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1. ABBREVIATION 
 

3D: Three-Dimensional 

ADM: Abductor Digiti Minimi 

AF: Arcuate Fascicle 

APB: Abductor Pollicis Brevis  

ArF: Arcuate Fibers 

BMRC: British Medical Research Council 

BOLD-fMRI: Blood Oxygen Dependent Functional Magnetic Resonance Imaging  

CF: Commissural Fibers 

CNT: Corticonuclear Tract 

CtF: Corticothalamic Fibers 

DES: Direct Electrical Stimulation 

DICOM: Digital Imaging and Communications in Medicine (DICOM) 

DTI: Diffusion Tensor Imaging 

EEG: Electroencephalography  

En-TMS: E-field navigated TMS 

FCR: Flexor Carpi Radialis 

FLAIR: Fluid-attenuated Inversion Recovery 

FoF: Fronto-occipital Fascicle 

FT: Fiber Tracking 

GTR: Gross Total Resection  

HD: High Definition  

ILF: Inferior Longitudinal Fascicle 

IONM: Intraoperative Neuromonitoring  

Ln-TMS: Line navigation TMS  

MEG: Magnetoencephalography 

MEP: Motor Evoked Potential 

nTMS: Navigated Transcranial Magnetic Stimulation 

PACS: Picture Archiving and Communication System 

PET:  Positron Emission Tomography 

SLF: Superior Longitudinal Fascicle 

UF: Uncinate Fascicle 
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2. INTRODUCTION  
 

2.1 Language Preservation in Brain Tumor Resection 

Cerebral tumors are commonly seen diseases in the neurosurgery department. More than half 
of them are characterized by malignant histopathological proliferation and gravely endangers 
human health (Adamson et al., 2010). Resection is one of the major treatments when facing 
malignant neoplasms. Recently, it has been widely recognized that the balance between the 
Gross Total Resection (GTR) and the protection of normal cerebral functions should be care-
fully balanced to avoid severe restrictions in quality of life (Young et al., 2015; Ogunlade et al., 
2019). Although an optimal extent of resection implementing the GTR is considered to be re-
lated to prolonged survival (Quinones-Hinojosa et al., 2009; Matsuda et al., 2018), the accom-
panying injuries may also bring about unavoidable functional deficits, especially when the tu-
mor invades functionally eloquent cortical areas or important subcortical tracts related to func-
tions, such as motor, sensation, language, or memory (Ahmadipour et al., 2019). Therefore, it 
is realized among neurosurgeons that protecting patients' brain function during surgery – 
alongside achieving GTR – is of tremendous relevance (Duffau and Mandonnet, 2013).  

Tumors occurring in eloquent cortical brain regions bearing specific functions account for 33.30% 
to 58.60% of intracranial tumors (Schreckenberger et al., 2001; Tai and Piccini, 2004). The 
uncertainty, complexity, and individuality of the functional distribution in the brain have far ex-
ceeded the classic anatomical theory. Specifically, the modern models of verbal processing 
are based on the inter- and intra-network interaction, composed of parallel and interconnected 
streams involving both cortical and subcortical structures  (Chang et al., 2015). Analysis of 
individual functional distribution before surgery by neuroimaging and brain mapping technol-
ogy can reduce the incidence of surgical-related complications or functional impairments 
(Calautti et al., 2001; Kekhia et al., 2011; Ottenhausen et al., 2015).  

Understanding of brain function has been further developed from the perspective of anatomical 
analysis to the dynamic relationship between brain function and structure (Ewert et al., 2018). 
Recently, the development of neuroimaging and brain mapping has promoted individualized 
brain function testing and clinical applications (Ripolles et al., 2016; Gordon et al., 2017). Thus, 
the classical concept of brain function being localized only cortically within specific Brodmann 
areas seems more and more outdated.  

In recent years, the studies on neural plasticity have gained extensive attention, suggesting 
the dynamic anatomic location of brain function, which is a good complement to the traditional 
concepts (Saito et al., 2014; Xu et al., 2017). Therefore, there is increasing evidence for real-
location of brain function on the cortical and subcortical level in patients with brain diseases, 
which forms the concept of plasticity. Specifically, the brain’s responses to intracranial lesions 
involve the process of adaption and reconstruction following damage (Frost et al., 2003). The 
necessary time, the changing degree, and the extent of the plasticity are all beyond the inter-
pretation of classical functional anatomy. If these functional brain areas can be identified indi-
vidually during perioperative stages, they could be protected during surgical procedures 
(Schulz et al., 2012; Sharma et al., 2013).  
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The protection of language function is a particular concern in modern neuro-oncological sur-
gery. The language function is the tool in exchanging and passing information among human 
beings. Previous studies have demonstrated that the incidence of aphasia after resecting tu-
mors located in language-eloquent regions ranged from 17% to 100% (Peraud et al., 2004; 
Duffau et al., 2008; Mayer, 2008; Lubrano et al., 2010). With the development of neuroimaging 
and mapping technology, several methods for delineating language functions are accessible 
in most neurosurgery departments, aiming to investigate cerebral function during surgical prep-
aration. Techniques include blood oxygen-dependent functional magnetic resonance imaging 
(BOLD-fMRI), diffusion tensor imaging (DTI), magnetoencephalography (MEG), positron emis-
sion tomography (PET), and electroencephalography (EEG). However, until now, the most 
important way to identify cerebral functions in a functional mapping approach is direct electrical 
stimulation (DES), which is usually considered as the gold standard for localizing cerebral 
function due to its direct measurement on the brain during operation (Borchers et al., 2011; 
Muller et al., 2018). It is worth noting that fMRI, DTI, and MEG as non-invasive neuroimaging 
methods can provide relevant functional information before surgery to improve the efficiency 
of DES mapping and facilitate the GTR during surgery (Ottenhausen et al., 2015; Morrison et 
al., 2016). With these techniques, functional mappings have become more credible, objectively 
presenting the distribution of functional brain areas and related subcortical functional anatomy. 
These functional mapping results can assist neurosurgeons in designing the surgical proce-
dure accurately and are essential in decreasing the risk of surgery-related functional deficits.  

Over the last decade, a non-invasive method, navigated transcranial magnetic stimulation 
(nTMS), has become a vital tool in identifying cerebral function preoperatively, which is in good 
consistency with intraoperative DES (Krieg et al., 2013; Picht et al., 2013). Specifically, nTMS 
can generate a virtual lesion through an induced electric field (e-field), thereby modulating 
related brain functions. At present, nTMS is commonly applied to analyze and localize cerebral 
regions of motor function and language function preoperatively in neurosurgical practice (Krieg 
et al., 2015; Krieg et al., 2017). 

 

2.2 Transcranial Magnetic Stimulation 

2.2.1 Background and development 

TMS is a non-invasive technique to interfere with cerebral functions. The mechanism of TMS 
is that the capacitor currents discharge in the stimulation coil generating a magnetic field on 
the targeted regions, which then induces changes in the electrical field. When the changes are 
strong enough to depolarise the nerve cell membrane potential, their electrophysiological re-
sponses can be induced.  

In 1985, Anthony Barker introduced TMS as a technique that permitted non-invasive stimula-
tion of the cerebral cortex to explore its potential neurophysiological effects (Barker et al., 1985). 
Since then, people have employed TMS to regulate and also detect cerebral functions. In the 
following years, the safety and therapeutic effects of TMS were demonstrated, which provided 
support for its clinical application (Bridgers, 1991). In 1997, the therapeutic effects of TMS were 
investigated on depression (Markwort et al., 1997), and later on bipolar and unipolar disorders 
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(Nahas et al., 1999).  

In the last decade, neuro-navigation technologies have been developed rapidly in many neu-
rosurgery centers. The most important progress has been made by tackling two issues. First, 
individualized, high-resolution three-dimensional (3D) reconstruction of the brain structural im-
ages was constructed based on the structural image. Second, the navigation system realizes 
the real-time visualization and recognition of anatomical structures in operating regions. This, 
meanwhile, provided a new solution for accurate targeting of stimuli: the optically tracked ste-
reotactic neuro-navigation equipment and TMS coil were successfully combined for the precise 
localization of stimulation output. When all these factors were connected to a monitor system, 
it can generate real-time spatial and temporal information of the e-field on a re-constructed 3D 
brain from structural MRI scans on a screen, which together is called navigated transcranial 
magnetic stimulation (nTMS) (Krieg, 2017).  

Previous studies found nTMS accurate and effective in mapping cortical motor and linguistic 
regions compared with DES (Picht et al., 2013; Lehtinen et al., 2018). The stimulation output 
intensity can be adjusted according to individual levels. Its inhibitory stimulus directly interferes 
with the processing of language tasks by the cerebral cortex, making it a unique advantage in 
identifying the language cortex. As demonstrated in multiple studies, the current spatial reso-
lution of nTMS is in the range of 5 – 10 mm (Brasil-Neto et al., 1992; Ravazzani et al., 1996; 
Thielscher and Kammer, 2002; Toschi et al., 2008; Sliwinska et al., 2014). nTMS-based motor 
mapping has a high concordance with intraoperative DES (Krieg et al., 2012b; Sollmann et al., 
2015d) and, likewise, was better in preoperative function localization than fMRI and MEG 
(Picht et al., 2013; Tarapore et al., 2013; Krieg et al., 2017). Specifically, among the above-
mentioned other functional imaging and mapping techniques, the sensitivity and specificity of 
nTMS-based motor mapping are superior to others compared with DES (Jack et al., 1994; 
Lehericy et al., 2000; Tomczak et al., 2000; Picht et al., 2013). In the interpretation of the 
results of the functional mapping, no sophisticated post-processing algorithms are needed in 
nTMS analysis compared with fMRI or MEG (Suri et al., 2002; Tewarie et al., 2014). The spatial 
resolution of nTMS can provide accurate brain structure location and corresponding functional 
information for surgery. DES, as an invasive procedure, is routinely used during surgery for 
localizing function eloquent regions. The standard DES was an electrified electrode placed 
directly on the cortical or subcortical tissues to identify the cerebral functions after craniotomy. 
When combined with electromyography (EMG), it can analyze the motor function, or combined 
with language tests during intraoperative awake procedures, language-related brain regions 
can be localized (Riva et al., 2016; Southwell et al., 2016). However, it is worth noting that not 
every patient can cooperate to perform the language test during the intraoperative awake pe-
riod. In previous work, it demonstrated that 4.2% failed awake craniotomy is caused by lack of 
intraoperative communication with the patient, and 2.1% caused by intraoperative seizures 
(Nossek et al., 2013a; Nossek et al., 2013b). DES measurements were not available for de-
tecting their function for these patients; therefore, the substitute tests are in need. In these 
cases, the preoperative functional mapping technique is a good supplement to DES for identi-
fying relevant brain tissues in order to protect brain function. Furthermore, the add-on value of 
preoperative functional neuroimaging and mapping is demonstrated in the case of suggesting 
the potential eloquent regions during DES mapping (Picht et al., 2013). Currently, the most 
widely used perioperative functional imaging techniques were fMRI, MEG, and nTMS. To 
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guarantee their effectiveness and safety, it was necessary to identify their accuracy, precision, 
availability, economic effectiveness, and so on. Some published studies compared these tech-
niques with intraoperative DES as the gold-standard method, and they will be further described 
in the following parts. 

 

2.2.2 Basic approach  

Navigated TMS can be utilized as a potential strategy, on the one hand, for treating psychoso-
cial diseases and nerve rehabilitation (Lioumis et al., 2012a; Julkunen et al., 2016) and the 
other hand,  identifying function-related cerebral regions through precisely navigated stimula-
tion (Krieg et al., 2012b; Krieg et al., 2014a). The latest navigation system is currently based 
on e-field monitoring and is more accurate in localization than conventional line navigation 
(Sollmann et al., 2016a).  

TMS generates a strong and quickly changing magnetic field by inducing a short capacitor 
discharge of electric current via a coil against the scalp (Terao and Ugawa, 2002; Peng et al., 
2018). When the coil is placed against the scalp, it induces an e-field with mirror distribution of 
the coil current in the brain (Koponen et al., 2015). According to Faraday’s law, the magnetic 
field generates an e-field within the brain, which non-invasively modulates neural activity. In 
the targeted region with peak e-field, the stimulation causes the membrane potentials to depo-
larize. In previous studies, the most used coil shapes were round or a figure-of-eight shape. 
The annulus current produced by the round coil leads to an unfocused e-field. In contrast, the 
figure-of-eight coil produces a focally enhanced e-field, which is generated from the overlap-
ping magnetic fields of two wings along the centerline of the coil (Roth et al., 2007; Koponen 
et al., 2018). A small circular coil can produce a relatively concentrated magnetic field, and the 
reduced numbers of windings on a small coil can only induce a magnetic field with low strength, 
thereby confining most of the effective stimulations to superficial tissues (Deng et al., 2013; 
Roth et al., 2013). 

