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2. INTRODUCTION

2.1 Language Function and Glioma Resection

211 Tumore-related Language Deficits

In a previous study, the incidence of glioma was found at 5.60 (5.56 ~ 5.65) per
100,000 person-years, whereas the incidence of glioblastoma was reported at 2.99
(2.96 ~ 3.02) per 100,000 person-years in the USA (Lin et al., 2021), and with an age-
adjusting incidence rate up to 3.22 per 100,000 population, accounting for 57.3 percent
of total gliomas cases and 48.3 percent of all malignant intracranial tumors (Ostrom et
al., 2019).

Glioma growth in the brain is not only an invasion of tissue structure but also has a
significant impact on brain function. Currently, many studies on brain function under
the impacts of cerebral tumors have focused on motor and language, and the inherent
complexity of the latter has led to challenges in research, which has attracted a great
deal of academic attention and effort. Patients with brain tumors can manifest various
language-related symptoms, often termed clinically as spoken language disorder, or
oral language disorder, including phonology, morphology, syntax, semantics, pragmat-
ics, and so on. In clinical practice, it is often difficult to subdivide the different language-
related manifestations. They are usually categorized according to symptoms, including
motor aphasia, reading aphasia, etc.; In addition, they are graded according to the
symptomatic severity. This eliminates the burden of analyzing the complicated struc-
tures of language itself and allows better focus on the tumor, the main object of treat-

ment.

Certainly, in many cases, the degree of functional impairment is related to the extent
of tumor invasion and its growth rate. However, what is noteworthy in clinical practice
is that many patients' symptoms are not as corresponding to tumor properties as de-
scribed previously in the conventional anatomy. These phenomena led to such kinds
of tumor can be majorly categorized into the following two aspects: firstly, the tumor is
large, but the pathological signs and symptoms found in the patient's physical exami-
nation or from the patient's self-reported complaints are not serious; secondly, there is
a mismatch between the patient's functional deficits and the regional cerebral function

corresponding to the location of the tumor. It is worth thinking about the appearance of
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these contradictions. Furthermore, the diversity that already characterizes human be-
ings' languages, such as different kinds and structures of language and expressions
of thoughts, also leads to the complexity in investigations regarding differences and
similarities among the various linguistic modalities and their relationship with brain
structures. This renders the clarification of the triangle relationship between the differ-
ent modalities of language, cerebral language function, and their corresponding struc-

tures becoming even more complicated.

Many researchers have explored and proposed various hypotheses to explain the re-
lationship between cerebral regions and language functions so that to explain the phe-
nomenon contrary to the understandings of functional organizations based on classical
functional anatomy. Currently, the more accepted ideas among them are functional
plasticity, functional reorganization, and functional brain networks. It is evident that
these hypotheses challenge the traditional functional anatomical view that " a one-to-
one correspondence between cerebral function and structure" by focusing on the dy-
namic relationship between cerebral function and regions and emphasizing the im-
portance of their interactions and collaboration during functional processing. This can
enable us to further understand the variable signs and symptoms caused by tumors,

furthermore, enhance the view regarding the brain as a balanced functional entity.

21.2 Surgery Related Aphasia

Nowadays, although medical technology is advancing and treatments are constantly
being updated, surgical resection is still regarded as the most important and effective
aspect in treating gliomas. Nevertheless, we need to recognize that there are risks of
postoperative sequelae associated with the surgical treatment, among which surgery
related aphasia (SRA) is one of the most important ones. It is often assumed that re-
secting glioma in the vicinity of the eloquent areas of the language, especially within

left-sided perisylvian regions, is likely to result in SRA, and such procedures are con-
sidered to be highly risky (Negwer et al., 2018; Sollmann et al., 2019).

In clinical practice, neurosurgeons encountered patients who have developed SRA af-
ter undergoing glioma resection, although the surgical areas did not reach brain areas
regarded to be related to language functions; or vice-versa, after receiving surgery
within language eloquent areas, the patient did not develop language deficits as pre-
operatively predicted. This uncertainty also implicates the insufficiencies when using
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the traditional classical functional anatomy-based approach to empirically assess the
surgery risk and functional prognosis. It is difficult to make predictions about postoper-
ative functional alterations at the individual level. This suggests that the current as-
sessments of the cerebral functional distribution and surgery risk evaluations do not
fully meet the needs of contemporary individualized medicine. One of the challenges
resides in defining which brain structures can be surgically removed with minimal in-
terference to function. Hence, the development of new techniques and protocols to
enable individualized assessments on the risk of resection extension is an urgent topic
to be explored and researched, so that the critical regions can be identified then to be

protected.

Defining the levels of involvement for each cerebral region regarding the performance
of language functions aimed at providing an individualized assessment on postopera-
tive risks of functional deficits, allowing for the development of individualized surgical
implementation plans, thereby greatly improving the safety of surgery, and reducing
the incidence of SRA. It is commonly acknowledged that the balance between gross
total resection (GTR) and the preservation of normal brain functioning must be carefully
regulated in order to prevent severe drawbacks in patients’ postoperative life (Young
et al., 2015; Ogunlade et al., 2019). Thus, on the one hand, achieving maximum re-
moval of gliomas, which is an important prognostic factor for a long-termed tumor-free
life for these patients, and on the other hand, preserving the potential for patient's func-
tional recovery after surgery. Sollmann et al. reported that, when the glioma is localized
in eloquent regions, functional outcomes were variously observed defined by critical
areas preserved during surgery (Sollmann et al., 2020a). Similarly, recent findings on
language organization refer more to the individual level analysis (Ardila et al., 2016),
contributing to the modern concept of individualized treatment and function-specific
glioma resection. Keeping this in mind, identifying new biomarkers that might predict
the probability of SRA prior to surgery is critical for improving treatment strategies as
well as preserving language function while still attempting a gross complete resection.

2.2 Cerebral Network and Connectome

In the last decade, more and more researchers have introduced the theory of functional
networks or connectomes into their studies on cerebral language functions. Currently,

in these investigations within human neuroscience domain, the data required for
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analysis were collected primarily through various imaging techniques, including Elec-
troencephalograph (EEG), functional Magnetic Resonance Imaging (fMRI), and Diffu-
sion-Weighted Magnetic Resonance Imaging (DWI or DW-MRI). They are grounded
in different physical theories and applied different engineering solutions, which deter-
mine their respective application focuses and various workflows, thus reflecting differ-

ent aspects of the brain's brain functions and organizations.

Firstly, networks based on EEG are to investigate the changing models through whole-
brain electro-cortical events that represent synchronized functional processes at a
comprehensive level, allowing analyses on brain dynamics with high temporal resolu-
tion (Seeber et al., 2019; Seeber and Michel, 2021; Takarae et al., 2022). In the study
by Wolthuis et al., pre-operative EEG network characteristics were without differences
between glioma patients and healthy controls (Wolthuis et al., 2021). However, the
presence of hubs and higher local and global functional connections in the EEG net-
work were identified to be associated with poorer preoperative language performances
in patients with glioma and indicated a prognosis of worse speeching function one year
after tumor resection (Wolthuis et al., 2021).

Secondly, resting-state and task-based fMRI is widely utilized for the detection and
monitoring of various brain functions. The activations of brain neurons are indirectly
defined through the quantification of altered signals through measuring the Blood-ox-
ygen-level-dependent (BOLD) in brain tissues, thereby localizing the brain regions cor-
responding to specific functions and demonstrating the interrelationship between dif-
ferent brain areas during the functioning process. The components of brain function
networks and their collaborative and counteracting relationships were inferred from the
degree of positive and negative correlation of BOLD signal fluctuations between brain
regions. The degree of positive and negative correlation of BOLD signal fluctuations
between different brain regions was used to infer the components of brain function
networks as well as their collaborative and counteracting interactions. Several studies
have reported that the connectivity of default mode network (DMN) nodes in the left
temporal and parietal lobes were decreased, which was related to the poor execution
of language functions and the worse scores on tasks for assessing verbal working
memory (Kocher et al., 2020; Zoli et al., 2021). Additionally, connectivity strengths in
the left parietal DMN node were associated to working memory performance in both
verbal and visual tasks (Kocher et al., 2020; Zoli et al., 2021).
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Thirdly, the structural connections between different brain regions are concluded by
performing fiber tracing in DWI images. This provides a visualization of subcortical
structural connections between different cortical regions. Up to the date, it can be noted
that unfortunately, only a few previous studies have covered the role of the structural
network in language performance. Most of these studies focused on the number or
volume of single or several tracts in the subcortical regions to analyze their relations
with changes in neural function (Sollmann et al., 2018a; Yuan et al., 2020; llle et al.,
2021), rather than at an integrated network level. llle et al. investigated changes of
single white matter pathways based on functionally mapped seeds via nTMS and indi-
cated that they were correlated with their corresponding status of language function
regarding the tracks consisting of frontal aslant tract, inferior fronto-occipital fascicle,
superior longitudinal fascicle, and arcuate fascicle (llle et al., 2018).

Collectively, we can recognize the relationship between functional networks and the
maintenance of language function in the brain from the studies of functional brain im-
ages. Various regions within the brain work cooperatively or adversely with each other
to achieve a balanced and stable presentation of function. However, it is also not diffi-
cult to see that current research on structural networks lags far behind functional net-
works. It is well-known that the generation of functions relies on the structural basis
and is not able to interact with each other when being without subcortical connections.
We need to further explore the language-related cortical and subcortical structural net-
works to provide new insights into the dynamic changes of language, which is one of

the research focuses of the current study.

2.3 Diffusion Tensor Images based Structural Connectome and

Language Function

2.3.1 Diffusion Tensor Images based Structural Connectome

Diffusion tensor imaging (DTI), a subset of DWI, has been widely applied in clinical
practice and neuroscientific research to visualize white matter tractography in the brain,
producing images from the results of a comprehensive calculation on the diffusion of
water molecules in different directions to generate contrast during MR scanning. In the
tissue characterized by an internal fibrous structure similar to the anisotropy of certain

crystals, such as the neuronal axons of white matter in the brain, water molecules will
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subsequently move more freely along the direction aligned with the neural fiber (axial
diffusion) and more limited in the direction perpendicular to the neural axon pathway
(perpendicular diffusion, or radial diffusion). It is implied that the observed diffusion
rates are vary depending on the directions. By applying magnetic fields in different
directions to water molecules in the brain to interfere with their Brownian motion of
water, the changes in their energy are obtained to determine the main direction based
on the maximal movement of water molecules and thus generate contrast during MR

imaging for the visualization of the subcortical neural pathways.

Previous DTI investigations, as mentioned above, have primarily focused on single or
a few neural tracts rather than the brain network as a whole, which is insufficient for
understanding the structural basis of functional alterations. As shown in the graph the-
ory-based studies conducted by other institutes, their findings regarding the cerebral
functional and structural organizations are compatible with the hypothesis that the cer-
ebral evolution aimed to keep a dynamic balance between maximizing the efficiency
in transferring information among regions and minimizing the energy cost for connec-
tions, so that to adjust the functional processing and output within the normal range
(Bullmore and Sporns, 2009; Betzel et al., 2014; Gargouri et al., 2016). It is well docu-
mented that such organizational characteristics are observed in many fMRI and EEG
studies. Meanwhile, it is worth noting that those functional-level studies did not provide
a comprehensive and sufficient answer to the question “What are the connectome
properties of the brain?”. Whether such kinds of changes in structural networks were
also maintained through a similar dynamic homeostatic mechanism, furthermore,
whether they have robustness or reorganization in response to external or internal
pathological or physiological abnormalities has not been well elucidated, which is of
great significance for the scope of protection in neurosurgical and radiological treat-
ments. Drawing on our previous experience and that of other centers, challenges, or

problems in conducting such analyses are mainly in two aspects, as followings:

Firstly, interindividual differences in brain volume are evident in both healthy controls
and tumor patients. DTI techniques were based on voxel units and can-not eliminate
the interference of such inter-individual differences for visualization of the tractography.
The primary problem is on “How to counteract this interindividual variation?” which

should be firstly addressed for further analysis.
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Secondly, when applying DTI data for fiber tracking (FT) to reconstruct structural brain
networks, different choices in parameters can lead to different results, mainly including
fractional anisotropy (FA), fiber length (FL), and angular thresh-old (AT). Among them,
the most critical one is the setup of the FA threshold, which varies considerably even
among normal individuals, let alone in patients with brain tumors. Tumor-induced
edema, hemorrhage, necrosis, and other pathological manifestations can interfere with
the FT process. A single FA threshold, such as 0.15 or 0.10, is now rarely used in FT-
related studies, also out of the same concern as ours. How to establish a more objec-
tive threshold setting is the second challenge to be faced in such studies.

