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1. INTRODUCTION 

 

1.1. Navigated transcranial magnetic stimulation-based motor 

mapping 

Transcranial magnetic stimulation (TMS) is a non-invasive method of electrically stimulating 

the human cortex (Barker, Jalinous, & Freeston, 1985; Hugues Duffau, 2012). Aside other 

appliances, the addition of neuronavigation to TMS has allowed for the diagnostic and 

therapeutic usage of navigated TMS (nTMS) for different neurophysiological and neurosurgical 

purposes (Krings et al., 2001). Through nTMS, the cortex can be safely stimulated while 

stimulus-response observations can be used to identify the functional activity of certain cortical 

areas (Ettinger et al., 1996; Ruohonen, Ravazzani, & Grandori, 1998). An important appliance 

that follows this principle is nTMS based mapping of the motor cortex, also called motor 

mapping in the presurgical context for patients suffering from intracranial tumors (Krieg et al., 

2012; Krieg et al., 2015).  

 

Intracranial tumors can be subdivided into gliomas, metastasis and non-glial primary brain 

tumors (Gupta & Dwivedi, 2017). Aside of general symptoms due to increased intracranial 

pressure, intracranial tumors often lead to focal deficits depending on their location. 

Specifically, tumors close to the motor cortex in the prefrontal cortical area can lead to varying 

degrees of motor function deficits. For most CNS tumors, primary resection is the therapy of 

choice (Lacroix et al., 2001; Smith et al., 2008).  

 

Safely maximizing the extent of resection (EOR) is regarded as the most influential factor for 

optimal patient outcome and survival rate in CNS tumor surgery (Capelle et al., 2013; Khan et 

al., 2016; Lacroix et al., 2001; Marko et al., 2014; Roelz et al., 2016; Sanai et al., 2011; Smith 

et al., 2008). Resection safety is mainly determined by the avoidance of iatrogenic neurologic 

deficits due to intraoperative damage to so-called eloquent regions of the brain (Martino et al., 

2011). As tumors were found to be bordering or involving eloquent cortical areas in up to 92% 

of cases, balancing the maximization of the EOR and resection safety is a challenge (Capelle 

et al., 2013; Lacroix et al., 2001; Leroy et al., 2019; Sagberg et al., 2019). This challenge is 

further increased by the significant inter-individual variance in the cortical distribution of 

neurological function (Buonomano & Merzenich, 1998; Raffin & Siebner, 2019). 
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In this context, nTMS based motor mapping allows for preoperative mapping of the motor 

cortex to identify the spatial extent of motor eloquent cortical areas that need to be spared 

during surgery (Krieg et al., 2013; Krieg et al., 2015). The accuracy and sensitivity of this 

method are on par with the current gold standard of intraoperative direct cortical stimulation 

(DCS) (Barbosa et al., 2015; Picht et al., 2011). Further, as nTMS unlike DCS is performed 

preoperatively, this information can be included in the planning of the procedure (Krieg et al., 

2015; Picht et al., 2016). Thanks to these assets, nTMS based motor mapping is increasingly 

used in the preoperative setting (J. Jung et al., 2019; Krieg et al., 2015). Yet, the application 

of nTMS existentially relies on neuronavigation (Frey et al., 2014; Julkunen et al., 2009; Krings 

et al., 2001).  

 

Currently, there are two technical approaches towards neuronavigation in nTMS, line 

navigated TMS (LnTMS) and electric field navigated TMS (EnTMS)(Hugues Duffau, 2012; 

Saisanen, 2011). These two approaches considerably deviate from another regarding their 

underlying assumptions of the E-field and approaches to neuronavigation. Yet, nTMS has so 

far to be discerned for the underlying technical approach to neuronavigation. As distinct as the 

influence of neuronavigation on nTMS based motor mapping has been found, a comparison 

of the differences between LnTMS and EnTMS based motor mapping has yet to be conducted. 

This study therefore marks the first comparison of the clinical differences between EnTMS and 

LnTMS based preoperative motor mapping for patients suffering from intracranial tumors. 
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1.2. Functional human anatomy – motor function 

1.2.1. Motor cortex 

1.2.1.1.Macro- and micro-anatomic properties  

Unlike reflexes and involuntary motor function, which at least partially stem from lower parts of 

the CNS, voluntary motor function mainly originates from a cortical region referred to as the 

motor cortex. Surrounded by the three meninges (pia mater, arachnoid mater and dura mater), 

as well as cerebrospinal fluid (CSF), the motor cortex is located in the precentral gyrus of the 

frontal lobe, branching into further rostral gyri (Figure 1) (Gray & Lewis, 1918; Schünke et al., 

2009).  

 

 

 

Figure 1 Location of the motor cortex (marked in red, M1 marked in dark red) based on structural 

parameters. (Gray & Lewis, 1918) 

 

 

The motor cortex is further divided into the primary motor cortex, also referred to as M1 and 

supplementary areas that will be described in detail below. M1 has several relevant macro-

anatomical characteristics. To identify M1 and the precentral gyrus on a patient’s MRI or X-ray 

computed tomography (CT) scan, one can identify the central sulcus between the frontal and 

temporal lobe and proceed in the rostral direction where the precentral gyrus borders the 

sulcus (Gray & Lewis, 1918; Schünke et al., 2009). 

Another typical landmark of M1 is the hand knob where the cortical representation for the 

muscles controlling hand and finger movement can usually be found (Yousry et al., 1997). It 

can be identified by its typical shape resembling an inverted Greek “Ω” or “ω” with the convexity 

directed towards the central sulcus. This is also referred to as the Omega Sign (M. C. Park et 

al., 2007; Schünke et al., 2009). Aside of the hand knob, hand motor function in M1 can also 
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be located by identifying the “pli de passage fronto-pariétal de moyen” (PPFM) that was first 

described by the French anatomist Paul Broca (Boling et al., 1999). The PPFM is a small gyral 

bridge that is present in most individuals. It lies in the depth of the central sulcus and connects 

the pre- and postcentral gyrus. Both sensory and motor representation of the hand and fingers 

are usually located at either side of the PPFM (Boling et al., 1999; Boling & Olivier, 2004; 

White, 1997). 

 

 

 

Figure 2 Axial magnetic resonance imaging (MRI) scan of a healthy subject’s brain. Left: pli-de-

passage fronto-pariétal de moyen marked in red. Right: Both hemispheres’ omega-shaped hand 

knobs marked in red. Note that the hand knob can resemble both an uppercase “Ω” or a lowercase “ω” 

 

As seen in Figure 1, macroscopic structures do not serve well at clearly identifying the exact 

borders of either the motor cortex or its subdivisions. Another way of anatomically classifying 

brain regions aside of macroscopic structures is the Brodmann cyto-architectonic map based 

on the different striation of different cortical regions. (Brodmann, 1909). 
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Figure 3 Brodmann areas as originally described. (Brodmann, 1909) 

 

M1 is identical to the Brodmann area 4 (BA4). BA4 is identified by its typical cyto-architecture 

with almost no distinguishable Layer IV and very large neurons present in Layer V. These 

neurons are called Betz cells and project directly onto the corticospinal tract (CST). Betz cells 

are typical for BA4 and characterize it. Yet, they only contribute for about 5% of the efferent 

fibers of BA4. The remaining 95% stem from smaller pyramid cells (Lüllmann-Rauch, 2009; 

Schünke et al., 2009; Welsch et al., 2014). Neighboring rostral cortical areas also contribute 

to the motor cortex. These areas are found mostly within Brodmann area 6 (BA6, no 

distinguishable Layer IV, no Betz cells in Layer V) (Lüllmann-Rauch, 2009).  

BA6 includes the premotor cortex (PMC) and the supplementary motor area (SMA). Both PMC 

and SMA are believed to mainly be involved in higher planning and preparation of motor 

function while M1 is believed to be the main origin of executive motor function (Penfield 

& Boldrey, 1937; Saisanen, 2011). Nevertheless, CST fibers have been shown to stem not 

only from M1: at least 50% of fibers have been shown to stem from areas in BA6 (including 

the PMC and SMA) as well as somatosensory areas in the postcentral gyrus (Aksu et al., 2011; 

Lassek, 1941; Lüllmann-Rauch, 2009; Schünke et al., 2009). 
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1.2.1.2. Functional distribution and somatotopy 

An important characteristic of M1 is somatotopy, first described by Penfield and Boldrey in 

1937 after experiments based on direct cortical stimulation (DCS)(Penfield & Boldrey, 1937). 

Somatotopy describes the principle that neighboring cortical areas innervate neighboring 

muscle groups. Yet, the size of the cortical representation area does not correlate with the size 

of the corresponding muscle group. Instead, it is thought to correlate with the degree of 

precision of said muscle group’s movements. The principle of somatotopy can also be 

observed in other cortical areas such as the primary somatosensory cortex and is seen as an 

example of higher brain differentiation (Penfield et al., 1950; Penfield & Boldrey, 1937).  

Somatotopy can be visually depicted using so-called Homunculi in which a cortical 

representation area is depicted by the corresponding muscle group or sensory area drawn 

over it. Using this method, the disproportion between size of cortical representation area and 

real muscle size becomes clearly visible (Kocak et al., 2009; Penfield et al., 1950). 

 

 

Figure 4 Somatotopy represented by Penfield's Homunculus of S1 (left) and M1 (right). (Penfield et al., 

1950) 

 

Recent studies found cortical representations to vary inter-individually by several centimeters 

from their position as described by the Homunculus. Yet, the basic principles of somatotopy - 

the vicinity of neighboring areas’ cortical representation sites as well as the gross localization 

of a certain representation area on the cortex - remain unchallenged (Farrell et al., 2007). 

 

Due to somatotopy neighboring muscles’ cortical representation areas can be assumed to be 

neighboring as well and cortical representation sites of e.g. one extremity can hence be 
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assumed to be spatially cohesive. In this study, this principle is used to generate continuous 

maps of the cortical motor function representation sites for both the upper extremity (UE) and 

lower extremity (LE). As visible in Figure 4, the cortical representation site for the UE motor 

function is grossly located on the outside surface of the cortex. This makes it easily accessible 

for stimulation. The lower extremity representation site, one the other hand, reaches into the 

interhemispheric fissure, thus hindering direct effective stimulation.  

 

1.2.2. Corticospinal tract 

The CST mainly composes of efferent cortical fibers descending from the motor cortex as well 

as S1 (Gray & Lewis, 1918). It passes through the brainstem where most fibers cross to the 

contralateral side and form the pyramidal decussation at the height of the medulla oblongata. 

Fibers that have crossed side continue to form the lateral CST while running through the spinal 

cord. Ipsilateral fibers that did not cross sides form the anterior corticospinal tract and cross 

sides at the segment height of their target α-motoneuron. The α-motoneuron is innervated both 

monosynaptically by CST fibers as well as polysynaptically by interneurons. These 

interneurons are influenced by CST fibers as well. Axons of the α-motoneuron leave the spinal 

cord through each segment’s anterior root and then form spinal and peripheral nerves to reach 

their target muscles (Welsch et al., 2014). Each muscle activation is achieved via synaptic 

activation of the muscle at the neuromuscular plate (Lüllmann-Rauch, 2009). Muscle activation 

can be observed via electromyography (EMG) in the form of motor evoked potentials (MEPs) 

(Wassermann et al., 1992).  
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Figure 5 Pathway of the corticospinal tract (CST). (Gray & Lewis, 1918) 
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1.2.3. Neuroplasticity 

An important factor to consider when describing functional distribution of the human (motor) 

cortex is neuroplasticity (Buonomano & Merzenich, 1998). Neuroplasticity describes the 

flexibility of cortical area-function relations, meaning that areas of the human cortex can 

undergo a certain degree of fluent changes in their function over time. This variability is thought 

to be mostly based on the micro-anatomical process of synaptic plasticity. In this process, 

neural cell synapses either increase (long-term potentiation, LTP) or decrease (long-term 

depression, LTD) their connectivity and excitability depending on their activation frequency 

(Buonomano & Merzenich, 1998; R. F. Schmidt et al., 2011). Adapted to a macro-anatomical 

level, cell connectivity of certain regions varies through both LTP and LTD when the utilization 

of said regions’ functions changes over time. In the end, this leads to these regions’ neurons 

being connected to other cortical areas than before and thus executing different functions than 

before. Due to these individual processes, the static allocation of certain cortical areas to 

certain neurological functions based on anatomic structures can only be used for gross 

functional relationships (Buonomano & Merzenich, 1998; Chen et al., 2002; H. Duffau, 2008).  

 

While neural plasticity is mostly seen in the context of general learning processes, it has also 

repeatedly been shown to play an important role for the cortical distribution of motor function. 

Motor function sites were found to demonstrate neuroplasticity both functionally as well as 

compensatory. Functional neuroplasticity is based on different degrees of activity of certain 

muscle groups e.g. due to periods of bedrest, changes in lifestyle or occupational factors and 

was found to be observable even within a timeframe of 48 h (Ngomo et al., 2012; Raffin 

& Siebner, 2019). Compensatory plasticity on the other hand follows damage to the original 

representation site due to bleeding, trauma or tumor growth (Chen et al., 2002; Conway et al., 

2016; Dai et al., 2016; Langlet et al., 2012; Penhune & Steele, 2012). Regarding compensatory 

plasticity, especially tumors with a low rate of progression such as LGG have been shown to 

provoke an extensive degree of plasticity of the surrounding cortical areas. (H. Duffau, 2005, 

2008). 
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1.3. Assessment of the motor system 

1.3.1. Rationale in a preoperative setting 

The aim in the resection of intracranial tumors is the maximization of the EOR whilst avoiding 

iatrogenous neurological deficits. This basic principle especially holds true for tumors that grow 

close to or within parts of the motor system: general mobility, independency from assistance 

and the ability to carry out work largely determine the quality of life (QOL) of tumor patients. 

These motor based factors hence account for large parts of common measurements of a 

patient’s functional status such as the Karnofsky-Index (KI), or the Eastern Cooperative 

Oncology Group (ECOG)/World Health Organization (WHO) performance status (ECOG-PS) 

(Blagden et al., 2003; Karnofsky et al., 1948; Oken et al., 1982; Péus et al., 2013). Both the KI 

and the ECOG-PS have repeatedly been found to be not only a valid parameter for patient 

quality of life but also reliable predictors for mortality in tumor patients (Marko et al., 2014; 

Patel et al., 2018).  

 

The importance of preserving motor function leads to extensive preoperative diagnostic 

procedures when patients present with intracranial tumors in cortical regions associated to 

motor function such as the precentral cortex. As the motor cortex cannot be sufficiently 

identified by mere macroscopic structural measures alone and the cortical representation sites 

of motor function vary interindividually due to neuroplasticity, diagnostics must include 

functional measures to identify the exact spatial extent of the motor cortex, particularly in 

patients with space-occupying lesions. Further, high-resolution structural diagnostic tools are 

required to assess the spatial properties of the tumor and its infiltration of the surrounding 

tissue, as well as the shape and structure of the surrounding tissue itself. This holds true 

especially as the gyral pattern is often distorted and/or unrecognizable due to local pressure 

caused by the tumor itself as well as extensive peritumoral edema, which is common in patients 

with CNS tumors (Blystad et al., 2017; Capelle et al., 2013; Wu et al., 2015).  

 

1.3.2. Structural diagnostics 

Structural preoperative examinations include MRI, CT and positron emission tomography 

(PET). Additionally, diffusion tensor imaging (DTI) fiber tracking (DTI FT) allows for the 

identification of cortical fiber tracts running in proximity to the tumor. All these techniques are 

used to precisely locate the tumor in its full extent and are therefore an integral part of 

preoperative diagnostics (Krivosheya et al., 2016). As only MRI and DTI FT are part of this 

study, the following short depiction will be restricted to these two techniques.  
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1.3.2.1.Magnetic resonance imaging 

Based on electromagnetic fields and especially suitable for soft tissue structures, MRI has 

been established as one of the elementary three-dimensional structural diagnostic techniques 

next to CT scans (Brown, 2014; Reiser et al., 2017). Underlying MRI is the difference in 

magnetic signal alteration of volumetric units – referred to as voxels – depending on the 

composition of molecules inside of said voxel. The underlying physical principles leading to 

these signal alterations will shortly be described in the following (Brown, 2014; Demtröder, 

2013; Fließbach, 2012). 

 

The atomic nucleus consists of nucleons (neutrons and protons) which themselves are made 

up of elementary particles. Elementary particles exhibit an intrinsic angular momentum – called 

spin. Due to their spin, these particles exhibit a magnetic moment. Consisting of such particles, 

nucleons also exhibit a specific spin and magnetic moment. Finally, each atomic nucleus 

exhibits a cumulative nuclear spin which – among other factors – depends on the spin of its 

nucleons (Fließbach, 2012). The nuclear spin as well as its magnetic moment is the basis of 

MRI (Brown, 2014). 

 

In MRI, a subject is placed in a static magnetic field. This magnetic field affects the atomic 

nuclei by inducing a torque that is directed towards aligning the axis of the nuclei’s magnetic 

moment with the magnetic field direction. Due to momentum conservation, this leads to a 

precession of the nuclear cores’ magnetic momentum around the magnetic field axis – the so-

called Larmor precession. The rate at which the momentum revolves around the magnetic field 

axis is called Larmor frequency and depends – among other factors – on the external magnetic 

field strength (Ruh et al., 2018). In the state of thermodynamic equilibrium, a slight excess of 

the otherwise diffusely spread nuclear spins are directly aligned to the magnetic field axis. This 

leads to a longitudinal magnetic field induced by the excess magnetic momentum of these 

atomic cores (Reiser et al., 2017). 

 

To conduct an MRI sequence, a second electromagnetic field – directed perpendicular to the 

static field – is repeatedly applied at a frequency that is identical to the Larmor frequency of 

the atomic (for medical purposes usually hydrogen) nuclei. As for hydrogen, this frequency is 

in the range of radio waves. This resonant field leads to the alignment of the nuclear precession 

movements. When all nuclei move synchronically and aligned, this results in a measurable so-

called transversal rotating magnetic field (Reiser et al., 2017). Due to the principle of 

electromagnetic induction, which will be described in detail further below, varying magnetic 

fields cause the generation of secondary electric fields when applied to conductive materials 
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(Demtröder, 2013). This is used to measure the magnetic field strength in the MR devices 

receiving coils. After the secondary magnetic field is turned off, the atomic nuclei over time 

revert to their original, non-aligned asynchronous precession. This process is called spin 

relaxation and can be observed in several ways (Reiser et al., 2017). 

 

On the one hand, one can observe spin-lattice relaxation. In short, this term describes the 

process of the return of the overall vector of the atomic nuclei’s magnetic moments to the 

original state – meaning thermodynamic equilibrium with the vector aligned to the static 

magnetic field axis. The time it takes for the vector to return to 63% of that state is referred to 

as spin-lattice relaxation time, or T1 time (Behe et al., 2013; Reiser et al., 2017).  

