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1. Introduction

Theoretical advances in language research and the availability of high-resolution
neuroimaging techniques in the neurosciences profoundly improved the
investigation of the neurophysiological mechanism of speech and language
processing. Despite significant progress, the understanding of language and speech
processing is still far from sufficient. Recent studies closely aligns language
research with issues at the core of systems neuroscience, ranging from
neurophysiological and neuroanatomic characterisations to questions about neural

coding.

One big questions, with regard to speech and language processing in neuroscience,
concerns “lateralisation of function” and “hemispheric dominance”. Among right-
handed people the contralateral left hemisphere (LH) is dominant for speech and
language processing. The classical concept of brain and language was formed in
the 19th century, describing areas such as Wernicke centre, as sensory speech
centre, and Broca as motor speech centre. The current point of view posits that
many bilateral brain structures interact in vast neuronal networks for the matter of
speech and language processing. Our current understanding rejects the classical
concept of certain functions being executed by certain areas of the brain. Many such
concepts rely on deficit-lesion correlations observed in stroke patients more than a
hundred years ago. For example, new evidence show that a Broca area lesion does
not always lead to a Broca's aphasia. Accordingly, a Broca's aphasia does not
always result from a Broca area lesion. However, in clinical contexts, these classical

concepts developed more than a 100 years ago still dominate (Poeppel et al. 2012).

Thus, interhemispheric interaction is crucial for healthy language processing and
comprehension. The dichotic listening (DL) paradigm is a perfect paradigm to
investigate auditory perception and interhemispheric interaction. It is often used to

determine hemispheric laterality and asymmetry .

1.1 Working hypothesis and aims

Accordingly, the present thesis deal with the role of the structural and functional

interhnemispheric connectivity in normal auditory perception. The aim was, in



particular, to examine the association between speech lateralisation (measured with
the DL task) and functional connectivity in the gamma-band range (derived from
EEG recording conducted during DL task), as well as with the structural white matter
(WM) DTI information. It was hypothesised that there is a close relation between
functional as well as structural interhemispheric auditory connectivity and conscious
auditory perception during DL. This thesis first provides a short theoretical
background on the current state of knowledge regarding auditory processing, the
DL paradigm and applied neuroimaging methods (chapter 1). The main part of the
thesis describes the performed study with its methods and material (chapter 2), its
results (chapter 3) and its discussion (chapter 4). Finally, a concise summary of the

thesis is given (chapter 5).

1.2 Auditory processing

The auditory pathway is illustrated in Fig. 1 (modified after Trepel 2015). It begins
in the inner ear (1 in Fig. 1) with the afferent fibres of first neurones, which are bipolar
neurones. These neurones are located in the spiral ganglion and transfer their
potentials to the cochlear nuclei (2) in the medulla oblongata. The fibers continue
here through either (mostly) the corpus trapezoideum (3), or through the nucleus
olivaris superior (4) and cross to the contralateral side. A few other fibres doesn't
cross through the corpus trapezoideum and continue upwards ipsilateral and enter
the colliculus inferior. Fibres that have went through the nucleus olivaris superior
switch there to the third neuron. This switch to the third neuron is relevant for
directional hearing. All fibres that have crossed to the contralateral continue as the
lateral lemniscus (5) to the colliculus inferior (7). A few fibres switch once again in
the nucleus lemnisci lateralis (6). Some of these cross here back to the ipsilateral
towards the parallel nucleus lemnisci lateralis and continue from there to the
colliculus inferior, where they meet the fibres which didn't cross in first place and
continued ipsilateral upwards, others return to the lateral lemniscus (5). Some fibres
cross from one inferior colliculus to the contralateral, while most of the fibres
continue via the brachium of the inferior colliculus to the medial geniculate body (8)
of the thalamus. The fibres are switched the medial geniculate body once again and
continue to the transverse temporal gyrus, also known as Heschl's gyrus (HG),
Brodmann area 41 or as the primary auditory cortex (PAC) (10). The entire auditory

pathway is organised in a tonotopic arrangement, meaning the fibres and neurones
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are organised spatially by sound frequency. This enables differentiation of high and
low sounds. Within HG, fibres of deep sounds (low frequency) terminate
anterolateral while those of high sounds terminate posteromedially. Moreover, some
fibres of the lateral lemniscus cross back to the ipsilateral side, meaning that each

PAC receive auditory input from both ears .

o’

Fig. 1. 1. cochlea, 2. nucleus cochlearis, 3. corpus trapezoideum, 4. nucleus olivaris superior, 5.
lateral lemniscus, 6. nucleus lemnisci lateralis, 7. colliculus inferior, 8. medial geniculate body, 9.
acoustic radiation, 10. PAC.

Similarly to the area striata or the postcentral gyrus, as primary visual and
somatosensory cortices, HG is responsible for auditory perception of tones with no
further interpretation. The interpretation of sounds into melodies or words happens
in the secondary auditory cortex (SAC). Efferents from HG terminate at the SAC.
The SAC consists of Brodmann areas (BA) 42 and 22 and lies directly next to the
PAC. In the SAC, auditory impulses become words, sounds and melodies (Trepel
2015). According to studies by Boatman (2004) and Hickok and Poeppel (2007) the
posterior division of the superior temporal gyrus (pSTG) is critical for acoustic-
phonetic processing. This area corresponds approximately to BA42. The SAC has
different functions in each hemisphere. The one in the dominant hemisphere,

usually the LH among right-handed people, is known as the sensory speech centre
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or as Wernicke centre and is responsible for the rational understanding of language.
The SAC in the non-dominant hemisphere is responsible for less rational aural
evaluation such as understanding music. Wernicke centre is relevant not only for
heard and spoken language, but also, and perhaps more relevantly, for thinking,

which is usually a verbal process (Trepel 2015).

1.3 Dichotic Listening (DL) task and interhemispheric auditory connectivity

Dichotic listening (DL), from Greek &ixo- dikho- apart and olc, ous, ot- ear,
describes the process of presenting two different sounds simultaneously to the right
(RE) and the left ears (LE) (Oxford 2015). DL was first demonstrated by Broadbent
(1954) in the form of a test using earphones and was later modified by Kimura
(1961a, 1961b). Kimura observed during DL more correct reports from the RE than
from the LE — an effect that was described as superior effectiveness of the
connections of each ear to the contralateral hemisphere over ipsilateral
connections, as well as a tendency towards a right ear advantage (REA) (1967).
She explained the REA finding in DL tests might be due to a better and shorter
connection of the RE to the LH, as well as the assumption that the LH is where
speech sounds are analysed. Therefore inputs to the LE first enter the right
hemisphere (RH) and require further interhemispheric transfer to the LH. The WM
links between both left and right auditory cortices connect tonotopically organised
subregions for different sound frequencies (Lee and Winer 2008). Verbal input from
the RH needs to be transferred via the callosal body (CC) to the LH for further
processing (Hugdahl et al. 1997). Since the LH is most important for language and
since contralateral pathways appear to be more dominant within binaural
perception, it is assumed that the callosal pathway is the most important one for
hearing (Bamiou et al. 2007). It have been shown that these intrahemispheric
connections between left and right auditory cortices go through the isthmus and
splenium of the CC located in its posterior third (Aboitiz et al. 1992), the pathways

are schematically visualised in Fig. 2 (Steinmann et al. 2014a).
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Fig. 2. Two syllables are presented at once. One (ga) to the LE, the other (ba) to the RE. Despite the
existence of ipsilateral pathways, the contralateral ones appear to be superior (Kimura 1967) and it
is even assumed that the ipsilateral pathways are blocked during DL (Brancucci et al. 2004). The
contralateral pathway, connecting the RE directly with the LH is illustrated by the blue line whereas
the red lines indicate the indirect pathway from the LE, initially to the RH and then across the CC to
the LH. LH: Left hemisphere, RH: Right hemisphere, IHTT: Interhemispheric transfer time (Henshall
et al. 2012).

