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Zusammenfassung:

Gegenstand: Im Bereich der funktionellen Neurochirurgie werden Therapie-
relevante Entscheidungen in Abhangigkeit diagnostischer Verfahren getroffen.
Goldstandard fur die Kartierung (Mapping) kortikaler Areale ist die direkte
elektrische Stimulation (DCS). Im Fokus der Diplomarbeit zugrundeliegenden
Studie liegt die transkranielle Magnetstimulation (TMS). Als Methode zum
Mapping Sprach-eloquenter Areale bei Hirntumor-Patienten und Patientinnen wird
diese im Vorfeld einer geplanten Wachoperation eingesetzt. Jede Hirnstimulation
wird von der Erregbarkeit neuronaler Strukturen beeinflusst. Aus diesem Grund
wird im Rahmen der Studie ein spezifisches TMS-Paradigma (cTBS) evaluiert und
mit einer Vorabstimulation (priming) kombiniert.

Methode: 12 rechtshandige Patienten und Patientinnen mit Hirntumor in der linken
Hemisphare werden mittels navigierter transkranieller Magnetstimulation (nTMS)
untersucht. Die TMS-Ziele werden anhand anatomischer und funktioneller
Faktoren vor der Untersuchung definiert. Wahrend TMS und Wach-Operation
absolvieren die Patienten und Patientinnen einen Objekt-Benennungs-Test. Die
TMS-Untersuchung wird in 2 Sitzungen (mit/ohne ,priming“) durchgefihrt.
Abschlieend werden die Ergebnisse beider Untersuchungsmodalitaten
verglichen.

Ergebnisse: Der Fallbericht stellt im Wesentlichen das Studienprotokoll vor. Im
beschriebenen Fall konnte wahrend der TMS ein Sprachstopp bei Stimulation im
Gyrus frontalis inferior und im Gyrus precentralis beobachtet werden. Geringe
Defizite traten auch bei Stimulation anderer Regionen auf. In der Sitzung ohne
Lpriming“ wurden 37,5% der Ziele als Sprach-eloquent bewertet, dieser Wert sank
mit ,priming auf 12,5%. Die Ubereinstimmung von TMS und DCS hinsichtlich
Detektion Sprach-eloquenter Areale ist vielversprechend.

Schlussfolgerung: Der Fallbericht besitzt keine statistische Signifikanz und die

Ergebnisse mussen durch die Untersuchung weiter Patienten und Patientinnen
verifiziert werden. Der Fallbericht zeigt jedoch, dass cTBS in der Lage ist,
signifikante Sprachdefizite auszuldsen. Auf der Suche nach einem geeigneten
TMS-Protokoll zum Mapping Sprach-assoziierter Areale sind weitere Studien noétig
um, neben cTBS als Paradigma sowie der Untersuchung der Effekte des

,priming“, weitere Parameter wie Spulenposition und Intensitat zu beurteilen.



Abstract:

Objective: Neurosurgical decision making relies on various diagnostic methods
prior to surgery. Direct cortical stimulation (DCS) is considered the gold standard
in brain mapping to gain information on functional cortical areas that might be
affected by surgery. This thesis focuses on navigated transcranial magnetic
stimulation (nTMS) as a method for preoperative language mapping in brain-
tumour patients who will undergo awake surgery. Brain stimulation techniques
critically depend on the prior state of neuronal excitability. The main goal of the
study is to evaluate an inhibitory TMS paradigm called continuous theta burst
stimulation (cTBS) for language mapping in combination with priming.

Method: nTMS language mapping will be performed on 12 right-handed patients
scheduled for awake surgery to remove a left-hemispheric lesion (tumour). TMS
targets are determined by fMRI hotspots and anatomical references. During TMS
and awake surgery the patients perform an object naming task. cTBS will be
applied in two sessions, with and without priming, separated by at least 1 week.
Both mappings provided by TMS and DCS will be compared subsequently.