2.3.2 Investigation of Structural Connectome

Aiming to fill this blank, we developed a new analysis protocol for studying function-
related structural networks and applied it in an investigation of language performance
in brain glioma patients from 2019 to 2021(Zhang et al., 2021a). Since we cannot
change the basic principle of the current DTI techniques for data acquisition, therefore,
to improve the reliability of the analysis process in the algorithm to address the above
two problems is our basic thought in developing the DTI structural network analysis
protocol.

Firstly, previous studies have suggested the method of registering individual brains
with template brains to eliminate structural differences between individuals. However,
this process involved interpolation and other algorithms that may potentially change
the original DTI data, which will lead to altered fiber tracking results in the registered
data when compared with the original data. Regarding its application in glioma patients,
this will result in even greater alterations due to structural deformation, edema, hem-
orrhage, etc. in lesion regions. Then it is necessary to alternatively think about how to
balance the differences between individuals. Considering that the number of fibers it-
self is derived from voxel units, the connectome of cerebral connections is constructed
by setting a threshold to binary the number of fibers to 1 (connected, above the thresh-
old) and 0 (unconnected, below the thresh-old) between every two regions (Zhang et
al., 2021a). We must admit that this does not completely eliminate interindividual dif-
ferences, but it is the clearest and most straightforward algorithm that we can apply at
the moment, without additional computational workload and with a significant increase
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in processing speed. This is also in line with the principle of "directness and reliability"

of the examination technique in the clinical context.

Secondly, differences in FA distribution between individuals have been reported in pre-
vious studies. Sollmann et al. adopted the threshold setting approach for fractional
anisotropy threshold (FAT) in their DTI study, i.e., using 25%, 50%, and 75% of the
highest individual FA values as thresholds (Sollmann et al., 2020a). In our previous
study protocol, we developed the visual ratio (VR) algorithm for setting FT thresholds
(Zhang et al., 2021a). The maximal FAT (FATmax) in the brain and the maximal FA
(famax) for every single fiber were identified during FT process, which is applied for
calculating VR to define fibers (Zhang et al., 2021a), which is same as the FAR in the
current study. FAR derived from this FA-based numerical conversion can align the
range of FA variations for different individuals to a percentage range, 0 ~ 100%, thus
enabling a standardized metric obtained among individuals while maintaining the orig-

inal quantitative characteristics of FA.

Through the two methods described above, we can be able to cope with the problems
faced in previous DTI studies. Moreover, facilitated by those methods, the distribution
of subcortical connections can be obtained, then construct structural matrices of con-
nections between every two brain regions, thus realizing the connectome analysis of

structural networks.

2.3.3 Connectome Measurements

In 2005, Sporns et al. suggested the term "connectome" referring to the organization
consisting of functionally or anatomically segmented cerebral regions and their corre-
sponding neural connections (Jonasson et al., 2005; Sporns et al., 2005; Wedeen et
al., 2005; Hanggi et al., 2014). Subsequently, graph theory can be introduced in the
neuroscience domain to investigate and intemperate the cerebral structural connec-
tome (Henderson et al., 2020; Mitsuhashi et al., 2020; Arefin et al., 2021). In the mac-
roscale connectome generated from DTI, the nodes of this network (or graph) are the
brain regions of interest (ROI), depending on the structural and functional parcellation
templates, and the edges of the graph are derived from the axons interconnecting
those areas, tracked by FT process. After that, the complex 3-dimensional brain re-
gions and their connections are converted into a 2-dimensional diagonally symmetric

matrix according to the previous analysis scheme (Jonasson et al., 2005; Sporns et al.,
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2005; Wedeen et al., 2005; Hanggi et al., 2014; Zhang et al., 2021a). Thus, connecto-
mes are turned into brain graphs because they are indeed the graphs according to the
mathematical termination, describing the neural connections in the brain, so that graph
theory parameters can be introduced to measure the brain network (Jonasson et al.,
2005; Sporns et al., 2005; Wedeen et al., 2005; Zhang et al., 2021a).

Through the analysis based on the models generated from the nonlinear dynamics of
ROls and their interconnections, it resulted in patterns of statistical dependencies to
present functional connections, and causal interactions to indicate the effective con-
nections within the structural connectome derived from DTI, thus defining different ma-
jor functional modalities of complex neural systems (Sporns and Kotter, 2004; Sporns
et al., 2005; Gollo and Breakspear, 2014). No matter how complex the models might
be, the fundamental analysis of graph theory remained primarily at three levels: (1)
node (functionally relevant brain regions), (2) edge (connections between ROIs), and
(3) network (functional brain network composed of nodes and edges). For the imple-
mentation of structural connectivity in clinical applications, an initial step is to explore

brain function from these three fundamental aspects.

Firstly, considering the context of the study on the cerebral language function, the main
focus of the node analysis is on the brain regions related to language processing, and
their similarities and differences within and between different individuals or groups.
This furthermore is needed to investigate the organization of language functions in the
cortical regions, which is corresponding to the network analysis at the nodal level. In
previous studies, fMRI and EEG were preferred for those purposes. The correlation
between certain regions and functions can be reflected by the alteration of the signal
before and after the execution of the function.

Secondly, it is the investigation at the edge level regarding subcortical neural connec-
tions between different brain regions for their respective involvements in various func-
tional performances. In contrast to previous studies, a connectomics study can not
attribute the language function to the effect of one or a few cerebral tracts, but rather
be based on a comprehensive analysis of the connections at network level. The com-
monly used measurements are: (1) Average degree (AD), it is one of the basic prop-
erties to represents the intensity of edges across all nodes in a specific network, which
is hereby to assess the intranetwork strengths of neural connections between different
cerebral regions (Cohen and D'Esposito, 2016); (2) Average shortest path length (AL)
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is defined to be the average quantities of edges (or sum of edges weights) along the
shortest pathway in a specific network or subnetwork regarding all its possible pair-
wise-connected nodes (Seguin et al., 2018), which is a metric used to assess the ca-
pacity of information or mass transmission at a network level (Jahanshad et al., 2012).
Those are to analyze the structural organization of nerve fibers that survive tumor in-

terference.

Thirdly, there are many parameters at the network level that can be applied in the
analysis of graph theory. Based on previous experience with structural brain connec-
tomics (Sporns and Kotter, 2004; Sporns et al., 2005; Gollo and Breakspear, 2014),
the efficiency of a network is a measure of how efficiently it exchanges information,
including global efficiency (EG) and local efficiency (EL): (1) The capacity of simulta-
neously transmission and processing of signals in a network is characterized by EG,
calculated from the inverse of AL (Wang et al., 2010), and higher EG represents more
efficiently transferring parallel information in the net-work between nodes concurrently
(Ratnarajah et al., 2013); and (2) EL was determined by the global efficiency of a sub-
network consisting of this node's neighborhood, aiming to measure how efficiently the
information can be conveyed within the sub-network that is based on a particular
node's neighboring nodes after removing this node (Wang et al., 2010; Ratnarajah et
al., 2013), and it reflects the capacity of robustness in the sub-network, so as to show
the effectiveness of the communication between the local node’s close neighboring
nodes (Wang et al., 2010). Measuring those efficiencies can improve the understand-
ing of the mechanism of the functional performance, also corresponding to the findings
in previous functional MRI-based studies.

By measuring these parameters, the basic properties and characteristics of the struc-
tural connectome can be assessed, allowing further analysis to elucidate the structural
basis of producing cerebral function (Zhang et al., 2021a). Regrettably, however, this
study only considered functional performance in this single preoperative phase and no
follow-up investigation on postoperative functional changes were conducted. There is
still a research need to use these parameters based on graph theory to predict the
postoperative language function prognosis.
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2.4 Localization of Language Function

2.41 Navigated Transcranial Magnetic Stimulation

Through the above, it is evident that there are many areas involved in the analysis of
brain structural networks from a whole-brain perspective alone, and it is still necessary
to highlight the key cerebral areas associated with language function for a surgery
consultation. To solve that problem, a variety of tools and methods have been devel-
oped and used to localize language function in brain regions. They all combine the
language tasks and real-time brain signal acquisition techniques to record and monitor
alterations in functional brain signals corresponding to abnormal performances during

language tasks, such as fMRI combined with language tasks.

As mentioned previously, fMRI is susceptible to interference from confounding signals
in the lesion areas when collecting cortical signals in glioma patients, and the resolution
of EEG recordings is not sufficient to reach the requirements for surgical navigation.
As mentioned previously, fMRI is susceptible to interference from mixed signals in the
lesion areas when acquiring cortical signal changes in tumor patients, and the resolu-
tion of EEG signals to obtain neuronal potential signals in the brain is not sufficient to
reach the level of surgical navigation. The motivation for seeking a device with more
direct and high-resolution signals has been widely accepted and studied in neurosur-
gery in the last decade.

In fact, navigated transcranial magnetic stimulation (nTMS) is not only an electromag-
netic stimulation technique, more exactly, but it is also a brain function interfering tech-
nique. Faraday's law of induction is an electromagnetism fundamental law that explains
how a magnetic field would interact with an electric circuit to create an electromotive
force, a process termed electromagnetic induction, which is the basic mechanism of
nTMS. When the electric current passed through the copper coil in the nTMS coill, a
magnetic field is generated. The phospholipid bilayer of the cell is a natural capacitor
with the potential difference between inside and outside of the cell (Krieg et al., 2017).
If the magnetic field is large enough to induce a capacitive discharge, it will cause a
potential change in the cell, such as depolarization and hyperpolarization, then a cor-
responding physiological effect can be elicited. The output intensity of nTMS stimula-
tion is currently designed to be within the safe range and controllable, and its induced
physiological reactions are only temporary, like a transient “/lesion”, and will not cause
long-term functional deficits or changes under guided applications (Krieg et al., 2017).
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Through nTMS it is possible for researchers or physicians to intervene in the execution
of brain functions as if they were talking directly to the brain functions. This enables a
direct clarification of the causal relationship between brain regions and alterations in

language function.

By using the navigation technology, the high-resolution MRI T1-weighted image from
the individuals was used as a 3-dimension roadmap for navigation, combined with the
infrared ray tracking system on the stimulation coil, which can provide precise guidance
for matching the aim of the nTMS stimuli to the predefined targets. Considering that
the electric field refracts when passing through different densities of human tissues
(scalp and skull), this can potentially lead to off-target stimulation output and thus
cause misinterpretation. The most often utilized TMS navigating technique is electric
field navigation, which can adjust the electric field position in real-time and then avoid
off-target stimuli owing to electric field position offset. Compared to traditional linear
navigation techniques, electric field navigation is more promising for neurosurgery, as-

sisting clinicians accurately localizing function-relevant brain areas.