 

2.2.3 Line- versus electric-field navigated TMS 

In previous navigation protocols, the maximum e-field was mostly assumed to be along the 
line through the center of and perpendicularly to the plane of the figure-of-eight shaped coils 
(Duffau, 2011; Sollmann et al., 2016a). Therefore, at that time, the TMS coil was navigated to 
the place right over the targeting regions according to the subject’s individual MRI reconstruc-
tion, which is called line navigated TMS (Ln-TMS)  (Duffau, 2011; Sollmann et al., 2016a). It 
was gradually realized the possibility of the line navigation leading to an inaccurate localization, 
which was later confirmed by a study comparing motor mapping results from the line- to e-
field-navigated TMS (En-TMS) (Sollmann et al., 2016a). The study demonstrated that line nav-
igation tends to deviate stimuli to surrounding regions rather than the intended target when the 
coil is not in the supposed angle and/or position (Sollmann et al., 2016a). Because when the 
plane of the eight-shaped coil is not parallel to the tangent plane centered on the contact point 
where the coil against the scalp (Figure 1), the different densities between the skull, skin, and 
air result in the refraction of the e-field. In detail, this study compared trains of stimuli 
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respectively navigated by an En-TMS system and an Ln-TMS system in patients with intracra-
nial tumors. In this clinical study, those patients received preoperative motor mapping by both 
navigating TMS systems. Their differences in clinical applicability, workflow, and mapping re-
sults were analyzed. Motor mappings for each patient were performed in an alternating pattern 
of starting with either En-TMS or Ln-TMS system. The data showed that the number of motor-
positive stimulation spots, the ratio of positive spots per overall stimulation numbers were sig-
nificantly higher in En-TMS than that in Ln-TMS�; furthermore, the representative motor regions 
for upper- and lower-extremity localized by both systems were only partially overlapping 
(Sollmann et al., 2016a). The designs of both TMS systems were certificated and applicable 
for mapping in patients with brain lesions. However, the differences between En-TMS and Ln-
TMS should be carefully considered during clinical application in patients. In the current study, 
we only adopted En-TMS. 

 

 
Figure 1. The difference between the En-TMS and Ln-TMS 

 

Figure 1. The figure presents the difference between the two different navigation methods: a. 
Electric-field navigation: the actual stimulated area matches the target position. b. Line navi-
gation: refraction occurs when the e-field passes through media of different densities, resulting 
in the misregistration between the actual stimulated area and the predefined target. 

 

2.2.4 nTMS and individualized localization of language function 

Facilitated by the development of navigation technology, nTMS as a non-invasive neurological 
function detection and intervention tool provides a new option for localizing function in neuro-
surgery. During the preparation for the surgery, nTMS enables doctors to detect and analyze 
alterations of functional representative areas' location and their relationships to tumor-induced 
functional deficits in patients. In nowadays clinical practice, it is mainly applied to test motor 
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and language functions (Najib et al., 2011).  

By nTMS this technique, the key regions controlling certain functions can be identified 
(Pascual-Leone et al., 1999; Lioumis et al., 2012b; Krieg et al., 2014a; Sollmann et al., 2015a; 
Sollmann et al., 2017). In language mapping, this technique can induce a virtual lesion causing 
temporary language deficits classified into different categories, such as hesitations and se-
mantic paraphasias, to localize their corresponding eloquent regions. From previous studies, 
the mapped regions by nTMS are well correlated with findings by intraoperative DES. The 
nTMS results could be used preoperatively to support the customized surgical plan (Picht et 
al., 2013). 

Awake surgery combined with intraoperative DES and intraoperative neuromonitoring (IONM) 
is the most widely used method in clinical practice to interact with brain functions directly. This 
method is still considered as the "gold standard" to test the applicability of other techniques in 
function localization currently (Talacchi et al., 2013; Ottenhausen et al., 2015; Sollmann et al., 
2018b), although some researchers have pointed out its shortcomings and the misconception 
(Borchers et al., 2011). In 2013, Tarapore compared the functional localization results of nTMS 
to DES and reported that the specificity of nTMS was 90%, sensitivity 98%, positive predictive 
value (PPV) 69%, and negative predictive value (NPV) 99% (Tarapore et al., 2013). In 2015, 
Ille et al. tested this method in 27 patients receiving preoperative nTMS mapping and DES test 
during tumor resection and found that the results of nTMS showed a sensitivity of 97%, a 
specificity of 15%, a PPV of 34%, and an NPV of 91% in comparison with mapped regions by 
DES (Ille et al., 2015). Their studies confirmed the good consistency between nTMS and DES 
and demonstrated the reliability of nTMS language mapping, which can enhance the confi-
dence of researchers and surgeons in clinical use. The preoperative nTMS mapping localizes 
language-related regions were used as regions of interest (ROI) in the tractography. These 
language-related fibers are then integrated into the navigation system (Krieg, 2017; Krieg et 
al., 2017). During surgery, these predefined cortical and subcortical regions can facilitate the 
rapid identification of language-related regions by DES and suggest DES setups to elicit posi-
tive responses (Paiva et al., 2012; Krieg, 2017).  

 

2.2.5 nTMS-based DTI-FT for language function 

nTMS currently has become one of the tools in clinical practice to identify language-related 
cortical regions. The stimulation of nTMS is used to elicit different kinds of naming errors on 
predefined targets on the hemisphere during an object-naming task. Regions, where stimuli 
induce errors are classified as language-positive nTMS points. Those nTMS points can also 
be used as ROI seeds to track subcortical language-related neural fibers called nTMS-based 
DTI-Fiber tracking (DTI-FT). It allowed further assessments of a single language-related tract 
or the whole brain networks. In previous studies, the method has been applied in preoperative 
preparation to detect language-related cortical and subcortical regions for estimating the risk 
of function loss during surgery. Moreover, it can be imported into the intraoperative navigation 
system as guidance during tumor resection. It is worth noting that this individualized functional 
analysis very conforms to the concept and principle of precision medicine. 

TMS-based DTI-FT is based on the deterministic algorithm using individually localized ROIs 
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on language functions. The feasibility and reliability of nTMS-based DTI-FT have been con-
firmed in previous studies (Frey et al., 2012; Raffa et al., 2016; Sollmann et al., 2016b; 
Sollmann et al., 2018c). Raffa’s study compared it with the standard atlas-based DTI-FT 
method and found that nTMS-based DTI-FT was analyzed under higher FA values and led to 
more successful visualization of cortico-subcortical connections and increased its reliability 
(Raffa et al., 2016). Hence, it was suggested that the nTMS-based approaches were superior 
to the atlas-based methods (Raffa et al., 2016). 

This technology directly uses the cortical regions related to the language function as seed 
points while not depending on the operator's understandings and experience on cerebral func-
tional anatomy, thereby avoiding artificial errors caused by subjective factors. Negwer's study 
compared the results from anatomical methods and nTMS-based DTI-FT for localizing lan-
guage-related fibers and concluded that the latter is advantageous in repeatability for clinical 
application (Negwer et al., 2017b). In Raffa's article, the same conclusion was proposed (Raffa 
et al., 2017).�In summary, the DTI-FT of nTMS positive points can better indicate the functional 
distribution of the brain areas around the tumor before surgery, which can help doctors optimize 
the tumor resection plan and reduce the size of the surgical bone window. Hence, it leads to 
better protection on the basic function (Negwer et al., 2017b; Raffa et al., 2017).  

In a subsequent study by Negwer et al., the protection of language-related nerve bundle 
branches before and after surgery was compared. It was found that there was a positive cor-
relation between the tracked fiber volume loss by nTMS-based DTI-FT and the clinical prog-
nosis of language function (Negwer et al., 2018). 

 

2.3 Language-related Fiber Tracts and Their Functions 

The common parameters used in DTI fiber tracking (DTI-FT) are fractional anisotropy (FA), 
fiber length (FL), and angulation. Fractional anisotropy (FA) is a scalar value between zero 
and one that describes the degree of anisotropy of a diffusion process (Basser and Pierpaoli, 
1996). With different setups of the above-mentioned tracking parameters, the DTI-FT using 
ROI from the pre-defined eloquent cortex or subcortical regions is a potential method to identify 
the functional-related structures and their organizations in the brain (Burgel et al., 2009; Li et 
al., 2013; Negwer et al., 2017b).  This method is widely used for detecting motor function (Krieg 
et al., 2012a; Niu et al., 2016; Sollmann et al., 2018c) and language function in daily clinical 
practice (Sollmann et al., 2016b).  

 

2.3.1 Language-related neural tracts 

In previous studies, DTI was combined with other imaging methods or functional localization 
techniques, mostly fMRI and nTMS, to analyze the relationship between intracranial neural 
tracts and different aspects of language function. The following section outlines a brief sum-
mary for the roles of each intracranial tract concerning language function, including the arcuate 
fascicle (AF), superior longitudinal fascicle (SLF), inferior longitudinal fascicle (ILF), uncinate 
fascicle (UF), fronto-occipital fascicle (FoF), commissural fibers (CF), corticonuclear tract 
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(CNT), corticothalamic fibers (CtF), and arcuate fibers (ArF):  

a) AF: the combination of neuropsychological inference and comprehensive language tests 
with DTI analysis demonstrated that the involvement of the AF was contingent upon the 
demands of different components of language function (Rolheiser et al., 2011; Skorpil et 
al., 2011).  

b) SLF: the SLF facilitates the formation of a bidirectional neural network necessary during 
language processing (Oliveira et al., 2017). The trajectory and connectivity of the SLF are 
related to other language pathways as well as the superior parietal lobule (Kamali et al., 
2014). When Nakajima et al. separated the SLF into dorsal and ventral parts for investi-
gating their respective functions, they demonstrated that the dorsal SLF is involved in 
visuospatial attention and motor control. In contrast, the ventral SLF was related to lan-
guage-related networks, auditory comprehension, and articulatory control in the left hem-
isphere (Nakajima et al., 2019). 

c) ILF: Green et al. demonstrated the significant correlations detected between measure-
ments of the reading process and properties of the left ILF in adults (Green et al., 2013). 
The study on the later second language learners found that the FA of ILF increased and 
was correlated with their ages (Rossi et al., 2017).  

d) UF: A robust and replicable relationship was found between the UF and associative learn-
ing and memory in the study by Metoki et al.(Metoki et al., 2017), which potentially modu-
lated language processing. 

e) FoF: FoF was suggested to be correlated with the status of speeching function in patients 
with left-sided perisylvian gliomas not only at preoperative and postoperative phases, but 
also at the follow-up phase (Ille et al., 2018). 

f) CF: Cognition relies mostly on the CF tracts (Rossi et al., 2012), which is the foundation 
of interaction with surrounding circumstances. 

g) CNT: Functional organization in CNT trajectory to motoneurons to control lower facial 
muscles responsible for correct pronunciation (Meyer et al., 1994). 

h) CtF: Based on the recent literature by Crosson et al. on aphasia and thalamic activity on 
neuroimaging, regarding its structure and function, it is concluded that the CtF joined cor-
ticothalamic and/or thalamocortical mechanisms impact language processing (Crosson, 
2013). 

i) ArF: In Negwer et al. ‘s study, ArF has been found in the nTMS-based DTI-FT (Negwer et 
al., 2017b). However, its role in language processing has not been discussed in detail. 
The current study investigates the ArF and its role in language processing. 

However, in the previous studies, neither the relationship between the subcortical fibers is 
clearly elaborated, nor the relationship between these tracts and different categories of linguis-
tic errors induced by nTMS. This will be investigated in the current study.  
 

2.3.2 Language-related dorsal and ventral streams 

Previous investigations have found that a single neural tract may not be enough to maintain 
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language function, indicating that the anatomical and functional basis of language function may 
involve a network-based system composed of multiple cortical regions and subcortical con-
nections (Hickok and Poeppel, 2007; Li et al., 2015; de Heer et al., 2017). Based on these 
studies, the "dual-stream hypothesis" was proposed to describe the language-related subcor-
tical organization. Fibers were separated into dorsal and ventral streams based on their ana-
tomical locations (Hickok and Poeppel, 2004; Kummerer et al., 2013; Fridriksson et al., 2016; 
Dittinger et al., 2018). These two streams are considered processing information synergisti-
cally but with the anatomical distinction between a dorsal frontoparietal stream supporting a 
form-to-articulation pathway and a ventral temporal–frontal stream supporting a form-to-mean-
ing pathway (Rauschecker and Scott, 2009; Friederici, 2012a; Friederici and Gierhan, 2013; 
Fridriksson et al., 2016).  

The dorsal stream comprises two subparts: one connecting the temporal cortex with the pre-
motor cortex via the SLF, while the other connecting the temporal cortex with Broca’s area via 
the AF (Friederici, 2011, 2012b; Rauschecker, 2012; Friederici and Gierhan, 2013). In the study 
by Hillis et al., the stroke patients with lesions in left SLF/AF presented a poorer performance 
in the object naming task (Hillis et al., 2018). It was supported by the investigation by Liégeois 
et al., in which it demonstrated that the lesion to the dorsal stream would lead to speech dis-
orders and speech delay (Liegeois et al., 2019).  

In contrast, higher-level comprehension of language is mediated by the ventral stream con-
necting the middle temporal lobe and the ventrolateral prefrontal cortex (Saur et al., 2008; 
Rauschecker and Scott, 2009; Rauschecker, 2012). It consists of the fronto-occipital fascicle 
(FOF), uncinate fascicle (UF), and inferior longitudinal fascicle (ILF). The ventral stream plays 
a key role in auditory object recognition, including the perception of both vocalizations and 
speeching (Hickok and Poeppel, 2004; Rauschecker, 2012).  
Changes in the dual streams based on the different error types identified by the nTMS lan-
guage mapping have not been studied and analyzed before. Investigating the dual-stream 
hypothesis via TMS-based DTI-FT analysis can provide a new perspective on the organization 
of language-related brain structures, thereby further deepening the understanding of language 
processing. 