Result: The case report stands exemplary for the protocol used. TMS could induce
speech arrest in the inferior frontal gyrus and precentral gyrus, with induced minor
errors also in other sites. In the TMS session without priming, 37,5% of the
stimulated targets had positive findings. With priming, the total error rate (positive
response) decreased to 12,5%. The concordance of TMS and the DCS mapping
was high.

Conclusion: Definite results of the underlying study still need to be confirmed using
a larger subject cohort. Observations of the case report are: cTBS is capable of
eliciting language errors; DCS and TMS concordance looks promising; priming
decreases the effectiveness of eliciting language errors; TMS appears be a useful
tool in the preoperative assessment in brain-tumour patients. Further studies are
needed with regards to intensity, coil position and other TMS paradigms to create

an optimal standardized protocol.
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Glossary and abbreviations

AAT - Aachner Aphasie Test

AF - arcuate fasciculus

AIS - axon initial segment

AMT - active motor threshold

APB - adductor pollicis brevis

AP- action potential

ATRX - adenosine triphosphate dependent helicase
BBB - blood-brain-barrier

BBTB - blood-brain-tumour-barrier

BCM - Bienenstock-Cooper-Munro

BDAE - Boston Diagnostic Aphasia Examination
BOLD - blood oxygen level dependent

Ca* - Calcium

CaDP - calcium level dependent plasticity
CI" - chloride

CNS - central nervous system

CSF - cerebrospinal fluid

cTBS - continuous theta burst stimulation
DCS — direct cortical stimulation

DES - direct electrical stimulation

DTI - diffusion tensor imaging

ECT- electroconvulsive therapy

EEG - electroencephalogram

EMG - electromyogram

EOR - extent of resection

FLAIR - fluid attenuation inversion recovery
fMRI - functional magnetic resonance imaging
GFAP - glial fibrillary acidic protein

GABA - gamma-aminobutyric acid

HADS-D - Hospital Anxiety and Depression Scale
Hz - Hertz

IDH - isocitrate dehydrogenase



IEM - intraoperative electrostimulation mapping
IFOF - inferior fronto-occipital fasciculus

iTBS - intermittent theta burst stimulation

K" - Potassium

KD - ketogenic diet

LGG - low grade glioma

Ki67 - antigen encoded by the MKIG7 gene

LKH - Landeskrankenhaus

LTD - long term depression

LTP - long term potentiation

MEP - motor evoked potential

MEG - magnetencephalography

MRI - magnetic resonance imaging

MSO - maximum stimulator output

MTDDA - Minnesota Test for Differential Diagnosis of Aphasia
MUG - Medical University of Graz

Na® - Sodium

NCCEA - Neurosensory Center Comprehensive Examination for Aphasia
NMDAR - N-methyl-D-aspartate receptor

nTMS - navigated transcranial magnetic stimulation
ONT - object naming task

OS - Ojemann stimulation

PET - positron emission tomography

PFS - progression-free survival

PICA - Porch Index of Communicative Ability

PPT - picture presentation time

PS - Penfield stimulation

PTI - picture to trigger Interval

PT - phosphene threshold

RMT - resting motor threshold

R132h - specific mutation of IDH 1

RP - resting potential

rTMS - repetitive transcranial magnetic stimulation

RV - residual volume



SE- spin echo sequence

SMA - supplementary motor area

SRS - stereotactic radiosurgery

STG - superior temporal gyrus

STS - superior temporal sulcus

TE - echo time

TERT - telomerase reverse transcriptase
TES - transcranial electrical stimulation
TMS - transcranial magnetic stimulation
TMT - trail making test

TP53 - tumour protein p53

TR - repetition time

VAS - visual analog scale

VPC - virus producing cells

VOSP - Visual Object and Space Perception
WAB - Western Aphasia Battery

WHO - World Health Organization

5-ALA - 5-aminolevulinic acid
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1. Introduction

“The limit of my language means the limits of my world” (1)

This quote from the Austrian philosopher Ludwig Wittgenstein shows the
importance of the ability to produce and understand language and their
fundamental role as element for quality of life (2). These abilities can be impaired
by neoplastic diseases of the Central Nervous System (CNS) when language
areas are affected; especially entities such as Gliomas can affect language

function due to their infiltrative growth (3).

