImean CrS over antR (0.14 vs. 0.00) (Table 11). YImean CrS values 
were almost on par for AE and less divergent for AEWH. 

3.7.3. Results regarding a positive or a negative mapping 

For the EC AE and AEWH, the highest sums regarding positive or negative mapping are on 
par to rTMS vs. DCS (Table 12), while differences can be detected for the remaining EC. 
Superior sums for a positive mapping were achieved using 40 mm MFL and 25% FAT. Hence, 
highest sums ranged from 140% to 152%. Compared to rTMS vs. DCS, this mainly resulted of 
higher sensitivities, the maximum PPV still was 52%.  
Sums regarding a negative mapping again exceeded those for a positive mapping. Negative 
mapping sums ranged from 175% to 179%, resulting from high NPVs (79% - 86%) and 
specificities (89% - 97%). Best results were attained for 100 mm MFL and 100% FAT and no 
significant difference between the single EC was found. Compared to the results of rTMS vs. 
DCS there is a slightly impairing tendency for HE and PE.  

Table 11 rTMS-based DTI FT vs. DCS per AC. Corresponding YI and YImean (blue shadowed boxes). YI values 
above 0.00 were tagged and shadowed yellow, the highest YI values green and the lowest red. Highest and lowest 
YImean values are emphasised by coloured and bold digits (green = highest; red = lowest). 100% 75% 50% 25% 100% 75% 50% 25% 100% 75% 50% 25%allR 0.27 0.14 0.02 0.02 0.08 0.08 0.05 0.00 0.00 0.00 -0.03 0.02 0.05antR 0.25 0.07 0.01 0.00 0.19 0.13 0.02 -0.04 0.04 0.15 0.12 0.00 0.08postR 0.29 0.17 0.14 0.00 0.17 0.14 0.23 0.00 0.06 0.00 -0.11 0.00 0.090.27 0.13 0.06 0.01 0.15 0.12 0.10 -0.01 0.03 0.05 -0.01 0.01allR 0.21 0.10 0.11 0.03 0.08 0.10 0.07 0.01 0.01 0.03 0.06 -0.04 0.06antR 0.30 -0.01 0.09 0.00 0.28 0.17 0.06 0.00 0.04 0.19 0.25 0.00 0.11postR -0.03 0.23 0.17 0.00 0.11 -0.06 0.26 0.00 0.09 0.00 0.06 -0.11 0.060.16 0.11 0.13 0.01 0.16 0.07 0.13 0.00 0.05 0.07 0.12 -0.05allR 0.29 0.18 0.09 0.03 0.16 0.19 0.06 -0.01 0.05 0.10 -0.01 -0.03 0.09antR 0.29 0.20 0.04 0.00 0.36 0.24 0.07 -0.09 0.09 0.32 0.15 0.00 0.14postR 0.27 0.12 -0.02 0.00 0.02 0.12 0.12 0.00 -0.09 -0.15 -0.13 -0.30 0.000.28 0.17 0.04 0.01 0.18 0.18 0.08 -0.03 0.02 0.09 0.00 -0.11allR 0.08 -0.01 0.01 -0.02 0.02 -0.04 0.00 -0.06 0.03 -0.10 -0.07 -0.10 -0.02antR -0.11 -0.30 -0.17 -0.09 -0.02 -0.11 -0.12 -0.13 -0.05 -0.15 -0.07 -0.13 -0.12postR -0.07 0.44 0.22 0.07 0.00 0.15 0.30 0.07 0.22 0.04 0.37 0.11 0.16-0.03 0.04 0.02 -0.01 0.00 0.00 0.06 -0.04 0.07 -0.07 0.08 -0.04allR 0.10 0.07 -0.03 0.03 0.18 0.13 0.01 0.04 -0.02 0.08 -0.03 0.02 0.05antR 0.09 0.12 -0.15 -0.04 0.31 0.09 -0.06 -0.04 -0.04 0.07 0.00 -0.03 0.03postR 0.09 0.09 0.17 0.09 0.17 0.26 0.17 0.09 0.06 0.40 0.17 0.11 0.150.09 0.09 0.00 0.03 0.22 0.16 0.04 0.03 0.00 0.18 0.05 0.030.15 0.11 0.05 0.01 0.14 0.10 0.08 -0.01 0.03 0.07 0.05 -0.03Total mean values for each single TC 0.08 0.08 0.03

FAT FAT FATHE 0.08Mean values
40 mm 70 mm 100 mmNRE 0.08Mean valuesPE 0.01Mean valuesAE 0.07Mean valuesAEWH 0.08Mean values DTI FT vs. DCSYouden's indices TCEC CrS MFL Mean values
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3.8. Results of the comparison (rTMS + DTI FT) vs. DCS 

Combining rTMS results with rTMS-based DTI FT does not improve ROC values compared to 
DCS. On the contrary, BBI and best YI decreased for all EC, as illustrated in Table 13.  
Highest BBI was 1.00, highest best YI was 0.06. Both values were achieved using the same 
analysis combination (HE + postR + 15% ERT + MFL 100 mm + 100% FAT). YI values 
generally were equal or less to zero, while the major share (93 - 98%) of BI values did not 
overcome a value of 0.50. A high percentage share (AE: 40%; AEWH: 60%; HE: 40%; NRE: 
72%; PE: 72%) each yielded the lowest possible BI value of 0.00. 
Regarding the overall comparison (rTMS + DTI FT) vs. DCS, no clear dominance in the applied 
analysis combinations and CrS can be stated (Table 13). While the highest sums for a positive 
mapping (109% - 155%) are comparable to results in rTMS vs. DCS, the sums for a negative 
mapping were lower (165% - 175%). 
 
 

Table 12 Highest sums achieved for positive or negative mapping. Respective AC and corresponding ROC values 
are listed (sensitivity = sv; specificity = sc). 
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BBI Best YIAC rTMS vs. DCS DTI FT vs. DCS (rTMS + DTI FT) vs. DCS rTMS vs. DCS DTI FT vs. DCS (rTMS + DTI FT) vs. DCS1.11 1.26 0.71 0.29 0.29 0.00CrS postR allR postR postR postR antR20% ERT - 2/3 rule 20% ERT - 0 & 5% ERT- MFL 40 MFL 40 - MFL 40 MFL 40- 100% FAT 100% FAT - 100% FAT 25% FATsv[%]/sc[%] 57%/71% 63%/64% 50%/35% 57%/71% 71%/57% 100%/0%1.12 1.22 0.63 0.20 0.30 0.00CrS allR antR antR postR antR antR10% ERT - 10% ERT 5% ERT - 40-50% ERT- MFL 100 MFL 40 - MFL 40 MFL 100- 50% FAT 100% FAT - 100% FAT 100% FATsv[%]/sc[%] 59%/56% 64%/61% 35%/32% 86%/34% 56%/74% 0%/100%0.97 1.37 1.00 0.29 0.40 0.06CrS allR postR postR postR postR postR5% ERT - 15% ERT 15% ERT - 15% ERT- MFL 100 MFL 100 - MFL 100 MFL 100- 75% FAT 75% FAT - 75% FAT 75% FATsv[%]/sc[%] 59%/48% 71%/69% 50%/56% 43%/86% 71%/69% 50%/56%0.93 1.20 0.63 0.15 0.36 0.00CrS allR postR antR allR antR antR0% ERT - 5% ERT 0% ERT - 20-50% ERT- MFL 40 MFL 40 - MFL 70 MFL 70 & 100- 100% FAT 100% FAT - 100% FAT 100% FATsv[%]/sc[%] 68%/47% 67%/60% 33%/32% 68%/47% 36%/100% 0%/100%1.14 0.97 0.74 0.26 0.44 0.00CrS postR allR postR postR postR postR0% ERT - 0 & 5% ERT 0% ERT - 0% ERT- MFL 40 MFL 70 - MFL 40 MFL 40- 100% FAT 75% FAT - 75% FAT 75% FATsv[%]/sc[%] 57%/69% 49%/60% 50%/37% 57%/69% 100%/44% 67%/33%
Hesitation errorsNo response errorsPerformance errors

All errors without hesitationAll errors
TCTCTCTCTCTable 13 All mapping comparisons addressing the different AC: BBI and best YI, including corresponding sensitivity 
(sv) and specificity (sc). 2/3 rule = 2-out-of-3 rule. 
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4. DISCUSSION 

        

4.1. Overview of results 

One aim of this study was to assess and possibly improve the accordance of rTMS-based 
language mapping to DCS-based language mapping using rTMS-based fiber tracking. Ideally, 
increased sensitivity and PPV would allow for positive mapping. Further, negative mapping 
would have been improved given increased specificity and NPV. This study also aimed to 
evaluate possible differences in ROC based on different EC as well as CrS and TC.  
At first, rTMS-based results were compared to DCS-based results, differentiated per EC, TC 
and CrS. This examination found anterior regions to be better suited for positive mapping, 
although still suffering from low PPV values with posterior regions better suited for negative 
mapping. ROC sums were superior for negative mapping. In negative mapping, no significant 
deviation of ROC sums was found between different EC, while higher ERT (30 - 50% ERT) 
consistently yielded better results. In contrast, positive mapping ROC values were more 
distinctively spread. Best results were achieved for the EC AE while PE yielded the lowest 
positive ROC sums (AE: 156%; PE: 111%). Further, positive mapping contributed from lower 
ERT (0 - 5% ERT). AE and AEWH are the most favourable ECs for a positive mapping, 
whereas positive mapping was least accurate based on PE. Among the three EC in focus of 
this study, namely HE, PE and NRE - NRE (sum 134%) followed by HE (sum 126%) 
outperformed PE. These findings indicate that TC and EC should be adapted based on the 
goal of either a positive or negative mapping, based on this study. 
This analysis was complemented by ROC curves and the statistical factors YI and BI to 
evaluate the method’s ROC without distinction for positive or negative mapping. Combined, 
these measures identified the CrS postR, the EC AE and the TC 20% ERT as ideal 
combination. When only regarding the BI, postR again yielded best results, paired with a low 
ERT (0% ERT) and based on the EC PE (1.14). This combination’s YI was 0.26, the third 
highest YI only surpassed by the first mentioned combination of AE, postR and 20% ERT as 

well as HE, postR and 15% ERT (both YI = 29). Fittingly, posterior regions outperformed 
anterior regions in the comparison rTMS vs. DCS based on YI and BI. Worst results were 
attained using antR and NRE. Overall, the accordance of rTMS-based language mapping to 
DCS-based language mapping was low. YI ranged from −0.21 to 0.29, the BI ranged from 0.00 
and 1.14.  
The second part of the analysis compared language mapping results derived from rTMS-based 
DTI FT to DCS-based language mapping. Intriguingly, the incorporation of DTI FT lead to a 
slight improvement of the ROC. The analysis yielded more YI values above zero, higher mean 
YI and higher BBI and best YI. Further, BI (0.00 - 1.37) and YI (-0.30 - 0.44) ranged towards 
higher values. Yet, accordance to DCS is still afflicted by the occurrence of values far below 
the possible maximum. The addition of DTI FT further increased sensitivity for the EC HE, NRE 
and PE. Interestingly, this did not influence the results of AE and AEWH. Regarding negative 
mapping, no clear improvement of ROC was achieved. Aside of singular deviations, best 
results for positive mapping were again found for mapping of the anterior CPS regions 
combined with a FAT of 25% and an MFL of 40 mm. In the case of negative mapping, best 
results were again achieved by mapping of the posterior CPS regions using a 100 mm MFL 
and 100% FAT. 
Again, regarding BI and YI values, using 40 mm MFL with 75% or 100% FAT obtained together 
seven BBIs and best YIs in the comparison DTI FT vs. DCS, albeit i.a. not including the highest 
BBI (HE). Across allR, irrespective of the EC, BI and YI favoured the usage of 40 mm MFL and 
100% FAT. Tracking with this combination yielded further the highest YI for the EC AE 
independent of the analysed CrS. This combination of a high FAT and low MFL balances the 
above described ideal combinations for a positive (low FAT, low MFL) and negative (high FAT, 
high MFL) mapping. Due to a decrease in specificity, comparable, albeit slightly inferior results 
were achieved using low FAT and high MFL values. When comparing DTI FT vs. DCS per EC, 
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no clear distinction could be found for either CrS based on YI and BI for AE and AEWH. When 
regarding PE and HE, postR yielded higher YImean CrS. Opposingly, mapping for NRE yielded 
higher YImean CrS over antR. Summing up, including DTI FT based on rTMS language mapping 
spots in the comparison to DCS slightly improved ROC characteristics.  
Finally, the results of the aforementioned comparisons were checked against each other, 
including concurrent findings of language positivity or negativity (rTMS vs. DCS + DTI FT vs. 
DCS = (rTMS + DTI FT) vs. DCS). This combination lead to a clear impairment of the ROC 
across all AC. Possible underlying reasons and potential solutions are discussed in the 
following. Doing so, previously used standards are also being queried. 