 

2.4 Aim of the Current Study 

In the prior studies, 6 types of linguistic errors are identified in nTMS language mapping and 
used for analysis, consisting of no responses, performance errors, hesitations, neologisms, 
phonological paraphasias, and semantic paraphasias (Sollmann et al., 2015c; Krieg et al., 
2016; Sollmann et al., 2018a). Those errors have been well defined and accepted in the neu-
roscientific domain. In previous articles on TMS language mappings, the brain regions related 
to different errors are commonly combined as a single ROI to track the language-related fibers. 
However, until now, the difference in the tractography corresponding to different naming errors 
induced by stimulation has not been clarified. Against this background, the current study was 
conducted to investigate the following foci/aims: 

(1) Assessing the relationship between specific error types and their corresponding subcorti-
cal language-related pathways; 
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(2) Searching for potential dominant fibers/tracts in certain linguistic errors; 

(3) Evaluating whether the nTMS-based DTI-FT using ROI of one single error category was 
superior to the ROIs defined by all errors; 

(4) Investigating whether the ventral stream and the dorsal stream contribute differently to the 
linguistic function. 
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3. MATERIALS AND METHODS 
 

3.1 Ethics 

All our studies were performed following the ethical standards published in the 1964 Declara-
tion of Helsinki and its later amendments after receiving approval from the local institutional 
review board (registration number: 2793/10). All subjects provided their informed consent be-
fore being enrolled. 

 

3.2 Patients and Study Inclusion 

40 subjects with left-hemispheric perisylvian tumors receiving tumor resections in our neuro-
surgical department were enrolled in the current study between 2016 and 2018. Patients had 
to meet the following inclusion criteria: 

(1) Above 18 years old; 

(2) Written informed consent;  

(3) Tumor located within the left-hemispheric perisylvian regions. 

The exclusion criteria were defined as follows:  

(1) Other neurological or psychiatric disorders besides the brain tumor, including Schizo-
phrenia, congenital hydrocephalus, etc.; 

(2) General nTMS or MRI exclusion criteria (e.g., with cochlear implants, claustrophobia); 

(3) Global aphasia, rendering it impossible to conduct preoperative language mapping;  

(4) Impaired comprehensions and inability to cooperate during the test, for example, con-
sciousness disorders, mental retardation, etc. 

 

3.3 Study Design and Clinical Examination 

During the preoperative preparation, all patients underwent the basic clinical examination and 
assessments on language performance. Their sensory, coordination, muscle strength, and 
cranial nerve function were measured according to the standardized protocol. Furthermore, 
the Karnofsky performance status (KPS) score was assessed (Peus et al., 2013). Any pres-
ence of epileptic seizures and antiepileptic drug intake at the time of testing were documented. 
After resection, the clinical examinations were repeated daily during their hospitalization and 
follow-up examinations in the hospital every 3–12 months, depending on the pathology of the 
tumor and the patient's recovery. The workflow of this experiment is presented in the figure 
below (Figure 2). 

The dominant hand was estimated by the neuroscientist using the Edinburgh Handiness Test 
(Futai, 1977). 
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The British Medical Research Council (BMRC) scale was used to evaluate the muscles’ 
strengths. It was recorded as 5/5 when no motor deficits were manifested and scored with <5/5 
when presenting any paresis. This clinical assessment was conducted repeatedly right after 
the operation and during follow-up in the clinic every 3-12 months after discharge. 

 

 
Figure 2. Workflow of the current study 

 

Figure 2. This figure presents the design and process of the current study. 

VON: Visual Object Naming. 

 

The AAT was used as a measurement for language deficit conducted by our trained neurosur-
geon with more than 3 years of experience. The language levels were set into 4 grades, as 
follow (Huber et al., 1984; Wacker et al., 2002; Sollmann et al., 2015b; Kelm et al., 2017; 
Sollmann et al., 2018b): 

(1) Grade 0: no deficits; 

(2) Grade 1: mild deficits, normal speech comprehension and/or conversational speech with 
slight amnesic aphasia, adequate communication ability; 

(3) Grade 2: medium deficits, minor disruption of speech comprehension and/or conversa-
tional speech, adequate communication ability; 
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(4) Grade 3: severe deficits, major disruption of speech comprehension and/or conversa-
tional speech, clear impairment of communication ability.  

Regarding the language status, the following pre-defined binary categories were used to clas-
sify the recovery level (Kelm et al., 2017; Sollmann et al., 2018b): 

(1) Transient surgery-related deficits: any new or worse deficits postoperatively due to sur-
gery, which will recover to the same status as their preoperative language performance 
or even better; 

(2) Permanent surgery-related deficits: any new or aggravated deficits in the postoperative 
phase due to surgery, which did not relieve within the regular follow-up interval. 

All included patients underwent preoperative MRI and nTMS language mapping before surgery. 
After that, nTMS-based DTI-FT for subcortical language-related pathways was individually per-
formed. The images derived from MRI, nTMS language mapping, and nTMS-based DTI-FT 
were combined to plan the resection preoperatively and made available for the intraoperative 
guidance. 

 

3.4 Magnetic Resonance Imaging  

A standardized imaging protocol was routinely implemented for all patients with cerebral tu-
mors in our department using a 3 Tesla MRI scanner (Achieva, Philips Medical Systems, Best, 
The Netherlands). Four sequences from the protocol were used in the current study, including:   

(1) a three-dimensional (3D) fluid-attenuated inversion recovery (FLAIR) sequence (TR/TE: 
4800/277ms, 1mm3 isovoxel covering the whole head);  

(2) a 3D T1-weighted gradient-echo sequence (TR/TE: 9/4 ms, 1 mm3 isovoxel covering the 
whole head); 

(3) an enhanced 3D T1-weighted gradient-echo sequence with the administration of a con-
trast agent (Dotagraf, Jenapharm, Jena, Germany); 

(4) a DTI sequence (TR/TE 5000/78 ms, voxel size of 2 × 2 × 2 mm3, 32 diffusion gradient 
directions);  

The scans above were collected preoperatively. The preoperative 3D T1-weighted gradient-
echo sequences were used to assess the volumetric impacts of the tumor size through Intel-
liSpace Portal (version 9.0; Philips Healthcare, Best, The Netherlands).  

Within the first 48 hours subsequent to the surgery, postoperative MRI scans were conducted 
using the same sequences as in the preoperative phase, furthermore, including a T2*-weighted 
imaging. After discharge, further MRI scanning was carried out during their follow-up. 
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3.5 Language Mapping by nTMS 

3.5.1 Registration 

Preoperative language mapping was performed with the Nexstim eXimia NBS system (version 
4.3; Nexstim, Helsinki, Finland). The contrast-enhanced T1-weighted gradient-echo imaging 
was imported to the system and used to reconstruct the 3D brain for later navigating the stim-
ulation on targeted cerebral regions during the mapping process. A head tracker was attached 
to the patients’ forehead to track the movements and navigate the location. 

The crux of the helix from both ears and the nasion were used as landmarks to register the 
personal heads to their 3D reconstructed images. Then nine scalp areas around the head 
automatically defined by the system were applied to further correcting the registration. The 
system only allowed for later processing when the mismatch of registration was under 5 mm.    

 

3.5.2 Rough mapping 

The electrodes were attached to the tendon and belly of muscles on the contralateral upper 
extremity, including Abductor pollicis brevis muscle (APB), Abductor digiti minimi (ADM), 
Flexor carpi radialis muscle (FCR), and ipsilateral APB to record the motor evoked potential 
(MEP) and latency between the stimulation and muscle reaction. Each MEP was composed of 
the takeoff, peak, trough, and recovery phases. The correct MEP latency is defined as the 
takeoff time within between 18~25ms, and the positive MEP amplitude was defined by the 
absolute difference between the peak and trough (≥ 50uV).  

During rough mapping, the direction of stimuli was oriented to be perpendicular to the gyrus. 
The rough mapping was for two purposes: one was to have a rough view of the distribution of 
the motor regions, and the other one was to identify the hand motor hotspot. The hotspot was 
defined as the target that generated the highest amplitude of MEP under the lowest stimulation 
intensity (Wang et al., 2020).  

The single-pulse stimulation setups were as follow: 

(1) Intensity: the stimulation started with 30% intensity of the maximal coil output. When no 
MEP induced after 5 stimuli, the intensity was increased to 5%;  

(2) Stimulus interval: 1.5s. 

The stimuli were outputted targeting the motor function-related cortical regions in the dominant 
hemisphere, especially the handknob regions (Figure 3).  
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Figure 3. Rough mapping on hand knob  

 

Figure 3. This figure presents the stimulus (yellow match-shaped sites) on the handknob area 
during TMS rough mapping. 

 

3.5.3 Angulation 

On the hotspot, the angulation of stimulus was tested to find the most sensitive adjustment of 
e-field direction, which was later applied in the setup of the stimulation for measuring the rest-
ing motor threshold (rMT). The angulation was measured following steps as below: 

(1) Firstly, the coil outputted 5 stimuli on the hotspot at the angulation suggested by the 
system (Figure 4.a). 

(2) Secondly, the coil outputted 5 stimuli at each of the other angulations (Figure 4.b and 
4.c). 

(3) Thirdly, the MEPs from each angulation were compared to find the angulation of the coil 
inducing the best response of MEP. This MEP corresponding muscle was used to meas-
ure the rMT. 

 

 

 
Figure 4. Angulation test process. 
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Figure 4. This figure presents the stimuli outputted at each direction to test the best angulation 
of the coil. 4a) the angulation is perpendicular to the brain gyrus; 4b) the angulation is at +45o 
to the direction used in 4a; 4c) the angulation is at -45o to the direction used in 4a. 

 

3.5.4 Resting motor threshold determination 

The most sensitive MEP channel and angulation were used to determine the resting Motor 
Threshold. The individual rMT was defined as the lowest intensity required to evoke a positive 
MEP (amplitude ≥ 50μV, latency within 18~25 ms) in the predefined channel from the relaxed 
upper extremity muscles in at least 5 out of 10 consecutive trials (Groppa et al., 2012). The 
nTMS system automatically decreased or increased the intensity according to the MEP ampli-
tude until the stimulus intensity that met the rMT definition was detected (Figure 5a and 5b). 

 

 
Figure 5a. Setup interface for rMT definition 
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Figure 5b. Interface of rMT definition when stimuli outputted on the brain 

 

Figure 5. This figure shows that the nTMS system automatically decreased or increased the 
intensity according to the MEP amplitudeuntil the stimulus intensity that met the rMT definition 
was detected (Figure 5a and 5b). 

 

3.5.5 Cortical parcellation system template 

Due to the distorted cerebral structures caused by a tumor, the automatic parcellation is inac-
curate in identifying the nTMS targets. A skilled neuroscientist and a neurosurgeon artificially 
marked the stimulating targets on the dominant hemisphere according to the template of cor-
tical parcellation system (CPS) (Figure 6), which had been adopted in the previous studies 
(Sollmann et al., 2015d; Sollmann et al., 2016b; Krieg et al., 2017; Negwer et al., 2017b). In 
this system, all potential language-related brain regions in the hemisphere are divided into 21 
regions with 46 stimulation targets, on which the corresponding nTMS stimulation targets are 
set. This target setting based on individual MRI can better subdivide the brain structures, 
thereby improving the accuracy of stimulation. 
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Figure 6. CPS template with 46 targets on the cortex for nTMS language mapping. 

 
Figure 6. This figure presents the 46 stimulation targets set on the hemisphere according to 
the CPS template. 

 

3.6.6 Language mapping process 

Before the test started, it was necessary to inform and confirm that the patient understands the 
vocal objects naming (VON) examination process correctly. If the patients were unable to com-
municate in any language or understand the conversation, the test would be abolished. After 
confirming patients’ conditions feasible for nTMS language mapping, 3D structural reconstruc-
tion with 46 targets set according to CPS template in the Nexstim eXimia NBS system (version 
4.3; Nexstim, Helsinki, Finland) was used in the navigation system to guide the stimulation coil 
in the correct angle and position above the targeted regions during the mapping process.  

Firstly, the patients were asked to take a semi-recumbent position on the examination chair. 
The screen displaying objects for the naming task was about 30 - 50 cm away from the patient's 
eyes to guarantee that the pictures are clear to the patients. Three important criteria were 
ensured:  

(1) The patient felt comfortable when in the examination position.  

(2) The patient could clearly recognize the picture displayed on the screen.  

(3) The patient felt comfortable or tolerable when stimulated by the TMS.  

After confirming the above-mentioned points, the test process could be started. 
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All objects drawn only in black lines with a white background were presented on the screen 
(Figure 7). The display time was 700ms with an interval of 2500ms, which would be adjusted�
accordingly to acquire the patients’ best performance. The patient was asked to name the 
items in German (without the article/determiner) when they are presented on the screen during 
the task.  

 

 
Figure 7. Objects for naming task. 

 

Figure 7. This figure presents example objects used in the naming tasking. During the task, 
those objects are regularly presented on the screen (in Figure 8) directly facing subjects. 
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Figure 8. Video recorder. 