The main objective for an optimal treatment of patients suffering from intracranial
tumours, must be the preservation of quality of life. As the survival time might be
limited by the disease, the direct and intermediate term postoperative condition is
important. Therefore, the avoidance of significant postoperative deficits is a major
goal in any oncological neurosurgical procedure (4). Language represents a
special challenge when it comes to surgical treatment like tumour resection
because testing language production and comprehension requires an awake
patient and thus creates a need for awake craniotomies (5).

In fact, the maintenance of the language function is a major priority of
neurosurgical decision making. Mapping language eloquent cortical and
subcortical areas before brain tumour resection is a crucial part of every surgical
procedure within these regions (5). The mapping of those areas is complex,
including different kinds of neurophysiological and neuropsychological
applications; it requires a profound knowledge of the anatomical organization of
language associated systems within the brain and their underlying physiological

processes (4).



Due to the complex nature of language networks and individual anatomic
variability, a multimodal approach is needed prior to brain tumour surgery (6,7). A
precise assessment of the interindividual functional anatomy and clear
expectations of their distribution within the surgical area will decrease the rate of
complications and postoperative deficits; it allows a more valid evaluation of

chances for success, which is a critical part of therapeutic decision making (8).

Preoperative imaging is the basis of any neurosurgical planning (4,5). Beside the
representation of anatomical structures, functional regions of the brain are of
particular interest for glioma surgery. Functional MRI (fMRI) is the most commonly
used mapping method in both clinical use and neuroscience (5). However, fMRI is
an indirect method for mapping of functional areas and does not show the
relevance of areas to specific functions (9,10). Therefore, accuracy and reliability
of functional maps generated on fMRI basis alone has been widely questioned in
the diagnostics of brain tumour patients (7,11,12). In fact, the correlation of fMRI
and intraoperative language mapping is thought to be approximately 33% (9). In
order to improve preoperative language mapping, navigated Transcranial
Magnetic Stimulation (nTMS) is a promising approach which has already shown
useful results (8). In NnTMS the combination of imaging and non-invasive brain
stimulation is a key component to a more detailed and accurate presurgical

assessment.

The principle of TMS is the modulation of neuronal activity by applying a magnetic
induced electric current to the cortical surface (8,13). Depending on the paradigm,
a transient lesion caused by TMS will mimic loss of function and allows an

evaluation of areas and their role for specific functions (12,14,15).

The objective of this thesis is a comprehensive evaluation of TMS as a technique
and its neurophysiological effects, the basic physiological mechanisms within the
cerebral cortex, the recent theories of anatomical and functional language models
and clinical language assessments, as well as the integration of NnTMS diagnostics
into the treatment of glioma patients. This thesis, as part of a pilot study, will also

present results in form of an exemplary case report.
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Even though nTMS is already in use at specialized centres, a consensus for an
optimal language mapping protocol is still lacking. Therefore, a focus of the
underlying study is the evaluation of a specific TMS paradigm called continuous
theta burst stimulation (cTBS), which is used in two different settings. Both will be
compared in regard to practicability and reliability. Beside practical evaluation,
conclusions will be made to evaluate the connection between neuronal plasticity
and the priming of TMS. Priming is an additional stimulation applied before
mapping of functional areas per se is performed (16). While a formal comparison
of primed TMS and intraoperative mapping procedures is not yet available, the
study also enables an insight into stimulation effects and neuronal function on a

theoretical basis.
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2. Theoretical assessment

2.1 Neurophysiological fundamentals of the cerebral cortex

The CNS is a system of tremendous complexity. It consists of several types of
cells that differentiate according to their development, functional units and
anatomical topography (17). This chapter aims to give a review of cortical anatomy

and function.

