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Abstract

Behavioral and neurophysiological studies revealed functional hemispheric
asymmetry between the left and the right auditory-related cortices proposing a
relative trade-off between spectral and temporal processing of complex acoustic
signals such as speech and music. The left auditory cortical areas are preferentially
tuned for temporal resolution, whereas right auditory cortical areas are more
amenable to spectral resolution. Even though this lateralized auditory processing
within the auditory cortex (AC) is widely accepted, several studies provide
contradicting results showing no or reversed functional lateralization. The present
thesis is aimed to investigate functional lateralization of the AC in a causal way
utilizing transcranial direct current stimulation (tDCS). TDCS is a non-invasive brain
stimulation method that delivers low electrical currents to the cerebral cortex resulting
in the modulation of cortical excitability. Two experiments were conducted to
investigate lateralized low-level feature processing. Behavioral results of the first
study show that stimulation of the left but not right AC deteriorated auditory
perception of rapidly changing acoustic information in a gap detection task (GDT). In
the second study, | assessed the influence of anodal and cathodal high definition
(HD)-tDCS delivered over the left or right AC on auditory mismatch negativity (MMN)
in response to temporal as well as spectral deviants. The electrophysiological results
show that the pre-attentive processing of temporal but not spectral acoustic features
is elevated after selectively enhancing the neural reactivity of the left AC only. In sum,
the data of both experiments provide a causal demonstration of left-lateralized
specialization for temporal information processing. Given the potential of tDCS to
modulate temporal resolution abilities of the AC, | conducted an additional
experiment to examine effects on speech perception. In three experimental sessions,
| assessed phonetic categorization of consonant-vowel (CV)-syllables (/da/, /ta/) with
varying voice onset times (VOT) during bilateral sham, anodal, and cathodal tDCS
delivered to the AC. Subsequently, | recorded auditory evoked potentials (AEP) in
response to voiced (/bal/, /dal, /gal) and voiceless (/pal, /tal, /ka/) CV-syllables. As a
result, | demonstrate that bilateral tDCS of the AC can modulate phonetic perception.

Cathodal tDCS improved phonetic categorization abilities in a VOT continuum

VI



accompanied by an elevation of the P50 amplitude of the AEP to CV-syllables during
the anodal tDCS aftereffect. The results indicate the ability of bilateral tDCS over the
AC to ameliorate speech perception.

Taken together, this PhD thesis demonstrates tDCS-induced changes in acoustic
perception and AC reactivity. The results provide a direct causal evidence for left-
lateralized sensitivity to temporal information in the acoustic signal. Moreover, | show

that tDCS has the neuromodulatory potential to alter speech perception.




1. Introduction

The cerebral cortex of the human brain is anatomically separated in two distinct
hemispheres that are interconnected by the largest fiber system in the brain, the
corpus callosum. This bundle of more than 200 million axons transmits information
from one hemisphere to the other. This anatomical arrangement is the biological
basis for the sophisticated human intellect and enables one to easily carry out
multiple complex cognitive tasks simultaneously. The cortical hemispheres act
together to direct behavior and cognition, however, both the left and the right
hemisphere differ from each other by exhibiting predominant functions. In the
auditory domain, the two hemispheres have traditionally been described in terms of
their functional specialization for language and speech. In 1861, the French surgeon
Paul Broca provided the first empirical evidence for functional lateralization of
language areas. He investigated the patient "Tan" who showed a lesion of the left
inferior frontal gyrus (IFG). The patient suffered from a speech deficit that was
characterized by the loss of the ability to clearly pronounce words, a so called
Broca's aphasia (Broca, 1861). Later, the German neurologist Carl Wernicke found
that a damage to the posterior temporal lobe (planum temporale, PT) in the left
hemisphere may result in deficits of language comprehension, a so called Wernicke's
aphasia (Wernicke, 1874). This pioneering work has emphasized left-lateralized
speech-processing and advanced future research to investigate language
specialization of the cerebral hemispheres. In the early 1960s Doreen Kimura
introduced the dichotic listening task, which is a simple method to investigate
hemispheric specialization of speech sound perception. The subjects were presented
with competing words to the left and right ear simultaneously. When asked to repeat
as many words as possible they most frequently reported words presented to the
right ear. Since auditory information has greater neural representation in the opposite
cerebral hemisphere, it has been suggested that this right ear advantage (REA)
indicates a left-lateralized predominance for speech (Kimura, 1961b; a). By the
advent of brain imaging and advanced electrophysiological techniques language
lateralization has been investigated in a profound way also in the conscious healthy
human. In particular, it has been shown that the left AC is pre-dominant for the

perception and production of speech, and the right AC is dedicated to the processing




of prosodic and emotional content of speech (Galaburda et al., 1978; Ross, 1981;
Weintraub et al., 1981; Josse & Tzourio-Mazoyer, 2004). However, to date it is still
discussed how this functional asymmetry is realized in the brain. Since cortical
asymmetry is not limited to higher-level cognitive functions, the perception of natural
sounds requires the processing of specific spectral distributions that change over
time according to specific temporal sequences (Santoro et al., 2014). Hence,
functional or perceptual asymmetry of the AC can be described along a low-level
acoustic processing dimension that shows a relative trade-off between spectral
feature processing in the right hemisphere and temporal feature processing in the left
hemisphere. Previous research showed that speech related disorders have been
associated with altered low-level temporal processing abilities (Tallal & Piercy, 1973;
Tallal, 1980; Tallal & Stark, 1981; Ben-Yehudah et al., 2004). With the advent of
modern neuromodulation techniques, such as direct current stimulation (tDCS), new
approaches have been performed to investigate auditory functionality. Unraveling the
functional lateralization by tDCS may contribute to a better understanding of acoustic
processing in the auditory system and thus may facilitate potential add-ons to

conventional therapies.

In the present PhD thesis, by systematically altering the neural activity of either the
left or right AC, | investigated lateralized spectral and temporal processing in the
human AC in a causal way. Furthermore, | assessed the neuromodulatory potential

of auditory tDCS to alter speech perception and its underlying AC reactivity.

In the introduction section, | will describe the structure and function of the auditory
system, followed by a theoretical overview of the acoustic speech signal. Afterwards,
| will introduce the gap detection paradigm, an established method to measure
temporal resolution abilities in the human AC. Moreover, | will briefly describe the
essential role of temporal information processing in speech perception. | will
specifically outline theories that make assertions about asymmetrical representation
of spectral and temporal information in the AC and exemplify supporting brain
imaging studies. Finally, | will concisely present the function of tDCS and its

importance for neuroscientific research.




1.1 Structure and function of the auditory system

The auditory system of the human body is a striking feature that converts pressure
waves to acoustic elements which are perceived as speech or music. Thus, it is
culturally and socially essential and represents a crucial modality of sensation and

perception.

The transformation of sound waves into neural activity in the AC begins in the
external ear by funneling the sound waves through the external auditory canal to the
tympanic membrane. In the middle ear three ossicles (malleus (hammer), incus
(anvil) and stapes (stirrup)) deliver incoming vibrations to the oval window. The
vibrations of the oval window causes traveling waves in the fluid-filled sections of the
cochlea. This part of the inner ear plays a key role for transforming sonically

generated pressure waves into neural impulses. The traveling waves displace the

hair cells on the basilar membrane in the cochlea and thereby induce neuronal
impulses. The displacement of the basilar membrane is specifically determined by
the frequencies of the sound. According to place theory high frequencies maximally
displace at the cochlear base, whereas low frequencies maximally displace at the
cochlear apex (Bekesy, 1961). The local distribution of the hair cells is the basis for
the tonotopic structure of the central auditory system. Once the hair cells converted
the traveling wave to neuronal activity, the auditory information flows via the auditory
nerve (nervus acusticus) to the cochlear nucleus. This is the place where fibers cross
to the contralateral side, ensuring parallel organization of the ascending auditory
system and information flow from each ear to both the left and the right cerebral
hemisphere. The electrical information travels via the superior olive, the nucleus of
lateral leminiscus and the inferior colliculus to the medial geniculate complex of the
thalamus. The afferent neurons finally project to the AC being the ultimate target that
is involved in receiving the sound signal. The AC is a portion of the superior temporal
cortex and is divided into three functional regions including core, belt and parabelt
regions. Whereas the belt is concentrically arranged around the core, the parabelt is

adjacent to the ventrolateral side of the belt.



https://en.wikipedia.org/wiki/Malleus

Core area Belt area

Parabelt area

Figure 1: lllustration of the hierarchical organization of the AC. The temporal lobe is pulled
back to see the core area, belt area and parabelt area. The arrows indicate the direction of
auditory information processing from core to belt and to parabelt (Kaas et al, 1999;
Goldstein, 2010).

These regions comprise different subdivisions that process auditory information in
parallel. The primary AC lies in the core area on the Heschl's gyrus (HG, BA 41) and
is tonotopically organized according to the frequency arrangement in the cochlea.
When complex acoustic information reaches the AC, fine-grained analysis along the
spectral and temporal dimensions begins in the primary AC. While spectral
information is encoded by the tonotopic map, temporal information is represented by
rapidly changing patterns of neural activity. The auditory information processing is
hierarchical organized starting with basic acoustic signal analysis within the primary
AC (core) (Warrier et al., 2009) followed by an activation of non-primary areas (belt,
parabelt) to more complex auditory information as included in speech and music
(Peretz & Zatorre, 2005; Zhang et al., 2011; Steinschneider et al., 2013) (cf. Figure

1).




1.2 The structure of the acoustic speech signal

Speech and language processing is a unique and complex function of the human
brain involving prosodic, syntactic, and semantic elements. Moreover, an important
element is phonology describing the structure of sounds that can be used to produce
an acoustic speech signal. The acoustic speech signal can be basically described by
three main characteristics, namely, as phonemes, as phonetic features and as

acoustic signal.

Phonemes are the smallest distinguishable unit of speech. For instance, considering
the word /b/oy and /t/oy, one can recognize that the phoneme /b/ is replaced by /t/
resulting in an entirely different word meaning.

Phonetic features describe how sounds are produced by physical movements of the
vocal tract. Vowels are produced by a relatively wide open vocal tract, whereby the
form of the opening of the vocal tract determines which vowels are produced. The
production of consonants is based on three characteristics: voicing (sonority), place
of articulation and type of articulation. Voicing is an articulatory process that relies on
vibrations of the vocal cord. Consonants that cause a vibration of the vocal cord are
voiced (e.g. /d/), whereas consonants that are produced without vibration are
voiceless (e.g. /t/).The place of articulation is the location where the obstruction of the
sounds in the vocal tract occurs. For instance, the production of /d/ is alveolar
because the tongue is against the upper gum ridge. The manner of articulation
describes how air escapes as it flows from the vocal tract out of the mouth and nose.
A consonant sound such as /p/ represents a stop or plosive, whereas the consonant
sound such as /f/ is a fricative. Finally, each phoneme can be classified by a unique
combination of these three characteristics. Moreover, phonemes can be
characterized by the acoustic speech signal that relies on physical features.