 

Figure 8. In the figure, the blue arrow on the picture points at the camera device, which records 
the subjects’ performance in object naming task. The baseline performance without stimulation 
is recorded to compare with the record of object naming performance with stimulation. 

 

For the language test, the patient was required to perform VON tasks without stimulation twice 
for getting the solid baseline performance and once with stimulation for mapping the language-
related brain regions. The high-definition (HD) camera was located at the top of the screen 
(Figure 8), facing the patient directly and recording the patient's performance during the VON 
task in real-time. All the patient's responses were automatically sorted to match their corre-
sponding object picture and nTMS stimulus, and the Nexstim system also recorded the re-
sponse time. 

The first baseline VON task was to familiarize the patient with the task's execution process and 
objects on the pictures. Pictures were excluded when their objects were unfamiliar or confusing 
to the patient. For example, when a patient named the third object in the first row of Figure 7 
(it may be called a “Weinglas,” or “Glass,” or “Becher”), or showed a long hesitation in naming 
this object, or named the picture differently when it presented again, then the object picture 
would be deleted. In some patients, the intracranial tumor may cause slow speech and insuf-
ficient energy. When 8 out of 10 objects could not be named in time by patients, the display 
time or/and interval time was extended at 500ms. The purpose of the above-mentioned adjust-
ments of object pictures and stimulation parameter settings was to guarantee a stable perfor-
mance in the second session. 

Then, the baseline VON task was repeated to confirm the performance of the patient in the 
first baseline task. Parameters and object pictures adjusted in the first baseline task were ap-
plied in the second baseline task as well (Lioumis et al., 2012b; Picht et al., 2013; Krieg et al., 
2017). After the second baseline test, if the patient felt tired, he or she could rest for 10-15 
minutes, and the water was provided to patients. 

In the following stimulation session, patients were asked to conduct the VON task under repet-
itive nTMS stimulation. All object pictures and parameters were the same as those used in the 
base-line test.  Each target would be stimulated 6 times. Stimulation arameters were set as 
below (Krieg et al., 2017): 

Strength: 100% rMT; 

Frequency: 5Hz; 

Pulse/train: 5 pulses per train. 

Stimuli were outputted on predefined targets during the VON task. The stimulus was synchro-
nized with the picture displaying. The nTMS coil was navigated by the Nexstim system to en-
sure that the electrical field on the targeted regions was correctly positioned and outputted 
consecutively. 

In the posthoc analysis, videos of task performance recorded in the second baseline and task 
performance under-stimulation are compared by the experienced TMS technician and 
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neurosurgeons to find the naming errors and classify them into 6 types according to the defi-
nitions as follow (Corina et al., 2010; Lioumis et al., 2012b; Picht et al., 2013; Hernandez-
Pavon et al., 2014; Krieg et al., 2017; Hauck et al., 2018) :  

(1) No responses: the patient completely failed to make any verbal response to the object 
presented on the screen; 

(2) Performance errors: articulatory errors, specifically form-based distortions that are splut-
tered or inaccurate; 

(3) Hesitations: delayed naming onset. Compared with the performance in the baseline, 
there is a significant delay in verbal reaction, and may be accompanied with a hesitant 
expression before pronunciation; 

(4) Neologisms: form-based naming errors due to using possible but non-existent words. 
These errors are distinguished from performance errors, which are the incorrect articu-
latory expression of the existing word; 

(5) Phonological paraphasias: unintended substitution, insertion, deletion, or transposition 
leading to the phonemic modification of the target words. Phonemic paraphasia, also 
known as literal aphasia, refers to replacing words with non-words that retain at least half 
of the segments and/or the number of syllables of the intended word.  

(6) Semantic paraphasias: also known as verbal paraphasia, the target words are substi-
tuted by semantically related or associated words, such as saying “Heimat” or “Villa” 
instead of “Haus.” 

By comparing language performance, the type of patient's language error can be determined, 
and the corresponding TMS stimulation location was determined. Thereby, functional errors 
can be directly linked to corresponding regions in the cortex. Notably, 4 types of linguistic errors 
are mostly detected in nTMS language mapping according to previous studies consisting of no 
responses, performance errors, hesitations, and semantic paraphasias, which were used to 
analyze the mapping of respective single error category in the current study (Sollmann et al., 
2015c; Krieg et al., 2016; Sollmann et al., 2018a).�Based on that, the targets corresponding 
to all errors except hesitations (including no responses, performance errors, neologisms, pho-
nological paraphasias, and semantic paraphasias together) and single error (respectively, no 
responses, performance errors, hesitations, and semantic paraphasias) were identified in 
nTMS mapping data and exported as a single file respectively, which contained objects in three 
depths (15 mm, 20 mm and 25 mm) from each target in the format called Digital Imaging and 
Communications in Medicine (DICOM). This imaging format is consistent with the data format 
in the picture archiving and communication system (PACS) for the compatibility and accessi-
bility of the mapping results. The platform of Brainlab software (Brainlab iPlan Net server, ver-
sion 3.0.1, Brainlab AG) connected to the PACS system enabled the achievement of further 
data processing and visualization of language function-related stimulation targets. The DICOM 
file containing the function-related stimulation targets obtained above was uploaded to the 
server through this system. Then the data was able to be analyzed and processed on the iPlan 
platform��
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Each of the following categories of language errors corresponding to the contrast-enhanced 
T1-weighted gradient-echo imaging file with its related stimulation targets was set as the seed 
region for later nTMS-based DTI-FT in the iPlan platform: 

(1) All errors except hesitations corresponding stimulation targets; 

(2) No responses corresponding stimulation targets; 

(3) Performance errors corresponding stimulation targets; 

(4) Hesitations corresponding stimulation targets; 

(5) Semantic paraphasias corresponding stimulation targets. 

 

3.7 nTMS-based DTI-FT 

All tractography and analysis steps were conducted on the Brainlab iPlan Net server (version 
3.0.1, Brainlab AG, Munich, Germany). 

Each of the five DICOM files exported from the Nexstim system was based on the T1-weighted 
gradient-echo imaging for registering in the same space. Then, these targets from different 
categories, respectively contained in their corresponding DICOM files, were used to construct 
the ROI seeds in 3 depths (15 mm, 20 mm, and 25 mm to the scalp) in the brain. The 5 ROI 
seeds represent 5 linguistic errors: all errors except hesitations, no responses, performance 
errors, hesitations, and semantic paraphasias. 

The algorithm used for the tractography was deterministic fiber tracking based on the ROI seed 
mentioned above. The ROI seeds were separately fused to the preoperatively acquired en-
hanced 3D T1-weighted gradient-echo image to register their spatial locations. Then DTI files 
fused to the 3D T1-weighted gradient-echo image, during which the eddy current correction 
was applied to reduce distortions. As a result, the DTI and the seeds were in the same space 
as the structural image. 

Regarding the tractography setup of the fractional anisotropy (FA), Sollmann et al. proposed 
the method of quartile FA as the thresholds, which was applied in the current study (Sollmann 
et al., 2016b). In the process of determining the individual FA threshold (FAT), 2 steps were 
conducted in sequence:  

(1) The fiber length (FL) threshold was set to 110 mm, and the FA was increased stepwise 
at 0.01 until displaying no fiber courses (Frey et al., 2012; Sollmann et al., 2016b);  

(2) This FA value decreased by 0.01 was regarded as the 100% FAT (Frey et al., 2012; 
Sollmann et al., 2016b).  

This FAT value corresponded to visualization of the minimum fiber course (Frey et al., 2012; 
Sollmann et al., 2016b). Besides 100% FAT, 75% FAT and 50% FAT were also calculated and 
used as thresholds for the following DTI-FT. 

The FT in the current study was purely based on nTMS language mapping data under respec-
tive setup with FA and FL (Sollmann et al., 2016b; Negwer et al., 2017a). The fixed FA and 
individualized quartile FAT were both applied to FT thresholds, as follow:  
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(1) FA = 0.10, FL = 100 mm; 

(2) FA = 0.15, FL = 100 mm; 

(3) FA = 100% FAT, FL = 100 mm; 

(4) FA = 75% FAT, FL = 100 mm; 

(5) FA = 50% FAT, FL = 100 mm. 

Then, each of the 5 ROIs was used for DTI-FT under each of the 5 FA setups. Therefore, a 
total of 25 kinds of tractography were conducted for each subject. 

 

 
Figure 9. FT under each setup of FA thresholds. 

 

Figure 9. In this figure, the FL threshold is 100 mm. For the seed, the category “all errors except 
hesitation.” is used here. A. the FA is 0.1; B. the FA is 0.15; C. under 100% FAT; D. under 75% 
FAT; E. under 50% FAT; F. under 25% FAT. 
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Figure 10.1. Tracked fibers based on the seeds corresponding to different language errors (FA threshold = 0.15). 
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Figure 10.2. Figure of all seeds and fibers from the figure 10.A to 10.E. 

 

Figure 10.1.A presents the seed and fibers corresponding to all errors except hesitations (in 
yellow); Figure 10.1.B presents the seed and fibers corresponding to no response (in emerald); 
Figure 10.1.C presents the seed and fibers corresponding to performance error (in blue); Fig-
ure 10.1.D presents the seed and fibers corresponding to hesitations (in purple); Figure 10.1.E 
presents the seed and fibers corresponding to semantic paraphasias (in red); Figure 10.1.F 
the brain outline used as the background for presenting the intracranial tracts. Figure 10.2. 
This figure is the combination of all seeds and fibers from Figures A to E. 

 

The fiber courses were color-coded depending on the error types and displayed in a stereo-
image of the brain (Figure 9 and 10). Tumor regions and the following language-related sub-
cortical courses of interest were systematically identified: (Catani and Thiebaut de Schotten, 
2008; Kuhnt et al., 2012; Axer et al., 2013; Gierhan, 2013; Negwer et al., 2017a): (1) AF; (2) 
SLF; (3) ILF; (4) UC; (5) FoF; (6) CF; (7) CNT; (8) CtF; (9) ArF. 

In evaluating fiber courses based on each nTMS seed, fiber number under each setup of 
thresholds was documented for the following statistical analysis. 

 

3.8 Statistics  

The GraphPad Prism (version 7.0; GraphPad Software Inc., La Jolla, CA, USA) was used for 
statistical analyses and figure creation.  

The descriptive statistics were applied to the demographic data (age, gender, and tumor enti-
ties) of enrolled patients, including mean ± standard deviation (SD), median, minimum, and 
maximum values. The absolute and relative frequencies of the nine different fiber courses vis-
ualized were calculated for each tractography. 

The setup of FT thresholds leading to the highest fraction of overall fiber courses visualized 
among all patients was recorded. Under this threshold, the proportions of patients presenting 
different tracts considering all errors except hesitations were respectively compared against 
that of the tractography based on different language errors by X2-tests, including no responses, 
performance errors, hesitations, and semantic paraphasias.  

The average ratio (α) of all visualized tracts visualized under each setup of tractography thresh-
olds was used to measure the traceability for each language error category, as follow: 

 

! =	$!" +	$#$" +	$%$" +	$&" +	$"'" +	$()" +	$(*+ +	$(" +	$!,"9  

 

In the formula, R represents the proportion of one certain visualized fiber course. 9 is the total 
number of 9 tracts of interest in the current study. The subscripts describe the 9 tracts, includ-
ing AF, SLF, ILF, UF, FoF, CtF, CNT, ArF, and CF. 
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To measure the difference of proportions of visualized fibers between dorsal and ventral path-
ways among the category of all error without hesitations and the other four categories of lin-
guistic errors, the average ratio (ε) of visualized tracts is calculated for the dorsal stream con-
sisting of SLF and AF, while the average ratio (() of visualized tracts is calculated for ventral 
stream consisting of ILF, UF, and AF, as follow:  

 

) = 	$!" +	$#$"2  

 

+ =	$%$" +	$&" +	$"'"3  

 

Furthermore, a fibers-per-tract Ratio (Ratiofibers-per-tract) was introduced in the current study, 
which was defined as the fiber number of visualized fibers (Nvisualized fibers) divided by the number 
of visualized tracts (Ntracts = 9), as follows: 

 

Ratio-./0123401351675 =	
289:;<=9:>?	A9B>,:

2),<C):
 

 

This was performed regarding different seeds in each nTMS-based DTI-FT. The Shapiro-Wilk 
normality test was conducted and indicated the non-normal distribution of the above indexes. 
These ratios derived from tractography of all errors except hesitations were compared against 
that of tractography respectively of no responses, performance errors, hesitations, and seman-
tic paraphasias by using Wilcoxon matched-pairs signed-rank tests. 

For all statistical comparisons, a p-value under 0.05 was considered statistically significant. 
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4. RESULTS 
 

4.1 Clinical and Demographic Data 

The preoperative nTMS language mapping and nTMS-based DTI-FT were successfully con-
ducted in 40 enrolled patients with different eloquent tumors.   

The general demographic information from all enrolled patients is presented in table 1. 