The shape and surface of the brain are made up by the telencephalon (17). It is
the biggest part of the human brain; a large portion of the other parts is hidden by
telencephalic structures (17). The telencephalon is divided into two hemispheres
(17). Each hemisphere is divided into 5 parts: frontal lobe, temporal lobe, parietal
lobe, occipital lobe and insula (17). The lobes include cerebral cortex/grey matter
and the white matter (17,18). The grey matter is the superficial part on the surface
of the brain, composed mainly by neuronal cell bodies, and is structured into gyri
and sulci as seen in figure 1 (19). Because of the gyral surface, 2/3 of the cerebral
cortex is hidden in the sulci and just 1/3 is exposed on the surface (17). The white
matter consists of myelinated axons which build a complex system of pathways
within the CNS (17,18). Both, grey and white matter, are further classified based
on characteristics which will be outlined in the following.

Apart from neurons, neuroglia account for a major percentage of cellular volume in
the CNS (17). In general, glial cells have different functions like forming the
cerebral structure (astroglia), chemical homeostasis, nutrition, axonal isolation
(oligodendroglia), immuno-competency (microglia) and contributing to the blood-
brain-barrier (BBB) (4,17,20-22). The ratio of neurons to neuroglia varies in each
part of the human brain; certain types of glia contribute differently to this ratio
(23,24). Within the cerebral cortex, the amount of glial cells is roughly four times
higher compared to the number of neuronal cells (24). Four main types of glia cells
exist: Astrocytes, oligodendrocytes, microglia and ependymal cells (17,18,20). In

most regions, astrocytes are the majority of glial cells (17,20).
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Furthermore, the cerebral cortex is classified by phylogenetic findings. It can be
divided into allocortex, which is the evolutionary oldest part, consisting of paleo-
and archicortex; as well as the neocortex (17). The neocortex is the major part of
the grey matter (17,19). It consists of a typical histological pattern of six layers
(17,19,21), is 2-5 mm wide and covered by pia mater (21). Figure 2 shows the
organization of the six layers. The thickness of each layer varies within the
different functional areas; this is due to the fact, that different types of neuronal

cells are represented (17,19,21).

Different layers of cells are grouped in columns of a diameter of 0.5 mm (17).
Pyramidal cells and non-pyramidal cells like cortical interneurons are the main
types of neuronal cells (17). The classification was based on the shape of the
Golgi apparatus and the length of the axons and their function (21). Pyramidal
cells are efferent neurons which are found in the layers Ill and IV and innervate
cortical regions or subcortical structures (19). Pyramidal cells represent 85% of the
cortical neurons (18); through recurrent collaterals, they often influence cortical
interneurons as well (17,21). Cortical interneurons remain in circumscribed cortical
areas and can be found in all cortical layers (17). While pyramidal cells are
excitatory neurons, using the neurotransmitter glutamate, cortical interneurons
serve most likely inhibitory effects via the neurotransmitter gamma-aminobutyric
acid (GABA) (17). Cortical interneurons inhibit pyramidal cells in their vicinity and
are responsible for the demarcation of the columns (17). The inhibitory effect of
cortical interneurons has an influence on the mechanism of TMS affecting the

cortex which will be outlined later (25).

According to the previously described differences of cell types and layer thickness,
Korbinian Brodmann created a cytoarchitectural map of the human cerebral
cortex in 1909, which is still in use as a reference for functional areas (19). An
overview of the so called Brodmann areas can be seen in figure 3. Each area
correlates with a functional area of the cortex (19). The functional areas are
grouped into primary, secondary and association areas. For example, the primary
motor cortex corresponds to Brodmann area 4 and covers the precentral gyrus
(19,22). An example for a secondary area is Brodmann area 18, which is located

in the medial and occipital gyri as the secondary visual cortex.
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The association areas are located in the frontal lobe, supramarginal and angular
gyrus, serving higher cognitive functions such as language, writing, mathematical

and visual reasoning as well as multisensory perception (20,22).