The acoustic speech signal carries specific spectral distributions that change over
time according to specific temporal sequences. In detail, time, frequency and
amplitude of the waveform are vital to process a speech signal. Importantly, the
acoustic signal waveform can be illustrated as a function of time and frequency in a
spectrogram. Within the scope of speech perception a fundamental component of
vowels in a spectrogram are formants that are depicted by horizontal frequency
bands with distinctive frequency ranges. Whereas the time course of formants




(formant transition), which represents rapid changes of frequencies, and the voice
onset time (VOT) are essential characteristics for consonants. The VOT is a main
feature to categorize stop-consonants and is defined as the duration of the delay
between release of closure and start of voicing. It characterizes voicing differences in
a wide variety of languages and helps to distinguish voiced stop consonants (/b/, /d/,
/g/) from their voiceless counterparts (/p/, /t/, /k/) (Lisker & Abramson, 1964). Figure 2
shows exemplary categorical perception identifying consonant-vowel (CV) syllables
/da/ (voiced) and /ta/ (voiceless) in the order of tens of ms. There exist a perceptibility
constant of the syllables with short VOTs identified as /da/ and those with long VOTs
as /ta/. The perception shift at identifying /da/ or /ta/ is the phonetic boundary. At this
point the subjects cannot unambiguously report which syllable was perceived.
Categorical perception is crucial in speech perception, as it ensures that speech
related acoustic signals are not perceived as an acoustic continuum but rather as

clearly separable acoustic information (Davis & Johnsrude, 2007).

tal reported

identification as /ta/

/dal/ reported

VOT in ms

Figure 2: Exemplary categorical perception of /da/ and /ta/. Syllables with short VOTs are
identified as /da/, whereas syllables with long VOTs are identified as /ta/. The phonetic
boundary is the shift between the /da/ and /ta/ percept (cf. Eimas and Corbit, 1973).




This section emphasizes the importance of temporal characteristics of formants,
formant transition and particularly VOT suggesting that correct processing of rapidly

changing acoustic information is essential for efficient speech perception.

1.3 Gap detection paradigm

As described in the previous chapter the perception of phonemes depends to a large
extent on VOT that constitutes a short silent gap in the acoustic signal. One of the
most common methods used to determine the individual temporal resolution ability is

a gap detection paradigm.

Generally, a gap detection task (GDT) refers to the discrimination of an interruption
between two markers (leading element and trailing element) and is a widely accepted
method to measure temporal resolution ability in healthy controls as well as patients
with auditory processing deficits (Phillips et al., 1997; Phillips et al., 1998; Zaehle et
al., 2004; Sharma et al., 2006). During the GDT the listener is presented with a series
of two streams of sounds, one of which contains a silent interval (short gap in ms).
The task is to identify the shortest detectable gap (gap detection threshold).

Phillips et al. (1997, 1998) demonstrated that the gap detection threshold is strongly
influenced by the spectral features of the markers and the temporal position of the
gap. If the leading and trailing element that surround the gap are noise bands with
similar frequencies, the temporal operation is a discontinuity detection within one
perceptual or neural channel (within-channel paradigm). The performance of this
paradigm is relatively simple and the gap detection threshold is only a low around a
few ms. Whereas if markers have different frequencies the temporal operation
requires a relative timing of the offset of the leading element and the onset of the
trailing element (cf. Figure 3). Therefore, the relative timing operation requires a
central comparison between two perceptual channels, since there are no lateral
neural connections between cochlear output fibers. This between-channel or central
gap detection is more difficult resulting in increased gap detection threshold around
tens of ms. Moreover, in contrast to the within-channel gap threshold, the between-
channel gap threshold is highly sensitive to the duration of the leading element. In

particular, the between-channel gap threshold inversely varies with duration of the




leading element less than about 30 ms. In order to investigate possibly shared
temporal processing between non-speech gap detection and speech specific VOT

detection gap stimuli were designed that resemble the structure of CV-syllables.

= WITHIN-CHANNEL A
oy leading marker
c
g 4
8 DP ET_
ﬂ'-' trailing marker gap to be detectad
o
g
[ BETWEEN-CHANNEL 5
1]
1=
=
| @ @
2 D CRERNED
E
I
time in msec

Figure 3: lllustration of the within-channel design (A) and between-channel design (B). In the
within-channel design the short leading and the long trailing element have the same
frequency, whereas in the between-channel design the markers differ in frequency (Phillips,
1999).

These stimuli have a short broadband leading element (resembling a consonant
burst), followed by a brief silent interval (VOT), and a relatively long, low-frequency
trailing element (vowel). In result, gap detection thresholds are long for short leading
element durations, and short for long leading element durations indicating an inverse
relation of gap detection threshold and leading element duration. For leading
elements with a short duration (5 ms) the average gap detection threshold was
around 30 ms. Notably, this value is close to the value defining the phonetic
boundary between some voiced and voiceless CV-syllables around 25-25 ms in
human as well as animals (Eimas & Corbit, 1973; Kuhl & Miller, 1978; Eggermont,
1995; Elangovan & Stuart, 2008).




In sum, a between-channel paradigm is a fundamentally different task compared to
the within-channel paradigm. The results further suggest a general neural basis for
low-level temporal processing of speech and non-speech sounds. Consequently, a
between-channel GDT is an optimal method to assess individual temporal processing
ability in human central auditory system. Moreover, using the between-channel
paradigm revealed a right-ear advantage (REA), i.e. predominance of the left AC for

temporal processing.

1.4 Deficient temporal information processing (Dyslexia)

Evidence for the essential relation between speech perception and basic temporal
processing has been provided by studies investigating patients with auditory related
disorders. Psychometric data show abnormal VOT identification of reading disabled
subjects compared to typical reading subjects (Joanisse et al., 2000; Breier et al.,
2001; Chiappe et al., 2001; Bogliotti et al., 2008). Moreover, temporal resolution as
measured by a between channel GDT is impaired in patients suffering from dyslexia
(Phillips et al., 2010; Hamalainen et al., 2013).

Dyslexia is a learning disorder characterized by severe and persistent reading and
spelling problems. The prevalence of dyslexia has been estimated to be
approximately 5 to 10% (Elliott & Grigorenko, 2014). Despite the fact that the current
focus of research lies on child and adolescent dyslexics, most affected subjects
report persistent restrictions in reading and writing in adulthood. One of the most
dominant cognitive symptoms of dyslexia is the phonological processing deficit. The
impaired phonological skills are the consequence of a more basic auditory
processing constraint that disrupts essential components for literacy, starting with the
acquisition of phonological representations (Ramus, 2003; Tallal, 2004; Tallal &
Gaab, 2006). At the neurological level, the perceptual deficit is related to a
dysfunction of left hemispheric perisylvian brain areas that underlie phonological
representations (Ramus, 2003). The impaired auditory processing impedes speech
perception by degrading the ability to accurately segment the speech stream into its
important phonetic components such as rhymes, syllables and phonemes.
Accordingly, individuals with dyslexia have difficulties in processing rapidly changing




information in speech - such as the spectral changes of formant transitions (Farmer &
Klein, 1995; Tallal & Gaab, 2006), and cues that vary over time such as amplitude
and frequency modulations (Studdert-Kennedy & Mody, 1995) - as well as in non-
speech sounds (Tallal & Piercy, 1974; Breier et al., 2001; Chandrasekaran et al.,
2009). Consequently, basic auditory processing problems can be considered to be
causally responsible for phonological deficits (Farmer & Klein, 1995; Tallal, 2004;
Tallal & Gaab, 2006).

The data of patients with dyslexia emphasize the importance of temporal information
in the acoustic speech signal as well as the predominant role the left AC in speech

perception.

1.5 Theories of hemispheric asymmetry in speech processing

The first neurophysiological insights of speech processing have been attributed to the
correlation of certain brain lesions and specific dysfunction of speech perception or

speech production.

In the 19th century, the Wernicke-Lichtheim model (1885) has been introduced
describing left lateralized speech processing based on postmortem sections. This
classical model proposes three different anatomical structures on the left perisylvian
cortex comprising Broca's area (responsible for speech production), Wernicke's area
(responsible for speech perception) and the arcuate fasciculus, a fiber tract
connecting both areas. Beyond the Wernicke aphasia and Broca aphasia, the
dysfunction of the arcuate fasciculus leads to a conductivity aphasia that results in
poor speech repetition (Geschwind, 1979). In the 1960s more support of left
hemisphere specialization for speech processing has been provided by behavioral
studies using dichotic listening techniques (Kimura, 1961b; a; Bryden, 1982). The
results show that participants exhibit a right-ear advantage (REA) for most speech
stimuli indicating greater left hemispheric processing. However, it has been
discussed that the REA for speech as measured in a dichotic listening task is not the
result of the speech sound stimuli per se but rather depends on spectro-temporal

characteristics. In a latter dichotic listening study, a reduced REA was found to
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phonemically similar CV-syllables with extended duration of the formant transition
compared to characteristic short duration. This study pioneers the left hemispheric
preference for speech to basic temporal structure of the acoustic speech signal
(Schwartz & Tallal, 1980). In contrast, by using a dichotic pitch recognition task a left-
ear advantage was revealed indicating a predominant role for spectral processing in
the right hemisphere (Sidtis, 1981). During the last decades new brain imaging
studies emerged using PET, fMRI, EEG, and MEG and gained more detailed insights

about AC specialization in terms of acoustic features.

One of the first prominent studies was carried out by Zatorre et al. (2001), who
examined the response of the left and right AC to spectro-temporal features using
PET. The participants were presented with pure tone patterns that changed in
frequency or duration. The results show that distinct subareas of the AC in both
hemispheres responded to spectral and temporal variations. The primary AC (HG)
was preferentially recruited by increasing temporal variation, whereas anterior STG
areas and right STS region covaried with spectral changes. While the signal in the
left hemisphere was higher for temporal, the activation in the right hemisphere was
greater for spectral changes. Primary AC areas (core areas) in both hemispheres
preferentially respond to acoustic temporal features, whereas more anterior STG
regions (belt and parabelt areas) respond preferentially to spectral features. This
paper has been very influential, contrasting spectral processing and temporal
processing in the AC. It is suggested to consider a functional asymmetry on auditory
low-level with left-lateralized temporal processing and right lateralized spectral
processing.

In contrast, Hickok and Poeppel (2000) suggest a model that accounts for a bilateral
contribution of the posterior-superior temporal lobe for sound based representations
of speech. This approach involves two left lateralized pathways that participate in
speech perception in a task dependent manner. The ventral pathway involves the
cortex in the vicinity of the temporal-parietal-occipital junction. This pathway is
important for interfacing sound-based representations of speech with widely
distributed conceptual representations and therefore is involved in tasks that require

access to the mental lexicon. The dorsal pathway involves the inferior parietal and
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frontal systems and appears to play a greater role in tasks that require explicit access
to certain sub-lexical speech segments.