 

Table 1. Demographics of the study cohort 

No. Date of 
mapping Gender Age 

(Years) Handess Pathology Tumor vo-
lume (cm3) 

WHO 
Grading 

1 2016/9/12 m 37.8 L Ganglioglioma 4.67 1 

2 2017/10/24 m 52.0 L Glioblastoma 28.10 4 

3 2017/12/12 f 48.7 R Anaplastic Astrocytoma 0.44 3 

4 2017/9/6 m 76.7 R Glioblastoma 4.57 4 

5 2016/12/9 m 61.7 R Metastasis 32.50 / 

6 2017/4/6 m 68.5 R Glioblastoma 52.10 4 

7 2016/11/17 f 25.9 B Arteriovenous Malformation 3.08 / 

8 2017/3/29 f 33.9 R Cavernoma 2.07 / 

9 2017/10/9 f 47.5 R Metastasis 13.90 / 

10 2017/10/9 m 54.2 R Glioblastoma 82.70 4 

11 2017/9/18 f 47.9 R Metastasis 0.95 / 

12 2017/10/10 m 45.7 R Oligodendroglioma 13.00 2 

13 2016/11/28 m 52.2 R Glioblastoma 17.80 4 

14 2017/11/27 f 70.1 R Glioblastoma 0.54 4 

15 2017/12/27 f 38.6 R Gangliocytoma 7.20 1 

16 2017/12/20 m 64.3 R Glioblastoma 93.30 4 

17 2017/8/28 m 60.6 R Metastasis 2.40 / 

18 2017/8/16 m 72.6 R Glioblastoma 3.89 4 

19 2017/7/11 f 49.9 R Glioblastoma 5.27 4 

20 2017/11/28 m 57.3 R Glioblastoma 4.12 4 

21 2017/11/14 m 71.5 B Glioblastoma 13.00 4 

22 2017/8/2 m 53.4 R Arteriovenous Malformation 3.20 / 

23 2017/8/17 m 55.6 R Glioblastoma 40.80 4 

24 2016/8/18 f 72.2 B Glioblastoma 5.73 4 

25 2016/10/4 f 30.5 R Pilocytic Astrocytoma 0.32 1 

26 2017/5/4 m 66.6 R Metastasis 2.50 / 

27 2017/7/26 f 38.2 R Pilocytic Astrocytoma 1.44 1 

28 2017/8/7 m 74.4 R Glioblastoma 18.80 4 

29 2017/6/26 m 62.0 L Glioblastoma 39.40 4 
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30 2017/8/14 m 38.2 R Metastasis 5.74 / 

31 2016/8/24 f 55.1 R Glioblastoma 61.00 4 

32 2018/1/9 f 60.5 R Glioblastoma 14.90 4 

33 2017/5/3 m 42.0 R Arteriovenous Malformation 1.91 / 

34 2018/1/9 m 18.9 L Pilocytic Astrocytoma 5.83 1 

35 2016/10/28 m 59.9 R Metastasis 41.80 / 

36 2017/3/23 m 20.3 R Glioblastoma 70.20 4 

37 2017/12/8 f 80.8 R Glioblastoma 1.30 4 

38 2018/2/8 m 70.6 L Glioblastoma 24.40 4 

39 2018/2/9 f 73.9 R Metastasis 23.30 / 

40 2018/2/19 m 40.6 R Cavernoma 0.04 / 

 

Table 1. This table presents the general demographic information of the enrolled patients, in-
cluding mapping date, gender, age, pathological diagnose, WHO grade, and tumor volume. 

 
Before the operation, our team combined these nTMS-based DTI-FT results with clinical ex-
aminations for a comprehensive analysis to plan the surgery. According to the feedback from 
our neurosurgeons, the incorporation of the data derived from nTMS language mapping and 
nTMS-based DTI-FT was considered helpful in not only planning the resection of the tumor but 
also suggesting the potentially functional regions for the intraoperative DES during the opera-
tion in all cases.  

In Table 2, the clinical related characteristics of the cohort are presented. The mean tumor 
volume was 18.7 ± 24.1 cm3 (from 0.1 cm3 to 93.3 cm3).  

 

Table 2. Demographic characteristics of patients 

Items Quantity 

Number of patients 40 

Age (years; mean ± SD, range) 53.80 ± 16.00 (18.90–80.80) 

Gender (%) Male 62.50  

Female 37.50 

Tumor enti-
ties (%) 

Glioma WHO grade I 12.50 

Glioma WHO grade II  2.50 

Glioma WHO grade III  2.50 

Glioma WHO grade IV  50.00  

Metastasis  20.00 

Cavernoma 5.00 

AVM  7.50 

 
Table 2 shows the descriptive statistics of patients’ demographic information, including the 
number of enrolled patients, age, gender, and histopathological report of tumor after operations.  
AVM: arteriovenous malformation; WHO: World Health Organization 
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Table 3 summarizes the patients’ clinical courses at different phases (preoperation, postoper-
ation, and follow-up phase), including the language performance estimations, motor function 
tests, and Karnofsky Performance Status (KPS) scores. Assessment of the language status 
was classified into four grades (from grade 0 to 3). The British Medical Research Council 
(BMRC) scale of muscle strengths was used to estimate the motor function in every patient 
and then classified into two categories, BMRC = 5/5 representing the motor integrity and 
BMRC < 5/5 indicating motor deficits in different levels. The median and range of KPS were 
also calculated. 

 
Table 3. Summary of clinical data 

Function categories Grades Percentage  

Language function preoperative status (% of patients) Grad 0 62.50 
 Grad 1 17.50  
 Grad 2 17.50  
 ≥Grad 3 2.50  

postoperative status (% of patients) Grad 0 50.00  
 Grad 1 25.00  
 Grad 2 20.00  
 ≥Grad 3 5.00  

Clinic follow-up (% of patients) Grad 0 65.00  
 Grad 1 20.00  
 Grad 2 10.00  
 ≥Grad 3 5.00 
Surgery-related deficits (% of pa-
tients) None  77.50  

 Transient 10.00 
 Permanent 12.50 

Motor function preoperative status (% of patients) BMRC = 5/5 92.50 
 BMRC < 5/5 7.50 

postoperative status (% of patients) BMRC = 5/5 80.00 
 BMRC < 5/5 20.00 

Clinic follow-up (% of patients) BMRC = 5/5 92.50 
 BMRC < 5/5 7.50 
Surgery-related deficits (% of pa-
tients) None  85.00 

 Transient 12.50 
 Permanent 2.50 

KPS scores preoperative status (% of patients) Median 90.00  
 Range 50.00~100.00 

postoperative status (% of patients) Median 80.00 
 Range 50.00~100.00 

Clinic follow-up (% of patients) Median 90.00 
 Range 40.00~100.00 
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Table 3 provides detailed descriptive statistics of the clinical examination on the patients, in-
cluding values for aphasia level, muscle strengths, and Karnofsky Performance Status (KPS) 
scores. 

 

Friedman-tests on the clinical aphasia scores from the preoperational, postoperational, and 
follow-up phases showed a significant difference among the three conditions (Figure 11). The 
level of postoperational aphasia increased significantly compared to the aphasia levels in both 
preoperational and follow-up phases. However, there was no significant difference in aphasia 
levels between the preoperational and follow-up phases (Figure 11). 

Correlation analysis showed that the pathological diagnoses were correlated to the preopera-
tive aphasia scores (r = 0.392, p = 0.012) but not to the postoperational aphasia scores (r = 
0.039, p = 0.810 > 0.05), nor to the follow-up scores (r = 0.042, p = 0.797 > 0.05). 

 

 
Figure 11. Comparison of aphasia scores among the preoperational phase, postoperational phase, and follow-up 

phases. 

 

Figure 11. In this figure, the result of the Friedmann nonparametric analysis showed significant 
differences among the aphasia levels in the preoperational, postoperational, and follow-up 
phases (ns: no significant difference; *: p < 0.05) 

 

Considering tumors located in the language-eloquent areas, the proportions of patients with 
grade 1 and 2 aphasia increased respectively from 17.50% to 25.00% and from 17.50% to 
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20.00% after the operation. During the follow-up phase, the proportions of patients with grade 
1 and 2 aphasia decreased to 20.00% and 10.00%, respectively. It is noted that the proportion 
of patients without aphasia in the follow-up phase (65.0%) increased by 2.50% compared with 
the preoperative phase (62.50%). When comparing preoperative and postoperative language 
functions, 10.00% of patients suffered from transient surgery-related aphasia, and 12.50% 
were diagnosed with permanent surgery-related language deficits at different levels. The 77.50% 
of patients who did not experience a decrease in language function and the patients with the 
transient language deficit (10.00%), hence, resulted in 87.50% of patients preserving their in-
tact language function after surgery.  

Regarding changes in muscle strength, 20.0% of patients had a decreased muscle strength 
after surgery. However, during follow-up, the proportion of patients with muscle weakness was 
the same as that in the preoperational phase. 

The KPS Median decreased by 10.0% after surgery. However, during the follow-up, though 
the expanded range of scores was found during follow-up, the median KPS score went back 
to the preoperative level.  

Preoperative sensory deficits were recorded in 7.50% of patients in other clinical physical ex-
aminations, whereas patients with sensory deficits after surgery increased by 2.50% during 
follow-up examinations. According to their medical records, 45.00% of patients had experi-
enced epileptic seizures preoperatively, whereas only 25.00% suffered from seizures during 
the follow-up phase. Regarding the antiepileptic drugs, 86.30% of patients took levetiracetam, 
6.90% took prescribes of levetiracetam and valproate, 3.40% were treated with levetiracetam 
and carbamazepine, and 3.40% were treated with levetiracetam and phenytoin. 

 

4.2 Mapping and Tractography 

Regarding the simulation setup, the ipsilateral rMT measurements in the left hemisphere were 
successfully conducted in all subjects with an average rMT of 36.75 ± 8,80, ranging from 21.00 
to 59.00. While contralateral rMT measurements were performed in 35 patients, resulting in an 
rMT of 37.97 ± 9.09 with a range of 22.00~60.00. There was no significant difference between 
the hemispheres according to paired t-tests. 

There were 39 patients presenting more than one naming error. Regarding the different cate-
gories of naming errors, 36 patients (90.00%) presented no-response errors, 35 patients 
(87.50%) presented performance errors, 16 patients (40.00%) presented hesitation, and se-
mantic paraphasias were found in 30 patients (75.00%).  

The traceability of language-related fibers at different adjustments was evaluated in each of 
the five error categories. The CNT has displayed the highest ratio of traceability among all 
fibers under every adjustment, which was followed by the CtF except under the adjustment of 
100% FAT (Table 4).  

The 100% FAT from different types of naming errors was recorded. The 100% FAT corre-
sponding to all errors except hesitations is 0.33 ± 0.08, at the range of 0.20 ~ 0.51. In the 
category of no response, its 100% FAT is 0.31 ± 0.07, ranging from 0.19 to 0.47. The 100% 
FAT of performance errors is 0.29 ± 0.07, ranging from 0.17 to 0.46.  The 100% FAT 
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corresponding to the hesitation and semantic paraphasias is both at 0.29 ± 0.07, but their 
ranges are different. The 100% FAT ranges from 0.19 to 0.40 in the category of hesitation, 
while in the category, it is 0.29 ± 0.07 ranges between 0.13 and 0.51. 

The 100% FAT from different types of naming errors were compared using ANOVA, followed 
by the Bonferroni test to correct for multiple comparisons, from which no significant differences 
were found (Figure 12).  

 

  
Figure 12. ANOVA of 100% FAT among different types of naming errors with Bonferroni corrections for multiple com-

parison. 

 

Figure 12. As shown in the figure, there are no significant differences among different types of 
naming errors (p > 0.05). The whiskers above and below indicate the 10 ~ 90 percentile of the 
data. 

 

According to the results, the highest traceability (55.90%) of visualized tracts during nTMS-
based DTI-FT in the group analysis was using the threshold of the FA of 0.10 and the FL of 
100.00 mm when compared to the traceability under other adjustments (Table 4) (p<0.0001). 
It suggests that the application of FAT = 0.10 during fiber tracking in the current study can best 
present subcortical fibers. Thus, results from the analysis with this adjustment were used for 
the subsequent analysis.  

In the following parts, detailed analyses of DTI-FT based on the respective error category in 
nTMS language mapping are presented. 
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Table 4. Fractions of visualized tracts among all patients under different tracking ad-
justments 

 
Tractography setups Language-related tracts (%) α FA FL(mm) ArF CF AF CNT CtF SLF ILF UC FoF 
0.10  100.00 24.50  69.50 60.50  72.00  68.00  61.00  61.50  25.00 62.00 55.90  
0.15  100.00 9.00 58.00 54.00  68.50  57.50  42.00  51.50  11.00 50.00 44.60 
100%FAT 100.00 1.00  6.50 18.50  40.00  3.00  7.00  11.00  1.00 18.00 11.80 
75%FAT 100.00 5.00  37.00  34.00  62.00  40.50  18.50  30.00  1.50 37.00 28.40  
50%FAT 100.00 7.50  58.00  52.50  71.50  64.00  42.00  52.00 12.00 53.50 45.90  

 

This table shows the percentage of visualized tracts resulting from the analysis on the tractog-
raphy under different setups consisting of FA (FA = 0.10, 0.15, 100% FAT, 75% FAT, and 50% 
FAT) and FL (100.00mm). The fractions are presented for AF, SLF, ILF, UC, FoF, CF, CNT, 
CtF, and ArF. α indicates the average ratio of visualized tracts in each category of tractography 
setups. The traceability under FA = 0.10 is at the highest ratio compared with other setups (p 
<0.0001). 