Consisting of myelinated axon tracts, the white matter is located below the
cerebral cortex (17). Three different types of fiber tracts may be distinguished:
commissural tracts, projection tracts, association tracts (17,18). Commissural
tracts connect both hemispheres (18). The major commissural fiber tract is the
corpus callosum which connects neocortical areas of the left and right hemisphere
(17,18). Further commissural tracts are: the anterior commissure, the hippocampal
commissure, the habenular commissure and the posterior commissure (17).
Projection tracts connect cortical areas to subcortical structures and other areas of
the CNS like basal ganglia or brain stem (18). Most of the projection tracts, e.g.
the corticospinal tract and subthalamic fasciculus, are located in the internal
capsule (18,20).

Association tracts connect areas of the ipsilateral hemisphere, e.g. the visual
cortex to the angular gyrus (18). These tracts allow a directed stream of
information processed in primary and secondary areas, ending in association
areas and thereby enabling higher cognitive functions (17). Three different
systems of association tracts may be distinguished: short association fibers, long
association fibers and the cingulum (17). The most important tracts are: inferior
longitudinal fasciculus, connecting the occipital and temporal lobes; superior
longitudinal fasciculus, connecting the frontal and occipital lobes and comprising
the arcuate fasciculus which is crucial for language processing and production; the
uncinate fasciculus, connecting the frontal and temporal lobes; the inferior fronto-
occipital fasciculus, connecting the frontal and occipital lobes (17,18). Figure 4 is a

schematic representation of these tracts.
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Beside the structural organization of cortical and subcortical areas, the biological
mechanisms of excitability are crucial for understanding methods such as TMS
and DCS. Neuronal functions, as well as processing and transmitting of
information, are based on electrical and chemical signals (22). The ability of
neurons to create and transmit signals is linked to ionic intra- and extracellular
potentials (22,26). Potentials are built up by the difference in the ion distributions
between intracellular- and extracellular space (22). The difference in distribution is
based on the phospholipid membrane properties, hence the potentials are called
membrane potentials; resting potential (RP) and action potential (AP) are the
fundamental factors of neuronal function and cortical excitability is basically
determined by the RP (22,26).

The RP is the membrane potential of non-excited cells (27) and amounts roughly
-65 mV in neurons (22). It is built up by an ion concentration gradient of potassium
(K*), sodium (Na*), chloride (CI") and calcium (Ca®*); the gradients are established
by the sodium-potassium- and calcium-pumps (22,26). The exchange of K" ions
causes the negative RP (22). The intracellular concentration of K™ is 20 times
higher than in the extracellular space (22). Due to K* channels in the phospholipid
membrane, K" can diffuse from intracellular to extracellular space, following the
ion concentration gradient built up by the ion pumps (26). This exchange creates a
negative intracellular charge and an electrical potential across the membrane (26).
The negative intracellular potential is located on the inner side of the phospholipid
membrane (26). This potential causes K" ions to go back from extracellular- to

intracellular space and results in a potential equilibrium (22).

The complex combination of the potential equilibrium of each previously
mentioned ion creates the RP of neurons (22). The phospholipid membrane is
relatively permeable, which means that the RP of around -65 mV is a combination
of the potential equilibrium of basically K* and Na* (26). However, the RP is close
to the potential equilibrium of -80 mV for K™ because the cellular membrane is 40
times more permeable for K* ions than for Na* (22). In summary, the ion pumps
create a negative intracellular charge which causes the RP by moving ions