 

Further, the spin-spin relaxation depicts the decomposition of the aligned and synchronous 

precession movement. As the atomic nuclei return to their original – asynchronous - precession 

movements, their common momentum dissolves and the transversal magnetic field decays. 

The time it takes for the field to lose 63% of its initial field strength is referred to as spin-spin 

relaxation time, or T2 time. In common practice, the transversal field strength was found to be 

decaying faster than predicted by theoretical models. This is thought to – among other factors 

– stem from inhomogeneities in the static magnetic field. The resultant observed time is 

referred to as T2* time whereas T2 describes the expected time of desynchronization based 

on theoretical models (Behe et al., 2013; Reiser et al., 2017). By modifying the examination 

procedure, a sequence can be performed to be T2*-weighted. Doing so accents differences in 

magnetic homogeneity and is used in techniques like fMRI (See 1.3.3.1.). 

 

Both T1 and T2 are dependent on the physical properties and interactions between the atomic 

cores of the examined tissue. These dependencies are used in MRI to gain high-contrast and 

high-resolution images of especially soft tissue – such as the CNS. For reasons of clarity, this 

thesis will not include exact specifications of certain sequences and mechanisms of encoding 

of each voxel’s position. 

 

 

1.3.2.2.Diffusion-tensor-imaging fiber tracking  

As implied be the name, DTI FT is based on the data gained from DTI. DTI is a MRI technique 

that depicts both the absolute degree and the direction of diffusion for each voxel using a voxel-

specific three-dimensional tensor (Basser et al., 1994; Brown, 2014). In principle, this detection 

of diffusion is again based on the change of the magnetic properties of hydrogen nuclei 

following the application of an external field gradient effecting the nuclei’s signal emission. 
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Alignment of diffusion can be calculated in several ways, one if it being fractional anisotropy 

(FA), used in this study. A voxel in which diffusion happens only directed in a specific direction 

depicts a high FA value while completely homogenous, non-directional diffusion or isotropy 

would result in a FA of 0 (Basser & Pierpaoli, 2011). As diffusion paths in the CNS follow the 

neural axons, large quantities of parallel fibers e.g. of the CST correlate with concordant 

diffusion directions and therefore high FA values. Using this information, fiber tracts can be 

depicted through systematic analysis of diffusion tensors for unidirectional tensor accumulation 

(Basser et al., 2000; Sollmann et al., 2015). The calculation can be further refined to only 

include tensors with an FA above of a certain threshold as well as to only depict fibers of a 

given minimal length (Reiser et al., 2017). 

 

The varying magnetic fields induce secondary electric fields in conductive materials such as 

the MRI device’s magnets (Brown, 2014; Demtröder, 2013). These electric fields then lead to 

eddy currents in the affected conductive materials. In the case of DTI, the varying external 

gradient field induces varying eddy currents in parts of the MRI device’s magnets. These eddy 

currents themselves induce varying magnetic fields which distort the original magnetic field 

and therefore lead to signal alterations. These signal alterations interfere with the actual signal 

alteration generated through diffusion inside each voxel. Additional, involuntary head 

movement during image generation also leads to erroneous signal alteration. To balance said 

interferences, so-called eddy current correction utilizing the structural information from other 

MRI scans recorded in the same session can be applied on all DTI images. Using this 

correction prior to tractography allows for filtering of interfering signal alterations due to both 

eddy currents and movement. (Mohammadi et al., 2010) 

 

To track specific parts or tracts of the CNS, certain regions of interest (ROI) can be put into the 

software to modulate the fiber tracking process (Sollmann et al., 2015). ROIs can be set to be 

included meaning that the system explicitly analyses the DTI only for diffusion patterns that 

run through all included ROIs. Alternatively, ROIs can also be excluded meaning that all 

diffusion paths that run through the ROI are excluded from the results.  

 

1.3.3. Functional diagnostics 

Functional diagnostic measures include fMRI, magnetoencephalography (MEG) and 

navigated transcranial magnetic stimulation (nTMS) (Hugues Duffau, 2012). As this thesis is 

solely based on nTMS, the prior two techniques will be shortly described below. For reasons 

of clarity, the extensive description of nTMS and its characteristics will then follow as a new 

section.  
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1.3.3.1.Functional MRI  

fMRI uses the blood oxygenation level as an indicator for the degree of cell metabolism. Blood 

flow has been shown to correlate with neuronal activity. An increase of neural activity induces 

an increased blood flow to said cortical area through so-called neurovascular coupling (R. F. 

Schmidt et al., 2011). As blood flow increases, the amount of oxygenated blood in the cortical 

area increases as well. The level of blood oxygenation has been shown to correlate with the 

T2* signal of an MRI. Areas with a high level of blood oxygenation emit a higher T2* signal. 

This effect has been called Blood Oxygenation Level Dependent (BOLD) effect and is based 

on the different magnetic properties of hemoglobin depending on oxygenation state (Mark et 

al., 2015). Deoxygenated hemoglobin shows paramagnetic properties which influences the 

surrounding magnetic field leading to an increase in T2* spin relaxation time (1.3.2.1.) and thus 

a decreased T2* signal. Oxygenated hemoglobin on the contrary induces a diamagnetic field 

with decreases T2* spin relaxation time thus increasing the T2* signal. (Logothetis et al., 2001; 

Logothetis & Pfeuffer, 2004; S. Ogawa et al., 1990; Seiji Ogawa et al., 1990; Thulborn et al., 

1982).  

Therefore, to e.g. identify the representation site of motor function, a patient would be asked 

to move a certain muscle with neural activity and thus metabolism increasing at the 

corresponding cortical representation site. The increase in neural activity would lead to an 

increase in blood flow through neurovascular coupling which could be observed by a rise in 

the T2* signal (Behe et al., 2013; Reiser et al., 2017).  

This method has been proven to be of both high sensitivity and specificity. Therefore, fMRI 

currently is the most widely used method for preoperative functional diagnostics of motor 

function (Mehta & Klein, 2010; Wager et al., 2013). 
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1.3.3.2.Magnetoencephalography  

Again based on electromagnetic induction, MEG detects subtle changes in the magnetic field 

induced by the brain’s own electric activity (Vieth, 1984). Principally speaking, changes of 

electric activity of a certain cortical area lead to changes in the induced magnetic field. This 

magnetic field is extremely subtle. To be able to detect both the magnetic field itself as well as 

the induced changes, the patient therefore must be insulated from the earth’s magnetic field. 

This is achieved using large, superconducting magnetic coils also called Helmholtz-coils 

(Demtröder, 2013; Vieth, 1984). Like the technically similar electroencephalography (EEG), 

MEG is capable of achieving high degrees of temporal resolution while lacking exact spatial 

resolution. (Darvas et al., 2004; Najib et al., 2011). Due to the necessity for elaborate 

preliminary measures such as insulation of the patient prior to the examination and the lack of 

spatial resolution, MEG is by far less commonly used than fMRI, or nTMS and is not usually 

part of a clinic’s routine measures (Krivosheya et al., 2016).  
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1.4. Transcranial magnetic stimulation 

1.4.1. Technical and physical basics  

TMS was first described in 1985 and proclaimed as an alternative to non-invasive transcranial 

electric stimulation (TES) (Barker et al., 1985). While TES is based on the direct generation of 

an electric field (E-field) via electrodes placed on a patient’s skull, TMS is based on the 

induction of a magnetic field. This magnetic field passes the patient’s skull and then itself 

induces an E-field inside the cranium. (Barker et al., 1985; Barker, Freeston, Jabinous, & 

Jarratt, 1986; Karhu, Hannula, Laine, & Ruohonen, 2014; Ruohonen et al., 1998; Tofts & 

Branston, 1991). 

 

The generation of both the primary magnetic and the secondary E-field are described by 

Faraday’s law of Induction and follow Maxwell’s equations of electrodynamics. Most notably, 

the Maxwell-Faraday equation describes the shape and size of the induced electromagnetic 

fields (Demtröder, 2013; Fließbach, 2012; Maxwell, 1865). 

 

In TMS, the magnetic field or B-field is induced by the current running through a circular coil 

held by the operator. The current is generated by a stimulating unit also known as stimulator, 

a capacitor charged with high voltage which is then rapidly discharged through the coil. In the 

original design, the stimulator delivered a current of up to 4kA in amplitude (Barker et al., 1985).  

The induced B-field is solenoidal in shape and directed perpendicular to the winding plane of 

the coil. Therefore, the operator can steer the B-field by moving the coil. Unlike an E-field, the 

B-field is not affected by biological tissue. Therefore, when the coil is held with the winding 

plane tangential to the patient’s skull, the B-field passes the scalp unhindered and reaches the 

patient’s brain tissue. The magnetic field strength of the B-field correlates to the amplitude of 

the current running through the coil. Discharging the stimulator through the coil leads to a rapid 

peak of amplitude of the current running through the coil. This induces a rapid change of the 

magnetic field strength in the B-field. The change in magnetic field strength induces E-fields in 

all tissues affected by the B-field. When the change in the B-field strength is large enough, it 

induces an E-field sufficiently strong to excite grey matter neurons of different layers. (Barker 

et al., 1986; Esser et al., 2005; Fink & Christiansen, 1989; Mills, Boniface, & Schubert, 1992; 

Ruohonen et al., 1998; Tofts & Branston, 1991).  
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Figure 6 Schematic of the general technical principle of TMS using a round coil.  

Purple: Solenoid magnetic B-field induced by the current in the coil.  

Blue: Secondary induced E-field on the cortex.  

Cave: Shape and location of the induced fields are merely schematic and do not depict actual field 

characteristics.(Malmivuo & Plonsey, 1995) 

 

The E-field on the patient’s cortex is induced by the change of the B-field. The change of the 

B-field again is induced by the change of the current in the coil. Consequently, E-field strength 

and gross E-field shape are based on the change in B-field strength and the B-field’s shape 

which are based on the change in amplitude and the shape of the current running through the 

coil (Malmivuo & Plonsey, 1995).  

 

The current’s change in amplitude after discharge of the stimulator and the current’s shape are 

dependent on the coil’s material, shape and geometry. Changes in current characteristics 

affect the B-field which then affects the E-field. Therefore, coil characteristics such as material, 

shape and geometry are generally considered to be among the most important factors 

influencing the E-field (Danner et al., 2008; Fleming et al., 2012; Ruohonen & Ilmoniemi, 1999).  

 

 

At this point it should be noted that while the shape and field strength of the magnetic field are 

of major importance to the shape and strength of the E-field, there are several other major 
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factors to consider that influence the E-field. These factors include e.g. local variances in tissue 

conductivity and will be addressed later on while this section focuses on the effects of different 

coil configurations (Nieminen et al., 2015; Opitz et al., 2011; Ruohonen & Ilmoniemi, 1999; 

Thielscher & Wichmann, 2009). 

 

In general, there are two basic types of coil shape, round and figure-of-8 shape. Figure-of-8 

shape or butterfly shape is basically a combination of two round coils side by side. Thus, while 

a round coil produces a rather homogenous magnetic field without local maxima, a figure-of-8 

coil produces a magnetic field maximum at the conjunction site of the two singular round coils 

where either coils’ B-fields overlap. Accordingly, figure-of-8 coils have been found to also 

produce a more tightly focused E-field than round coils. This makes them better suited for 

diagnostic uses such as preoperative mapping where accuracy is of vital importance, whereas 

round coils are rather suited for the homogenous stimulation of broader areas e.g. in 

therapeutic settings such as treatment-resistant major depression (Cohen et al., 1990; 

Johnson et al., 2013; Kennedy et al., 2009; Mills et al., 1992; Roth et al., 1991; Thielscher 

& Kammer, 2004).  

 

Regarding stimulation characteristics, TMS stimuli can be applied as a single pulse, in the form 

of paired pulses and repetitively which is then referred to as repetitive TMS (rTMS). Depending 

on the site of stimulation as well as the form and frequency of the stimuli, TMS based stimuli 

can be used to study a multitude of cortical functions. These functions range from basic motor 

and somatosensory function up to complex functions such as speech or calculus (Forster et 

al., 2012; Ille et al., 2016; Krieg et al., 2014; Maurer et al., 2015; Ottenhausen et al., 2015; 

Picht et al., 2011; Tussis et al., 2016). It should be noted that these assets can only be achieved 

when combining the TMS unit with a neuronavigation system as described below.   

 

Additional to the survey of explicit neurophysiological functions, TMS can be used as a tool in 

further diagnostics such as nerve conduction velocity as well as in therapeutic settings e.g. in 

the treatment of depression via rTMS or recovery of motor function or aphasia following a 

stroke (Du et al., 2016; Herwig et al., 2001; Kennedy et al., 2009; Kim et al., 2016; Lefaucheur 

et al., 2014; Mallik & Weir, 2005; Wall et al., 2016). 

 

1.4.2.  TMS-induced neural activation 

An important factor in TMS is the site of neuronal innervation. In theory, the E-field induced by 

TMS could lead to a multitude of cellular reactions and therefore a multitude of changes in 

neuron activity depending on the part of neuron that has been stimulated by the E-field 
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(dendrite, soma, axon). Experimental studies found that the myelinated axon is the part of the 

neuron with the highest sensitivity to stimulation via external E-fields (Ranck, 1975; Rattay, 

1999). As shown by Rushton in 1927, the degree of axonal excitability is highly dependent on 

geometrical factors such as the orientation of the E-field to the axon and the E-field’s direction. 

Principally speaking, axonal excitability roughly correlates to the cosine of the angle between 

axon and E-field direction. As the cosine of 0° yields 1, stimulation is most effective when the 

angle between axonal axis and E-field direction is 0°. Therefore, an axon is easiest excited by 

an E-field directed exactly alongside the axon. (Rattay, 1999; Rushton, 1927; Thielscher et al., 

2011).  

 

The exact pathways of neuronal innervation by TMS that lead to functional reactions have best 

been described in the context of motor stimulation by analyzing MEPs (Esser et al., 2005; 

Ranck, 1975; Rattay, 1999; Rushton, 1927). Supramaximal electric stimulation e.g. via DCS 

usually results in the generation of several combined MEP in the observed muscle. As each 

single MEP depicts the activation of a single corticospinal pyramidal tract neuron in the motor 

cortex, the multitude of MEP following cortical stimulation depict multiple neural activations 

(Day et al., 1989). When also considering the latency between stimulation and the resultant 

MEP, short latency D-waves can be discriminated from delayed I-waves. D-waves stem from 

the direct stimulation of pyramidal neurons by the stimulus. I-waves on the other hand stem 

from the indirect stimulation of the pyramidal neuron via excitatory Interneurons in the grey 

matter (Day et al., 1989; Rattay, 1999). While MEP induced using TES or DCS consist of both 

D- and I-waves, TMS induced MEP do not exhibit a D-wave but only consist of several volleys 

of rhythmic I-waves. This suggests that TMS does not directly activate pyramidal neurons. 

Instead, the activation via TMS most likely results from the activation of both excitatory and 

inhibitory Interneurons (Esser et al., 2005). Interestingly, an increase in stimulation intensity 

does not ultimately lead to the generation of D-waves but only to an increased count of 

rhythmic I-waves with a constant inter-wave-delay. (Day et al., 1989; Esser et al., 2005; Rattay, 

1999).  

 

In a model study, Esser et al. found the elicited CST innervation to stem from the activation of 

both excitatory and inhibitory Interneurons in Layer II, III and VI (Esser et al., 2005). These 

interneurons project onto excitatory CST neurons in Layer V which were never directly 

innervated by the TMS E-field. Latency between each I-wave was found to originate from 

interneuron transmission and refractory timing. An increase in TMS intensity was again shown 

to lead to an increase in I-wave count. This was due to the induced E-field taking longer to 

decay thus keeping the interneurons innervated for longer amounts of time. Also, due to the 

resultant increase in E-field-strength, interneurons located at the border of the focal area where 
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the E-field was too weak to facilitate for innervation before were now innervated as well leading 

to higher I-wave amplitudes. (Epstein et al., 1990; Esser et al., 2005).  

 

Fitting these findings, TMS to the motor system has early been shown to be most effective 

when the E-field is targeted perpendicular to the targeted gyrus’ neighboring sulcus (Brasil-

Neto et al., 1992; Karhu et al., 2014; Mills et al., 1992). In this case, the horizontally layered 

interneuron axons are being stimulated longitudinally and thus ideally stimulated as stated 

above (Fox et al., 2004). Furthermore, these findings imply that an increase in TMS intensity 

further above the intensity required for MEP generation leads to a less focal stimulation due to 

additional neural activation at the border of the E-field. 

 

1.4.3. Navigated transcranial magnetic stimulation 

1.4.3.1. Necessity of neuronavigation 

As described above, the effect of TMS is highly dependent on both the position of the E-field 

on the cortex as well as its orientation. Ideally, the point of maximum field strength is aligned 

exactly to the desired cortical target. Further, the E-field must be oriented alongside the desired 

neurons’ axis. For motor mapping, this is achieved by orienting the E-field perpendicular to the 

neighboring sulcus. This influence of coil position and coil orientation was already observed 

during the early stages of TMS, leading to the development of the first guidance systems (Mills 

et al., 1992; Roth et al., 1991). Further studies have since shown that even subtle differences 

in coil tilt or coil orientation already result in significant changes of the mapping results while 

remaining otherwise unchanged and controlled conditions for coil positioning (Fox et al., 2004; 

S. Schmidt et al., 2015). 

 

Early TMS guidance and target description have been based on the geometrical reference to 

external anatomical skull landmarks such as the vertex, for instance. Stimulation sites were 

described based on their distance to the vertex in absolute values as well as the coil’s angle 

to the midline. This system has further been supplemented by the 10-20 system otherwise 

used for electroencephalography (EEG) electrode placement (Brasil-Neto et al., 1992; Herwig 

et al., 2001; Herwig et al., 2003; Mills et al., 1992; Wassermann et al., 1992). While the latter 

at least pays respect to individual variance in head size and shape and is partially still being 

used e.g. in psychiatric settings (Anderson et al., 2016; Fitzgerald et al., 2009; Johnson et al., 

2013), both systems have been shown to be insufficient methods for the guidance of TMS in 

a diagnostic setup and to lead to a significant decrease in TMS efficiency and repeatability 

(Ahdab et al., 2016; Julkunen et al., 2009; Saisanen, 2011).  
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Aside of the insufficiency regarding efficiency and repeatability especially when aiming to 

achieve levels comparable to modern techniques such as DCS (Barbosa et al., 2015; Danner 

et al., 2008; Roux et al., 2016), sole external landmark guidance has several further 

shortcomings. For once, macroscopic brain anatomy has been shown to vary significantly even 

in healthy subjects (Keller et al., 2007; Mylius et al., 2013). Hence, it cannot be estimated 

adequately based on clinical inspection and measurements alone and without respect to 

individual neuroimaging. This holds true especially in a clinical setting where patients often 

present with additional pathologic brain anomalies (tumors, atrophy, edema, scar tissue etc.). 

