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1. INTRODUCTION 

 

1.1. Models of human language organization 

1.1.1. Classical concept 

 

“The limits of my language mean the limits of my world.” 

Ludwig J. J. Wittgenstein (1889 – 1951), Austrian-British philosopher 

 

This quote by Ludwig J. J. Wittgenstein depicts the fundamental role of language for the 

human being as appropriately and aesthetically as possible. Language function does not only 

allow us to communicate with other people and understand the context of words, but is also 

the universal vehicle used to transport meaning and knowledge over centuries of human 

development. The birth of this great philosopher fell in the period of the first evolving theories 

of language organization and representation within the human brain, later referred to as the 

classical model. This model is inextricably linked to Paul Broca and Karl Wernicke (Broca, 

1861; Wernicke, 1874). 

The early observations of Broca, Wernicke, and others were primarily based on lesion 

studies (Berker et al., 1986; Broca, 1861; Chang et al., 2015; Stookey, 1963; Wernicke, 

1874). Thus, most of the patients studied by Broca had lesions spatially overlapping with 

parts of the inferior frontal gyrus (IFG), which were mainly constituted by the pars triangularis 

of the IFG (trIFG) and the pars opercularis of the IFG (opIFG) of the left hemisphere (LH), or 

were located in adjacent perisylvian areas (Berker et al., 1986). These patients presented 

with a loss of the ability to speak or articulatory errors, which presumably occurred due to the 

specific localizations of the lesions (Berker et al., 1986). The work of Broca later resulted in 

the naming of these cortical areas after him (Figure 1).  

In contrast, Wernicke studied patients who presented with lesions within the posterior 

superior temporal lobe (pSTL) that he associated with paraphasic errors, impaired naming, 

and disrupted comprehension, but with fluent articulation and speech (Wernicke, 1874). This 

region subsequently became known as the Wernicke’s area (Figure 1). Furthermore, 

Wernicke proposed that the pSTL might be connected to the anteriorly located perisylvian 

regions described by Broca (Wernicke, 1874). Based on the findings by Broca and Wernicke, 

the classical model of language organization and representation is known to be composed of 

2 discrete language sites (Broca’s and Wernicke’s area) which are involved in 2 distinct 

functions (motor language processing and sensory language processing) and are 

interconnected by subcortical fibers (Figure 1) (Chang et al., 2015). 
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Figure 1: Classical model of language organization  

The classical model is primarily composed of the Broca’s area (brown), Wernicke’s area (green), and 

a fiber tract interconnecting both sites (later referred to as the arcuate fascicle; brown) (Chang et al., 

2015). Both cortical areas were already thought to be involved in different aspects of language 

function during early research (Chang et al., 2015). 

 

 

1.1.2. Contemporary models 

In subsequent research, the classical model was repeatedly challenged, with 2 main issues 

arising, which had not been sufficiently addressed in the early concept (Chang et al., 2015; 

Friederici and Gierhan, 2013). First, Broca’s or Wernicke’s aphasia have been shown to not 

only result from circumscribed lesions to the Broca’s or Wernicke’s area, thus probably 

underscoring the impact of isolated or combined damage to subcortical structures (Anderson 

et al., 1999; Bogen and Bogen, 1976; Chang et al., 2015; Mohr et al., 1978). Second, 

inherent linguistic complexities were not considered to a sufficient degree (e.g., differences 

between lexical, semantic, and phonological processing) (Poeppel and Hickok, 2004). These 

and other issues led to a stepwise and still ongoing development of the classical model into 
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more contemporary models that are in better agreement with modern findings on language 

organization and representation.  

The currently existing, contemporary models arise from the theories on dual streams of 

language processing, which are reflected by dorsal and ventral streams (Chang et al., 2015; 

Friederici and Gierhan, 2013; Hickok and Poeppel, 2004; Rauschecker, 2012; Rauschecker 

and Scott, 2009). Incoming sounds are suggested to be first processed within the pSTL and 

superior temporal sulcus, which reflect main components of the Wernicke’s area. The ventral 

stream is thought to be involved in speech recognition and lexical concepts and flows 

through to the anterior temporal lobe (ATL) and middle temporal lobe (MTL; Figure 2) (Chang 

et al., 2015; Friederici and Gierhan, 2013). The dorsal stream is suggested to be engaged in 

spatial processing and sensorimotor integration by conflating phonological information and 

articulatory motor representations, and it involves portions of the IFG, partially overlapping 

with the Broca’s area, the premotor cortex, and the parieto-temporal boundary region (Figure 

2) (Chang et al., 2015; Friederici and Gierhan, 2013). While the dorsal stream is thought to 

be left-dominant, the ventral stream is likely to be represented bilaterally without a clear 

dominance in favour of one hemisphere (Chang et al., 2015; Damasio, 1992). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Contemporary model of language organization  

Contemporary models are heavily based on the theory of 2 principal streams of language processing, 

which are the ventral (red) and dorsal (purple) stream (Chang et al., 2015). These streams flow 

through different brain structures of the frontal (brown & yellow), parietal (green), and temporal (blue & 

purple) lobe (Chang et al., 2015). 
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Furthermore, contemporary views on language organization and representation also aim to 

include subcortical white matter (WM) pathways as structural correlates for information 

transmission and processing of the aforementioned tasks implemented in the model of dual 

streams. Regarding such language-related WM pathways, the arcuate fascicle (AF) and the 

superior longitudinal fascicle (SLF) are the largest tracts, and they are believed to be part of 

the dorsal stream (Chang et al., 2015; Friederici and Gierhan, 2013). The AF primarily 

connects posterior temporal and fronto-opercular cortical sites, partially overlapping with the 

Broca’s and Wernicke’s area, but also presents various additional terminations (Figures 1 & 

3) (Catani and Thiebaut de Schotten, 2008; Chang et al., 2015). Lesions to the AF can lead 

to conduction aphasia, which has already been suggested by the early work of Wernicke 

(Anderson et al., 1999; Wernicke, 1874). The SLF can be subdivided into 4 main 

components, which are the SLF I, SLF II, SLF III, and SLF-tp, each of which serve different 

specific functions during language processing except for the SLF I (Figure 3) (Catani and 

Thiebaut de Schotten, 2008; Chang et al., 2015; Fridriksson et al., 2010; Galantucci et al., 

2011; Leclercq et al., 2010; Makris et al., 2005). The inferior fronto-occipital fascicle (FoF) is 

assumed to be one of the longest WM pathways involved in language processing, belongs to 

the ventral stream, and is engaged in semantic and syntactic processing (Figure 3) (Catani 

and Thiebaut de Schotten, 2008; Chang et al., 2011; Leclercq et al., 2010). The uncinate 

fascicle (UC), which connects the ATL to the IFG, is also said to play an important role in 

semantic function, but this is still discussed controversially (Figure 3) (Catani and Thiebaut 

de Schotten, 2008; Chang et al., 2015; Duffau et al., 2009; Papagno et al., 2011). Besides 

these major and comparatively well-investigated tracts, further WM pathways, such as the 

inferior longitudinal fasciculus (ILF), corticonuclear tract (CNT), short arcuate fibers (ArF), 

corticothalamic fibers (CtF), and commissural fibers (CF) are taken into account in 

contemporary models (Figure 3) (Axer et al., 2013; Bello et al., 2008; Catani et al., 2002; 

Catani and Thiebaut de Schotten, 2008; Chang et al., 2015; Friederici and Gierhan, 2013; 

Gierhan, 2013). In conclusion, when considering contemporary models versus the classical 

model of language organization and representation, language processing seems to exist 

within a complex network that is composed of both cortical areas and various, but specific 

subcortical WM pathways subserving different functional aspects.  
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Figure 3: Subcortical white matter (WM) pathways involved in language processing 

According to contemporary models, language processing is not only mediated by cortical areas 

(Chang et al., 2015). Instead, it also includes various subcortical WM pathways that are composed of, 

but not limited to the arcuate fascicle (AF), superior longitudinal fascicle (SLF), inferior longitudinal 

fascicle (ILF), inferior fronto-occipital fascicle (FoF), and uncinate fascicle (UC) (Chang et al., 2015).  
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1.2. Mapping language function 

1.2.1. Direct electrical stimulation 

The current gold standard to test whether a brain structure is involved in language function is 

reflected by intraoperative direct electrical stimulation (DES) during awake surgery, which 

was first reported in neurosurgical patients by Wilder Penfield (Feindel, 1982; Penfield and 

Roberts, 1959). In principle, intraoperative DES is a highly invasive technique that requires 

opening of the skull and dura in order to allow the neurosurgeon to put a handheld 

stimulation probe directly on cortical areas or subcortical structures to map either cortex or 

WM fibers (Chang et al., 2015; Mandonnet et al., 2010; Szelenyi et al., 2010). This is 

conducted in awake and conscious patients that are advised to perform one or more 

language-related tasks (e.g., object naming) during stimulation (Talacchi et al., 2013). The 

induced current can produce language disturbance during task performance, which allows 

the investigator to parcellate the cortex into language-positive (spots at which an error was 

elicited) and language-negative (spots at which no error was elicited) sites (Corina et al., 

2010; Haglund et al., 1994). Correspondingly, subcortical DES can be used to reveal 

language-related WM pathways with respect to a similar principle: if subcortical DES 

produces an error at a specific site, the stimulated area is likely to be involved in language 

function; at least with respect to the language subfunctions the applied task was able to 

activate (Duffau, 2015; Sanai and Berger, 2010). A variety of different errors can be elicited 

during cortical or subcortical DES, which can be categorized and used to further specify the 

function of certain brain structures (Corina et al., 2010; Ojemann and Mateer, 1979; 

Ojemann, 1991; Penfield and Roberts, 1959; Sanai et al., 2008).  

In specialized neurosurgical centers, cortical and subcortical DES is applied to systematically 

map the brain for language-positive sites during surgery when resecting tumors presumably 

located within language-eloquent parts of the brain. This is important as the language 

network is complex and widespread, thus making it difficult to operate on the brain without 

continuous information about the spatial relation between the resection area and adjacent 

language-related sites (Chang et al., 2015; Mandonnet et al., 2010; Szelenyi et al., 2010). 

Furthermore, the brain harbors a large plastic potential, which becomes evident in the 

context of tumor-induced reallocation of functional language-related areas and, therefore, 

can be made responsible for dramatic discrepancies between individual functional anatomy 

and standard language maps derived from healthy individuals (Duffau, 2014b; Duffau et al., 

2002; Robles et al., 2008; Southwell et al., 2016). Accordingly, intraoperative DES is crucial 

to map individual language-related structures and to preserve language function during 

resection. This allows the neurosurgeon to operate according to a simple principle (Duffau 

and Mandonnet, 2013): he or she aims to remove as much tumor-infiltrated brain tissue as 
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possible whilst trying to preserve as much function as possible, a concept referred to as the 

so-called “onco-functional balance”. Together with chemo- and radiotherapy, surgical tumor 

removal including intraoperative DES is an important part of a multimodal treatment 

approach that aims to extend the overall survival of patients whilst preserving a maximum of 

quality of life and function (Capelle et al., 2013; De Witt Hamer et al., 2012; Duffau and 

Mandonnet, 2013; Jakola et al., 2012). In this context, it has repeatedly been shown that a 

maximum extent of resection is crucial for prolonged survival and can be facilitated by 

intraoperative DES (Ammirati et al., 1987; Hervey-Jumper and Berger, 2014; Sanai and 

Berger, 2008; Smith et al., 2008; Stummer et al., 2008).  