between the neuronal intra- and extracellular space (22,26).
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The reversal of the negative RP is the AP (22). The AP is defined as a transient
change of the membrane potential of an excitable cell (27,28). An AP generated
by an excitable cell, is stable in physical size and duration and signals are coded
through frequency and pattern (22). For example, the number of AP’s increases in
higher depolarizing stimuli and is described as a relationship between strength of
stimulus and AP-frequency (26). Furthermore, the AP is subjects to the “all-or-
none” principle, which means that an AP is only generated after a certain threshold
of depolarization is reached (22,26,27). For cortical neurons, this threshold is
variable (29). Depolarization is defined as an increase of the negative RP (22,27).
Different mechanisms exist of how an AP is generated, depending on the
localization and type of cell, respectively the neuron (22). While the mechanisms
are variable, phases of the AP are stable; six phases can be described, starting
with  depolarization, rising phase, peak  phase/overshoot, falling
phase/repolarization, undershoot phase and refractory period (26). The AP is
characterized by a shifting of electric charges upon the membrane, which can be
described as a stereotypical sequence of ionic shifting (26). First described in
1950 by Hodgkin and Huxley, the model of the mechanisms behind the AP is still
relevant nowadays (26,30). According to the model, the AP can be described as a
time dependent program of change in conductivity for the previously mentioned
ions (26). The depolarization is caused by an influx of Na* ions into the cell, while
the repolarization is based on the efflux of K (22). In detail, after reaching the
threshold, voltage activated Na* channel open and cause a rapid depolarization,
caused by Na” influx and driven by the negative intracellular membrane potential
(26). This phase is called the rising phase, which is followed by the so-called
overshoot; the overshoot is characterized by an increased permeability for Na*
ions, which is approximately 40 times higher than in the RP (26). During this
phase, the membrane potential is closer to the potential equilibrium of Na* than K*
(26). The result is a reversion of the potentials up to +20 to +40 mV (26). In the
falling phase, Na® channels close, while K" channels open (26). The open K*
channels cause an efflux of K* and a decrease of the membrane potential to
negative values (26). The undershoot phase is a consequence of a convergence
to the potential equilibrium of K*, due to a decrease in the permeability for Na* ion
within this phase; the undershoot phase is terminated by the closing of K*

channels (26).
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Until the closing of these channels, the membrane potential is hyperpolarized,
which means it is more negative than in RP; this phase is called the relative
refractory phase, because a higher impulse of depolarization is required for
generating an AP (22,26). While the potential decreases in the falling phase, a
reopening of Na* channels is not possible, this phase is called the absolute
refractory phase because an AP cannot be generated at this time (22,26). Figure 5
shows the previously described processes as a course of the potentials among the

axonal membrane.

In the model of Hodgkin and Huxley, AP’s are generated in the axon initial
segment (AlS) (22,30). However, the model does not fit for all types of neurons.
Different types of neurons are characterized by various electrical features (22).
Some key features of cortical neurons are outside the behaviour described by the
Hodgkin-Huxley model (31). Within the cerebral cortex, different types of neurons
exist, as mentioned in chapter 2.1. Therefore, a general statement regarding
characteristics cannot be made. For example, in pyramidal cells, the frequency of
AP’s decreases over the duration of a constant stimulus, while other types of non-
pyramidal cells maintain the frequency (22). The type of stimulus which causes the
depolarization and elicits an AP is variable as well. For example, in peripheral
nerves it can be the event of stretching the end of the nerve which causes Na”
channels to open (22) and can be described as a transduction of an external
stimulus in sensory neurons (28). In cortical cells, it mainly depends on temporal
or spatial summation of synaptic inputs onto the dendritic tree of the neuron (30).
Spontaneous depolarization is another way of eliciting an AP (26). The input is
influenced by various factors like: types of synapses, neurotransmitters and
number of dendritic spines (22). The current which elicits the AP is normally
generated by the action of neurotransmitters released by other neurons but can
also be applied artificially by DCS or TMS (28).
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In case of DCS, the after-discharges are an important phenomenon of changes in
the membrane potential (5). After-discharges are defined as “the proportion of the
response to a stimulation in a nerve which persists after the stimulus has ceased
and consists of rhythmic, high-voltage, high frequency spikes, sharp waves, or
spike-wave complexes which occur at the region stimulated and are distinctly
different from background activity” (5,32).

After-discharges are measured by electrocorticography in awake surgeries to
determine the maximum range of stimulation intensity (5). The importance and

assessment will be explained in chapter 2.6.