The DL task is the most commonly used paradigm to investigate the relation
between interhemispheric interaction, conscious auditory perception, and language
lateralisation (Westerhausen et al. 2009). In particular, understanding the
neurophysiological underpinning of those three parameters within healthy probands
plays a crucial role for the investigation of different patient groups, such as
schizophrenia patients who suffer from auditory verbal hallucinations (AVH) (i.e.
hearing voices), or patients with tinnitus (i.e. auditory phantom precept) that show
alterations in this regard. It has been shown in a meta-analysis of DL studies
(Ocklenburg et al. 2013) that reduced left-hemispheric language lateralisation
correlates strongly with the occurrence of AVH in patients with schizophrenia (see
review by Steinmann et al. 2014b). In addition, Diesch et al. (2012) showed an
alteration of CC size and auditory cortex volume within patients suffering from
tinnitus compared to healthy controls.

The DL task is often combined with neuroimaging procedures such as EEG, DTI,

magnet resonance imaging (MRI) or functional MRI (fMRI) in order to acquire more



information about the underlying pathophysiological mechanism. In many of these
cases, both test and imaging procedures occur at once, while simultaneous
procedures involving an MRI scanner (DTI, MRI, fMRI) have the disadvantage of
the scanner noise interfering with the perception of sound affecting the results of the
DL task (Dos Santos Sequeira et al. 2010). The combination of EEG and DL task is
probably the most insensitive to such influences since EEG is usually conducted in
an environment with no background noise. While DL task only produces behavioural
information about the proband, it usage in combination with EEG offers information
such as [1] auditory-evoced potentials visible in each hemisphere, [2] involved
cortical regions, and [3] synchronisation of regions with its different patterns
appearing while choosing left or right input. The interhemispheric pathways linking
both auditory cortices go mostly through the CC. DTI is therefore a good
neuroimaging method to visualise and study this connection. DTl provides
information on the structural connectivity of selected regions of interest (ROI), which
are in this case HG and pSTG. It can show the connection itself as well as supply
information on the fibres integrity such as the fractional anisotropy (FA). FA provides
information about the micro architecture of WM, which adds another dimension to

understanding of language lateralisation and interhemispheric connectivity.

In summery, EEG can provide high temporal resolution, while DTI and MRI provide
high structural and spatial resolution. The combined usage of both methods allows
for new opportunities, bigger than those of each method on its own. It allows for a
better understanding of physiology and of pathophysiology. A study combining DTI
and DL task conducted by Ocklenburg et al. (2014) showed that both FA and volume
of the left arcuate fasciculus correlates positively with REA. This finding affirms the
notion, that the micro- and macro structural properties of the brain and behavioural
traits are associated. Another study combining EEG and DL task by Steinmann et
al. (2014) showed that interhemispheric lagged phase synchronisation (LPS) of
gamma-band oscillations (GBO) between left and right auditory cortices was
increased for LE reports. Increased LPS can be interpreted as stronger
interhemispheric information transfer between auditory cortices. Moreover, it was
shown that subjects are likelier to report RE inputs when interhemispheric
connectivity is lower. These findings suggest that during conscious perception of LE

reports the interhemispheric gamma-band connectivity between bilateral auditory
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cortices is increased and that the size of underlying fibre tract correlates positively

with the number of LE reports (Westerhausen et al 2009).

1.4 Electroencephalography (EEG)

Electroencephalography (EEG, from Greek éyképaAlog enképhalos “brain” and
ypagia graphia “writing”) is the noninvasive registration of the electric activity of the
brain by creating a graph illustrating the change of potential difference over time, as
measured by electrodes attached to the head. While measured at the scalp, the
signal actually originates from pyramidal neurones of the cortex. The sum of
synchronised postsynaptic potentials of thousands of pyramidal neurones creates a
scalp potential. These potentials are a result of a complex network of neurones of
the cortex and of deeper structures such as the thalamus (Alvarez and Rossetti
2014).

The first one to register cortex potentials was Richard Caton. Caton examined the
brains of monkey and rabbit, using two electrodes placed on the cortex or on the
skull, over which he measured potential differences. He noticed that the electric
activity of the grey matter is related to its function (Caton 1875). In the nineteen-
twenties Hans Berger succeeded in recording a human EEG registering the electric
activity at the scalp (Berger 1929). Therefore Hans Berger is considered to be the

inventor of EEG.

Using EEG it is possible to investigate the state of consciousness and cognitive
activity. There are many applications of EEG in clinical routine, among these: to
diagnose Epilepsy in the neurology, to identify sleep phases in the somnology, to
determine cerebral death, to monitor narcosis depth (BIS) and avoid awareness in
operations in the anesthesiology or to monitor coma in the ICU. It can be interpreted
longitudinally, i.e. the same way as a conductor reads the sheet music of a
symphony, or it can be computer analysed, e.g. by averaging many EEG signals
recorded after a repeated event for each electrode, searching for correlations
between electrodes or analysing by frequency or amplitude spectrum (Zschocke
and Hansen 2012).
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The EEG is typically described in terms of bands, mostly in four wave patterns
according to their frequency (in Herz, Hz). Alpha (a, see fig. 3.) is the frequency
range from 8 to 13 Hz and emerges while the proband is relaxed with closed eyes.
Beta (B) is the frequency range from 13 to 30 Hz. Beta is typical for cognitive activity
and concentration and also replaces the alpha waves upon eyes opening, a
phenomenon also known as alpha-block or the Berger-Effect (after Hans Berger).
Theta (0) is the frequency range from 4 to 8 Hz, while delta (&) ranges in frequency
range from 0.5 to 4 Hz. Both frequencies emerge in somnolence and in some states
of sleep. It appears that different regions of the brain tend to produce distinctive
rhythms. For example, theta waves are more common in temporolimbic regions
(Zschocke and Hansen 2012).

Another fast rhythm is the gamma-band (y) rhythm with a frequency range from 30
to 100 Hz. It is typical for high attention for conscious perception, when vast nets of
widely distributed neurones are functionally connected. Different types of neurones
in different regions of the cortex can be connected to a group by means of activity
synchronisation in 30 to 100 Hz frequency which makes them into an ensemble.
The role of GBO was mostly examined in relation to the visual system, and therefore
less is known about its role in the auditory modality (Pape 2014, Steinmann et al.
2014a). Several studies have shown that functional connectivity in the gamma-
band, i.e. synchronizsation of GBO between local and/or distant neurones are
associated with cognitive or perceptual processing: in a 2008 conducted EEG study
using gamma-band phase synchronisation it was shown that synchronisation of
GBO between inferior and medial temporal regions was crucial for working memory
(Axmacher et al, 2008). Moreover, it appears that anatomical connectivity, i.e. WM
connections, is more important than topographic proximity, considering the strength
of oscillation synchrony in the gamma-band range (Csicsvari et al. 2003, Mulert et
al. 2011).

0.0 0.2 0.4 0.6 0.8 1.0
a. Alpha waves
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0.0 0.2 0.4 0.6 0.8 1.0
b. Beta waves

0.0 0.2 0.4 0.6 0.8 1.0
c. Theta waves

0.0 0.2 0.4 0.6 0.8 1.0
d. Delta waves

0.0 0.2 0.4 0.6 0.8 1.0

e. Gamma waves

Fig. 3 a - e. All images are free medias from Wikimedia, created by Hugo Gamboa.

One analytic parameter of functional connectivity is the LPS (Pascual-Marqui
2007a). It describes the similarity of oscillation within a defined spectrum of
frequencies between two signals based on normalised (unit module) Fourier
transformation, and hence is parallel to nonlinear connectivity. The measured value
correlates with the connectivity of the two signals. The calculation of the LPS takes
the zero-lag contribution into account and excludes it. In a defined frequency
spectrum, Zero-lag connectivity, unlike nonzero-lag connectivity is in many
occasions a result of artefacts created by non-physiological effects. Zero-lag
contribution to signal might therefore function as a confounding factor. LPS, which
is clean of zero-lag contribution, virtually contains only physiological effects (Stam
et al. 2007, Steinmann et al. 2014a).
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Classical phase synchronisation is by definition:

&y (t,0) = |fry ()| = {Re[fyy(t,0)] } + {im[fy (¢, 0)]
with:
Ng ¥
falt0) = NLR; o o

xk (t, w) and yk (t, w) express the discrete Fourier transform of both signals for the
k EEG period (1 to NR), t is time, w is frequency. * describes complex conjugate.
This definition is problematic since it is highly influenced by artefacts and
components that might be attributed to non-physiological effects. The LPS removes

the instantaneous artefactual components and is defined as:

fimf. 0]}
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(Stam et al. 2007, Steinmann et al. 2014a)

Steinmann et al. (2014) examined using EEG the LPS between bilateral auditory
cortices in reference to DL. As postulated, LPS was increased within probands who
reported more LE presentations. As described above, within normal population the
REA is the typical configuration (Hugdahl et al. 1997). Since an increased LPS is
interpreted as higher connectivity, it has been assumed that a tendency to report
more LE inputs is due to an improved information transfer between both auditory

cortices.