 

1.2.2. Transcranial magnetic stimulation 

Transcranial magnetic stimulation (TMS) was initially demonstrated to be able to elicit visible 

motor responses after stimulation of the motor cortex by Anthony Barker (Barker et al., 

1985). During TMS, a short-lived magnetic field is induced, which then develops rapidly into 

a transient electric field capable of modulating nerve cells under a stimulating handheld coil 

(Barker et al., 1985; Hallett, 2000; Rossini et al., 1994; Rossini et al., 2015). Although initially 

introduced to stimulate the motor cortex, the technique continuously increased in its 

applicabilities, thus enabling the stimulation of language-related brain areas and induction of 

language disturbances (Devlin and Watkins, 2007; Epstein et al., 1999; Michelucci et al., 

1994; Pascual-Leone et al., 1991).  

Early TMS approaches were performed without neuronavigation, thus making it difficult to 

determine precisely where the stimulation actually hit the brain. However, the development of 

combinations of neuronavigation and TMS systems enabled more focused stimulation with 

control of the stimulation site according to individual brain anatomy (Ettinger et al., 1998; 

Ruohonen and Karhu, 2010). Thanks to this development, navigated TMS (nTMS) became 

feasible for presurgical diagnostics where the cortex of patients harboring supratentorial 

brain tumors is systematically mapped to gain information about the exact location and 

extent of functional regions, such as motor- or language-related areas (Krieg et al., 2012b; 

Krieg et al., 2013a; Picht et al., 2013; Picht et al., 2009; Tarapore et al., 2013; Tarapore et 

al., 2012). Similar to cortical DES for language mapping, nTMS can be used to induce 

language disturbances during performance of a language-related task, thus allowing the 

differentiation of language-positive and language-negative sites on the cortical surface (Picht 

et al., 2013; Tarapore et al., 2013). The resulting language maps can then be used for 

surgical planning and resection guidance in patients with brain tumors presumably located 

within language-eloquent parts of the brain (Picht et al., 2013; Tarapore et al., 2013).  
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In recent years, language mapping by nTMS has shown to be a useful clinical technique that 

should be applied in addition to intraoperative DES (Picht, 2014). In this context, it may 

provide several benefits to both the patient and the neurosurgeon. First, nTMS has shown to 

be more accurate in localizing language function when compared to task-based functional 

magnetic resonance imaging (fMRI) or magnetoencephalography (MEG) using standard 

protocols, thus suggesting that it might be superior to these more common modalities in the 

preoperative neurosurgical setting (Sollmann et al., 2013; Tarapore et al., 2013). 

Consequently, the use of nTMS facilitates improved detectability of language-related areas 

preoperatively, thus providing the neurosurgeon with useful data. Second, the availability of 

nTMS language maps during preoperative planning and resection guidance has shown to 

result in improved clinical outcomes from the patients’ perspectives (Sollmann et al., 2015b). 

Thus, nTMS may help to achieve a better onco-functional balance, which has already been 

discussed as a crucial parameter for intraoperative DES and neuro-oncology per se (Duffau 

and Mandonnet, 2013). Third, in contrast to intraoperative DES, nTMS is a non-invasive 

technique that can be used preoperatively to prepare the patient for intraoperative DES and 

to increase awareness about risks and benefits related to tumor resection with respect to 

visualization of the patients’ individual functional anatomy (Picht, 2014; Sollmann et al., 

2017a). Fourth, nTMS can be applied preoperatively to detect tumor-induced plastic 

reallocation of language-related sites similar to intraoperative DES (Krieg et al., 2013b; Krieg 

et al., 2014b; Rosler et al., 2014). The neurosurgeon can therefore be alerted to altered 

functional anatomy prior to tumor resection, which can help to adjust surgical approaches 

and to find more adequate surgical strategies. These benefits are achieved by a technique 

that is similar to the gold standard of intraoperative DES and has proven to be safe and well 

tolerated by the individual patient (Rossi et al., 2009; Tarapore et al., 2016). 

Although language mapping by nTMS is increasingly being used in neurosurgery and is 

continuously expanding its application as a powerful preoperative technique, it is limited in a 

critical aspect when compared to intraoperative DES. Whereas intraoperative DES can be 

used to map both cortical and subcortical structures, nTMS is mainly restricted to stimulation 

of cortical areas without providing details about subcortical language-related WM pathways. 

This important limitation was therefore made the focus of the publications included in this 

thesis. We hypothesized that subcortical maps of language-related WM pathways can be 

achieved by combining language mapping by nTMS with diffusion tensor imaging fiber 

tracking (DTI FT), thus enabling nTMS-based DTI FT. 
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1.3. Objectives of the included publications 

This thesis includes 3 publications on nTMS-based DTI FT of language-related WM 

pathways (Negwer et al., 2017; Sollmann et al., 2016d; Sollmann et al., 2017b). Since nTMS-

based DTI FT of language-related WM pathways represents a novel approach, the objective 

of the first publication was to assess feasibility in the context of detecting 9 language-related 

WM pathways known in the literature (Sollmann et al., 2016d). Based on these results, the 

second publication aims to compare nTMS-based DTI FT of these WM pathways to 

conventional anatomy-based DTI FT, which reflects the traditional and widely used technique 

to track subcortical language-related pathways in neurosurgery, in order to evaluate whether 

our new method can improve tractography results (Negwer et al., 2017). The objective of the 

third publication was then to expand the applicability of the new method beyond the level of 

detecting known WM pathways: it aims to explore the perspectives of risk stratification based 

on tractography of interhemispheric connectivity (IC) by means of nTMS-based DTI FT 

(Sollmann et al., 2017b).  
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2. MATERIALS AND METHODS 

 

2.1. Ethics approval 

The experimental protocols and procedures of the publications included in this thesis were 

approved by our local ethical committee (Technical University of Munich; registration 

number: 2793/10) in accordance with the Declaration of Helsinki. All patients provided written 

informed consent prior to the procedures of these studies (Negwer et al., 2017; Sollmann et 

al., 2016d; Sollmann et al., 2017b).  

 

2.2. Patients 

Patients were eligible for participation if they met the following inclusion criteria: 

- age above 18 years,  

- written informed consent, and 

- diagnosis of a supratentorial brain tumor within perisylvian areas of the LH according to 

structural magnetic resonance imaging (MRI).  

 

Furthermore, the following exclusion criteria were defined: 

- general TMS exclusion criteria for safety reasons (e.g., cochlear implants, presence of a 

cardiac pacemaker, deep brain stimulation electrodes),  

- severe aphasia that would not have allowed for preoperative language mapping by 

nTMS, and 

- other severe neurological diseases. 

 

2.3. Setup and procedures 

Prior to surgery for tumor resection, all patients underwent clinical assessments (including 

evaluation of language function), cranial MRI, and language mapping by nTMS at our 

hospital according to standardized protocols. If clinically required, positron emission 

tomography (PET) was performed. Furthermore, tractography of language-related WM 

pathways was performed based on preoperatively acquired diffusion tensor imaging (DTI) 

sequences and nTMS data.  
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All acquired data were then considered during individual patient counseling and during 

treatment planning by an interdisciplinary tumor board. Tumor resection was performed with 

these data being available for surgical planning and resection guidance. After surgery, the 

clinical assessments and cranial MRI were repeated on the first postoperative day and in 

regular periods until discharge and during follow-up (FU) examinations. All data were 

available for analyses according to the objectives of the studies included in this thesis 

(Negwer et al., 2017; Sollmann et al., 2016d; Sollmann et al., 2017b). 

 

2.4. Clinical assessment 

Each patient had to undergo a detailed clinical examination according to a standardized 

internal protocol. This examination included evaluation of sensory function, muscle strength, 

cranial nerve function, and coordination (Krieg et al., 2016a; Krieg et al., 2015; Sollmann et 

al., 2015b). Regarding the preoperative language status, we used the Aachen Apasia Test 

(AAT) as a tool to evaluate different aspects of language function (Huber et al., 1984). 

Complementary to the AAT results, we established 4 deficit grades regarding language 

function (Krieg et al., 2014b; Sollmann et al., 2015b; Sollmann et al., 2016c). These deficit 

grades were defined as follows:  

- no deficit (= grade 0; normal speech comprehension and conversational speech, no 

impairment of communication ability), 

- mild deficit (= grade 1; normal speech comprehension and/or conversational speech with 

slight amnesic aphasia, adequate communication ability), 

- medium deficit (= grade 2; minor disruption of speech comprehension and/or 

conversational speech, adequate communication ability), and 

- severe deficit (= grade 3; major disruption of speech comprehension and/or 

conversational speech, clear impairment of communication ability). 

 

In addition to the 4 deficit grades, an “A” was added to the respective grade in case of non-

fluent aphasia, whereas a “B” was added to indicate fluent aphasia (Krieg et al., 2014b; 

Sollmann et al., 2015b; Sollmann et al., 2016c). The evaluation of language function 

according to this grading scheme was repeated during postoperative and FU examinations. 

In this context, the presence of postoperative aphasia was defined as any grade of language 

disruption (grades 1 – 3, A/B) at the fifth postoperative day, regardless of the individual 

preoperative status of language function. Furthermore, surgery-related aphasia was defined 

as any worsening of language function when comparing the preoperative to the 

postoperative or FU status of language function, thus paying attention to the development of 

language function over time.  
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2.5. Magnetic resonance imaging 

Cranial MRI was performed on a 3T scanner (Achieva 3T; Philips Medical Systems, The 

Netherlands B.V.) using an eight-channel phased-array head coil. Structural imaging 

consisted of a fluid attenuated inversion recovery (FLAIR) sequence (repetition time [TR] / 

echo time [TE]: 12,000 / 140 ms, voxel size: 0.9 × 0.9 × 4 mm3, acquisition time: 3 min) and 

three-dimensional (3-D) T1-weighted gradient echo sequences (TR / TE: 9 / 4 ms, 1 mm3 

isovoxel covering the whole head, acquisition time: 6 min 58 s) with and without application 

of an intravenous gadolinium-based contrast agent (gadopentetate dimeglumine; Magnograf, 

Marotrast GmbH, Germany).  

Regarding diffusion-weighted imaging (DWI), sequences with 6 (TR / TE: 7,571 / 55 ms, b-

values: 0 and 800, spatial resolution: 2 × 2 × 2 mm3, acquisition time: 2 min 15 s) or 15 (TR / 

TE: 10,737 / 55 ms, b-values: 0 and 800, spatial resolution: 2 × 2 × 2 mm3, acquisition time: 6 

min 26 s) diffusion directions were acquired during the same scanning session. The software 

of the scanner was used to immediately adjust for motion artifacts in these sequences. 

Further DWI sequences were added to the scanning protocol during scanning at the first 

postoperative day to search for surgery-related bleeding or ischemic events.  

 

2.6. Navigated transcranial magnetic stimulation 

2.6.1. Experimental setup 

For nTMS, we used the Nexstim eXimia NBS system (versions 3.2.2 and 4.3) in combination 

with a NEXSPEECH® module (version 1.1.0) for presentation of an object-naming task and 

evaluation of task performance (Nexstim Plc., Finland; Figure 4). For simultaneous 

electromyography (EMG) recording, a built-in EMG system with a total of 6 channels was 

used, and neuronavigation was established by the help of an infrared navigation device 

(Polaris Spectra; Polaris, Ontario, Canada). The application of nTMS pulses by this system is 

achieved with the help of a focal figure-of-eight stimulation coil that delivers biphasic pulses 

and induces an electric field (pulse length: 230 µs, maximum electric field strength: 172 V / m 

± 2%). During the whole nTMS procedure, the patients sat in a comfortable chair with 

armrests in front of a screen used for later task presentation (Figure 4). 
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Figure 4: Setup of navigated transcranial magnetic stimulation (nTMS) 

The principal components of the nTMS system, which consists of a camera for recording of task 

performance (A), an infrared tracking device for neuronavigation purposes (B), screens for control of 

the stimulation including coil positioning (C), a screen for task presentation (D), a stimulator generating 

nTMS pulses (E), and a figure-of-eight stimulation coil (F) are tagged in this photograph. 