 

 
Figure 13. Percentage of each neaul tract corresponding to different naming errors 
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Figure 13. The figure shows the percentage of patients presenting 9 tracts of interest corre-
sponding to each error type. Each subfigure corresponds to a respective tract. 

 

4.3 Ratios of Patients Presenting Visualized Fibers  

The best traceability was detected with FA = 0.10, under which the ratio of patients presenting 
visualized fibers was calculated. 

All errors except hesitations were considered the most commonly used category in nTMS-
based DTI-FT for subcortical language-related tracts. In the current study, its tractography of 
the corresponding seeds resulted in the high fractions of visualized tracts, 81.10% of patients 
presenting at least one of the above tracts during analyses (Figure 13). Regarding the category 
of no responses, 67.20% of patients presented more than 1 neural tract in tractography. The 
category of performance errors comes the second, in which 59.20% of patients showed the 
tracts mentioned above (Figure 13). Followed by the category of semantic paraphasias, in 
which 46.40% of patients presented different tracts. In the end, it’s the category of hesitations; 
only 25.60% of patients presented the various tracts according to their results from nTMS-
based DTI-FT (Figure 13). 

 

4.4 Numbers of Fibers and Ratiofibers-per-tract in Tractography 

When using the seeds from the category of all errors except hesitations for tractography, the 
total number of the tracked fibers is 3896.10 ± 2437.60 (ranging from 731.00 to 10468.00) 
displayed in figure 14, resulting in a Ratiofibers-per-tract is at 538.40 ± 340.50 (range 119.80 ~ 
1416.30).  
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Figure 14. Comparison of the ratio of fibers/tracts among different catorgeries of naming errors. 

 

Figure 14. This figure presents the ratio of fibers/tracts based on 5 categories of naming errors, 
including all errors except hesitations, no response, performance errors, hesitation, and se-
mantic paraphasias. The whiskers above and below indicate the 10 ~ 90 percentile of data. 

 

The fiber number resulting from tractography in the no response category is 3618.70 ± 2171.80 
(ranging from 649.00 to 9648.00) detected in total. Furthermore, the Ratiofibers-per-tract corre-
sponding to the no response category is 548.60 ± 325.80 (ranging from 92.70 to 1570.00) 
(Figure 14). The Ratiofibers-per-tract of nTMS-based DTI-FT from seeds corresponding to the cat-
egory of all errors except hesitations and the Ratiofibers-per-tract from the category of no responses 
were compared, resulting in no statistical significance (p = 0.4507). 

The total number of fibers visualized in nTMS-based DTI-FT from seeds of performance errors 
is 3107.10 ± 2680.70 (ranging from 189.0 to 12288.0). Then, the Ratiofibers-per-tract is calculated, 
resulting in 545.30 ± 519.70 (range: 74.2 – 2125.2) (Figure 14). However, there was no statis-
tical significance between tractography based on the seeds of all errors except hesitations and 
seeds of performance errors (p = 0.5223). 

Regarding the category of hesitation, the tractography based on its seeds resulted in the num-
ber of tracked fibers was 3447.00 ± 2239.90 (range: 1068.00 – 9891.00), then its Ratiofibers-per-

tract was 632.60 ± 394.70 with a range from 188.70 to 1413.00 (Figure 14). No significant dif-
ferences of Ratiofibers-per-tract are detected in the comparison between the category of all errors 
except hesitations and the category of hesitations (p = 0.2312). 

In the tractography for semantic paraphasias, the total number of tracked fiber was 3282.00 ± 
2762.40 (range 240.00 – 11556.00). The Ratiofibers-per-tract was 605.90 ± 533.20 (range 40.00 – 
2311.20) (Figure 14). No significant difference was detected between Ratiofibers-per-tract from the 
category of all errors except hesitations and Ratiofibers-per-tract from the category of semantic par-
aphasias (p = 0.5425). 

 

4.5 Analysis of Ventral and Dorsal Streams 

The ratio of visualizing the two streams corresponding to different categories was calculated, 
respectively (Table 5).  

 

Table 5. Analysis of ventral and dorsal streams 
 

Category 
 

The (ε) ratio of visualiz-
ing the ventral stream 

(%) 

P (1) 
value 

The (D) ratio of visual-
izing the dorsal stream 

(%) 

P (2) 
value 

All errors except hesitations 62.50  60.00  

No responses 49.17 0.04 56.25 0.63 

Performance errors 35.83 <0.01 47.50 <0.01 

Hesitation 10.83 <0.01 18.75 <0.01 

Semantic paraphasias 26.67 <0.01 35.00 <0.01 
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Table 5. P (1) value: The K-square test between the ratio of the ventral stream from the cate-
gory of all errors except hesitations and that from the other 4 categories (no responses, per-
formance errors, hesitations, and semantic paraphasias). 

P (2) value: The K-square test between the ratio of the dorsal stream from the category of all 
errors except hesitations and that from the other 4 categories (no responses, performance 
errors, hesitations, and semantic paraphasias). 

 

The ratio of the ventral stream from the category of all errors except hesitations is higher than 
that from the other 4 categories (Table 5). And the ratio of the dorsal stream from the category 
of all errors except hesitations is higher than that from the categories consisting of performance 
errors, hesitation, and semantic paraphasias, except the category of no responses (Table 5). 

 



 41 

5. DISCUSSION 

�

This study focused on the visualization of language function-related neural tracts in patients 
with tumors in language-eloquent regions. With nTMS applied in the preoperative phase for 
the language mapping, the language-related cortex was identified and later used as the seed 
regions for the fiber tracking. The optimal adjustment resulting in the best visualization of neu-
ral tracts was determined by comparing different parameters used for tractography. Then, this 
adjustment was applied in the setup for the comprehensive analysis on the nine different sub-
cortical tracts of interest, which were known to be language-related from previous pieces of 
literature.  

The analysis of nTMS-based DTI-FT was founded on the different types of naming errors, 
namely all errors except hesitations, no responses, performance errors, hesitations, and se-
mantic paraphasias. The dorsal and ventral streams were demonstrated to be related to all 
kinds of naming errors, suggesting their hierarchical or multi-layered functional collaboration 
for processing linguistic information. 

 

5.1 nTMS and the Prognosis of Language Function 

The previous studies demonstrated that the pathological diagnosis of the intracranial lesion is 
correlated to the postoperative survival time (Porter et al., 2011; Liang et al., 2020); however, 
its relationship with the language function has not been systematically investigated.  The cur-
rent study showed that the pathological diagnoses were only correlated with the preoperational 
aphasia states (r = 0.392, p = 0.012), while it is not correlated with the aphasia scores in the 
other phases (postoperation: r = 0.039, p =0 .810 > 0.05; follow up: r = 0.042, p = 0.797 > 0.05). 
Pathological investigation can indicate not only the growth rate and malignancy of the tumor 
cells but also the genetic mutations, for example, IDH, P53. Those pathological changes are 
closely related to the severity of the brain lesions (Rees, 2011); however, the postoperative 
functional recovery levels are currently considered to be related to brain plasticity (Duffau et 
al., 2003), which may lead to that the functional postoperative prognosis is not correlated with 
the pathological diagnosis.  

Surgery-related transient aphasia occurs in 10% of patients enrolled in this study; meanwhile, 
permanent aphasia associated with surgery occurred in 12.50% of patients. The permanent 
aphasia patients increased by 2.50%, while the patients with grade 2 aphasia decreased to 
10% from preoperative 17.5%, and the patients with grade 0 or grade 1 aphasia increased by 
5.00%. Regarding the difference in the language function between the follow-up and preoper-
ative phase, 12.50% of the patients got worse function, whereas 17.50% of the patients 
showed significant improvement in language function at the follow-up phase. Among the pa-
tients manifesting a permanent functional decline, only one patient was diagnosed with grade 
3 aphasia during follow-up.  

Outcomes in our study were consistent with previous reports using DES. In previous articles, 
they measured the short-term and long-term prognosis of linguistic functions in patients 
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receiving DES during the glioma resection, which demonstrated the probability of transient 
aphasia appearing postoperatively ranges from 14.00 % to 50.00 % (Sanai et al., 2008; Duffau 
et al., 2009b; Wilson et al., 2015; McCarron et al., 2017), while the permanent functional dete-
rioration occurs in 5.00 % to 20.00 % of the cases (Sawaya et al., 1998; Taylor and Bernstein, 
1999; Brell et al., 2000; Chang et al., 2003). Given that the entire group of patients presented 
with tumors in left-hemispheric, language-eloquent regions, the nTMS combined with DTI-FT 
showed that the tumor did not totally invade the cortical and subcortical language-related re-
gions. Combining the results of nTMS mapping to formulate a reasonable surgical plan makes 
the total resection of intracranial tumors being conducted more safely and better avoid surgery-
related damage to language-related brain structures. Only 5% of the patients in this study de-
veloped grade 3 aphasia after surgery, which supported that the combination of nTMS and 
DTI-FT for preoperative functional localization helps improve the patients’ prognosis. 

Therefore, the current study suggested that the combination of preoperative nTMS language 
mapping and nTMS-based DTI-FT can not only provide guidance for planning the surgery but 
also potentially benefit the functional prognosis. However, a randomized controlled trial regard-
ing this relation is needed in the future. 

 

5.2 nTMS-based DTI-FT for Language Function  

It is demonstrated in the previous study that the tractography based on the nTMS mapping 
results can support the preoperational visualization of subcortical structures (Raffa et al., 2016). 
In Raffa’s study, they defined different approaches to set seeds for the subsequent tractog-
raphy analysis, consisting of (1) seed of all language-positive nTMS spots (all-spots strategy), 
(2) seed of each single language-positive nTMS spot for FT respectively (single-spot strategy), 
and (3) using anatomical ROI seeding (standard FT strategy) (Raffa et al., 2016). The tractog-
raphy results, respectively, based on those three seeds used for visualizing the complex cor-
tico-subcortical language network were accessed and compared (Raffa et al., 2016). Their 
comparisons showed that the nTMS-based DTI-FT is superior to the other FT approaches by 
better presenting the cortical and subcortical neural connections related to the language func-
tions. 

The above-mentioned point established the important theoretical bases of the methods used 
in the current study. However, the differences compared to our approach are needed to be 
noticed:  

(1) “single-spot” strategy (Raffa et al., 2016) was not used in the current study. We only 
defined the cortical seeds according to the naming errors. Tractography in the current 
study was purely based on nTMS language mapping, neither defining the anatomical 
seed nor counting the number of spots connected. Seeds related to one type of naming 
errors were combined for the DTI-FT to generate a better view of the language-related 
network; 

(2) Only a small cohort has been used in Raffa’s study (Raffa et al., 2016). We expanded 
the sample size to 40 cases to increase the stability and reliability of the research re-
sults. At the same time, the tracts of interest were expended to 9, to achieve a more 
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detailed picture of the subcortical network;  

(3) We introduced a new category, "all errors except hesitation," in the seeding process 
and used it as a control group in comparisons to analyze the differences among various 
aspects of the language; 

(4) The dependency of tract visualization on ROIs consisting of different error types as 
evaluated in the current study has not been systematically explored in the past. It 
should be noticed that the different aspects of cerebral functions are involved in differ-
ent naming errors. The exploration of language functions based on different naming 
errors respectively, rather than combined as a single category, can present the different 
aspects of linguistic function.  Results of the current study and the previous one by 
Raffa et al. should not be compared directly. In Raffa’s study, their interpretation was 
only partially consistent with ours regarding the associations between error types and 
subcortical tracts.  

(5) Based on previous literature, the current study introduced the "dual-stream" model to 
define the role of the streams concerning naming errors. Different fibers are regarded 
as a functional unit in analysis (Buchsbaum et al., 2005; Axer et al., 2013; Fridriksson 
et al., 2016; Dittinger et al., 2018), which is consistent with the current view widely 
recognized in the domain of neuroscience: the generation and output of brain function 
are the results of the synergy between different networks and neural tracts (Fornito et 
al., 2012). 

 

5.3 Laguage-related Tracts 

The nine different subcortical language-related pathways related to language are investigated 
and focused on in the current study, consisting of AF (Rolheiser et al., 2011), SLF (Kamali et 
al., 2014), ILF (Steinbrink et al., 2008; Lebel et al., 2013), UF (Friederici and Gierhan, 2013), 
FoF (Ille et al., 2018), CF (Negwer et al., 2017a; Negwer et al., 2017b), CNT (Love and Webb, 
2008), CtF (Crosson, 2013; Negwer et al., 2017a), and ArF (Bhatnagar, 2018). Our results 
supported the emerging conceptualization of the language processing system posits that the 
integrity of white matter tracts reinforces different aspects of information processing (Sollmann 
et al., 2015a; Sollmann et al., 2016b; Negwer et al., 2017b; Ille et al., 2018; Negwer et al., 
2018). 