1.5 Diffusion Tensor Imaging (DTI)

Diffusion tensor imaging, also known as diffusion tensor magnetic resonance
imaging (DT-MRI), is a noninvasive imaging technique, developed in the early
1990s. Water molecules move randomly in space in all directions equally (Brownian
Motion). Unrestricted diffusing water molecules would therefore move in all
directions equally, thus in a gradually growing spherical shape. This is defined as
isotropic diffusion. In vivo, water diffusion pattern is modified by the organised
architecture of the biological tissue. For example, diffusion in axons is hindered by

myelin sheaths, cell membranes and micro filaments. The result is a tendency of
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water molecules to move in some directions more than in others. This pattern is
described as anisotropic diffusion. Since the WM of the brain is organised in parallel
fibres (axons) covered with myelin sheaths, water diffusion within the WM is highly
anisotropic, i.e. the water molecules mobility in WM is not the same in all directions
(Le Bihan 2003, Koerte and Muehlmann 2014).

The DTI technique relies on the anisotropic diffusion property of water molecules in
the brain parenchyma, providing information about the fine architecture of brain
tissue such as direction and density of fibres. An MRI scanner adjusted to produce
a DTl image uses a sequence of radio frequency pulses and magnetic gradients to
create a single measurement. As a result, for each such measurement, a three-
dimensional volume is created in which every voxel (volumetric element) has a value
proportional to the diffusion component parallel to the gradient direction. Three such
measurements are required to determine the rate of diffusion in each voxel. Six
measurements are required to create a tensor, containing not only the rate of
diffusion of each voxel but also its directionality. A diffusion tensor is often regarded
as a 4D volume, and can be visualised as an ellipsoid with three eigenvalues and
three eigenvectors at every voxel. The eigenvalues represent the length of the axis
of the ellipsoid. The eigenvectors represent the orientation of each axis. The length
is proportional to the rate of diffusion parallel to the axis. The first eigenvalue, L1 is
the main axis of the ellipsoid: the longest one. L2 is the longest orthogonal one to it

and L3 is orthogonal to both axes.

Interestingly, studies combining DTl and EEG techniques have been conducted to
improve the understanding of the structure-function relationship (Finger et al. 2016).
A very recent EEG-DTI study examined the FA-value of the cingulum and of CC
related fibres, as well as theta and alpha band activity (QEEG of several cortical and
subcortical structures) of thalamic stroke patients, and found correlations between
FA and the power of the alpha / theta activity (Duru et al. 2016). Another study on
patients suffering from Alzheimer's disease found an association between reduced
FA within the CC and a reduced functional connectivity between all major cortical
areas of both hemispheres (i.e. by means of increased delta and decreased alpha
period duration). This finding indicates that decreased functional connectivity can
be used as a marker for degeneration, and therefore reduction of fibres connecting
both hemispheres (Vecchio et al. 2015).

15



2. Materials and methods

2.1 Participants

Participants were 30 healthy right-handed individuals (15 male) aged 20-50 years
who were recruited through postings on university recruitment sites and local media.
Exclusion criteria were actual or former neurological or psychiatric disorder, left-
handedness, diagnosis of schizophrenia in second degree relative or higher, a
hearing impairment or notable medical condition, and an intelligence quotient below
70. Furthermore, we excluded subjects with metal implants made of ferromagnetic
metal or those sensitive to magnetic fields and subjects who suffer from
claustrophobia. Handedness was estimated with the Edinburgh Handedness
Inventory (Oldfield 1971). To warrant hearing is normal in both ears, subjects were
examined by a hearing test for frequencies between 120 and 8000 Hz (Esser Home
Audiometer 2.0). Participants who had an auditive threshold of 25 dB or higher, or
those with an interaural discrepancy of 15 dB or higher in one or more of the
examined frequencies were ruled out of the study. Participants who were bilingual
or multi-lingual at native speaker level, as well as ambidextrous had to be excluded.
This study was approved by the ethics commission of the Medical Association
Hamburg. All practiced methods were conform with all important regulations and
guidelines. All subjects were informed about the specifics of the experiment and
signed an informed consent document complying with the Decleration of Helsinki.

Demographics regarding all participants are shown in Table 1.
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Table 1: Demographic characteristics, DL and DTI results. SD: standard deviation. Mean: arithmetic
mean.

All Subjects (n=27)

Mean SD Range

Age (years) 30.19 8.54 20-50
Sex (male:female) 14:13

Handedness 90.62 13.89 40-100
Education (years) 17 1.93 13-21
RE reports 134.04 2829 85-184
LE reports 81.26 17.18  50-112
Error reports 24.81 15.42 2-55

Laterality Index (LI) 23.56 19.7 (-11)-57
Vocabulary test (IQ) 109.96 8.84 86-133

FA of HG 0.45 0.027  0.38-0.49
FA of pSTG 0.44 0.02 0.41-0.49
LPS of HG 0.0105 0.0021 0.01-0.02
LPS of pSTG 0.44 0.02 0.41-0.49

The experiment was conducted in two separate and randomized sessions (EEG and
DTI) at the University Medical Center of Hamburg and consisted of following parts:
a psychiatric questionaire, a sociodemographic questionaire, Edinburgh
Handedness Inventory (Oldfield 1971), a standardised German vocabulary test
(Herzfeld 1994), a hearing test (Esser Home Audiometer 2.0), 64 channel EEG (4
of originally 64 electrodes were used to track eye movement) measurement
consisting of a standardised routine EEG and two blocks of DL task and a MRI scan
consisting of a short spatial orientation scan, a T1 weighted sequence and a DTI

sequence in 60 directions with 6 non-diffusion (b0) scans.

2.2 Paradigm: dichotic listening (DL) task

The DL paradigm has been used several times by Professor Mulert and colleges
from the Psychiatry Neuroimaging Branch, Department of Psychiatry and
Psychotherapy, University Medical Center Hamburg-Eppendorf, Hamburg,

Germany. (e.g. Steinmann et al. 2014a)
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The Bergen DL paradigm was used (Hugdahl and Andersson 1986, Hugdahl 2003),
in which pairs of two consonant-vowel (CV) syllables (ba, da, ga, pa, ta, ka) were
presented simultaneously at about 75 dB, one to each ear. The voiced syllables (ba,
da, ga) had a short voice onset time (VOT) of 17 to 32 ms. The unvoiced syllables
(pa, ta, ka) had along VOT of 75 to 80 ms. VOT represents the time from the release
of a consonant to the onset of the voicing. In order to reduce confounding effects
that may arise from combining two CV with different VOT lengths, (Rimol et al. 2006)
short VOT CV combinations with long VOT CV were excluded, leaving 12 possible
pairs (six short/short and six long/long). Each pair was temporally modified to match
the onsets of the initial consonants. The entire length of each syllable was 400 to
500 ms. All syllables were articulated with constant intonation and intensity by a

German male speaker.

Two blocks of 120 trials each were presented to each participant during the
experiment. The participants were instructed to select the syllable they heard on
each trial, using a computer mouse with their right hand. The fact, that each ear
received a different CV presented was not communicated with the participants. The
number of correct RE and LE reports was registered. A laterality index (LI) for each
participant was calculated using the formula LI=100*(correct RE reports — correct
LE reports)/(correct RE reports + correct LE reports) (adapted from Hugdahl and
Andersson 1986). The LI value ranges from -100 to +100, while 100 represents the
highest REA and -100 the highest left ear advantage (LEA) (Rimol et al. 2006).