 

 

The Nexstim eXimia NBS system represents a neuronavigated device making use of electric-

field-navigated transcranial magnetic stimulation (En-TMS). En-TMS is achieved by the 

calculation of the electric field that is generated by the stimulating coil and its maximum field 

strength applied, and it considers individual factors that can affect nTMS during estimation of 

the exact stimulus localization and intensity (e.g., shape and size of the patient’s head) 

(Ruohonen and Ilmoniemi, 1999; Ruohonen and Karhu, 2010; Schmidt et al., 2015; Sollmann 

et al., 2016a; Tarapore et al., 2013).  
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First, the individual contrast-enhanced 3-D gradient echo sequences were transferred from 

the MRI scanner to the nTMS system in Digital Imaging and Communications in Medicine 

(DICOM) format and taken as an anatomical reference during later stimulation (Ruohonen 

and Ilmoniemi, 1999; Ruohonen and Karhu, 2010; Sollmann et al., 2016a; Sollmann et al., 

2017a). Based on the MRI data set, the nTMS system automatically calculates an individual 

3-D head model that is then co-registered to the respective patient’s skull (Figure 5). The 

infrared navigation device is used to track the coil’s position in relation to the reconstructed 3-

D head model by sensing both reflectors attached to the back side of the coil and reflectors 

located on a strap tied to the patient’s head (Ruohonen and Ilmoniemi, 1999; Ruohonen and 

Karhu, 2010; Sollmann et al., 2016a).  

 

 

 

 

Figure 5: Three-dimensional (3-D) head model  

Based on individual magnetic resonance imaging (MRI) data sets, the software calculates a 3-D head 

model that can be used during neuronavigation. This model considers individual anatomical 

characteristics and allows for visualization of the head and brain in different views, angulations, and 

peeling depths during stimulation.  
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2.6.2. Determination of the resting motor threshold 

To individualize the stimulation intensity for later mapping, the resting motor threshold (rMT) 

was determined. In order to prepare for mapping of the motor area during rMT determination, 

pregelled surface electrodes (Neuroline 720; Ambu A/S, Denmark) were attached to the 

abductor pollicis brevis muscle (APB) of the right hand and used to record motor evoked 

potentials (MEPs) during stimulation of the LH. A reference electrode was placed at the 

ipsilateral elbow, and the sitting patient was instructed to relax during the procedure of rMT 

determination (Figure 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Determination of the resting motor threshold (rMT) 

The rMT was determined by motor mapping of the cortical representation of the abductor pollicis 

brevis muscle (APB) within the left hemisphere (LH). Motor evoked potentials (MEPs) were recorded 

by continuous electromyography (EMG) using electrodes attached to this muscle.  
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The rMT is defined as the lowest stimulation intensity that elicits MEPs with amplitudes 

above 50 µV in at least half of the applied stimulations in a relaxed muscle (Rossini et al., 

1994; Rossini et al., 2015; Sollmann et al., 2016e). To determine a patient’s individual rMT, 

the most excitable cortical spot in terms of MEP amplitudes derived from EMG monitoring of 

the APB was identified and defined as the so-called motor hotspot (Figure 7) (Krieg et al., 

2012b; Krieg et al., 2013a; Picht et al., 2012; Sollmann et al., 2016e). Hotspot identification 

required application of several single nTMS pulses to the cortex, starting at the anatomical 

hand knob within the precentral gyrus (PrG) as visually identified by its typical inversed 

omega structure (Niskanen et al., 2010; Park et al., 2007; Yousry et al., 1997). Although 

stimulation began within the PrG, it was continued in all directions and outside of the PrG to 

localize the individual motor hotspot.  

After careful hotspot identification, at least 10 further single nTMS pulses with the same 

angulation of the coil and orientation of the electric field were applied to guarantee that the 

correct spot was defined as the motor hotspot (Sollmann et al., 2016e). To rule out the 

possibility that other coil angulations or electric field orientations may have led to higher MEP 

amplitudes, 10 additional stimulation pulses were given with orientations of -45° and +45° in 

relation to the initial stimulus (Sollmann et al., 2016e). At the motor hotspot defined under 

these premises, the nTMS system’s built-in threshold-hunting application, which is based on 

the maximum likelihood algorithm, was then used to determine the exact rMT value (in % of 

the nTMS system’s maximum output) (Awiszus, 2003; Sollmann et al., 2016e). During 

threshold hunting, single nTMS pulses were only applied to the motor hotspot with optimal 

electric field orientation and coil angulation whilst the nTMS system systematically altered the 

applied stimulation intensity until MEP amplitudes above 50 μV were registered (Awiszus, 

2003; Sollmann et al., 2016e). In this context, the nTMS system automatically decreased the 

intensity when MEPs with amplitudes above 50 μV were elicited, whereas it increased the 

intensity in case that MEP amplitudes equal or lower than 50 μV were recorded by EMG. 

Facilitated motor responses (e.g., voluntary muscle contractions of the APB) were excluded 

manually to guarantee accurate rMT determination (Sollmann et al., 2016e).  

For all stimulation pulses delivered for identification of the motor hotspot and rMT 

determination, the inter-stimulus interval (ISI; time interval between 2 consecutive stimulation 

pulses) was at least 2 s. Furthermore, the stimulating coil was angulated perpendicular to the 

patient’s skull during pulse application, with the induced electric field being oriented 

perpendicular to the stimulated gyrus (Figure 7) (Krieg et al., 2012b; Krieg et al., 2013a; Picht 

et al., 2012; Sollmann et al., 2016e). The coil angulation and electric field orientation were 

tracked online during nTMS pulse application by the help of the infrared navigation device 

(Ruohonen and Ilmoniemi, 1999; Ruohonen and Karhu, 2010; Sollmann et al., 2016a).  
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Figure 7: Identification of the motor hotspot 

During determination of the resting motor threshold (rMT), the motor hotspot had to be identified. This 

spot is defined as the most excitable cortical spot in terms of motor evoked potential (MEP) amplitudes 

recorded by electromyography (EMG; in this case: amplitude of 101 µV with a latency of 25.3 ms for 

stimulation of the abductor pollicis brevis muscle [APB]). The orange point marks the site of the 

hotspot, and the colored arrow depicts the direction of the induced electric field, which should be 

oriented perpendicular to the stimulated gyrus to elicit optimal MEPs.  

 

 

2.6.3. Object-naming task and baseline 

To map the cortex for language-related areas, a task is required. We applied an object-

naming task consisting of a total of 131 colored photographs of living and non-living, 

common objects depicted on white background (Figure 8). (Hernandez-Pavon et al., 2014; 

Krieg et al., 2016b; Picht et al., 2013; Sollmann et al., 2016c; Sollmann et al., 2014). All 

objects are present in everyday life (e.g., hammer, orange, ball, ship) and were shown on a 

computer screen that was positioned in front of the sitting patient. No abstract or fictional 

objects were included in the selection of photographs, which was similar to the Snodgrass 

and Vanderwart picture set (Snodgrass and Vanderwart, 1980; Snodgrass, 1996). Such a 

visual object-naming task is known to engage all main language production functions (form, 

articulation, and meaning), which are processed partly simultaneously and chronologically 

stepwise during task performance (Indefrey, 2011; Indefrey and Levelt, 2004; Sollmann et 

al., 2016b). 
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Figure 8: Examples of pictures used in the object-naming task 

During task performance, a set of various colored photographs depicting common objects, such as a 

hammer, orange, ball, or ship, was used. These objects were shown on a screen that was placed in 

front of the patient, and he or she was requested to name the presented objects. 

 

 

Before nTMS for language mapping was conducted, the set of objects was shown to each 

patient in the context of at least 2 consecutive rounds of picture presentation without 

stimulation. This was done to adapt the set of objects according to the skills of the respective 

patient and to train the patient for the subsequent mapping procedure (Hernandez-Pavon et 

al., 2014; Krieg et al., 2016b; Picht et al., 2013; Sollmann et al., 2016c; Sollmann et al., 

2014). Furthermore, picture presentation without simultaneous stimulation allows achieving a 

baseline of objects that the respective patient was able to name correctly and without delays, 

thus being usable under the condition of later stimulation. The patients were instructed to 

name the presented objects as precisely and quickly as possible without a preceding article 

or sentence (Krieg et al., 2016b; Sollmann et al., 2014). In case of any unclear response 

(e.g., repetition of syllables during naming), misnaming (e.g., incorrect naming of an object), 

or hesitation during naming performance, the respective object was deleted from the 

sequence and not used during subsequent language mapping. As a standard reference 

regarding naming agreement, we used the International Picture Naming Project (IPNP) 

database (Szekely et al., 2004).  

During the 2 rounds of baseline assessment, the objects were displayed on the screen with a 

fixed inter-picture interval (IPI; time interval between 2 consecutive objects) of 2,500 ms. The 

display time (DT; time interval during which a single object was shown on the screen) was 

standardly set at 700 ms. The baseline assessments were video- and audio-recorded and 
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saved for later analyses (Hernandez-Pavon et al., 2014; Lioumis et al., 2012; Rogic et al., 

2014; Tarapore et al., 2013). 

 

2.6.4. Mapping procedure  

Language mapping by nTMS was performed within the same session after the baseline 

assessments. The objects were presented with the same IPI and DT as during baseline 

testing. Regarding the picture-to-trigger interval (PTI; time interval between the screening of 

an object and the onset of the stimulation pulses), we used 300 ms or 0 ms, with the nTMS 

trains being automatically delivered in a time-locked fashion that was correlated to the PTI 

(Krieg et al., 2016b; Krieg et al., 2014c; Picht et al., 2013; Sollmann et al., 2016b; Sollmann 

et al., 2014; Tarapore et al., 2013). The individual set of correctly named baseline objects 

was used, with the single objects being presented in randomized order. To effectively induce 

naming disturbances, the stimulation parameters for a repetitive nTMS (rTMS) sequence 

were first individualized according to the following approach that was applied to the LH (Krieg 

et al., 2016b; Sollmann et al., 2014). First, nTMS trains with 100% of the individual rMT were 

delivered to the opIFG, trIFG, and ventral PrG with 5 Hz / 5 pulses, 7 Hz / 5 pulses, and 7 Hz 

/ 7 pulses as an attempt to achieve a high error rate (ER; number of errors divided by the 

number of delivered stimulation trains). The parameters that led to the highest ER (5 Hz / 5 

pulses, 7 Hz / 5 pulses, or 7 Hz / 7 pulses) were then used during mapping of the entire 

hemisphere. If object naming was not clearly disrupted, the stimulation intensity was 

increased to 110 – 120% rMT, whereas it was decreased to 80 – 90% rMT if the patient 

reported considerable discomfort during stimulation (Krieg et al., 2016b; Sollmann et al., 

2014). In the case that no clear difference was registered between stimulation with the 

different parameters in terms of ERs, we chose the most comfortable adjustment to avoid 

any pain due to stimulation-induced muscle twitching (Krieg et al., 2016b; Sollmann et al., 

2014). After the optimal stimulation settings were determined in each patient under these 

premises, both hemispheres were mapped in consecutive order starting with the LH followed 

by the right hemisphere (RH) (Figure 9).  
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Figure 9: Language mapping procedure 

The patient was presented with objects on a screen during language mapping. Stimulation was then 

carried out on both hemispheres, starting with the left hemisphere (LH). The stimulating coil was 

placed on the head of the patient, and its position was controlled with the help of the infrared 

navigation device.  