4.2. Favourites in respect of CrS in the comparison rTMS vs. DCS 

The superiority of posterior regions for negative mapping as well as for BI and YI found in this 
study is particularly interesting, as previous studies found anterior regions more reliable and 
scoring better when compared to DCS (Picht et al., 2013; Sollmann et al., 2013a; Krieg et al., 
2014a; Krieg et al., 2014b).  
One difference to these studies is the PTI of 0 ms instead of 300 ms that was used in 50% of 
this study’s patients. Other authors already outlined the superiority of a PTI of 0 ms (Krieg et 
al., 2014b; Ille et al., 2015b). Sollmann et al. stated in 2013 that due to the early activation of 
the posterior regions including the perceptive Wernicke’s and Geschwind’s area during 
language processing (Indefrey, 2011; Schuhmann et al., 2012), a PTI of 300 ms would be too 
late to properly interrupt the language process of those areas (Sollmann et al., 2013a). Fittingly, 
Krieg et al. found a PTI reduction to 0 ms to mainly improve NPV, PPV and specificity in the 
posterior regions, while the change in PTI only lead to an increase in specificity over anterior 
regions (Krieg et al., 2014b). Yet, Krieg et al. still found antR to outperform postR in their study. 
Hence, further underlying mechanisms can be assumed to underly the dominance of postR 
found in this doctoral thesis. It should be noted that the outperformance of postR was most 
distinct for the EC HE. HE also accounts for the largest single subelement of EC, only 
surpassed by the grouped EC AE and AEWH. HE’s influence could be decisive. Yet, AEWH 
also found superior ROC for posterior regions, albeit less pronounced compared to AE. 
Another possible factor could be the higher number of surgical exposures of the anterior areas. 
This would also influence the findings for positive mapping. 
Finally, it must be stated that the different results for posterior and anterior regions compared 
to other studies may also be influenced by different definitions of anterior and posterior CPS 
sectors. 

4.3. Comparison of rTMS vs. DCS results to present findings 

As initial efficiency in this doctoral thesis the comparison rTMS vs. DCS was carried out. This 
study extended the comparison of language mapping results gained by rTMS to DCS by 
several EC. This has not been done in the comparisons between rTMS and DCS to date (Picht 
et al., 2013; Tarapore et al., 2013; Krieg et al., 2014a; Krieg et al., 2014b; Ille et al., 2015a; Ille 
et al., 2015b; Babajani-Feremi et al., 2016; Sollmann et al., 2016b; Sollmann et al., 2017a; 
Lehtinen et al., 2018; Jung et al., 2019; Bahrend et al., 2020; Freigang et al., 2020; Motomura 
et al., 2020).  
When not applying a TC (= ERT of 0%), the resultant ROC values make a positive mapping 
impractical. Only anterior regions showed a degree of applicability for positive mapping, 
especially when based on the EC AE and AEWH (NRE: PPV 54%, sensitivity 80%; AEWH: 
PPV 53%, sensitivity 96%; AE: PPV 53%, sensitivity 100%). Despite good NPV (maximum 
NPV for AEWH + postR: 92%), negative mapping appear infeasible as well due to low 
specificity (highest specificity for PE + postR: 69%; for AEWH + postR: 31%). This combination 
of high NPV and high sensitivity paired with a loss of PPV and specificity resultant from 0% 
ERT, hence no error threshold, is in line with prior findings (Picht et al., 2013; Tarapore et al., 
2013; Krieg et al., 2014a; Ille et al., 2015b; Sollmann et al., 2017a).  
Research done by Ille et al. found high ERT to enable for negative language mapping for AE 
+ allR with a high NPV and specificity, but with a loss of PPV and sensitivity. Again, this doctoral 
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thesis was able to repeat these findings. Fittingly, Ille et al. also used PTI of 0 and 300ms, 
generating almost identical ROC values (50% ERT, AE, allR for both studies: this doctoral 
thesis - NPV 74%, specificity 90%; Ille et al. - NPV 73%, specificity 96%). Further, this thesis, 
in line with Ille et al. found no satisfying increase in sensitivity and PPV through the addition of 
TC. Ille et al. achieved best ROC values for positive mapping and 0 ms PTI by applying the 
following TC: ERT of 15%, 20%, 25% or the 2-out-of-3 rule. These combinations were identified 
based on the greater ROC balance and a maximum PPV. Conversion of these results into BI 
and YI yield the following values (Ille et al., 2015b):  
 - 2-out-of-3 rule: BI 1.12 & YI 0.47  - 15% ERT:  BI 0.84 & YI 0.33  - 20% ERT:  BI 1.26 & YI 0.36  - 25% ERT:  BI 1.10 & YI 0.24  

Ille et al.’s results exceed comparative results of this thesis (AE + allR, listed below in 
parentheses alongside). Yet, ROC values gained in this thesis include both PTI (0 and 300 
ms). As stated above, the inclusion of 300 ms PTI has been found to reduce ROC especially 
for negative mapping. The following lists YI and BI values gained from Ille et al.’s dataset 
including both PTI (300 ms + 0 ms) with this thesis’ findings added in parenthesis alongside: 
 - 2-out-of-3 rule: BI 0.98 & YI 0.16 (BI 1.02 & YI 0.19) - 15% ERT:  BI 0.86 & YI 0.06 (BI 0.95 & YI 0.11) - 20% ERT:  BI 0.94 & YI 0.05 (BI 1.02 & YI 0.15) - 25% ERT:  BI 0.80 & YI 0.07 (BI 0.68 & YI 0.04) 

Mimicking Ille et al.’s results, who reached a maximum PPV of 30%, this study achieved a PPV 
of 33% as a maximum for those four TC, allR + AE. A subdivision into EC and CrS was not 
carried out by Ille et al. 
Krieg et al. also applied a PTI of 0 ms instead of 300 ms in 2014 (Krieg et al., 2014b). Further, 
this group was stimulated with a pulse train of 10 instead of 5, at a reduced IPI of 2.5 instead 
of 3.0 seconds and with an introductory sentence in the naming of the objects (“This is…”). 
Compared to the 300 ms control group, this group performed significantly better regarding the 
PPV (allR: 53% to 39%) and NPV (allR: 97% to 81%). Furthermore, specificity was significantly 
increased both anterior and posterior (allR: 79% to 26%). Krieg et al.’s results surpass this 
thesis’ ROC even when combining Krieg et al.’s control and intervention group (0% ERT + AE 
+ allR, 0 + 300 ms PTI, Krieg et al.’s findings – specificity 41%, PPV 41%) (Krieg et al., 2014b). 
This difference might stem from modification of the other 3 parameters. Moreover, Tarapore 
et al. could achieve significantly better ROC (sensitivity 90%, PPV 69%, specificity 98%, NPV 
99%). This difference is mainly seen in the context of a different cortical subdivision system as 
the CPS and is further discussed in section 4.6.3 on page 61 (Tarapore et al., 2013). 
Compared to DCS, rTMS-based language mapping could achieve ROC values comparable to 
prior findings (Picht et al., 2013; Ille et al., 2015b), while not surpassing other studies’ outcomes 
that were achieved using further differing protocols (Tarapore et al., 2013; Krieg et al., 2014b). 
This dissertation could further confirm the feasibility of ERT and the 2-out-of-3 rule as a simple 
method to refine mapping for a positive or negative mapping (Sollmann et al., 2016b; Sollmann 
et al., 2017a). Moreover, this doctoral thesis extended pre-existing analyses by subdividing 
results for several EC, which so far has not been done. Doing so, a significant influence of 
different EC on the ROC of language mapping could be demonstrated for the first time.  
In Table 14 best ROC achieved by already published comparative studies on language rTMS 
to DCS were listed and further transferred into YI, BI as well as positive and negative sums. 
Krieg et al. and Tarapore et al. clearly surpassed this thesis’ findings even including the 
superior DTI FT vs. DCS results. This holds particularly true for superior sensitivity and NPV. 
Further, comparatively high specificity and PPV could be achieved. This is reflected by the 
corresponding superior BI and YI values as well as high positive and negative sums (Tarapore 
et al., 2013; Krieg et al., 2014b). Still, positive sums published never exceeded 160% 
(Motomura et al., 2020).  
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4.4. Methodical explanations for the impairment of ROC by (rTMS + 

DTI FT) vs. DCS 

One possible reason for the inferior results of the final analysis might lie in fiber tracking being 
conducted only with rTMS+ stimulation sites, rendering this analysis much more vulnerable to 
false-positive or false-negative results. Yet, a fiber tracking based on rTMS- points, i.e. non-
language-eloquent areas, does not depict language-related fibers and hence would not fit the 
underlying research question.  
Anatomical-based fiber tracking could constitute an alternative. However, anatomical ROIs did 
not show satisfactory results in the context of preoperative planning, due to distorted anatomy 
(Nimsky et al., 2006; Schonberg et al., 2006; Robles et al., 2008) and a high degree of 
examiner dependency (Wakana et al., 2007; Catani et al., 2008). Further, anatomic measure 
lack adaptation to the hodotopical model and neuroplasticity (Robles et al., 2008; Duffau, 
2014c; Southwell et al., 2016). Yet, as the comparison (rTMS + DTI FT) vs. DCS is a new 
approach introduced in this dissertation, DTI FT vs. DCS based on anatomical ROIs has not 
been performed so far.  
Another possible explanation for the findings regarding (rTMS + DTI FT) vs. DCS could base 
on the strict definition of the four fractions TP, TN, FP and FN. Instead of exploiting the 
strengths of each method to compensate for the other method’s respective weaknesses, each 
method’s positive and negative results were treated to be equivalent. A future refinement of 
this method should pay respect to the specific advantages and shortcomings of either 
technique, as well as their specific ROC. Doing so, Ille et al. successfully combined the high 
specificity of fMRI with the high NPV and sensitivity of rTMS (Ille et al., 2015b). To ensure a 
similar experimental setup, the advantages of nTMS-based DTI FT need to be further 
investigated. 
 
 
 

Table 14 Publications’ best ROC comparing rTMS with DCS (extended representation based on a review by 
Jeltema et al. (2020)): Highest results were shadowed green, lowest red. Corresponding BI, YI, positive and 
negative sums were further calculated, values tagged and underlined green if exceeding this dissertation’s findings 
including DTI FT vs. DCS (BI > 1.37; YI > 0.44; positive sum > 156%, negative sum > 185%). Publication sensitivity [%] specificity [%] PPV [%] NPV [%] BI YI positive sum [%] negative sum [%]Picht et al., 2013allR 90% 24% 36% 84% 0.48 0.14 126% 108%antR (Broca's area) 100% 13% 57% 100% 0.26 0.13 157% 113%Tarapore et al., 2013 90% 98% 69% 99% 1.80 0.88 159% 197%Krieg et al., 2014a 10% 89% 17% 82% 0.20 -0.01 27% 171%Krieg et al., 2014ballR, PTI 0 ms 90% 79% 53% 97% 1.58 0.69 143% 176%antR, PTI 0 ms 100% 67% 55% 100% 1.34 0.67 155% 167%postR, PTI 0 ms 75% 92% 75% 92% 1.50 0.67 150% 184%Ille et al., 2015a 67% 49% 34% 79% 0.98 0.16 101% 128%Ille et al., 2015b 97% 15% 34% 91% 0.30 0.12 131% 106%Babajani-Feremi et al., 2016 67% 66% 24% 95% 1.32 0.33 91% 161%Sollmann et al., 2017bno ERT 93% 13% 27% 84% 0.27 0.06 120% 98%2-out-of-3 rule 68% 51% 32% 82% 1.02 0.19 101% 133%

≥ 20% ERT 51% 64% 33% 79% 1.02 0.15 84% 144%Jung et al., 2018 63% 67% 55% 74% 1.26 0.30 118% 141%Lehtinen et al., 2018 68% 76% 27% 95% 1.36 0.44 95% 171%Motomura et al., 2020 82% 60% 79% 64% 1.19 0.41 160% 124%Bahrend et al., 2020 35% 90% 16% 96% 0.70 0.25 51% 186%
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4.5. Evaluation of results regarding certain aspects of the 

respective methods 

4.5.1. Possible reasons for the low number of and missing DCS+ results 

4.5.1.1. Regarding the methodical approach 

Using rTMS, language-positive areas were found in every subject. Yet, two subjects did not 
show DCS+ sites despite exposure and stimulation of the traditionally language-related areas 
(Figure 28 on page 41). Further, in spite of the known wide cortical spread of language function, 
only few DCS+ areas could be identified in the other patients. Again, these findings mirror prior 
studies (Krieg et al., 2014b). One possible underlying reason might lie in restricted stimulation 
intensities due to early EcOG signalling not achieving sufficient intensities to provoke language 
impairment. Fittingly, especially tumor infiltration of cortical areas as well as pre-existing 
neurologic deficits were found to lead to higher stimulation intensities required for language 
mapping (Szelenyi et al., 2010; Saito et al., 2018). DCS stimulation intensities per patient were 
not recorded in this study. Further, stimulation intensity depended on the surgeon’s subjective 
assessment of language performance and can therefore be assumed to vary between different 
surgeons. These uncertainties could be addressed via the assessment of language function 
by an independent language specialist or neuropsychologist, as it is meanwhile recommended 
for rTMS (Krieg et al., 2017).  
This doctoral thesis was based on a negative intraoperative mapping. This common technique 
reduces craniotomy size, as craniotomy is done based on the site and size of the tumor mass 
and not on the possible localization of language-positive areas (Sanai et al., 2008c; Sollmann 
et al., 2015b; Saito et al., 2018). The tailored craniotomy leads to less associated tissue 
damage and time saving during ISM (Sanai et al., 2008c; Hervey-Jumper et al., 2015; 
Sollmann et al., 2015b; Hendrix et al., 2017; Saito et al., 2018). Further, the reduced 
craniotomy size might reduce postoperative morbidity due to reduced e.g. pain, bleeding, 
scarring area, wound complications and post-craniotomy headache (Hardavella et al., 2005; 
Arjipour et al., 2015; Rocha-Filho, 2015). This is reflected by the shorter surgery time and 
inpatient stay as well as improved short-term language performance (Hendrix et al., 2017). 
Yet, the smaller craniotomy could have reduced exposure of individual language-positive areas 
to DCS. For scientific purposes, a positive language mapping might be more informative. Yet, 
this method was found to increase the risk of postoperative early neurologic disorders while 
no difference in the long-term follow up was found (Kim et al., 2009; Chacko et al., 2013; Trinh 
et al., 2013). In theory, perisylvian tumors could also have impaired language function to a 
degree, where no more function could be deduced. Yet, this is highly unlikely, as normal 
language function was an inclusion criterion. Rather, plasticity might have relocated DCS+ 
areas outside the craniotomy border, leaving less rTMS+ sites in the surgical exposed areas 
(Duffau, 2006; Robles et al., 2008; Krieg et al., 2013b; Duffau, 2014c; Rosler et al., 2014; 
Southwell et al., 2016).  