2.4.2 Reliability of nTMS for Language Localization

According to the guideline for nTMS language mapping, the stimuli were navigated to
predefined targeted cerebral regions to induce language errors when patients con-
ducting the object naming task. In this way, it is straightforward to identify the brain
areas associated with language function.

Currently, the most widely adopted procedure in clinical practice for directly investigat-
ing brain function remains awake surgery, in which direct electrical stimulation (DES)
testing and intraoperative neuro-monitoring (IONM) are systematically and routinely
integrated. Despite the fact that several academics have highlighted out its limited ap-
plications and misconceptions in interpreting its results (Borchers et al., 2011), it is still
recognized as the most objective method, "gold standard”, and used to assess the
applicability and the reliability of other investigations in localizing the eloquent regions
regarding specific functions (Talacchi et al., 2013; Ottenhausen et al., 2015). To guar-
antee the accuracy and precision of nTMS, its mapping findings associated with cere-
bral functional performance must therefore be compared to those of intraoperative
DES testing (Talacchi et al., 2013; llle et al., 2015b; Ottenhausen et al., 2015). Dr. llle
et al. have been studying for many years in this domain and reported in 2015 that,
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through comparisons of results between pre-operative nTMS language mapping and
an intraoperative DES tests from the 27 enrolled patients, the nTMS investigation re-
sulted to be with a sensitivity level at 97%, a specificity level at 15%, a positive predic-
tive value at 34%, and a negative predictive value at 91% (llle et al., 2015a), which
supported an earlier study by Tarapore et al. in 2013 (Tarapore et al., 2013).

In terms of feasibility and reliability, previous studies suggested a good consistency of
mapping results between nTMS and DES in investigating the language function, there-
fore, further offering support for the application of NnTMS in language studies when
considering its non-invades, which can enhance confidence in establishing the nTMS-

based customized surgical plan.

2.4.3 nTMS-based Tractography

In the elaboration of surgical plans in neurosurgery, it is not enough to simply rely on
the cortical areas localized by nTMS; an underlying sub-cortical evaluation of the lan-
guage brain structures is also indispensable. So those language-related areas local-
ized by preoperative nTMS-mapping, which were used as seeds for tractography pro-
cess in previous studies, called nTMS-based DTI-Fiber tracking (DTI-FT) (Krieg et al.,
2014; llle et al., 2015b; Negwer et al., 2017; Sollmann et al., 2020a). It allowed further
investigation in subcortical language-related tracts in order to estimate the risk of func-
tional loss related to surgery. Additionally, this kind of personalized functional analytics
is well in line with the concepts and principles highlighted in the current widely recog-

nized precision medicine.

In previous studies, the deterministic algorithm was applied to the nTMS-based trac-
tography, and its applicability and reliability have been also confirmed (Frey et al., 2012;
Raffa et al., 2016; Sollmann et al., 2018b). From the comparison with tractography
from anatomical atlas-based DTI-FT, it could be concluded in Raffa’s study that nTMS-
based imaging analysis can generate a better view of cortico-subcortical neural tracts
at a higher level of reliability (Raffa et al., 2016). Negwer's study in 2017 further con-
firmed Raffa’s results and suggested the preponderance of nTMS-based DTI-FT in
repeatability for clinical practice (Negwer et al., 2017).

Based on this approach, the contribution of different brain tracts in language or their

relevance to language errors has been investigated in many previous studies. llle et al.
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indicated that fronto-occipital fascicle was correlated with grades of language perfor-
mances in patients with gliomas located in left perisylvian areas (llle et al., 2018). In
the review by Cristofori et al., it suggested that nTMS might be a promising method for
researching to investigate the function arcuate fasciculus in language performance (Di
Cristofori et al., 2021).

In fact, a further question that has to be confronted in previous studies is: "Does the
structural foundation of language function rely on one single or several fibers or does
it depend on the collaboration between multiple cerebral structures?". It is clear that
most of the current hypotheses and theories on the structural organization for certain
cerebral functions are more in agreement with the latter one. Then, in future studies,
function-related nerve fibers need to be considered as a comprehensive network when
investigating the functional distribution in the brain. Although in 2020, we had made an
attempt to analyze all neural tracts together obtained from nTMS based DTI-FT (Zhang
et al., 2020). However, obviously, such work is insufficient without involving graph the-
ory for the analysis, so that it cannot reflect the distribution and functioning of the struc-
tural brain network related to language performance (Zhang et al., 2020).

2.5 Supervised Machine Learning in Medical Study

Computer science is increasingly being introduced in medical research. By merging
computer science with clinical data, more advanced analytic methods can be employed
to execute complicated multidimensional calculations, allowing a better process of data
mining to obtain meaningful information under complex conditions. For complicated
and multifaceted issues faced in clinical and research settings, this gives a more thor-
ough solution and more comprehensible presentation of data. Concerning complex
and multidimensional challenges encountered in clinical practice and research, this
provides a more thorough solution and better comprehensible presentation of data. In
the context of such complex 3D data sets, such as brain MRI scans, the application of
machine learning to the interpretation of functionally relevant connectome properties

in structural brain scans is undeniably especially suitable.

Dolz et al applied the classification scheme based on supervised machine learning
models to segmentize the brainstem on MRI scans in a multicenter-based cerebral
tumor therapy context and found consistent volume estimation and high spatial
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similarity concerning expert delineations (Dolz et al., 2016). Applying parameters with
pre-established clinical relevance rather than all data in supervised machine learning
provides for a deeper comprehension of these theoretical measures while also avoid-
ing analytical outcomes that cannot be outlined within the existing theoretical frame-
work (Deo, 2015).

However, supervised machine learning has not yet been used to predict neurosurgical
SRA. The cross-disciplinary projects that are still ongoing to be investigated might be
the explanations behind it. In the current study through the application of parameters
and indicators from graph theory to make SRA predictions, supervised machine learn-
ing provides us with a new perspective on data mining (Uddin et al., 2019). When a
single set of data cannot fulfill the prediction model, combining multiple factors and
their relationships to the analysis may offer better indications, which are closer to the
real functional structure state. After all, the composition of functions cannot attribute to

a single indicator.

2.6 Aim of the Current Study

The aim of this present study was to enroll patients with glioma in language-eloquent
regions and to apply the graphic analysis including graphic parameters to analyze the
cerebral function-related cortical and subcortical structures and their connections to
investigate their preoperative organization. Furthermore, the results of the graphical
analysis were used to determine the risk of developing early postoperative SRA pre-
operatively, and supervised machine learning was applied to perform a comprehensive
analysis of all indicators with predictive potentials. Given those grounding perspectives,
the current study aims to investigate the following foci/aims:

(1)  Toinvestigate connectome properties based on graphic theory in the structural
network in the patients developing language deficits with tumor in language eloquent
regions after operations.

(2) Tousethe nTMS language mapping to localize the language-positive and -neg-
ative sites in patients with and without SRA for inter-group comparison that was applied
to identify their differences.
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(3) Based on the whole-brain network and its subnetwork analysis to investigate
the network characteristics of nTMS language-positive and -negative sites, respec-

tively.

(4) The comparisons of properties from networks composed of brain regions con-

necting positive and negative mapping regions respectively.
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3. MATERIALS AND METHODS

3.1 Ethics

A thorough explanation of the process and potential risks of the current study by our
neurosurgeons and researchers was given to all enrolled subjects. Before being in-
cluded in the current study, all individuals submitted their informed consent under a
clear understanding. This project was carried out in our department. All study protocols
and workflow were formulated and conducted in conformity with the Helsinki Declara-
tion and its subsequent revisions. The ethical committee at our Klinikum rechts der Isar
der TUM authorized and supervised the study protocol (registration numbers: 222/14,
338/16, 2793/10, 5811/13, 223/14, and 336/17).

3.2 Patients and Study Inclusion

In order to standardize the conditions of the enrolled patients, the inclusion and exclu-
sion criteria were established in advance for the current study.

The inclusion standards were shown as follows:
(1) Only adults were enrolled in this study (Age above 18 years).
(2) No aphasia detected preoperatively.
(3) Their subjects’ primary mother tongue must be German.

(4) Their primary diagnosis must be glioma, which should be later confirmed by the

consecutive pathological findings.

(5) Glioma should be located within left perisylvian regions and adjacent to the arcu-
ate fasciculus (AF)-related cortical and subcortical areas

(6) The subjects should be without previous cranial surgery or other intracranial in-

vasion operation.
(7) Written informed consent should be officially documented.
The patients were excluded when they were in the following situations:

(1) Patients are with other neurological or psychiatric diseases besides the cerebral
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glioma, including Alzheimer's disease, hemorrhagic or ischemic stroke, leukoarai-

osis, etc.

(2) General nNnTMS (e.g., with cochlear implants, pacemakers, etc.) or MRI scanning

exclusion criteria (e.g., claustrophobia, etc.).

(3) With impaired comprehension function and/or being incapable to conduct the lan-

guage task, for example, consciousness disorders, mental retardation, etc.
(4) Impairment of language function caused by glioma or other diseases.
(5) Only receiving biopsy without glioma resection.

From our database of patients who underwent nTMS language mapping between 2016
to 2019, 62 individuals without prior aphasia diagnosed with left-hemispheric perisyl-
vian glioma and receiving tumor resections in our neurosurgery department were con-

sidered feasible and enrolled in the current study.
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Figure 1

This figure is to present the process of the current study

3.3 Design of the current study

To identify the presence and extent of aphasia, all patients in our center routinely un-
derwent a preoperative clinical examination and speech function assessment. The Aa-
chen Aphasia Test (AAT) was routinely applied to measure the patients' language per-
formance and conducted by our trained neurosurgeons and neuroscientists with this
specialized working experience of more than 3 years (Huber et al., 1984; Biniek et al.,
1992; Wacker et al., 2002; Sollmann et al., 2015a; Sollmann et al., 2018a). Meanwhile,
the handiness side was assessed by our neuroscientist or neurosurgeons according
to the Edinburgh Handiness Test (Futai, 1977). Based on these data, we identified

patients who did not have preoperative aphasia and enlisted them in the study.

Furthermore, since patients have been with more or less physical and mental
weakness because of the brain tumor. Karnofsky's performance status (KPS) was
conducted to assess cancer patients' capacity in carring out daily activities through a
rating system varying from 0 to 100 (Peus et al., 2013). Only when the patient's KPS
scores above 80 can it be assured that the patients will be able to perform the language
task properly (Peus et al., 2013).

During their hospitalization, any occurrences of seizures and antiepileptic drug intake
will be documented to estimate the risk of new episodes induced by nTMS mapping,
although previous studies have shown their associated risk ratios to be very low(Lerner
et al., 2019; Stultz et al., 2020). All enrolled patients with low risk ratios were
administered routine preoperative MRI scans, followed by nTMS language mapping.
Subsequently, seeds produced from nTMS mapping systems were applied to perform
deterministic tractography for each individual to identify the subcortical language-
related tracts. The MRI scans, language mapping results from nTMS, and tractography
results based on nTMS would be integrated to design the scope and process of tumor
resecton in 3D space and later imported into the intraoperative navigation system to
assist in identifying those critical cerebral structures.

Patients would come back to our clinic for follow-up visit in the third month after surgery
and then their language status would be reassessed according to AAT as in the pre-
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operative phase, together with the other clinical examinations. As applied in previous
studies (Huber et al., 1984; Kelm et al., 2017; Sollmann et al., 2018a), we categorized
the aphasic status into four classes according to its severity, as follows:

(1) Grade 0 is for normal language performance.

(2) Grade 1 is for mild deficits. Patients are capable to carry out normal communica-
tion with normal verbal comprehension and/or mild manifestion of amnesic apha-

sia.

(3) Grade 2 represents a moderate language deficit with adequate communication
competence. Patients in this category have mild impairments in verbal compre-
hension and/or conversational speech, which may be interrupted and/or require
repetition to proceed.