 

 

The coil was randomly moved during the IPI after having stimulated one spot at least 3 times 

in a row (Krieg et al., 2016b; Sollmann et al., 2014). The distance between the spots was 

about 10 mm and most of the gyri of the LH and RH were targeted during this stimulation 

approach (Figure 10). However, the spatial extent of mapping had to be restricted due to 

clear discomfort in orbital and polar cortical regions and due to comparatively low induced 

field strengths within the inferior temporal gyrus because of greater skull-cortex distances in 

this area (Krieg et al., 2016b; Sollmann et al., 2014). To achieve optimal field induction, the 

coil was placed perpendicular to the patient’s skull with anterior-posterior orientation of the 
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electric field (Figure 10) (Epstein et al., 1996; Lioumis et al., 2012; Sollmann et al., 2015c; 

Wassermann et al., 1999). As for the previous baseline assessments, the naming 

performances were video- and audio-recorded for later offline analyses (Hernandez-Pavon et 

al., 2014; Lioumis et al., 2012; Rogic et al., 2014; Tarapore et al., 2013). The locations of the 

induced electric field and its shape and direction as well as the coil angulation and the spots 

of stimulation were saved for post hoc analyses. 

 

 

 

Figure 10: Cortical points of stimulation 

The points of stimulation are shown as orange spots on the three-dimensional (3-D) reconstruction of 

the cortex. Each area was stimulated at least 3 times, and the orientation of the electric field, as 

shown by the colored arrow, was controlled during pulse application so that it was oriented anterior-

posteriorly. The induced field strength is calculated by the system and displayed for each stimulation 

spot (in this case: 104 V/m). 
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2.6.5. Mapping analysis 

The recordings during baseline assessments and language mappings were analyzed post 

hoc to identify and categorize any naming errors induced by the nTMS trains during task 

performance. The video and audio recordings were played and any suspected disturbances 

during object naming were compared with the corresponding baseline performance regarding 

the respective object (Figure 11) (Hernandez-Pavon et al., 2014; Krieg et al., 2016b; Lioumis 

et al., 2012; Picht et al., 2013; Sollmann et al., 2016c; Sollmann et al., 2014; Tarapore et al., 

2013).  

 

 

 

 

Figure 11: Comparison of mapping recordings to baseline assessments 

The analysis software allowed for comparison of the task performance during stimulation to baseline 

assessment to facilitate detection and categorization of naming errors. The respective object that was 

screened during the error, together with the identification number of the nTMS pulse (in this case: 

“letter box” during application of pulse 1.21), was also shown. To tag an error, the respective category 

had to be chosen from a set of predefined categories (in this case: no response).  
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All detected naming errors were marked and systematically categorized with respect to the 

specific error type (Corina et al., 2010; Krieg et al., 2016b; Lioumis et al., 2012; Sollmann et 

al., 2014). In this context, no responses (no naming at all during stimulation), performance 

errors (articulatory naming errors during articulation of the target word), neologisms 

(articulation of a possible but non-existent word instead of the target word), semantic 

paraphasias (substitution of a semantically related or associated word for the target word), 

and phonological paraphasias (unintended phonemic modification of the target word) were 

considered (Corina et al., 2010; Krieg et al., 2016b; Lioumis et al., 2012; Sollmann et al., 

2014). The categorization of naming errors was performed blinded to the respective 

stimulation spots at which the errors were elicited during language mapping. After the 

categorization was finished, the spots that were prone to errors of the above-mentioned 

types were tagged and defined as language-positive spots, whereas the remaining 

stimulation spots were defined as language-negative spots (Figure 12). Only the language-

positive spots were then exported in DICOM format, which was achieved separately for the 

LH and RH (Sollmann et al., 2017a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Cortical language map 

Cortical points at which a naming error was elicited are depicted in white, whereas language-negative 

spots are shown in grey. The language-positive spots were exported for later tractography. 
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2.7. Diffusion tensor imaging fiber tracking 

2.7.1. Experimental setup 

For DTI FT based on nTMS language data, we used a deterministic tractography algorithm 

implemented into a surgical neuronavigation server (BrainLAB iPlan Net, version 3.0.1; 

BrainLab AG, Germany). This deterministic approach follows the algorithms of the fiber 

assignment by continuous tracking (FACT) method (Mori and Barker, 1999; Mori and van Zijl, 

2002): subcortical fibers are reconstructed stepwise by tracking along the principal diffusion 

direction from a certain point until preselected stop criteria are met.  

First, the individual DTI, FLAIR, and gradient echo sequences of each patient, all acquired 

during preoperative MRI, were uploaded to the server, which was then followed by fusion 

and alignment of data sets. Moreover, during upload of the DTI sequences, eddy current 

correction was applied throughout. In addition, all language-positive stimulation spots were 

transferred to the server, uploaded, and aligned to the imaging data sets. This was done 

separately for the language-positive spots of the LH and RH. Consequently, the language-

negative stimulation spots, which were not included in the transferred file, were not 

considered during tractography (Sollmann et al., 2017a). Thus, the final data fusion included 

both imaging data and nTMS maps within a shared coordinate space (Frey et al., 2012; Krieg 

et al., 2012a; Sollmann et al., 2017a).  

 

2.7.2. Tractography procedure 

For 2 of the studies included in this thesis, only left-hemispheric language-positive spots 

were further used (Figure 13) (Negwer et al., 2017; Sollmann et al., 2016d). The whole group 

of these spots reflecting error sites of the LH was defined as one single object in each 

patient, which is a prerequisite for the definition of a region of interest (ROI) needed for later 

tractography. Consequently, the object was defined as a ROI during the next step by adding 

a rim of 5 mm to each language-positive stimulation spot (Figure 13). For the first study, DTI 

FT was carried out using an individualized tracking approach purely based on these left-

hemispheric nTMS data as the only ROI (Frey et al., 2012). The minimum fiber length (MFL) 

was defined by standard as 110 mm in all patients, whereas the fractional anisotropy (FA) 

was manually adjusted to individualize this value for tractography (Frey et al., 2012; 

Sollmann et al., 2016d). It was first increased stepwise until no WM fibers were detected and 

was then gradually decreased in steps of 0.01 until only a minimum WM fiber course was 

visualized (Frey et al., 2012; Sollmann et al., 2016d). This individual FA value was defined as 

the 100% FA threshold (FAT). After definition of the 100% FAT, tractography was conducted 
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with 75% FAT, 50% FAT, and 25% FAT with the group of left-hemispheric language-positive 

spots as a ROI to detect subcortical language-related pathways.  

 

 

 

 

Figure 13: Tractography based on cortical language maps 

Diffusion tensor imaging fiber tracking (DTI FT) was performed with language-positive spots, enlarged 

by a rim of 5 mm, as a region of interest (ROI). The language-positive spots and the tracked 

subcortical language-related pathways are shown in purple, projected onto a contrast-enhanced 

gradient echo sequence.  

 

 

For the second study using only language-positive spots of the LH as a ROI, DTI FT was 

performed using different predefined values for MFL and FA pairs, which were MFL 70 mm / 

FA 0.2, MFL 80 mm / FA 0.15, MFL 90 mm / FA 0.15, MFL 100 mm / FA 0.1, and MFL 100 

mm / FA 0.15 (Negwer et al., 2017). Additionally, classical anatomy-based tractography was 

carried out according to a cubic ROI-based protocol by placing 3 independent cubic boxes 

along anatomically suspected courses of subcortical fiber tracts (Henning Stieglitz et al., 

2012; Negwer et al., 2017). One cubic ROI was placed within the opIFG and the inferior part 

of the PrG, another ROI was put within posterior areas of the medial and superior temporal 

gyri, and the third ROI included the supramarginal gyrus with extensions into medial parts of 

the lateral ventricles (Henning Stieglitz et al., 2012; Negwer et al., 2017). During tractography 
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using these cubic boxes, the ROI derived from language-positive stimulation spots was not 

considered.  

Regarding the last study included in this thesis, the right-hemispheric language-positive 

spots were used in addition to the nTMS data of the LH (Sollmann et al., 2017b). 

Analogously to the procedure considering left-hemispheric spots, these spots were defined 

as another single object and subsequently transformed into a ROI by adding a 5-mm margin 

to each language-positive spot. Tractography was then carried out with the MFL set at 40 

mm and the FA value set at 0.01 and 0.2 in order to detect WM fibers connecting the left-

hemispheric with the right-hemispheric ROI and vice versa (Sollmann et al., 2017b).  

 

2.7.3. Tractography analysis 

The tractography results of the first 2 studies were visually evaluated for 9 major WM fiber 

bundles known to be involved in different aspects of language function (Axer et al., 2013; 

Bello et al., 2008; Catani et al., 2002; Catani and Thiebaut de Schotten, 2008; Gierhan, 

2013; Henning Stieglitz et al., 2012). These fiber tracts were the AF, SLF, ILF, FoF, UC, 

CNT, ArF, CtF, and CF (Negwer et al., 2017; Sollmann et al., 2016d). We then documented 

which tracts were reconstructed by tractography in each patient depending on the different 

MFL and FA values applied according to the protocol (Negwer et al., 2017; Sollmann et al., 

2016d). Furthermore, the overall numbers of detected WM fibers for each DTI FT setting 

were extracted (Negwer et al., 2017; Sollmann et al., 2016d).  

Concerning tractography performed for the third study, which was conducted using both a 

left-hemispheric and a right-hemispheric nTMS-based ROI at the same time, we first 

documented whether any fibers connecting these 2 ROIs were present (Sollmann et al., 

2017b). If interhemispheric WM fibers were reconstructed, the condition was defined as IC+ 

(interhemispheric connectivity detectable; visualization of at least 1 interhemispheric WM 

fiber bundle), whereas no reconstruction of interhemispheric WM fibers was defined as IC- 

(interhemispheric connectivity not detectable; no interhemispheric WM fibers visualized) 

(Sollmann et al., 2017b). We then extracted the overall numbers of reconstructed WM fibers 

for each DTI FT setting used in this study (Sollmann et al., 2017b).  
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2.8. Surgical procedure 

The patients underwent surgery for tumor removal at our department, which was either 

achieved under general anesthesia or during awake surgery, depending on individual 

decisions made by an interdisciplinary tumor board in agreement with the respective patient’s 

condition and treatment requirements (Ille et al., 2016; Picht et al., 2006; Picht et al., 2013; 

Sacko et al., 2011; Szelenyi et al., 2010). The data sets consisting of preoperative MRI 

sequences including DTI, language-positive nTMS spots of the tumor-affected hemisphere, 

and nTMS-based tractography of the tumor-affected hemisphere were available for surgical 

planning and during surgery for resection guidance on the intraoperative navigational screen 

(BrainLAB Curve; BrainLab AG, Germany) (Sollmann et al., 2017a). 

For awake surgery, local anesthesia of the galea and dura was performed using bupivacaine 

and epinephrine, while remifentanil and propofol were used to achieve an adequate level of 

sedation. During surgery, the head of the patient was positioned in a Mayfield clamp. After 

opening of the skull and dura, sedation was stopped to allow for intraoperative language 

mapping by cortical and subcortical DES. To gain an adequate level of wakefulness, the 

surgery was paused until a Ramsay sedation score of 2 (awake patient, cooperative and 

calm) was achieved. Surface recording by electroencephalography (EEG) was used to 

identify any epileptic seizures during surgery.  