Following these thoughts, Poeppel (2003) introduced the asymmetric sampling in
time (AST) theory and proposed that the input speech signal has a neural
representation being bilaterally symmetric at an early representational level in the
primary AC area. Beyond the initial representation non-primary areas further
elaborate the temporal information asymmetrically. Neuronal ensembles in left non-
primary AC areas (belt, parabelt) preferentially extract information from a short
temporal integration window from ~20-40 ms, which is relevant for encoding formant
transition of stop consonants. Whereas neuronal ensembles in the right hemisphere
preferentially extract information from a long integration window in the order of ~150-
250 ms that occur to syllabicity and prosodic phenomena (cf. Figure 4). Moreover,
AST model can be further characterized by time dependent integration due to
oscillatory neuronal activity in different frequency bands. While the left hemisphere
areas sample the spectro-temporal cortical representations built in core AC at higher
frequencies around 40 Hz (gamma band), the right hemisphere areas sample at
lower frequencies around 4-10 Hz (theta and alpha bands). In conclusion, it is
supposed that high temporal resolution power in left AC might be essential to resolve
rapid frequency changes typical for e.g. encoding formant transition of stop
consonants and VOT, whereas slow frequency changes can be better distinguished
in the right AC in the context of prosodic information or music perception.

The traditional concepts of both Zatorre et al. (2001, 2002) and Poppel (2003) predict
that even though speech perception is bilaterally organized the hemispheres are not
equally engaged in acoustic feature processing. They suggest that speech
perception on the basis of spectro-temporal aspects is laterally processed with
complementary contribution of left and right AC areas. However, the AST theory
seems more suited to explain functional lateralization 1) as it incorporates
physiologically motivated temporal integration windows and 2) it avoids categorical
dichotomy (Liem et al., 2014). In order to examine the concept of functional
lateralization, a series of hemodynamic and electrophysiological studies was carried
out providing evidence to a large extent.
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Figure 4: Asymmetric sampling in time (AST) theory. The illustration depicts the differential
preferences of the two hemispheres with the left posterior auditory-related cortex being
preferentially driven by rapidly changing cues and the right posterior auditory related cortex

being more amenable to slowly changing acoustic cues (Meyer, 2008).

1.5.1 Structural and functional neuroanatomical evidence

In this section, | will exemplify studies that examined hemodynamic responses in the
auditory system related to changes of spectral and temporal information in speech
and non-speech sounds. Here, | refer not only to functional lateralization in the AC,

but also to structural differences between the left and right temporal lobe.

According to the proposed functional lateralization, an fMRI study investigated to
what extent rapid auditory information in speech sounds compared to non-speech
sounds is processed laterally (Zaehle et al., 2004). For that purpose the authors
assessed temporal information processing by utilizing 1) a between-channel GDT as
described above and 2) a phonetic discrimination task with CV syllables with
manipulated VOT (/da/ = 30 ms, /ta/ = 40 ms). It has been revealed that rapid
temporal information in speech as well as non-speech sounds is preferentially
processed in the left primary AC (HG) and non-primary area (PT). Moreover, the
authors suggest a general sensitivity of language related areas for rapid temporal

information irrespective of linguistic content (Zaehle et al., 2004).

These results have been confirmed by Meyer et al. (2005). In this study, an auditory

discrimination task was performed on a set of sine-wave analogues with different
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spectro-temporal features that could be perceived as either non-speech or speech
(say and stay). In a first condition, naive listeners perceived the sound as unnatural
or non-speech sound, while in the second condition informed listeners recognized
them consistently as speech. Importantly, the informed listeners were instructed to
pay attention precisely on the brief temporal gaps that help to discriminate the
speech sounds. The behavioral data indicate that the temporal integration as
occurred during informed condition is essential for speech perception. The fMRI
signal in response to the perceptual switch from non-speech (spectral processing) to
speech (spectro-temporal processing) led to an activation increase in the adjacent
portions of the left posterior AC areas (HG, PT, STS). The authors conclude that the
left posterior superior temporal lobe is preferentially sensitive for briefly changing
temporal cues during speech.

Another study was carried out with meaningful word items that were degraded along
the spectral and temporal dimension (Obleser et al., 2008). In a listening task, the
speech stimuli were presented and the subjects were required to indicate how
comprehensible the word had been. The analysis of the BOLD signal to spectro-
temporal modulated speech stimuli revealed a subtle functional lateralization of AC
areas. The signal to temporal variations was most effective in driving brain activation
of the left anterolateral superior temporal sulcus (STS), whereas the right was more
sensitive to changes in spectral details. The results underline a hemispheric
asymmetry in the sensitivity to spectral and temporal details in the speech signal.
Zaehle et al. (2008) corroborate the relative trade-off between spectral and temporal
processing during sublexical auditory perception. The subjects had to discriminate
verbal (CV-syllables) and nonverbal (gap stimuli) auditory stimuli with respect to
spectral or temporal acoustic features. The fMRI data show a significant activation in
the dorsal stream involving the left inferior frontal gyrus (IFG) and the left parietal
operculum when participants had to discriminate speech and non-speech stimuli
based on subtle temporal acoustic features. In contrast, when subjects perceived the
same stimuli based on changes in the frequency, bilateral activations along the
middle temporal gyrus and STS were observed. These findings demonstrate an
involvement of the dorsal pathway in the segmental sublexical analysis of speech
sounds as well as in the segmental acoustic analysis of non-speech sounds with

analogous spectro-temporal characteristics. Finally, this study emphasizes that
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segmental processing according to temporal features requires the left-hemispheric
dorsal processing network.

Direct evidence for the AST model has been provided by Boemio et al. (2005), who
showed that both hemispheres remarkably contribute to temporal processing. In
particular, subjects were presented with temporal varying narrow-band noise stimuli
which either have a constant frequency throughout the signal or a frequency that was
swept linearly upward or downward randomly. The fMRI results show an activation to
temporal and spectral structure in the left and right superior temporal gyrus (STG).
Moreover, lateralized activity to slowly modulated signals has been found in the right
STS indicating consistency with the AST model that predicts a rightward lateralization
of function for long-duration segments.

Further confirmation for the AST theory has been provided by Liem et al. (2014) who
combined functional and structural MRI. In order to investigate the functional
lateralization, auditory sentences were split into segments with varying length (100,
150, 200, 250 ms). In a pattern-matching task the subjects had to indicate whether
the probe stimulus was a sample from the original version of the sentence. The
results revealed no functional lateralization in the primary AC (HG). In contrast, a
functional shift was observed in non-primary AC areas involving the PT and the
posterior STG when diminishing temporal information with increasing time window.
This result corresponds to the AST theory suggesting that right non-primary AC areas
preferentially process slowly changing cues. Moreover, a structural-behavioral
relationship was found by showing that subjects with smaller cortical thickness in the
right PT compared to the left PT showed increased performance (Liem et al., 2014).
Generally, the structural data revealed a leftward surface area asymmetry in 74% of
subjects and a rightward cortical thickness asymmetry in 61% of subjects (Liem et al.,
2014). Such structural asymmetries in auditory-related regions (HG, PT, STG) that
seem to covary with functional lateralization have also been demonstrated in
previous postmortem, neuropsychological and neuroimaging studies (Hutsler &
Gazzaniga, 1996; von Steinbuchel et al., 1999; Hutsler, 2003; Sigalovsky et al.,
2006; Takao et al., 2011; Meyer et al., 2013). For instance, data from post-mortem
brains demonstrate a rightward asymmetry of cortical thickness in the PT (Harasty et
al.,, 2003). Moreover, Warrier et al. (2009) assessed the relationship between

auditory cortical structure and spectro-temporal processing by fMRI. As a result, the
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authors demonstrate a functional lateralization as proposed by Zatorre et al. (2001,
2002) and Poeppel (2003). Particularly, while larger leftward asymmetry of volume in
the HG was associated with temporal processing, rightward asymmetry was
associated with spectral processing.

White matter structural characteristics are considered to be important for processing
temporal acoustic features (Penhune et al., 1996; Warrier et al., 2009). It is
suggested that greater volume in the left AC areas is due to greater myelination
causing faster conductivity and thereby enhanced sensitivity to rapidly changing

acoustic information (Zatorre & Belin, 2001).

1.5.2 Electrophysiological evidence

FMRI measurements have become one of the most valuable neuroimaging
techniques to localize neural activity in human brain. However, this method cannot
precisely detect auditory temporal operation to rapidly changing acoustic cues. FMRI
detects neural activity indirectly hemodynamic resulting in a rather poor temporal
resolution. Whereas MEG and EEG recording allows a direct measurement of neural
activity with very high temporal resolution in the order of ms. This section outlines
electrophysiological studies providing evidence for hemispheric specialization to

spectro-temporal processing in the AC.

Sandmann et al. (2007) assessed auditory lateralization of prelexical speech
processing. For that purpose a dichotic listening task was performed with concurrent
EEG measurement. The listeners heard dichotic pairs of six CV-syllables with varying
VOT that initially started with a voiced (/bal/, /da/, /ga/) or a voiceless stop consonant
(/pal, htal, /kal). The analysis of the auditory evoked potentials (AEPs) showed that
the fronto-central N1 amplitudes were larger for syllables with voiced than voiceless
initial consonants. Furthermore, low resolution electromagnetic tomography
(LORETA) revealed a lateralization effect with stronger leftward lateralization for
voiced than voiceless CV-syllables indicating that auditory lateralization is affected by
temporal cues (VOT) in CV-syllables.

In order to investigate the spatio-temporal pattern of acoustic feature processing CV
syllables with varying VOT (5 ms, 30 ms and 60 ms) and non-speech analogues with
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varying noise-onset-time (NOT) (5 ms, 30 ms and 60 ms) were presented (Zaehle et
al., 2007). The data revealed an early and a late negative deflection (N1a, N1b) of
AEPs, both significantly correlating to the duration of VOT/NOT. LORETA analysis
showed overlapping supratemporal networks that are involved in the perception of
both speech and non-speech sounds with a bilateral activation pattern during the
N1a time window and leftward asymmetry during the N1b time window. Furthermore,
elaborated regional statistical analysis of the data further point to strong left
lateralized responses over the middle supratemporal plane for both the N1a and N1b
component, and a functional leftward asymmetry over the posterior supratemporal
plane for the N1b component. Finally, the authors suggest a predominant role of the
left middle and posterior AC in speech and nonspeech discrimination based on
temporal features.

Furthermore, functional hemispheric asymmetries were examined on basic neural
processing of fundamental sound features (Okamoto et al., 2009). During MEG
recording tonal stimuli and pulse trains stimuli with spectral or temporal change were
presented. The neural responses elicited by spectral and temporal stimulus change
were lateralized. The N1m amplitude evoked by the spectral stimulus change was
comparably larger in the right hemisphere, whereas the N1m amplitude evoked by
the temporal stimulus change was larger in the left. The data demonstrate that the
human AC of the left hemisphere has superior temporal resolution capabilities,
whereas the AC of the right hemisphere has better spectral resolution capabilities at
early basic neural processing levels.