(4) Grade 3 represents a severe language deficit. In this category, patients present
with severe impairments in verbal comprehension and/or conversational speech,
manifested as apparent communicative disorders, after it has been clarified that
the patient does not have a hearing impairment per se.

Any language deficits would be documented to compare with their preoperative per-
formance to identify the functional alterations. Eventually, 60 patients completed the
three-month postoperative follow-up, and they were separated into two groups: the no
aphasia group (NA group, 30 patients) and the SRA group (30 patients) based on
whether or not they demonstrated postoperative deterioration in speech function.
There were two patients who did not come for their follow-up examinations (missing
rate: 3.20%).

3.4 Study protocol about magnetic resonance imaging

All MRI scanning examinations were scheduled in accordance with our hospital's rou-
tine consultation programs. The same program has been already applied in other pub-
lished studies (llle et al., 2015b; Krieg et al., 2016; M. Krieg, 2017).

A 3T-MRI (Achieva, Philips Medical Systems, Netherlands) was equipped for the im-
aging. Four main sequences were collected for the present study, consisting of a T1-
weighted gradient-echo sequence, an enhanced 3D T1-weighted gradient-echo se-
quence, and a DTl sequence. Their parameters were set up as followings:
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(1) T1-weighted gradient-echo sequence. Scanning parameters: TR/TE (9/4 ms) and

1 mm? iso-voxel covering the whole head.

(2) Enhanced T1-weighted gradient-echo sequence . Scanning parameters: TR/TE
(9/4 ms), 1 mm?3 iso-voxel covering the whole head, scanning while administering

contrast agent (Dotagraf 0.5 mmol/mL, Jenapharm, Jena, Germany).

(3) DTI imaging. Scanning parameters: TR/TE (5000/78 ms), Voxel-size (2 x 2 x 2
mm?3), 32 diffusion gradient directions, and b-value (1000s/mm?).

The preoperative enhanced 3D T1-weighted images were applied to assess the vol-
ume of glioma lesions in IntelliSpace Portal (version 9.0; Philips Healthcare, Nether-

lands, https://www.philips.ig/en/healthcare/product/HC881072/intellispace-portal-ad-

vanced-visualization-solution) and ITK-snap (version 3.7;

http://www.itksnap.org/pmwiki/pmwiki.php; released from University of Pennsylvania)

and recorded for later analysis.

3.5 Language mapping process by nTMS

3.5.1 Registration

The language mapping tests were conducted preoperatively by our technician for each
patient using Nexstim eXimia NBS equipment and system (Version 4.3. Nexstim, Hel-
sinki, Finland). He is with nTMS mapping experience more than 5 years.

Individual enhanced T1-weighted images were imported into the Nexstim NBS system
for 3D brain reconstruction, where the stimulation targets for language mapping would
be predefined based on the template called cortical parcellation system (CPS) (figure
2). Concerning the distorted cerebral structures caused by pathological lesions, such
as bleeding or necrosis inside or surrounding the tumor, automatic parcellation could
result in inaccuracy in identifying the brain regions. Here, the parcellation is conducted
artificially by our skilled neuroscientists together with a neurosurgeon, meanwhile, the
stimulating targets were also defined on the dominant hemisphere according to the
guidelines and previous publications from our group (llle et al., 2015a; llle et al., 2015b;
Krieg et al., 2017; Negwer et al., 2017; Sollmann et al., 2018a). According to this par-
cellation protocol, the hemispherical brain regions are divided into 21 regions with 46
targets for nTMS stimulation. This target setting process were conducted individually
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based on their MRI scans hereby to improve the accuracy of targeting process (Krieg
etal., 2017).

Figure 2. CPS template and cortical 46 targets for nTMS language mapping.

This figure is to presents the template of 46 stimulation targets based on CPS parcel-

lation.

With help of a navigation pen with reflectors, the crux of the helix in both ears together
with the nasion were set as landmarks to localize their corresponding positions in the
reconstructed 3D-brain so that the individual brain was registered into the mapping
system. The patient's forehead is affixed with a star-shaped infrared reflector that can
be tracked in real-time by an infrared positioning sensor for the location of the head
(Krieg et al., 2017). Subsequent steps were allowed to process in the system only
when the registration mismatch level less than 5 mm (Krieg et al., 2017).

Thereafter, the navigation system can automatically match their corresponding coordi-
nates on the reconstructed brain structure in real time, instructing the operator how to

adjust the target position of the coil, thus guiding the nTMS stimulus output to the
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predefined position from the proper direction and angles with the maximal efficiency.

3.5.2 Rough Mapping to Localize the Hotspot Area

There is a lack of methods to obtain the objective threshold intensity for nTMS stimu-
lation to interfere with language functions (Krieg et al., 2017). It is usually assumed that
the action potential of neurons in the cerebral structures is homogeneous, however,
the current method for measuring the nTMS intensity thresholds of motor neurons has
been well established. According to previous studies and the guideline, TMS mapping
in language function adopted the intensity thresholds defined in motor mapping (llle et
al., 2015b; Krieg et al., 2017; Negwer et al., 2017; llle et al., 2018; Sollmann et al.,
2018a).

Electrodes were placed on tendon and belly of muscles, consisting of abductor pollicis
brevis (APB), abductor digiti min-imi (ADM), flexor carpi radialis (FCR), and ipsilateral
APB on the upper extremity contralateral to the mapping side, to monitor and record
motor-evoked potential (MEP) and reaction latency from stimulation output to muscle

contraction.

The MEP is considered to be a compound signal originating from a sequence of acti-
vated cortico-spinal neurons, and its amplitude generation involved a variety of neural
mechanisms, including signal integration and tuning (Krieg et al., 2012; Bestmann and
Krakauer, 2015; Krieg et al., 2017). The normal MEP latency for the upper extremity
should be within the range from 18 ms to 25 ms. MEP amplitude refers to the absolute
peak-to-peak value. A positive site is defined when MEP amplitude value is higher than
50uV (Krieg et al., 2012; Krieg et al., 2017). The coil orientation was related to the
direction of its generated electric field and needed to be adjusted to be perpendicular
to cerebral gyri in order to maintain the output stimulus reaching the target area at the
proper intensity (Krieg et al., 2012; Krieg et al., 2017). The settings of stimulus intensity

and stimulus interval were showed as follows:

(1) Stimulus intensity: started at 30% of the maximal coil outputting intensity. When
after 5 stimuli no MEP was induced, the intensity should be increased by 5%

stepwise.

(2) Stimulus interval: 1.5 s.

29



The rough mapping was the first step in determining the intensity threshold of stimulus
for motor function mapping. Its aim was to identify the most sensitive target on the
hand knob region (figure 3), where were supposed to produce the highest MEP ampli-
tude by nTMS with the lowest stimulation intensity (Sollmann et al., 2020b; Wang et
al., 2020), called hotspots (Krieg et al., 2012; Krieg et al., 2017).

Figure 3. Hand knob

This figure presents the location of the hand knob for nTMS rough mapping (blue dot

line).

3.5.3 Identification of the Proper Coil Angulation for Mapping

Targeting the hotspot region, the angulation of the coil was oriented to different angles
to identify the angulation most sensitively to induce MEP. At first, at the suggested
orientation for the coil by the system, 5 stimuli were sequentially targeted to the hotspot
region (figure 4A), thereafter, 5 more stimuli were outputted but using other orientations
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at angles other than the suggested one (figure 4B and 4C). Afterward, their corre-
sponding MEPs were recorded and compared to find the highest one and its corre-
sponding angle, which would be used to orient the coil to measure the resting motor
threshold (rMT).

Suggested stimulation direction Adjustment 1 Adjustment 2

Figure 4. Angulation test.

This figure presents the process of angulation adjustment to identify the optimal direc-
tion for later identifying rMT.

3.5.4 Measurement of Resting Motor Threshold

Based on the standard predefined in previous articles, rMT was considered to be the
lowest intensity, at which the stimulation was able to induce 5 positive MEPs out of 10
sequential stimuli targeting the same location of hotspot under the same orientation
setups (amplitude being more than 50uV and latency between 18~25 ms) (Groppa et
al., 2012). From above, the most sensitive hotspot and angulation were acquired and
used for measuring the rMT, which was measured for each patient. The nTMS system
can meanwhile automatically adjust the output intensity based on the MEP amplitude
until the certain intensity that fulfilled the rMT criteria was determined (figure 5).
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Figure 5. nTMS setup and interface for rMT definition

This figure shows the basic setup in the nTMS system and its interface for rMT meas-

urement.

3.5.5 nTMS Language Mapping

Prior to the examination, it is needed to let the patient be familiar with procedures in
the language task and the objects naming task (ONT) examination process aiming to
guarantee the quality and reliability of patients' performance during mapping. After
their performance fulfills the basic requirements for the mapping, the NBS navigation
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software (Version 4.3; Nex-stim, Helsinki, Finland) would orient the nTMS coil to stim-
ulate the predefined 46 targets on their 3D-reconstructed hemisphere when patients
conducting the ONT task.

The general protocol for nTMS language mapping is presented below:
Step 1. Device settings

The patient was instructed to seat in a semi-reclining position, and the monitor
for the speech task was positioned at about 30-50 cm distance to the eyes.
Make sure the patient can clearly see the objects displayed on the screen. All
the objects were drawn in black lines with a white background (figure 6). The
displaying time was 700 ms with an interval of 2500 ms and adjusted for
achieving the patients’ best performance. The patients were asked to name
the objects shown on the screen in one German word without an article/deter-

miner.

The patient's initial ONT performance was recorded as a baseline in perform-

ing the task programs and naming objects on the screen.
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Figure 6. Objects for naming task
This collection of figures shows objects examples presented during named tasks.

In the ONT test, these objects will be displayed on the screen in a sequential manner
(Figure 7). Objects that are unfamiliar to the patient or that cause the patient to show
hesitation will be excluded, which will be marked with a red cross in the NBS system
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and will be excluded in the subsequent steps.

Figure 7. Object presenting and video recorder

The blue arrow in Figure 7 refers to the video recording device that is intended to record

the subject's performance in carrying out the object naming task (ONT).

Stimulus-free baseline performance will be recorded for comparisons with the record-

ing of the ONT performance under stimuli.

Step 2. Baseline of ONT

There were two sessions in the baseline test, in which patients were asked to
do ONT without stimulation and their performance would be recorded by a
high-definition (HD) camera set above the screen (figure 7). The patient's re-
sponse to the displayed objects was automatically matched and recorded
(Krieg et al., 2017). The initial test session was for patients to become ac-
quainted with the objects displayed, after which their unfamiliar or confusing

ones would be omitted from the subsequent mapping steps (figure 6).
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Depending on their response, if 8 out of 10 displayed objects would be named
correctly and/or timely, the display time or interval of objects will be progres-
sively extended by 0.5 seconds each time. Those test adjustments and famil-
iarized figures were applied in the second baseline test to obtain the patient's
stable ONT performance (Krieg et al., 2017).

A rest-pause lasting 10 to 15 minutes and water between different task ses-

sions would be prepared if needed by patients to restore strength.
Step 3. ONT test performance under stimulation

Then, patients were instructed to do ONT under repetitive nTMS stimulation,
which was also recorded by a high-definition (HD) camera set above the
screen (Figure 8). All of the object figures and displaying parameters were
identical to those used in the baseline test.

Stimuli were outputted synchronized with the object displaying time to 46 targets that
were predefined based on the CPS template, 6 times of stimulation per target, and its
parameters were set as follows: stimulus intensity at 100% rMT, 5Hz, and 5
pulses/train (Lioumis et al., 2012; Picht et al., 2013).

Patients' responses were also recorded and automatically matched with the corre-
sponding objects and their performances with the identical object in the baseline test.