According to previous studies, the AF is considered the major subcortical fascicle in maintain-
ing language processing, and its damages are related to different kinds of aphasia(Leclercq et 
al., 2010; Maldonado et al., 2011). Moreover, phonological errors can be seen when the AF is 
stimulated using intraoperative DES (Duffau et al., 2002; Leclercq et al., 2010; Maldonado et 
al., 2011; Chang et al., 2015). Phonological errors are not commonly detected in nTMS lan-
guage mapping; hence they were not included in the current study (Lioumis et al., 2012b; Picht 
et al., 2013; Krieg et al., 2016). Additionally, AF’s microstructure was found related to the de-
velopment of literacy skills (Broce et al., 2019). Regarding the different error types, AF was 
most frequently visualized in semantic paraphasias and hesitations (Raffa et al., 2016); how-
ever, in the current study, the AF was mostly observed through performance errors (72.50%) 
and semantic paraphasias (57.50%) compared to other naming errors. Although both Raffa's 
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study and ours were performed in Germany and only enrolled German native speakers (Raffa 
et al., 2016), bilingualism was not taken into consideration in either of the studies, which could 
lead to different results on AF. It has been demonstrated that long-term training experience in 
bilingual circumstances can lead to more structural connections in the left AF when compared 
with monolinguals (Hamalainen et al., 2017). 

The injured SLF has shown to be predominantly correlated to speech arrests, dysarthria, and 
other articulatory impairments in previous studies (Leclercq et al., 2010; Galantucci et al., 2011; 
Broce et al., 2019). In the current study, it was observed that the ratio of SLF visualization was 
comparatively high in different error categories: performance errors (72.50%), no responses 
(70.00%), and semantic paraphasias (55.00%) (shown in figure 14). Both the AF and SLF are 
regarded as major fiber tracts in the dorsal stream, involving language-related motor processes 
(Chang et al., 2015). Therefore, nTMS on the AF and SLF inducing a high fraction of perfor-
mance errors supported the role of the dorsal stream in language function (Krieg et al., 2016). 

Most studies just considered the ILF as a part of the ventral stream, then merged its analysis 
with the FoF, thus impeding the clear interpretation of its associations with specific language 
functions and/or error types (Mandonnet et al., 2007). Currently, the ILF was mostly suggested 
to be related to the maintenance of semantic processing (McKinnon et al., 2018). Additionally, 
Raffa indicated that the most frequent error type among connected regions by the ILF was 
semantic paraphasias (Raffa et al., 2016). This is also supported by Herbet’s findings that 
confirmed the ILF playing a role in lexical retrieval in healthy brains (Herbet et al., 2018). In the 
current study, the ILF was not the most visualized tract for semantic paraphasias, but it was 
visualized in most patients with semantic paraphasias (60.00%). We considered reasons be-
hind this might be that semantic paraphasias are rarely observed during nTMS language map-
ping, thus hampering in interpreting the nTMS-based DTI-FT for this category. This problem 
was also mentioned in previous studies (Sollmann et al., 2015d; Raffa et al., 2016). More tech-
niques should be considered for a hybrid analysis to compensate for the rare occurrence of 
semantic paraphasias. 

The FoF was considered a neural tract associated with semantic language processing and 
goal-oriented behavior (Conner et al., 2018). However, semantic paraphasias are hardly in-
duced during nTMS language mapping, hindering the application of nTMS-based DTI-FT for 
this error type (Figure 14). In the current study, the FoF was detected in 80.00% of cases under 
the no response category, while only in 45.00% employing the category of semantic parapha-
sias. Although not fully delineated until now, the FoF was related to language functions, such 
as reading and writing (Fekonja et al., 2019). The role of the FoF in language still needs further 
study. 

The CF was detected in 87.50% of patients presenting no response and 80.00% of patients 
presenting performance errors, which supported the view that CF was a crucial fascicle for the 
speech-language functions (Witruk et al., 2002; Love and Webb, 2008). It is evident from a 
case study that the posterior CF is a vital structure in communicating information between the 
occipital cortex in the right hemisphere and the language centers in the left hemisphere (Mulroy 
et al., 2011). 

CtF was engaged in language-related neural networks to support the language function 
(Crosson, 2013). Previous studies demonstrated that the thalamus was not directly involved in 
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linguistic processing but rather as a central monitor or a hot hub for connecting language-
related cortices. The basal ganglion might participate in linguistic perception and production 
(Crosson, 2013; Klostermann et al., 2013). In the current study, the CtF was found in 77.50% 
of cases under the no response category, 70.00% with performance errors, and 60.00% with 
semantic paraphasias. This underlines that the CtF has a multi-level role in language. 

The CNT was found in 82.50% of patients with no response and 80.00% of the performance 
errors in the current study. No response errors indicate a certain degree of movement disrup-
tion, including mouth and tongue movements. The CNT seems crucial in the facial and oral 
movement  (Halpern, 1986), meanwhile, takes part in linguistic plasticity (Northam et al., 2019). 

There are different views on the involvement of UF in language production. Duffau et al. re-
ported that the stimulation on UF was not able to induce language disorders during Neurosur-
gery (Duffau et al., 2009a). In 2011, Galantucci also indicated that the impairment of UF was 
not associated with the aphasia levels (Galantucci et al., 2011). But, in the same year, Papagno 
et al. recorded the obvious naming deficits in patients immediately after the tumor resection of 
LGG located in UF and also in the 3 months follow-up (Papagno, 2011; Papagno et al., 2011), 
including the object recognition, reduced verbal fluency, and anomia (Papagno et al., 2011). 
In the current study, the UF was visualized only in 12.50% of patients presenting semantic 
paraphasias. The differences in the conclusions on the UF and its relationship with language 
were observed from different studies. In the current study, the UF was detected in 30.00% of 
patients with performance errors and 27.50% of patients with no response. This ratio is smaller 
than other intracranial tracts, and it presents the involvement of UF in language processing at 
a lower level. There are several potential reasons for this phenomenon, for example, 1) differ-
ent studies enrolled subjects with different mother tongues; 2) the variable tumor locations 
among subjects affected brain functions at different levels, 3) the plasticity of language function 
will cause differences in the individualized distribution of brain functions. 

In the study by Negwer et al., the nTMS-based DTI-FT for language function can increase the 
visualization of short fibers, such as ArF and UF (Negwer et al., 2017b). The role of ArF in 
language has not been well elaborated in their article. The current study found that ArF's par-
ticipation in no response (62.50%) was higher than in other language error categories. The 
role of short fibers in the language-related subcortical network needs more investigations to 
clarify its respective functions. 

 

5.4 Different Categories of Naming Errors 

In the current study, the no response category was involved with the highest ratio in visualizing 
the IFL, FoF, CF, CNT, CtF, and ArF. It indicates the involvement of these fibers in processing 
language, but their respective major functions still cannot be identified. AF is regarded as an 
important component in language development, enhancing language learning, and monitoring 
speech (Bernal and Ardila, 2009), which might also contribute to this naming error. The CNT 
consists of fibers from motor neurons and contains important links to connect different key 
nucleus and cortices for modulating the output of the attempted speeching motion. From the 
perspective of motor neurons related to vocalization muscles, it is reasonable for CNTs to be 
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related to no response fibers. To understand the relationship between other fibers and no re-
sponse, we still need further research. 

Errors of no-response are easier to be identified and defined compared with other categories. 
In earlier times, the category of no responses was considered the main category during nTMS 
language mapping by other groups (Pascual-Leone et al., 1991; Epstein et al., 1999). Further-
more, the variability of inter- and intra-observer has been rarely reported in the no-response 
category (Sollmann et al., 2013). Another study also suggested that this error could be easily 
distinguished in earlier investigations (Pascual-Leone et al., 1991; Epstein et al., 1999). In 
terms of nTMS-based DTI-FT, it is possible to achieve comprehensive tractography results 
when relying on the no-response category alone. Furthermore, the fibers-per-tract ratio of no-
response was not significantly different from the category of all errors except hesitations (Fig-
ure 14); thus, it demonstrated that they shared a similar tractography.   

Regarding the category of hesitations, only 16 patients (40.00%) presented hesitations during 
the mapping in the current study. When employing the seeds of this category for following DTI-
FT, there were not as many visualized tracts of interest as the other categories (Figure 13), 
though the fibers-per-tract ratio of hesitations is without significant difference with other cate-
gories (Figure 14).  The percentage of patients presenting the various tracts related to hesita-
tions is not as high as other naming error categories (Figure 13). For an objective measurement 
of hesitation, the vocal latencies during nTMS should be compared with the corresponding 
baseline. It should be noticed that our subjects were brain tumor patients in the current study, 
who tend to experience fatigue and dry mouth more often than healthy people during the lan-
guage mapping, which will affect the measurement of vocal latency time. As a consequence, 
the possibility exists that objective hesitation errors probably do not occur during stimulation. 
So, we need to be conservative about hesitation errors. A method for objectively measuring 
and testing the latency time for hesitations remains to be further developed. 

In prior work, performance errors were interpreted as a disturbance in speech production and 
perception. In the category of performance error, the CNT was mostly detected (80.00%), and 
the second most is CtF (77.50%) (Figure 14). It is worth noting that there have been no detailed 
studies in nerve tracts related to this language error in previous pieces of literature.  

Semantic processing carries out the linking of the word forms and their related meaning. Dis-
ruption to this connection is seen in the present study in semantic paraphasias, where patients 
utter a semantically related word instead of the correct target. During object naming tasks, 
incorrectly performed semantic processing may lead to the substitution of the target word to a 
semantically similar or associated word. In the current study, besides UF and ArF, other seven 
tracts of interest can be visualized in more than 40.00% of patients (Figure 13). The semantic 
processing could be disturbed by the repeated nTMS influencing phonological code retrieval, 
syllabification, phonetic encoding, and articulation components of the language processing 
(Indefrey and Levelt, 2004; Strijkers and Costa, 2011; Tate et al., 2014), which were parts of 
processes needed in naming objects and actions (Krieg et al., 2016). Raffa’s study suggests 
that semantic paraphasias and hesitations were the most frequent error types regarding the 
AF, while semantic paraphasias were also the most frequent category when considering the 
ILF and inferior FoF (Raffa et al., 2016). These tracts were also visualized in most patients in 
the current study during the tractography regarding the category of semantic paraphasias. 
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However, our results cannot be compared directly with that from Raffa’s study because in the 
current study: 1) the study protocol differed, and no anatomically located seeds were used; 2) 
more patients were included. 

 

5.5 Ventral/Dorsal Stream & nTMS-based Language-related Trac-

tography 

Processes of verbal expression are grounded in a neural architecture that accomplishes the 
integration of auditory object recognition in combination with sequential prediction, which re-
quires intact structures of ventral/dorsal streams (Bornkessel-Schlesewsky et al., 2015). When 
comparing each naming error (no response, hesitations, performance errors, and semantic 
paraphasias) with all errors without hesitations, there were significant differences found in all 
pairs of comparisons on both the ventral stream and the dorsal stream, except the comparison 
between the dorsal stream from no response's category and that from all errors without hesi-
tation. This result showed that the dorsal and ventral streams were related to almost all kinds 
of naming errors.  

Firstly, it's worth discussing the functional cooperation of the two streams. In the current study, 
both streams from single error are much smaller than that from all errors except hesitations, 
which indicates that they may be jointly involved in linguistic performance at different levels 
and in the different naming processes. This conclusion underlines that language function is 
likely to be a synergistic system involving different subcortical tracts rather than a segregated 
system, which is supported by Rolheiser’s study (Rolheiser et al., 2011).  

Secondly, the lack of significant difference in the dorsal stream ratio between the category of 
all errors without hesitations and the category of no response could indicate that the dorsal 
stream could be dominant in the occurrence of the no response. Referring to the previous 
studies, the disruption of the motor controlling aspect of vocal organs leading to no response 
or performance errors was related to the dorsal stream (Loui, 2015). Henry et al. showed that 
phonological performance was impaired in patients with damages to dorsal pathway structures 
(Henry et al., 2016). The Kummerer et al. demonstrated that the individual lesion on the dorsal 
stream showed a significant correlation with a deficit in linguistic repetition performance, and 
lesions on tracts related to the ventral stream were associated with deficits in comprehensive 
performance (Kummerer et al., 2013). The dorsal stream in humans was considered predom-
inantly involved in planning vocal muscle actions, in other words, principally for the speeching 
production (Hickok et al., 2003). The dorsal stream provides the interface of auditory and motor 
cooperation process by performing phonological planning of sound-to-articulation representa-
tions, which is sub-served by projections from auditory cortical circuits to temporoparietal and 
frontal networks (Rauschecker and Scott, 2009; Friederici, 2012a; Friederici and Gierhan, 
2013; Cahana-Amitay and Albert, 2014). This cooperation process involves the motor mecha-
nism was suggested to be related to the error of no response during stimulation  (Fridriksson 
et al., 2018). These studies showed that the dorsal stream plays an important role in pro-
cessing auditory signals and phono-logical production. Under TMS stimulation, those naming 
errors were produced mainly due to the interruption of signal interaction on the dorsal stream 
for phonological motion control. 
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Regarding their difference, the ventral stream is mainly associated with auditory object recog-
nition and commutative combinatorics. In contrast, the dorsal stream is related to the hierar-
chical predictive coding of sequences from phonemes to words and sentences (Bornkessel-
Schlesewsky et al., 2015). Motor speech impairments mostly involve damage to the dorsal 
stream, whereas measures of impaired speech comprehension are more strongly associated 
with the ventral stream (Fridriksson et al., 2018). As a summary, it can be concluded that the 
difference between perceptual (echoic) and phonological-articulatory (motor) aspects of lan-
guage functions emerge from the separate contribution of dorsal and ventral streams 
(Buchsbaum et al., 2005). 