Also, aside of macroscopic anatomic differences, brain function spread exhibits significant 

variability in both healthy subjects and patients. For example, the motor representation area of 

the hand muscles may deviate significantly from its typical location inside the hand knob area 

of the precentral gyrus. In the case of hand motor function, spread was mainly but not always 

in the anterolateral direction (Ahdab et al., 2016; Branco et al., 2003; Niskanen et al., 2010; M. 

C. Park et al., 2007; Teitti et al., 2008). Finally, even if the target area could sufficiently be 

identified via external landmarks, the above-mentioned high sensitivity of TMS to subtle shifts 

in coil positioning and orientation cannot be compensated without permanent supervision (S. 

Schmidt et al., 2015). 

 

For these reasons, TMS devices have been combined with neuronavigation systems to 

facilitate for nTMS. In nTMS, the neuronavigation unit serves two purposes. On the one hand, 

it tracks and supervises the coil’s position and orientation in relation to the patient’s skull. On 

the other hand, it uses this information to project the shape and orientation of the E-field on 

the patient’s MRI (Gugino et al., 2001; Karhu et al., 2014).  

When comparing nTMS to non-navigated TMS, Julkunen et al. found the usage of nTMS to 

lead to significantly shorter MEP latencies as well as significantly higher amplitudes. When 

repeating stimuli, MEP variation was significantly lower using nTMS. Non-navigated TMS lead 

to target deviations of 9.9 ± 1.9 mm when compared to the navigated target during hotspot 

location and inter-target distances of 7.1 ± 2.5 mm during target repetition (Julkunen et al., 

2009). 

Using the assets of neuronavigation, modern nTMS systems have been shown to be 

comparable to the gold standard of intraoperative DCS concerning their levels of accuracy and 

repeatability (Casarotto et al., 2010) as well as sensitivity and specificity (H. Duffau et al., 2005; 

Forster et al., 2011; Krieg et al., 2012; Ottenhausen et al., 2015; Tarapore et al., 2012; 

Tarapore et al., 2016).  
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1.4.3.2.Co-registration 

An essential part of neuronavigation is the co-registration of the patient’s MRI with the 

navigation system’s spatial information. By aligning the spatial information derived from a 

camera system with certain markers on the MRI, the location of e.g. the coil can be projected 

onto the MRI. Modern neuronavigation systems include additional surface-based fiducial 

techniques to further increase registration accuracy and minimize systematic errors (Fitzpatrick 

et al., 2000; Karhu et al., 2014; Noirhomme et al., 2004; Potts et al., 1998). 

 

Initially, spatial coordinates were derived off stereotactic systems with the coil permanently 

attached to a stereotactic arm. In this setting, both coil and patient head had to be firmly fixed 

to ensure stable navigation conditions. This tracking system has since been developed using 

optical tracking via infrared cameras and optical reflectors attached to both the patient’s head 

and the instruments used in the process. Through the implementation of optical tracking, both 

the patient’s head and the coil could be freely moved as long as the optical reflectors remained 

fixed on them (Danner et al., 2008; Ettinger et al., 1996; Krings et al., 1997). The exact tracking 

of the coil position and orientation in relation to the patient’s head allows for the high 

repeatability of nTMS stimulations: each stimulation’s referring coil position and orientation can 

be saved by the neuronavigation system and used as guidance for repeated stimulation (Karhu 

et al., 2014).  

1.4.3.3.Line-navigated TMS  

To ensure for accuracy aside of repeatability, spatial information needs to be implemented by 

the system to calculate the characteristics of the induced E-field on the cortex. Early model 

studies analyzed the characteristics of the induced E-field using homogenous models. These 

studies have come to the conclusion that the maximum field strength of the E-field induced by 

a figure-of-8 coil can be found directly under the conjunction of the two single coils by following 

the axis of the coil windings (Cohen et al., 1990; Mills et al., 1992; Ruohonen et al., 1998). This 

spot of maximal field strength was deemed equivalent to the focal point of stimulation. 

Based on this, early nTMS neuronavigation systems have calculated the stimulation’s focal 

point using geometric measures (Hugues Duffau, 2012). Starting from the center of the figure-

of-8 coil, a perpendicular to the winding plane of the coil was calculated. In a next step, the 

intersection of said line with the patient’s cortex was calculated based on the coil’s position 

and orientation to the skull. The stimulation focal point was then presumed to be located at 

that intersection and marked on the MRI. The E-field was thought to be layered parallel to the 

winding plane of the coil. The direction of the E-field at the focal point was determined to be 

directed alongside the figure-of-8’s midline (Ettinger et al., 1996; Gugino et al., 2001; Krings et 

al., 1997; Krings et al., 1997).  
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With the upcoming of alternative navigation techniques, this original technique has recently 

been referred to as LnTMS (Hugues Duffau, 2012; Saisanen, 2011). Early LnTMS systems 

solely projected the focal point without visual information of the E-field’s direction. The LnTMS 

system used in this study additionally projects the expected E-field onto the cortex while still 

using line navigation for the determination of the focal spot and the E-field’s characteristics.  

1.4.3.4.Electric-field-navigated TMS 

With rising evidence for the influence of additional physical factors on the E-field as well as 

rising technical capacities, EnTMS has been developed as an alternative method for E-field 

projection and focal point determination (Danner et al., 2008; Karhu et al., 2014; Saisanen, 

2011; Teitti et al., 2008; Thielscher et al., 2011).  

One example for additional influences onto the E-field is tissue conductivity, which varies 

significantly between different tissues in the human skull (CSF, cortex, dura mater, cranial 

bone). Depending on the angle in which the E-field passes the transition zone between two 

tissues, the resultant E-field strength either increases or decreases significantly (Opitz et al., 

2011). Another factor greatly influencing the E-field is the distance between coil and cortex 

which has been shown to inversely correlate with E-field strength exponentially. (Danner et al., 

2012; Julkunen et al., 2012; Trillenberg et al., 2012). 

Such influences cannot be accounted for based on spatial information alone. Therefore, 

EnTMS - unlike LnTMS - utilizes on-line calculation of the induced E-field based on a 

mathematical model applied to a spherical head model using live data (Nadeem et al., 2003; 

Ravazzani et al., 1996). The spherical head model coarsely represents the different layers of 

the human anatomy and includes physical factors such as the above-described tissue 

connectivity. The fitting spherical head model for each single stimulation is chosen on-line and 

based on the properties of the patient’s skull at each stimulation site. The spherical head model 

has been shown to be in good accordance to a realistic head-shaped model as long as 

stimulation is not applied in far frontal or occipital areas. As motor mapping primarily targets 

areas in or near BA6 and BA4 (M1, PMC, SMA), the spherical head model can be regarded 

as well-suited for this indication (Brodmann, 1909; Hamalainen & Sarvas, 1989).  

Aside of the spatial coil information delivered by the tracking system, the calculation also 

includes additional coil characteristics such as winding geometry and coil temperature as well 

as stimulator output (Ruohonen & Karhu, 2010). Based on this calculation, the E-field is 

projected on the patient’s MRI. The stimulation focal point is defined by the point of maximal 

calculated E-field strength and displayed on the patient’s MRI with a visual marker e.g. an 

arrow depicting the calculated E-field’s destination at the focal point.  
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1.4.3.5. Benefits of nTMS 

The importance of sufficient tools for functional preoperative diagnostics has been well 

established. Currently, fMRI marks the most widely used technique for identification of cortical 

site of human motor function prior to tumor surgery (Krivosheya et al., 2016; Reiser et al., 

2017). Yet, fMRI like MEG passively detects general changes in cell activity following voluntary 

activities such as speech or muscle movement. Both methods lack information about the actual 

involvement of these areas in the specific activity due to their passive nature.  

nTMS on the other hand actively induces focal changes in neuron activity. Therefore, changes 

in e.g. motor activity following nTMS are a direct result of the cortical activation at the specific 

site. This makes nTMS the only non-invasive method that can give evidence on the causality 

between cortical activation and function whereas MEG or fMRI only identify cortical areas 

generally involved in but not causal for said function (Krings et al., 2001, 2001; Najib et al., 

2011). Also, as fMRI is based on the process of neurovascular coupling, one main hindrance 

of using fMRI for functional diagnostics prior to tumor surgery is the tumor-induced dysfunction 

of neurovascular coupling in the surrounding tissue. This effect has been shown to significantly 

interfere with the identification of functional areas in patients suffering from brain tumors and 

hence affect fMRI reliability (Hou et al., 2006; Mark et al., 2015; Rutten & Ramsey, 2010; 

Sollmann et al., 2013). nTMS on the other hand is not affected by the dysfunction of 

neurovascular coupling. 

Utilizing up-to-date neuronavigation systems, nTMS can stimulate the cortex with an accuracy 

comparable to both intraoperative DCS as well as preoperative fMRI while providing otherwise 

unavailable information about the causality of the identified cortical areas for a specific 

function. Therefore, nTMS has the potential of being a highly useful tool for non-invasive, 

preoperative functional diagnostics (Coburger et al., 2013; Forster et al., 2011; Krieg et al., 

2014; Krieg et al., 2015; Picht et al., 2009; Picht et al., 2011; Picht et al., 2016; Sollmann et 

al., 2016; Sollmann et al., 2016; Takahashi et al., 2012; Tarapore et al., 2012; Weiss et al., 

2013).  

1.5. Aim of this study 

With rising evidence for its benefits, nTMS has been increasingly used in the preoperative 

setting for tumor surgery (Krieg et al., 2014). The first commercial nTMS device for motor 

mapping has been approved by the United States food and drug administration (FDA) and 

marked for European conformity (Conformité Européenne; CE) in 2009 followed by the first 

module for speech mapping in 2012.  
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Nevertheless, nTMS remains highly dependent on its neuronavigation system to provide for 

appropriate accuracy and repeatability (Julkunen et al., 2009). As stated above, 

neuronavigation can currently be performed based on line or electric-field navigation. As 

different as those two techniques are regarding their assumptions of the induced electric field, 

they have so far never been compared to each other concerning their effects on the mapping 

process.  

 

Comparing both techniques for the first time, main aim of the study was to assess whether the 

usage of different navigation techniques lead to a significant effect on the mapping process 

overall. Clinical differences were assessed using workflow and applicability parameters as well 

as quantitative stimulation parameters. As procedures were conducted by a prior naïve 

operator, learning curves for either technique could be depicted as well.  
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2. MATERIALS AND METHODS 

2.1. Ethical considerations 

Adhering to the rules for experiments on human subjects determined in the Declaration of 

Helsinki in 1964, our study protocol was presented to the ethical committee of the Klinikum 

rechts der Isar (RdI) and found to be in line with the committee’s ethical standards (registration 

number: 249/15s). All patients provided written informed consent before undergoing the nTMS 

procedure following an extensive informative conversation with a doctor involved in the study. 

All data was anonymized to ensure no reference can be made to the patient’s identities. As 

the mappings were performed as a part of the preoperative diagnostics, only data acquired 

with the FDA-approved and CE-marked EnTMS device was used for any patient-related further 

procedures. 

2.2. Study design 

The study was designed as a prospective, non-randomized crossover study. Motor mappings 

were conducted on patients with brain tumors as part of the routine preoperative procedure 

using two different nTMS devices that were based on either line- or electric-field navigation. 

Each patient was planned to receive complete motor mappings of both hemispheres with both 

devices consecutively. Both mappings were conducted in one session on the same day. During 

and following each motor mapping, timings and further characteristics were noted for later 

comparison.  

To avoid systemic bias in favor of the EnTMS based system established at our study group, a 

formerly naïve operator conducted all motor mappings included in this study. The operator 

received extensive training by representatives of either system’s manufacturers before 

beginning data collection to ensure for neutral conditions. During the data collection phase, the 

operator received no support by the EnTMS-trained members of the study group. To further 

minimize systemic bias, the sequence in which the mappings were performed was alternated 

for each patient. As the LnTMS device was a temporary loan, data acquisition time frame was 

restricted to six weeks in total.  

 

Patient data included in the study was restricted to gender, age, handedness, tumor identity 

and site as well as tumor malignancy according to the World Health Organization (WHO) 

grading system. Gliomas were subdivided into low-grade glioma (LGG, grade I and II) and 

high-grade glioma (HGG, grade III, IV) (Louis et al., 2007; Sanai et al., 2011).  
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2.3. Patient cohort 

As nTMS motor mapping is a regular part of the preoperative procedure at the RdI’s 

neurosurgical department, patient acquisition was performed during clinical routine, with the 

decision for nTMS motor mapping being purely based on clinical indication. 

 

Inclusion criteria for this study were: 

 

- Age above 18 years 

- Signed informed consent following extensive informative conversation 

- Tumor location in a supposedly motor-eloquent region diagnosed by preoperative MRI  

 

Exclusion criteria were: 

 

- Age below 18 years 

- Presence of metallic hardware near the stimulation site (e.g. cochlear implants, internal 

pulse generators, medication pumps, implanted brain electrodes) 

- Pregnancy  

- Non-treated recent history of epilepsy 

 

2.4. Magnetic resonance imaging 

The study only used imaging data acquired during the clinical routine preoperative procedure. 

No additional sequences or procedures were conducted. Cranial MRI (cMRI) was performed 

on a 3-Tesla scanner (Achieva 3T, Philips Medical Systems, The Netherlands B.V.) with an 8-

channel phased array head coil. Contrast enhancement was achieved using intravenous 

gadopentate dimeglumine (Magnograf, Marotrast GmbH, Jena, Germany).  

From the available sequences, the study used a fluid attenuated inversion recovery (FLAIR) 

sequence (TR/TE: 12,000/140 ms, voxel size: 0.9 × 0.9 × 4 mm3, acquisition time: 3 min) and 

a 3-dimensional T1-weighted magnetization prepared rapid gradient echo (MPRAGE) 

sequence (TR/TE: 9/4 ms, 1 mm3 isovoxel covering the whole head, acquisition time: 6 min 58 

s) as well as DTI sequences with fifteen orthogonal diffusion directions (TR/TE 10,737/55 ms, 

spatial resolution of 2 × 2 × 2 mm3, b-values of 0 and 800, acquisition time: 6 min 26 s). Images 

were exported using the DICOM standard (Sollmann et al., 2016). 
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2.5. nTMS setups 

2.5.1. System arrangement 

For the duration of the study’s data acquisition phase (September 2015 until November 2015), 

both nTMS devices were permanently mounted in the dedicated study room to avoid technical 

errors due to assembly errors of the mobile LnTMS device. System setup was not modified by 

the operator and all devices were used strictly adhering to the terms stated by the instructors.  

2.5.2. LnTMS setup 

LnTMS motor mappings were conducted using a mobile version of the ANT Visor2 XT 3D 

system (ANT Neuro, Enschede, The Netherlands). The system was provided, delivered and 

mounted by the Inomed GmbH (Inomed Medizintechnik GmbH, Emmendingen, Germany). 

TMS pulses were delivered by a Magstim 200² stimulator connected to a Magstim Double 

70mm Alpha figure-of-8 coil (The Magstim Company Ltd, Whitland, Carmarthenshire, UK; 

inner coil diameter 70mm). To enable for spatial tracking, all instruments as well as the 

patient’s head were equipped with infrared reflecting spheres.  

Infrared tracking was performed by a Polaris NDi Spectra tracking device (Polaris Spectra, 

Waterloo, Ontario, Canada). EMG was recorded using a TMSi Mobi mini EMG device (TMS 

international, Oldenzaal, The Netherlands) connected to Asmuth ASF40C Ag/AgCl-electrodes 

(Asmuth GmbH Medizintechnik, Minden, Germany). The EMG could be set to adapt several 

high- and low-pass filters to optimize EMG quality. 

2.5.3. EnTMS setup 

For the conductance of the EnTMS motor mappings, the Nexstim eXimia 4.3 system (Nexstim 

Oy, Helsinki, Finland) established at the study group was used. The system included a built-in 

proprietary stimulator connected to a Nexstim Focal Coil with an inner coil diameter of 70mm. 

Again, instruments as well as the patient’s head were marked with infrared reflecting spheres. 

Infrared tracking was performed using a Polaris Spectra tracking device. EMG was recorded 

by an integrated proprietary Nexstim EMG device connected to Neuroline 720 Ag/AgCl-

electrodes (Ambu GmbH, Bad Nauheim, Germany) 
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Figure 7 Setup of the EnTMS based system.  

a) EMG electrodes placed on the observed muscles as described in 2.7.1. with the subject 

placed in a padded chair. b) Headband with attached reflecting spheres. c) optical tracking 

unit. d) Stimulation coil with attached reflective spheres. e) EnTMS system user interface with 

navigation display on the left and EMG on the right. 
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2.6. MRI implementation and co-registration 

2.6.1. MRI import 

Preliminary to motor mappings on either device, the patient’s cMRI scans were imported into 

the navigation software of each system. Both mappings were conducted using the same 

MPRAGE sequence with contrast enhancement (exported in the DICOM format). Both 

systems integrated the MRI to generate a 3D model of the patient’s skull and brain. The EnTMS 

based system allowed for continuous peeling of the 3D model to depict the cortex surface. The 

LnTMS device used a contrast-recognition algorithm to automatically depict the cortical surface 

characterized by the sharp contrast in signal intensity at the cortex-CSF transition. The cortical 

surface could be sufficiently depicted for further stimulation target determination with either 

software. Yet, as the LnTMS method did not include information about the thickness of the 

overlying tissue, stimulations could not be adjusted to be targeted at the same depth. For 

EnTMS targeting, peeling depth was set to 20-25 mm. 

 

 

Figure 8 Display of the EnTMS device’s software after import of a healthy subject’s (non-contrast-

enhanced) MRI. Note the first row with the original sagittal, coronal and axial scans on the top and the 

computed 3D model on the bottom left. Peeling depth was set to 21.7 mm on the left side control. 
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2.6.2. Co-registration 

Following successful MRI import, co-registration of the MRI with the spatial information 

delivered by the tracking systems was performed. In both cases, the first step consisted of 

marking three fiducial spots on the patient’s MRI. In our study protocol, both sides’ crura of 

helix as well as the nasion were chosen as fiducial spots. Afterwards, the operator fastened 

system specific headbands with reflecting spheres to the patient’s heads tightly. Patients were 

instructed to notify the operator should they notice the headband moving to avoid unnoticed 

systematic registration errors as the headband’s spheres represent the patient’s head to the 

tracking device. In case of accidental headband movement, registration could be repeated at 

any given time during the mapping process without loss of prior information. Each device’s 

digitization pen which was also marked with reflective spheres was then used to present the 

above-mentioned anatomical landmarks to the tracking device. From this point on, spatial 

information and MRI coordinates could be aligned.  