4.5.1.2. Questioning the ground truth 

Insufficiency of the gold standard of DCS states another possibility to explain this and further 
studies’ results. This would fit the assumption of an increased sensitivity in rTMS-based 
language mapping, detecting additional at least language-involved areas.  
The current status of DCS as gold standard is supported by long-time data of intraoperative 
mapping (Ojemann et al., 1978; Ojemann et al., 1989; Haglund et al., 1994; Sanai et al., 2008a; 
Corina et al., 2010), meta studies, albeit randomised studies are lacking, (De Witt Hamer et 
al., 2012) and recurring findings of at least temporary language deficits after removal of DCS+ 
regions in the majority of cases (Duffau, 2006; Robles et al., 2008; Gil-Robles et al., 2010; 
Martino et al., 2011). Yet, two reports found the existence of multiple DCS+ regions to reduce 
the likeliness of long-term deficits following resection of one of these regions (Duffau, 2006; 
Robles et al., 2008). Yet, similar observations were made regarding the resection of rTMS+ 
but DCS- sites, again showing transient but not persistent deficits (Krieg et al., 2014a). In both 
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cases, the induced plasticity could have regained lost language function. Furthermore, 
postoperative oedema and hypoperfusion must be discussed as possible alternative reasons 
for transient deficits (Duffau, 2006; Robles et al., 2008; Gil-Robles et al., 2010; Martino et al., 
2011; Picht et al., 2013). The fact that in 2013, amid the data collecting process of this study, 
the rate of permanent neurologic morbidity after surgery of language-eloquent tumors still 
ranged between 3.2% and 20% indicates that DCS is not infallible (Tarapore et al., 2013). Yet, 
these deficits might also be due to other perioperative complications such as ischemia or injury 
to subcortical structures (Petrovich Brennan et al., 2007). Still, as already stated by Sollmann 
et al., DCS doesn’t provide absolute reproducibility, which is reflected by the defined cut-off of 
66% needed for DCS positivity (Sollmann et al., 2013a). Moreover, Gonen et al. (2017) found 
simultaneously applied multi-sided DCS stimulations to yield additional DCS+ sites in 73% of 
the patients. This might reflect a more detailed insight of language processing.  
Further, the higher language error detection rate in rTMS could be due to the video recording 
and its consecutive more precise offline analysis of language errors. In 2016, resection based 
on a negative language mapping by rTMS and rTMS-based DTI FT was carried out on four 
patients who couldn’t undergo awake surgery with DCS. In these cases, an optimal functional 
outcome and EOR could be achieved (Ille et al., 2016). A further advantage of rTMS is the less 
stressful setting for the patient, reducing the occurrence of errors due to a lack of concentration 
(Ille et al., 2015b). Further, the influence of perioperatively applied sedative drugs on the 
patient’s performance should be considered as possible confounder. Yet a lack of 
concentration during DCS would rather lead to false DCS+ results, which does not fit to the 
overall low number of DCS+ regions.  
Summing up, DCS still holds the status of a gold standard for cortical language mapping, but 
several upcoming findings demonstrate specific advantages of rTMS that need to be further 
examined systematically to establish e.g. a superior degree of sensitivity in rTMS-based 
language mapping. 

4.5.2. Possible biased detection of language errors by rTMS 

4.5.2.1. Possible confounders on error counts 

The high standard deviation of number of errors by rTMS for each EC (Figure 24 on page 37) 
could well be explained by the high variance of interindividual language distribution even 
across the two hemispheres (Sanai et al., 2008c). This analysis further found the number of 
errors per patient and per CPS region to correlate to the amount of applied rTMS trials per 
CPS region. Adhering to the non-standardized protocol at that time (see 4.5.2.2), not all CPS 
regions were stimulated equally often, illustrated by the high variability of rTMS stimuli (378.8 
± 135.3). This confounder likely impacts ROC results, especially regarding the used TC, i.e. 
ERT and 2-out-of-3 rule. Interestingly, the individual pain level, commonly thought to cause 
misinterpretations or language errors due to deceasing patient concentration, especially in the 
regions below the temporal muscle was found irrelevant to this issue in this study (Tarapore et 
al., 2013; Krieg et al., 2017). Also, this study found no correlation between mapping intensity 
and patient’s pain level, differing from prior findings showing a subjective decline in pain level 
by reduced rTMS intensities (Rossi et al., 2009; Tarapore et al., 2013; Sollmann et al., 2015c). 
Mapping intensity itself did not correlate to error count either. Prior findings by Hauck et al. 
(2015) further found no correlation between the number of rTMS errors and a patient’s general 
language performance depicted by the quality of the baseline performance.  

4.5.2.2. User-dependent lack of standardization 

As this study was done in the course of clinical practice, language mappings were performed 
by different investigators. This leads to the question whether inter-observer variance 
significantly influences the results of rTMS language mapping. A study by Sollmann et al. 
(2013a) published during the time of data collection found both inter- and intra-observer 
variability to significantly decrease this diagnostic method’s reliability. This study included three 
sequential mappings of healthy subjects. A possible confounder of said study could consist of 
changes in language function distribution due to neuroplasticity which was shown to occur 
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even over short timespans (Pascual-Leone et al., 1995; Ungerleider et al., 2002; Draganski et 
al., 2006; Sollmann et al., 2013a). Yet, this effect was not done during sequential mapping of 
the motor area using single-pulse nTMS (Sollmann et al., 2013b; Forster et al., 2014).  
To improve rTMS reliability for language mapping, a standard protocol introduced in 2017 by 
Krieg et al. recommends a random rTMS stimulation pattern, covering the perisylvian cortex 
at approximately 10 mm intervals (Krieg et al., 2017). A similar strategy was used for 90% of 
the patients in this study. Still, some CPS regions were particularly high frequented, while 
others were neglected. As stated above, these differences in the number of applied stimulation 
trials are likely to influence the number of errors. 10% of study subjects were stimulated 
adhering to a newly introduced guiding template (Figure 16 on page 24). This template 
simplified allocation of stimulation sites to CPS regions and stipulated the number of 
stimulations in each CPS region. A standardization of stimulation patterns, which is especially 
important in comparison studies, is hence possible. However, this template may result in a 
fixed pattern regarding the order of stimulated CPS regions, the effect of which cannot yet be 
foreseen.  
Furthermore, inter-observer variance can also influence the user-dependent offline analysis of 
the produced language errors and hence weaken the methods reliability, i.e. the number of 
errors as well as the assigned error categories. This is further outlined in section 4.7.5 on page 
66. 

4.5.2.3. Lack of standardization regarding stimulation parameters 

Since this dissertation’s data collection period was 3 years, new study results led to changes 
in the respective rTMS protocols during the course of data collection. Hence, a certain lack of 
standardization occurred.  
In 2013 Tarapore et al. warned against fast and non-systematic changes of the rTMS 
parameters, e.g. stimulation frequency, number of pulses or PTI, recommending a more 
systematic approach (Tarapore et al., 2013). First, different stimulation intensities as used in 
this doctoral thesis (80% to 122% RMT) can influence the depth of neuronal activation. 
Activation can hence occur cortically, subcortically and even outside the neuronal structures. 
Stimulation intensity exceeded 120% in three cases. Stimulating at this intensity is considered 
to stimulate deeper than 2 cm beneath the scalp and hence more likely to influence subcortical 
nerve fibers (Roth et al., 2002; Rossi et al., 2009). Further, the moment of disturbance within 
language processing is crucial. While previously a PTI of 200 - 500 ms was considered 
promising, leading to the widespread usage of a PTI of 300 ms (Indefrey et al., 2004; Brennan 
et al., 2012; Krieg et al., 2013b; Sollmann et al., 2013a), recent studies found a PTI of 0 ms to 
reduce the rate of false-positive rTMS results, increasing the rate of true-negative results. 
Therefore, a PTI of 0 ms is currently recommended for a negative mapping (Indefrey, 2011; 
Picht et al., 2013; Krieg et al., 2014b; Sollmann et al., 2017a). Stimulation frequency and 
number of pulses further varied over the data acquisition timespan of this study, as can be 
seen in Table 1 on page 23.  
Adhering to the standard protocol by Krieg et al. (2017), the following default parameters 
should to date be chosen: IPI 2500 ms, PPT 700 ms, PTI 0 ms, intensity 100% RMT, frequency 
and number of pulses 5 Hz/5 pulses.  

4.5.3. Possible insufficiency of fiber displaying by rTMS-based DTI FT 

4.5.3.1. TC combinations 

Insufficient fiber depiction may underly the unsuccessful identification of language-eloquent 
CPS regions by means of linking the number of fibers originating from one rTMS+ site to its 
functional relevance. Although the user-dependend process of individual FA definition was 
acounted for by the FAT (Frey et al., 2012; Abdullah et al., 2013), a possible influence of the 
number of rTMS+ spots on the individual FAT, distorting both the functional representation of 
fibers and the utility of the FAT as a TC parameter, remained possible. Yet, this dissertation 
found no correlation to support this consideration.  
As expected, main factors to influence fiber count were the TC MFL and FAT following a certain 
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pattern (Table 6 on page 40). As nTMS-based DTI FT is a relatively new concept, the correct 
combination of these parameters still needs to be assessed in detail. Different combinations 
of FAT and MFL might appear most effective for the representation of certain language fiber 
tracts. This could be due to each tract’s different fiber length and amount of fibers. AF and SLF 
are considered to be particularly significant language fiber tracts. Fittingly, damage to those 
tracts has a high risk of postoperative loss of function (Duffau et al., 2002; Bernal et al., 2009). 
Intriguingly, these two fiber tracts could best be depicted combining high MFL and low FAT for 
nTMS-based DTI FT (Negwer et al., 2017). Another recent study found an inverted correlation 
between the number of errors during language mapping and the percentage of visualization of 
language-related fiber tracts (Negwer, 2017). While these findings couldn’t be reproduced by 
this dissertation, it is important to note that the underlying protocol differed decisively. This 
dissertation was based on comparing DTI FT to DCS, while Negwer focussed on optimal fiber 
tract depiction.  

4.5.3.2. Biological influences  

Diffusion is influenced by cellular and microstructural modification of the brain tissue. Higher 
myelinisation and higher cell density both increase anisotropy. Hence, the natural process of 
aging already changes the cerebral diffusion process due to the loss of myelin sheaths and 
cell mass (Alexander et al., 2007).  
To date, the second largest clinical application of DTI FT is the presurgical depiction of white 
matter in tumor patients (Witwer et al., 2002; Jellison et al., 2004; Lazar et al., 2006; Alexander 
et al., 2007). Necrosis, edema, brain shift and displacement as well as invasion of tracts are 
typical tumor-related brain tissue pathologies that influence tractography (Lu et al., 2004; 
Alexander et al., 2007; Duffau, 2014a). Necrosis results in a loss of cell mass. This declining 
cell density is accompanied by declining anisotropy (Alexander et al., 2007). Diffusion levels 
are further affected by tumor type due to different inherit tissue architectures (Guo et al., 2002; 
Beppu et al., 2003; Alexander et al., 2007).  
Each of these factors can falsify fiber representation. This issue was already outlined in an 
earlier comparison between DTI FT, conducted with anatomical ROIs, and fMRI results. This 
comparison found functional fibers traversing through or near a tumor to be less detectable. 
This effect was particularly distinct for language-related fibers and less distinct for sensorimotor 
fibers (Leclercq et al., 2010; Spena et al., 2010). Interestingly, a subgroup analysis of study on 
language nTMS-based DTI FT by Negwer in 2017 found no significant difference in the NoF 
between low-grade and high-grade gliomas (Negwer, 2017). 