2.3 EEG recording and processing

The EEG reading was conducted in a sound-proof and electrically shielded
environment, using a 64 channel ActiCap system (recording apparatus: Brain
Products GmbH, Munich, Germany). EEGs were conducted using the same
parameters and systems that were in use by the research group in previous studies
such as Steinmann et al. (2014a). Electrodes-positioning in an extended 10/20
system of 64 electrodes (plus one reference and one ground electrode) was used.
Four EOG channels were used to monitor eye movements (one lateral of the left
eye, three for the right eye: lateral, above, below). Data were collected at a rate of
1000 samples per second. For EEG "SuperVisc electrode gel" (EASYCAP GmbH,

Herrsching, Germany) have been used. All impedances were kept below 5 kQ.
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Subjects received auditory inputs through closed system headphones (Sehnheiser,
HAD 200). Recordings were conducted using Brain Vision Recorder 1.10 (Brain

Products, Munich, Germany).

As in previous studies of the group, the software "Brain Vision Analyzer 2.0" (Brain
Products, Munich, Germany) have been used for offline processing. Data was
Butterworth zero phase bandpass filtered from 20 to 120 Hz (IIR, 12dB/octave) and
down sampled to 500 Hz. Channels were reoriented to common average. Epochs
with artefacts due to muscle activity, sweat or movement in any channel were
detected automatically by the software (amplitude threshold of 95 yV) and then
checked manually and discarded (Picton et al. 2000). Subjects with more than three
bad channels were excluded. In order to remove blinks and similar artefacts,
Independent Component Analysis (Carl et al. 2012) was used. In order to adjust to
artefacts due to miniature saccades in gamma band (Yuval-Greenberg et al. 2008)
a “radial electro-oculogram channel” (REOG) was created according to the method
described by Keren et al. Segments of EEG measurements have been then divided
to RE and LE reports. Only correct reports (i.e. vowel was one of the two presented

to one of the ears) were further analysed.

EEG-based functional connectivity analysis

EEG processing took place within the software LORETA KEY: low-resolution
electromagnetic tomography (Pascual-Marqui et al. 1994, Pascual-Marqui 2007b).
LORETA KEY have been chosen since it has previously been used by the working
group (Mulert et al. 2011, Steinmann et al. 2014a, 2017), allowing for a comparison
of the results with those collected in previous studies. In addition, LORETA KEY is,
compared with other 3D EEG/MEG softwares, the one with the lowest localisation

error (Pascual-marqui 1999, Pascual-marqui et al. 2002).

Since the interhemispheric connectivity between the auditory cortices was studied,
the main cortical structures of interest are the PAC and SAC. Therefore, four
predefined ROIs by the LORETA library were used for EEG analysis:BA41 and
BA42 on both RH and LH. These voxels are in standard MNI305 space of 6239
voxels which is in the same Talairach space as MNI152 that is used as standard

space in the DTl analysis carried out by the FMRIB Software Library (FSL) (Evans
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et al. 1992, Collins 1994). The resolution LORETA uses, as indicated by its
acronym, is quite low: the voxels of the ROIs are of 5 mm?3. Within the FSL software,
similar predefined ROIs were searched. For more information about the choice of

the ROls for the DTI analysis see section “creating ROl masks’.

Fig. 4 a - b. a. ROI for BA41. b. ROI for BA42. ROIs are same for both hemispheres (mirrored). All
ROls are modeled here on an MNI152 brain using LORETA software.

LPS for each ROI pair (both HG; both pSTG) was calculated. Based on our previous
DL work, in which we did not detect LPS differences in other frequency bands (delta,
theta, alpha, beta) yet in the gamma range (30-100 Hz), analysis was focused on
the entire gamma-band range in all correct left and right ear responded trials (i.e.
bilateral).

The total LPS regarding a ROl is defined as the mean LPS for all voxel in the ROI
for BA41 and all voxel in the ROI for BA42. The total LPS stands for the grade of
connectivity of both ROls. For all CV presentations, time frequency analysis was
conducted applying a short-time-Fourier-transform (Bartlett-Hann window) using a
100 ms window width. This is in line with the LPS definition used by the group in
past studies such as Steinmann et al. 2014a. LPS was obtained by that
transformation using cross spectra. Results were extracted every 100 ms in a time
frame from 0 to 800 ms after stimulus presentation and averaged to a single final

mean value.

2.4 MRI Scans and processing

Structural imaging was performed using a T1-weighted 3D MPRAGE sequence
covering the whole head. Protocol parameters were TE/TR = 2.98/2300 ms, Tl 1100
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ms, flip angle 9°, 256 x 192 x 240 matrix with FOV 256 x 192 x 240 mm? (acquisition

time 7min 23s).

All scans were conducted in the same 3 Tesla MRI scanner (Magnetom TIM Trio
model, Siemens, Erlangen, Germany) fitted with a gradient system producing a
maximal field strength of 40 mT/m using a head coil of 12-channel within one
cohort.

All probands were wearing MRI suitable headphones which were not connected to
any source. The reason for using the headphones was to maintain standardisation
with previous experimental design in which an fMRI sequence was also
conducted. After canceling the fMRI sequence the usage of headphones and 12
channel coil have been kept to avoid confounding impacts. The main reason for
canceling the fMRI was a significant discrepancy toward a left lateralisation
between DL test in fMRI conditions and EEG conditions which was attributed to
the loud sound made by the MRI scanner. This is consistent with the results of a
study about the effects of noise on speech lateralisation using DL tasks (Dos
Santos Sequeira et al. 2010). DTI data were obtained with echo planar imaging of
the entire brain. The protocol parameter were as follows: TE/TR = 86/7700 ms,
bandwidth = 1502Hz/Px, 104 x 128 matrix, FOV 208 x 256 mm?, 64 axial slices,
2.0 mm slice thickness. Voxel size 2.0mm?. Gradient pulses in 60 different
directions were derived from a bucky ball with a b-value of 1000 s/mm?. 6 Non-
diffusion weighted images (b = 0 s/mm?) were acquired after each tenth image to
guide the processing of individual diffusion weighted images. (Le Bihan 2003,
Koerte and Muehlmann 2014). To minimise the sensitivity considering frequency
drifts, the measurement was devided into three acquisitions resulting in total

scanning time of 9 min 39s.

DTl-based structural connectivity analysis

Data were processed using tools from FSL, (Jenkinson et al. 2012). DTl and MRI

illustrations were created using MRI scans of the authors own brain of this thesis.
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Converting format of DTI

Raw images in the DICOM (digital imaging and communications in medicine) format
were fused together into the Neuroimaging Informatics Technology Initiative (NIfTI)
format using the dcm2nii graphical user interface of the MRIcron software

developed by Chris Rorden nitrc.org/projects/mricron/ 21.03.2017.

Merging data

In order to minimise sensitivity versus frequency drifts three acquisitions were
performed, each of 20 b=1000 and two b=0 resulting after DICOM to NIfTI
conversion in three separate directories for every subject. Each aquisition contained
one NIfTl volume of 20 diffusion-weighted and two non-diffusion weighted images,
one gradient table (bvecs) and one table of b values (bvals). In order to start the
analysis, all three directories were merged to create one directory containing the
three files. Merging the bvals was carried out by repeating the sequence three times

using a simple text editing software so it would contain 66 entries instead of 22.

Each bvec file consists of three rows of entries and the entries are separated by
blank spaces. Read horizontally, each row describes the parameters of the x, y and
z-axis respectively. Every column describes one direction as a vector in three
dimensions. Each tenth vector was a zero vector (0,0,0). In order to merge all three
text files into one, the first row of the second file was copied and pasted at the end
of the first row of the first file. The same was done with the second and third rows,
and then all three copy paste actions for the third file. The final outcome was a text
file containing three rows of 66 entries each. Merging all three NIfTI files was carried
out by putting all three NifTI files in one directory and applying the FSLUTILS

command:

slmerge -a dti.nii.gz *.nii.gz
Jslmerg g g

Creating a non-diffusion image

In order to create a non-diffusion weighted image, the following FSLUTILS

command was used:
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fslroi dti nodif 0 1

This separates the first 3D image, out of the volume of altogether 66 3D images,

which is a non-diffusion image (T2 weighted).