Cortical DES was conducted by a bipolar stimulation electrode, whereas subcortical DES 

was performed with a monopolar probe (Inomed Medizintechnik GmbH, Germany) (Chang et 

al., 2015; Mandonnet et al., 2010; Szelenyi et al., 2010). The same object-naming task as 

applied during preoperative language mapping by nTMS was presented to the patient on a 

laptop screen brought into the patient’s field of view. However, in contrast to the preoperative 

setup, the patient was advised to add the preceding matrix “This is a …” to each object 

during naming performance. The areas that gave rise to naming errors during cortical DES 

were marked with small tags (Figure 14). Subsequent to intraoperative DES, surgery was 

continued under conscious sedation or general anesthesia.  
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Figure 14: Intraoperative language mapping 

Cortical and subcortical direct electrical stimulation (DES) is used for intraoperative mapping of 

language function. A tag (white) was placed on language-positive sites for documentation. During 

surgery, these sites are spared from resection to prevent surgery-related deterioration of language.  

 

2.9. Statistical analysis 

For statistical data analyses and creation of graphs, GraphPad Prism was used (version 

6.04; GraphPad Software Inc., CA, USA). For patient-related and mapping-related 

characteristics as well as tractography characteristics, descriptive statistics including means 

± standard deviation (SD), medians, and the minimum and maximum values were calculated. 

For all statistical tests, the level of statistical significance was set at p < 0.05. 

Concerning the tractography results of the first 2 studies, we calculated the fraction of 

visualized WM fibers per number of visualized tracts (fibers / tracts) based on the extracted 

fiber numbers (Negwer et al., 2017; Sollmann et al., 2016d). This ratio can serve as a 

measure of fiber density and reflects the tractography’s visual portrayal and specificity. 

Furthermore, the percentage of visualized tracts out of all patients for each of the 9 included 

subcortical language-related pathways was evaluated (Negwer et al., 2017; Sollmann et al., 

2016d). This percentage indicates the visualization sensitivity of the different language-

related tracts. Regarding the second study, tractography results of the nTMS-based DTI FT 

approach were systematically compared to the anatomy-based tractography approach 

(Negwer et al., 2017). The one-way analysis of variance (ANOVA), Chi-squared tests, or 

Fisher’s exact tests were applied to assess statistical significance. 

Concerning the third study, contingency tables were created derived from the number of 

patients being diagnosed with or without aphasia preoperatively, postoperatively, and during 

FU examinations in relation to the status regarding visualized IC (IC- or IC+) (Sollmann et al., 
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2017b). Chi-squared tests revealed whether differences in these characteristics were 

statistically significant. In this context, the odds ratio (OR) and the corresponding 95% 

confidence intervals (CIs) were calculated to specifically evaluate whether nTMS-based IC 

could serve as a parameter for the prediction of language worsening. Additionally, we 

calculated the sensitivity, specificity, positive predictive value (PPV), and negative predictive 

value (NPV) with language deficits representing the ground truth. In this context, the 

following conditions were defined (Sollmann et al., 2017b):  

 True positive (TP): IC+ AND presence of language deficits, 

 True negative (TN): IC- AND no presence of language deficits, 

 False positive (FP): IC+ AND no presence of language deficits, and 

 False negative (FN): IC- AND presence of language deficits. 
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3. RESULTS 

3.1. Feasibility of nTMS-based DTI fiber tracking of language 

pathways in neurosurgical patients using a fractional anisotropy 

threshold 

3.1.1. Key findings 

Tractography of subcortical language-related pathways by the use of newly established 

nTMS-based DTI FT was technically feasible in all patients suffering from different entities of 

brain tumors (Sollmann et al., 2016d). Depending on the individual FAT, maps of language-

related WM fiber tracts were created (Figure 15) (Sollmann et al., 2016d). In each patient, 9 

different fiber tracts were evaluated, which were present at different percentages and with 

various fiber numbers (Figure 16) (Sollmann et al., 2016d).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Feasibility of tractography based on cortical language maps 

In this illustrative case, diffusion tensor imaging fiber tracking (DTI FT) was conducted purely based on 

left-hemispheric language-positive spots (purple) (Sollmann et al., 2016d). The tumor volume is 

depicted in orange, and the subcortical language-related pathways appear in different colors as 

streamlines originating from or terminating in the language-positive spots (Sollmann et al., 2016d). 
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Figure 16: Tractography of 9 subcortical language-related pathways 

Based on language-positive spots, diffusion tensor imaging fiber tracking (DTI FT) of different 

subcortical language-related pathways can be achieved, including arcuate fibers (ArF; A), 

commissural fibers (CF; B), the arcuate fascicle (AF; C) and superior longitudinal fascicle (SLF; C), the 

corticonuclear tract (CNT; D), corticothalamic fibers (CtF; E, with the thalamus depicted in blue), the 

inferior longitudinal fascicle (ILF; F), the uncinate fascicle (UC; G), and the inferior fronto-occipital 

fascicle (FoF; H) (Sollmann et al., 2016d). 

 

 

According to our tractography protocol, the FA value used for tractography was individualized 

in each patient with respect to 25%, 50%, 75%, and 100% FAT (Frey et al., 2012). The 

average FA values ± SD were 0.08 ± 0.02 (25% FAT), 0.16 ± 0.04 (50% FAT), 0.24 ± 0.06 

(75% FAT), and 0.32 ± 0.09 (100% FAT) (Sollmann et al., 2016d). There was a statistically 

significant difference in FA values between these adjustments (p<0.0001) (Sollmann et al., 

2016d). For tractography applying 25% FAT, the highest fraction of visualized WM fibers per 

tract was detected (Figure 17) (Sollmann et al., 2016d).  
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Figure 17: Fibers per tract 

This box plot depicts the fractional anisotropy thresholds (25% FAT, 50% FAT, 75% FAT, and 100% 

FAT) used for tractography on the x-axis and the ratio of the fibers per tract on the y-axis (Sollmann et 

al., 2016d). 

 

 

The ratio significantly decreased with an increase of FA values (p<0.0001), and a similar 

result was observed for the percentages of WM fibers of the 9 included language-related WM 

pathways (p<0.0001; Figure 18) (Sollmann et al., 2016d).  

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Percentage of visualized tracts 

This box plot shows the fractional anisotropy thresholds (25% FAT, 50% FAT, 75% FAT, and 100% 

FAT) on the x-axis and the percentage of visualized tracts on the y-axis (Sollmann et al., 2016d). 
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The change in FA values used for tractography altered the detectability of the 9 predefined 

language-related WM pathways, with nTMS-based DTI FT using 25% FAT resulting in 

visibility of most of these tracts (Figure 19) (Sollmann et al., 2016d). 

 

 

 

 

Figure 19: Percentages of patients showing different subcortical language-related pathways I 

The bar graphs show the percentages of patients in which a certain subcortical language-related 

pathway was visualized, depending on the tractography adjustments using a fractional anisotropy 

threshold (25% FAT, 50% FAT, 75% FAT, and 100% FAT) (Sollmann et al., 2016d). 

 

 

3.1.2. Own contribution 

For this publication, I recruited patients, performed some of the clinical examinations, and 

partially organized their appointments for the different preoperative procedures. Furthermore, 

I performed language mappings by nTMS in these patients, and evaluated the acquired 

mapping data including video and audio recordings. This also involved categorization of 

naming errors elicited by nTMS into the different error categories as outlined in the methods 
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section. I furthermore extracted the mapping data for later nTMS-based tractography. I 

conducted tractography in close collaboration with C. Negwer (co-author on the publication). 

After tractography maps were generated, I conducted analysis of these maps, including 

subsequent statistics. I wrote the manuscript, performed literature research, and revised the 

manuscript according to the reviewers’ comments during the review process carried out by 

the Journal of Neuroscience Methods. This was performed under close supervision of Dr. 

Krieg (senior author on the publication).  

 

3.2. Language pathway tracking: comparing nTMS-based DTI fiber 

tracking with a cubic ROIs-based protocol 

3.2.1. Key findings 

Both tractography using nTMS data for ROI generation and tractography using anatomical 

landmarks for ROI creation were possible in all enrolled patients, leading to subcortical maps 

consisting of language-related WM pathways (Figures 20 & 21) (Negwer et al., 2017). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Comparing anatomy-based tractography to tractography using language maps 

For anatomy-based tractography, 3 cubic regions of interest (ROIs; yellow) were created according to 

structural landmarks (A) (Negwer et al., 2017). Regarding tractography based on individual language 

maps, language-positive spots (purple) constituted one ROI (B) (Negwer et al., 2017). The respective 

results of diffusion tensor imaging fiber tracking (DTI FT) are shown as colored streamlines in the 

brain (Negwer et al., 2017). 
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Figure 21: Superiority of tractography based on language maps 

When applying tractography based on cubic regions of interest (ROIs), clearly less subcortical 

language-related pathways are detected (A) when compared to tractography based on language-

positive spots (B) in this illustrative case (Negwer et al., 2017). 

 

 

Regarding nTMS-based DTI FT with various predefined combinations of the MFL and FA 

(MFL 70 mm / FA 0.2, MFL 80 mm / FA 0.15, MFL 90 mm / FA 0.15, MFL 100 mm / FA 0.1, 

and MFL 100 mm / FA 0.15), nTMS-based DTI FT led to favorable results in terms of 7 out of 

9 tracts (77.7%), whereas the approach using cubic ROI placement according to anatomical 

landmarks without consideration of nTMS data led to a significantly higher percentage of 

visualization regarding the AF (Figure 22) (Negwer et al., 2017). Furthermore, the shorter 

respective language-related WM tracts are (e.g., ArF), the better the visualization when 

applying nTMS-based DTI FT instead of cubic ROI placement (Figure 22) (Negwer et al., 

2017). The UF, which is one of the short tracts involved in language function, was not 

depicted at all when using cubic ROI placement, whereas it was routinely visualized when 

applying nTMS-based DTI FT with different settings (Figure 22) (Negwer et al., 2017). The 

fraction of visualized WM fibers per number of visualized tracts was similar when comparing 

the cubic ROIs-based and nTMS-based approach (286 ± 9 vs. 236 ± 73) (Negwer et al., 

2017).  

 

 

 

 



 36 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: Percentages of patients 

showing different subcortical language-

related pathways II 

These bar graphs depict the percentages of 

patients in which specific subcortical 

language-related pathways were detected 

when tractography was performed with cubic 

regions of interest (ROIs) or based on 

individual language maps (Negwer et al., 

2017). Regarding tractography using 

individual language maps, diffusion tensor 

imaging fiber tracking (DTI FT) was carried 

out with a variety of fractional anisotropy (FA) 

values (0.2, 0.15, and 0.1) and predefined 

minimum fiber lengths (MFLs; 70 mm, 80 mm, 

90 mm, and 100 mm) (Negwer et al., 2017). 
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3.2.2. Own contribution 

In cooperation with C. Negwer (first author on this publication), I recruited patients and 

partially organized their appointments for preoperative clinical examinations, MRI, and 

language mapping by nTMS. I then conducted mappings and analyzed the acquired mapping 

data including video and audio recordings. The categorization of naming errors that occurred 

due to nTMS was performed by myself, and I exported and transferred the analyzed data to 

the tractography workstation. I assisted during tractography, analysis of the DTI FT results, 

and statistical testing. I furthermore conducted literature research and revised the final 

version of the manuscript. 

 

3.3. Interhemispheric connectivity revealed by diffusion tensor 

imaging fiber tracking derived from navigated transcranial magnetic 

stimulation maps as a sign of language function at risk in patients 

with brain tumors 

3.3.1. Key findings 

Overall, IC+ was present in 42.1% (tractography with FA = 0.01) and 26.3% (tractography 

with FA = 0.2) of patients (Figure 23) (Sollmann et al., 2017b). The average number of 

visualized IC fibers ± SD was 260.5 ± 394.7 (tractography with FA=0.01) and 111.0 ± 118.2 

(tractography with FA=0.2) (Sollmann et al., 2017b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23: Detection of interhemispheric connectivity (IC) by tractography 

No IC was found in illustrative case (A), whereas IC was present in case (B) (Sollmann et al., 2017b). 
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When comparing the number of patients suffering from language deficits to the number of 

patients without deficits depending on the presence or absence of IC (FA = 0.01), there were 

statistically significant differences observed for both postoperative (p=0.0161, OR 0.1429, 

95% CI: 0.0261 – 0.7831) and surgery-related aphasia (p=0.0111, OR 0.1705, 95% CI: 

0.0415 – 0.7008; Table 1). (Sollmann et al., 2017b). The specificity / sensitivity for the 

postoperative status was 85% / 56% and 76% / 65% for surgery-related aphasia (Table 2; 

Figure 24) (Sollmann et al., 2017b). 