Moreover, functional lateralization is not limited to conscious cognitive processes but
can be even assessed during pre-attentive processing without any attentional
fluctuations. For that purpose, auditory mismatch negativity (MMN) is a valuable
electrophysiological measure that can be elicited when violations of regularities in a
stream of sounds occur. In a recent study, auditory MMN elicited by band-pass
deviant sounds that either varied in temporal or spectral information were recorded
by MEG and revealed hemispheric lateralization. In particular, spectral deviants were
preferentially processed in the right hemisphere, whereas temporal deviants were

processed in the left hemisphere (Okamoto et al., 2013).
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In congruency with current fMRI studies, the electrophysiological data suggest that
similar mechanisms underlie the perception of linguistically different but acoustically
equivalent auditory stimuli. Moreover, it can be resumed that on the level of basic
auditory analysis the left and right AC are differentially engaged as postulated by
Zatorre et al. (2001, 2002) and Poeppel (2003). However, the results have been
challenged regarding several issues of data acquisition such as different stimulus
material (speech vs. non-speech sounds), task demands (active vs. passive task
demands) and task dependent attention (attention to the left vs. right ear) (Bryden et
al., 1983; Woldorff et al., 1993; Poeppel et al., 1996; Scott & McGettigan, 2013).
Moreover, most neuroimaging studies do not provide a causal link between the
neural activity in the AC and spectro-temporal information processing. To explore
functional asymmetry in the AC, a causal impact such as altering the neural activity
by non-invasive brain stimulation constitutes a promising opportunity to add robust

information about functional specialization of the AC.

1.6 Transcranial Direct Current Stimulation (tDCS)

At the start of the new millennium non-invasive brain stimulation techniques revived
and have been successfully employed to directly influence cortical excitability. TDCS
is probably the most frequently used technique. By applying low-intensity electrical
currents through the skull tDCS is capable to directly influence brain activity and its
related alterations in behavior. In this section, | will give a brief overview of the

functional principle and significance in basic neuroscience.

1.6.1 Functional principle of tDCS

TDCS can influence cortical activity by delivering low currents to the cerebral cortex
(Nitsche et al., 2008). The current flows between an active and a reference electrode.
While a part of this current is shunted through the scalp, the rest is delivered to the
brain tissue (Miranda et al., 2006; Neuling et al., 2012), thereby inducing diminutions
or enhancements of cortical excitability (Nitsche et al., 2008). The direction of the
tDCS-induced effect depends on the current polarity. Anodal tDCS typically has an
excitatory effect while cathodal tDCS decreases the cortical excitability in the region
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under the electrode (Nitsche & Paulus, 2000; Nitsche et al., 2003b). Specifically,
anodal tDCS causes a depolarization of the resting membrane potential and
increases the firing rate, whereas cathodal tDCS decreases the firing rate via
hyperpolarization of the resting membrane potential (Bindman et al., 1962; Purpura et
al., 1965). The effects of tDCS are not limited to modulations of cortical excitability
during stimulation (online effect), but outlast the stimulation period by several minutes
or hours (Bindman et al., 1962; 1964; Nitsche & Paulus, 2000; 2001). This aftereffect
or offline effect of tDCS relies on long-term synaptic changes associated with long-
term potentiation (LTP) and long-term depression (LTD). Specifically, tDCS induced
post-synaptic polarization is caused by altered pre-synaptic input due to changed
firing rates which leads to enhanced N-methyl-Daspartate (NMDA) receptor-efficiency
resulting in an increase of the intracellular Ca*" level. While anodal aftereffects are
suggested to induce LTP due to enhanced firing rate, cathodal tDCS reduces firing
rate followed by LTD (Liebetanz et al., 2002; Nitsche et al., 2002; Nitsche et al.,
2003a; Stagg & Nitsche, 2011; Monte-Silva et al., 2013). Moreover, pharmacological
investigations reported tDCS induced changes of neurotransmission. Anodal
stimulation leads to a significant decrease in GABA (inhibitory neurotransmitter)
concentration resulting in enhanced neural activity, whereas cathodal stimulation
decreases Glutamate (excitatory Neurotransmitter) concentration following
diminished neural activity (Filmer et al, 2014). Behavioral and direct
neurophysiological changes induced by tDCS have been successfully demonstrated
in the motor (Nitsche and Paulus, 2000; Sehm et al., 2013b), visual (Antal et al.,
2003; Peters et al., 2013), and somatosensory system (Dieckhofer et al., 2006; Antal
et al., 2008; Sehm et al., 2013a) as well as in the cognitive domain (Heimrath et al.,
2012; Floel, 2014). The application of tDCS on the auditory system is relatively
sparse.

In a first meaningful approach Zaehle et al. (2011) investigated cortical reactivity of
the human AC after anodal and cathodal tDCS. For this purpose active tDCS
electrodes were placed over a temporal or a temporo-parietal location and a
reference electrode over the contralateral supraorbital area. Each of the participants
performed four consecutive sessions at one-week intervals and received in two out of
four sessions tDCS over the primary AC, while in the two remaining sessions, tDC-

stimulation was applied over a secondary auditory region. Furthermore, in each
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session, participants underwent one sham, and one verum stimulation with the sham
condition always preceding the verum stimulation condition to avoid carryover effects
of tDCS. After receiving tDCS AEPs were recorded in response to sinusoidal tones of
1 kHz and found tDCS-induced modulations of auditory evoked brain activity as a
function of stimulation site and condition (offline effect). Both, anodal and cathodal
stimulation over the primary and secondary AC affected sensory acoustic processing.
Consequently, by revealing polarity-specific effects of anodal and cathodal tDCS on
AC reactivity, the authors demonstrated for the first time, that the excitability of the
AC can be directly modulated by tDCS. While anodal tDCS over the temporal lobe
increased the P50 amplitude, cathodal stimulation over the temporo-parietal area
increased the N1 component of the AEP (Heimrath et al., 2016).

Besides these direct electrophysiological evidences for tDCS-related alterations of
the human AC, several behavioral studies reported effects of auditory tDCS on

different aspects of acoustic perception (Heimrath et al., 2016).

1.6.2 What can tDCS application inform about auditory brain function?

The advent of functional brain imaging extended our knowledge about specific neural
mechanisms involved in cognitive, motor, and perceptual processes. However,
neuroimaging results are inherently correlational showing that activity in specific brain
areas is associated with certain perceptions and behaviors. Accordingly, inferences
of causality cannot be drawn from imaging studies. The possibility to directly
modulate circumscribed brain areas by tDCS offers a powerful research tool to
investigate brain functions. Transient neuromodulation enables us to alter the
excitability of brain areas and to observe the effects on behavior. Therefore, tDCS
can be utilized to make causal inferences about the relationship between neural
activity of certain brain areas and the behavioural outcome. Thus, tDCS now opens
new strategies for testing hypotheses on the causal relation of cortical reactivity and
function (Fox, 2011; Miniussi & Ruzzoli, 2013; Filmer et al., 2014). Moreover, a
multimodal approach combining tDCS and EEG enables a gain of more detailed
understanding of neural mechanisms involved in these alterations (Miniussi et al.,
2012). Such approach can directly link the obtained EEG signal to the modulated

neural activity.
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Applying tDCS, separately and in combination with EEG, constitutes a promising
method to investigate neural activity of the AC involved in auditory low-level

processing.

1.7 Specific aims

This PhD project aims at investigating tDCS-dependent alterations on low-level
acoustic processing and cortical reactivity of the AC. Particularly, the two big goals
are to examine hemispheric specialization for spectro-temporal processing in a
causal way and to prove whether tDCS has the potential to change the temporal
resolution of the AC in response to speech and non-speech sounds. For this
purpose, | conducted three experiments gathering behavioral as well as

electrophysiological data (for an overview of experimental designs see Table 1).

1.7.1 Specific aim of experiment 1

I want to examine the functional lateralization of the AC for the perception of

rapidly changing acoustic information in non-speech sounds by tDCS.

While there is much behavioral, electrophysiological as well as hemodynamic
evidence of the left-hemisphere dominance for temporal processing, there is a lack of
direct causal inference of the functional outcome and the underlying neural
representation. In the first experiment the left and right AC was separately tDC-
stimulated while participants performed a between-channel GDT. A between-channel
GDT has been reliably shown to reflect temporal resolution ability of the central
auditory system (Phillips et al., 1997; Zaehle et al., 2004).

Hypothesis:

Based on theories about functional specialization by Zatorre et al. (2001, 2002) and
Poeppel (2003), | expect that anodal tDCS of the left, but not the right AC reactivity
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will alter the participants' temporal resolution abilities as measured by the individual

gap detection threshold.

1.7.2 Specific aim of experiment 2

I want to investigate the functional lateralization of the AC for pre-attentive
spectro-temporal feature processing without any task or attentional demands
by high-definition (HD)-tDCS.

It has been shown that the investigation of lateralized spectro-temporal processing
can be influenced by task demands and task dependent attention (Bryden et al.,
1983; Woldorff et al., 1993; Poeppel et al., 1996). To specifically address this issue,
acoustic perception without attentional fluctuations can be assessed by recording the
auditory mismatch negativity (MMN), a pre-attentive measure of event-related
potentials (Kujala et al., 2007). This parameter can be elicited without task or
attentional demands and is an extremely robust parameter to asses central auditory
processing. By utilizing high-definition (HD)-tDCS in this second experiment, |
systematically modulated neural activity of the left and right AC. The application of
HD-tDCS compared to conventional tDCS enables a more focused current flow to the
target area and thus enhances cortical reactivity (Datta et al., 2012; Kuo et al., 2013).
Anodal and cathodal HD-tDCS was delivered over the left or right AC on auditory

MMN in response to temporal as well as spectral deviants.

Hypothesis:

| hypothesize that HD-tDCS modulation of the left AC will alter MMN response to
temporal deviants, whereas HD-tDCS over the right AC will influence MMN in

response to spectral deviants.
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1.7.3 Specific aim of experiment 3

I want to assess the effects of bilateral tDCS over the temporal cortex on
phonetic categorization of CV-syllables in a VOT continuum and on AEPs in

response to voiced and voiceless CV-syllables.

The first two experiments investigated the influence of tDCS on low-level acoustic
processing only. However, the results of experiment 1 and 2 do not provide
information about the efficacy of auditory tDCS on speech perception (Heimrath et
al., 2016). As discussed in the introduction speech perception is strongly influenced
by the temporal features of the acoustic sound. VOT is a temporal feature to
categorize CV-syllables in a continuum and has been shown to be crucial for speech
perception. The processing of different VOTs in speech stimuli is reflected by the
P50-N1 complex of AEPs (Sandmann et al., 2007; Zaehle et al., 2007; King et al.,
2008). To my knowledge there are neither behavioral nor electrophysiological data
that show tDCS induced modulation of speech perception in healthy subjects. In the
third experiment, | systematically investigated the effects of anodal and cathodal
tDCS over the bilateral temporal cortex on phonetic categorization in a VOT
continuum and on the P50-N1 complex of AEPs in response to voiced and voiceless
CV-syllables.

Hypothesis 1:

| assume tDCS-dependent alterations in the performance of a phonetic categorization

task.

Hypothesis 2:

Furthermore, | expect tDCS-induced changes in the neural reactivity of the AC

reflected by modulations of the P50-N1 complex.
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Table 1: Overview of experimental designs

Experiment Sample size Electrode Stimulation Paradigm
position intensity
of the active
electrode
1 15 T7, T8 1.5mA between-channel GDT
2 12 C5, C6 0.5 mA MMN paradigm
(spectral and temporal
deviants)
3 13 simultaneous 1.5 mA phonetic perception
T7,T8 task

Note: Electrode positions refer to the international 10-20 system.
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2. Experiment 1

Effect of tDCS on temporal information processing as
measured by the gap detection paradigm

Specific aim:

| want to examine the functional lateralization of the AC for the perception of

rapidly changing acoustic information in non-speech sounds by tDCS.