Fig. 5. Non-diffusion weighted image.

Brain extraction

Brain extraction was performed using the Brain Extraction Tool (BET) (Smith 2002,
Jenkinson et al. 2005) of the FSL software set to a fractional intensity threshold of

0.2 using the following command:

bet nodif nodif brain -m -f 0.2 -v

Fig. 6. Non-diffusion weighted image after removal of skull.
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Eddy current correction

The gradient coils create shears and stretches, also known as eddy currents, which
creates artefacts in diffusion weighted images. These artefacts are different for
different images. Head motions are responsible for more artefacts. To correct for
both eddy currents and head motions the FMRIB Diffusion Toolbox (FDT) (Behrens
et al. 2003a, 2003a, 2007, Jbabdi et al. 2012) was used, which is a part of FSL using

the following command:

eddy correct dti data 0
This results in an affine (linear) registration with 12 degrees of freedom (DOF) as
the first non-diffusion volume functions as a reference image. This is the same

image that was separated to create a non-diffusion weighted image.

Gradient table rotation

Since every diffusion image was registered to the first non-diffusion image, the
original bvecs file was no longer accurate. A script called fdt rotate bvecs.sh
(created by Saad Jbabdi, https://www.jiscmail.ac.uk/cgi-
bin/webadmin?A2=fs|;3777d8fe.1202 8.12.2016) was used to rotate the gradient

table according to the latter registration using the following command:

fdt_rotate bvecs bvecs rotbvecs data.ecclog

Tensor fitting

Maps of FA, mean diffusivity, eigenvectors (V1, V2, V3) and eigenvalues (L1, L2,

L3) were calculated using the DTI fit utility of FDT using the following command:
dtifit -k data -o <id> -m nodif brain_mask -r rotbvecs -b bvals
The output (-0 <id>) was set to the pseudonymised name of the subject (e.g. -0

V12108).
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Fig. 7 a - b. a. FA image. b. FA image with colour coded directions: red: left-right, green: anterior-
posterior, blue: superior-inferior.

Axial and radial diffusivity

The largest eigenvalue of each voxel is listed in the L1 map and is oriented parallel
to the axon. This map is by definition equal to the tensor parameter axial diffusivity

(AD) and requires no further modifications.

Since FDT Diffusion creates two separate maps for the second and third
eigenvalues, both had to be averaged to create a map of radial diffusivity (RD). This

was carried out using the following commands:

fsimaths *L2 -add *L3 RD
fsimaths RD -div 2 RD

The first command adds the first matrix (L2) to the second (L3) whereas the second

command divides the resulting map by 2 to create an average map of L2 and L3.
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Fig. 8 a - c. a. AD image. b. lllustration of the creation of RD map by combining L2 and L3 into one
image and dividing the intensity by 2. ¢. RD image.

Fibres orientation estimation

To quantify uncertainty, estimate fibres orientation and model crossing fibres the
BEDPOSTX function of FDT (Behrens et al. 2003b, 2007) was applied. BEDPOSTX
stands for Bayesian Estimation of Diffusion Parameters Obtained using Sampling
Techniques. BEDPOSTX creates all files needed as a starting point for probabilistic
tractography which would be carried later. To apply BEDPOSTX a directory named

bedpostx was created. bvals, bvecs (renamed from rotbvecs), 4D volume (output of
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eddy current correction) and a non-diffusion brain mask (output of BET) were put

into the bedpostx directory and the following command was applied:

bedpostx bedpostx

Converting format of MRI and reorientation

The MRI raw data is in form of many DICOM files. These DICOM files were
converted into a NIfTl volume using the dcm2nii software. The same software was
used to reorient the image to the nearest orthogonal to achieve the same orientation
as in the DTI data.

Fig. 9. T1 weighted MRI image.

Brain extraction of MRI

In order to perform a brain extraction using BET (Smith 2002), a fractional intensity
threshold of 0.6 was set. First, a starting point had to be defined as the brain centre.
After a series of calibration trials, It have been decided to set the brain centre to be
the superior posterior voxel of the CC of the midsagittal slice. This was applied using

the following command:

bet MRI MRI brain -m -f 0.6 -v -c <x y z>

Where <x y z> was replaced by the coordinates of brain centre as described above.
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Fig. 10. T1 weighted MRI image after removal of the skull.

Registration

The registration was performed between structural (MRI), diffusion (DTI) and
standard space (MNI 152) with resolutions of 1, 2, and 1 mm?3 respectively. The
transformation between diffusion and structural spaces were carried out using 6
DOFs (3 rotations and 3 translations, AKA rigid body registration), between
structural and standard space using 12 DOFs (3 rotations, 3 translations, 3
shearings and 3 scalings, AKA affine). A non-linear registration was carried out
between structural and standard as well as between diffusion and standard spaces.
The idea of registration is to align different brains (i.e. MNI 152 standard brain and
one of a subject) or different images of the same brain to each other. Within two
images registered to same space, same coordinates should represent the same
structure in both brains (i.e. in a diffusion image transformed into MNI 152 space,

the coordinates of the CC in the former image should match those of the latter).

flirt -in nodif brain -ref MRI brain -omat diff2str.mat -searchrx -90 90 -searchry -
90 90 -searchrz -90 90 -dof 6 -cost corratio

convert_xfm -omat str2diff-mat -inverse diff2str.mat

flirt -in MRI brain -ref MNI152 T1 Imm_brain -omat str2standard.mat -searchrx
-90 90 -searchry -90 90 -searchrz -90 90 -dof 12 -cost corratio

convert_xfm -omat standard2str.mat -inverse str2standard.mat

convert_xfm -omat diff2standard.mat -concat str2standard.mat diff2str.mat

convert _xfm -omat standard2diff. mat -inverse diff2standard.mat

fnirt --in=MRI --aff=str2standard.mat --cout=str2standard_warp --
config=TI1 2 MNII52 2mm
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inwarp -w str2standard_warp -o standard2str warp -r MRI _brain

convertwarp -o diff2standard warp -r MNII52 T1 2mm -m diff2str.mat -w
str2standard_warp

convertwarp -o standard2diff warp -r nodif brain_mask -w standard2str warp --

postmat=str2diff-mat

MNI152 if. B . MNI
A 4 subject

MNI152

Fig. 11 a - b. a. Registration of an MNI152 brain in individual diffusion space. b. Reverse registration
of non-diffusion image in standard space.

Creating ROl masks

The goal of this study was to track fibres between HG and pSTG that cross through
the CC. Therefore following masks had to be produced: 1) HG of the RH, 2) HG of
the LH, 3) pSTG of the RH 4) pSTG of the LH and 5) a midsaggital mask of the CC.

The masks were first obtained using the Atlas tool of FSLVIEW of the FSL software.
First, an MNI152 1mm standard was opened using FSLVIEW and created
probability maps of HG (which is roughly identical with BA41) and of pSTG using
the "Harvard-Oxford cortical structural atlas" (Desikan et al. 2006). Both structures
were extracted and saved as images. Since such usage of an atlas is a probabilistic

assumption, a probability threshold had to be defined. This was set to a minimum of
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20%. The images of both structures were then processed so that every voxel under
20 would become zero, and then binarised. This was carried out using the following

commands:

fsimaths pSTG -thr 20 -bin pSTG
fsimaths HG -thr 20 -bin HG

The next step was removing every voxel on pSTG that is covered by HG in order to
receive a Mask of the pSTG which is roughly identical with BA42. This was done

using the following command:

fsimaths pSTG -sub HG -bin pSTG

In order to isolate masks for RH and LH respectively, following commands were

applied:

fslmaths HG -roi 90 -1 -1 -1 -1-1-1-1 HG L
fslmaths HG -roi -1 90 -1 -1-1-1-1-1 HG R
fsimaths pSTG -roi 90 -1 -1-1-1-1-1-1pSTG L
fsimaths pSTG -roi -1 90 -1-1-1-1-1-1pSTG R

The value 90 results of the fact that there are 181 voxels in the x direction. 90 is

about halfway.
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Fig. 12 a - c. White background: ROls created using the LORETA software. Black background: ROls
created in FSL in standard space. a. BA41 / HG. b. BA42 / pSTG. c. 3D illustration of pSTG (blue)
HG (red), and a midsagittal cut of the callosal body (yellow).