 

 

FA = 0.01 

Aphasia 
Interhemispheric connectivity 

p 
IC + IC - 

Preoperative 
no 9 14 

0.6456 
yes 7 8 

Postoperative 
no 2 11 

0.0161 
yes 14 11 

Follow-up 
no 9 17 

0.1687 
yes 7 5 

Surgery-related 
no 5 16 

0.0111 
yes 11 6 

 

Table 1: Interhemispheric connectivity (IC) and aphasia I 

This table compares the number of patients suffering from aphasia and the number of patients in 

which no aphasia was found correlated to the presence of IC (interhemispheric connectivity detected: 

IC+; no interhemispheric connectivity detected: IC-) for tractography with a predefined fractional 

anisotropy (FA) of 0.01 (Sollmann et al., 2017b).  

 

 

FA = 0.01 

 postoperative aphasia surgey-related aphasia 

PPV 88% 69% 

NPV 50% 73% 

Sensitivity 56% 65% 

Specificity 85% 76% 

 

Table 2: Sensitivity, specificity, positive predictive value (PPV), and negative predictive value 

(NPV) I 

This table shows the sensitivity, specificity, PPV, and NPV for tractography with a predefined fractional 

anisotropy (FA) of 0.01 to predict postoperative and surgery-related aphasia (Sollmann et al., 2017b). 
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Regarding tractography with 0.2 as the predefined FA value, similar results were obtained 

again for postoperative (p=0.0404, OR 0.1282, 95% CI: 0.0143 – 1.1520) and surgery-

related aphasia (p=0.0090, OR 0.1184, 95% CI: 0.0208 – 0.6754; Table 3) (Sollmann et al., 

2017b). The specificity / sensitivity for the postoperative status was 93% / 38% and 90% / 

47% for surgery-related aphasia (Table 4; Figure 24) (Sollmann et al., 2017b). 

 

 

FA = 0.2 

Aphasia 
Interhemispheric connectivity 

p 
IC + IC - 

Preoperative 
no 7 16 

0.4752 
yes 3 12 

Postoperative 
no 1 13 

0.0404 
yes 9 15 

Follow-up 
no 6 20 

0.5045 
yes 4 8 

Surgery-related 
no 2 19 

0.0090 
yes 8 9 

 

Table 3: Interhemispheric connectivity (IC) and aphasia II 

This table compares the number of patients suffering from aphasia and the number of patients in 

which no aphasia was found correlated to the presence of IC (interhemispheric connectivity detected: 

IC+; no interhemispheric connectivity detected: IC-) for tractography with a predefined fractional 

anisotropy (FA) of 0.2 (Sollmann et al., 2017b). 

 

 

FA = 0.2 

 postoperative aphasia surgey-related aphasia 

PPV 90% 80% 

NPV 46% 68% 

Sensitivity 38% 47% 

Specificity 93% 90% 

 

Table 4: Sensitivity, specificity, positive predictive value (PPV), and negative predictive value 

(NPV) II 

This table shows the sensitivity, specificity, PPV, and NPV for tractography with a predefined fractional 

anisotropy (FA) of 0.2 to predict postoperative and surgery-related aphasia (Sollmann et al., 2017b). 
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Figure 24: False-positive versus true-positive fraction 

The results for 1 – specificity (x-axis) are plotted against the sensitivity (y-axis) for tractography of 

interhemispheric connectivity (IC) in relation to postoperative and surgery-related aphasia (Sollmann 

et al., 2017b). Regarding the fractional anisotropy (FA) values used for tractography, both 0.01 and 

0.2 were applied (Sollmann et al., 2017b). 

 

 

3.3.2. Own contribution 

For this publication, I recruited patients, partially organized their appointments for the 

different preoperative procedures, and conducted some of the clinical examinations. 

Furthermore, I performed language mappings of both hemispheres by nTMS, and I evaluated 

the mapping sessions and video and audio recordings to identify and categorize any elicited 

naming errors during task performance. I furthermore extracted and transferred the data of 

both hemispheres separately for subsequent nTMS-based tractography, which was 

performed by myself to assess IC. After DTI FT was completed, tractography maps were 

successfully created, and I continued with the data analysis and statistics as described in the 

methods section. I wrote the manuscript, was responsible for literature research, and finally 

revised the manuscript according to the reviewers’ comments during the review process by 

the Journal of Neurosurgery. These steps were performed under close supervision of Dr. 

Krieg (senior author on the publication).  
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4. DISCUSSION 

 

4.1. Tractography based on nTMS data 

The combination of nTMS data with DTI FT is a novel approach that has recently been used 

for reconstruction of the corticospinal tract (CST) in a limited amount of studies (Conti et al., 

2014; Forster et al., 2015; Frey et al., 2012; Krieg et al., 2012a; Weiss et al., 2015). First 

work on nTMS-based DTI FT of the CST was able to demonstrate technical feasibility of 

using cortical stimulation spots at which MEPs above a certain amplitude were elicited for 

generation of ROIs in neurosurgical patients (Frey et al., 2012; Krieg et al., 2012a). Using 

either a manually adjusted FA value of less than or equal to 0.2 or a FAT-based approach, 

visualization of the CST was achieved successfully using a deterministic tractography 

algorithm (Frey et al., 2012; Krieg et al., 2012a). These early studies were followed up by 

methodological attempts to improve the reconstruction results of the CST by adding further 

anatomically-defined ROIs during tractography (e.g., at the level of the anterior inferior 

pontine region and/or the posterior limb of the internal capsule) or by using subdivisions of 

the cortical nTMS motor map as 3 or more single ROIs to perform somatotopic CST 

reconstruction with respect to specific cortical muscle representations (Conti et al., 2014; 

Weiss et al., 2015). Even more important, comparisons of nTMS-based DTI FT to 

conventional tractography of the CST (manual delineation of the suspected motor cortex 

according to anatomical landmarks) yielded favorable results regarding the nTMS-based 

approach, thus providing first hints for its potential clinical usefulness (Conti et al., 2014; 

Forster et al., 2015). Furthermore, subcortical DES was able to confirm the CST location and 

its somatotopic organization according to nTMS data in all enrolled patients that underwent 

surgery for resection of motor-eloquent brain tumors in one of these studies (Conti et al., 

2014). This confirmation of reconstruction results by the gold standard method of 

intraoperative DES further suggests that the combination of nTMS and DTI FT may serve as 

a valuable clinical tool.  

However, nTMS data have only been used for reconstruction of the CST in these studies, 

and the practicability of applying data derived from nTMS language mapping to reconstruct 

different subcortical language-related pathways has only been suggested in a single case 

report including one patient prior to publication of the articles included in this thesis 

(Sollmann et al., 2015a). Regarding the human motor system, the CST represents the main 

pathway of motor function with a comparatively unambiguous course of WM fibers from the 

PrG to the spinal cord (Nathan et al., 1990). Still, tractography of the CST can be improved 

by innovative approaches like the consideration of nTMS for ROI seeding especially in 
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patients with altered cortical anatomy, but the situation is obviously more complex for a 

widespread network that is composed of a variety of cortical and subcortical structures, such 

as the human language network (Chang et al., 2015; Friederici and Gierhan, 2013). The 

multiplicity of subcortical language-related pathways has largely hampered consensus on 

standardized approaches to reconstruct language-related WM fibers so far, whereas in 

contrast, most studies on CST tractography consider manual delineation of the motor cortex, 

sometimes combined with further additional ROIs, as a standard and agreed-upon procedure 

for ROI definition (Conturo et al., 1999; Kunimatsu et al., 2004). The urgent need for 

approaches that enable reliable tractography of language-related WM pathways, starting with 

best-possible ROI seeding as a prerequisite for subsequent fiber reconstructions, is tackled 

by the implementation of nTMS language data in DTI FT as presented in the articles included 

in this thesis (Negwer et al., 2017; Sollmann et al., 2016d; Sollmann et al., 2017b).  

Against this background, nTMS-based DTI FT has to be set in relation to already existing 

approaches for the purpose of tracking language-related WM pathways. So far, this has been 

achieved based on one of 2 main setups, which are anatomical seeding (manual delineation 

of suspected language-related areas as a ROI) or functional seeding (ROI definition with 

respect to information on the functional involvement of brain regions to delineate language-

related areas). For anatomical seeding, imaging data derived from previous MRI scanning is 

commonly used, whereas functional seeding primarily derives from information acquired by 

fMRI, with nTMS mapping reflecting a new functional seeding approach. Whereas both 

setups are frequently applied to date, functional-based seeding is increasingly being favored, 

which is mainly due to 3 shortcomings of the anatomy-based method. First, ROI seeding 

based on structural landmarks of the brain depends on the individual anatomic knowledge of 

the investigator, and, thus, can vary between different investigators to a certain extent 

(Catani and Thiebaut de Schotten, 2008; Wakana et al., 2004). Second, the investigator may 

have difficulties during unequivocal identification of structural landmarks that should be 

enclosed during ROI placement when it comes to patients with changed intracranial anatomy 

(e.g., due to brain tumors) (Lehericy et al., 2000; Nimsky et al., 2006). Third, especially 

slowly developing brain pathologies (e.g., low-grade gliomas) have proven to harbor the 

potential to trigger spatial reallocation of brain functions, thus possibly resulting in shifting of 

functions away from characteristic brain structures towards adjacent or remote areas 

(Duffau, 2014b; Robles et al., 2008; Southwell et al., 2016). When function is no longer 

represented within the traditional area where the investigator would assume it according to 

anatomy, anatomy-based ROI placement may not include the function that should be 

targeted for subsequent tractography. These 3 aspects can heavily contribute to poor 

reproducibility or even incorrect tractography in patients suffering from brain tumors.  
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Although these factors should not be present during functional ROI seeding, other 

shortcomings that are primarily linked to the limitations of the underlying modality used to 

acquire functional data are well known. Concerning task-based fMRI, it has been shown that 

the applied blood oxygenation level dependent (BOLD) contrast lacks accuracy in patients 

with altered intracranial oxygen levels, which are regularly present in the vicinity of gliomas 

due to their glucose and oxygen consumption from adjacent brain tissue (Fraga de Abreu et 

al., 2016; Holodny et al., 2000; Schreiber et al., 2000). Other modalities with sufficient 

temporal and spatial resolution that allow for acquisition of data for identification of language-

related areas such as MEG, for example, reflect more expensive alternatives and are not 

widely available. Thus, nTMS-based DTI FT of subcortical language-related pathways offers 

the opportunity to use functional data for tractography without the limitations shown for fMRI. 

 

4.2. Feasibility and superiority of nTMS-based DTI FT of language-

related pathways 

As a first step to establish nTMS-based DTI FT for delineation of subcortical language-

related pathways, technical feasibility had to be shown (Sollmann et al., 2016d). In this 

context, our approach of defining language-positive stimulation spots as a ROI and using this 

nTMS-based ROI during tractography allowed for reconstruction of different WM fiber tracts 

in all included patients (Sollmann et al., 2016d). This was achieved without any 

methodological problems, and we used a FAT-based approach in the first included study 

since tractography applying FATs has shown to enable smooth DTI FT whilst being 

standardized and well established (Frey et al., 2012; Sollmann et al., 2016d).  