The content of this chapter has been published as: Heimrath, K., Kuehne, M.,
Heinze, H.J., and Zaehle, T. (2014). Transcranial direct current stimulation (tDCS)
traces the predominance of the left auditory cortex for processing of rapidly changing
acoustic information. Neuroscience 261, 68-73. doi:
10.1016/j.neuroscience.2013.12.031.

Abstract

In the present study, | investigated the effects of anodal tDCS over the AC on the
perception of rapidly changing acoustic cues. For this purpose, in 15 native German
speakers the left or right AC was separately stimulated while participants performed a
between-channel gap detection task. Results show that stimulation of the left but not
right AC deteriorated the auditory perception of rapidly changing acoustic information.
The data indicate a left hemispheric dominance for the processing of rapid temporal
cues in auditory non-speech sounds. Moreover, | demonstrate the ability of non-
invasive brain stimulation to change human temporal information processing in the

auditory domain.
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2.1 Introduction

The two cerebral hemispheres of the human brain have traditionally been described
in terms of their functional specialization with the AC of the left hemisphere being pre-
dominant for the perception and production of speech, and the AC of the right
hemisphere dedicated to the processing of prosodic and emotional content of speech
(Galaburda et al., 1978; Ross, 1981; Weintraub et al., 1981). However, research in
the past decades clearly suggests that the functional asymmetries of the left and right
auditory system can be described along a low-level acoustic processing dimension
(Zatorre & Belin, 2001; Tallal & Gaab, 2006; Zatorre & Gandour, 2008). In this
regard, recent neurobiological frameworks of auditory cognition propose a “division of
labor” between the left and the right auditory-related cortices, encompassing a
relative trade-off in spectral and temporal processing of complex acoustic signals
such as speech and music, with left auditory cortical areas being highly tuned for
temporal resolution and right auditory cortical areas being more amenable to spectral
resolution (Zatorre & Belin, 2001; Meyer, 2008). According to the “asymmetric sampling
in time” (AST) hypothesis, asymmetries in the auditory system may be accounted for
by hemispheric differences in sampling time: the left auditory areas preferentially
extract information from short and the right auditory areas from long temporal
integration windows (Poeppel, 2003a; Luo & Poeppel, 2012). Moreover, the authors
have argued that these time windows also correspond to different spectral resolution
constants (25-ms time window corresponds to 40-Hz spectral resolution; 200-ms time
window corresponds to 5-Hz spectral resolution), which leads generally to a “division
of labor” as mentioned by Zatorre and Belin (2001). In contrast to this proposal the
more flexible AST model suggests that the spectro-temporal asymmetry is attributed
to differences in neuronal integration windows on the left and right auditory-related
cortex. However, to this date, the asymmetry of the auditory domain for temporal
acoustic features is still controversially discussed (Scott & McGettigan, 2013). While
a majority of hemodynamic (Zaehle et al., 2004; Meyer et al., 2005),
electrophysiological (Sandmann et al., 2007; Zaehle et al., 2007; Okamoto et al.,
2009), behavioral (Schwartz & Tallal, 1980; Sulakhe et al., 2003), as well as animal
studies (Wetzel et al., 2008; Rybalko et al., 2010) have shown lateralized auditory

processing of spectro-temporal sounds, also several contradicting results have been
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reported showing no (Uther et al., 2003) or reversed auditory hemispheric
lateralization (Reiterer et al., 2005; De Sanctis et al., 2009). In the majority of these
studies, the conclusions are drawn on correlational inferences, e.g. statistical
relationship between a set of variables that, in principle, do not allow a direct causal
inference. In contrast, the possibility to directly modulate circumscribed brain areas
by non-invasive electrical stimulation offers a research tool for investigating such
causal relations (Fox, 2011). TDCS can influence cortical activity via weak direct
current to the head. In the auditory system it has been shown that tDCS can alter
primary AC reactivity (Zaehle et al., 2011) as well as temporo-spectral perception
(Ladeira et al., 2011; Tang & Hammond, 2013). In particular, using silent gaps in
white noise clicks, anodal but not cathodal tDCS improved gap detection
performance (Ladeira et al., 2011). Electrophysiologically, anodal stimulation over
temporal cortex specifically enhances the P50 component of AEPs, with no effect of
cathodal tDCS (Zahle et al., 2011).

In the present study, | investigated the effects of anodal tDCS over the AC of both
hemispheres on the perception of rapidly changing acoustic cues. Here, by
systematically modulating the neural activity of either the left or right AC, | studied
hemispheric lateralization for the processing of rapidly changing acoustic cues in
non-speech sounds. According to the neurophysiological frameworks mentioned
above | hypothesized that the modulation of the left, but not the right AC reactivity by

means of tDCS will alter participant’s temporal resolution abilities.

2.2 Methods

Subjects

Fifteen native German speakers (mean age 24.4; range 20-29; 7 male) participated
in this study. After explanations about risk of the research, the subjects gave written
informed consent to the study. All subjects were right-handed and had no history of

neurological, psychological or hearing impairment.
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Stimuli

To study individual temporal processing abilities, | utilized a between-channel gap
detection task (Phillips et al., 1997; Zaehle et al., 2004). Generally, a gap detection task
(GDT) is the most common method used to measure auditory temporal resolution.
Two different GDT approaches exist, a traditional paradigm with temporal operation
executed in a discontinuity detection within one perceptual or neural channel caused
by one stimulus frequency (within-channel paradigm). On the contrary, there is a
paradigm presenting stimuli with a gap between markers (leading and trailing
element) with different frequency content, which requires different perceptual
channels (between-channel paradigm). Performing a between-channel GDT
imperatively requires a relative timing of the offset of activity evoked by the leading
element and the onset of activity mediating the trailing element (Phillips et al., 1997,
1998). The auditory stimuli were generated with a sampling depth of 16 bits and a
sampling rate of 44.1 kHz using the SoundForge 4.5. Software (Sonic Foundry Inc.,
www.sonicfoundry.com). The leading element was wideband noise burst with a
length of 7 ms. The trailing element was a band-passed noise centered on 1000 Hz
and a width of 500 Hz with a length of 300 ms. Figure 5A illustrates spectrogram and
waveform of a Gap stimulus. | determined the individual gap detection threshold as
an adaptive measurement of temporal resolution abilities by using an up/down
staircase procedure. The listener was presented with two streams of sounds, one of
which had a brief silent period (‘gap’). The listener’s task was to identify this signal
and the shortest detectable gap (‘gap threshold’) is determined. The first detectable
stimulus was presented with the initial gap of 100 ms and were than adjusted
stepwise by an up/down staircase: if the gap was identified correctly, the gap in the
next trail was decreased; if the gap was identified incorrectly, the gap in the next trial
was increased. The trails were terminated following 10 reversals and the gap
detection threshold was computed by the arithmetic mean of the last four reversals
(Treutwein, 1995). All sessions were performed in an acoustically and
electromagnetic shielded room. GDT was applied by a Notebook (Samsung RC730,
with Intel (R) Core i7 2.2 GHz processor) connected with headphones (Sennheiser,
HD 65TV) and with a sound pressure level of 80 dB.

28



tDCS procedure

All participants received on three different days one session of either sham (S),
anodal stimulation over the left (tDCS_left) or right (tDCS_right) AC in a randomized
order. TDCS was applied by a battery driven constant current stimulator (ELDITH,
NeuroConn GmbH, lImenau, Germany) using two rubber electrodes placed in 0.9%
saline-soaked synthetic sponges. The 5 x 5-cm stimulation electrode was placed over
T7/T8 according to the 10-20 system for EEG electrode placement, the 5 x 10 cm
reference electrode was placed contralateral to the stimulation over C4/C3. The
active electrode placement has been shown to modulate AC reactivity (Zaehle et al.,
2011). The reference position was chosen to minimize tDCS effects in the
contralateral auditory area. Figure 5B illustrates electrode positioning and modeled

current density for the left anodal stimulation.
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Figure 5: Auditory stimuli and tDCS application. (A) Shows exemplary spectrogram and
waveform of a gap-stimulus. (B) lllustrates electrode positioning and modeled current density

for the left anodal stimulation.

The direct current was applied with a strength of 1.5 mA with a 10-s fade in/out. After
10 min stimulation, the GDT started, while the stimulation continued. For sham
condition the stimulation stopped after 15 s with a 5-s fade out. This procedure
ensured that in the sham and stimulation conditions, participants experienced the

initial itching that recedes over the first seconds of tDCS. Accordingly, none of the
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participants were able to determine whether or not they received active or sham
stimulation. Prior to every session the participants had 1 min for practicing the GDT

by the help of the study coordinator.

Statistical analysis

Statistical analysis of gap detection thresholds was performed by SPSS software
(Version 21.0). Individual gap-detection thresholds were entered into a repeated
measures ANOVA (analysis of variance) with the within subject factor stimulation (S,
tDCS_left, tDCS_right). For post hoc analysis paired samples t-tests were performed.
Normal distribution was tested by Kolmogorov—Smirnov-Test (sham: p = 0.71, anodal
left: p= 0.99, anodal right: p = 0.99).

2.3 Results

Mean and SEM of gap detection threshold separately for three stimulation conditions
are shown in Figure 6. Repeated measures ANOVA reveals significant main effect of
the factor stimulation (F(1.2, 17.1) = 4.863; p = 0.035). Post hoc t-tests revealed
increased gap detection threshold after left-sided anodal tDCS in contrast to sham
tDCS (t(14) = -2.323; p = 0.036) and right-sided anodal tDCS (t(14) = -2.171; p =
0.048), whereas gap detection thresholds after right-sided anodal tDCS did not differ
from individual thresholds after sham (t(14) = -1.850; p = 0.086).
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Figure 6: Performance data. Individual gap detection thresholds (mean £+ SEM) separately
for sham, anodal tDCS over the left AC (tDCS_left), and anodal tDCS over the right AC
(tDCS_right).