 

 

Figure 9 Display of the EnTMS device's software with the fiducial spots entered into the system. Note 

the markers' MRI coordinates displayed on the bottom left. 
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To further enhance registration accuracy, both devices utilized additional fiducial area-based 

methods. On the EnTMS device, nine areas on the patient’s 3D skull model were depicted by 

the software that had to be spatially presented by the operator. The LnTMS device had the 

operator moving the pen freely on the patient’s skull marking 50 to 99 single points from which 

a fiducial area was generated. 

 

 

Figure 10 Display of the EnTMS device's software after spatial representation of the fiducial spots. 

Note the bottom left display now also showing the fiducial spots' spatial coordinates and the fiducial 

areas presented for spatial presentation. The current position of the digitization pen is projected onto 

the model based on fiducial spot co-registration. 

 

The LnTMS device included an additional registration step in which the digitization pen was 

held to a fiducial label on the coil to ensure correct placement of the coil’s reflective spheres. 
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2.7. Motor mapping 

2.7.1. Basic principles 

Preliminary to motor mappings, patients were again informed about the content of the 

procedure and patient handedness was assessed via the Edinburgh Handedness Inventory 

(EHI) (Oldfield, 1971). Further, each patient’s degree of paresis of the upper and lower 

extremities was objectified using the British Medical Research Council (BMRC) scale (O'Brien, 

2010). In our case, paresis was defined as a muscle strength of less than 5/5 in at least one 

extremity. Paresis was classified as mild when muscle strength was 4/5, and severe for all 

cases of muscle strength <4/5.  

In general, all the following steps were conducted analogously on each device strictly adhering 

to the protocol. If certain steps of the procedure could not be undertaken identically, this will 

be noted explicitly. If not noted, the execution of a procedure was kept strictly identical to 

ensure for comparative conditions and avoid possible structural bias. For either device, the 

mapping process was executed completely before repetition on the other device. 

On each device, motor mappings were conducted adhering to the then up-to-date protocol 

established at the study group (Bulubas et al., 2016; Krieg et al., 2012; Krieg et al., 2012; Krieg 

et al., 2013; Picht et al., 2009; Sollmann et al., 2016; Takahashi et al., 2013; Tarapore et al., 

2012; Wassermann et al., 2008). Mapping was started on the tumor-sided or ipsilateral 

hemisphere followed by the non-affected or contralateral hemisphere. The operator was 

instructed to adhere strictly to the below described procedure for both complete mappings. 

Information about e.g. regions of highest excitability gained in the first mapping were not used 

to improve the second mapping to minimize possible bias due to mapping sequence. During 

the whole mapping process, the patient was placed in a padded seat. Patients were instructed 

to relax as best as possible. 

EMG electrodes were placed on the patient’s target muscles. Following protocol, UE muscles 

observed were the abductor pollicis brevis (APB), the abductor digiti minimi (ADM), the flexor 

carpi radialis (FCR) and the biceps brachii (BCS) muscles. LE muscles observed were the 

tibialis anterior (TA) and the gastrocnemius (GCN) muscles. The grounding electrode was 

placed on the patient’s elbow. EMG cables were placed separately to avoid interference due 

to cable crossing etc. Extremities were placed to ensure ideal EMG conditions by passively 

flexing the observed muscles. EMG optimization was repeated until EMG background noise 

was clearly below 50 µV in amplitude. 

Before each stimulation, coil position and orientation were optimized to ensure for ideal E-field 

strength and direction at the focal point. In EnTMS, this process was assisted by the navigation 

system. As the EnTMS approach allowed for on-line calculation as well as simulation of the 

induced electric field, lower field strengths due to suboptimal coil positioning could be detected 
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by the software. In this case, the arrow depicting focal point and E-field direction turned semi-

transparent until coil orientation was corrected by the user. In line with actual findings 

concerning optimized coil location, E-field direction as depicted by the arrow’s direction was 

adjusted to be perpendicular to the neighboring sulcus (Rossini et al., 2015; Ruohonen 

& Karhu, 2010; Saisanen et al., 2008; Thielscher et al., 2011; Thielscher & Wichmann, 2009). 

As the LnTMS device did not include an explicit calculation of the E-field, coil optimization was 

performed without direct feedback by the system prior to stimulation. The operator was advised 

to keep the coil midline directed perpendicular to the closest sulcus and the winding plane 

tangential to the skull. On both devices, no stimuli were placed inside tumorous tissue.  

 

 

Figure 11 Stimulations of a healthy subject on the EnTMS device with (top) and without (bottom) 

optimization of coil positioning. Corresponding MEP responses are depicted on the right. The EnTMS 

device indicates suboptimal coil placement by rendering the target marker transparent. Note that even 

though all other factors such as coil geometry and temperature, coil-cortex distance, E-field orientation 

and stimulation intensity remain unchanged, calculated E-field-strengths (bottom left on the display, 66 

V/m with optimal coil placement, 36 V/m without) and resultant MEP answers vary heavily.  
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2.7.2. Hotspot localization and motor threshold determination 

As cortical excitability through nTMS varies both inter- and intra-individually, nTMS stimulation 

strength has to be determined individually in order to allow for comparable mapping conditions 

(Karhu et al., 2014; Sollmann et al., 2013; Wassermann, 2002; Ziemann et al., 1996). To do 

so, the so-called resting motor threshold (RMT) depicted by the percentage of the maximum 

stimulator output (%MO) was assessed for each hemisphere and each device. The RMT has 

been shown to correlate with the degree of cortical excitability. As the designation resting motor 

threshold implicates, its measured is based on MEP generation in a resting muscle, while the 

active motor threshold (AMT) is determined during weak voluntary muscle action and is usually 

lower than the RMT. (Day et al., 1991; Di Lazzaro et al., 1998; Temesi et al., 2014). Adhering 

to the study protocol, RMT was determined from either the APB or ADM muscles following 

location of the hotspot.  

 

In a first step, the neuronavigation system’s display was centered to the ipsilateral central 

sulcus. The cortical area most likely suited for hand muscle stimulation was identified using 

the above-described anatomical characteristics (Omega-sign, PPFM). Fitting the basic 

principle of somatotopy, the hotspot is most often located in or near this location (Niskanen et 

al., 2010). Nevertheless, as extensively described above, variations regularly occur which is 

why an exact location of the hotspot through nTMS is indispensable (Ahdab et al., 2016; 

Sollmann et al., 2013). 

Starting at the identified area, a coarse first set of stimulations was applied to identify the so-

called hotspot showing the highest APB- or ADM-MEP amplitude resulting of constant intensity 

nTMS. Stimulation intensity was increased until MEP responses with an amplitude of >100µV 

were achieved. As higher intensity stimulations tend to be less focal, stimulation intensity was 

reduced when MEP amplitude exceeded 600 µv (Esser et al., 2005; Najib et al., 2011; Rossini 

et al., 2015; Sollmann et al., 2013).  

 

Following identification of the hotspot, optimal angulation for stimulation was assessed prior to 

RMT determination. In this context, angulation was defined as the angle between E-field 

direction at the focal point and the closest neighboring sulcus. The EnTMS system’s target 

repetition mode was not utilized during the study as the LnTMS device did not include a target 

repetition mode. After visual identification of the to-be repeated stimulus, the operator repeated 

the original stimulus with unchanged coil orientation and location while varying the stimuli 

angulation. In this manner, stimuli were repeated with the original angulation (90°) as well as 

45°/135° and 0°/180° angulations. 
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With both hotspot location and ideal angulation identified, RMT determination was then 

performed. The RMT was defined as the minimal stimulation intensity resulting in a MEP 

response exceeding an amplitude of 50µV in 5 out of 10 cases. As stated above either the 

APB or the ADM muscles were used for RMT determination. Stimuli were directed at the 

hotspot using optimal coil orientation and angulation as prior determined. Stimulation intensity 

was manually modified depending on the MEP. Again, automatized assistant tools available 

on the EnTMS device were not used in order to avoid bias in favor of the EnTMS device. 

(Rossini et al., 2015; Ruohonen & Karhu, 2010).  

 

2.7.3. Upper and lower extremity mapping 

Following RMT determination, the actual mapping process was performed, starting with the 

UE. For UE mapping, stimulation intensity was set to 110 % of the RMT. Mapping was begun 

at the hotspot. Starting here, stimulations were delivered in every single direction. For every 

direction, stimulation was continued until two adjacent stimulations resulted in MEP response 

amplitudes of <50µV in all muscles observed. Distance between single stimulations was kept 

at 3-5mm. Coil orientation was kept optimal adhering to the above described principles with 

the E-field directed perpendicular to the closest neighboring sulcus. Again, tumorous tissue 

was excluded from the mapping procedure keeping a safe distance of approximately 3mm. By 

continuing that pattern in all directions, a complete map of the cortical representation site of 

the UE muscles with a negative border consisting of 2 negative stimulation sites was produced. 

After complete mapping of the UE representation area, mapping was continued for the LE 

muscles. The cortical representation sites for LE muscles are most likely located in the 

paramedian cortical border reaching into the interhemispheric fissure and therefore less prone 

to stimulation. To account for this difference, stimulation intensity was set to 130% of the RMT 

and E-field direction was kept perpendicular to the interhemispheric fissure during LE mapping. 

When stimulation proved insufficient for inducing any LE MEP with an amplitude of >50µV over 

the whole frontotemporal and adjacent temporal lobe, stimulation intensity was increased in 

steps of 2%MO until a motor response could be evoked. When LE MEP could be sufficiently 

evoked, a LE motor map was produced in the same way as described for the UE.  

Following completion of LE mapping on the ipsilateral hemisphere, the same procedure was 

repeated on the contralateral hemisphere starting with the identification of the hotspot. After 

completion of the second hemisphere’s mapping, patients were asked to rate discomfort felt 

during the whole mapping process via the numeric rating scale for pain (NRS) (Hawker et al., 

2011). Further discomfort such as nausea or vertigo was explicitly prompted and noted as well 

as other adverse events. Then, the procedure was analogously repeated on the other device 

except for the differences noted above.  
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2.8. Post-hoc analysis and export 

Following complete mapping of both hemispheres, mapping results were examined and 

analyzed using both system’s integrated software. Each stimulation included in the UE and LE 

mapping was singularly reviewed and evaluated. Depending on the corresponding MEP, 

stimulation spots were assigned specific markers on the corresponding MRI. Criteria for a 

stimulation spot being assessed as motor-positive were set as following (Kallioniemi et al., 

2015; Ruohonen & Karhu, 2010; Saisanen et al., 2008): 

 

- Amplitude of >50µV in at least one of the observed muscle’s MEP 

- Clear visual distinction as a single MEP from background noise 

- MEP latency <30ms for UE 

If a stimulation failed to conform with at least one of these criteria, it was regarded as motor-

negative. After analysis, the motor-positive stimulation site markers together formed a so-

called motor map for the observed muscles.  

 

 

Figure 12 Display of stimulation spots following a complete mapping of the upper and lower extremity 

of a patient’s tumor sided hemisphere on the EnTMS based device before (left) and after (right) 

analysis. A stimulation spot marked in grey is classified as motor negative. A stimulation spot marked 

in red or yellow is marked as motor positive while the different colors represent different MEP 

amplitudes. This color coding is not included in the final motor map which only distinguishes between 

positive and negative spots. Note that while the criterion of two negative spots bordering the mapping 

area was not achieved based on the system’s automatic positive/negative classification, false positive 

stimulation spots were clearly identifiable as such during the mapping process and mapping was not 

continued further in that direction. Fittingly, the post analysis motor map does feature a double 

negative border as required by the protocol. 
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Additional to mapping analysis, quantitative stimulation factors concerning mapping 

characteristics were noted for later comparison. Factors included in the comparison were the 

RMT value, MEP amplitude at the hotspot, overall count of stimulations included in each part 

of the mapping process and the count of motor-positive stimulation spots following analysis on 

either technique. The motor-positive stimulation count only included stimuli that were marked 

as motor-positive after post-hoc analysis. The positive response rate was calculated using both 

the motor-positive stimulation count as well as the UE and LE overall stimulation count: 

 

Positive response rate [%] =
∑  Motor − positive stimulation count 

∑  Overall stimulation count in UE and LE mapping
∗ 100 

 

Values were noted and calculated separately for each hemisphere as well as separately for 

either UE, LE or both extremities.  

Following analysis of all stimuli, MRI export was conducted by both systems. The exported 

MRI included the motor-positive markers as well as the registration markers of the original MRI 

allowing for anew co-registration during fiber tracking or possibly in the operation room prior to 

surgery. In this study, the MRI was combined with diffusion-tensor imaging (DTI) to facilitate 

for fiber tracking (FT) of the CST. Additional motor maps only including a hemisphere’s hotspot 

were also exported for further analysis.  
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2.9. Motor map analysis and tractography 

2.9.1. Setup 

To allow for intraoperative usage of the EnTMS motor maps, the exports were imported into 

the clinic’s established neuronavigation system. To further compare both techniques’ spatial 

map properties as well as their eligibility for fiber tracking of the CST, LnTMS motor maps were 

imported as well. Again avoiding systemic bias, the sequence in which procedures were 

conducted was alternated for each patient. Neuronavigation implementation and tractography 

was conducted for both devices’ ipsi- and contralateral hemisphere maps. Yet, adhering to our 

study protocol, only the ipsilateral EnTMS motor map was saved and further used for 

intraoperative neuronavigation while the LnTMS motor maps were discarded after complete 

analysis. 

 

Neuronavigation was performed using a BrainLAB iPlan Net Server® (BrainLAB iPlan Net 

Cranial 3.0.1; BrainLAB AG, Feldkirchen, Germany). Motor maps were directly imported from 

a local device. The corresponding DTI and MPRAGE sequences created in the same original 

MRI session were imported from the clinic’s DICOM server. After successful import, eddy 

current correction was applied to ensure optimal conditions for fiber tracking. Following this, 

image fusion was performed to compensate shifts of head position between different 

sequences. Motor maps were then set to overlay the original structural MPRAGE sequence.  

 

2.9.2. Motor map analysis 

Spatial hotspot analysis was performed using both device’s motor and hotspot maps. 

Therefore, both motor hotspot map exports as well as the underlying MPRAGE sequence were 

again imported into the BrainLab software and fused for optimal overlap. Then, using the 

system’s integrated spatial analysis tools, spatial distance between hotspots was measured in 

mm based on axial slides. As both system’s exports projected the hotspot onto several 

subsequent slides, the middle slide of each projection was used for analysis. Afterwards 

hotspot location was assessed, using the original MPRAGE sequence. Finally, distance from 

either hotspot to the center of the visually identified hand knob was measured in mm. As the 

analysis did not use the cortical surface models generated by the system but instead used the 

original structural sequence, possible differences due to varying brain reconstructions of both 

systems could be avoided. Distances were measured depicting solely the radial distance 

between both spots without respect to the direction in which location differed. Concerning the 

measurement in relation to the anatomic hand knob, ipsilateral and contralateral hemispheres 



 

40 

 

were compared separately as distances were measured based on structural landmarks which 

could be affected by the lesion present on the ipsilateral side. 

 

Finally, both hemisphere’s complete motor maps were again imported into the system and 

fused with the original MPRAGE sequence. Motor map areas were then created via the 

system’s ROI creation tool with no rim added to the stimulation spots. Area between the motor-

positive spots was manually added to the ROI. Areas were assessed for both their spatial 

extent in cm², their spatial resolution and their ratio of overlap. Spatial resolution was defined 

as following: 

 

Spatial motor map resolution [
1

cm2
] =

∑  Positive motor map stimulation spots

Motor map area [cm2] 
 

 

2.9.3. CST tractography 

Tractography of the CST was conducted using two included ROIs. In a first step, a three-

dimensional ROI was generated using the motor-positive spots marked on the motor map as 

a basis. First, a rim was created for each positive spot surrounding said spot in a distance of 

2 mm. Then, areas where the spots or their rims overlapped were fused to form a single, ideally 

continuous ROI that encompasses all positive spots. The second ROI was created manually 

by the operator and visually placed in the ipsilateral brainstem at the height of the tentorium 

cerebelli above the decussatio pyramidalis (Krieg et al., 2012; C.-H. Park et al., 2013; Seo 

& Jang, 2013; Sollmann et al., 2016; Weiss et al., 2015). Minimal fiber length to be included in 

the analysis was set to 110mm. FA threshold was set to 0.2 at the beginning of the analysis 

and consecutively reduced in steps of 0.01 when the analysis did not yield a satisfying 

depiction of the CST according to the operator’s visual impression. Following successful CST 

tractography, the count of fibers included in the analysis was noted as well as the FA value 

leading to successful CST depiction.  
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2.10. Measurement of time durations and learning curves 

Time durations were measured during all steps of the mapping process for later comparison 

of both techniques.  

Timings for the import of the patient’s MRI into the system - referred to as “MRI import” - and 

co-registration of the MRI with the spatial information of the tracking device - referred to as 

“registration” - were combined to form the “preparation for motor mapping” timing.  

Durations of the coarse mapping around the hotspot needed to localize the hotspot were noted 

as “hotspot mapping” while time needed for the determination of the RMT was referred to as 

“RMT determination”. UE and LE motor mappings were depicted as “UE mapping” and “LE 

mapping”. Starting with the hotspot mapping time, these timings were summed up to form the 

“complete motor mapping” time. All individual timings were noted separately for each 

hemisphere. 

 

Timing for post-hoc analysis of the mapping was referred to as “post-hoc analysis” and again 

depicted separately for either hemisphere. Finally, the duration for the implementation of either 

techniques’ map into the neuronavigation software with additional tractography of the CST was 

depicted as “neuronavigation/tractography”. 

 

Complete motor mapping time in s as well as the above-described stimulation count was 

further used to calculate the mapping speed as following:  

 

Mapping speed [
1

𝑠
] =

∑  Overall stimulations

complete motor mapping time [𝑠] 
 

 

Analogously, mapping speed was also calculated for separate parts of the procedure, such as 

RMT determination and hotspot search, or UE/LE mapping.  

 

To illustrate and compare learning effects over time, step durations and stimulation speed were 

plotted in relation to the consecutive patient number. Then, a linear regression method was 

used to depict eventual trends and their significance. Significance of each trend was evaluated 

via the significance of the trend’s deviation from zero. Also, the trend’s mean slope derived 

from its underlying linear equation (y=m*x+t) was used to depict trend direction and strength.  