4.5.3.3. Methodical approach 

Another possible confounder for language fiber pathway depiction is the experimental 
introduction of rims around the rTMS+ points in ROI generation (Negwer et al., 2017). This 
approach bases on the theory that rTMS+ spots correspond to regions rather than points 
(Tarapore et al., 2013). This artificial extension of rTMS+ sites might have hindered specificity 
in this study. Furthermore, the anatomically derived CPS ROIs introduced in this study can 
lead to an unavoidable subjective influence by the user. Further examination of these possible 
effects using adapted protocols is required.  
A general limitation of rTMS itself seems to lie in the fact that cortical language positivity is 
often due to language-involved short-distance fibers, which are not considered to be eloquent 
in the strict sense. These fibers serve general cognitive processing of information. The high 
NoF by means of rTMS-based DTI FT may be stem from these short-range corticocortical 
fibers (Sollmann et al., 2016b). Other methods enabling for function-based DTI FT, include 
fMRI or MEG. While MEG is a comparatively rare and expensive technology, fMRI suffers from 
a decline in accuracy due to changed oxygen levels e.g. in peritumorous tissues (Kuchcinski 
et al., 2015). Thus, all methods of fiber depiction can be assumed to suffer from specific 
technical disadvantages. Further refinement and possible combination of those techniques 
might lead to an improvement of DTI FT quality. 
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4.5.3.4. Mechanical MRI DTI aspects 

The quality of DTI depends on the quality of the diffusion data taken from DWI. Like all MRI 
techniques, DWI inherits possible technical biases including thermal and physiologic image 
noises or different artefacts (e.g. head motion, eddy currents, air-tissue-boundary etc.) 
(Pierpaoli et al., 1996; Basser et al., 2000a; Alexander et al., 2001; Skare et al., 2001). In this 
thesis, DWI was conducted using a 3-Tesla MRI scanner. Ideally, the signal-to-noise ratio as 
well as the contrast-to-noise ratio could have been improved using a higher field strength, e.g. 
7-Tesla (Laader et al., 2017). However this would have increased the susceptibility for motion 
artefacts, occurrence of eddy currents as well as the resulting degree of image distortion 
(Norris, 2001), which would have to be corrected using parallel imaging techniques and field 
strength maps (Jezzard et al., 1995; Alexander et al., 2006; Lee et al., 2009).  
B-values commonly range between 700 and 1300 s/mm² (Alexander et al., 2007). As 
recommended, this thesis employed more than one b-value to improve data quality. In this 
case, 0 and 800 s/mm2 were chosen (Jones, 2004; Correia et al., 2009; Lee et al., 2009). 
Grover et al. suggest utilizing more than two b-values, if compatible with the scanning time 
(Grover et al., 2015). Yet, longer scanning time may lead to an increase of motion artefacts 
due to a higher risk of patient discomfort (Jones et al., 2011).  
Seeing as data collection was begun in 2011, a technical limitation of this study is the low count 
of initially only six encoding DTI directions (Basser et al., 2002; Grover et al., 2015). In general, 
higher numbers of non-collinear directions lower the variability of DTI parameters and hence 
improve imaging. Yet, scanning time increases as well (Basser et al., 1994a, 1994b; Jones, 
2004; Correia et al., 2009; Lee et al., 2009; Potgieser et al., 2014). Although still not 
standardized, neurosurgical routine diagnostics to date include 15 or 32 directions by default. 
Grover et al. (2015) recommended a minimum of 20 directions to counteract image noise and 
thereby achieve more reliable DTI data, whereas Alexander et al. (2007) even recommended 
64 directions. Moreover, excessively large voxel sizes lead to misinterpretation in overlapping 
areas, especially at tissue borders (e.g. white matter and CSF). Downsizing could be achieved 
using either higher field strengths or a more sensitive receiving radiofrequency MRI coil 
(Alexander et al., 2001; Alexander et al., 2007).  
As long as fiber tractography bases on a deterministic approach with a diffusion tensor, even 
these adjustments cannot eliminate the unavoidable distorted display of crossing or kissing 
fibers (Berman et al., 2007). Even a one millimetre-sized voxel contains thousands of axons, 
each with a specific possible inherent orientation (Potgieser et al., 2014). Yet, only one PEV is 
determined. Further, these crossing or kissing fibers lower fractional anisotropy values and are 
thought to be the main reason for the large and in part confounding fractional anisotropy scale 
of 0.1 to 1.0 in white matter tissue (Alexander et al., 2001; Frank, 2001; Alexander et al., 2007). 
Also, the mathematical construct underlying the diffusion tensor itself is not entirely exact, as 
it contains various statistical methods (Burgel et al., 2009). Alternative algorithms including 
deterministic and probabilistic fiber tracking approaches exist and may lead to a future 
improvement of DTI FT quality (Staempfli et al., 2006; Farquharson et al., 2013; Kuhnt et al., 
2013). Probabilistic concepts use stochastic models to estimate the distribution of fiber 
orientations in one voxel. This would enable for the depiction of more than just one fiber 
direction and reduce uncertainty in data or halts (Hess et al., 2006; Behrens et al., 2007; 
Berman et al., 2008; Farquharson et al., 2013; Sarwar et al., 2019). Yet, probabilistic fiber 
tracking is computationally expensive and very time-consuming, while the outcome is still not 
necessarily congruent to real anatomy (Alexander et al., 2007; Potgieser et al., 2014). 
Moreover, it was not possible to use other models than the diffusion tensor model to support 
intraoperative neuronavigation at the beginning of this study (Potgieser et al., 2014; Sarwar et 
al., 2019). Also DTI FT based on the diffusion tensor model was found to show good 
congruency to real-tissue dissection of white matter tract atlases (Lawes et al., 2008; 
Verhoeven et al., 2010; Thiebaut de Schotten et al., 2011) and to be able to depict anatomical 
tracts such as the AF or IFOF (Catani et al., 2002; Mori et al., 2002a; Jellison et al., 2004; 
Wakana et al., 2004; Alexander et al., 2007). 
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4.6. Limited comparability to ISM 

4.6.1.  Anatomic changes and technical aspects 

One possible reason for inaccuracies in the comparison of rTMS results to DCS relates brain 
shift induced by durotomy and surgical resection (Hastreiter et al., 2004; Suess et al., 2007). 
Brain shift is particularly striking in malignant tumors, where it can lead to a shift exceeding 5 
mm (Suess et al., 2001; Shahar et al., 2014). Further, depending on the growth rate of the 
tumor and time period between preoperative mapping and surgery, the underlying anatomic 
conditions can change. Surgery and preoperative planning should therefore be timed as 
closely together as possible. Yet, these are general limitations affecting the comparison to all 
preoperative mapping methods. These limitations can further be counteracted by additional 
macroscopic anatomical correction by the surgeon itself, e.g. via orientation on the pial veins 
and photographic documentation during ISM for correct CPS region assignment (Krieg et al., 
2013a; Tarapore et al., 2013). Intraoperative technical orientation aids, such as ultrasound or 
iMRI with or without intraoperative DTI are further helpful at reducing these hindrances (Kuhnt 
et al., 2012). Still, corrective iMRI imaging is not yet part of clinical routine (Barbosa et al., 
2015; Sastry et al., 2017).  
Despite the general technical progress, avoidable and unavoidable inaccuracies in the 
underlying technologies can still lead to a significant distortion of the results. Co-registration 
during nTMS alone has a tolerance limit of 2 - 3 mm. Adding the tolerance limit of the 
intraoperative co-registration (again 2 - 3 mm) yields a technical possible variance of about 5 
mm, not including perioperative brain shifts (Hastreiter et al., 2004; Suess et al., 2007; 
Tarapore et al., 2013). Such inaccuracies could already impair e.g. assignment of certain 
stimuli to different CPS regions in the comparison of rTMS to DCS.  
While both mapping methods evaluate language function based on similar electrophysiologic 
considerations, it has not yet been conclusively clarified whether or not rTMS unlike DCS also 
stimulates subcortical structures, i.e. fibers (Szelenyi et al., 2010; Tarapore et al., 2013; Duffau 
et al., 2014). Yet, nTMS has already been found to stimulate deeper cortical areas such as 
those located in the sulci (Klooster et al., 2016). nTMS stimulation can reach as deep as 4 cm. 
Yet, a targeted excitation of subcortical structures is not possible due to a significant loss of 
focus with increasing depth (Deng et al., 2013). Hence, if subcortical structures, i.e. nerve 
fibers, were to be stimulated by nTMS, this stimulation would be distributed over a larger area 
with less focus. Common stimulation depth is 1.5 - 3.0 cm depending on the applied stimulation 
intensity (Roth et al., 2002; Roth et al., 2007; Rossi et al., 2009).  

4.6.2. Variable number of CPS regions to compare with 

One of the main advantages of preoperative planning is the decrease in craniotomy size in 
tumor surgery (Picht et al., 2013). However, the smaller surgical access site may further 
aggravate a pre-existing methodological problem that is innate in all comparative studies to 
DCS. Due to invasiveness and time management, only the areas exposed during surgery can 
be mapped and therefore compared. Craniotomy size and location is mainly influenced by 
tumor location and spatial extent. In this thesis 9 ± 3 of total 37 CPS regions were uncovered 
on average, with some areas being compared less or more often. This proportion corresponds 
to the contingent of fibers originating from a CPS region in relation to all tracked fibers during 
the comparison of DTI FT vs. DCS (about 25%).  
The count of DCS+ regions were even lower, namely 2 ± 1. Therefore, only one individual set 
of CPS regions per patient could be compared. This reduces a certain CPS region’s 
significance for the overall evaluation. This especially shows the division of the evaluation into 
anterior and posterior areas. Anterior regions [trIFG, opIFG, vPrG], including Broca’s area 
[trIFG, opIFG] (Broca, 1861; Brodmann, 1925), were exposed more frequently than the 
posterior regions [anG, aSMG, pSMG, mSTG, pSTG], containing Wernicke`s area [pSTG, 
mSTG, aSTG] and Geschwind’s area [anG, pSMG, aSMG] (Figure 28 on page 41) (Wernicke, 
1874; Brodmann, 1925; Catani et al., 2005). At the same time, more DCS+ spots were found 
in the anterior regions. Interestingly, anterior areas tended to perform worse based on YI and 
BI values, but better when only regarding ROC sums for a positive mapping. Still, most of the 
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traditional language-relevant areas were tested at least twice regarding all patients. However, 
considering that an object-naming task was used, the underrepresentation of the MTG as a 
functionally relevant part of word production is critical (Binder et al., 2009; Indefrey, 2011; Gow, 
2012; Price, 2012; Henseler et al., 2014; Hauck et al., 2015). Further, CPS regions relevant 
for working memory or semantic comprehension such as mSFG and pSFG are 
underrepresented as well (Simos et al., 2002; Scott et al., 2003; Catani et al., 2005; Du 
Boisgueheneuc et al., 2006; Jacquemot et al., 2006; Graves et al., 2008). It remains to be seen 
whether rTMS and hence rTMS-based DTI FT perform better when compared to DCS of all 
CPS regions. Ideally such an analysis would be subdivided for different EC and TC 
combinations.  
Also, some areas were not or only rarely mapped during rTMS. This occurs due to certain CPS 
regions’ difficult accessibility during the procedure, e.g. because the stimulation there seems 
to be particularly unpleasant or painful. These regions include orIFG or the polar CPS regions 
of the temporal [polSTG, polMTG] and frontal brain [polar inferior (polIFG), polar middle 
(polMFG) and polar superior frontal gyrus (polSFG)] (Hauck et al., 2015). 

4.6.3. Questioning the CPS for comparison 

It is currently recommended to search for clusters of language errors in several passes during 
the process of rTMS-based language mapping due to the significantly lower electrical charge 
and the different stimulation frequencies compared to DCS (Krieg et al., 2017). Further, both 
rTMS and DCS do not actually stimulate isolated points but larger areas. Also, adjacent areas 
are likely to belong to a coherent cortical region (Tarapore et al., 2013). These were among 
the main reasons for the introduction of the CPS system as a cluster template, allowing for the 
comparison of results gained by different methods. However, the CPS system has its 
disadvantages. Although a guidance template exists (Corina et al., 2005), the borders between 
the individual CPS regions must be adjusted individually for each subject, leading to user 
dependency. The application of the template is further hindered in case of an altered anatomy, 
e.g. in case of brain tumors.  
In this dissertation, the CPS regions were assigned twice per subject, once by the rTMS 
investigator and another time by the surgeon. This setting was found to lead to an error margin 
greater than 10 mm for the CPS borders, while the spatial resolution of DCS is lower (Gil-
Robles et al., 2010). Hence, rTMS- and DCS-positive stimulation points may not end up in the 
same parcel, despite of their actual spatial overlap, leading to a false tagging of the CPS parcel. 
This problem was already identified by Tarapore et al. (2013). The significantly better results 
in the comparison of rTMS vs. DCS by Tarapore et al. (2013) despite the use of a PTI of 300 
ms (section 4.3 on page 52), could be due to their resultant application of the alternative 
Montreal Neurological Institute (MNI) atlas template. The MNI template is based on a parcel 
size of 10 mm. It is further spatially normalised and adjusted to the individual MRI using 
reference points. Using this template, the geometrical distance between two points to be 
compared from rTMS and DCS is decisive.  
As for the CPS, a further subdividing of certain CPS regions can be considered. This would 
support a detailed analysis of different functions within a certain CPS region. E.g., the anG can 
be subdivided into the language-relevant ventrolateral and dorsomedial parts, added by an 
uninvolved middle part (Roux et al., 2004; Graves et al., 2010; Seghier et al., 2010). aSMG 
also shows higher ventral/perisylvian language response compared to other parts (Sliwinska 
et al., 2012; Tarapore et al., 2013). 
Yet, CPS is still underlying most topographic studies and is therefore useful for mapping 
analysis. Nevertheless, a retrospective assignment to the traditional CPS is still possible 
following application of a different parcellation system for the comparison of the respective 
methods. 