In the posthoc analysis, experienced TMS technicians and neurosurgeons compare
task performance recordings from the second baseline with task performance record-
ings from the under-stimulation to identify and categorize naming errors into 6 catego-
ries based on the definitions listed below (Sollmann et al., 2013; llle et al., 2015b; Krieg
et al., 2017; Zhang et al., 2020):

No responses: patients were noted to be unable to respond verbally to objects on the
screen (Sollmann et al., 2020a).

Performance errors: articulatory failings, particularly form-based mistakes that were
spluttered or incorrect (Sollmann et al., 2020a).

Hesitations: naming start was delayed. A considerable lag in patients’ verbal response
compared to baseline performance should be noted, and patients could simulta-

neously express hesitation (Sollmann et al., 2020a).
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Neologisms: A form-based naming mistake was the use of words that are conceivable
but do not exist. This differs from the performance error. The latter stands for the

distorted articulatory expression of existing words (Sollmann et al., 2020a).

Phonological paraphasias: unintentional replacement, insertion, deletion, or transposi-
tion of a proper word, resulting in phonemic changes (Sollmann et al., 2020a). It
was also termed literal aphasia, where words are replaced with non-words that
preserve at a minimum of half the number of fragments and/or syllables from the

original word.

Semantic paraphasias: this is also referred to as verbal aphasia, substituting the in-

tended word for a semantically related or relevant one (Sollmann et al., 2020a).

After comparing their responses to the same object between the baseline and stimu-
lated tests, the patients’ naming errors could be identified and categorized according
to the criteria described above. Simultaneously, the TMS system would localize the
cerebral areas that corresponded to mistakes in naming, accordingly. Those targets
corresponding to the language errors and the targets without language errors induced
by nTMS stimulation were registered to the space of enhanced T1 weighted images,
then, which were respectively titled as positive (POS) and negative (NEG) mapping
files and exported from the Nexstim software in NIFIT format for the consequent anal-
ysis (Sollmann et al., 2015b; Zhang et al., 2020).

3.6 MRI Data Processing

3.6.1 Registration and parcellation

All the imaging analyses were conducted at the individual level, all the imaging files
were transformed into NIFTI format in software dcm2niix (https://github.com/ror-

denlab/dcm2niix), consisting of DTI, enhanced T1 weighted images, POS mapping

files, and NEG mapping files.
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32 directions  Skullstrip AAL90  nTMS mapping

Figure 8. Images processes for the construction of matrices
This figure presents the workflow for processing MRI scans and nTMS mapping results.

(A) is for alignment of the 32 direction DTI data. (B) is for the skull stripping process in
the T1 weight image with contrast. (C) is the AAL90 parcellation template. (D) is for the
results of nTMS mapping data (red points are mapped regions). (E) is BO image from
DTl data. (F) is the (A) registered to (E). (G) is the (B) registered to (E). (H) is the (C)
registered to (E). (I) is the (D) registered to (E). (J) and (K) were the results respectively
from the fiber tracking when thresholding at 256% and 52% fractional anisotropy ratio,
in which the three-dimensional tractography was interpreted into two-dimensional ma-

trices for inter-regional connections.

The processing steps for MRI data were presented as below:

In the first step, the enhanced T1 weighted image was skull-stripped using the HD-
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bet toolbox (https://github.com/MIC-DKFZ/HD-BET/ ).

In the second step, BO images were extracted from the DTI file for registration
using the toolbox in NiBabel (Version 3.2; https://nipy.org/nibabel ), which is for the

basic structure for DTI scanning.

In the third step, the images from each gradient direction in the DTI files were
linearly registered onto the BO image via Advanced Normalization Tools (ANTS)
(http://stnava.qithub.io/ANTs/ ) (Avants et al., 2008; Tustison et al., 2013; Tustison et
al., 2014) (figure 8 & 9).

In the fourth step, linear registration to the BO-image was conducted for the en-
hanced T1-weighted images (Isensee et al., 2019), from which the transformation ma-
trices of the conversion process corresponding to each voxel were established (figure
8). Registration was an iterative procedure in which the enhanced T1 weighted images
are processed and compared to the BO image using a similarity measure, including
cross-correlation or mutual information (Avants et al., 2011; Isensee et al., 2019) (figure
8).
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Figure 9

This figure presents the registration process and algorithms used in the ANT toolbox.
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In the fifth step, since these POS and NEG files were built based on the same
space as enhanced T1 weighted scans, the transformation matrices from Step Fourth
can be applied to their registration process to the BO image (figure 8).

In the last step, the atlas template AAL90 was deformably registered to the BO
image for the structural parcellation (figure 8).

Those registration steps aimed to identify and parcellate the cerebral structures ac-
cording to the template to the individual level.

This registration workflow enabled the cerebral structures to be individually identified,
through which atlas regions corresponding to the mapping points can be respectively
identified in POS and NEG images. As a result, the locations in the AAL90 atlas tem-
plate corresponding to the targets mapped in POS and NEG files can be also identified.

3.6.2 Tractography construction

The tractography for the whole brain was constructed stepwise using Diffusion Imaging
In Python (DIPY 1.2.0, https://dipy.org) Python 3.7 (https://www.python.org/). Those

processes were presented as below:

(1) Diffusion signal pre-processing

This step consists of data loading, background removal, and gradient table con-
struction for the abstract representation of the acquisition parameters (Avants et
al., 2011).

(2) Reconstruction of diffusion distributions in voxels

In DTI files, the diffusion propagator was described by a single 3D Gaussian dis-
tribution. Then the constrained spherical deconvolution model using two major con-
straints on the fitting of the fiber orientation distribution function (fODF) was ap-
plied(Tournier et al., 2007), then to identify the maximal values (peaks) of from the
model (Tuch, 2004; Avants et al., 2011).

(3) Fiber tractography

A deterministic algorithm is used and seeding based on each voxel in the brain.
The seed points were constrained by the volume's dimensions to become the start-
ing sties for the tracking propagation for a streamline, which was based on using
Euler's approach suggested by Yeh et al. (Yeh et al., 2010).
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Deterministic streamlines were designed to track a predictable trajectory in the im-
aging datasets by selecting a single major diffusion direction to extend at each
voxel, which was limited by the preset threshold on FA, tracking angulation ranges,
and tracking lengths. In our current study, tracking angulation rang-es were less
than 25 degrees, and fiber length should be more than 30 mm to exclude the U-
fibers (Song et al., 2014). During the tracking process, the FAT started at 0.01 and
then increased stepwise at 0.01 till minimal fibers were tracked, and the corre-
sponding FAT was at the maximum value (FATmax). All the matrices corresponding
to each FAT were transformed into a 90*90 matrix based on the AAL90 parcellation
and documented (Zhang et al., 2021a). The maximum FA for every single tract was
recorded as famax, then the FA ratio (FAR) was calculated by the formula:

FAR = L%mex . 100%  (Zhang et al., 2021a)

FATmax

3.7 Graphic Theory Analysis on Structural Connectome

3.7.1 Connectome construction and binarization

For the construction of the connectome, two FARs were implemented as thresholds to
choose the matrices, consisting of FAR = 25% and = 50%. Accordingly, those fibers
were selected respectively to form connectome matrices together with their corre-

sponding nodes. Seven categories of connectome matrices were formed as below:
(1) Munole was for the whole brain matrix.

Vertices and Edges: both hemispherical regions and their corresponding connec-

tions between every two regions.
Size: 90 nodes * 90 nodes.
(2) Mt was for the left hemispheric matrix.

Vertices and Edges: left hemispherical regions and their corresponding connec-

tions between every two regions.
Size: 45 nodes * 45 nodes.

(3) Miight was for the right hemispheric matrix.
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Vertices and Edges: right hemispherical regions and their corresponding connec-

tions between every two regions.
Size: 45 nodes * 45 nodes.

Mpos-rela Was for a matrix consisting of positive mapping regions and their related

regions.

Vertices and Edges: positive mapping regions and their related regions, and their

corresponding connections between every two regions.
Size: individually defined

Mheg-rela Was for a matrix consisting of negative mapping regions and their related

regions.

Vertices and Edges: negative mapping regions and their related regions, and their

corresponding connections between every two regions.
Size: individually defined
Mpos Was for a matrix consisting of positive mapping regions.

Vertices and Edges: positive mapping regions and the corresponding connec-

tions between every two regions.
Size: individually defined
Mneg Was for a matrix consisting of negative mapping regions.

Vertices and Edges: negative mapping regions and the corresponding connec-

tions between every two regions.

Size: individually defined

Because the sizes of the individual brains and glioma varied, binarizing the fiber num-

ber can reduce the interindividual volumic differences. Similarly, tracts between very

two regions in all categories of connectome matrices were binarized to “1” when fiber

counts were above 3 or to “0” when fiber counts were not above 3.
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3.7.2 Graphic analysis

All

graphic analyses were conducted through the NetworkX library (https:/net-

workx.org/, https://qgithub.com/networkx/ ) also in Python 3.7. There are four graphic

metrics representing the properties of the connectomes, consisting of:

(1)

Average Degree (AD)

AD represented the connection density in a connectome. It is calculated based on
the quantity of edges divided by the quantity of nodes (Latora and Marchiori, 2001;
Wang et al., 2010).

Average shortest path lengths (AL)

AL stood for the average of the shortest edges in the path between two nodes in
the whole network, demonstrating the network's intensity and density (Rutter et al.,
2013; Zhang et al., 2021b).

Global Efficiency (EG)

The purpose of EG is to assess the effectiveness of parallel information transmis-
sion and integrated processing. The concept of EG, which is the inverse of the
average shortest path, is related to that of the average shortest path (Latora and
Marchiori, 2001; Wang et al., 2010).

Local Efficiency (EL)

The purpose of EL is to assess the efficacy of communication between a node's
neighbors when that node is removed. EL of a certain vertex is the inverse of the
averaged shortest path steps or weights of all neighbors connected to that vertex
(Latora and Marchiori, 2001; Wang et al., 2010).

The creation of all connectome figures was processed in Matlab (Version: R2016b;

Academic License to TUM) using the toolbox of BrainNetViewer (https:/www.ni-
trc.org/projects/bnv/ ) (Xia et al., 2013).

3.8 Statistical Process

All following statistical analysis were conducted using GraphPad Prism (8.4.3, USA.

https://www.graphpad.com ).

(1)

Demographic characteristics comparisons.
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The demographic characteristics of the NA and SRA group, regarding handedness,
gender, and histopathological diagnosis, were compared through the Chi-square test.
Independent t-testing was applied for the comparison of age and glioma size.

(2) Comparison of mapping results.

Intra- and intergroup comparisons of the mapping regions were performed using Chi-
Square or Fisher Exact testing.

(3) Similarities in intra-group mapping regions.
Calculation of the intra-group ratio of language mapping regions.
(4) Inter-group comparisons

It was to investigate the differences in the graphic properties of the seven categories

of connectome matrices.
(5) Receiver operating characteristic (ROC) analysis

It was to identify the connectome properties with predicting potentials of developing

SRA using the Youden Index based on their sensitivity and precision.

(6) Supervised machine learning to predict SRA.
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Figure 9. Supervised machine learning process and cross-validation

This figure shows the steps of supervised machine learning and cross-validation

Connectome parameters were used to train a 6-fold cross-validated multi-layer per-
ceptron (with 12->6->1 units and sigmoid output) to predict SRA (Figure 2).
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4. RESULTS

4.1 Demographic analysis

No differences in age were detected between the NA patients (59.7 £ 15.1 years) and
SRA patients (58.8 + 15.2 years) (P = 0.327). Glioma sizes in the NA group (2.438 *
2.630 cm?) presented no differences to the SRA group (2.829 + 2.853 cm3) (P = 0.583)
(table 1).