 

To discern between navigation dependent and navigation independent factors, step durations 

were divided into navigation independent and navigation dependent timings.  
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On the one hand, navigation independent timings included all non-navigated steps of the 

process (Preliminary steps, post-hoc analysis and export, neuronavigation and tractography; 

only including complete mappings). The evolution of said timings was used to illustrate the 

overall rise in routine and general technical learning effect while operating both the nTMS 

systems’ and the neuronavigation system’s user interfaces (UI) etc. The specific learning effect 

for navigation dependent tasks on the other hand was illustrated using both the complete 

duration for the mapping of both hemispheres as well as the stimulation speed during motor 

mapping. 

 

2.11. Statistical analysis 

Statistical analysis of the data gathered in this study was conducted via the GraphPad Prism 

software (GraphPad Prism 7.02, La Jolla, CA, USA). Measures are presented as mean values 

± standard deviation with all ranges provided. The above described quantitative stimulation 

parameters (RMT value, MEP amplitude at the hotspot, Overall stimulation count per mapping, 

positive stimuli per mapping, positive response rate) were compared using Student’s t-test 

(Student, 1908). Each comparison included the same parameter generated on either the 

EnTMS or the LnTMS device. Variances were deemed significant when the p-value was less 

than 0.05. Mapping specific NRS values as well as spatial motor map properties (Spatial 

extent, spatial resolution, FA value, CST Fiber Count) and step specific time durations 

(including mapping speed) were compared in a similar fashion. Technique specific learning 

curves were generated using linear regressions.  
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3. RESULTS 

3.1. Patient collective 

Following assembly of the LnTMS device by the manufacturer, data acquisition was conducted 

over the course of 3 months. In this period, a total of 12 patients were included in the study.  

 

Age median was 53 years with age ranging from 30 years to 79 years. 7 of the study’s patients 

were male, 5 were female. 11 patients were identified as right-handed according to the EHI. 

Tumor location was either frontal or parietal in all but one case. Regarding tumor entity, in 5 

patients the tumor was identified as a glioblastoma (WHO IV°) while 4 presented with high-

degree astrocytoma or oligodendroglioma (WHO III°) and the remaining 3 were suffering from 

intracranial metastases. 4 patients presented with mild or severe pre-existing motor deficits 

while 8 showed no clinical apparent deficit. The exact distribution can be seen in Table 1. 

 

Patient # Age [a] Gender Handedness 

[EHI] 

Tumor side Tumor location WHO° Motor deficit 

1 49 M 80 Bilateral Parietal IV Mild 

2 51 F 100 R Frontal III None 

3 58 F 90 L Frontal M None 

4 76 M 90 L Parietal III None 

5 37 M 70 R Frontal IV Mild 

6 79 F 100 R Parietal M None 

7 30 M 30 L Frontal III Severe 

8 65 F 100 R Parietal M Mild 

9 56 M 70 R Frontal IV None 

10 37 M 90 R Temporal IV None 

11 45 F 100 L Parietal IV None 

12 42 M 100 L Frontal III None 

Table 1 Patient collective baseline data. Note: Patient numbers are not sorted chronologically for 

reasons of anonymization. Handedness is depicted using the Edinburgh Handedness Index [EHI]. 

Tumor grading is depicted using the WHO scale.  
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3.2. Technical errors 

All patients consented to the complete mapping of both hemispheres. Yet, due to technical 

errors on the nTMS devices, complete mappings including both hemisphere’s UE and LE areas 

could not be conducted on all patients. 

 

On the EnTMS device, 11 patients received full mappings of both hemispheres. One patient 

only received a complete mapping of the ipsilateral hemisphere resulting in a complete 

mapping rate of 91.7%. On the LnTMS device, only six patients underwent full motor mappings 

of both hemispheres, resulting in a complete mapping rate of 50.0%. Two patients received a 

complete mapping of the ipsilateral hemisphere. In the remaining four cases, mapping could 

not be conducted at all. 

 

The incomplete EnTMS mapping was due to the EMG showing a periodic interference with an 

amplitude of up to 100µV and a frequency of 50-60Hz. This interference was later found to 

stem from the system’s power supply cable and the EMG connector cable lying too closely 

side by side. On the LnTMS device, two mappings could not be conducted due to the EMG 

showing an irregular interference with an amplitude of up to 2V. This error could be resolved 

by applying a low-pass filter even though the source could not be determined. In one case, the 

LnTMS device’s EMG did not deliver a signal. Here, a defective power supply unit could be 

determined and eliminated as error source. In the remaining cases on the LnTMS device, the 

connection between stimulator and navigation system could not be established twice. Finally, 

the tracking system did not recognize the coil in one case. The problem was resolved by a 

change of the connection adapter. 

 

All errors were purely hardware based and could be fully resolved. Mappings were not 

conducted until an error was resolved to avoid false deterioration of mappings due to hardware 

errors. When an error was noticed during a mapping, mapping was not continued for the same 

reason.  
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3.3. Pain and discomfort 

Both EnTMS and LnTMS motor mapping were well tolerated by all patients. Aside of pain, no 

further adverse effects or events were observed during the study.  

Pain and discomfort as depicted via NRS was restricted to none to mild temporary pain (≤ 3 

NRS) on both devices without significant differences between both techniques. Pain range was 

slightly higher on the LnTMS device for both hemispheres (LnTMS range: 0-3; EnTMS range: 

0-2). Pain was restricted to the stimulation timeframe and did not persist. 

 

 EnTMS 

[NRS] 

LnTMS 

[NRS] 

p 

Discomfort 

Ipsilateral 0.3 ± 0.6 0.9 ± 1.1 0.1262 

Contralateral 0.3 ± 0.5 0.4 ± 0.8 0.6027 

Table 2 Patient discomfort during nTMS with range depicted in brackets. Note: In this study, the 

hemisphere on which the tumor is located is referred to as ipsilateral. 
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3.4. Quantitative stimulation parameters 

3.4.1. Resting motor threshold and hotspot motor-evoked potentials 

Comparison for general stimulation parameters yielded a significantly higher RMT on the 

LnTMS device. When not discriminating for ipsi- or contralateral hemisphere, RMT averaged 

to 37.8 ± 7.5 %MSO on the EnTMS device versus 53.6 ± 8.1 %MSO on the LnTMS device 

(p<0.0001). MEP amplitude at the hotspot did not vary significantly, averaging to 715.8 ± 624.4 

µV for EnTMS and 640.4 ± 619.1 µV for the LnTMS device, again not discriminating between 

ipsi- and contralateral hemisphere (p=0.7171). For the discriminated values, see Table 6 

below. 

 

 

 

EnTMS LnTMS P 

Resting Motor threshold [%MSO] 

Ipsilateral 37.2 ± 8.6 52.9 ± 9.1 0.0011 

Contralateral 38.6 ± 6.3 54.4 ± 7.4 0.0002 

MEP amplitude at the Hotspot [µV] 

Ipsilateral 774.0 ± 644.3 558.3 ± 347.1 0.4000 

Contralateral 652.4 ± 626.5 734.3 ± 856.0 0.8174 

Table 3 RMT and hotspot MEP values differentiated for site of stimulation. Note: In this study, the 

hemisphere on which the tumor is located is referred to as ipsilateral. 

 

3.4.2. Stimulation count 

Stimulation counts were noted separately for each part of the mapping process again allowing 

for discriminate analysis of individual mapping parts. Inter-system analysis yielded significantly 

larger counts for EnTMS concerning both overall stimulation count as well as positive 

stimulation count.  

Overall stimulation count included both positive and negative stimulations during all parts of 

the mapping process. In total, overall stimulation count averaged to 617.0 ± 136.7 stimulations 

for EnTMS versus 409.0 ± 120.4 stimulations for LnTMS (p=0.0026).  
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Figure 13 Boxplot depicting the different overall stimulation counts included in complete motor 

mappings of both hemispheres. ** represents p=0.0026 

 

Positive stimulation counts per motor mapping of both hemispheres averaged to 231.9 ± 57.0 

stimulations on EnTMS versus 58.5 ± 27.6 stimulations on LnTMS (p<0.0001).  
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Figure 14 Boxplot depicting different counts for motor-positive stimulations included in complete motor 

mappings of both hemispheres. *** represents p<0.0001 
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EnTMS 

 

LnTMS 

 

p 

Overall stimulation count 

Ipsilateral 341.3 ± 60.0 218.8 ± 33.5 0.0001 

Contralateral 300.7 ± 77.4 217.4 ± 111.7 0.0789 

Bilateral 617.0 ± 136.7 409.0 ± 120.4 0.0026 

Positive stimulation count 

Ipsilateral 128.3 ± 35.0 41.3 ± 26.8 <0.0001 

Contralateral 113.1 ± 24.5 19.7 ± 8.7 <0.0001 

Bilateral 231.9 ± 57.0 58.5 ± 27.6 <0.0001 

Table 4 Overall and positive stimulation counts of the mapping process. Only completed steps were 

included in the analysis. Note: In this study, the hemisphere on which the tumor is located is referred 

to as ipsilateral. 

 

3.4.3. Positive response rate 

Additional to the overall and positive stimulation counts, the resultant positive response rates 

varied significantly as well. Without differentiation for ipsi- or contralateral mapping, overall 

positive response rate was 38.5 ± 8.9% on the EnTMS device versus 16.2 ± 12.4 % on the 

LnTMS device (p=0.0002). 
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Figure 15 Boxplot depicting different positive response rates in both hemispheres’ mapping.  

*** represents p=0.0002 
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EnTMS 

[%] 

LnTMS 

[%] 

p 

Positive response rate 

Ipsilateral 38.0 ± 9.2 20.0 ± 14.4 0.0031 

Contralateral  39.0 ± 9.1 11.9 ± 8.6 <0.0001 

Overall 38.5 ± 8.9 16.2 ± 12.4 <0.0001 

Table 5 Positive response rates for either hemisphere’s and the overall mapping process. Only 

completed steps were included in the analysis. Note: In this study, the hemisphere on which the tumor 

is located is referred to as ipsilateral. 
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3.5. Motor map analysis 

3.5.1. Hotspot distance and location 

Spatial hotspot comparison was performed intra-individually for each hemisphere. On the 

ipsilateral hemisphere, distance between both system’s hotspots was 8.3 ± 4.4 mm ranging 

from 3.8 to 15.1 mm. Contralateral distance was 8.6 ± 4.5 mm ranging from 2.2 to 15.5 mm. 

Distance did not vary significantly between ipsi- and contralateral hemisphere (p=0.9124). 

Overall, intra-individual inter-system hotspot distance averaged to 8.4 ± 4.3 mm. As illustrated 

in table 10, hotspots were located in the same gyri in all but 2 cases. 

 

Patient # Ipsilateral Hotspot 

EnTMS 

Ipsilateral Hotspot  

LnTMS 

Contralateral Hotspot 

EnTMS 

Contralateral Hotspot 

LnTMS 

1 mPrG mPrG mPrG mPrG 

2 mPrG  vPrG  

3 mPrG  mPrG  

4 mPrG  mPrG  

5 mPrG dPrG mPrG mPrG 

6 mPoG  mPoG  

7 vPrG dPrG vPrG mPrG 

8 mPoG mPoG   

9 anG anG mPrG mPrG 

10 mPoG mPoG mPrG mPrG 

11 mPrG mPrG mPrG mPrG 

12 mPrG mPrG mPrG mPrG 

Table 6 Hotspot location depicted by underlying gyrus. vPrG = ventral precentral gyrus; mPrG = 

medial precentral gyrus; dPrG = dorsal precentral gyrus; anG = angular gyrus, vPoG = ventral occipital 

gyrus, mPoG = medial occipital gyrus 

 

Distances between the hand knob and the hotspot varied in part significantly. On the ipsilateral 

hemisphere, distance to the EnTMS hotspot was shorter in comparison, averaging to 9.3 ± 4.7 

mm while LnTMS hotspot distance averaged to 15.4 ± 5.4 mm (p=0.0221). On the contralateral 

side, the difference was inversed with EnTMS distance averaging to 13.3 ± 8.1 mm and LnTMS 

distance averaging to 11.2 ± 7.2 mm (p=0.5769).  
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3.5.2. Motor map extent and spatial resolution 

Spatial motor map extent was compared for all cases of successful and complete motor map 

creation per hemisphere as well as overall. On the ipsilateral hemisphere, EnTMS yielded 

significantly larger motor maps than LnTMS (EnTMS: 23.26 ± 8.31 cm³, LnTMS 9.43 ± 4.33 

cm³, p=0.0006). Similar results were found when comparing motor maps of the contralateral 

hemisphere (EnTMS: 17.82 ± 3.46 cm³, LnTMS 7.81 ± 6.29 cm³, p=0.0011), as well as when 

comparing without indifference for mapping site (EnTMS: 20.68 ± 6.90 cm³, LnTMS 8.67 ± 

5.20 cm³, p<0.0001).  
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Figure 16 Boxplot depicting different motor map volumes without distinction for site of stimulation. 

*** represents p<0.0001 

 

Ipsilateral motor map resolution was 5.72 ± 1.38 Stimuli per cm³ on the EnTMS device while 

LnTMS based mapping resulted in a resolution of 4.39 ± 2.53 Stimuli per cm³. These 

resolutions did not differ significantly (p=0.1751). When regarding the contralateral 

hemisphere, resolutions varied significantly with EnTMS based mapping resulting in a 

resolution of 6.25 ± 1.22 Stimuli per cm³ while LnTMS resolution was 2.99 ± 0.92 Stimuli per 

cm³ (p<0.0001). Overall values without discrimination for site of stimulation significantly varied 

as well (EnTMS: 5.97 ± 1.30 Stimuli per cm³, LnTMS 3.74 ± 2.02 Stimuli per cm³, p=0.0005).  
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Figure 17 Boxplot depicting different motor map resolutions without distinction for site of stimulation. 

*** represents p=0.0005 

 

3.5.3. Motor map overlap 

Motor maps overlapped in all cases. On the ipsilateral hemisphere, motor maps completely 

overlapped in 6 out of 8 cases and partially overlapped in 2 out of 8 cases. As for the 

contralateral hemisphere, complete overlap occurred in 2 out of 7 cases, partial overlap in 5 

out of 7 cases. 
 

 

Complete overlap Partial overlap 

Ipsilateral 6 2 

Contralateral 2 5 

Overall 8 7 

Table 7 Motor map overlap. Note: In this study, the hemisphere on which the tumor is located is 

referred to as ipsilateral. 
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3.6. CST tractography 

Fiber tracking of the CST could be successfully conducted in all cases of completed motor 

mappings. Results were visually similar as e.g. seen in figure 16. Both average FA threshold 

as well as mean numbers of identified CST fibers did not vary significantly when using either 

technique’s motor maps (see Table 8).  

 

 

 

EnTMS LnTMS P 

FA threshold 

Ipsilateral 0.2 ± 0.1 0.2 ± 0.0 0.6220 

Contralateral 0.2 ± 0.1 0.2 ± 0.1 0.8971 

CST fiber count 

Ipsilateral 831.4 ± 883.1 989.6 ± 990.3 0.7250 

Contralateral 340.0 ±452.2 998.4 ±1610.0 0.2555 

Table 8 Fiber tracking thresholds and resultant fiber counts for mapping of the CST. Note: In this 

study, the hemisphere on which the tumor is located is referred to as ipsilateral. 

 

 

Figure 18 Exemplary CST fiber tracking on the same patient and hemisphere using EnTMS and 

LnTMS motor maps as a basis. (Sollmann et al., 2016) 
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3.7. Time durations and learning curves 

3.7.1. Step durations 

Duration timings were compared based on the above described classification of single steps 

of the mapping procedure. Comparison was done between techniques and not between 

hemispheres. Values were recorded separately for both techniques. In cases of incomplete 

mappings, only steps that have been fully completed were included in the analysis. 

 

Regarding tasks preliminary to the motor mapping, no significant difference between the 

techniques could be found.  

 

As for the motor mapping itself, single steps of the procedure again did not vary significantly 

except for the contralateral UE mapping duration which was significantly shorter on the LnTMS 

based system. Overall, single motor mapping step durations did not show homogenous trends 

favoring one technique. When regarding average durations of each mapping session, the 

LnTMS mapping durations were shorter on both hemispheres albeit failing to show 

significance. When combining both values to form the average duration for mappings of both 

hemispheres, LnTMS mapping duration was significantly shorter averaging to 1799.3 ± 5489.5 

s while EnTMS mapping took 2651.0 ± 906.5 s on average (p=0.0264).  

 

Post-hoc analysis for both hemispheres was significantly shorter on the EnTMS device while 

neuronavigation timings did not vary significantly when using either system’s exports. When 

combining preliminary task durations and post-hoc analysis duration, the so-called non-

navigated system duration can be obtained. This duration includes all steps that are performed 

on either device but not dependent on the neuronavigation technique. Non-navigated duration 

was 1175.1 ± 628.7 s on the EnTMS device and 1500.0 ± 855.2 s on the LnTMS device. Again, 

the variance failed to show significance (p=0.3005). 

 

Overall duration for all steps included was again shorter when using the LnTMS system 

respectively its exports while again failing to show significance.  
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EnTMS 

[s] 

LnTMS 

[s] 

p 

Preparation for motor mapping 

MRI import 115.0 ± 53.8 424.5 ± 652.2 0.1156 

Registration 97.3 ± 69.8 190.1 ± 211.8 0.1651 

Preparation for motor mapping 212.3 ± 84.4 598.8 ± 846.5 0.1297 

Motor mapping 

Ipsilateral Hotspot mapping 466.4 ± 305.7 503.5 ± 332.3 0.8002 

RMT determination 214.6 ± 202.4 138.0 ± 64.5 0.3177 

UE mapping 853.8 ± 326.0 557.5 ± 298.9 0.0546 

LE mapping 375.9 ± 58.4 451.4 ± 216.7 0.2615 

Average motor mapping 1229.8 ± 348.3 1008.9 ± 380.1 0.1968 

Contralateral Hotspot mapping 490.9 ± 450.4 733.6 ± 585.4 0.3204 

RMT determination 185.9 ± 176.9 126.0 ± 56.3 0.4023 

UE mapping 832.2 ± 455.3 376.8 ± 55.6 0.0324 

LE mapping 307.3 ± 88.2 346.0 ± 185.8 0.5635 

Average motor mapping 1130.5 ± 446.1 722.8 ± 200.0 0.0529 

Average motor mapping of both hemispheres 2651.0 ± 906.5 1799.3 ± 5489.5 0.0264 

Post-hoc analysis 

Ipsilateral 583.2 ± 324.1 853.4 ± 428.4 0.1252 

Contralateral 414.2 ± 261.0 664.7 ± 158.7 0.0504 

Complete post-hoc analysis of both hemispheres 502.4 ± 301.65 772.5 ± 343.4 0.0169 

Non-navigated system duration 

Preparation & post-hoc analysis 1175.1 ± 628.7 1500.0 ± 855.2 0.3005 

Neuronavigation / tractography 

Ipsilateral 271.2 ± 136.4 249.9 ± 84.1 0.7045 

Contralateral 216.9 ± 91.3 251.7 ± 97.0 0.4735 

Complete bilateral neuronavigation / tractography 245.5 ± 117.4 250.7 ± 87.0 0.1709 

Overall duration 

Preparation & motor mapping & post-hoc analysis & 

neuronavigation / tractography 

5131.2 ± 1533.3 3837.7 ± 2035.8 0.0926 

Table 9 Time durations for single steps of the mapping process depicted in s. Note. In this study, the 

hemisphere on which the tumor is located is referred to as ipsilateral. 
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As stated above, values include step timings from completed parts of incomplete mapping 

sessions. Incomplete mappings were also included in the average durations. Therefore, while 

the above values do depict the average duration of all mappings included in this study, they 

are distorted by the inclusion of in part considerably shorter incomplete mappings.  