4.6.4. Lack of comparison to SCS 

Regarding the technical basis of each technique, a comparison of the results of DTI FT to SCS 
would have seemed more useful than to DCS. Yet, this study based on increasing the coverage 
of rTMS and DCS mappings and not to conduct a comparison based on fiber depiction. DTI 
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FT was indicated to assess the degree of subcortical connectivity to distinguish between 
language-involved areas and -eloquent ones.  
Nevertheless, a comparison with SCS could have assessed interesting aspects regarding the 
eloquence and quality of the tracts identified by DTI FT. At this point, it is important to 
emphasise that DTI FT itself is an anatomical diagnostic measure without information about 
the actual function of the identified fibers, whereas SCS like DCS and nTMS actually depicts 
causality and functional activity. Even though this disadvantage of DTI FT is softened by the 
combination to the functional diagnostic measure of rTMS, the simple fact that a fiber connects 
to a certain functionally active region does not guarantee that this fiber also holds exactly that 
function at the time of the examination. Especially the context of space-occupying processes 
such as tumors, the induced plasticity could cause known anatomical fiber tracts to change 
their original language eloquence. These rudimentary tracts were then hence resectable and 
would not support the eloquence of rTMS+ regions, despite still being identifiable by rTMS-
based DTI FT (Duffau, 2005; Benzagmout et al., 2007; Sarubbo et al., 2012). 
Further revaluations of DTI FT by means of SCS are required. This holds true especially since 
the validation of the procedure was not yet completed during the timeframe of this study. The 
usage of DTI FT-based information for surgical planning was therefore also limited (Mori et al., 
2002a; Tournier et al., 2002; Nimsky et al., 2006; Vassal et al., 2013; Duffau, 2014a, 2014b). 
This applied to both motor and language DTI FT.  
In general, a high accordance of DTI FT and ISM could be shown for motor as well as for 
language tractography. Motor depiction reached a sensitivity of 92.6% and a specificity of 
93.2% in a study conducted by Zhu et al., 2012. Language tractography reached a sensitivity 
of up to 97% and a specificity up to 100% in a study conducted by Bello et al., 2008 (Berman 
et al., 2004; Bello et al., 2008; Ohue et al., 2012; Zhu et al., 2012). Yet, the negative depiction 
of fiber tract was insufficiently valid, especially in tumor patients (Leclercq et al., 2010; Spena 
et al., 2010). The uncertainties at that time were mainly related to anatomical ROIs.  
Despite studies showing a high accordance of nTMS-based DTI FT of language-relevant tracts 
with SCS (Bello et al., 2008; Leclercq et al., 2010), as well as the successful nTMS-based DTI 
FT of the corticospinal tract confirmed by SCS (Conti et al., 2014) and the promising case 
report of Ille et al. (2016) using only preoperative rTMS and nTMS-based DTI FT for surgery, 
the overall feasibility of nTMS-based DTI FT for language mapping remains a current research 
topic and has not been established in the standard clinical course yet (Sollmann et al., 2015a; 
Negwer et al., 2017).  

4.7. Prospects and perspectives regarding rTMS 

4.7.1. The optimal stimulation pattern 

Despite various applications of rTMS for language interruption (Tarapore et al., 2013; Hauck 
et al., 2015), certain questions may arise regarding the validity of the underlying lesion model 
due to the comparison of rTMS language mapping results to DCS. The inhibition of cortical 
processing by repetitive nTMS is still an assumption. Language defects following rTMS in 
theory could also occur due to stimulation of the speech-relevant muscles, discomfort and lack 
of concentration. Furthermore, repetitive nTMS was found to cause so-called "over-callings". 
Over-callings seem to appear due to the activation of already established neuronal circuits, 
which then influence the function of distant instead of the targeted regions (Paus et al., 1997; 
Valero-Cabre et al., 2005; Bestmann, 2008; Tarapore et al., 2013). 
The virtual lesion model was first demonstrated in a study by Kosslyn et al. (1999), further 
outlined by Pascual-Leone et al. (1999). Both were able to induce an inhibitory effect on the 
visual cortex. As the visual cortex is not influenced by e.g. muscle twitches, inhibitory effects 
could be clearly depicted. Additional studies supporting the thesis of virtual lesion of non-
language-relevant tasks followed. In 2015, rTMS was first used for the localization of brain 
regions relevant for calculating. Based on the virtual lesion model, subjects were stimulated 
with 5 Hz/10 pulses to interrupt calculating tasks. The resulting calculation errors were in good 
agreement with the known spread of relevant brain regions obtained from previous findings. 
However, an intraoperative comparison is still pending and a clear distinction between 
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language, calculation and visual errors was not possible (Maurer et al., 2016). In 2017, it could 
successfully be shown that visual neglects can be triggered by rTMS again using 5 Hz/10 
pulses (Giglhuber et al., 2017). Unlike language and calculation errors, triggering a neglect 
can hardly be deducted to a lack of concentration. Thus, the interruption of cortical processing 
by navigated repetitive nTMS seems possible. Due to the complexity of the cortical and 
subcortical interconnection, no unanimously ideal protocol for the localization of language-
eloquent areas has been found yet (Krieg et al., 2017). This could be due to the higher 
sensitivity of rTMS-based language mapping compared to DCS, i.e. by detecting all language-
involved and not only -eloquent areas (Ille et al., 2015b). Interestingly, Maurer et al. and 
Giglhuber et al. both stimulated with 5 Hz/10 pulses. Fitting, the intervention group in the study 
by Krieg et al. was also stimulated with 5 Hz/10 pulses, outlined in section 4.3 on page 52 
(Krieg et al., 2014b). A change in the stimulation parameters for cortical language mapping by 
rTMS towards 5 Hz/10 pulses seems worth evaluating in further studies. Yet, it should be noted 
that this Hz/pulses combination causes unpleasant muscle contractions with consecutive jaw 
rattling when stimulating the area of the temporalis muscle (Tarapore et al., 2013). Picht et al. 
found a range of 5 - 7 Hz to be better tolerated than 10 Hz (Picht et al., 2013). However, 
Sollmann et al. found higher frequencies up to 20 Hz to be most effective for eliciting clear 
NRE over Broca’s and Wernicke’s area in five healthy volunteers, albeit the optimal frequency 
differed between those two areas (Sollmann et al., 2015c). The effectiveness of higher 
frequencies is further underlined by other studies (Jennum et al., 1994; Michelucci et al., 1994; 
Rogic et al., 2014). Fitting, also during intraoperative DCS and extraoperative ECoG higher 
frequencies found to be advantageous (Lesser et al., 1987; Ottenhausen et al., 2015; Saito et 
al., 2018).  
Ille et al. (2015b) used the same three stimulation frequencies as this doctoral thesis (a: 5 Hz/ 
5 pulses; b: 5 Hz/7 pulses; c: 7 Hz/7 pulses), individually choosing the most effective and best 
tolerated one per patient. While Ille et al. found no dominating combination of frequency and 
pulse count, this study found 5 Hz/5 pulse stimulation to be chosen the most. Intriguingly, this 
combination is also recommended in the standard protocol introduced by Krieg et al. (2017). 
The distinction between speech errors and language disturbances by means of nTMS is still 
challenging. Rogic et al. tried to avoid spatial overlaps by including a previous motor mapping 
of the hand and laryngeal muscles and further tested a new stimulation concept for language 
interruption. Using the new stimulation protocol, language disturbances could be induced in 
each of the 11 patients (8 - 16 bursts per spot, each with 4 stimulations and an interstimulus 
interval of 4 ms; burst repetition rate of 12 Hz). In addition, the stimulated regions were found 
several mm away from the determined motor areas (Rogic et al., 2014).  
Despite possible alternative language interrupting protocols by navigated rTMS, identifying the 
ideal set of parameters remains challenging, especially due to the relative scarcity of subjects 
in neurosurgery (Tarapore et al., 2013). 

4.7.2. Adapted coil alignment 

Axons of the pyramidal cells are arranged perpendicular to the surface of the gyrus. They are 
assumedly best depolarised by a parallel running current, i.e. a coil positioned tangentially to 
the surface of the brain and perpendicularly rotated to the bordering sulcus (Lioumis et al., 
2012; Picht, 2015). This rule applies well to motor mapping, in which the alignment is guided 
by the sulcus centralis. In language mapping, a tangential and strict anterior-posterior coil 
alignment is in use (Epstein et al., 1996; Wassermann et al., 1999; Lioumis et al., 2012; Hauck 
et al., 2015). This alignment has the advantage that the e-field runs perpendicular to anterior 
parts of the temporalis muscle, reducing muscle activation (Tarapore et al., 2013; Krieg et al., 
2017).  
However, adhering to Tarapore et al. (2013), stimulation is always to be applied perpendicular 
to the nearest sulcus and the fiber course of the posterior temporalis muscle. Coil alignment 
would hence have to be adjusted per targeted region, abandoning the strictly anterior-posterior 
alignment rule. Applying this rule to e.g. temporal lobe areas bordering the sylvian fissure 
would result in a superior-inferior alignment perpendicular to the horizontally running sulci. The 
rotational component’s influence on stimulation efficiency has been further found to outscale 



 

 64 

the effect of coil tilting. Even rotations of 10° - 15° were found decisive (Opitz et al., 2013; 
Tarapore et al., 2013). A recent study found the strongest and most easily reproducible e-field 
to be induced in the somatosensory and motor cortex using interindividual coil alignment. Over 
other cortical areas, a more individual coil rotation also resulted in superior e-field strength, 
albeit mean field strength remained to be lower (Gomez-Tames et al., 2018). Regarding 
stimulation near the vertex, posterior areas were stimulated best with the coil oriented 
perpendicular to the longitudinal sulcus (= vertical e-field), while a parallel alignment (= 
horizontal e-field) was found advantageous in the medial portion of the vertex, bordering the 
sulcus centralis (Lee et al., 2018). Hauck et al. further showed that the e-field strength in the 
area of the inferior temporal gyrus fell below 50 V/m during language mapping, stimulating in 
a strictly anterior-posterior orientation. By Sollmann et al. in none of the five healthy volunteers 
an anterior-posterior orientation over Broca’s and Wernicke’s area was optimal for eliciting 
clear NRE. Further, the optimal coil rotation differed interindividually and over the two areas. 
Unlike as stated before, no link between coil orientation, thus the stimulation direction of the 
musculus temporalis, and pain level could be found (Sollmann et al., 2015c).  
A separate evaluation of the areas located temporally or close to the sylvian fissure is missing 
in this dissertation. It is hence indicated to further assess the effect of anterior-posterior versus 
individualised coil rotation on stimulation efficiency. Except Sollmann’s study of eliciting NRE 
in five healthy volunteers (Sollmann et al., 2015c), a link of coil alignment to the functional 
outcome of language mapping is also pending. 

4.7.3. Customized stimulation intensity 

Required stimulation intensities vary both inter- as well as intra-individually. Factors 
contributing to intra-individual variance include i.a. the thickness of the surrounding structures, 
the amount of CSF and microscopic anatomical conditions (Barker et al., 1987; Roth et al., 
1991; Klooster et al., 2016; Lee et al., 2018). Stimulation in the area of synapses or sharp axon 
bends is assumed to require lower stimulation intensities. Interestingly, longer and thicker 
axons were also found to respond to lower stimulation intensities (Rossi et al., 2009). This 
supports the different stimulation intensities required for individual cortical regions with differing 
subcortical microscopic structures, i.e. differences in connectivity. In this context, a deeper 
knowledge of the subcortical fiber courses and axon characteristics could enrich nTMS-based 
mapping. An individual adjustment of stimulation intensity to the requirements of the respective 
mapping is hence necessary. 
As done in this study, this variance of required stimulation intensity is usually addressed for 
using the RMT. Yet, the RMT is merely specified as percentage of the device’s maximum 
output. Maximum output varies between different devices and can therefore not be used for 
comparison between devices (Danner et al., 2012). This hinders the comparison of different 
studies among each other, except for the small part of studies performed using the same 
device in the same setting. Picht recommended future studies to depict the RMT based on e-
field strength (V/m) instead of the percentage share of the maximum output of the nTMS device 
(Ruohonen et al., 2010; Picht et al., 2011; Auriat et al., 2015; Picht, 2015).  
Another hinderance of RMT-based standardization of stimulation intensities is the lacking 
evidence for the applicability of the transfer of motor-based measures of cortical excitability on 
to other than motor regions (Rossi et al., 2009; Klooster et al., 2016). An alternative approach 
is the determination of the phosphene threshold (PT), used to stimulate visual regions (Rossi 
et al., 2009). PT is defined as the minimum stimulation intensity needed to provoke a 
phosphene, a light sensation produced by an irritation of the visual system and not by light 
(Marg et al., 1994). Interestingly, the levels of PT and RMT do not correlate. This further 
strengthens the assumption of differing levels of cortical excitability between different cortical 
regions. However, the determination of PT to date is only possible in about half of the subjects 
(Rossi et al., 2009). Nevertheless, this is an example of a function specific threshold value 
being adapted to the examined function instead of motor function. Since both MEP and 
phosphenes represent increases in cortical activity due to nTMS, a reference value for 
inhibitory nTMS effects is still missing. Thereby, logically a high reproducibility of the virtual 
lesion seems to be crucial.  
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In addition to the application of a function-based stimulation intensity, changes in the 
respective anatomy should also be considered. Since language mapping covers a wide range 
of cortical areas, relevant factors such as tissue conductivity and permittivity, as well as coil-
to-cortex distance significantly vary throughout the course of the mapping procedure (Rossi et 
al., 2009). Unlike scalp-to-cortex distance, coil-to-cortex distance significantly correlates with 
the magnitude of the RMT or e-field (Danner et al., 2012). Changes in thickness of non-brain 
structures and the amount of CSF influence both e-field strength and focality (Lee et al., 2018). 
Yet, simply increasing stimulation intensity to increase e-field strength would further decrease 
focality (Deng et al., 2013). 
Defining the appropriate stimulation intensity for language mapping remains complex. Yet, 
these influential factors need to be investigated into as well as coil alignment for language 
mapping - individually for the respective macro- and microscopically similar structured brain 
areas. In this context, DES consists the advantage of shortening out several influential factors 
such as stimulator-to-cortex distance and CSF overlay. Further, DES was found less 
dependent on the structure and orientation of the targeted nerve cells compared to nTMS 
(Tarapore et al., 2013).  