The Chi-square test showed no difference for handedness (P = 0.781), gender (P =
0.152), and WHO Grades (P = 0.766) between the NA and SRA group (table 1). The
FATmax values of the NA group were at 0.531 + 0.065 and showed no difference with
that of SRA group (0.545 + 0.053) (P = 0.378) (table 1).

Table 1. Patient Characteristics

Chi- P-
Items
Square value
Handed- NA 4 . NA 26
ness Left SRA 5 Right SRA 25 0.131 0.718
NA 6 NA 24
Gender Male SRA 11 Female SRA 19 2.052 0.152
WHO NA 8 NA 22
Grade I~Il SRA 7 Hi~1v SRA 23 0.089 0.766
0.327
Age NA: 59.7+15.1 years SRA: 58.8+15.2 years 0988

The Chi-Square testing of patient characteristics, namely handedness, gender, and
WHO (World Health Organization) grade of glioma, is presented in this table. It also
presented age comparisons between two groups using T-test. No differences were
identified between the no aphasia group (NA) and surgery-related aphasia group
(SRA).

4.2 Language Mapping Region Analysis

The number of POS areas was considerably smaller than the number of NEG areas in
both groups (P = 0.001, figure 10), with no differences in the number of POS and NEG
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areas between the NA and SRA groups.

From a detailed analysis on the preoperative mapped areas, no significant differences
were detected between NA and SRA patients (Table 2).

Number of nTMS language mapping regions

P < 0.001 P < 0.001

Number of regions

Figure 10. Analysis of counts on mapped areas

This figure shows that the number of positive nTMS mapping areas (POS) is substan-
tially less than the number of negative nTMS mapping regions (NEG) in both groups,
when paired t-testing is used. There are no differences in the number of mapping areas
between the NA (no aphasia) and SRA (surgery-related aphasia) groups.

Table 2. Comparison of positive and negative mapping regions

S;‘gﬁ:&'g;t:;' No aphasia (NA) P-values
. Corrected .
ltems Counts Counts Counts Counts gg:are Chi- E'f:gr
of POS of NEG of POS of NEG Test Square Test
Test
STG 19 11 19 11 \ 1.000 \
SMA 5 25 4 26 \ 1.000 \
Angular 14 16 13 17 0.795 \ \
PreG 22 8 23 7 0.766 \ \
mSFG 0 30 1 29 \ \ 1.000
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SOG 0 30 1 29 \ \ 1.000
ITG 1 29 2 28 \ 1.000 \
MOG 3 27 2 28 \ 1.000 \
Rolandic-oper 8 22 9 21 0.774 '\ \
PosG 20 10 21 9 0.781 \ \
MTG 24 6 23 7 0.754 \ \
TP 5 25 7 23 0.519 \ \
Heschl 1 29 4 26 \ 0.350 \
MFG 25 5 28 2 \ 0.421 \
SmG 19 11 16 14 \ 0.432 \
IFG-tria 10 20 14 16 0.292 \ \
SPG 11 19 15 15 0.297 \ \
IPG 8 22 12 18 0.273 \ \
SFG 15 15 20 10 0.190 \ \
IFG-oper 13 17 18 12 0.196 \ \

Precentral gyrus (PreG), Supplementary motor area (SMA), medial superior frontal gy-
rus (mSFG), superior occipital gyrus (SOG), inferior temporal gyrus (ITG), middle oc-
cipital gyrus (MOG). Rolandic operculum (Rolandic-Oper), postcentral gyrus (PosG),
middle temporal gyrus (MTG), temporal pole (TP), middle frontal gyrus (MFG), supra-
marginal gyrus (SmG), triangular part of inferior frontal gyrus (IFG-tria), superior pari-
etal gyrus (SPG), inferior parietal gyrus (IPG), superior frontal gyrus (SFG), and parie-
tal opercular part of inferior frontal gyrus (IFG-oper) were showed in the table to show
the difference between two groups.

4.3 Graphic analysis on edges

Overall, ADs of different connectome categories in the NA group were higher under
both FARs (25% and 50%) than that in the SRA group thresholding respectively: sta-
tistically differences between the NA group and the SRA group regarding ADs of the
Mright (25% FAR: P = 0.044; 50% FAR: P = 0.031), Mpos-rela (25% FAR: P = 0.040; 50%
FAR: P = 0.018), and Myos (25% FAR: P = 0.040; 50% FAR: P = 0.046) (figure 13, 14,
and 16; table 3). Mwhole and Miest were with higher ADs in the NA group (P =0.023, P =
0.037. table 3; figure 11 and 12) only when thresholding at 50% FAR.

Regarding the analysis on the path length, ALs in the Mgnt is significantly smaller in
NA patients than that in the SRA patients when FAR threshold was at 25% (P = 0.021.
Table 3; figure13).
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No aphasia group Surgery related aphasia group

25% FAR

50% FAR

50% FAR

\ ' y,

Figure 11. Whole-brain tractography

This figure shows the different tractography of whole-brain network from no aphasia
group and surgery induced aphasia group under 25% and 50% fractional anisotropy

ratio (FAR), respectively.
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Figure 12. Left hemispheric tractography
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This figure shows the different tractography of left hemispheric network from the no
aphasia group and surgery induced aphasia group. under 256% and 50% fractional an-

isotropy ratio (FAR), respevtively.
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Figure 13. Right hemispheric tractography

This figure shows the different tractography of right hemispheric network from no apha-
sia group and surgery induced aphasia group under 256% and 50% fractional anisot-

ropy ratio (FAR), respectively.
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Figure 14. Tractography based on positive nTMS mapping regions and their con-

nected regions

This figure shows the different tractography in the network related to positive nTMS
mapping regions and their connected regions from the no aphasia group and surgery
induced aphasia group under 25% and 50% fractional anisotropy ratio (FAR), respec-

tively.
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Figure 15. Tractography based on negative nTMS mapping regions and their con-

nected regions

This figure shows the different tractography in the network related to negative nTMS
mapping regions and their connected regions from the no aphasia group and surgery
induced aphasia group under 25% and 50% fractional anisotropy ratios (FAR), respec-

tively.
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Figure 16. Tractography based on positive nTMS mapping regions

This figure shows the different tractography in the network related to positive nTMS
mapping regions from the no aphasia group and surgery induced aphasia group under
25% and 50% fractional anisotropy ratio (FAR), respectively.
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Figure 17. Tractography based on negative nTMS mapping regions

This figure shows the different tractography in the network related to negative nTMS
mapping regions from the no aphasia group and surgery induced aphasia group under
25% and 50% fractional anisotropy ratio (FAR), respectively.
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Table 3. Analysis on edges

Connectome matrices

Items
Mwhole  Miert Mright Mpos-rela  Mnegrela Mpos ~ Mneg

25% FAR

NA 7.635 5430 5.833 1.896 2.991 2.073 2.392
AD SRA 7.073 4958 5326 1.624 2.880 1.619 2.205

p-value 0.054 0.087 0.044 0.040 0.457 0.045 0.344

NA 2079 1.927 1.861 2.235 2.28 1.251 1.901
AL SRA 2121 1.958 1.921 2.254 2.329 1.203 1.953

p-value 0.091 0427 0.021 0.674 0.264 0.737 0.587
50%FAR

NA 2.863 1.883 2.344 0.733 1.105 0.933 0.766
AD SRA 2.358 1466 1.914 0.552 0.960 0.661 0.583
p-value 0.023 0.037 0.031 0.018 0.182 0.046 0.154
NA 2.804 2424 2547 2437 2.807 0.942 1.474
AL SRA 2934 2437 2411 2.288 2.884 0.617 1.480

p-value 0.092 0.929 0.214 0.319 0.614 0.090 0.976
This table shows differences of average degree (AD), and the average shortest path

(AL) between the no aphasia (NA) group and the surgery-related aphasia (SRA) group
thresholding at 256% and 50% fractional anisotropy ratio (FAR). The higher AD of ma-
trices of regions from the right hemisphere (Mignt), matrices of brain regions with con-
nections to nTMS positive regions (Mpos-reia), @and of matrices of nTMS positive mapping
regions (Mpos) was found in the NA patients than that in the SRA patients. ALs identified
only in the Mygnt is significantly smaller in NA patients than that in the SRA patients
when the FAR threshold is at 25%.

4.4 Graphic analysis of network efficiency

NA group presented higher average connectome efficiencies in EG and EL than those
in the SRA group (figure 11 ~ 17; table 3).

The NA group had statistically higher EG and EL from Muwnole thresholding at both 25%
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and 50% FARs when compared to the SRA group (figure 11; table 3). The ELs in Miest
showed differed significantly between the two groups, while the differences in EG were
not significant under 50% FAR (figure 12; table 3). The Myos-rela and Mpos were with
higher EGs under both FARs thresholds in the NA group. However, there were no sta-
tistical difference in their ELs were detected (figure 14 and 16; table 3). Regarding Mneg,
its ELs with 50% FAR was significantly lower in the SRA patients (figure 17; table 3).
The differences in EGs and ELs between the two groups under both thresholds from
Mheg-rela Were without statistical significance (figure 15; table 3).

Table 4. Analysis on graphic efficiency

Connectome matrices

Items
Mwhole  Miert Mright Mpos-rela  Mnegrela  Mpos ~ Mneg

25% FAR

NA 0.537 0.566 0.593 0.300 0.296 0.704 0.595
EG SRA 0.520 0.535 0.571 0.271 0.292 0.596 0.548

p-value 0.014 0.025 0.078 0.040 0.743 0.050 0.084

NA 2863 1.883 2344 0.733 1.105 0.682 0.633
EL SRA 2358 1466 1.914 0.552 0.960 0.556 0.586

p-value 0.037 0.005 0.089 0.122 0.225 0.122 0.247
50% FAR

NA 0.330 0.297 0.371 0.105 0.121 0.437 0.227
EG SRA 0.289 0.246 0.314 0.079 0.105 0.323 0.160
p-value 0.036 0.064 0.017 0.026 0.215 0.041 0.078
NA 0.367 0.332 0.373 0.133 0.127 0.338 0.174
EL SRA 0.306 0.261 0.307 0.098 0.087 0.187 0.086

p-value 0.048 0.037 0.070 0.095 0.053 0.095 0.026
This table shows differences in global efficiency (EG) and local efficiency (EL) between

the no aphasia (NA) group and the surgery-related aphasia (SRA) group under frac-
tional anisotropy ratio (FAR) thresholds at 25% and 50%, respectively. Thresholding
at both 25% and 50% FARs, EGs from matrices of whole brain regions (Mwnoie), matri-
ces of left-hemispheric regions (Mier), matrices of regions connected to nTMS positive
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regions (Mpos-rela), matrices of nTMS negative regions (Mneg), and matrices of nTMS
positive regions (Mpos) in the NA group were higher than that in the SRA group. The
higher EGs of matrices of the right hemisphere (Mrignt) were only found in the NA group
than that in the SRA group under 50% FAR threshold, and under the same threshold,
EGs from Miert presented no differences between the two groups. ELs from Mynoe and
Miert under both 25% and 50% FAR thresholds as well as ELs from Mnegq thresholding
at a FAR of 50% were higher in the NA group as well.

4.5 ROC analysis

The ROC analysis was aiming to identify the connectome properties potentially to pre-
dict the SRA developing risks.

EGs from Mwhole (P = 0.020) and Mt (P = 0.027), ELs from Mt (P = 0.013), and ALs
from Mrignt (P = 0.025) thresholding at 25% FAR were with statistical significances (ta-
ble 4).