 

To depict comparable values without distortion by incomplete mappings, a modified calculation 

was used for the summed-up values. This calculation only utilized data from both system’s 

complete mappings. For the calculation of the bilateral mapping duration, only complete 

bilateral mappings were included. This modified calculation yielded corrected bilateral motor 

mapping durations of 3150.8 ± 295.5 s for LnTMS versus 2902.0 ± 711.9 s for EnTMS. The 

corrected ipsi- and contralateral mapping durations did not show a homogenous trend in favor 

of one device. Regarding the whole mapping process including all preliminary and subsequent 

parts, corrected durations did not vary significantly. 

 

 

 

EnTMS 

[s] 

LnTMS 

[s] 

p 

Complete motor mapping durations 

Ipsilateral 1803.0 ± 564.4 1650.4 ± 450.2 0.5594 

Contralateral 1306.5 ± 284.7 1471.3 ± 662.2 0.5877 

Both hemispheres 2902.0 ± 711.9 3150.9 ± 295.5 0.4474 

Overall duration 4184.4 ± 865.7 4890.6 ± 1063.5 0.1673 

Table 10 Mapping and overall durations only including complete mappings. 

Note: Mean values from single hemisphere durations do not add up to bilateral mapping duration 

because only bilateral mappings were included for the calculation of the bilateral duration. In this 

study, the hemisphere on which the tumor is located is referred to as ipsilateral.  
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3.7.2. Mapping speed  

Mapping speed was depicted by calculating the count of stimulations per s of mapping time. 

As stimulation counts and timings were recorded separately for each step, mapping speed 

could be divided as well.  

 

Mapping speed was slightly lower during hotspot search and RMT determination compared to 

UE and LE mapping on both devices. Mapping speed average for ipsilateral mapping was 

significantly different with an average of 0.22 ± 0.09 stimulations per s using EnTMS while 

LnTMS mapping speed averaged to 0.14 ± 0.03 stimulations per s (p=0.0221). Similar findings 

were observed for the contralateral mapping as shown in the table below. Combined, overall 

mapping speed was significantly higher as well with EnTMS averaging at 0.23 ± 0.07 

Stimulations per s and LnTMS averaging to 0.15 ± 0.02 Stimulations per s (p=0.0027). 

 

 

 

EnTMS 

[1/s] 

LnTMS 

[1/s] 

p 

Mapping speed  

Ipsilateral 0.22 ± 0.09 0.14 ± 0.03 0.0221 

Contralateral 0.27 ± 0.06 0.17 ± 0.02 0.0051 

Both hemispheres 0.23 ± 0.07 0.15 ± 0.02 0.0027 

Table 11 Mapping speed for different parts of the mapping process Note: In this study, the hemisphere 

on which the tumor is located is referred to as ipsilateral. 
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Figure 19 Boxplot depicting the overall mapping speed of both systems. The difference between both 

systems is significant. ** represents p=0.0027 
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3.7.3. Learning curves 

Regarding the general technical learning effect depicted by navigation independent timings, 

illustration of the linear regression yielded negative trends with similar slopes (EnTMS: -101.2, 

LnTMS: -121.2) for both systems. Both trends were found to be significant non-zero (EnTMS: 

p=0.0479; LnTMS: p=0.0287). 
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Figure 20 Evolution of navigation independent timings.  

Note: Bold lines depict the linear regression result (R² for EnTMS:0.3367, R² for LnTMS: 0.5775), 

dotted lines are not meant to represent values but serve for better readability. (Sollmann et al., 2016) 

 

For the changes in complete bilateral motor mapping duration, linear regression yielded a 

negative trend for EnTMS (slope: -224.6) and a positive trend for LnTMS (slope: +65.30). The 

Analysis found the EnTMS trend to be significantly non-zero, while the LnTMS trend failed to 

show significance (EnTMS: p=0.0092; LnTMS: p=0.0535). 
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Figure 21 Evolution of complete motor mapping duration for both hemispheres.  

Note: Bold lines depict the linear regression result (R² for EnTMS:0.5086, R² for LnTMS: 0.5586), 

dotted lines are not meant to represent values but serve for better readability. (Sollmann et al., 2016) 

 

For the stimulation speed, linear regression yielded a trend towards an increase in mapping 

speed over time for both devices. The trend for EnTMS had a slope of +0.019 and was found 

to be significant non-zero (p=0.0008). LnTMS speed trend had a slope of +0.004 and was 

found to be not significantly deviant from zero (p=0.0691). 

 

0 5 10 15
0.0

0.1

0.2

0.3

0.4

Mapping number

M
a

p
p

in
g

 s
p

e
e
d

  
[1

/s
] EnTMS

LnTMS

 

Figure 22 Evolution of stimulation speed.  

Note: Bold lines depict the linear regression result (R² for EnTMS:0.6922, R² for LnTMS: 0.4489), 

dotted lines are not meant to represent values but serve for better readability. (Sollmann et al., 2016) 
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4. DISCUSSION 

 

4.1. Overview 

To refine recent findings about nTMS, this dissertation serves to investigate whether the usage 

of different neuronavigation guidance techniques for nTMS has a significant effect on clinical 

characteristics of the diagnostic process of pre surgical motor mapping in patients suffering 

from brain tumors.  

 

Complete motor mappings could be conducted using both EnTMS as well as LnTMS for 

neuronavigation. In total, 12 patients were included in the study. Stimulations were well 

tolerated without occurrence of severe adverse effects or abortion due to navigational 

insufficiency. Hardware errors lead to different counts of mappings conducted for either device, 

but none of the hardware-errors were software related or stemmed from the neuronavigation 

device. Also, no mappings were conducted while unresolved hardware error persisted. When 

comparing mapping characteristics, significant differences between both techniques could be 

observed. Differences were most distinct regarding motor-positive response rates as well as 

the absolute counts of motor-positive stimulation points per mapping and mapping speed. 

These results significantly varied towards increased values when using EnTMS (See Fig. 

13/18/19). Learning curves depicting both navigation-dependent as well as navigation-

independent steps of the process could be created as well. Neuronavigation method was again 

shown to be influential concerning the learning process of navigation-dependent tasks. Using 

an EnTMS based system lead to more distinct improvements (See Fig. 14-16). Navigation-

independent parameters depict either system’s underlying technical properties and usability. 

These parameters did not vary significantly. A spatial analysis of the resultant motor maps 

showed that both techniques located the hotspot in the same gyrus in all but two cases (See 

Table 10). Radial distance between hotspots identified by either system was <1cm on average. 

Motor maps overlapped in all cases while the spatial extent of the motor maps as well as the 

spatial resolution varied significantly, again favoring EnTMS (See Fig. 21, 22, Table 11).  
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4.2. Clinical applicability  

One of the aims of this study was the assessment of the general clinical applicability of both 

EnTMS and LnTMS in the context of pre-surgical cortical motor mapping. Clinical applicability 

includes both, the navigational techniques’ influences on the practical parts of the clinical 

procedure as well as the effects on the patient. 

 

Regarding the influence on the mapping process, even though error rates varied significantly 

between both systems, none of the errors were resultant from the navigation technique. All 

errors were purely hardware based. Not taking these unrelated hardware errors into 

consideration, both navigation techniques allowed for the conduction of complete motor 

mappings. On a special note, no mapping had to be aborted due to neuronavigation 

insufficiency resulting in e.g. impossibility of Hotspot location or RMT determination. As 

mapping was not proceeded once hardware errors arose until these errors were resolved, it 

can be assumed that the data included in this study was not biased by faulty hardware. 

Ultimately, both navigation techniques showed equal levels of overall applicability, meaning 

that mappings overall could be performed and completed using both EnTMS and/or LnTMS.  

 

Patient relaxation is of crucial importance for the conductance of nTMS motor mapping as 

reliant MEP answers can only be deducted when MEG interference due to involuntary muscle 

contraction is minimized (Karhu et al., 2014; Rossi et al., 2009; Saisanen, 2011). Factors 

derogatory to patient relaxation are therefore to be minimized in nTMS. One of these factors 

is pain perceived during the examination.  

Both devices’ mapping procedures were well tolerated with patients reporting mild to no levels 

of discomfort or pain depicted by NRS (See Table 2). Differences between devices were non-

significant with pain during LnTMS motor mapping ranging slightly higher than on the EnTMS 

device. A recent study by Tarapore et al. including 733 neurosurgical patients undergoing 

preoperative cortical mapping via nTMS found similar results with only 0.4% of the patients 

reporting pain of >3 NRS (Tarapore et al., 2016). In our study, patient discomfort was restricted 

to the duration of the examination and did not persist.  

Aside of non-persistent discomfort, no adverse events were observed on either device. Again, 

these findings are in line with Tarapore et al.’s findings on 733 patients as well as further 

findings on 258 healthy subjects (Tarapore et al., 2016; Tarapore et al., 2016).  

It should be noted that Tarapore et al. only used EnTMS based devices for cortical mapping 

during their studies. Still, this study found no significant difference between EnTMS and LnTMS 

based cortical mapping regarding patient tolerability and safety. Both systems’ findings were 
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in line with Tarapore et al.’s and further authors’ findings on the high safety and well tolerability 

of nTMS (Rossi et al., 2009). 

 

Another factor of comparison was either technique’s suitability for further analysis as well as 

further utilization. As motor maps used in an intraoperative setting were purely EnTMS-based, 

no comparison could be made regarding that characteristic. Post-hoc analysis was not 

included in the comparison as the analysis’ criteria do not include navigation-dependent factors 

(See 2.8.). Therefore, comparison of the technique’s suitability for post-hoc utilization was 

achieved via nTMS motor map-based DTI-FT of the CST.  

The combination of nTMS derived motor maps with DTI-FT has been shown to provide for 

superior accuracy of CST depiction compared to conventional anatomic ROI placement and 

provide for superior postoperative outcome (Forster et al., 2015; Frey et al., 2012; Krieg et al., 

2012; Krieg et al., 2012; Sollmann et al., 2016; Weiss et al., 2015). As this advantage is reliant 

on the validity and size of the motor maps created by nTMS, different navigation techniques 

could lead to inferior quality of the CST depiction e.g. indicated by higher FA values or lower 

fiber counts due to incorrect ROI placement. When reviewing the data gathered in this study, 

both techniques appeared equally well suited for that task. No significant difference resultant 

from the usage of either technique’s motor maps could be found (See Table 9). Both 

technique’s motor maps allowed for successful depiction of the CST in all cases of complete 

hemispheric motor mapping. FA thresholds used for CST depiction as well as count of fibers 

included in the CST-model did not vary significantly. Overall, CST models were found to be 

visually similar. As only EnTMS derived data was used intra-operatively, an analysis 

concerning the validity of the CST depiction could not be made.  

 

Differences in navigation technique did not lead to significant differences concerning the 

clinical applicability of both systems. In either case, complete motor mappings could be 

conducted in a fashion that was safe for and well tolerated by the patient. Motor maps could 

further be incorporated in the DTI-FT of the CST for both devices without a significant effect 

on the process. 
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4.3. Workflow  

Another aim of the study was to depict the navigation technique’s influence on the workflow of 

the mapping process. As the general mapping procedure was identical on either system (See 

2.6.-2.9.), differences in the suitability of either technique could have led to different amounts 

of time to achieve the same goal on either system. Gross practical insufficiencies of a 

neuronavigation technique would hence clinically manifest themselves in the form of increased 

navigation-dependent timings.  

 

As for the duration of a complete mapping session, the efficiency of the modified calculation 

could be well demonstrated. Initially, averaged bilateral mapping duration was significantly 

shorter on the LnTMS device. Yet, as stated above this was due to distortion of the averaged 

durations by the incorporation of incomplete mappings. LnTMS mappings included a higher 

number of incomplete mappings. These incomplete mapping timings heavily deviated from the 

actual mean timing for complete mappings. This was shown by the standard deviation of 

5489.5 s for the bilateral mapping duration on the LnTMS device (mean duration 1799.3 s, 

EnTMS standard deviation 906.5 s). When viewing the corrected calculations, LnTMS bilateral 

mapping standard deviation was reduced to 295.5 s depicting a more homogenous and non-

distorted distribution. Corrected calculations did not vary significantly in favor of either 

technique. 

As for the overall timings including neuronavigation implementation and CST tracking, no 

significant difference between both techniques could be observed either. Based on these 

findings, both techniques could be deemed equally well suited for the tasks performed during 

motor mapping. Yet, using absolute timings for this purpose only gives information about how 

long it took to complete all procedures during a certain step. This would leave out quantitative 

factors that reflect the quality of these procedures. Still, a procedure’s overall duration is an 

important factor in today’s clinical daily routine. Therefore, the fact that both systems took 

comparable absolute amounts of time for the examination also deserves consideration when 

evaluating both techniques’ eligibility for clinical usage.  

 

Non-navigated system durations unlike e.g. mapping durations do not include such quantitative 

factors and are not influenced by the navigation method. Therefore, these values serve well at 

depicting a system’s general functionality. Factors influencing functionality include the usability 

and overall design of the system as well as hardware quality. As stated above, non-navigated 

system durations did not vary significantly. Therefore, both systems’ overall general 

functionality can be regarded as similar. Further, navigation-dependent steps can be deemed 

not systematically biased by differences in either system’s general functionality. 
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To account for the above-mentioned quantitative differences during navigation-dependent 

steps of the workflow, mapping speed depicted by stimulations per s was generated. This 

parameter was chosen as it incorporates both the time duration for the mapping steps of the 

process as well as the quantitative stimulation counts depicting differences in process quality. 

Moreover, the interval between two stimulations is mostly generated by the time it takes to 

relocate and reorient the coil to ensure for optimal stimulation properties. These tasks are 

mainly dependent on the neuronavigation technique and not influenced by other parts of the 

system. Therefore, potential differences in mapping speed are very likely to stem from the 

neuronavigation technique’s differences. (Karhu et al., 2014; Picht et al., 2011; Rossini et al., 

2015). As mappings were aborted as soon as hardware errors were noted and not continued 

under suboptimal conditions, mapping speed was not assumed to be affected by the errors. 

Therefore, it was not necessary to exclude incomplete mappings from the calculation.  

 

Mapping speed was significantly higher when using the EnTMS for neuronavigation. This effect 

was present on both ipsi- and contralateral hemispheres as well as when combining both 

hemispheres’ values to form the overall speed. As described above, differences in mapping 

speed between both systems are very likely to be due to the difference in the underlying 

neuronavigation technique. This connection seems even more plausible when taking into 

consideration that both systems’ general functionality has been shown to be comparable to 

each other.  

 

When looking to explain this difference, one should again review the differences between both 

techniques’ approach to neuronavigation. In EnTMS, the neuronavigation unit calculates and 

simulates the E-field on-line. Therefore, suboptimal coil orientation can be detected by the 

system as the calculated E-field strength will be below the simulated optimal E-field strength. 

As stated above, the system indicates this case by rendering the E-field direction marker 

transparent. Using this information, correction of coil placement and orientation can be 

assisted by the system as successful correction is immediately confirmed by the user interface. 

Furthermore, the operator does not need to look at the coil while operating it but instead keeps 

watching the system monitor while correcting coil placement and/or orientation until the UI 

confirms correct placement/orientation. Therefore, accidental changes in one spatial factor 

while correcting the other factor e.g. by shifting the coil while correcting its orientation to the 

skull can directly be detected and avoided as well (Danner et al., 2008; Krings et al., 2001; 

Ruohonen & Ilmoniemi, 1999; Saisanen, 2011; Thielscher & Wichmann, 2009).  

Line navigation does not provide for visual feedback concerning (sub)optimal coil placement 

as the E-field is merely projected instead of calculated/simulated under ideal conditions. 

Therefore, suboptimal coil placement cannot be identified without the operator looking at the 
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coil and checking for optimal placement himself, losing vision of the system UI while doing so. 

As the operator does not have vision of the neuronavigation system’s interface while correcting 

coil orientation, coil position needs to be checked again after reorientation preliminary to each 

stimulation to avoid unintended coil shifting.  

Both manual optimization as well as reaffirmation of correct coil positioning preliminary to each 

stimulation are likely to increase the interval between two stimulations when performed based 

on the operator’s visual impression of the coil on the patient’s skull. Therefore, these 

differences between both techniques are likely to at least partially cause the different findings 

for both system’s mapping speeds. 

 

In addition to absolute values of overall timings and mapping speed, the evolution of both 

values over time could be presented. As the study protocol included a naïve operator, these 

developments depicted the formerly inexperienced operator’s learning curve when conducting 

mappings on both devices. To depict the underlying learning effect of said curves, a linear 

regression analysis was performed (Mayo et al., 2016; Terzi et al., 2016). Navigation-

dependent and navigation-independent durations were compared to each other separately as 

they represent different aspects of the learning process.  

 

Navigation-independent timings were assessed to depict the learning curve concerning 

general operation of both the hard- and software as well as the handling of the resultant motor 

map. To do so, the navigation independent system timings as well as the time taken for 

neuronavigation and CST tractography were included in the calculation. Aside of depicting 

general learning effects, this analysis served to check for possible bias due to different 

mapping counts. If the operator’s general learning effect were less distinct e.g. due to the lower 

count of overall mappings on the LnTMS device, the resultant learning curve would be less 

steep as well.  

In this context, a significant learning effect could be depicted for both devices. Furthermore, 

the effect was well distinctive as depicted by the slope of the linear regression. As a matter of 

fact, the technical learning effect was more distinctive on the LnTMS device, even though the 

LnTMS device had a lower count of complete mapping performed on. As these timings depict 

the general operation of the device without influence by differences in neuronavigation it seems 

appropriate to deduce that the operator’s general learning effect was comparably distinctive 

when operating either device.  