4.7.4. Appropriate choice of language task 

The chosen object-naming task is a well-proven test, covering all presumably language-
eloquent regions and encompassing the main functions of language formation (meaning, form, 
articulation). This task - like all picture-naming or picture-word matching tasks - captures the 
whole process of word production and amongst others phonologic, semantic as well as lexical 
skills (Price et al., 2005; De Leon et al., 2007; Siri et al., 2008; Corina et al., 2010; Indefrey, 
2011; Lioumis et al., 2012; Cattaneo, 2013; Picht et al., 2013; Duffau et al., 2014; Sollmann, 
2015). Object naming is the most discriminative test to date (Hauck et al., 2015). It is further 
well tolerated by the patient and fits within the time requirements of intraoperative DES (Krieg 
et al., 2017).  
At the timepoint of this thesis, this task was the commonly used language task for rTMS and 
DCS, and well established in clinical usage in this institution (Price et al., 2005; De Leon et al., 
2007; Indefrey, 2011; Lioumis et al., 2012; Cattaneo, 2013; Picht et al., 2013; Duffau et al., 
2014). However, due to the longer intraoperative stimulation time (4 s), the naming of the 
picture during DES was initiated by the German phrase “This is a…”. To what extent this 
difference in the naming procedure affects the comparability to rTMS is questionable. 
However, if a technical bias due to this difference in the naming task were to be presumed, it 
would more likely be directed towards an increase in DES-based language errors due to the 
longer stimulation and articulation time. Interestingly, the two studies comparing rTMS- to 
DCS-based language mapping by Tarapore et al. (2013) and Krieg et al. (2014b) were also 
based on an object-naming tasks taken from Snodgrass et al. (1980). Both studies employed 
the introductory sentence during rTMS mapping as well, achieving better accordance of rTMS-
based results to DCS. This could be due to an improved distinction of anomia (i.e. term slipped 
the mind) and speech arrests (i.e. being not able to speak) due to the usage of the introductory 
sentence (Tarapore et al., 2013). 
It is known that the choice of the task has an influence on the incidence, the localization and 
the type of the language errors provoked by rTMS (Hauck et al., 2015; Krieg et al., 2017). 
Several language tasks have been examined since the beginning of cortical language mapping 
by rTMS in 1996 (Epstein et al., 1996; Wassermann et al., 1999). So far, the object-naming 
task was found best suited for this application (Hernandez-Pavon et al., 2014; Hauck et al., 
2015). Yet, these comparisons might be in part biased as the commonly used error types and 
categories were explicitly developed for object-naming tasks (Hauck et al., 2015). Object-
naming task further focus on word production, underrepresenting language comprehension 
(De Leon et al., 2007; Siri et al., 2008; Corina et al., 2010; Indefrey, 2011; Lioumis et al., 2012; 
Duffau et al., 2014). This might influence prior findings about decreased accuracy for rTMS 
applied to posterior CPS regions (Picht et al., 2013; Sollmann et al., 2013a; Krieg et al., 2014a; 
Krieg et al., 2014b). In contrast, verb generation was found rather suited to cover posteriorly 
processed language comprehension phase albeit also being a language production task 
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(Herholz et al., 1997; Thiel et al., 1998; Thompson-Schill et al., 1998; Ojemann et al., 2002; 
Edwards et al., 2010; Tarapore et al., 2013). Underlying this observation might be the addition 
of an auditory stimulus, namely the auditory presented noun that serves as basis for the 
generated verb. Hence, verb generation tasks might test language comprehension more 
specifically (Tarapore et al., 2013). Tarapore et al. (2013) further mention possible alternative 
tasks better focused on posterior areas due to e.g. a primarily semantic focus. These tasks 
include e.g. identification of famous faces or the categorization of objects (Gorno-Tempini et 
al., 2001; Peelen et al., 2012). 
Hauck et al. (2015) further compared the language tasks object-naming, action-naming, verb 
generation and (pseudo-) word reading. Errors assignment was done identically as in this 
doctoral thesis. They found object-naming tasks, to provoke the largest error counts, 
presumably because of the tailored error types. NRE occurred with similar frequency in all 
tasks except (pseudo-) word reading. Interestingly, action-naming was even superior to verb 
generation regarding the posterior areas (Hauck et al., 2015). Here the verbs are not derived 
from auditory presented nouns, but from visually presented objects. Unlike verb generation, 
action-naming images daily activities such as sleeping or eating. Interestingly and in line with 
prior findings about the cortical distribution of different parts of language production, the 
location of language-eloquent sites of the anterior regions varied for picture-naming tasks, 
namely object-naming and action-naming, suggesting differences in the production of verbs 
and nouns (Daniele et al., 1994; Corina et al., 2005; Hauck et al., 2015). It should be mentioned 
that the division into anterior and posterior regions done by Hauck et al. (2015) was not 
identical to the division applied in this dissertation. In Hauck et al. more CPS regions were 
assigned to the respective categories. In total, Hauck et al. found no task to clearly outperform 
the other tasks. Yet, the weakest performance was shown for (pseudo-) word reading, mainly 
producing phonological errors, albeit a left-hemispheric widespread activation was previously 
described (Taylor et al., 2013). (Pseudo-) word reading as well as number counting with their 
reproductive, automated character are probably not challenging enough to provoke errors 
(Petrovich Brennan et al., 2007; Hauck et al., 2015).  
Since different cortical regions are responsible for different parts of language processing, it 
seems difficult to develop a single language task equally fitting. Regarding DES, current 
studies recommend choosing an appropriate language task individually per patient, depending 
on the results of neuropsychological assessments and the location of the intracerebral lesion 
(Duffau et al., 2015; Hervey-Jumper et al., 2015). In 2015 Hervey-Jumper has tried to assign 
the tasks to the respective brain lobes for the intraoperative use (Hervey-Jumper et al., 2015). 
Based on these findings, this approach might also be reasonable for rTMS-based language 
mapping. Yet, patient concentration is limited and the applied number of different tasks needs 
to be restricted to a certain number (Hauck et al., 2015), e.g. depending on tumor location and 
affected region. Further, these new developed task types would have to be suitable for awake 
craniotomy as well. New error categories tailored to these new tasks should be developed as 
well, as the existing error categories were designed for the object-naming task.  

4.7.5. Validity of error types 

Error types can be divided into audible responses (performance errors, neologism, 
circumlocution, semantic or phonological paraphasias) and non-audible responses (no 
response, hesitation) (Sollmann, 2015). The comparison of the individual EC to DCS done in 
this thesis was thought to evaluate, whether either category and hence error type is 
represented more anteriorly or posteriorly. Further, this allowed for testing of a possible 
improvement of the ROC following exclusion of a certain category. However, this analysis is 
limited due to the missing subdivision of errors during DCS. rTMS-based language errors of a 
certain EC had to be compared to all errors produced by DCS, hindering a comparison of DCS-
based error category spread. A post-hoc offline analysis of the intraoperative results would 
improve the allocation and analysis of the match and should be conducted in future studies.  
Sollmann et al. (2013a) evaluated the stability of different error types within the same patient. 
Interestingly, they found reproducible to significantly vary for different EC. In particular, 
phonological paraphasias, performance errors and neologism showed greater inter- and intra-
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observer fluctuation, while semantic paraphasias, NRE and hesitation errors were more stable. 
These findings contrast earlier studies. Speech arrests, such as NRE, used to be ascribed a 
significant inter-subject variability (Amunts et al., 1999). Yet, these studies were based on non-
navigated instead of navigated rTMS. Further, hesitation errors have the reputation of being 
an unsafe error type and were therefore often excluded in other studies (Corina et al., 2010; 
Lioumis et al., 2012; Picht et al., 2013; Hernandez-Pavon et al., 2014). Interestingly, this 
dissertation’s comparison of AE and AEWH found no significant difference concerning ROC 
sums for positive or negative mapping as well as BI and YI. Further, although all ROC curves 
regardless the EC indicate a rather random performance, HE outperformed PE for a positive 
mapping, while no significant difference was found for a negative mapping. HE occurred more 
often in anterior regions but achieved better YI and BI in posterior regions. Underlying this 
observation may be a reduced ability of comprehension resulting in a delay in response. As 
pointed out by Indefrey (2011) HE can represent a general disturbance in language 
processing. Further, a rTMS study measured the latency of language output to assess this 
general language deterioration (Schuhmann et al., 2012). An objectified definition of hesitation 
error by determining the latency was not performed in this thesis and should be further 
examined in future studies.  
To improve validity of language errors it is generally recommended that the evaluation of 
language errors should be performed by a language specialist/neuropsychologist, regardless 
of the task used and unlike done in this doctoral thesis (Krieg et al., 2017). 

4.8. Benefit-risk assessment of nTMS 

4.8.1. Discomfort and pain 

Due to its invasive character and the limited area exposed by craniotomy (Corina et al., 2010), 
ISM for investigative purposes can only be conducted with a strict medical indication. 
Therefore, ISM needs a non-invasive alternative that can be applied to e.g. healthy volunteers 
(Knecht et al., 2000; Rosler et al., 2014; Sollmann et al., 2014). Yet, nTMS also posesses 
potential side effects and risks.  
Single-pulse nTMS to motor brain areas nearly doesn’t provoke any side effects and is mostly 
described as painless including brain tumor patients (Kandler, 1990; Suess et al., 2001; Anand 
et al., 2002; Picht, 2015). rTMS on the other hand has an increased potential of discomfort or 
pain, especially headache (Bae et al., 2007; Loo et al., 2008; Rossi et al., 2009). In 1996, pain 
levels could effectively be diminished via a reduction of the stimulation frequency from 15 - 30 
Hz to 4 Hz with unchanged stimulation efficiency (Epstein et al., 1996; Wassermann et al., 
1999; Tarapore et al., 2013), yet opposing studies regarding the effectiveness exist (Jennum 
et al., 1994; Rogic et al., 2014; Sollmann et al., 2015c). Still, 100% of this study’s subjects 
suffered from discomfort or pain while beeing stimulated over the temporal region. It is 
presumed that trigeminal and head muscle stimulation during rTMS are the underlying 
reasons. Increased pain during assessment of the regions below the temporalis muscle was 
again confirmed by this study (VAStemporal of 5 ± 2 compared to VASconvexity of 2 ± 2).  
Moreover, uncomfortable head positioning, especially during a long-lasting mapping can 
induce neck pain (Mori et al., 1999a; Machii et al., 2006; Rossi et al., 2009; Tarapore et al., 
2013).  

4.8.2. Seizures 

The most drastic, luckily today only occasionally occuring adverse event is the induction of 
seizures through rTMS. Most of the seizures were recorded before the introduction of the 
safety guidelines by Wassermann (1998), including the reduction of stimulation frequencies 
and the prolongation of the interval periods between the stimulation trains. Most though not all 
of the occasional seizures were since then either linked to pro-epileptogenic medication and 
pre-existing neurological disorders, to incompliance with the guidelines or couldn’t be allocated 
to non-epileptic events for certain (Loo et al., 2008; Rossi et al., 2009; Klooster et al., 2016). 
These guidelines refer to single-pulse and repetitive TMS of only motor brain areas. Yet, the 
threshold of seizure induction is lowest over motor-inductive brain regions. It therefore seems 
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appropriate to transfer these guidelines to other cortical areas (Penfield et al., 1954; Rossi et 
al., 2009).  
Stimulation with low frequencies (equal or less to 1 Hz) seems to result in no rTMS induced 
seizure, even in epileptic patients (Theodore et al., 2002; Fregni et al., 2006; Santiago-
Rodriguez et al., 2008; Rossi et al., 2009). In 2004 the risk to suffer from an epileptic seizure 
induced by single-pulse was stated 0.0 - 2.8% for epilepsy patients, respectively 0.01 - 0.1% 
for all patients. In the case of rTMS, the risk for epilepsy patients was stated 1.4% in 2007. 
Yet, a clear link between nTMS and the induction of seizures could never be found (Schrader 
et al., 2004; Bae et al., 2007; Krishnan et al., 2015; Picht, 2015; Klooster et al., 2016). This is 
further suggested by an unsuccessful attempt to provoke epileptogenic foci through high 
frequency and high intensity rTMS (Tassinari et al., 2003). Data regarding a possible beneficial 
effect of non-epileptic drugs on the possible epileptogenic TMS side effect is insufficient (Rossi 
et al., 2009; Tarapore et al., 2013). Further, all documented seizures ended spontaneously 
and none caused late sequelae (Klooster et al., 2016).  
More often than epileptic seizures, but still rarely, vasodepressive syncopes can occure, due 
to mental factors as for example anxiety (Wassermann, 1998; Rossi et al., 2009).  