While application of 100% FAT or 75% FAT during DTI FT did not lead to regular detection of 

the 9 predefined tracts (e.g., UF not detected in any case for 100% FAT and in less than 

10% for 75% FAT) and, moreover, led to low fractions of visualized WM fibers per number of 

visualized tracts, better results in terms of visualized tracts were achieved for 50% FAT and 

25% FAT (Sollmann et al., 2016d). In this context, tractography with 50% FAT or 25% FAT 

enabled DTI FT of most of the 9 predefined tracts within a clear majority of patients, with 

subcortical language-related pathways being constituted of a considerable number of fibers 

as reflected by the fibers-per-tract ratios (Sollmann et al., 2016d). However, tractography 

using 25% FAT might have most likely resulted in an overrepresentation of WM fibers, 

making it hard to identify tracts whilst simultaneously leading to delineation of aberrant fibers, 

as already shown for nTMS-based DTI FT when used for CST reconstructions (Frey et al., 

2012; Sollmann et al., 2016d).  
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Founded on these initial experience and demonstrated feasibility, comparison of tractography 

results based on nTMS to anatomical ROI seeding had to be investigated (Negwer et al., 

2017). Overall, the applied nTMS-based DTI FT protocols showed superior results when 

compared to anatomy-based seeding considering one of the few available standardized 

approaches to tractography of language-related WM pathways (Henning Stieglitz et al., 

2012; Negwer et al., 2017). While only the AF was visualized in a significantly larger fraction 

of patients when using the anatomy-based approach, other tracts were not constantly 

visualized, with the UF not being detectable in any of the patients (Negwer et al., 2017). 

Thus, improved visualization of different subcortical language-related pathways can be 

achieved by incorporating nTMS data, whereas the anatomy-based setup proved to be a 

good option only for a subselection of tracts (Negwer et al., 2017). As a consequence, 

nTMS-based DTI FT instead of conventional anatomical ROI seeding should be standardly 

used in the future to optimize tractography. 

 

4.3. Risk stratification by nTMS-based DTI FT of language-related 

pathways 

Furthermore, we evaluated whether the status of visualized IC detected by nTMS-based DTI-

FT can be used for risk assessment in terms of language deficits at different time points 

(Sollmann et al., 2017b). In this context, IC+ was present to a variable degree but less 

frequently in patients without postoperative language deficits, and similar results were also 

found in terms of surgery-related language impairment (Sollmann et al., 2017b). The 

presence or absence of detectable IC might be related to plastic reshaping of language-

related brain areas, which can be found partially shifted to the non-affected hemisphere as 

an expression of interhemispheric reorganization to compensate for potential loss of function 

due to a tumor (Briganti et al., 2012; Krieg et al., 2013b; Rosler et al., 2014; Wang et al., 

2013). Hence, detectability of IC by means of nTMS-based DTI FT could express an early 

form of compensatory mechanism for recovery of language function via an interhemispheric 

functional shift when language function is already at risk (Sollmann et al., 2017b). Taken 

together, our results suggest that IC detected by nTMS-based DTI FT could be regarded as 

a risk factor for the occurrence of postoperative and, more specifically, surgery-related 

language deficits with a high specificity of up to 93% (Sollmann et al., 2017b).  
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4.4. Significance and implications 

In general, nTMS-based DTI FT of subcortical language-related pathways has not been 

reported prior to publication of the articles included in this thesis except for one case report 

(Sollmann et al., 2015a). Thus, it reflects a novel approach for visualization of WM tracts 

related to language function, which leads to tractography maps that can be used during 

consultation of patients based on individual functional data and for case discussions during 

interdisciplinary tumor boards to determine the best treatment options for the respective 

patient considering both individual anatomical and functional data (Figure 25). 

 

 

 

 

Figure 25: Combined anatomical and functional data for patient consultation 

Cortical and subcortical maps of language-related pathways derived from individual language maps 

can support visualization of functional anatomy that can be illustrated to the patient to facilitate the 

risks and chances of surgery for tumor resection. In this illustrative case, cortical language-positive 

spots (purple), subcortical language-related pathways (mixed colors), cortical motor-positive spots 

(green), and fibers belonging to the corticospinal tract (CST; yellow), all derived from preoperative 

mapping by navigated transcranial magnetic stimulation (nTMS), are visualized together with 

anatomical magnetic resonance imaging (MRI).  
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Furthermore, such data can be used for preoperative resection planning and intraoperative 

resection guidance during tumor removal. Visualization of cortical and subcortical language 

structures derived from nTMS language mapping and nTMS-based DTI FT of subcortical 

language pathways can then guide the surgeon’s hands with the DES electrode. 

Furthermore, it has already been shown that the reconstructed tracts can reflect reality since 

intraoperative stimulation of WM fibers belonging to the SLF led to stimulation-induced 

language disturbances (Figure 26) (Sollmann et al., 2015a). While intraoperative 

comparisons have only been reported in one patient due to the novelty of the technique, 

direct clinical usefulness for neurosurgeons already seems evident (Sollmann et al., 2015a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26: Tractography based on language maps as used during surgery 

Language maps combined with tractography based on navigated transcranial magnetic stimulation 

(nTMS) can visualize motor-positive spots (green) and language-positive spots (red & pink), the 

corticospinal tract (CST; yellow), and subcortical language-related pathways (red & pink) during tumor 

removal (tumor depicted in orange), with good accordance between subcortical direct electrical 

stimulation (DES) and reconstructions of the superior longitudinal fascicle (SLF) (Sollmann et al., 

2015a). 
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Regarding the parameters that should be used during nTMS-based DTI FT of subcortical 

language-related pathways, recommendations are already possible and were evaluated 

simultaneously to assessments of feasibility and comparisons to anatomy-based 

tractography (Negwer et al., 2017; Sollmann et al., 2016d). This is important since most of 

the tractography software used in neurosurgery are based on deterministic algorithms and 

require manual definitions of at least the FA value. In this context, this parameter reflects the 

direction dependence in a diffusion process, and it has a major impact on the final 

tractography results (Basser et al., 1994; Basser et al., 2000). Because of its strong 

influence, the FA value should not be set arbitrarily. Instead, a certain standardized approach 

should be established that either applies optimal settings or uses individualized FA values, 

such as FAT-based tractography (Frey et al., 2012). Otherwise, an arbitrary FA value is used 

for all subjects without considering inter-subject variations in tractography or the FA value is 

simply altered according to the investigator’s expectation about what the tractography should 

look like. These rather insufficient approaches might probably fail to show optimal DTI FT 

results, whereas the adjustments evaluated in our studies including initial recommendations 

(e.g., 50% or 25% FAT) could overcome the above-mentioned issues (Negwer et al., 2017; 

Sollmann et al., 2016d). Further research has even provided more extensive protocol 

comparisons for nTMS-based DTI FT of language pathways, which should be considered in 

the clinical routine among patients with brain tumors (Negwer et al., 2016).  

Regarding risk stratification derived from nTMS-based DTI FT of language pathways, we are 

not aware of any other publication distinctly investigating IC as a potential risk factor in terms 

of language deficits (Sollmann et al., 2017b). Thus, nTMS-based DTI FT might already be 

expanded to further clinical applications beyond its role for pre- and intraoperative 

visualization of WM fiber tracts. Such risk stratification may implicate benefits for both the 

treating neurosurgeon as well as the patient. For the neurosurgeon, presence of nTMS-

based IC as a risk factor for language deterioration could increase awareness of language 

function at risk even in patients where imaging might not suggest that, whereas the patient 

could already be informed preoperatively about the individual risk concerning language 

deterioration due to surgery (Sollmann et al., 2017b). On both sides, the process of decision-

making for or against surgery for tumor removal or a specific surgical approach should be 

facilitated (Sollmann et al., 2017b). 

Importantly, the time required to generate nTMS-based DTI FT of language pathways 

according to the approach presented in this thesis ranges between 10 and 15 min on 

average, thus supporting direct clinical use (Sollmann et al., 2016d). Therefore, only limited 

additional efforts are needed to generate data that have shown to be superior to conventional 

anatomy-based tractography and that can assist during risk stratification and decision-

making. Clinical applicability is further enhanced by the universal data format of nTMS maps 
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and tractography, which can be smoothly implemented in the hospital’s preexisting 

environment, including the picture archiving and communication system (PACS) and the 

hospital information system (Sollmann et al., 2017a). This facilitates availability of cortical 

and subcortical functional data based on nTMS during the inpatient stay of a respective 

patient and during FU visits, and allows other departments to access such information that 

might be beneficial for further treatment approaches such as radiosurgery (Conti et al., 2013; 

Picht et al., 2014; Sollmann et al., 2017a).  

 

4.5. Limitations 

Although the feasibility of nTMS-based DTI FT for detection of language-related subcortical 

pathways was successfully demonstrated with superiority when compared to anatomy-based 

ROI seeding and data derived from this approach furthermore allows for risk stratification, 

some limitations have to be discussed (Negwer et al., 2017; Sollmann et al., 2016d; 

Sollmann et al., 2017b). One main limitation is related to the nature of tractography based on 

DTI sequences as it has been shown that correct WM fiber reconstructions can be hampered 

by crossing or kissing fiber courses because these situations have an impact on reliable 

identification of a primary eigenvector of a voxel (Berman et al., 2007; Le Bihan et al., 2006). 

Furthermore, WM fibers adjacent or within brain tumors, the brain’s ventricular system, or 

edema are likely to be not reconstructed properly during DTI FT due to low anisotropy (Assaf 

and Pasternak, 2008; Berman et al., 2007). Due to these considerable shortcomings, efforts 

are being made to both develop better diffusion sequences and more advanced analysis 

algorithms. These include, but are not limited to the multiple tensor approach in which more 

than one tensor is allowed to exist in each voxel or high angular resolution diffusion imaging 

that enables the visualization of multiple fiber orientations (Assaf and Pasternak, 2008; Bucci 

et al., 2013; Kuhnt et al., 2013; Tuch et al., 2002). These approaches which are currently 

under development commonly struggle with partial volume effects, and are still far away from 

being routinely implemented in standard clinical software (Assaf and Pasternak, 2008). 

Nevertheless, it is obvious that further developments of DTI FT are highly needed to 

overcome various limitations in the clinical setting, and testing of the described advances 

should not be restricted a priori due to potentially more complex data implementation 

(Abhinav et al., 2014; Bucci et al., 2013; Kuhnt et al., 2013).  

Furthermore, cortical language mapping by nTMS still suffers from a comparatively low 

specificity and PPV, whereas the opposite is true for the sensitivity and NPV (Ille et al., 2015; 

Picht et al., 2013; Tarapore et al., 2013). This implies that not all language-positive 

stimulation spots that survive post hoc analysis of mapping data can be considered 

language-eloquent and, therefore, as indispensable locations of the language network. 
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Instead, these spots should be regarded as language-involved, thus implying that the distinct 

function and necessity of some of these spots in terms of language function are not 

completely clear. Due to this high sensitivity, an overrepresentation of spots might have 

occurred for later nTMS-based DTI FT in some patients, thus probably leading to a certain 

fraction of spurious fibers in addition to the reconstructed language-related WM pathways. 

This should not limit our results per se, but attempts should be made to further improve the 

specificity of language mapping by nTMS. In this context, advances have already been made 

by trying to optimize stimulation parameters and by focusing on specific error categories 

instead of incorporating all types during definition of ROIs, which has led to promising results 

in initial investigations (Ille et al., 2015; Sollmann et al., 2015c; Sollmann et al., 2016c). 

Nevertheless, more studies are needed to determine optimal settings leading to favorable 

cortical language maps and, in the next step, to optimized DTI FT results when carried out 

based on nTMS data with higher specificity.  