Moreover, thresholding at 50% FAR, more graphic properties were presented to be
statistically significant in predicting SRA, consisting of Myos-rela-EG, Mpos-EG, Mwnole-EG,
Mright-EG, MIeft'EL, Mwhole-EL, Mwhole'AD, MIeft'AD, Mright-AD, and Mpos-rela'AD (table 4)

In detail, Mwhole-EG and Mpos-rela-EG were found to be meaningful with both good sen-
sitivity (0.733) and specificity (0.600) compared to other connectome properties (table
4). Although Muhole-AD (0.900), Mie-AD (0.800), Miight-AD (0.900), and Myos-rela-AD
(0.867) showed higher sensitivity but accompanied with a lower specificity between
0.433 and 0.567, which were prone to generate false-negative predictions (table 4).

Table 4. ROC analysis of graphic properties

Cut-off Sensi- Speci- Youden

Items AUC  Value tivity  ficity Index  PValue
25% FAR
Muhoo-EG ~ 0.674 0533 0733 0600 0333  0.020
MeEG 0667 0572 070 0600 0300  0.027
Mier-EL 0687 0722 0867 0500 0367  0.013

Mright-AL 0.669 1.866 0.733 0.600 0.333 0.025
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50% FAR
Mpos-rela=-EG ~ 0.650 0.095 0.733 0.600 0.333 0.046
Mpos-EG 0.652 0.419 0.667 0.600 0.267 0.044
Mwhole-EG 0.663 0.322 0.633 0.700 0.333 0.030
Mright-EG 0.677 0.370 0.733 0.567 0.300 0.019
Miest-EL 0.650 0.315 0.700 0.633 0.333 0.046
Mwhole-EL 0.654 0.352 0.700 0.633 0.333 0.040
Mwhole-AD 0.681 2.894 0.900 0.467 0.367 0.016
Mies-AD 0.647 1.822 0.800 0.567 0.367 0.049
Mright-AD 0.654 2.522 0.900 0.433 0.333 0.040

Mpos-rela-AD  0.647 0.784 0.867 0.467 0.333 0.048
This table presents the results of the receiver operating characteristic (ROC) analysis,

including the area under the curve (AUC), as well as the sensitivity and specificity with
statistical significance (P<0.05). Their corresponding sensitivity and specificity regard-
ing average degree (AD), average shortest path (AL), global efficiency (EG), and local
efficiency (EL) in predicting surgery-related aphasia (SRA) were calculated threshold-
ing under 25% and 50% fractional anisotropy (FAR) respectively. Seven matrices (M)
were analyzed namely matrices of whole-brain (Mwnoie), matrices of left hemispheres
(Miery), matrices of the right hemisphere (Mignt), matrices of regions connected to nTMS
positive mapping regions (Mpos-reia), matrices of nTMS positive mapping regions (Mpos),
matrices of regions connected to nTMS negative mapping regions (Mneg-rela), and ma-

trices of nTMS negative mapping regions (Mneg).

4.6 Supervised machine learning analysis

A 6-fold cross-validated multi-layer perceptron was implemented in this machine learn-
ing model. The accuracy, precision, sensitivity, and area under the curve (AUC) across
six cross-validation folds were presented corresponding to each fold, and their average
prediction performance was above 70% (76.7%, 75.2%, 80.3%, and 79.9%; table 5).

Table 5. Cross-validation machine learning model

Fold Accuracy Precision Sensitivity AUC
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1 0.600 0.667 0.667 0.542
2 0.900 0.833 1.000 0.960
3 0.800 0.714 1.000 0.780
4 0.700 0.750 0.600 0.880
5 0.800 0.750 0.750 0.875
6 0.800 0.800 0.800 0.760
Average 0.767 0.752 0.803 0.799

This table presents the machine learning performance of each fold from the cross-
validation model and their averages. Their average accuracy, precision, sensitivity, and
area under the curve (AUC) are all above 70%.
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5. DISCUSSION

The graphic analysis of DTI tractography combining nTMS language mapping from the
preoperative phase was adopted in the current study aiming to illustrate the alterations
of intracerebral structures in brain tumor patients in terms of three aspects: cortical
mapping regions and connections between every two regions and the networks com-

posed by them.

In the study, the complex three-dimensional brain structures are transformed into a
two-dimensional graphical analysis, and we establish a new set of investigations and
models to provide a new perspective to advance the study of the language-related
networks through function-specific connectome properties. The integration of graphic
based algorithms and the supervised machine learning model was implemented to de-
termine those patients at risk for postoperative SRA in the preoperative phase.

The current study further emphasizes the importance of the interdisciplinary studies.
Firstly, because of the distinctions in specializations, computer science and neurosur-
gery are both highly specialized professions, and it is difficult to combine their theoret-
ical and research requirements. Secondly, combining computer science with neurosci-
ence research necessitates the foundation of new theoretical frameworks as well as
specialized individuals, both of which are now still being sought by many universities.
The integration of computing technology and medical practice can greatly advance the

optimization of data analysis and improve the applicability of the methodology.

5.1 Methodology consideration

5.1.1 Binarization of the connectome matrices

As well known, there were physiological differences of sizes in brains and cerebral
structures between individuals (Llera et al., 2019). Even in the same individual, there
were also differences in brain volume at different ages. In MRI scans, those differences
could result in the various quantities of cerebral voxels, so the amount and volume of
tracts from DTI-FT could differ between individuals. Previous studies have utilized the
method of registering individual structural images to the brain atlas template, to elimi-
nate structural differences between individuals. However, this approach involved
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multiple imaging processes, for instance, interpolation, and other algorithms that would
change the original DTI dataset, which then caused instability in the tractography re-
sults based on those registered images when compared with their original images.
Especially in glioma patients, this difference could be even greater due to glioma-re-
lated structural deformation, edema, hemorrhage, etc. Thus, it is known that since all
graphical analysis is based on DTl's data, the manual errors due to multiple image
conversion processes would be reduced when the main analysis and calculations are

performed based on its original data.

So, in the present study, to avoid extra interferences related to distortion during the
graphical data alignment, we used original DTI data to create the tractography without
overprocessing except for the necessary data analyzing steps. In addition, to avoid
differences in structural volume and fiber quantities between individuals, we applied
binarization to the connections in our analysis: one tract with a fiber number above a
threshold would be considered an effective connection between these cerebral regions,
vice versa, if one track has a number of fibers below this threshold, it was considered
as no effective connection. As a result, the differences in the size of the individual brain
in MRI were eliminated.

Thus, these processing steps were implemented to control manual errors and to make

interindividual comparisons to be available.

5.1.2 Systematic Analysis of Function and Structures Based on Clinical Practice

It is a well-known principle in the biological world that structure determines function
(Rout and Sali, 2019), which is substantiated from genetic structures and expressions,
protein structures and functions at the microscopic level, to the skeletal muscles and
motor functions at the individual level by previous studies (Sarma and Sarma, 1996;
Fehrenbach and Herring, 2017; Ramesh, 2019; Rout and Sali, 2019). Without the cer-
ebral structural foundations, the execution and implementation of brain functions were
impossible (Honey et al., 2009; Seaquist, 2015; Nahm et al., 2017; Batista-Garcia-
Ramo and Fernandez-Verdecia, 2018), which was further highlighted to be related to
manifestations in several diseases (Muhlau et al., 2006; Landgrebe et al., 2009; Nahm
et al., 2017). For the study on the relationship between brain structures and function,
we proposed the concept of anatomy-function-connectome. This enables us to organ-

ize, summarize and understand the results of previous studies. With the increasing
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number of studies deepening in this area, the anatomy-function-connectome is cur-

rently being studied at three levels.

Many previous studies on language function have focused on the engagement and
involvement of certain brain regions in language execution and comprehension pro-
cesses. Those were classified as the first level of anatomy-function-connectome, at-
tempting to clarify cerebral structures related to the language function. From the initial
Brodmann area segmentation based on functional manifestations after traumatic brain
injury (Krause et al., 1914; Brodmann and Gary, 2006; Strotzer, 2009) to fMRI-based
brain segmentation (Ryali et al., 2015; Kauppi et al., 2017) and to Chang's study on
DES-based localization of language functions (Chang et al., 2017; Li et al., 2021;
Young et al., 2021), they attempted using different methods and techniques to identify
one or certain brain regions to which the language function can be attributed. Their
results were remarkably advanced and laid the foundation for subsequent studies of

brain function distribution.

In recent years, it has been further suggested that brain structures are not independent
and single functional units in their functional implementation, but rather collaborate with
each other based on their own functional attributes, which has been emphasized by
many studies (Horwitz and Poeppel, 2002; van Straaten and Stam, 2013). This be-
longed to the second level of anatomy-function-connectome, focusing on the analysis
combining brain cortical and subcortical structures. In fMRI studies, it has been repeat-
edly emphasized that brain networks consisting of collaborations and associations be-
tween brain regions play an important role in functional execution, and such findings
have been supported by EEG, MEG studies (Horwitz and Poeppel, 2002; van Straaten
and Stam, 2013). The collaboration with-in and between brain networks concluded in
their studies would not exist out of no-where; it is necessary for the subcortical tracts,
which serve as the anatomical basis for functions, to provide the intermediates for in-
formation interaction and communication between different brain regions (Hanggi et
al., 2014). It has also been referred to in studies on cerebral structure, and they mainly
focused on subcortical connectivity in language, proposing a number of hypotheses
(Honey et al., 2009; Harrison et al., 2021), for instance, the dual-stream hypothesis
(Norman, 2002), etc.

Together with previous studies, the present investigation was based on the clinical
findings and focused on the relationship between functions and structures at the whole
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network level, belonging to the third level of anatomy-function-connectome. The previ-
ous mindset in the study was to localize functional regions by fMRI and use DTI to
study the subcortical DTI signal changes in the relevant regions (Dijkhuizen et al., 2012;
Hakun et al., 2015). Differently from them, the study by Prof. Krieg et al. introduced
graphic theory into the analysis and indicated the association between the language
impairments because of tumor and the robustness of the structural network in the pa-
tient's brain, which provided a new perspective of study (Zhang et al., 2021a).

5.2 Higher efficiencies in connectome from NA patients

The higher network efficiencies were found in connectomes from the whole brain and
left hemisphere respectively in the NA group at both global and local levels when
thresholding at higher FAR (> 50%) and lower FAR (> 25%). These changes in graph-
ical properties suggest that effects of left-sided gliomas are not limited to one hemi-
sphere but can also potentially induce a brain-wide inhibitory effect on function, which
may be latent and not to be detected as clinical manifestation. In this regard, a study
by Ries and colleagues using behavioral experiments demonstrated that brain-injured
patients counted more on interhemispheric cooperation to select words for object nam-
ing tasks, which supports the relevance of reduced connections among regions to the
impaired language performance in patients developing SRA after surgery (Ries et al.,
2016). Alternatively, from a graph theory view, it was indicated that when a system
shows decreased efficiencies, its robustness and stability to resist external disturb-
ances will also be reduced. Considering the surgical injury, the structural network of
the NA group may have better adaptability existing preoperatively or better plasticity
developed in the postoperative period. However, it cannot be determined because the
present study lacked postoperative DTl data to verify this. Furthermore, a study by
Schuppert et al. that the global, neural substrates involving in local and global musical
information were processed in the melodic and temporal dimensions (Schuppert et al.,
2000), which is also a further indication of the collaboration between local and global

brain functions.

It was only EG that was statistically higher in the NA group for Mpos-rela and Myos, which
were related to the nTMS positive mapping regions, indicating the importance of those
regions and the connections between them in the preservation of global functional in-

tegrity, which was related to the nTMS positive mapping regions, indicating the
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importance of those regions and the connections between them in the preservation of
global functional integrity. This is consistent with the results of the AD analysis, which
suggested that within the SRA group the connections between the nTMS positive map-
ping regions were reduced. This may help to understand why language errors were
induced when those regions were under inhibitory stimulation. And the answer was
that fewer connections between mapping regions for transmitting information in lan-

guage production and their global compensation became undermined.