2.4 Discussion

In the present study, | examined the functional lateralization of the AC for the
perception of rapidly changing acoustic cues in a causal way utilizing tDCS. The
results show that neuromodulation of the left, but not right, AC induced altered
individual gap detection thresholds. These data suggest predominance of the left AC
for processing rapid temporal acoustic information in non-speech sounds. The results
are in good agreement with previous studies showing correlative associations
between the left AC/hemisphere and advanced processing for rapidly changing
acoustic stimuli (Jancke et al.,, 2001; Zaehle et al., 2004; Zaehle et al., 2008;
Okamoto et al., 2009; Warrier et al., 2009). This functional lateralization can be
dedicated to structural differences between the left and right temporal lobes. Post
mortem and brain imaging studies exhibit increased white matter extension in HG, PT
and STG causing larger cortical volume and surface area on the left compared to the

right hemisphere (Buxhoeveden & Casanova, 2000; Harasty et al., 2003; Warrier et
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al., 2009; Meyer et al., 2013). Further fMRI studies showed greater gray and white-
matter volume on the left compared to the right hemisphere caused by greater
myelination (Sigalovsky et al., 2006; Takao et al., 2011). On cellular level, the left AC
contains increased number and size of layer-1ll pyramidal cells (Hutsler & Gazzaniga,
1996; Hutsler, 2003). It has been hypothesized that this morphological leftward
asymmetry leads to differences in functional rapid auditory processing due to greater
myelination, which allows faster conductivity and thereby enhanced sensitivity to
rapidly changing acoustic information (Zatorre and Belin, 2001). Neuropsychological
studies support this assumption: patients with lesions of the left temporal lobe have
deficits in auditory processing of temporal information, whereas right-lesioned
patients are impaired to perceive spectral information (Robin et al., 1990; Tallal et al.,
1993; von Steinbuchel et al., 1999). With the advent of modern neuromodulation
techniques, such as tDCS, new approaches have been performed to investigate
auditory functionality. By applying unilateral auditory tDCS on spectro-temporal
processing, Tang and Hammond (2013) demonstrated that anodal tDCS over the
right AC causes diminished frequency discrimination. Furthermore, it has been
demonstrated that simultaneous anodal stimulation of the bilateral AC improves up to
22.5%, whereas cathodal stimulation decreased 54.5% participants’ performance in a
random GDT (Ladeira et al., 2011). However, these alleged contrary results of an
observed deterioration in the present study on one hand and an elevation of temporal
resolution after anodal tDCS on the other hand might be based on fundamental
difference in GDT paradigm applied. In contrast to the between-channel paradigm
used in the present study, Ladeira et al. (2011) applied a within-channel paradigm to
measure temporal resolution abilities. In this within channel paradigm the listener is
presented with two streams of otherwise homogeneous sound, one of which contains
a silent period (gap) at its temporal midpoint (signal); the other (standard) does not
and the task of the listener is to specify which interval contained the gap. Such task
requires a discontinuity detection within one perceptual channel. In contrast, in a
between-channel paradigm the sounds (markers) bounding the gap are spectrally
different from each other. There is thus a discontinuity in both the signal and the
standard, but only the signal contains a nonzero duration silent period (Phillips et al.,
1997; Phillips et al., 2010). Individual thresholds in a between-channel paradigm are

often an order of magnitude higher and likely reflect a relative timing of the offset of
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activity aroused by the leading marker and the onset of activity aroused by the trailing
marker (Phillips et al., 1997; Grose et al., 2001; Carmichael et al., 2008). Moreover,
such between channel gap thresholds, but not thresholds of a within channel
paradigm, are highly correlated with VOT phonetic boundaries (Phillips et al., 1997;
Phillips & Smith, 2004), recruit overlapping neural network (Zaehle et al., 2004) and,
consequently, are correlated with phonological reading in normally developing
children (Walker et al., 2006). Based on this it has been suggested that only a
between-channel paradigm allows a unique probe into temporal auditory processing
(Phillips et al., 2010). Besides these divergent paradigms, Ladeira and colleagues
stimulated both auditory cortices simultaneously, not allowing a systematic
investigation of functional lateralization. Remarkably, in the present study anodal
tDCS caused a reduction of the temporal resolution abilities. Thus the tDCS-related
increased cortical excitation of the left AC resulted in a deteriorated auditory
performance. Given an optimal and unaffected level of these auditory processes in
the sample of young healthy subjects, this observation might be related to an
inverted U-shaped dose-response relationship between AC reactivity and auditory
perception. Such inverted U-shaped relationship has been reported for the relation of
the dose of a pharmacological treatment and altered cognitive functions (Goldman-
Rakic et al., 2000; Cools et al., 2001). Although the influence of tDCS on auditory
activity state is possibly a multifactorial phenomenon, the arousal level crucially
interacts with cognitive processes and influences the effectiveness at a given
dosage. The performance will improve as arousal increases until it reaches a point
where optimum performance is achieved, and arousal is at its optimum level. If
arousal increases beyond this point, e.g. due to external electric stimulation,
performance will begin to deteriorate. This hypothesis implies that enhanced
excitability does not increase performance per se. Monte-Silva et al. (2009)
demonstrated dose-dependent impairment by a dopamine D2-like agonist on anodal
tDCS-induced motor-cortex excitability. The findings revealed an inverted U-shaped
curve with enhanced activity by anodal tDCS at an optimal dose of D2-like agonists,
whereas lower and higher doses resulted in less activity (Monte-Silva et al., 2009;
Krause et al., 2013b). Following this, one might further speculate that in deficient
auditory processing associated with hypofunctioning of the auditory-related cortex
(Gaab et al., 2007; Chobert et al., 2012; Raschle et al., 2013), an enhancement of
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left AC reactivity will result in an improvement of such perceptual processes. Thus
the findings also might have clinical implications by fostering potential approaches for
a treatment of speech-related pathologies such as dyslexia. Dyslectic children as well
as adults exhibit deficits in the processing of rapid auditory information accompanied
with deficient phonological processing (Gaab et al., 2007; Chobert et al., 2012;
Raschle et al., 2013). The data demonstrate the neuromodulatory effect of auditory
tDCS on rapid temporal processes involved in stop-consonant discrimination and
thus provides a possible method for the treatment of dyslexia. However, specific
clinical efficacy of tDCS has to be proven by further studies consulting brain imaging

and behavioral data.
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3. Experiment 2

Pre-attentive spectro-temporal feature processing during
HD-tDCS

Specific aim:

| want to investigate the functional lateralization of the AC for pre-attentive
spectro-temporal feature processing without any task or attentional demands
by high-definition (HD)-tDCS.

The content of this chapter has been published as: Heimrath, K., Breitling, C., Krauel,
K., Heinze, H.J., and Zaehle, T. (2015). Modulation of pre-attentive spectro-temporal
feature processing in the human auditory system by HD-tDCS. Eur J Neurosci 41,
1580-1586. doi: 10.1111/ejn.12908.

Abstract

The present study examined the functional lateralization of the human AC for pre-
attentive spectro-temporal feature processing. By using High-definition (HD)-tDCS) |
systematically modulated neural activity of the bilateral AC. | assessed the influence
of anodal and cathodal HD-tDCS delivered over the left or right AC on auditory
mismatch negativity (MMN) in response to temporal as well as spectral deviants in 12
healthy subjects. The results showed that MMN to temporal deviants was significantly
enhanced by anodal HD-tDCS applied over the left AC only. The data indicate a left
hemispheric dominance for the pre-attentive processing of low-level temporal

information.
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3.1 Introduction

The human auditory system has been traditionally described as functionally
lateralized for the processing of separate features in the acoustic signal. Classical
neurobiological frameworks of auditory cognition propose a “division of labor”
between the left and right auditory-related cortices, encompassing a relative trade-off
in spectral and temporal processing of complex acoustic signals such as speech and
music. Left auditory cortical areas are highly tuned for temporal processing and right
auditory cortical areas are more amenable to spectral processing (Zatorre & Belin,
2001; Zatorre et al., 2002; Poeppel, 2003b). This lateralized spectro-temporal
processing within the AC has been proven by several studies (Schonwiesner et al.,
2005; Sandmann et al., 2007; Zaehle et al., 2007; Obleser et al., 2008; Okamoto et
al., 2009), while other studies provide contradicting results showing no or reversed
auditory lateralization (Harrington et al., 2004; Reiterer et al., 2005; Meyer, 2008;
Zatorre & Gandour, 2008; Scott & McGettigan, 2013). Task demands and task
dependent attention can systematically cause these outcome variations.
Contradicting results have been shown, e.g. for active vs. passive task demands and
attention to the left vs. right ear. (Bryden et al., 1983; Woldorff et al., 1993; Poeppel
et al.,, 1996). It has been argued that attention related modulations are based on the
gain of neural activity elicited by the attended sound. If the task only requires divided
attention or passive listening, these effects are less robust or even not present. To
address this issue, asymmetric involvement of the AC in low-level acoustic
perception without attentional demands can be assessed by recording the mismatch
negativity (MMN), a pre-attentive measure of event related potentials (ERP) (Kujala
et al., 2007). MMN occurs as a negative component that can be elicited by
infrequently deviant tones in a sequence of frequently occurring standard tones.

Besides the possible modulating influences of task-demands and attention, in most
studies on auditory spectro-temporal asymmetry, conclusions are drawn on
correlational inferences. However, such statistical relationship between a set of
variables, in principle, does not allow for a direct causal inference of the functional
outcome and the underlying neural representation. The advent of tDCS opens new
strategies for investigating causal relations between cortical reactivity and function
(Filmer et al., 2014). By applying low currents through the skull to the brain, tDCS
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directly modulates cortical excitability (Bindman et al., 1962; Nitsche et al., 2008). In
classical tDCS applications, relative large electrode pads were used that spatially
imprecise stimulate rather broad cortical areas. To improve the spatial preciseness,
high-definition (HD)-tDCS has been introduced recently (Datta et al., 2009).

Here, | examined functional lateralization of the AC for pre-attentive spectro-temporal
feature processing. By systematically modulating the neural reactivity of either the left
or right AC, | assessed asymmetric processing of the auditory system in a causal
way. Based on the evidence mentioned above, | hypothesized that HD-tDCS
modulation of the left AC will alter MMN response to temporal deviants, whereas HD-

tDCS over the right AC will influence MMN response to spectral deviants.

3.2 Methods

Subjects

12 subjects (mean age 25.9; range 22 - 32; 7 male) participated in this study.
Participants gave written informed consent in accordance with the 2013 World
Medical Association Declaration of Helsinki. All subjects were native German

speakers and had no history of neurological, psychological or hearing impairment.

Stimuli

The auditory stimuli were generated (sampling depth of 32 bits and a sampling rate of
44 .1 kHz) using Praat (Version 5.3.63). The set of stimuli comprised one standard
tone with a duration of 75 ms and a frequency of 1000 Hz, two temporal deviants (25
ms/1000 Hz, 125 ms/1000 Hz) and two spectral deviants (75 ms/1100 Hz, 75 ms/900
Hz) (cf. Figure 7). Linear rise-fall times were 5 ms and the stimuli were presented
binaurally via headphones (Sennheiser, HD 65TV) with a sound pressure level of
80dB.
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temporal condition spectral condition

Figure 7: Auditory stimuli. Exemplary temporal and spectral deviant tones (red line)

compared to standard tone (black line).

tDCS

To increase spatial specificity of the applied electrical currents “HD-tDCS” has been
introduced (Datta et al., 2009; Kuo et al., 2013). Conventional tDCS procedures most
commonly used large electrode pads (25 cm?-35 cm?), which stimulate relatively
broad areas between the active and reference electrode. While a part of this current
is shunted through the scalp, the rest is delivered to the brain tissue inducing rather
diffuse changes in cortical excitability (Miranda et al., 2006). A 4x1 ring configuration
(HD-tDCS) with a center electrode overlying the targeted brain area surrounded by
four reference electrodes enables a more restricted cortical neuromodulation (Kuo et
al., 2013) and leads to higher electric fields in comparison to electrode pads (Datta et
al., 2012). Furthermore, HD-tDCS over auditory cortical areas directly allows for
parallel MMN recording at central electrodes (cf. Figure 8A). Thus, in the present
study by applying HD-tDCS, electrophysiological recordings could be acquired
directly during stimulation without relying on transient after-effects. Each participant
performed five sessions: (i) sham, (ii) anodal HD-tDCS over the left AC (aHD-
tDCS _left), (iii) anodal HD-tDCS over the right AC (aHD-tDCS _right), (iv) cathodal
HD-tDCS over the left AC (cHD-tDCS _left) and (v) cathodal HD-tDCS over the right
AC (cHD-tDCS_right). All sessions were separated by at least 24 hours. Session
order for sessions i-iii was counterbalanced across participants; sessions iii and iv
were acquired 6-8 months after the initial session, in a counterbalanced order. The
current strength was 0.5 mA for 21 min, with a linear fade in/fade out time of 10 s.
The central active electrode was placed over the AC (C5/C6) and surrounded by 4
reference electrodes (FC5/FC6, C3/C4, CP5/CP6, T7/T8) according to the

international 10-10 system. The active electrode placement was chosen to affect the
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temporal cortex, which has shown to be responsible for MMN generation to temporal
and spectral modulated deviants (Molholm et al., 2005; Grimm et al., 2006; Naatanen
et al., 2007). The stimulation electrodes were sintered Ag/AgCI ring electrodes (outer
radius: 12 mm, inner radius: 6 mm). The ring electrodes were fixed on an EEG cap
and were filled with EEG electrolyte gel (Easy Cap, Abralyt 2000) to ensure
conductivity to the skull. For the sham condition, the stimulation was turned off after
30 s with linear fade out time of 10 s to the unawareness of the participants. This
procedure ensured that in the sham and stimulation conditions, participants
experienced the initial itching that recedes over the first seconds of HD-tDCS. After
session iii, participants were asked to indicate in which of the sessions they felt an
active tDCS. Out of the 12 subjects, only one identified the correct order of active and
sham tDCS.