 

To assess the learning effect for navigation dependent factors, absolute duration of complete 

motor mappings as well as motor mapping speed were used. As stated above, these timings 

are mainly influenced by the neuronavigation technique and are both relevant for the daily 
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clinical routine. An underlying general bias concerning the learning effects due to e.g. 

navigation-independent insufficiencies or inferior general learning effects for either system 

seems unlikely as both systems’ navigation-independent timings were reduced by a 

comparatively equal degree.  

Regarding complete motor mapping duration, a significant learning effect could only be 

depicted for the EnTMS device whereas LnTMS mapping durations in fact presented with a 

significant albeit flat-angled trend towards an increase in mapping duration. Similar observation 

could be made when analyzing mapping speed: A significant trend towards increased EnTMS 

mapping speeds with rising experience was found while no significant change in mapping 

speed over time could be depicted for the LnTMS device.  

These findings fit well to the above-described findings of superior absolute values and can be 

well explained by the underlying differences in navigation. As stated above, the E-field 

calculation and simulation underlying EnTMS provide with superior capabilities for optimization 

of coil positioning and orientation. Yet, the operator needs to learn how to make use of these 

advantages. Fittingly, mapping speed as depicted in Fig. 16 was almost identical for both 

EnTMS and LnTMS during the first mapping. As the operator’s experience and skill rise, he 

learns how to increasingly make use of the advantages of EnTMS. Fittingly, LnTMS speed 

does not show a significant trend towards reduced or increased timings as LnTMS does not 

provide for additional methods for optimization of coil positioning and orientation that can be 

adapted with increased experience.  

 

Overall, both techniques facilitated for the conductance of motor mappings within 

comparatively similar timeframes. No significant differences could be found concerning both 

navigation-dependent as well as navigation-independent overall durations. Furthermore, a 

significant learning effect could be well depicted concerning the general operation of both 

devices’ hard- and software as well as the further analysis of either technique’s motor maps. 

Yet, when regarding mapping speed as well as the evolution of navigation-dependent timings 

and mapping speed over the course of time, significant differences in favor of the EnTMS 

device were found. These are most likely to stem from the superior capabilities for optimization 

of coil positioning and orientation preliminary to each stimulation offered by EnTMS that can 

be increasingly made use of with rising experience. 

Technical disparities let aside, this study marks one of the first times that the learning process 

for cortical motor mappings in a clinical setting has been described. As this study was able to 

show, overall durations significantly decrease even after a low number of mappings conducted 

and with no onset delay. Even though navigation-dependent step improvement was present 

only when using EnTMS, the general learning effect was present on both devices. Given the 

presumed increase in usage and implementation of nTMS, details about the duration and 
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course of the incorporation process in a clinical setting can prove useful for clinics that plan to 

newly implement nTMS devices into their neurosurgical departments (Sollmann et al., 2017). 

As the operator in this study did not receive any support by the nTMS-trained members of the 

study group, learning processes can be assumed to be comparable for departments with no 

preceding experience concerning nTMS. Yet, the author strongly advises an intensive training 

to be conducted either by representatives of the system manufacturers as done for this study, 

or possibly by highly nTMS trained members of other departments prior to conducting nTMS 

in a clinical setting. As shown in this study, these trainings can be sufficiently performed within 

the duration of a single day.  
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4.4. Quantitative stimulation parameters  

Quantitative stimulation parameters serve to further depict navigation-dependent differences 

between the mapping process on either system. While technically those factors could also be 

part of the workflow analysis, they are not time-based and serve to analyze different 

parameters and will therefore be discussed separately.  

 

Regarding the counts of stimulations, both overall count of stimulations applied in the mapping 

process without regard to MEP response as well as the count of only motor-positive 

stimulations were compared. In both cases, significant differences were observed with EnTMS 

based motor mapping providing for both higher counts of positive stimulations as well as higher 

stimulation counts overall. The count of positive responses per mapping correlates with the 

sensitivity of the examination. Of course, as no comparison to the gold standard of DCS was 

included in the study protocol, differences in either technique’s sensitivity can ultimately only 

be estimated. Yet, EnTMS has already been repeatedly shown to be comparable if not 

analogous to DCS concerning both techniques’ high levels of sensitivity and specificity when 

used for cortical motor mapping (Coburger et al., 2013; Forster et al., 2011; Krieg et al., 2012; 

Krieg et al., 2013; Krieg et al., 2014; Picht et al., 2011; Takahashi et al., 2012; Takahashi et 

al., 2013). Therefore, differences in positive response count are more likely to stem from 

inferior sensitivity on the LnTMS device than from false-positive spots on the EnTMS device.  

 

Differences in sensitivity are likely to stem from two main factors – differences in targeting 

accuracy and differences in stimulation efficiency. Regarding the prior, the underlying 

differences regarding the projection of the assumed stimulation site in EnTMS and LnTMS are 

likely to influence targeting accuracy. LnTMS solely uses spatial data for the projection of the 

E-field while ignoring e.g. the electromagnetic properties of the overlying and surrounding 

tissues. Yet, these factors have been found to influence the shape and strength of the resulting 

E-field (Esser et al., 2005; Rattay, 1999; Thielscher et al., 2011). Ignoring these factors in the 

projection of the stimulation site hence ignores significant parameters that influence the E-field. 

Without these factors, the E-field maximum or stimulation site cannot accurately be depicted. 

Yet, sensitivity of an examination that is based on the electrophysiologic reaction to cortical 

stimulation logically depends on the correct identification of the site of stimulation as otherwise 

no reliable conclusion can be drawn from the measured electrophysiologic reaction. LnTMS 

can by theory therefore be assumed to lead a decrease in stimulation sensitivity fitting well 

with the above findings. Further, stimulation site and direction are to be set in a gyrus’s border 

zone and perpendicular to its border to the CSF to allow for optimal stimulation efficiency. An 
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inaccurate depiction of the stimulation site would not allow for this essential factor of stimulation 

optimization and therefore also lead to a decrease in stimulation efficiency.  

 

Efficiency of nTMS can generally be depicted via the relationship between stimulation intensity 

and cortical response (Julkunen et al., 2009). Therefore, the RMT would seem practical for 

comparing either technique’s stimulation efficiency, as the RMT by definition is a stimulation 

intensity resulting in a predefined cortical reaction that was created under otherwise constant 

(ideal) conditions (Rossini et al., 1994; Saisanen et al., 2008; Temesi et al., 2014). Thus, 

significantly different RMT values as present in this study could be a representation of 

differences in nTMS efficiency. Yet, these values have been obtained using different 

stimulators and coils. As the RMT is depicted via %MO, it is dependent on the stimulation unit’s 

maximum output. A comparison by %MO-based RMT generated using different systems 

should not be conducted without exact knowledge of these values. Instead, especially in that 

case the %MO value should be replaced by the computed electric field strength required for 

successful stimulation (Danner et al., 2008; Julkunen et al., 2012; Saisanen, 2011; Stokes et 

al., 2007; Temesi et al., 2014). LnTMS by definition does not include computation of the 

estimated E-field. Therefore, a comparison of efficiency based on these values was not 

possible within the scope of this study either.  

When analyzing hotspot search and RMT determination, MEP elicited at the hotspot during 

hotspot search did not vary significantly when using either LnTMS or EnTMS for stimulation 

and did not show a homogenous trend in favor of either technique. Even though these MEP 

were created using non-standardized stimulator intensities and therefore unfit for the 

comparison of stimulation efficiency, they do show that both technical approaches are 

generally capable of eliciting equally distinct MEP responses and therefore ultimately 

stimulating the cortex at comparable strengths.  

 

As E-field strength based RMT values were not available for usage as indicators for either 

technique’s stimulation efficiency, the positive response rate was assessed in their place. This 

approach adheres to an inversed version of the principle underlying the comparison of RMT 

values described above (Picht et al., 2011; Tarapore et al., 2012). In this approach, the 

intensity-response relationship was depicted using varying cortical responses after constant 

stimulation of similarly excitable cortical areas. This was achieved by using the different 

techniques under otherwise unchanged conditions on the same patient, starting at the same 

cortical area and following the same protocol. While one might argue that this method should 

be restricted to UE/LE mapping values only as these values were generated using constant 

stimulation intensities of 110 respectively 130 % of either technique’s RMT, the Hotspot search 
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and RMT determination also followed the same protocol and lead to an equal cortical 

stimulation depicted by the comparative MEPs of either device.  

 

The comparison of both devices’ positive response rates again yielded significant differences. 

In this case using EnTMS for motor mapping lead to considerably higher response rates. 

Again, this effect was present on each hemisphere as well as without distinction for tumor 

location indicating a consistently higher efficiency of stimulation when using EnTMS for motor 

mapping of the same patient. When interpreting positive response rates, one must consider 

that stimulations set in one direction by protocol were ended once two adjacent stimulations 

yielded negative results. Ideally, the area covered by the stimulations as well as overall 

stimulation counts should be equal on both devices to depict stimulation efficiency in an optimal 

fashion. Yet, in that case stimulation would have to be continued after reaching the double-

negative border until the extent of the other device’s mapping area were met. As motor function 

is spatially restricted to certain areas and not spread diffusely, further stimulation is likely to 

primarily result in further negative responses once the outer extent of the cortical 

representation area has been delineated. This would in the end lead to a decrease in the 

positive stimulation rate of the device that identified the motor-positive area as more spatially 

restricted as mapping had to be continued outside the motor-positive area as identifiable by 

the device. Therefore, our method can be assumed to falsely favor the device on which the 

motor-positive area was identified to be more spatially restricted. Motor-positive areas 

identified by EnTMS were of significantly larger spatial extent. It can therefore be assumed 

that the difference observed was not due to but rather despite this method’s bias. Nevertheless, 

as E-field strength based RMT comparison was not possible due to the principle of LnTMS, 

stimulation efficiency can ultimately only be assumed but not ultimately proven. Further studies 

using standardized protocols that adjust stimulation rates and stimulation areas to be equal 

should be considered, as well as studies using the gold standard of DCS. 

 

Both the significantly higher count of positive stimulations of EnTMS as well as the higher 

efficiency of stimulation via EnTMS suggested by the significantly higher positive response 

ratio fit well with the above described findings concerning mapping speed and learning curves. 

In both cases, the differences are likely to stem from the superior capabilities for coil positioning 

and orientation offered by EnTMS. In the case of quantitative stimulation parameters, it seems 

probable that aside of taking longer to perform, manual coil orientation without feedback by the 

neuronavigation system also does not enable for sufficient correction of subtle shifts and 

misplacements of the coil which have been shown to significantly influence stimulations results 

(Fox et al., 2004; S. Schmidt et al., 2015). Furthermore it has recently been found that factors 

such as gyral geometry or angle of passage through tissue borders further influence the E-



 

71 

 

field (Rattay, 1999; Thielscher et al., 2011). To ensure optimal stimulation parameters, coil 

orientation needs to be adapted to these differences as well. Yet, this adaption can hardly be 

made without the usage of complex mathematical algorithms and therefore not be included in 

the visually controlled manual correction of coil alignment. Combined, unnoticed shifts in coil 

alignment and missing consideration of additional E-field-affecting factors are very likely to 

lead to a significant decrease stimulation efficiency as observed in this study. As stimulation 

using both techniques ultimately did elicit MEP of comparable amplitude, alternative 

navigation-independent reasons for inefficient stimulation such as a potential gross 

insufficiency of the LnTMS based system’s stimulating unit seem unlikely. Rather, this 

observation further supports the theory of otherwise unnoticed suboptimal coil placement 

and/or orientation as RMT determination by protocol was preceded by extensive testing of coil 

angulation and orientation at the hotspot to ensure for ideal stimulation. By doing so, optimal 

coil orientation could be practically identified on the LnTMS device even without a model that 

pays respect to e.g. the angle of passage through tissue borders.  

 

As the only change between both motor mappings was the switch between either device and 

both mappings were performed during the same session in an alternating pattern, other e.g. 

biological factors such as variation in cortical excitability which has been described to occur 

over the course of several days seem unlikely as well (N. H. Jung et al., 2010; Ly et al., 2016; 

van der Kamp et al., 1996). 
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4.5. Motor map characteristics  

 

Motor maps mark the result of the examination and serve for intraoperative usage as well as 

further analysis. While the count of positive stimulations per mapping has already been 

analyzed in 4.4., it is more of a representation of the technical sensitivity of either technique. 

By including the spatial distribution of said points, motor maps outline the motor-positive area 

identified by the examination. Therefore, spatial distribution of the hotspot as well as the motor-

positive spots is of vital importance as this factor determines the shape and size of the 

identified motor-positive area that is to be treated with care during the operation.  

 

Findings concerning either technique’s depicted locations of the hotspot were comparable for 

most of sessions included. Both systems identified the hotspot within the same gyrus in all but 

two cases. The measurement of the radial distance between both techniques’ hotspots 

resulted in a mean distance of 8.4 ± 4.3 mm. In this context, a recent study conducted by 

Sollmann et al. investigated the intra-observer variability of the location of the hotspot when 

using the same EnTMS based system on ten healthy subjects and found it to average to 8.1 ± 

3.1 mm (Sollmann et al., 2013). Even though Sollmann et al. investigated healthy subjects for 

their study while this study’s subject were patients, the underlying technical conditions were 

comparable, especially as Sollmann et al. used the same EnTMS guided device for hotspot 

location as was used for this study. Therefore, it seems plausible to assume that the usage of 

different techniques for neuronavigation does not contribute to hotspot location variety in a 

clinically significant way and that both techniques’ gross targeting function lead to comparable 

results regarding hotspot location. Yet, as stated above, exact stimulation accuracy is likely to 

also be inferior when using LnTMS based neuronavigation based on the results of this study. 

Nevertheless, definite conclusion about the accuracy of LnTMS cannot be made without a 

comparison to intraoperative DCS. 

 

As for spatial properties of the motor maps, LnTMS based motor maps were significantly more 

restricted. Again, these differences were found to be significant with and without distinction for 

tumor side indicating a constant underlying difference between both techniques. Motor maps 

overlapped in all cases with the majority of motor maps overlapping completely. Spatial 

resolution within the motor-positive areas was again significantly inferior for LnTMS based 

motor maps when not discriminating for site of stimulation. 

 

Together, these findings mark the logical conclusion of and further backing for the prior 

conclusions about the inefficiency of stimulation when using LnTMS. Motor maps depict 
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stimulation spots as either positive or negative without indicating the amplitude of the MEP. 

Differences due to inefficient stimulation are therefore most likely to show in the motor area’s 

border zone. The hotspot marks the spot with the highest reactivity when exposed to nTMS 

with cortex reactivity decreasing with rising distance to the hotspot. When stimulating near the 

hotspot, differences in stimulation efficiency are hence expressed as lower yet still positive 

MEP amplitudes which are not included in the information delivered by the motor map. With 

rising distance to the hotspot, cortical reactivity gets lower and suboptimal coil alignment now 

leads to motor-negative answers whereas superior coil alignment still leads to an E-field strong 

enough to elicit a MEP-positive response. This results in the observed significantly lowered 

resolution of LnTMS based motor maps. Since the probability of two adjacent negative 

responses in the (still motor-positive) border zone logically also increases, mapping in a certain 

direction is stopped earlier leading to spatially significantly more restricted motor maps on the 

LnTMS device.  

 

Of course, these findings need to ultimately be confirmed by comparison of LnTMS to DCS. 

Yet, given the already shown high accordance of EnTMS to DCS and the consistency as well 

as the distinctiveness of the differences between LnTMS and EnTMS results, a systematic 

tendency towards inefficient stimulation using LnTMS seems more than likely based on the 

results of this study (Coburger et al., 2013; M.-T. Forster et al., 2011; S. M. Krieg et al., 2013; 

S. M. Krieg et al., 2014; S. M. Krieg, Ringel et al., 2012; T. Picht et al., 2011; S. Takahashi et 

al., 2012; S. Takahashi et al., 2013)(Coburger et al., 2013; M.-T. Forster et al., 2011; S. M. 

Krieg et al., 2013; S. M. Krieg et al., 2014; S. M. Krieg, Ringel et al., 2012; T. Picht et al., 2011; 

S. Takahashi et al., 2012; S. Takahashi et al., 2013). 
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4.6. Limitations 

While this study provides coherent and significant results in favor of EnTMS compared to 

classic LnTMS, one must consider the limitations that went along with this study. 

The main limitation of this study was its low patient count of only 12 patients which was even 

further diminished due to unexpected hardware errors. This was due to the study protocol 

requiring the examination to be performed on patients instead of healthy subjects while also 

being temporally limited. Yet, despite low patient count, our main results were deemed 

significant using Student’s t-test, which has been shown to be feasible for sample sizes as 

used in our study and less (de Winter, J. C.F., 2013; Student, 1908). Still, to depict both 

techniques’ differences even further and more distinct, additional studies including a larger 

number of patients should be conducted.  

 

Another limitation that went along with this study’s protocol was the design of the nTMS devices 

used for comparison. Ideally, to be able to unequivocally depict the dependence between 

navigation technique and mapping characteristics, all other factors of influence should be 

identical. Therefore, an ideal setup would have consisted of a single nTMS device in which the 

navigational system could be switched to use either EnTMS or LnTMS for neuronavigation 

with all other parts unaffected. Yet at the time of the study there was no such system available. 

As the EnTMS-based and CE certified system was used in the general clinical routine and thus 

not to be modified, the provision of a second device was the only option. Still, as shown by our 

results, both devices were comparable concerning general characteristics as well as their 

stimulating capacity. Hardware errors on the LnTMS based device did not hinder the operator’s 

general learning effect on that device. Nevertheless, for the design of further comparative 

studies, a choice of two devices using the same stimulating unit would e.g. allow for the 

comparison of %MO-based RMT values for further comparison of either technique’s 

stimulating efficiency. 

 

Also, as the study’s primary focus was clinical characteristics of the mapping process, it did 

not include a comparison to intraoperative DCS. Therefore, underlying differences concerning 

either technique’s sensitivity could only be seen in relation to the proven well accordance of 

EnTMS with intraoperative DCS for cortical motor mapping (Coburger et al., 2013; Krieg et al., 

2014; Picht et al., 2011; Tarapore et al., 2012). Moreover, difference in target accuracy could 

not be estimated either without DCS. To allow for an all-embracing comparison of either 

technique including an assumption of the accuracy of LnTMS, this study’s clinical findings need 

to be supplemented with further results comparing LnTMS to intraoperative DCS.  
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5. Significance and Outlook 

 

The avoidance of iatrogenous neurological deficits while maximizing the EOR in glioma 

surgery remains a challenge for neurosurgeons to date while being of major importance for 

patient survival (Patel et al., 2018; Sanai, Polley et al., 2011). Among other methods – mostly 

fMRI – nTMS is emerging as a safe and well tolerated non-invasive diagnostic procedure that 

according to this study is easy to learn within the course of one day (Rossi et al., 2009; P. 