Transforming masks into structural space

To allow further adjustments, all four masks were first transformed into the structural
space of each subject and then binarised. The following commands were used:

(example for HG_L)

applywarp -i HG L -r MRI brain -o HG L -w standard2str warp
fsimaths HG L -bin HG L

MNI152 MRI
subject

Fig. 13. Registration of the ROI of the left HG from standard space into individual structural space of
MRI image.

MRI segmentation

Segmentation of MRI images into CSF, WM and cortex was carried out using the
FAST tool of FSL. Then, the image of the cortex was binarised, so the image would

contain only voxels with the value 0 or 1. The following command was used:
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fast-t1-n3-HO0.1-14-120.0-0 MRI MRI

fslmaths cortex -bin cortex

Fig. 14. Segmentation of an individual T1 weighted MRI volume of a subject into CSF, cortex and
WM.

Masks limitation to cortex

In order to restrict masks to cortical areas only, the cortical image was first binarised
and then multiplied with each mask using the following command: (example for
HG_L_str)

fsimaths cortex -mul HG L —bin HG L

Fig. 15. Multiplication of a binarised Cortex mask with the initial left HG ROI. New ROl is restricted
to cortex area.

Transforming masks into diffusion space

In order to conduct probabilistic tractography, masks had to be first transferred into

diffusion space and then binarised. This was done using the following commands:
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flirt-in HG L _cortex -applyxfm -init str2diff.mat -out HG L -paddingsize 0.0 -interp

trilinear -ref nodif brain

fsimath HG L -bin HG L

Fig. 16. Registration of ROI of the left HG into diffusion space. The resulting ROl is the final one and
will be used for the probabilistic tractography.

Creating a callosal mask

In order to create a callosal mask an image of the CC named "WM Callosal body"
was created from the "Juelich Histological Atlas" of the FSL View software, and then
thresholded for 20-100% and binarised. The adjustment took part in standard space
on a 1mm?3 MNI152 Brain.

fsimaths CC -thr 20 -bin CC

The image were then transformed into the diffusion space of each proband and then
a midsagittal cut of the 3D image into one 2D image (X=64 out of 127) was done to
create a 2D mask by multiplying the 3D image with a mask in which every voxel
(64;y;z), i.e. every voxel for which the coordinate x equals 64, has the value 1 while

all other voxels has the value 0.

The command for registration of the mask was:

applywarp -i CC —r nodif brain —o CC —w standard2diff warp
fsimaths CC -mul X64 —bin CC

34



Fig. 17. Left: Image of the CC, created with the atlas tool of fslview on the midsagittal view (x=91 out
of 181). Right: CC registered into individual diffusion space, presented on a non-diffusion image.

Probabilistic tractography

In order to examine the connection between both hemispheres, probabilistic
tractography had to first be implemented. The following tracts have been processed
via PROBTRACKX of FDT: 1) HG_R -> HG_L, 2) HG L -> HG_R, 3) pSTG_R ->
pSTG L 4) pSTG_L -> pSTG_R. The tracts have been named Track1 Track2 etc.
respectively. A curvature threshold of 0.2 was chosen and the step length was set
to 0.5 mm. Waypoint condition was set to "AND", i.e. only fibres going through both
masks and through the CC appear in the tractography. The tracts were set to
terminate at the target mask. In order to save time by tracking only within the brain
area, an exclusion mask FAO was defined containing all voxels outside of the brain
(every voxel outside of the brain gets the value 1 and every voxel inside the value
0).

Creating the exclusion mask FAO:

fsimaths nodif brain_mask -mul -1 -add 1 FAO
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0[]

Fig. 18. FAO mask.

Following commands were applied to conduct each tractography (e.g. Track1):

mkdir Trackl

printf '%s\n' 'HG L' 'CC' >Trackl/waypoints].txt

/usr/local/fsl/bin/probtrackx2 -x HG R -l --onewaycondition -c 0.2 -S 2000 --
steplength=0.5 -P 5000 --fibthresh=0.01 --distthresh=0.0 --sampvox=0.0 --avoid= FAO --
stop=HG L --forcedir --opd -8 bedpost.bedpostX/merged -m
bedpost.bedpostX/nodif brain_mask --dir=Trackl --waypoints=Trackl/waypointsl.txt --
waycond=AND -V 1

2.5 Extracting tractography final results

The idea of the tractography was to see where the fibres are crossing. The following

presents the procedure of getting statistical information of the neuronal connection.

Fibre tracts processing

In order to process with the mathematical analysis, tracts needed first to be
normalised. To do so, the intensity of each voxel was divided by the number of fibres
calculated for the tract. This number is specified in the file "waytotal" that was

created in probtrackx. The following command was applied to every tract:

fsimaths —fdt paths -div cat waytotal” fdt paths norm
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Furthermore, a probability threshold of 1% was chosen and the tracts were

thresholded. The following command was applied to every tractography:

fsimaths —thr 0.01 fdt _paths norm fdt paths 0.01

Tracts connecting two corresponding ROIs (i.e. HG_L with HG_R, etc.) were

combined into one tract and binarised.

fsimaths Trackl/fdt paths 0.01 —add Track2/fdt paths 0.01 paths HG
fsimaths paths HG —bin paths HG

Creating a volume of FA within the tracts

The binarised tracts path_ HG and path_pSTG were multiplied with the FA map of
each subject to create a FA map restricted to where the fibres connecting both

structures pass.

fsimaths paths HG -mul FA paths HG FA

Calculating FA values

Calculating mean non-zero FA within the HG and pSTG connecting tracts.

fsistats paths HG FA -M
fsistats paths pSTG FA -M

2.6 Statistics

SPSS 24.0 was used for statistical analysis. An analysis of covariance (ANCOVA)
was carried out for age regarding FA of male and female to control for interfering
effects, since these are known to influence FA values (Salat et al. 2005, Sullivan
and Pfefferbaum 2006, Inano et al. 2011). One tailed Bonferroni-holm corrected
correlations were conducted in order to interpret axon architecture, respectively

gamma synchrony relations with hearing lateralisation (i.e. FA, LPS and DL
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performance (LI, LE / RE reports). 95% confidence interals (Cl) were calculated by

Bootstrapping regarding each significant correlation.
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3. Results

3.1 Demografic and behavioural DL performance

Of the thirty participants, three were excluded from analyses because of hearing
problems or due to technical artefacts, such that 27 participants were included in
final analyses. Overall, in 55.9% of CV presentations resulted in RE reports and
33.8% in LE reports. This implies an expected right ear advantage (mean Laterality-
Index 23.56 ; SD 19.70). Within 10.3% of all CV presentations, the CV was wrongly
reported by the subject, as it was not presented at all to any ear. Within 23 of the 27
subjects presented a positive laterality index. Four subjects presented a negative
laterality index. Further, time between CV presentation and reporting was shorter

for RE (mean 2.89 s) in comparison with LE (mean 2.99 s).

3.2 DL and DTI: Laterality Index, Correct reports and Fractional Anisotropy

Relating the dichotic listening performance to the results of the probabilistic
tractography, a negative correlation was detected between the FA of the pSTG tract
and LI (r = -.412, Bonferroni-holm corrected p = .032, bootstrap Cl = -.657 to -.088).
Analysing the number of LE and RE correct reports separately, we found a
significant correlation between pSTG-based tracked FA and LE reports (r = .345,
Bonferroni-holm corrected p = .039, bootstrap Cl = .041 to .628, while a negative
correlation was found with RE reports (r = -.454, Bonferroni-holm corrected p = .027,
bootstrap Cl = -.687 to -.157, see Figure 4A). Such association could not be found
between HG-based tracked FA values (p > 0.10).