Procedure

To asses an asymmetric involvement of the AC in low-level acoustic perception
without attentional demands | recorded the mismatch negativity (MMN), a pre-
attentive measure of event related potentials (ERP) (Kujala et al., 2007). MMN occurs
as a negative component that can be elicited by infrequently deviant tones in a
sequence of frequently occurring standard tones. Here, the central auditory system
forms a representation of repetitive aspects of stimulation, and in cases where the
representation is violated by a physical different feature of a rare stimulus a MMN is
elicited (Kujala et al.,, 2007; Naatanen et al., 2007). MMNs are independent of
attentive control and can be obtained even when ignoring the stimuli while performing
unrelated tasks (Garrido et al., 2009b), during sleep (Campbell & Colrain, 2002; Ruby
et al., 2008; Sculthorpe et al., 2009) or without consciousness (Fischer et al., 2004;
Naccache et al., 2005; Fischer et al., 2006; Tzovara et al., 2013). Traditionally, the
MMN has been assumed to originate bilaterally in the supratemporal cortices, and
AC (Naatanen et al., 2007; Naatanen et al., 2011). Importantly, auditory MMN can be
used to investigate function and acoustic dependent brain asymmetry (Todd et al.,
2011; Gu et al., 2013; Musacchia et al., 2013).

In the present study, the participants performed an auditory MMN paradigm

(Naatanen et al., 2007) with spectral and temporal deviants. After 10 min of
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consecutive HD-tDC-stimulation, the MMN paradigm started, while the HD-tDC-
stimulation continued. MMN block consisted of 940 stimuli starting with 8 initial
standard tones. Four different deviants occurred in 30% of the trials, accordingly
7.5% for each specific deviant. The stimuli were pseudo randomized within the block
with at least two standard stimuli occurring between two deviants. The duration of the
MMN block was 11 min and stimuli were presented with a stimulus onset interval of
750 ms.

e —— Standard
—— Spectral
--- Temporal

5uv

Figure 8: (A) Experimental setup for simultaneous HD-tDCS and EEG. Placement of HD-
tDCS ring electrodes over left and right AC in a 4x1 configuration. The active electrode (red)
is surrounded by four reference electrodes (blue). EEG was measured at location Fz and Cz
(black). (B) AEPs group averages across each stimulation session at electrode site Fz for

standard tones, spectral and temporal deviant tones separately.

EEG recordings

EEG was recorded in parallel to HD-tDCS from the standard scalp locations Fz and
Cz, according to the international 10-10 system, using Ag/AgCl electrodes mounted
in an elastic cap. The electrooculogram was recorded with one electrode placed
below and approximately 1 cm to the external canthus of the left eye. EEG data were
recorded by a Brainamp DC amplifier (Brainproducts) and the corresponding
software (Brainproducts, Brain Vision Recorder 1.20). Data were referenced to the

linked mastoids and sampled at 500 Hz. Impedances were kept below 5 kQ.
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Data analysis

EEG preprocessing and data analysis were carried out using EEGlab V.12
(http://scen.ucsd.edu/eeglab/). EEG data were off-line filtered from 0,01 Hz to 40 Hz.
Segments containing ocular artifacts, movement artifacts, or amplifier . saturation
were excluded from the averaged ERP waveforms. EEG recordings were sectioned
into 600 ms epochs (200 ms pre-stimulus and 400 ms poststimulus) and a baseline
correction using the pre-stimulus portion of the signal was carried out. ERPs for each
stimulus category were averaged for each subject and grand-averaged across
subjects. MMN waves were individually calculated by subtracting the ERP to
standard stimuli from that of deviant stimuli. In accordance with reported MMN
magnitude at fronto-central sites (Naatanen et al., 2007) larger amplitudes across
grand-averages waves were found at Fz and thus | restricted the analysis to this EEG
position. For each condition | measured the peak amplitude from a 40 ms window
centered at the individual MMN latency of each subject (Gu et al., 2013). MMN peak
latency for each condition was obtained by the most negative peak in the latency
window from 130-230 ms after the onset of the stimulus. To analyze the effects of
active HD-tDCS on hemispheres, | calculated a 2x2x2 repeated measures ANOVA
with the factor stimulation (anodal, cathodal), hemisphere (tDCS_left, tDCS_right)
and deviant (temporal, spectral). Subsequently, to compare active and sham
stimulation two repeated measures 3x2 ANOVAs with the factor stimulation (sham,
tDCS _left, tDCS_right) and deviant (temporal, spectral) were calculated separate for
anodal and cathodal tDCS. To further explore significant main effects and
interactions | compared the MMN amplitudes by performing t-tests (one-tailed,

Bonferroni-Holm corrected).

3.3 Results

Figure 8B shows the averaged AEPs to standard and deviant tones for the temporal
and spectral conditions averaged across all tDCS sessions at electrode site Fz. As
shown in Figure 9, temporal and spectral deviants elicited considerable MMN
responses between 100-250 ms after the onset of auditory stimuli during anodal (A)
and cathodal (B) tDCS.

41



A Anodal tDCS

temporal spectral
-5V -5pv
=== —
400ms 400ms
5pv 5uV

B Cathodal tDCS

temporal spectral

-5V -5pv
%b =
400ms 400ms
S5pV 5pv
== sham
- tDCS_left
== tDCS_right

Figure 9: Auditory mismatch negativity (MMN) results. MMN in response to temporal and
spectral deviant tones at electrode site Fz during anodal transcranial direct current
stimulation (tDCS; A), cathodal tDCS (B) over the left (red) and right auditory cortex (AC;

blue) in comparison to sham tDCS (black).

Figure 10 illustrates the mean MMN amplitudes separately for temporal (top) and
spectral (bottom) deviants during sham, and active tDCS at electrode Fz. The 2x2x2
repeated measures ANOVA revealed no significant main effects of the factors
stimulation [F(1,11) = 0.006, p = 0.94], hemisphere [F(1,11) = 1.557, p = 0.21],
deviant [F(1,11) = 0.581, p = 0.46], nor for the stimulation x hemisphere [F(1,11) =
0.402, p = 0.54], stimulation x deviant [F(1,11) = 0.335, p = 0.57] and hemisphere x
deviant interaction [F(1,11) = 2.446, p = 0.15], but a significant interaction between
stimulation x hemisphere x deviant [F(1,11) = 4.474, p = 0.05]. For anodal tDCS the
3x2 repeated measures ANOVA with the factors stimulation (sham, tDCS_|eft,

tDCS_right) and deviants (temporal, spectral) revealed no significant main effect of

42



the factors stimulation [F(2,22) = 2.151, p = 0.14], and deviant [F(1,11) = 0.378, p =
0.55] but a significant stimulation x deviant interaction [F(2,22) = 3.470, p = 0.05]. For
cathodal tDCS a 3x2 repeated measures ANOVA revealed neither a significant main
effect of the factors stimulation [F(2,22) = 0.324, p = 0.73] and deviant [F(2,22) =
0.001, p = 0.99] nor an interaction of stimulation x deviant [F(2,22) = 0.198, p = 0.82].
Separate post hoc t-statistics of the MMN amplitudes in the temporal condition
demonstrated increased amplitudes during left anodal tDCS compared to right anodal
tDCS (t(11) = -3.254; p = 0.02) and sham stimulation (t(11) = 2.486; p = 0.03). MMN
amplitude during right anodal tDCS did not differ from MMN amplitudes during sham
stimulation (t(11) = -0.034; p = 0.49). In the spectral condition, post-hoc t-fests
showed no significant increment of MMN amplitude by left anodal tDCS compared to
right anodal tDCS (1(11) = 0.482; p = 0.64) and to sham stimulation (t(11) = -0.061; p
= 0.48). Right anodal tDCS compared to sham showed no significant difference (1(11)
= 0.537, p = 0.9). In summary, MMN amplitudes in response to temporal deviants
were increased by anodal tDCS over the left but not right AC. Furthermore, neither
anodal tDCS over the left nor the right AC altered MMN amplitudes to spectral
deviants. Cathodal tDCS over the left and right AC had no effect on MMN amplitude
to neither spectral nor temporal deviants. The results of the 2x2x2 repeated measure
ANOVA on MMN peak latencies reveal no main effect of stimulation [F(1,11) = 0.221,
p = 0.65], hemisphere [F(1,11) = 1.716, p = 0.22], but a significant main effect of
deviant [F(1,11) = 9.908, p = 0.01] due to longer peak latencies for temporal as for
spectral deviants. | found no interaction for stimulation x hemisphere [F(1,11) =
0.797, p = 0.39], stimulation x deviant [F(1,11) = 0.001, p = 0.99], hemisphere x
deviant [F(1,11) = 0.320, p = 0.58] and stimulation x hemisphere x deviant [F(1,11) =
0.024, p = 0.88].
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Figure 10: Mismatch negativity (MMN) amplitudes separately for temporal and spectral
deviant tones during sham, anodal_left, anodal_right, cathodal_left and cathodal_right at

electrode site Fz (mean = SEM).

3.4 Discussion

In the present study, | examined the functional lateralization of the AC for pre-
attentive spectro-temporal feature processing. By systematically modulating the
neural activity of the AC, | showed that MMN amplitudes in response to temporal, but
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not spectral deviant tones were increased by anodal tDCS applied over the left AC
only. This finding supports the assumption that depending on the acoustic properties
of the signal, the two cerebral hemispheres are differentially engaged in the pre-
attentive processing of change detection and provides further evidence for the
feature-specific structure of hemispheric asymmetry in auditory processing.