In summary, the neurophysiological processes of the cerebral cortex consist of a
complex interplay between structural and physiological factors. This chapter
however only discusses the insight into different parts of the cortical network.
Methods like DCS and TMS can influence physiological processes depending on
site, intensity and frequency (5). Therefore, the examiner needs to consider
interindividual anatomical and electrophysiological features to assess the functions
of the outlined networks. Especially in patients suffering from neoplastic diseases,
neurophysiological processes may deviate from the usual assumptions of normal
CNS function (22).
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Figure 4 Important white matter tracts (by courtesy of Margit Jehna, MUG) 1: IFOF; 2: Arcuate fasciculus; 3:
Uncinate fasciculus; 4: Inferior longitudinal fasciculus
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2.2 Structural organization of language production and processing

Language in general is an umbrella term for all different kinds of communication; it
includes verbal and non-verbal languages and is made up of a complex system of
sounds, symbols and gestures (27). Defining the different portions of the
processes involved in that system will help us understand the complexity of how
the brain creates this unique cognitive function. Language involves many different
organ systems which serve perception, comprehension, speech planning and
production (5,22). Beside the central nervous system, six cranial nerves
(trigeminal, facial, glossopharyngeal, hypoglossal, vagal and accessory), the
respiratory system, the laryngeal system, the articulatory system as well as
sensory receptors in joints, muscles and tendons take part in the previously
mentioned aspects of language (5). The close coordination of all systems is
required to ensure proper language function. Accordingly, this thesis will focus on

the anatomical and functional correlates of language.

Nowadays, a wide gap exists between the basic “text book” knowledge and that of
recent research regarding language function. Here, both the classical and modern
models of language organization will be discussed. For a better understanding of
the complexity in language associated areas of the CNS, the classical model will

be described first.

The classical model of language organization is based on the findings of Paul
Broca and Carl Wernicke (17,38). Based on lesion studies, first published in 1861,
Broca described the loss of the ability to speak in patients with lesions in the

inferior frontal gyrus, more precisely in the pars opercularis and triangularis (38).

Subsequently, in 1874, the German neurologist Carl Wernicke described
paraphasic errors like impaired naming and comprehension caused by a lesion
within the posterior superior temporal gyrus while speech fluency and the ability of
producing speech were still intact (38,39). Due to that finding, Wernicke postulated

the theory of two language associated areas (38,39).
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His theory was based on the assumption that in relation to the Rolandic fissure,
anterior regions process motor functions and posterior regions process sensory
functions (39). Therefore, an anterior as well as a posterior language area, both
connected by white matter tracts, were described (38). In 1965 Norman
Geschwind assigned this connection to the arcuate fasciculus, a white matter tract
which connects the superior temporal lobe to the inferior frontal lobe (38). This is

why the classical language model is called the Wernicke-Geschwind-Model (38).

The key elements of the Wernicke-Geschwind language model are: Broca’s area,
Wernicke’s area and the arcuate fasciculus. Often, the angular gyrus as well as
sensory and motor areas are also considered part of the language model (22).
Broca’s area is located in the inferior frontal gyrus, corresponding to Brodmann'’s
area 44 (40); it is described as the motor language area which activates the motor
program for speech (19). Wernicke’s area, located in the superior temporal gyrus,
corresponding to Brodmann area 22, is the sensory region of language
organization and is crucial for language comprehension (19). Both primary
language areas can also be described as receptive area and expressive area (5).
The angular gyrus, as a part of the association cortex, connects the visual cortex
to Wernicke’s area (19). The arcuate fasciculus, a subcortical white matter tract
and part of the superior longitudinal fasciculus, connects the frontal lobe to the
temporal lobe with a course superior to the insula (17,19). In over 95% of right
handed people and 60- to 70% of left handed people, the primary language areas
are located in the left hemisphere (19). However, the non-dominant hemisphere
can also be involved in language processing too; for example, the right
hemisphere participates in the processing of voice tones with regards to emotions
(19).