3.3 DL and EEG: Laterality Index, correct reports and Lagged Phase

Svynchronisation

Interhemispheric LPS between homologue pSTG was correlating negatively with LI
(r = -0.559, Bonferroni-holm corrected p = 0.006, bootstrap Cl = -0.791 to -0.189)
and this relationship was also observed with the number of correct RE reports (r = -
0.625, Bonferroni-holm corrected p = 0.005; bootstrap ClI = -0.827 to -0.285), while

a significant positive correlation was found with the number of correct LE reports (r
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= 0.454, Bonferroni-holm corrected p = 0.018; bootstrap Cl = 0.052 to 0.749). LPS
between homolog HG correlated negatively with LI (rho = -0.488, Bonferroni-holm
corrected p = 0.015, bootstrap Cl =-0.754 to -0.109) and also with the number of
RE reports (rho = -0.571, Bonferroni-holm corrected p = 0.004, bootstrap CI = -
0.794 to -0.233), while the number of LE reports were positively correlated (rho = -
0.413, Bonferroni-holm corrected p = 0.016, bootstrap Cl =0.019 to 0.728) (see
Figure 19.B).

3.4 DTl and EEG: Fractional anisotrophy and Lagged Phase Synchronisation

Other than expected, analysis could not detect a significant correlation between
gamma-band-synchrony and mean FA within the interconnecting pathway
connecting HG and pSTG. See figure 19.C. A regression-analysis for the pSTG
connecting pathway, examining laterality index against FA, MD, AD, RD and LPS
concluded that only LPS (beta: -0.496 for t(24): -3.08; p: 0.005) and FA (beta: -0.311
for t(24): -1.93; p: 0.065) were contributing predictors for LI (F(24): 8.177; p: 0.002).
Furthermore, LPS have been better than FA at predicting LI (beta of LPS: -0.496;
beta of FA: -0.311), almost reaching significance (p: 0.65).
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Figure 19 A - C. Scatterplots displaying the significant association between [A] the mean fractional
anisotropy (FA) value of the interhemispheric auditory pathway connecting homolog pSTG, or [B]
the mean gamma-band synchrony (lagged phase synchronization/ LPS) connecting either pSTG or
HG, and the dichotic listening performance (all p < 0.05). [C] Scatterplots dispaying the non-
significant association between LPS and average FA values regarding the interhemispheric auditory
pathway linking both pSTG or both HG.
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3.5 Connecting Tracts

DTl fiber tracking

Fiber tracking results are presented on a MNI152 standardised brain in Fig. 20,
confirming that the interhemispheric auditory pathways connecting the HG or pSTG
of one hemisphere and the other pass through the callosal bodies. The analysis of
covariance with correction for age have not exposed any significant FA discrepancy

for a certain sex (p > 0.12).

Figure 20 A - B. Group mean tractographies displayed on a single standardised Brain. Cumulated fiber densities
of each voxel linking [A] Heschl's gyrus (HG) and [B] posterior superior temporal gyrus (pSTG) on both
hemispheres in standard space (MNI152). The intensity (red-yellow scale) correspond to the number of tracks
passing through each of the voxels. A: anterior; P: posterior; R: right; L: left.
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Fig. 21 a - b. a. All tracts connecting HG superpositioned in 3D. b. All tracts connecting pSTG
superpositioned in 3D.
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4. Discussion

Although the interhemispheric connectivity between bilateral auditory cortices has
been a matter of neurophysiological research, no multimodal study so far exists
investigating both structural and functional connectivity within a single group of
participants as presented in this doctoral thesis. In this research, we combined DTI
based fiber tracking of the interhemispheric auditory connection, EEG based
gamma-band coherence, and dichotic listening performance of 27 healthy
volunteers to examine the role of this pathway in relating the synchrony of gamma-
band which is crucial for acustic perception of syllables perceived by the left ear.
The main findings of this project are correlations between functional, structural and
behavioural variables, regarding DL that support two of our main hypothesis: (1)
higher FA within the interhemispheric auditory pathway and (2) higher gamma-band
synchronization between pSTG on both hemispheres were both linked to diminished
language lateralisation. Nevertheless, there was no significant association between
the endpoints of both imaging methods, i.e. between LPS and FA. Thus, this is the
first study showing that stronger pathways and higher LPS regarding the same
cohort of participants and virtually the same regions of the brain both are associated

with a reduced verbal lateralisation to the left hemisphere.

As anticipated, right ear advantage was detected among most participants. Kimura
(2011) suggests that this is due to left hemisphere dominance for language and due
to dominance of contralateral tracks over unilateral paths during dichotic listening.
While a right ear input is directly transferred via contralateral tracks to the left
hemisphere, a left ear input first arrives to the right hemisphere, to then be
transferred to the left. This requires more time and is suggested to generate the so
called right ear advantage. Our results of significant correlation between higher FA
for the pSTG connection and low LI underpin Kimura’s modell. This implies the
interhemispheric connecting pathway determines and influences the level of
language lateralisation. These findings fit with those of Westerhausen et al. (2009),
who showed that an increased midsagittal cross surface through the splenium of
the CC considering the same ROIs used here (HG, pSTG), is associated with higher
number of correct left ear reports. Similarly, Josse et al. (2009) demonstrated using
structural MRI that greater CC correlates with stronger left speech lateralisation.

Unlike other similar studies, in our research FA within the entire connecting tract
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was analysed rather than only within the CC or its midsaggital part. Only the FA
value was considered, since mean diffusivity, AD, RD or volume of tracts are less
reliable parameters. As well, a multiple-regression analysis yielded only FA and
gamma synchronisation contributes significantly as predictors for language

lateralisation.

Subjects with a stronger tendency to perceive syllables presented to the LE show
higher mean FA values within the tracts connecting both pSTG. Subjects with lower
LI have higher mean FA values within the tracts connecting both pSTGs.
Accordingly, subjects with either less correct RE reports or more LE reports have
higher mean FA values. In other words, LE dominance means higher FA values in
WM connecting left and right auditory cortices. FA provides information about
directionality and allows for the making of assumptions regarding micro structure of
brain tissue. The root cause of the higher FA may be thicker isolation (myelin),
higher axonal density and low axonal diameter. Except for low axonal diameter,
higher FA value can be interpreted as a stronger structural connection (Koerte and
Muehimann 2014). Taking all this into consideration, it can be concluded that a
stronger connection between the left and right auditory regions means higher left
ear advantage (LEA). Increased interhemispheric auditory connectivity leads to a
faster right to left transfer and therefore to a stronger LE perception, and therefore
outweigh the direct connection from the RE to the LH, as mentioned in the

introduction.

These findings were not limited to DTI findings, but are also reflected in the EEG
data analysis. Gamma-band synchrony between homolog cortical structures was
significantly (negatively) correlated with LI and the number of correct RE reports,
and (positively) with correct LE reports. Using an LPS analysis, a significant
correlation between DL performance and LPS was found. For the analysis, mean
LPS in the gamma-band range (30-100 Hz) for the first 800ms after event (syllable
presentation) was used. Higher LPS was found within lower LI for the connection of
pSTG, yet not for the connection of HG. LPS is an indicator of functional connectivity
(Pascual-Marqui 2007a). Therefore it can be concluded, that stronger auditory
connectivity is found in conjunction with LE supremacy. The findings conform with
earlier DTl and EEG studies (Westerhausen et al. 2006, Steinmann et al. 2014b,
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2017). By simultaneous use of DTI and EEG the high over-time-resolution of EEG
(milliseconds) as well as exact fine structural information of the DTl analysis
(millimetres) was obtained. Both together allows for higher reliability. Yet, the
combination has its limitations. Since EEG information is very fragile, each
measurement was conducted separately. This has to do with the conditions within
an MRI scanner (noise and strong magnetic field). All these can lead to artefacts,
and even to confounding, as noise appear to have an influence on binaural
perception (Dos Santos Sequeira et al. 2010). In order to reduce chances of
differences between time of scan and time of EEG, both MRI and EEG had to be

conducted no more than two weeks apart.