4.8.3. The risks of the magnetic field 

Both TMS and MRI produce magnetic fields, reaching 3-Tesla via TMS coil and up to 7-Tesla 
via MRI (Laader et al., 2017). The magnitude of the field directly correlates to the time rate of 
change of the magnetic field (Rossi et al., 2009). The magnetic power itself and the induced 
currents are the main reason for possible severe side effects and adverse events. They 
therefore dominate the exclusion criteria for TMS and MRI as outlined in section 2.1 and 2.2 
on page 17.  
Unlike in MRI, the distance of e.g. ferromagnetic objects to the coil influences the decision of 
exclusion according to the TMS guidelines by Wassermann (1998) and Rossi et al. (2009). 
Some ferromagnetic objects, such as cardiac pace makers and aneurysma clips are therfore 
merely relative exclusion criteria (Chokroverty et al., 1995). Yet, future devices with higher 
magnetic field strengths will require a reevaluation of the risk to these objects due to rising 
conductive and ferromagnetic forces. E.g., rising eddy currents and their property of heating 
up conductive material inherit a higher risk for skin burns or irreversible damage of surrounding 
brain tissue, when temperature exceeds 43°C (Roth et al., 1992; Matsumi et al., 1994; 
Rotenberg et al., 2007). Aside of magnetic field strength, local rises in temperature also depend 
on the duration of stimulation, as well as on the geometry and conductivity of the conductive 
material, the surrounding tissue properties and in case of nTMS also the applied stimulation 
parameters (Roth et al., 1992). While gold and silver exhibit high conductivity properties, this 
applies less to common clinical materials such as titanium and plastic (Roth et al., 1992; 
Rotenberg et al., 2007). Titanium is among other appliances used for artificial joints and 
exhibits further low ferromagnetic characteristics. Even lover ferromagnetic characteristics are 
exhibited by stainless steel aneurysma clips (Barker, 1991; Rotenberg et al., 2007).  
Some TMS systems may exceed the Occupational Safety and Health Administration (OSHA) 
sound pressure safety limit of 140 dB, indicating for appropriate hearing protection. Lower 
limits are required when examining children. For this reason, MRI for investigative purposes 
should be avoided in pregnant women (Counter et al., 1992; Rossi et al., 2009).  
Summing up, the occurance of nTMS side effects highly depends on the applied protocol and 
TMS form. It could already be shown that navigated rTMS for language mapping can be 
conducted without safety concerns or serious side effects (Tarapore et al., 2013; Klooster et 
al., 2016). Fittingly, no severe adverse events occurred during the course of this dissertation. 

4.9. Limited analysis of patient characteristics 

Language processing was primarily assigned strictly to the left cerebral hemisphere (Broca, 
1861; Wernicke, 1874). Over time, this model was challenged by findings of individuals with 
varying degrees of right-sided language eloquence, including cases with right-sided language 
dominance. Comparing left- and bi-handers to right-handers, language function was more 
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common executed by the right hemisphere. Right hemispherical involvement differed, up to 
balanced or switched language dominance. Left-handers were found to show right-sided 
language dominance in about 22% of the cases (Knecht et al., 2000; Szaflarski et al., 2002). 
Interestingly, a dominance shift can also occur in right- and bi-handers, while bi-handers more 
often tend to balanced dominance (Medina et al., 2007). Still, the majority of people shows left-
sided dominated language processing independent of their handedness (Knecht et al., 2000; 
Medina et al., 2007). Further, essential left hemispherical language sites exist irrespective of 
handedness (Pujol et al., 1999; Sanai et al., 2008c; Matsuda et al., 2014; Tussis et al., 2016). 
This study also included two left-handers with left-sided perisylvian brain tumors. An influence 
of differences in handedness on the results e.g. due to right hemispherical language 
dominance in these two patients cannot be eliminated entirely. Yet, exclusion of these patients 
would have further restricted the already limited patient count of 20, despite the long period of 
data collection.  
Sub-analyses of the patients’ characteristics, such as tumor type, sex differences and 
handedness were not carried out due to the low statistical significance. Regarding sex 
differences, a possible influence on the results of language mapping are inconclusive. On the 
one hand, the lobus temporalis contains many language-involved areas and is statistical bigger 
in men (Kulynych et al., 1994; Binder et al., 1996; Binder et al., 2009), while the isthmus of the 
corpus callosum with its connecting commissures is larger in women, supporting more 
bilaterally dominated language processing for the female sex (Witelson, 1989; Steinmetz et 
al., 1992; Jancke et al., 1997). Further findings underline a more pronounced language 
lateralisation in male subjects (Kansaku et al., 2000; Kansaku et al., 2001; Hirnstein et al., 
2013). On the other hand, separate examinations found no sex-specific divergences. The 
actual impact of sex on language processing hence still remains uncertain (Buckner et al., 
1995; Frost et al., 1999). 

4.10. BI, YI and ROC sums as surrogate for classic ROC 

The large number of ROC produced by the different AC in this thesis required an objective 
measure for comparison. Future analysis of different TC or mapping parameter combinations 
will result in even larger amounts of data.  
The Youden's index as well as the ROC plot are proven tools for the analysis of ROC values 
(Youden, 1950; Zweig et al., 1993; Schisterman et al., 2005; Akobeng, 2007; Lai et al., 2012). 
The additional introduction of BI was an attempt to objectify analysis for the best-balanced 
ROC pair and has been utilized as terminology in the published paper corresponding to this 
study (Ille et al., 2015b; Sollmann et al., 2016b). 
Interestingly, the YI has not yet been used in studies comparing nTMS to DCS (Picht et al., 
2013; Tarapore et al., 2013; Krieg et al., 2014a; Krieg et al., 2014b; Ille et al., 2015a; Ille et al., 
2015b; Babajani-Feremi et al., 2016; Sollmann et al., 2016b; Sollmann et al., 2017a; Lehtinen 
et al., 2018; Jung et al., 2019; Bahrend et al., 2020; Freigang et al., 2020; Motomura et al., 
2020). The Youden's index marks the optimal point of a ROC curve, indicating the least 
coincidental ROC pair. It further serves as a measure of overall accuracy in a test and is 
therefore used for comparison of methods in this dissertation (Lai et al., 2012). It was found to 
be easily appliable and to facilitate data comparability both within a single study, as well as 
with other studies (see 4.3 on page 52).  
Intriguingly, high YI values do not coincide with high BI values necessarily. This can be 
explained by the fact that ROC imbalance and ROC magnitude were weighted equally against 
each other calculating the BI. Therefore, as exemplified in Table 15, the BI seems only partially 
suited as surrogate parameter for a good result. Comparing the BBI values of AE, AEWH and 
PE in Table 15, one would expect AE to achieve the highest BI due to its specificity of 71%. 
However, it is placed 3rd due to the higher imbalance of the individual values. Fitting, ROC 
values for AEWH and PE are well balanced, leading to a higher BBI despite reduced ROC 
magnitude. The respective YI better reflect the intuitive order (AE = 0.29; PE = 0.26; AEWH = 
0.14).  
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This leads to the question of the importance of ROC balance. In theory, it would be desirable 
if all ROC values achieved highest possible results, indicating an ideal agreement between 
both mapping methods. Regarding the overview table of the best YI (Table 13 on page 50), 
highest YI values could be achieved in the comparison group DTI FT vs. DCS, albeit showing 
in part high imbalances (e.g. PE: YI = 0.44 [sensitivity 100%/specificity 44%]; NRE: YI = 0.36 
[sensitivity 36%/specificity 100%]). Instead of determining best-balanced results based on 
subjective standards, an alternative method for different weighting of the two components 
should be considered. This study was only the first attempt to do so.  
The calculation of specific ROC sums regarding only a positive or negative mapping was also 
performed during this study as outlined in section 2.8.2.3 on page 33. This method again 
proved useful and can be used as a possible tool for future comparative studies.  
  

Table 15 BBI with corresponding sensitivity (= sv) and specificity (= sc), TC and CrS. EC       BBI (sv[%]/sc[%]) TC of BBI CrS of BBIAE 1.11 (57%/71%) 20% ERT postRAEWH 1.12 (59%/56%) 10% ERT allRHE 0.97 (59%/48%) 5% ERT allRNRE 0.93 (68%/47%) 0% ERT allRPE 1.14 (57%/69%) 0% ERT postR
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5. CONCLUSION 

          
A correlation of NoF gained by rTMS-based DTI FT of a certain CPS region to said region’s 
language eloquence could not be found to reduce the number of false-positive rTMS 
stimulations in the comparison (rTMS + DTI FT) vs. DCS.  
Yet, it could be shown that FAT level and MFL influence NoF in the expected pattern. These 
factors can be used to optimize language fiber depiction. The resulting ROC can further be 
improved by applying different language error thresholds for rTMS. In this context, favourable 
TC differed regarding their aim for either BBI, best YI or highest ROC sum. Prior findings 
regarding the comparison rTMS vs. DCS could be confirmed in this study. Further, DTI FT vs. 
DCS improved ROC. Still, ROC values derived from both comparisons remained 
comparatively low and better results, in particular sensitivity and NPV, have already been 
achieved in earlier and subsequent studies. Interestingly both comparisons yielded similar 
findings regarding error types and CrS. Better results belonged to the CrS postR and the EC 
AE or AEWH. Further, positive mapping performed better in antR, while negative mapping 
excelled in postR.  
Mapping intensity and pain level did not bias the number of rTMS errors. Yet, the number of 
rTMS trials could be identified as a confounder, albeit the number of rTMS errors was found to 
not influence the NoF.  
Possible underlying reasons for the findings regarding the comparison to DCS are seen in the 
inconsistency of applied rTMS mapping parameters, a user-dependency regarding the 
language error analysis, a limited comparability to ISM due to a variable and restricted 
exposure of CPS regions, preferring antR, a low number of DCS+ results, as well as the strict 
definition of the four fractions (TP, TN, FP, FN) not considering the possible respective 
advantages of rTMS and DTI FT. 
Nonetheless, this study marks the first systematic analysis of different EC in combination with 
various TC for rTMS and DTI FT. This allowed for valuable insights into said parameters’ 
influence on mapping validity, identifying further potential for mapping parameter optimization.  
Further, the analysing tools YI and ROC sums, supplemented by the newly introduced BI, were 
implemented not only for rTMS vs. DCS, but also for the evaluation of the new methodological 
approaches rTMS-based DTI FT vs. DCS and (rTMS + DTI FT) vs. DCS.  
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6. SUMMARY 

 

6.1. English 

A safe maximization of the degree of resection of intracranial brain tumors is still the 

therapeutic approach with the best overall survival. However, in order to maintain quality of 

life, it must be ensured that functionally relevant brain areas are preserved. The invasive gold 

standard of intraoperative direct cortical stimulation (DCS) as well as the preoperative, non-

invasive repetitive transcranial magnetic stimulation (rTMS) are suitable for the detection of 

language-eloquent regions. Previous studies have not been able to achieve a satisfactory 

comparability of rTMS to DCS. rTMS-based cortical language mapping is characterized by 

false-positive results and therefore mainly be used for negative cortical mapping. The aim of 

this study was to reduce false-positive results by including additional information about a 

region’s subcortical nerve fiber connection, ideally resulting in a better overall comparability to 

DCS. This was evaluated comparing the results of the relatively new method of rTMS-based 

diffusion tensor imaging fiber tracking (DTI FT) to DCS for the first time. The resulting 

information about the cortical distribution of the language-positive areas was then evaluated 

against the results of the comparison between rTMS and DCS. 

Data of 20 patients suffering from left-sided perisylvian tumors between the years 2011 and 

2014 was collected for this purpose. Each patient underwent language mapping by navigated 

rTMS and DCS following an MRI examination including six DTI directions. rTMS results were 

assigned to five different language error categories. Further, 12 different thresholds for the 

definition of language-positive areas were evaluated followed by a comparison with the 

intraoperative DCS results. Furthermore, language-positive rTMS stimulation points were used 

as starting points for the rTMS-based DTI FT. This analysis was done separately with respect 

to each language error category. DTI FT in turn was further analyzed using 12 different tracking 

parameter combinations. Cortical areas of fiber origin depicted by this method were then 

compared to DCS results. Finally, language-positive areas determined in the two comparisons 

(rTMS versus DCS and rTMS-based DTI FT versus DCS) were cross-checked in the final 

comparison (DCS versus rTMS-positive sites affirmed by rTMS-based DTI FT). For all three 

comparisons, receiver operating characteristic (ROC) were determined and evaluated using 

the Youden's index (YI), a newly introduced balance index (BI) and calculated ROC sums 

regarding a positive or negative mapping. 