Also, this may be used to explain the differences of application between DCS and TMS
positive mapping regions found in previous studies. Additionally, their different mecha-
nism in outputting stimulus should be clarified, DES was the direct electrical stimula-
tions inducing complex cellular potential alterations, where the cell membrane is depo-
larized reaction at the cathode due to current flowing to the outside, and yet it is hy-
perpolarized reaction at the anode due to current flowing to the inside (Kombos and
Suss, 2009), and nTMS is based on magnetic field inducing electrical field to generate
cellular hyperpolarization, both of which can be called "transient lesion" without patho-
logical changes (M. Krieg, 2017). So, it is suggestive that using nTMS is primarily for
identifying nodes and connections in language-related networks, whereas DES is more
focused on detecting certain regions and associated fibers with high-grade importance
for language performance (Sollmann et al., 2014).

The organization of language-related cortical regions and subcortical connections can
be more comprehensively understood in function-specific connectome analyses, which

is of great potential for further investigations on language's structural basis.

5.3 More high-FAR fibers for the NA patients

The average AD was generally higher in the patients with normal language function
than the patients developing SRA. Mpos-rela and Myos at the two FARs thresholds were
distinct between the two groups, but not for the Mneg-rela and Mneg. As mentioned before,
Mpos-rela represented the connectome network with nodes consisting of positive map-
ping regions and their connected regions. At first, with respect to the functional organ-
ization, those positively mapped regions served to relay signals in the language-related
network, thus connecting other regions and acting as interaction hubs to integrate the
language performance signaling. Secondly, with respect to the structural organization,
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considering that no difference in tumor size was noted in the two groups, there are two
potential explanations for the higher AD in the NA group. Namely, one was that patients
in the SRA group initially relied only on the weak connecting tracts to maintain normal
functional representation and eventually lost their balance or compensation after sur-
gery, leading to functional deficits, and the other is that patients in the NA group have
more compensatory capacity, which possibly induced by glioma, that can mobilize
more connections and/or optimize or strengthen existed connections. Although in pre-
vious studies it was only shown that the risk of SRA was higher in cases with fewer
interhemispheric connections (Sollmann et al., 2017; Negwer et al., 2018), still demon-
strated the importance of connection robustness for normal functioning, which had sim-
ilar findings to the present study.

Compared to the right hemisphere, AD was lower on the left side since the tumors were
located in the left hemisphere in both groups. A significant difference in AD was de-
tected between the two groups for connections with FAR > 50%, in addition, statistical
tests on FATmax showed no difference. Taken together, this indicated that NA patients
have more fibers with high FAR (>50%) than SRA patients. Considering the differences
in the functional performance of patients in the postoperative period, it can be inferred
that the connections related to language function have higher FA values. Grieve et al.
reported that the executive function-FA association was particularly strong and region-
ally delineated through a voxel-level analysis (Grieve et al., 2007). Moreover, FA values
in visual radiation was associated with visual performance at term-equivalent age, and
its values from the posterior limb in internal capsule were correlated to cognitive out-
comes measured at the first postpartum year (Qiu et al., 2015). Furthermore, in a study
on Baduk players, it was shown that after a long time training they had increased FA
values in the white matter in frontal, cingulate, and striatal thalamic regions, which in-
volves a functional network of attentional management, work memory, execution mod-
ulation and problem-solving procedures (Lee et al., 2010). However, there were some
more recent DTI studies reporting that higher FA values can be found in multiple sub-
cortical regions (Mole et al., 2016; Chen et al., 2018) and/or the SN (Lenfeldt et al.,
2015). What’s more, the current study, focused on the selected subcortical tracts re-
lated to the functions and demonstrated that the better prognostic outcome was related
to those tracts with higher FA values.
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5.4 Potential application for SRA prediction

Predicting SRA during the preoperative period is a difficult challenge in current neuro-
surgical practice. Plaza et al. reported that in their practice, the tumor infiltration into
the inferior frontal gyrus and insular but their resection did not lead to the severe im-
pairments as predicted (Plaza et al., 2009). So, a comprehensive and effective ap-
proach is really needed to facilitate clinical treatment decisions to reduce the risk of
postoperative aphasia. In the study by Fang et al, it is suggested to predict the post-
operative language prognosis in tumor patients based on measuring preoperative MRI
scans, consisting of the tumor location and proximity of the tumor toward the superior
longitudinal fasciculus/arch fasciculus (Fang et al., 2021). However, it can be found in
the implementation that this method was subjective and dependent on the physician's
experience, such as defining the border between edema and glioma. The network
properties shown in the current study have the potential to serve as important predic-
tors of SRA. However, using one of them alone as a predictor would not yield satisfac-
tory prediction performance. When they are combined to create a machine learning
model, it is possible to achieve a sensitivity and accuracy of above 70% in predicting
SRA. Although encouraging, this method was still needed to be validated and improved

in further studies.

In the present study, it can be found that their mapping localizations were similar be-
tween the two groups. In addition, the number of their positive and negative mapping
areas respectively was also similar. Considering the absence of clinically detectable
aphasia in the NA and SRA groups during preoperative testing, it was reasonable to
see their similar cortical mapping results. Remarkably, both groups underwent tumor
resection without significant differences in the volume of the glioma. Thus, a subcortical
connectome analyzed in combination with cortical function could better reflect changes
in brain function, which would be meaningful for further insight into the impact of post-

operative outcomes and the development of SRA.

5.5 Limitation

Firstly, from the perspective of data collection, healthy subjects were not included in
this study as a control group and the sample size was only 60 cases. By using the

cross-validation approach, it is to increase the reliability of the data in the machine
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learning operation in this study protocol, it still cannot be ignored that a large sample

size for further validation and confirmation is still need.

Secondly, the categorization of language functions in this study was only based on
whether they presented aphasia or not and did not provide a detailed analysis of the
different levels of language performances.

Third, further follow-up of oncology patients was still essential. Language functions at
one month postoperatively were only short-termed. The chances of recovery of lan-
guage function afterward were still possible though the chances were low though.
Moreover, factors such as tumor growth rate and different degrees of infiltration were
not included in the analysis, their effect on specific functional connectivity groups
needed additional studies to confirm.

Fourth, currently, we have only used DES in a limited number of patients to validate
localized areas by nTMS language mapping, so it was not analyzed in the current study.
And the limited extent of the bone window made it difficult to validate all language-
related positive areas localized by nTMS, let alone the nTMS mapping results on the
healthy side. In the future, it is still necessary for multiple research centers to jointly
work and expand the sample size to achieve comprehensive analysis.
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6. SUMMARY

6.1 English Version

It would be one of the first studies on predicting the risk of postoperative surgery related
aphasia (SRA) based on preoperative nTMS language function localization and trac-
tography combined with graph theory analysis.

The primary treatment for intracranial gliomas remains to achieve the maximum surgi-
cal resection, i.e., achieve gross tumor resection (GTR). Preoperative functional map-
ping by navigated transcranial magnetic stimulation (nTMS) together with diffusion ten-
sor imaging (DTI) based on nTMS mapping results is increasingly applied for localiza-
tion of cortical and subcortical speech eloquent areas. The goal is to enable better
surgical risk management. If the risk of language impairments due to surgery can be
predicted preoperatively, this could better protect the patient's quality of life.

Previous studies have analyzed the risk of surgery by assessing the tumor lesions in
certain brain tracts or in certain brain regions and/or the distance between the tumor
and language-related brain structures. Differently from them, the present study focused
on a systematic analysis of functionally related structures in the brain, investigating
their connections and connectome properties, such as degree and graphic efficiency,
and accordingly to evaluate the risk of SRA occurrence.

In this study, 60 patients with left hemisphere perisylvian glioma with normal language
function were enrolled, 30 of whom had normal language function after surgery and 30
of whom developed SRA. The function-specific connectome network properties in the
brain at different fractional anisotropy ratio (FAR) thresholds were investigated to ana-
lyze the preoperative alterations in the SRA group compared with no-aphasia patients,
and they were further combined with the application of supervised machine learning
algorithms for training and cross-validation to analyze the SRA prediction model. The
results showed that preoperative linkage group analysis helped to predict the develop-
ment of SRA at an accuracy and sensitivity above 70%.

The current study provides a new perspective on combining nTMS and function-spe-
cific connectome in machine learning model analysis, which is a systematic investiga-

tion of language functions and anatomical structures.

65



The graph-theoretic analysis of complex brain functions and structures through con-
nectome algorithms can advance our understanding of the relationship between com-

plex networks and functional implementation.
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6.2 Deutsch Version

Es konnte eine der ersten Studien sein, die das Risiko einer postoperativen operati-
onsbedingten Aphasie (SRA) auf der Grundlage der praoperativen nTMS-Sprachfunk-
tionslokalisierung und der Traktographie der Fasern in Kombination mit einer graphen-
theoretischen Analyse vorhersagt.

Die primare Behandlung fur intrakranielle Gliome besteht nach wie vor darin, eine ma-
ximale chirurgische Resektion, beispielsweise eine Bruttototalresektion (BTR), zu er-
reichen. Die praoperative funktionelle Kartierung mittels navigierter transkranieller
Magnetstimulation (nTMS) in Kombination mit Diffusions-Tensor-Imaging (DTI) wird
zunehmend zur Lokalisierung kortikaler und subkortikaler sprachlich eloquenter Areale
eingesetzt. Das Ziel ist, ein besseres chirurgisches Risikomanagement zu ermaoglichen.
Wenn das Risiko von Sprachstorungen aufgrund einer Operation praoperativ vorher-
gesagt werden kann, konnte dies die Lebensqualitat der Patienten besser bewahren.
Frahere Studien haben das Operationsrisiko anhand der Tumorlasionen in ausgewahl-
ten Hirnbahnen oder Hirnregionen und/oder des Abstands zwischen Tumor und
sprachbezogenen Hirnstrukturen analysiert. Im Unterschied zu diesen Studien kon-
zentrierte sich die vorliegende Studie auf eine systematische Analyse funktionsbezo-
gener Strukturen im Gehirn und untersuchte die Verbindungen und Konnektom-Eigen-
schaften wie Grad und grafische Effizienz, und dementsprechend das Risiko von SRA
zu bewerten.

In dieser Studie wurden 60 Patienten mit einem linkshemispharischen perisylvischen
Gliom und normaler Sprachfunktion eingeschlossen, von denen 30 nach der Operation
eine normale Sprachfunktion hatten und 30 eine SRA zeigten. Die funktionsspezifi-
schen Eigenschaften des Konnektom-Netzwerks im Gehirn bei verschiedenen
Schwellenwerten des fraktionellen Anisotropieverhaltnisses (FAR) wurden untersucht,
um die praoperativen Veranderungen in der SRA-Gruppe im Vergleich zu Patienten
ohne Aphasie zu analysieren, und sie wurden mit der Anwendung von uberwachten
Machine-Learning-Algorithmen fur Training und Cross-Validierung kombiniert, um das
SRA-Vorhersagemodell zu entwickeln. die Entstehung einer SRA mit einer Genauig-
keit von 73,3 % und einer Sensitivitat von 78,3 % vorherzusagen.

Die aktuelle Studie prasentiert eine neue Perspektive der Kombination von nTMS und

funktionsspezifischem Konnektom in der maschinellen Lernmodellanalyse, die eine
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systematische Untersuchung von Sprachfunktionen und anatomischen Strukturen dar-
stellt.

Die graphentheoretische Analyse komplexer Hirnfunktionen und -strukturen mit Hilfe
von Konnektom-Algorithmen kann unser Verstandnis fur die Beziehung zwischen kom-

plexen Netzwerken und funktioneller Implementierung vorantreiben.
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