Moreover, the interhemispheric connectivity has been discussed in relation to the
occurrence of AVH in schizophrenia patients: In a DTI study, Hubl et al. (2004 ) found
higher FA values in the corresponding intercallosal midsagittal area of the
tractography discussed in this thesis for patients suffering from AVH in comparison
with not hallucinating schizophrenia patients. Hence, a stronger connectivity has
been observed typically in schizophrenia patients with AVH. This suggests that
these alterations may help to understand the origin of AVH. Mulert et al. (2011)
found in an EEG study that LPS of GBO of HG correlate positively with the severity
of AVH, using AVH symptom scores. Both studies suggest that better
interhemispheric connection of auditory cortices might, within patients with
schizophrenia, increase their chances of developing AVH as well as their severity.
Until now, no such correlation for healthy individuals have been observed, and
therefore one cannot speak of a higher tendency of developing schizophrenia for
individuals with LE supremacy, reduced RE reports, higher LPS or higher FA
between auditory cortices. There is also no study showing if such individuals, after
developing schizophrenia, might be more likely to experience AVH, since DL
findings for schizophrenia patients are always post-diagnosis, and therefore cannot
reflect the constitution before developing the disease. It would be interesting to
examine whether these parameters could be used as markers for predisposition of
schizophrenia, as finding of such a marker could lead to earlier intervention and to

primary prevention, which would result in better outcomes.
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As pointed out in an editorial in "Nature" (2010) "A decade for psychiatric disorders",
one of the main limitations of psychiatry is the late diagnosis of disorders, mostly
when the conditions have already manifested themselves and are harder to control.
This is different than with other disciplines of medicine where in many cases a
diagnosis can be done in an early stage of the disease, or before it outbreaks (risk
factors). Early diagnosis leads to early intervention and to better outcomes.
Psychiatric patients should not be denied the same quality of care. Therefore

extensive research in these fields is sorely lacking.

Nonetheless, FA is a far from being a perfect parameter. As mentioned above, high
FA stands for high axonal density and higher isolation (myelin) but also for thinner
axons. While the first two conform with stronger connectivity, it is known that thicker,
and not thinner axons deliver information faster. The reason is that FA is a
mathematical definition and is not defined by whether connectivity is better or not.
Therefore it can only provide a limited indication of the connectivity itself. Hence,
not one but two neuroimage methods, i.e. EEG analysis as well, were used in order
to obtain a stronger statement. There are many ways to conduct a DTl analysis and
no standardised protocol. Thus, the same results could have been produced with
different methods, but could also produce adverse or no results. This is partially due
to the complexity of the analysis. In many occasions, one must decide upon a
threshold or method. Every time such decision had to be made the rest of the
research group, as well as other researchers working with FSL were consulted,

trying always to choose the most parsimonious and most reasonable method.

Finaly, this study demonstrate that the micro-architecture of individual fiber tracks
connecting homolog pSTG areas as well as interhemispheric gamma-band
synchrony between homolog pSTG, are both related to conscious perception of
syllables, and further, that higher values within both measures reduce the common
leftward language lateralisation. Concurrently, the results indicate that GBO
synchronization is a better or for perception than the structural interhemispheric fibre
connections as obtained by DTI. In this manner, a combination of different
neuroimaging forms reveals new ways for grasping the neural associations of

conscious perception.
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5. Summary

The perception of speech is one of the most complex features of our brain. Models
to examine anatomical structures through which auditory impulses are transferred
upward to the cortex have become well-established. However, function-structure
relations, their discrepancies, and their importance are the subject of current
research and scientific discussion. The study presented here focuses on the
language lateralisation of syllables. In particular, it examines the extent to which
dichotic listening, i.e. the simultaneous perception of different auditory input to
each ear, functions as an instrument to show speech lateralisation in terms of right
or left ear dominance.

The results of a dichotic listening task serve in this study as an endpoint, the
fractional anisotrophy as a measure of directionality, derived from DTl imaging as
well as from a connectivity analysis of gamma frequency (30-100 Hz) from EEG
recording. The study presented here is a multimodal study. Each method
contributes to the total of the acquired information. The DTl analysis provides a
high spatial resolution, while the EEG analysis provides a high temporal resolution.
As a benefit, we gain higher hypothesis validity as well as the possibility to
examine both methods at once.

The study, including 27 participants, has shown that a stronger interhemispheric
connection correlates with lateralisation to the left ear. An association between
both imaging methods could not yet be shown. The results of the study
substantiate results of previous studies considering speech lateralisation. This
study is, however, the first to show such correlation within a single cohort using
both methods, EEG and DTI. As such, this study introduces basis for further
clarification of the meaning of such structure-function interindividual differences,
eventually paving the way for earlier diagnosis of psychiatric and neurologic

diseases and better medical outcomes.
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6. Zusammenfassung (Summary in German)

Die Wahrnehmung von Sprache gehdrt zu den komplexeren Vorgangen unseres
Gehirns. Etablierte Modelle, welche die anatomischen Strukturen durch die
auditorischen Impulse auf deren Weg zum Kortex untersuchen, genief3en
inzwischen breite Akzeptanz. Dagegen sind Funktion-Struktur Beziehungen und die
Untersuchung deren Unterschiede sowie ihrer Bedeutung Gegenstand aktueller
Forschung. Die hier vorgestellte Studie fokussiert sich auf die Sprachlateralisation
von Silben. Dabei wird insbesondere untersucht, inwieweit das dichotische Horen,
i.e. die gleichzeitige Wahrnehmung verschiedener Inputs in jedem Ohr, als
Instrument zur Darstellung der Sprachlateralisation im Sinne einer Rechts- bzw.
Linksohr Dominanz funktioniert.

Als Endpunkte fungieren in dieser Studie die Ergebnisse aus der dichotischen
Hoéraufgabe, die fraktionelle Anisotropie als Mal} fur Direktionalitat abgeleitet aus
einer DTI-Aufnahme, sowie die Konnektivitatsanalyse bezogen auf gamma
Frequenzbereich (30-100 Hz) anhand EEG-Analyse. Dabei handelt es sich um eine
multimodale Studie. Jede Methode tragt zur Gesamtheit der gewonnenen
Information bei: Die DTI-Analyse liefert eine hohe raumliche Auflésung, wahrend
die EEG-Analyse eine hohe zeitliche Aufldsung bietet. Als Vorteil erhalt man somit
eine erhohte Validitat der Aussage sowie die Moglichkeit, beide Methoden
gemeinsam zu betrachten.

Die Studie mit 27 Probanden hat ergeben, dass eine starkere interhemispherische
Verbindung mit einer Lateralisation zum linken Ohr korreliert. Eine Assoziation
zwischen beiden bildgebenden Methoden konnte jedoch nicht gezeigt werden. Die
Ergebnisse untermauern Ergebnisse fruherer Studien bezlglich der
Sprachlateralisierung. Diese Studie ist jedoch die erste, die diese Korrelation
innerhalb einer Kohorte bezuglich beider Methoden, EEG und DTI zeigen konnte.
Somit legt die Studie eine Grundlage zur weiteren Klarung der Frage nach der
Bedeutung solcher anatomisch funktionalen Unterschiede und tragt eventuell bei
auf dem Weg zur zukunftigen Friherkennung psychiatrischer und neurologischer

Krankheiten und somit zur Erreichung besserer klinischer Ergebnisse.

49



7. List of Abbreviations

AD: axial diffusivity

AVH: auditory verbal hallucinations

BA: Brodmann area

BET: Brain Exctraction Tool

CC: corpus calossum

CSF: cerebrospinal fluid

CV: consonant vowel

DICOM: digital imaging and communication in medicine
DL: dichaotic listening

DOF: degrees of freedom

DTI: diffusion tensor imaging

EEG: electroencephalography

FA: fractional anisotropy

FDT: FMRIB Diffusion Toolbox

fMRI: functional magnetic resonance imaging
FSL: FMRIB Software Library

GBO: Gamma-band oscillation

HG: Heschl's gyrus

LE: left ear

LEA: left ear advantage

LH: left hemisphere

LI: laterality index

LPS: lagged phase synchronisation

MD: mean diffusivity

MRI: magnetic resonance imaging

NIfTIl: neuroimaging informatics technology initiative
PAC: primary auditory cortex

pSTG: posterior division of the superior temporal gyrus
RD: radial diffusivity

RE: right ear

REA: right ear advantage

RH: right hemisphere

ROI: region of interest

SAC: secondary auditory cortex

VOT: voice onset time

WM: white matter
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