The comparison of rTMS-based DTI FT versus DCS slightly outperformed rTMS versus DCS 

(rTMS vs. DCS: highest best BI = 1.14 [sensitivity 57%/specificity 69%], highest best YI = 0.29 

[sensitivity 43%/specificity 86% and sensitivity 57%/specificity 71%] / DTI FT vs. DCS: highest 

best BI = 1.37 [sensitivity 71%/specificity 69%], highest best YI = 0.44 [sensitivity 
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100%/specificity 44%]). The final comparison ((rTMS + DTI FT) versus DCS) led to a 

deterioration in ROC (highest best BI = 1.00 [sensitivity 50%/specificity 56%], highest best YI 

= 0.06 [sensitivity 50%/specificity 56%]).  

Reasons for this could be seen in the strict definition of the fractions underlying the ROC (true 

positive (TP), true negative (TN), false positive (FP), false negative (FN)), a limited 

comparability to intraoperative DCS, the lack of standardization of rTMS and methodological 

as well as technical preconditions for DTI FT that allow for future improvement. Although many 

factors remain to be optimized in order to improve preoperative rTMS-based language 

mapping, valuable insights could be gained. Further, the limited amount of pre-existing data 

could be illuminated or substantiated. A systematic analysis by different language error 

categories in combination with different threshold categories both for DTI FT and rTMS has 

not been performed so far. Furthermore, this is the first scientific publication that applied YI, BI 

and the respective sums for a positive or negative mapping successfully to the analysis of a 

large amount of ROC. This will ease the analysis of similar amounts of data in the future. 

Finally, rTMS-based DTI FT versus DCS and the final comparison ((rTMS + DTI FT) versus 

DCS) represent new methodological approaches. Moreover, there are already promising new 

studies that could further improve the applicability of rTMS language mapping and DTI FT for 

everyday clinical practice in the future. 
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6.2. Deutsch 

Die möglichst maximale chirurgische Resektion intrakranieller Tumore ist nach wie vor der 

therapeutische Ansatz mit der höchsten Gesamtüberlebensrate. Jedoch muss zur 

Aufrechterhaltung einer adäquaten Lebensqualität auf eine Schonung funktionell relevanter 

Areale geachtet werden. Zur Auffindung spracheloquenter Bereiche eignet sich prinzipiell 

neben den invasiven Goldstandards der intraoperativen direkten kortikalen Stimulation 

(englische Abkürzung: DCS) auch die präoperativ durchzuführende, nicht invasive repetitive 

transkranielle magnetische Stimulation (englische Abkürzung: rTMS). In bisherigen Studien 

konnte noch keine zufriedenstellende Vergleichbarkeit zu DCS erreicht werden. rTMS zur 

Lokalisierung sprach-eloquenter Areale weist zu viele falsch positive kortikale Bereiche auf 

und kann bisher nur für eine negative kortikale Kartierung genutzt werden. Ziel dieser Studie 

war es durch zusätzlich generierte Information über die subkortikale Nervenfaserverbindung, 

diese falsch positiven Bereiche zu reduzieren und insgesamt eine bessere Vergleichbarkeit zu 

DCS zu erreichen.  

Zu diesem Zweck wurde zum ersten Mal ein Vergleich zwischen den Ergebnissen der relativ 

neuen Methode der rTMS-basierten Diffusions-Tensor-Bildgebung-Traktografie (englische 

Abkürzung: DTI FT) und DCS hergestellt. Die daraus gewonnenen Informationen über die 

kortikale Verteilung der sprachpositiven Areale wurden mit den Ergebnissen aus einem 

Vergleich zwischen rTMS und DCS abgeglichen.  

Dafür wurden die Daten von 20 Patienten mit linksseitigen perisylvischen Raumforderungen 

aus den Jahren 2011 bis 2014 zusammengetragen, an denen jeweils eine Sprachkartierung 

mittels navigierter rTMS und DCS durchgeführt wurde und die daher eine MRT Untersuchung 

inklusive sechs DTI Richtungen erhalten haben. Die Ergebnisse aus rTMS wurden zum einen 

in fünf unterschiedliche Sprachfehlerkategorien eingeteilt und zum anderen wurden 12 

verschiedene Grenzwerte für die Definition sprachpositiver Bereiche ausgewertet, bevor ein 

Vergleich mit den intraoperativen DCS Ergebnissen erfolgte. Weiter wurden für jede 

Sprachfehlerkategorie einzeln die sprachpositiven rTMS Stimulationspunkte als Startpunkte 

für das rTMS-basierte DTI FT verwendet. Dieses wiederum wurde mit 12 verschiedenen 

Tracking-Parameter-Kombinationen weiter analysiert und direkt mit den Ergebnissen aus DCS 

verglichen, indem der kortikale Bereich des Faserbahnursprungs als Entscheidungsgrundlage 

für einen sprachpositiven Bereich definiert wurde. Zuletzt wurden die in den beiden 

Vergleichen (rTMS versus DCS und rTMS-basiertes DTI FT versus DCS) ermittelten 

sprachpositiven Areale in dem finalen Vergleich (rTMS kombiniert mit rTMS-basierter DTI FT 

versus DCS) gegeneinander abgeglichen. Für alle drei Vergleiche wurden die receiver 

operating characteristic (ROC) ermittelt und diese mittels des Youden’s Index (YI), des neu 

eingeführten Balance Index (BI) sowie in Hinblick auf die Möglichkeit einer positiven und 

negativen Kartierung hin untersucht.  
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DTI FT versus DCS konnte eine leichte Verbesserung der Vergleichbarkeit erzielen (rTMS vs. 

DCS: höchster best BI = 1,14 [Sensitivität 57%/Spezifität 69%], höchster best YI = 0,29 

[Sensitivität 43%/Spezifität 86% und Sensitivität 57%/Spezifität 71%] / DTI FT vs. DCS: 

höchster best BI = 1,37 [Sensitivität 71%/Spezifität 69%], höchster best YI = 0,44 [Sensitivität 

100%/Spezifität 44%]). Im Vergleich ((rTMS + DTI FT) versus DCS) kam es jedoch zu einer 

Verschlechterung der ROC (höchster best BI = 1,00 [Sensitivität 50%/Spezifität 56%], höchster 

best YI = 0,06 [Sensitivität 50%/Spezifität 56%]).  

Gründe dafür konnten unter anderem in der strengen Definition der den ROC 

zugrundeliegenden Fraktionen (true positive (TP), true negative (TN), false positive (FP), false 

negative (FN)), einer eingeschränkten Vergleichbarkeit zum intraoperativen DCS, dem Mangel 

an Standardisierung des rTMS und bis dato noch ausbaufähigen methodischen und 

technischen Voraussetzungen für DTI FT gesehen werden. Obwohl noch viele Faktoren 

optimiert werden können, um das präoperative rTMS zur Sprachkartierung zu verbessern, 

konnten wertvolle Einsichten gewonnen sowie bereits vorhandene Daten neu beleuchtet oder 

untermauert werden. Eine Analyse nach verschiedener Sprachfehlerkategorien in 

Kombination mit unterschiedlichen Schwellenwerten sowohl für DTI FT als auch für rTMS ist 

bisher nicht erfolgt. Des Weiteren ist dies die erste wissenschaftliche Arbeit die YI, BI und die 

jeweiligen für eine positive oder negative Sprachkartierung berechneten Summen zur 

Auswertung einer großen Datenmenge an ROC in diesem Kontext erfolgreich angewendet 

hat, wodurch auch in Zukunft die Analyse großer Datenmengen erleichtert werden kann. 

Zuletzt stellen rTMS-basiertes DTI FT versus DCS, sowie der finale Vergleich ((rTMS + DTI 

FT) versus DCS) einen neuen methodischen Ansatz dar. Schon jetzt gibt es vielversprechende 

neue Studien, die die Anwendbarkeit einer rTMS Sprachkartierung und eines DTI FT für die 

alltägliche klinische Praxis in Zukunft verbessern könnten.  
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8. ABBREVIATIONS 

         

8.1. Not referring to the cortical parcellation system 

3D    Three-dimensional 
AC    Analysis combination 
AE    All errors 
AEWH    All errors without hesitation 
AF    Arcuate fasciculus 
allR    All regions 
antR    Anterior regions 
APB    Abductor pollicis brevis 
AVM    Arteriovenous malformation 
BBI    Best balance index 
BI    Balance index 
BIS    Bispectral index 
BOLD     Blood oxygen level dependent 
CPS    Cortical parcellation system 
CrS    CPS region subdivision 
CSF    Cerebrospinal fluid 
DCS    Direct cortical stimulation 
DICOM   Digital imaging and communications in medicine 
DTI FT    Diffusion tensor imaging fiber tracking 
DTI    Diffusion tensor imaging 
DWI    Diffusion-weighted imaging 
EC    Error category 
ECoG    Electrocorticography 
e-field    Electric field 
EmC    Extreme capsule 
EMG    Electromyography 
En-TMS   Electric-field-navigated TMS 
EOR    Extent of resection 
ExC    External capsule 
FA    Fractional anisotropy  
FACT    Fiber assignment by a continuous tracking 
FAT Fractional anisotropy threshold 
FLAIR    Fluid-attenuated-inversion-recovery 
fMRI    Functional magnetic resonance imaging 
FN    False negative 
FP    False positive 
HE    Hesitation errors 
i.a.    Inter alia 
IEMAS    Intraoperative examination monitor for awake surgery 
IFOF    Inferior fronto-occipital fasciculus 
ILF    Inferior longitudinal fasciculus 
iMRI    Intraoperative magnetic resonance imaging 
IPI    Interpicture interval 
ISM    Intraoperative stimulation mapping 
Ln-TMS   Line-navigated TMS 
MAX    Maximum value 
MdLF    Middle longitudinal fasciculus 
MEDIAN   Median value 
MEG    Magnetoencephalographic imaging 
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MEP    Motor evoked potential 
MFL    Minimum fiber length 
MIN    Minimum value 
MRI    Magnetic resonance imaging 
MV    Mean value 
NBS    Navigated brain stimulation 
NoF    Number of fibers 
NPV    Negative predictive value 
NRE    No response errors 
nTMS    Navigated transcranial magnetic stimulation 
OSHA    Occupational Safety and Health Administration 
PACS    Picture archiving and communication system 
PE    Performance errors 
PET    Positron emission tomography 
PEV    Principal eigenvector 
postR    Posterior regions 
PPT    Picture presentation time 
PPV    Positive predictive value 
PT    Phosphene threshold 
PTI    Picture-to-trigger interval 
r    Pearson’s correlation coefficient 
RMT    Resting motor threshold 
ROC    Receiver operating characteristic 
ROI    Region of interest 
rTMS    Repetitive transcranial magnetic stimulation 
SCS    Subcortical stimulation 
SD    Standard deviation 
SLF    Superior longitudinal fasciculus 
TC    Threshold category 
TE    Echo time 
TN    True negative 
TP    True positive 
TR    Repetition time 
UF    Uncinate fasciculus 
VAS    Visual analogue scale 
WHO    World Health Organisation 
YI    Youden’s index 

8.2. Cortical parcellation system  

aITG    Anterior inferior temporal gyrus 
aMFG    Anterior middle frontal gyrus 
aMTG    Anterior middle temporal gyrus 
anG    Angular gyrus 
aSFG    Anterior superior frontal gyrus 
aSMG    Anterior supramarginal gyrus 
aSTG    Anterior superior temporal gyrus 
dLOG    Dorsal lateral occipital gyrus 
dPoG    Dorsal post-central gyrus 
dPrG    Dorsal pre-central gyrus 
mITG    Middle inferior temporal gyrus 
mMFG    Middle middle frontal gyrus 
mMTG    Middle middle temporal gyrus 
mPoG    Middle post-central gyrus 
mPrG    Middle pre-central gyrus 
mSFG    Middle superior frontal gyrus 



 

 102 

mSTG    Middle superior temporal gyrus 
opIFG    Opercular inferior frontal gyrus 
orIFG    Orbital part of the inferior frontal gyrus 
pITG    Posterior inferior temporal gyrus 
pMFG    Posterior middle frontal gyrus 
pMTG    Posterior middle temporal gyrus 
polIFG    Polar inferior frontal gyrus 
polITG    Polar inferior temporal gyrus 
polLOG   Polar lateral occipital gyrus 
polMFG   Polar middle frontal gyrus 
polMTG   Polar middle temporal gyrus 
polSFG   Polar superior frontal gyrus 
polSTG   Polar superior temporal gyrus 
PrG    Pre-central gyrus 
pSFG    Posterior superior frontal gyrus 
pSMG    Posterior supramarginal gyrus 
pSTG    Posterior superior temporal gyrus 
SPL    Superior parietal lobe 
trIFG    Triangular inferior frontal gyrus 
vLOG    Ventral lateral occipital gyrus 
vPoG    Ventral post-central gyrus 
vPrG    Ventral pre-central gyrus 
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