In summary, the naming errors that occur under the stimulation of nTMS might not be the result 
of disrupting a single stream but might be due to the cooperation of the dorsal and ventral 
streams being disturbed simultaneously. So far, the understanding of dorsal and ventral 
stream-related tracts was only related to the level of anatomy and external functional perfor-
mance. However, the investigation on different types of naming errors gives insight into pro-
cessing and language generation on different levels. This suggests that the functional collab-
oration between dorsal and ventral streams may be hierarchical or multi-layered, which re-
quires further investigations. Future studies using external interferences, such as nTMS, to 
interrupt the information processing of language and interaction with other cortical regions can 
enrich and improve the dual-stream hypothesis. 

 

5.6 Adjustments of Parameters in DTI-FT 

The accuracy of the FA value is affected by various factors, such as scanning parameters (the 
number of DTI gradients and voxel resolution), partial volume effects, signal-to-noise ratio, 
spatial resolution, scanner model, and diffusion encoding direction (Bourne et al., 2017). In 
2018, Kronlage's study found a negative correlation between FA and weight, height, and age 
in normal individuals and suggested that FA tends to be lower in men than women (Kronlage 
et al., 2018). However, FA is used as a measurement for the integrity of cerebral microstruc-
tures due to its sensitivity in detecting micro-changes. The differences between FA in normal 
individuals have not been fully elucidated and understood and the range of FA in normal sub-
jects still requires further inspection. So, one might argue that relying on FA for clinical pur-
poses is premature. 

Regarding its scientific application, FA is an important parameter in DTI related studies. 
Domin’s study demonstrated that the thresholds of parameters combined with the highest FA 
showed the highest effects on the tractography results; meanwhile, limits on angulation and 
fiber length influenced its lateralization effects (Domin et al., 2014). Taoka found that different 
FA thresholds would affect correlation levels between diffusion tensor parameters and the se-
verity of Alzheimer's Disease. It was concluded that a high correlation could be observed under 
the FA threshold at 0.2 between mean apparent diffusion coefficient (ADC) values and Mini-
Mental State Examination (MMSE) scores (Taoka et al., 2009).  

In most tractography analyses, the setup of the FT threshold is often based on a single fixed 
FA, such as FA = 0.1. This setting does not take the differences between individuals into ac-
count, nor the differences in the shape and volume of the skull that may affect the distribution 
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of the MRI magnetic field. These factors may interfere with the size of the individual's absolute 
FA value. Until now, there is no consensus on the adjustment of FA for DTI-FT.  Regrading 
those issues, Niida carried out an evaluation on the integrity of the anterior thalamic radiation 
(ATR) to adjusting the FA value to the optimal level in a study on Bipolar Dis-ease (Niida et al., 
2018). The most frequently used method includes quartile individual FAT or fixed parameters 
like the FA value (Weiss et al., 2015; Ille et al., 2018; Sollmann et al., 2018c). The quartile 
setup of FA in FT was used in previous studies to optimize the visualization of intracranial 
tracts by Sollmann et al. (Frey et al., 2012; Sollmann et al., 2016b; Sollmann et al., 2018c).  

In the current study, when considering nine different subcortical language-related pathways 
known from previous pieces of literature, we applied both settings simultaneously (25%FAT, 
50%FAT, 75%FAT, 100%FAT, and FA=0.1, FA=0.15) for constructing tractography. We com-
pared them and aimed to find the optimal adjustment for the highest fraction of neural tracts' 
visualization. According to our knowledge, this approach has not been used in previous studies. 
It may give researchers a better chance to detect underlying changes in subcortical structures. 

 

5.7 Limitation 

While interpreting the results of the current study, its limitations should be considered at the 
same time.  

First, from a technical point of view, the current DTI-FT technology had its own limitation, es-
pecially the reconstruction of crossing tracts or tracts in voxels located within the vicinity of the 
tumor or edema, which vulnerably results in an uncertainty of the tracked fibers (Berman et al., 
2007; Duffau, 2014). This reason leading to this limitation was reported both by Pul et al. and 
Wakana et al., stating that the tracking excludes regions with planar anisotropy because no 
main direction of diffusion can be determined (Wakana et al., 2004; van Pul et al., 2006). Par-
ticularly, in seed-based tracking, fibers might be missing owing to inconsistent ROI location. 
Currently, in the neurosurgery department, DTI combined with deterministic tracking algo-
rithms is used for routine practice. It should be considered to develop more advanced diffusion-
weighted sequences and tractography algorithms to regress out the interference signals from 
edema or bleeding in future studies. This may improve the reliability and accuracy of the results 
(Tuch et al., 2002; Yeh and Tseng, 2011; Hori et al., 2012; Kuhnt et al., 2013a; Kuhnt et al., 
2013b; Li et al., 2013).  

Second, it is demonstrated in the previous articles that nTMS language mapping is well corre-
lated with results of intraoperative DES, especially in terms of negative mapping, which has 
been proved to be with high sensitivity (maximal to 92%) (Picht et al., 2013; Krieg et al., 2014b). 
Picht et al. reported that preoperative nTMS language mapping showed an overall sensitivity 
of 90.2% and specificity of 23.8% (positive predictive value of 35.6% and negative predictive 
value of 83.9%) compared with DES (Picht et al., 2013). The low ratio of positive predictive 
value requires further investigations. It might be due to not all errors stemming from the lan-
guage-eloquent cortex but stemming from language-related brain regions, which suggested 
that not all language-positive nTMS spots must be connected to essential subcortical tracts.  



 50 

Third, subcortical language-related pathways from nTMS-based DTI-FT have not been vali-
dated by intraoperative DES, except for one case report (Sollmann et al., 2015a). The lan-
guage function was suggested to be dynamic in structural organizations so that it is still difficult 
to determine the roles of a single fascicle and the whole network on different components of 
language function. In addition, in this study, we were unable to determine whether the level of 
patients' language prognosis is directly related to the whole brain network, nor could we deter-
mine its associations with some single subcortical language-related pathway. Notably, it has 
recently been detected by Negwer et al. in the investigation of the language prognosis of pa-
tients receiving preoperative nTMS-based DTI-FT, indicated that the language status improved 
during clinical follow-up even in some patients with language deficits (Negwer et al., 2018).  

In the future, we should collect more data to confirm results and aim to provide accurate and 
function-specific tractography; meanwhile, systematic and multicentered comparisons of 
nTMS-based DTI-FT and subcortical intraoperative DES should be the next step. 
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6. SUMMARY 
 

6.1 English 

 

This is one of the first studies aiming at preoperative nTMS-based function-specific tractog-

raphy.  

Currently, the primary treatment for intracranial tumors is still surgical resection. It can be told 

that the combination of the preoperative nTMS language mapping and nTMS-based DTI-FT 

provides information of individually organized language-related tracts for optimizing the tumor 

resection process, for example, selecting the proper surgical approach to lower the risk of 

injury to important tracts, decreasing the size of the surgical skull window, so that to protect 

the cerebral function. Regarding the results of fiber tracking, the category of all errors except 

hesitations is of practical significance to comprehensively indicate the individual language-re-

lated cortical and subcortical structures. This can reduce the complexity of clinical analysis and 

offer more convenient and effective references for clinical decisions. 

The clinical outcomes of the patients in the current study demonstrated that this combination 

could benefit the functional prognosis in the long term. When the tumor location is within the 

traditionally defined function eloquent cerebral regions, nTMS is an effective method to assist 

in deciding whether the patient still has the opportunity to undergo resection.  

By comparing different settings and employing different language error types as regions of 

interest, we can further analyze tractography results for the best visualization of language-

related tracts, consisting of AF, SLF, ILF, UF, FoF, CF, CNT, CtF, and ArF.  Analysis based 

on different types of naming errors provides more detailed information for understanding the 

organization of language in the brain. Different neural tracts in different categories of naming 

errors were visualized at different frequencies. Those findings of the current study were basi-

cally similar to those observed in previous studies. However, it cannot be simply interpreted 

that the most visualized tracts based on the seed of one category were the main factor leading 

to the corresponding naming error. Based on current findings, it can be concluded that lan-

guage processing cannot be tributed to certain nerve bundles but to the hierarchical coopera-

tion and information interaction among different cerebral fibers. Different neural tracts and cor-

tical regions form language-related networks to maintain relevant brain functions. 

This study also analyzed the subcortical fibers based on the dual-stream hypothesis, further 

explaining that the naming errors cannot be attributed to a single stream. The hierarchical or 

multi-layered collaboration between dorsal and ventral streams should be considered when 

analyzing their functional organization. 
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In summary, function-specific nTMS-based DTI-FT can potentially benefit intraoperative guid-

ance and lead to a better prognosis during clinical follow-up. Further validation of the present-

ed approach by intraoperative DES is needed. In the future, the analysis of language and even 

motor functions should be based on brain neural networks and the collaboration within and 

between networks to be more in line with the brain's biological structure. 
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6.2 Deutsch 

 

Dies ist eine der ersten Studien zur präoperativen, nTMS-basierten und funktionsspezifischen 

Traktographie. 

Derzeit ist die chirugische Resektion immernoch die primäre Behandlung für intrakranielle Tu-

more. Es konnte festgestellt werden, dass die Kombination aus präoperativem nTMS-Sprach-

mapping und nTMS-basiertem DTI-FT Informationen zu den individuell organisierten, sprach-

bezogenen Faserbahnen liefert und durch die Optimierung des Tumorresektionsprozesses 

dazu beiträgt die Gehirnfunktion zu schützen, z. B. durch die Auswahl des geeigneten chirur-

gischen Ansatzes, durch die Verringerung des Verletzungsrisikos wichtiger Trakte sowie durch 

die Verkleinerung des operativen Zugangs. In Bezug auf die Ergebnisse der Faserdarstellung 

ist die Kategorie „Fehler exklusive des Zögerns“ von praktischer Bedeutung, um die einzelnen 

sprachbezogenen kortikalen und subkortikalen Strukturen umfassend darzustellen. Dies kann 

die Komplexität der klinischen Analyse verringern, indem es einfachere und effektivere Refe-

renzen für klinische Entscheidungen bietet. Die klinischen Verläufe der Patienten in der Studie 

zeigten, dass diese Kombination das funktionelle Ergebnis langfristig verbessern kann. Wenn 

sich der Tumor innerhalb der traditionell als funktionseloquent definierten Gehirnregionen be-

findet, ist nTMS eine wirksame Methode, um zu entscheiden, ob für den Patient noch die Mög-

lichkeit einer Resektion besteht. 

Durch den Vergleich verschiedener Einstellungen des DTI-FT und die Verwendung verschie-

dener Sprachfehlertypen zur Definition relevanter Gehirnregionen, können die Traktographie-

ergebnisse vertieft analysiert werden, um die bestmögliche Visualisierung der sprachbezoge-

nen Trakte zu erhalten, welche aus AF, SLF, ILF, UF, FoF, CF, CNT, CtF und ArF bestehen. 

Die auf den verschiedenen Typen von Bennenungsfehlern basierende Analyse liefert detail-

liertere Informationen zum Verständnis der Organisation der Sprache im Gehirn. Die verschie-

denen neuronalen Bahnen konnten durch die verschiedenen Kategorien der Benennungsfeh-

ler unterschiedlich abgebildet werden. Diese Ergebnisse der aktuellen Studie decken sich im 

Wesentlichen mit Beobachtungen früherer Studien. Es kann jedoch nicht einfach geschluss-

folgert werden, dass die Faserbahnen, die am deutlichsten durch die Verwendung einer Feh-

lerkategorien als Startwerte dargestellt werden, auch hauptursächlich für den entsprechenden 

Benennungsfehler sind. Aus den aktuellen Ergebnissen kann geschlossen werden, dass die 

Sprachverarbeitung nicht bestimmten Nervenbündeln zugeordnet werden kann, sondern auf 

der hierarchischen Zusammenarbeit und dem Informationsaustausch verschiedener Hirnfa-

sern beruht. Verschiedene Nervenbahnen und kortikale Regionen bilden sprachbezogene 

Netzwerke, um die relevanten Gehirnfunktionen aufrechtzuerhalten. 

In der Studie wurden die subkortikalen Fasern auch basierend auf der Dual-Stream-Hypothese 

analysiert und es zeigte sich, dass die Namensfehler nicht einem einzelnen Strom zugeordnet 
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werden können. Die hierarchische oder mehrschichtige Zusammenarbeit zwischen den dor-

salen und ventralen Strömen sollte bei der Analyse ihrer funktionellen Organisation berück-

sichtigt werden. 

Zusammenfassend kann ein funktionsspezifisches nTMS-basiertes DTI-FT möglicherweise für 

die intraoperative Orientierung von Vorteil sein und zu einer verbesserten Prognose in der 

klinischen Nachsorge führen. Eine weitere Validierung der vorgestellten Methode durch intra-

operatives DES ist erforderlich. In Zukunft sollte die Analyse der sprachlichen und auch moto-

rischen Funktionen auf den neuronalen Netzen des Gehirns und der Zusammenarbeit inner-

halb und zwischen diesen Netzwerken basieren, um der biologischen Struktur des Gehirns 

besser zu entsprechen. 
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