Tarapore et al., 2016). Using nTMS, the human motor cortex can be mapped with a level of 

accuracy, sensitivity, specificity and repeatedly comparable to the current gold standard of 

intraoperative DCS (Krieg et al., 2013; Ottenhausen et al., 2015; Phiroz Tarapore et al., 2012).  

Furthermore, unlike established procedures such as fMRI which depicts the general 

involvement of certain cortical areas in neurological functions, nTMS actually illustrates 

causality between cortical activation and response and is not affected by tumor-induced 

changes in neurovascular functions (Hou et al., 2006; Karhu et al., 2014; Krieg et al., 2012; 

Ruohonen & Karhu, 2010).  

 

As extensively illustrated in this thesis, neuronavigation is indispensable for the diagnostic 

usage of nTMS and cortical motor mapping via nTMS cannot be undertaken without respect 

to the individual anatomy and knowledge of the exact location of the stimulation site, especially 

in tumor patients (Ahdab et al., 2016; Brasil-Neto et al., 1992; Fox et al., 2004; Karhu et al., 

2014; Krings et al., 2001; Ruohonen et al., 1998; Tofts & Branston, 1991; Wu et al., 2015; 

Yousry et al., 1997). The usage of neuronavigation for cortical stimulation of the motor cortex 

leads to significant improvements in stimulation accuracy as well as stimulation efficiency and 

repeatability (Julkunen et al., 2009).  

 

Moreover, other TMS settings such as e.g. the treatment of depression via rTMS or motor 

function rehabilitation following a stroke are also dependent on the correct assessment of the 

RMT for stimulation intensity standardization (Blumberger et al., 2016; Du et al., 2016; 

Kennedy et al., 2009; Lefaucheur et al., 2014). Yet, RMT reliability can be assumed to suffer 

greatly without neuronavigation as hotspot location has been shown to deviate significantly 

from its presumed position in both healthy subjects and patients (Ahdab et al., 2016; Bulubas 

et al., 2016). Further, therapeutic rTMS can be assumed to suffer from the lack of 

neuronavigation as non-navigated TMS stimulation sites have repeatedly been found to 

deviate significantly from their target in the dorsolateral prefrontal cortex (DLPFC) in the 

psychiatric setting (Ahdab et al., 2010; Fitzgerald et al., 2009; Herwig et al., 2001; Moirand et 

al., 2015; Nauczyciel et al., 2011; Wall et al., 2016). 
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Currently, there are two neuronavigation techniques available, LnTMS and EnTMS. Even 

though both techniques use different techniques for nTMS guidance and are based on different 

assumptions concerning E-field properties, they have so far been subsumed as nTMS. Yet, 

based on recent findings and in line with our findings these differences are likely to significantly 

affect the mapping process as well as mapping results (Esser et al., 2005; Fox et al., 2004; 

Thielscher et al., 2011).  

 

Only the EnTMS based system used in this study is approved and commercially available for 

preoperative diagnostic usage outside of clinical studies. With rising evidence for the feasibility 

of nTMS as well as increasing numbers of clinics that implement nTMS setups (J. Jung et al., 

2019; Sollmann et al., 2017), the quantity and variety of commercially available nTMS devices 

are going to rise as well. These newly developed nTMS devices are likely to use either classic 

LnTMS or newly developed alternative methods for neuronavigation as the current method of 

EnTMS is protected by a key technology patent. The assessment and comparison of these 

upcoming systems’ clinical feasibility requires comprehensive knowledge of the clinical 

implications caused by differences of the underlying navigational techniques. Pioneering in the 

assessment of these differences, this study marks the first systematic comparison of EnTMS 

and LnTMS in a clinical setting for cortical motor mapping using two commercially available 

devices explicitly designed for that indication.  

 

Further, this study was the first to assess learning curves for a naïve operator of nTMS 

conducting motor mappings in a routine preoperative setting. These findings will prove 

beneficial for those clinics newly implementing nTMS into their daily routine as well as clinics 

expanding their nTMS departments. 

 

Based on the results of this study and in line with theoretical considerations, differences in 

neuronavigation have a significant effect on the clinical parameters of the mapping process as 

well as on the resultant motor maps. While no definite conclusion on the efficiency of LnTMS 

based stimulation can be drawn from this study, an underlying inferiority of LnTMS based 

stimulation seems plausible. Yet, to be able to assess this topic correctly, this study should be 

supplemented by DCS based studies. Based on the results of this study, a distinction between 

different methods of neuronavigation – such as LnTMS and EnTMS – should be made when 

describing nTMS based study results as well as possible upcoming new models of nTMS,  
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6. Conclusions 

 

This study’s findings are consistent with the academic consensus about the multitude of 

influences on the E-field induced by nTMS (Danner et al., 2012; Fox et al., 2004; Julkunen et 

al., 2012; Karhu et al., 2014; Niskanen et al., 2010; Saisanen et al., 2008; S. Schmidt et al., 

2015; Stokes et al., 2007; Thielscher et al., 2011). Since LnTMS does not include these effects 

into the projection of the E-field, suboptimal coil alignment cannot be identified automatically 

by an LnTMS based system leading to inefficient stimulation. Further, manual correction of coil 

alignment leads to lower LnTMS mapping speed. The inefficient stimulation leads to LnTMS 

based motor maps being more spatially restricted since border zone areas with lower reactivity 

are identified as motor-negative while EnTMS based motor mapping which has been shown 

to highly accord with DCS still identifies the same regions to be motor-positive (Krieg et al., 

2012; Krieg et al., 2013; Krieg et al., 2014; Picht et al., 2009; Picht et al., 2011; Takahashi et 

al., 2012; Takahashi et al., 2013). 

 

Preoperative motor mapping via EnTMS has been shown to lead to a significant improvement 

in patient outcome as well as an increase in extent of resection paired with a decrease in 

craniotomy size (Frey et al., 2014; Krieg et al., 2014; Krieg et al., 2015; Rizzo et al., 2014; 

Takahashi et al., 2013). These assets are dependent on the quality of the navigation technique 

underlying nTMS data. E.g. a decrease in craniotomy size can only be achieved when 

intraoperative DCS can be assumed to not outline the motor-positive area within a 

considerably larger cortical field than nTMS. Based to the findings of this study, classical 

LnTMS therefore does not seem well suited for preoperative diagnostics.  

 

This study found motor mapping characteristics and results to be significantly influenced by 

the underlying navigational method. Hence, nTMS results should be described with reference 

to the underlying navigational technique. EnTMS based findings should not be adapted to other 

nTMS devices until the equality of both navigational techniques has been assessed.  
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7. Summary  

7.1. English 

For patients suffering from intracranial tumors, primary resection of the tumor is the primary 

aim as it has been shown to lead to the largest increase in survival rate. Maximum extent of 

resection whilst avoiding iatrogenous neurological deficits is one of the main factors that 

influence long-term survival rates. To facilitate for this aim, the surgeon needs information 

about the functional activity of the brain tissue surrounding the tumor. nTMS has the potential 

to accurately and reliantly provide for said information while being non-invasive and well-

tolerated by the patient. The feasibility of nTMS heavily relies on the functionality of the 

underlying neuronavigation technique. Currently, there are two techniques for neuronavigation 

that use difference approaches and assumption for depicting the E-field induced by nTMS on 

the cortex. These two techniques are classical line navigation and the more recently developed 

electric field navigation. So far, these two techniques have been subsumed under the term 

nTMS. Yet, based on theoretical differences between both techniques, it seems likely that their 

practical results differ as well.  

This study compared EnTMS and LnTMS for the first time. The comparison was performed in 

a clinical setting and based on characteristics of the mapping process as well as quantitative 

and spatial properties of the resultant motor maps. During a timeframe of 6 weeks, 12 patients 

that suffered from intracranial tumors underwent cortical motor mapping via both methods prior 

to surgery. Examinations were conducted by a formerly naïve operator to avoid systematical 

bias as well as to be able to depict learning curves for either technique. Either system’s motor 

maps were further tested for their suitability for implementation into the clinic’s neuronavigation 

system as well as DTI FT of the CST. 

Overall, complete motor mappings could be conducted within comparable timeframes and 

were well tolerated by the patients. The motor-positive area could be outlined in all cases 

excluding hardware errors. Both devices were capable of stimulating the cortex with 

comparable strength. A general learning effect could be observed on both devices while 

navigation-dependent timings only improved on the EnTMS device. Implementation into the 

neuronavigation software and DTI FT of the CST could be conducted in all cases excluding 

hardware errors. 

Regarding quantitative mapping characteristics as well as spatial motor map properties, 

significant and distinctive differences in favor of EnTMS were observed. Navigation-dependent 

mapping parameters such as mapping speed, count of overall stimulations, count of 

stimulations leading to a positive MEP response as well as the positive response rates were 
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significantly higher using EnTMS. EnTMS based motor maps identified the motor-positive area 

as spatially less restricted.  

With EnTMS proven to be comparable to the gold standard of intraoperative DCS, these 

consistent differences are likely to stem from inferior sensitivity of the LnTMS-based device. In 

line with current consensus about the influence of coil placement on nTMS efficiency, these 

findings are best explained by insufficient stimulation due to missing optimization of coil 

placement and to result of underlying insufficiencies of LnTMS. 

 

As shown by this study, the usage of different navigation techniques leads to significant 

differences in clinical mapping characteristics and resultant motor map properties even at low 

patient counts. These differences should be considered when describing nTMS results. 

Furthermore, findings observed using EnTMS-based devices should not be adapted for other 

nTMS techniques without testing for either technique’s comparability. Further studies including 

a systematic comparison of EnTMS to LnTMS based on larger counts of patients as well as 

studies comparing LnTMS to the gold standard of intraoperative DCS could further refine these 

findings. 
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7.2. Deutsch 

Die primäre Tumorresektion stellt aufgrund ihres Effektes auf das Gesamtüberleben die 

Erstlinientherapie intrakranieller Tumore dar. Dieser Effekt ist maßgeblich von der 

Maximierung des Resektionsausmaßes unter Vermeidung iatrogener neurologischer Defizite 

abhängig. Hierzu benötigt der Chirurg detailliertes und verlässliches Wissen über die 

funktionelle Aktivität des den Tumor umgebenden Hirngewebes. Die navigierte transkranielle 

Magnetstimulation (nTMS) stellt eine sichere und zuverlässige Methode zur exakten, nicht-

invasiven Diagnostik ebendieser Aktivität dar. Hierzu ist sie aber maßgeblich auf die 

Funktionalität des angeschlossenen Neronavigationssystems angewiesen. Derzeit existieren 

zwei Ansätze der Neuronavigation, die Liniennavigation (LnTMS) und die E-Feld-Navigation 

(EnTMS). Beide Techniken basieren auf fundamental unterschiedlichen Annahmen über das 

durch nTMS auf dem Kortex induzierte E-Feld. Trotz unterschiedlicher Ansätze wurden diese 

beiden Techniken bislang dennoch unter dem Begriff nTMS subsumiert. Es erscheint jedoch 

naheliegend, dass sich die deutlichen Unterschiede der theoretischen Grundlagen dieser 

beiden Techniken auch auf deren Ergebnisse in der klinischen Praxis auswirken.  

 

Diese Studie stellt den ersten systematischen Vergleich zwischen EnTMS und LnTMS in 

einem klinischen Setting dar. Der Vergleich erfolgte über einen Zeitraum von 6 Wochen im 

Rahmen der routinemäßigen präoperativen Diagnostik einer neurochirurgischen Klinik an 

insgesamt 12 Patienten mit Tumoren im Bereich des Motorkortex. Der Untersucher wies 

keinerlei Vorkenntnisse im Umgang mit den Techniken auf. Hierdurch wurde eine Verzerrung 

der Ergebnisse hin zu dem in der Arbeitsgruppe etablierten EnTMS basierten Gerät verhindert. 

Zudem ermöglichte dies die Untersuchung des Lerneffekts beider Techniken. Der Vergleich 

umfasste sowohl qualitative als auch quantitative Faktoren der Untersuchung. Zudem wurden 

die resultierenden Kartierungen der motorischen Funktion auf dem Kortex ausgewertet. Die 

angefertigten Motorkarten wurden zudem auf ihre Eignung zur Integration und weiteren 

Verwendung im klinikeigenen Neuronavigationssystem sowie zur Darstellung der 

Kortikospinalen Bahn (CST) mittels Diffusions-Tensor Bildgebung basierter Faserdarstellung 

(DTI FT) geprüft. 

 

Motorkartierungen konnten auf beiden Geräten innerhalb vergleichbarer Zeiträume 

durchgeführt werden und wurden von den Patienten gut vertragen. Das motorisch aktive Areal 

konnte in allen Fällen einer vollständigen Untersuchung ohne Hardwarefehler vollständig 

dargestellt werden. Zudem waren beide Geräte in der Lage, den Kortex mit vergleichbarer 

Stärke zu stimulieren. Ein allgemeiner, navigationsunabhängiger technischer Lerneffekt 

konnte auf beiden Geräten beobachtet werden, wohingegen die navigationsabhängigen Zeiten 
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sich nur auf dem EnTMS-Gerät verbesserten. Die Implementierung der angefertigten Karten 

in die Neuronavigationssoftware und die Darstellung des CST konnte in allen Fällen 

erfolgreicher Kartierung durchgeführt werden. Beim Vergleich der quantitativen Faktoren 

beider Untersuchungen sowie bei der Analyse der angefertigten Motorkarten konnten 

signifikante Unterschiede zu Gunsten der EnTMS beobachtet werden. Navigationsabhängige 

Parameter wie die Stimulationsgeschwindigkeit, die Anzahl der Gesamtstimulationen, die 

Anzahl der Stimulationen, die zu einem positiven motorisch evozierten Potenzial (MEP) führen, 

sowie die Quote an Stimulationen mit positiver MEP-Antwort waren allesamt im Falle der 

EnTMS-basierten Kartierung signifikant erhöht. EnTMS-basierte Motorkarten identifizierten 

den motorisch positiven Bereich zudem als räumlich größer. 

 

In mehreren Studien konnte demonstriert werden, dass die Sensitivität der EnTMS mit der des 

Goldstandards der intraoperativen direkten kortikalen Stimulation (DCS) vergleichbar ist. 

Angesicht der deutlich und einheitlich zugunsten der EnTMS ausfallenden Ergebnisse dieser 

Studie erscheint eine geringere Sensitivität des LnTMS-basierten Geräts plausibel. In 

Anbetracht des erheblichen Einflusses der Positionierung der TMS Spule auf die Effizienz der 

nTMS, sowie die Vielzahl der hierbei zu berücksichtigen Faktoren erscheint es am 

wahrscheinlichsten, dass dieser Unterschied aus einer unzureichenden Optimierung der 

Spulenpositionierung zurückzuführen ist. Hierbei kann die inkorrekte Positionierung 

technikbedingt nicht vom LnTMS basierten System erkannt beziehungsweise mit Hilfe der 

LnTMS nur unzureichend korrigiert werden.  

 

Wie aus den Ergebnissen dieser Studie hervorgeht, führt die Verwendung unterschiedlicher 

Navigationstechniken bereits bei geringen Patientenzahlen zu signifikanten Unterschieden 

des Untersuchungsablaufs und der angefertigten Motorkarten. Diese Unterschiede sollten bei 

der zukünftigen Beschreibung von nTMS-Ergebnissen berücksichtigt werden. Darüber hinaus 

sollten Beobachtungen, die auf EnTMS-basierten Geräten beruhen nicht auf andere nTMS-

Techniken übertragen werden, ohne zuvor die Vergleichbarkeit der zugrundeliegenden 

Navigationstechniken zu testen.  

 

Die Ergebnisse dieser ersten Studie können mittels weiterer systematischer Vergleiche 

zwischen EnTMS und LnTMS an einer größeren Zahl an Patienten sowie einem Vergleich 

zwischen der LnTMS und der intraoperativen DCS verfeinert werden. Hierdurch würde zudem 

eine endgültige Aussage über die Genauigkeit der Stimulation mittels LnTMS ermöglicht. 
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9. ABBREVIATIONS 

 

 

 

%MO     percentage of maximum stimulator output 

ADM     abductor digiti minimi muscle 

AMT     active motor threshold 

anG     angular gyrus 

APB     adductor pollicis brevis muscle 

BA     Brodmann area 

BCS     biceps brachii muscle 

BOLD     blood oxygenation level dependent 

CE     Conformité européenne 

cMRI     cranial magnetic resonance image/imaging 

CNS     central nervous system 

CSF     corticospinal fluid 

CST     corticospinal tract 

CT     X-ray computed tomography 

DCS     direct cortical stimulation 

DLPFC    dorsolateral prefrontal cortex 

dPrG     dorsal precentral gyrus 

DTI     diffusion tensor imaging 

DTI FT     diffusion tensor imaging fiber tracking 

ECOG     Eastern Co-operative Oncology Group 

EEG     electroencephalography 

E-field     electric field 

EHI     Edinburgh Handedness Inventory 

EMG     electromyography 

EnTMS    electric field navigated transcranial magnetic stimulation 

EOR     extend of resection 

FA     fractional anisotropy 

FCR     flexor carpi radialis muscle 

FDA     United States food and drug administration 

FLAIR     fluid attenuated inversion recovery  

fMRI     functional magnetic resonance image/imaging 

FT     fiber tracking 
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GCN     gastrocnemius muscle 

HGG     high-grade glioma 

LE     lower extremity 

LGG     low-grade glioma 

LnTMS    line navigated transcranial magnetic stimulation 

LTD     long-term depression 

LTP     long term potentiation 

M1     primary motor cortex 

MEG     magnetoencephalography 

MEP     motor-evoked potential 

mPoG     medial occipital gyrus 

MPRAGE    magnetization prepared rapid gradient echo   

mPrG     medial precentral gyrus 

MRI     magnetic resonance image/imaging  

nTMS     navigated transcranial magnetic stimulation 

PET     position emission tomography 

PMC     premotor cortex 

PPFM     pli de passage fronto-pariétal de moyen 

QOL     quality of life  

RdI     Klinikum Rechts der Isar 

RMT     resting motor threshold 

ROI     region of interest 

rTMS     repetitive transcranial magnetic stimulation 

S1     primary sensory cortex 

SMA     supplementary motor areas 

TA     tibialis anterior muscle 

TES     transcranial electric stimulation 

TMS     transcranial magnetic stimulation 

UE     upper extremity 

UI     user interface 

VAS     visual analogue scale for pain 

vPoG     ventral occipital gyrus 

vPrG     ventral precentral gyrus 

WHO     World Health Organization 
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