As another limitation, the articles included in this thesis did not compare tractography results 

based on nTMS data to intraoperative subcortical DES in order to validate the correct 

localization and extent of the reconstructed WM fiber tracts. However, since intraoperative 

DES represents the current gold standard for detection of language-eloquent structures, this 

comparison is required in the near future to judge whether results derived from nTMS-based 

DTI FT for language pathways are actually valid with last certainty. This need for validation is 

based both on the high sensitivity of cortical nTMS mapping as well as the limitations of the 

DTI technique, with the latter even leading to the question if DTI is ready to be used in the 

clinical routine (Duffau, 2014a; Nimsky, 2010). Although the debate is still ongoing, many 

centers already implemented the DTI technique without the newly developed 

supplementation by nTMS data in their surgical approaches to treat brain tumors (Bello et al., 

2008; Kuhnt et al., 2012; Leclercq et al., 2010). In this context, subcortical DES for the 

detection of language-related WM pathways without using nTMS data actually showed that 

intraoperative DES can principally be in good accordance with tractography, which is 

reflected by an overall sensitivity of up to 97% (Bello et al., 2008). For nTMS-based DTI FT, 

only one case report compared tractography and subcortical DES for language-related 

pathways, whereas another study performed an analogous comparison for reconstruction of 

the CST, with encouraging results being reported in both publications (Conti et al., 2014; 

Sollmann et al., 2015a). However, a study validating tractography of subcortical language-

related pathways by nTMS-based DTI FT in a representative cohort of patients is still 

missing.  
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4.6. Outlook 

Concerning future perspectives based on our results on nTMS-based tractography of 

language-related WM pathways, a systematic comparison to fMRI used for functional 

seeding should be established. Comparison of nTMS-based DTI FT to anatomy-based 

seeding has already shown superiority of the nTMS-based approach, but it is not yet clear 

whether the same is actually true for comparison against other function-based seeding 

methods as well (Negwer et al., 2017). As previously mentioned, fMRI for language mapping 

has regularly shown to lack sufficient accuracy, but this was primarily shown for cortical 

mapping without taking fMRI activation maps as starting points for tractography into account 

(Fraga de Abreu et al., 2016; Holodny et al., 2000; Schreiber et al., 2000). Hence, upcoming 

studies should also incorporate fMRI-based seeding and compare it to nTMS-based DTI FT 

for tracking of subcortical language-related pathways to further evaluate this novel approach 

in comparison to its potential alternatives. 

Moreover, intra- and inter-observer reliability should be assessed next for nTMS-based DTI 

FT. Regarding seeding of ROIs, no difference is expected between investigators since it is 

exclusively performed based on functional data that are not further modified during ROI 

generation. However, the tracking itself using a FAT-based approach and the evaluation 

concerning different subcortical language-related pathways can lead to differences between 

investigators, which might especially hold true for patients with large brain tumors and altered 

intracranial anatomy where identification of specific tracts might be difficult. As nTMS-based 

DTI FT is a new technique, assessment of reliability seems to be mandatory to further 

strengthen its usefulness in clinical routine where different investigators are likely to perform 

tractography.  

To make use of further opportunities the new approach might provide, distances between 

language-related fibers tracked by preoperative nTMS-based DTI FT and the brain lesion 

should be assessed and set in relation to postoperative language deficits. Such 

measurements may allow a minimum lesion-to-fiber distance to be determined which should 

be maintained during surgery to prevent language deterioration. Similar approaches already 

exist for nTMS-based tractography of the CST, showing that patients with preoperatively 

measured lesion-to-CST distances of at least 8 to 12 mm did not suffer from postoperative 

worsening of motor function (Figure 27) (Rosenstock et al., 2017; Sollmann et al., 2017c). It 

has to be proven whether the same range of distances holds true for tractography based on 

nTMS language maps. 
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Figure 27: Distance measurements between reconstructed fibers and the brain tumor 

Regarding diffusion tensor imaging fiber tracking (DTI FT) of the corticospinal tract (CST) based on 

navigated transcranial magnetic stimulation (nTMS), measurements of lesion-to-CST distances, set in 

relation to the motor status of the patient, allow for definition of a minimum distance that should be 

considered during surgery to prevent new functional impairment (Sollmann et al., 2017c). A similar 

approach should be followed in terms of nTMS-based tractography of subcortical language-related 

pathways. 

 

 

When nTMS data derived from cortical language or motor mapping are incorporated in 

clinical routine and are used during surgical planning and intraoperative resection guidance, 

improved outcome can be achieved in terms of several perioperative characteristics. This 

has been demonstrated in several studies comparing the clinical course of patients that 

underwent nTMS mapping to those of historic control groups without nTMS mapping (Frey et 

al., 2014; Krieg et al., 2016a; Krieg et al., 2014a; Krieg et al., 2015; Sollmann et al., 2015b). 

Among other factors, patients that underwent preoperative nTMS language mapping showed 

postoperative language deficits significantly less frequently and had smaller craniotomies, 

whereas trends towards fewer tumor residuals, shorter durations of surgery, and shorter 

inpatient stays were observed when compared to a non-nTMS group (Sollmann et al., 

2015b). Although these results are already encouraging and beneficial for the individual 

patient, they have been achieved based on cortical nTMS maps without consideration of 

nTMS-based DTI FT (Sollmann et al., 2015b). Thus, they might be improved when 
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incorporating nTMS-based DTI FT of language-related WM pathways as well, which should 

be ideally assessed within the scope of a randomized controlled trial.  

Regarding risk stratification based on the evaluation of IC as detected by nTMS-based 

tractography, we used a comparatively rough grading scheme that might not necessarily 

detect minor changes in the patients’ language status although it is regarded as sufficiently 

accurate for application in most neurosurgical patients (Krieg et al., 2014b; Sollmann et al., 

2015b; Sollmann et al., 2017b). However, from a more linguistic point of view, this scheme is 

unlikely to cover all possible aspects of language function, which implicates that a subgroup 

of enrolled patients were not diagnosed with language impairment although there might have 

been subclinical or slight deficits (Sollmann et al., 2017b). Although our approach evaluating 

IC revealed by nTMS-based DTI FT as a parameter for risk stratification was successful, 

more sensitive assessment tools for language evaluation might further improve the specificity 

and should replace the comparatively rough grading within the scope of FU studies on the 

matter. 
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5. SUMMARY 

 
Navigated transcranial magnetic stimulation (nTMS) is a non-invasive neurostimulation 

technique that elicits a transient electric field and enables systematic mapping of the human 

cortex to localize and spatially enclose specific functions. In the recent years, nTMS is being 

increasingly used in neurosurgery to conduct motor or language mapping in patients 

suffering from brain tumors. The resulting cortical motor or language maps can then be used 

during surgical planning and resection guidance with the aim to preserve function while 

facilitating a more extensive tumor resection leading to increased survival and quality of life.  

In general, nTMS mapping is primarily restricted to the cortical surface, thus mainly providing 

information about the cortical organization and representation of motor or language function. 

However, especially the human language network is complex and widespread, and new 

models incorporate a variety of subcortical fiber pathways besides specific superficial cortical 

areas. To be able to identify subcortical language-related pathways, we combined diffusion 

tensor imaging fiber tracking (DTI FT) with cortical nTMS-based language maps, which 

reflects a novel approach. After feasibility was shown for a set of 9 predefined language-

related fiber tracts in patients with brain tumors, we compared our novel approach to 

anatomy-based DTI FT, which is commonly used to delineate subcortical fiber anatomy 

related to language. Our novel approach yielded better results than the classic anatomy-

based tractography algorithm since we were able to detect 76.0% of the included subcortical 

language-related pathways (nTMS-based DTI FT) compared to 39.9% (anatomy-based DTI 

FT). Furthermore, extending beyond the level of detecting specific fiber tracts by nTMS-

based DTI FT, we applied our approach to individual risk stratification regarding aphasia. In 

this context, interhemispheric connectivity (IC) tracked by nTMS-based DTI FT was present 

more frequently in patients that showed postoperative or surgery-related language deficits, 

which might be related to the plastic reshaping of language-related areas which may partially 

shift to the non-affected hemisphere due to the tumor volume, mediated by detectable IC. 

Thus, IC revealed by preoperative nTMS-based DTI FT can be regarded as a risk factor for 

aphasia with a specificity of up to 93% in patients with brain tumors. 

Taken together, the studies incorporated in this thesis showed that nTMS language maps are 

feasible for DTI FT of subcortical language-related pathways. The novel approach of nTMS-

based DTI FT proved to be superior to classic anatomy-based tractography. Furthermore, it 

might serve as a beneficial tool for individual risk assessment concerning surgery-related 

language deterioration in patients with brain tumors, thus improving the clinical management 

and consultation of our patients.    
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7. LIST OF ABBREVIATIONS 

 

3-D   Three-dimensional 

AAT   Aachen Apasia Test 

AF   Arcuate fascicle 

ANOVA  Analysis of variance 

APB   Abductor pollicis brevis muscle 

ArF   Arcuate fibers 

ATL   Anterior temporal lobe 

BOLD   Blood oxygenation level dependent 

CF   Commissural fibers 

CI   Confidence interval 

CNT   Corticonuclear tract 

CST   Corticospinal tract 

CtF   Corticothalamic fibers 

DES   Direct electrical stimulation 

DICOM  Digital Imaging and Communications in Medicine 

DT   Display time 

DTI    Diffusion tensor imaging 

DTI FT   Diffusion tensor imaging fiber tracking 

DWI    Diffusion-weighted imaging 

EEG   Electroencephalography 

EMG   Electromyography 

En-TMS  Electric-field-navigated transcranial magnetic stimulation 

ER   Error rate 

FA   Fractional anisotropy 

FACT   Fiber assignment by continuous tracking 

FAT   Fractional anisotropy threshold 

FLAIR   Fluid attenuated inversion recovery 

fMRI   Functional magnetic resonance imaging 

FN   False negative 

FoF   Fronto-occipital fascicle 

FP   False positive 

FU   Follow-up 
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IC   Interhemispheric connectivity 

IFG    Inferior frontal gyrus 

ILF   Inferior frontal gyrus 

IPI   Inter-picture interval 

IPNP   International Picture Naming Project 

ISI   Inter-stimulus interval 

LH   Left hemisphere 

MEG   Magnetoencephalography 

MEP   Motor evoked potential 

MFL   Minimum fiber length 

MRI   Magnetic resonance imaging 

MTL   Middle temporal lobe 

NPV   Negative predictive value 

nTMS   Navigated transcranial magnetic stimulation  

opIFG   Pars opercularis of the inferior frontal gyrus 

OR   Odds ratio 

PACS   Picture archiving and communication system 

PET   Positron emission tomography 

PPV   Positive predictive value 

PrG   Precentral gyrus 

pSTL   Posterior superior temporal lobe 

PTI   Picture-to-trigger interval 

RH   Right hemisphere 

rMT   Resting motor threshold 

ROI   Region of interest 

rTMS   Repetitive navigated transcranial magnetic stimulation 

SD   Standard deviation  

SLF   Superior longitudinal fascicle 

TE   Echo time 

TMS   Transcranial magnetic stimulation  

TN   True negative 

TP   True positive 

TR   Repetition time 

trIFG   Pars triangularis of the inferior frontal gyrus 

UC   Uncinate fascicle 

WM   White matter 
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11.2. Language pathway tracking: comparing nTMS-based DTI fiber 

tracking with a cubic ROIs-based protocol 
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11.3. Interhemispheric connectivity revealed by diffusion tensor 

imaging fiber tracking derived from navigated transcranial magnetic 

stimulation maps as a sign of language function at risk in patients 

with brain tumors 
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