Beside the key elements mentioned above, many other regions are involved in the
complex language organization. A widespread network of connections from
Broca’'s area to other frontal lobe regions exists such as the connection to the
supplementary motor area, the prefrontal cortex and the premotor cortex, in order
to create higher motor function, including the aspects of speech formulation and
planning (17,19,22).
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Similar to these frontal lobe networks, there are connections existing between
Wernicke’s area and the supramarginal gyrus, the angular gyrus as well as
particular regions of the temporal lobe like Brodmann’s area 37 (17,19). These

areas and networks are important especially in language comprehension (17).

The classical model of language organization is defined by specific cortical areas
and subcortical pathways. These structures build up complex networks that enable
the different parts of language processing to function. The principle of cortical and
subcortical structures forming a complex network can be adapted to the modern

language theories (38).

In the Wernicke-Geschwind-model, connective networks play a very important
role. However, the fundamental idea of distinct regions for language production
and comprehension remains a central part of the classical theory. Modern theories
tend to propose the distribution of language function into large scale cortical and
subcortical networks and an increased relevance of hodology; it pertains or

describes specific connections between neurons (41).

One of the modern theories is the dual stream model of language organization
(39,42). It is based on the existence of a ventral and dorsal stream, which both can
be seen as a connective network between specific language-associated regions
(figure 6) (38,42). Therefore, language function is not attached to a single area,
but associated with a defined stream and network (39). The course of the ventral
stream includes the posterior superior temporal gyrus (STG) and the superior
temporal sulcus (STS), which can be seen as the Wernicke’s area, as well as the
anterior and middle temporal lobe (38). Its key functions are: auditory processing,
speech recognition and lexical concepts (38). The dorsal pathway involves the
dorsal STG, the temporo-parietal junction, the sylvian parieto-temporal region and
the posterior frontal lobe (38). The key feature of the dorsal stream, which includes
two divisions, is the sensorimotor integration (38). While the ventral stream is
supposed to be located bilaterally, the dorsal stream is mostly found in the

dominant hemisphere (38).
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The dual stream model is a widely accepted theory for language organization,
although different variations of this model exist. For example, the Hickok-Poeppel
model postulates a ventral stream which is located bilaterally, as mentioned above
(38). In contrast, the Rauschecker-Scott model argues that both streams are

located only in the dominant hemisphere (38).

When taking a closer look at the process of language production, more detailed
theories can be found. Riecker et al. (43) described another dual system
particularly for language production. It includes a preparatory loop, consisting of
the supplementary motor area (SMA), insula, superior cerebellum, dorsolateral
frontal cortex, and an executive loop represented in the primary motor cortex,

thalamus, basal ganglia and inferior cerebellum (5,43)

Taking into account recent research and classical theories, it can be shown that
language comprehension and production are still dissociable. Despite the lack of a
more precise model, which of the areas are involved, the basic idea of function
and language associated regions remains the same, extended by the highlighted

role of hodological aspects.

It is important to mention that specific pathophysiological findings explain particular
theories. For example, it is a common assumption that a lesion to the classical
Broca’s area could cause Broca’s aphasia characterized by impairment of
expression and fluency while language comprehension is intact (19,20). Modern
diagnostic approaches like functional MRI show the differences between the truly
involved areas and associated areas; it was shown by Ardila et al. in 1990 (40),
that the classical Broca’s aphasia is caused by a lesion that expands beyond the
original Broca area. A damage to the insula, lower motor cortex and several white

matter pathways is also required and can cause the same symptoms (40).
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The impact of modern technology like fMRI, DTI, TMS, Magnetencephalography
(MEG) and DCS on the idea of how language is organized and processed is
tremendous. Beside the range of diagnostic approaches, the variety of language
tests also has an important influence on assessing language organization. Specific
tests can be used for different parts of the language associated regions. To
evaluate parts of the language serving system, awareness must be given to

diagnostic and imaging techniques as well as to appropriate language tests (5).

Although comprehensible and promising models exist, an overall clarification of
language organization has not yet been made. Due to the complexity and
individual variability of language organization within the CNS, specific diagnostic
approaches are necessary to assess language in healthy volunteers as well as in

patients suffering from CNS disorders.
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