The results of a specific involvement of the left AC in the processing of temporal
acoustic characteristics are in good agreement with former neurophysiological
studies (Jancke et al., 2001; Zatorre & Belin, 2001; Giraud et al., 2005; Gaab et al.,
2007; Zaehle et al., 2008; Okamoto et al., 2009; Warrier et al., 2009). Moreover, by
directly modulating the reactivity of the underlying neural cortex, | provide direct
causal evidence for a relationship between the activity of the left AC and its functional
specification. It has been assumed that this left hemisphere sensitivity for rapidly
changing acoustic cues is the basis of the well documented hemispheric
specialization for speech perception (Schwartz & Tallal, 1980) and has been shown
to be deficient in phonological disorders (Tallal & Newcombe, 1978; Schwartz &
Tallal, 1980). Left-lateralized brain response to rapidly changing acoustic information
has been even shown in early developmental stage in 4-month infants (Musacchia et
al., 2013). The functional leftward asymmetry for the temporal analysis has been
dedicated to structural differences between the left and right temporal lobe
(Buxhoeveden & Casanova, 2000; Harasty et al., 2003; Warrier et al., 2009; Meyer et
al., 2013) with greater gray and white-matter volume on the left compared to the right
hemisphere (Sigalovsky et al., 2006; Takao et al., 2011). Accordingly, this
morphological asymmetry leads to functional differences of spectro-temporal
resolution due to greater myelination, which allows for faster conductivity and thereby
enhanced sensitivity to rapidly changing acoustic information (Penhune et al., 1996;
Anderson et al., 1999; Klingberg et al., 2000; Zatorre & Belin, 2001). In experiment 1,
utilizing conventional tDCS, | already demonstrated left hemispheric dominance for
the processing of rapid temporal cues in a causal way and showed that
neuromodulation of the left, but not right, AC induced altered individual gap detection
thresholds. In the present study, | extended this approach by using EEG and
avoiding effects of attention or task demands. Furthermore, HD-tDCS was used to
target the AC. In contrast to conventional tDCS protocols, HD-tDCS enables

neuromodulation of specific cortical areas and thus enhances induced plasticity
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(Miranda et al., 2006; Datta et al., 2012; Kuo et al., 2013) and prevents potential
effects of the tDCS reference electrode. Furthermore, the 4 x 1 configuration allows
the parallel assessment of EEG during the tDCS application.

The demonstration of a predominance of the left hemisphere for the processing of
temporal information in the auditory system is in line with the proposed "division of
labour" accounts (Zatorre & Belin, 2001; Poeppel, 2003b). However, while these
models suggest a relative trade-off between the two hemispheres for temporal and
spectral analysis, the present study did not observe a modulatory effect of either the
left or right AC reactivity modulations on the MMN amplitudes to spectral deviants.
Lateralized spectro-temporal processing within the AC has been proven by several
imaging studies (Schonwiesner et al., 2005; Sandmann et al., 2007; Zaehle et al.,
2007; Obleser et al., 2008; Okamoto et al., 2009). However, even though several
investigations demonstrated a right sided dominance for spectral processing within
the auditory domain (Grimm et al., 2006; Zaehle et al., 2009; Okamoto & Kakigi,
2013; Cha et al., 2014), also bilateral contributions of the STG/STS during spectral
analysis have been evidenced (Zatorre & Belin, 2001; Jamison et al., 2006; Zaehle
et al.,, 2008). Analogously, for the pre-attentional processing of spectro-temporal
acoustic features, several studies reported lateralized MMN responses with
enhanced MMN amplitude to temporal modulated sounds in the left- and enhanced
MMN amplitude to spectral modulated sounds in the right hemisphere (Todd et al.,
2011; Okamoto & Kakigi, 2013). Moreover, MMN generators have been located
within the left hemisphere for the processing of temporal acoustic properties and the
right hemisphere for the processing of spectral characteristics (Molholm et al., 2005;
Zaehle et al., 2009). Nevertheless, also absent or reversed spectro-temporal MMN
asymmetries have been reported. Commonly, these variations have been attributed
to fundamentally different stimulus material and task requirements (Uther et al., 2003;
Takegata et al., 2004; Grimm et al., 2006; Maess et al., 2007; De Sanctis et al., 2009;
Sorokin et al., 2010; Kuuluvainen et al., 2014). Moreover, it has been assumed that
hemispheric lateralization for spectral MMN response might be more depending on
linguistic relevance and familiarity of the acoustic sound feature (Tervaniemi &
Hugdahl, 2003; Zatorre & Gandour, 2008; Kujala & Naatanen, 2010). Accordingly,
pre-attentive spectral auditory processing might be less lateralized in the auditory

domain. Consequently, recent tDCS studies investigating lateralized auditory
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perception reported rather inconsistent results. Whereas Mathys et al. (2010)
showed a decrement of pitch discrimination induced by cathodal tDCS over the left
and right AC, anodal tDCS had no effect on task performance. In contrast, Tang and
Hammond (2013) reported that anodal tDCS over the right AC causes diminished
frequency discrimination by decreasing sensitivity to temporal fine structure, but did
not affect spectral selectivity. Impey & Knott (2015) demonstarted that anodal tDCS
over the left AC enhances MMN to spectral deviants only in individuals with low MMN
baseline amplitudes. It can be assumed that different stimulation parameter such as
stimulation power, electrode size, and electrode placement especially of the
reference electrode, as well as the individual auditory stimuli contribute to these
varying tDCS-effects. Finally, the auditory evoked MMN does not exclusively
originate in temporal regions. The prefrontal cortex has been associated with
generation of auditory evoked MMN as well (Doeller et al., 2003; Deouell, 2007;
Garrido et al., 2009a; Garrido et al., 2009b). Anodal tDCS over the right frontal cortex
exclusively affects MMN to spectral deviants whereas neither anodal nor cathodal
tDCS modulate MMN to temporal deviants (Chen et al., 2013). Thus, specifically for
spectral processing, varying stimulation locations over the temporo-frontal network
seem to influence tDCS induced effects on the MMN measurement considerably.

To this date, the asymmetry of the auditory domain for low-level acoustic features is
still controversially discussed (Scott & McGettigan, 2013). By directly modulating the
reactivity of the underlying neural cortex, HD-tDCS can provide causal evidence for a
relationship between the activity of the left and right auditory cortices and its
functional specification. Thus studies using HD-tDCS might help to advance our

understanding of hemispheric lateralization for low-level acoustic feature processing.

Conclusion

In the present study, | applied HD-tDCS over the AC to examine functional
asymmetry of spectro-temporal feature processing. The results show that the pre-
attentive processing of temporal but not spectral acoustic features is elevated after
selectively enhancing the neural reactivity of the left AC only, providing a causal
demonstration of the left-lateralized sensitivity to temporal features in the acoustic

signal.
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4. Experiment 3

Effect of bilateral tDCS on phonetic perception

Specific aim:

| want to assess the effects of bilateral tDCS over the temporal cortex on
phonetic categorization of CV-syllables in a VOT continuum and on AEPs in

response to voiced and voiceless CV-syllables.

The content of this chapter has been published as: Heimrath, K., Fischer, A., Heinze,
H.J., and Zaehle, T. (2016). Changed categorical perception of consonant-vowel
syllables induced by transcranial direct current stimulation (tDCS). BMC Neurosci 17,
8. doi: 10.1186/s12868-016-0241-3.

Abstract

Speech-related disorders may refer to impairment of temporal analysis in the human
auditory system. By the advance of non-invasive brain stimulation new forms of
therapy arise. In the present study, | examined the neuromodulatory effect of auditory
tDCS on the perception of temporal modulated speech syllables. In three
experimental sessions | assessed phonetic categorization of consonant—vowels (CV)-
syllables (/da/,/ta/) with varying voice onset times (VOT) during bilateral sham,
anodal, and cathodal tDCS delivered to the AC. Subsequently, | recorded AEPs in
response to voiced (/ba/,/da/,/gal) and voiceless (/pal,/tal,/kal) CV-syllables. In result,
| demonstrate that bilateral tDCS of the AC can modulate CV-syllable perception.
Behaviorally, cathodal tDCS improved phonetic categorization abilities in a VOT
continuum accompanied by an elevation of the P50 amplitude of the AEP to CV-
syllables during the anodal tDCS after effect. The present study demonstrates the
ability of bilateral tDCS over the AC to ameliorate speech perception. The results
may have clinical implications by fostering potential approaches for a treatment of
speech-related pathologies with a deficit of temporal processing.
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4.1 Introduction

Speech perception requires the recognition and discrimination of phonemes, in
particular the encoding of temporal information in short linguistic elements such as
consonants and vowels. A main feature to categorize stop-consonants is the voice
onset time (VOT), which is defined as the duration of the delay between release of
closure and start of voicing. It characterizes voicing differences in a variety of
languages and distinguishes voiced stop consonants (/b/, /d/, /g/) from their voiceless
counterparts (/p/, /t/, /k/) (Lisker & Abramson, 1964). Discriminating voiced and
unvoiced syllables in a consonant-vowel (CV)-VOT continuum is categorical by
exhibiting two qualitatively discrete percepts. The neural activity of the auditory
cortices during the processing of different VOT's in speech stimuli is reflected by the
P50-N1 complex of the AEP (Sharma & Dorman, 1999; Sandmann et al., 2007;
Zaehle et al., 2007; King et al., 2008; Toscano et al., 2010). Accordingly, the P50-N1
complex has been successfully shown to reflect neural representation of feature
processing of the acoustic stimulus (Sharma et al., 2000; Elangovan & Stuart, 2011).
Speech related disorders have been associated with altered acoustic processing
abilities. Children with general language-learning disabilities (Tallal & Piercy, 1973;
Tallal & Stark, 1981) and children and adults with dyslexia (Tallal, 1980; Ben-
Yehudah et al., 2004) show an impaired auditory processing of temporal information
during speech perception. Specifically, these patients demonstrated deficient
phoneme perception abilities, reflected by inconsistent labeling of CV-syllables in a
VOT continuum (Joanisse et al., 2000; Breier et al., 2001; Chiappe et al., 2001;
Bogliotti et al., 2008). As a completion to conventional approaches that treat temporal
processing deficits in dyslexics by perceptual training (Tallal et al., 1996; Fricke et al.,
2013; Chobert et al., 2014; Duff et al., 2014), tDCS might be a promising therapeutic
tool.

Given the neuromodulatory potential of tDCS to alter AC reactivity (Zaehle et al.,
2011) as well as spectro-temporal perception (Ladeira et al., 2011; Impey & Knott,
2015), in the present study, | investigated the effects of tDCS over the bilateral
temporal cortex on phonetic categorization of CV-syllables in a VOT continuum. |
hypothesized tDCS-dependent alterations in the performance of a phonetic

categorization task. Furthermore, | recorded and compared AEPs in response to
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voiced and voiceless CV-syllables after tDCS application and expect tDCS induced
changes in the neural reactivity of the AC reflected by modulations of the P50-N1

complex.

4.2 Methods

Subjects

13 human subjects (mean age 25.92 + 3.15; 7 male) participated in this study.
Participants gave written informed consent in accordance with the 2013 World
Medical Association Declaration of Helsinki. All subjects were native German
speakers and had no history of neurological, psychological or hearing impairment. All

procedures were approved by the ethics committee of the University of Magdeburg.

Stimuli

The auditory stimuli were generated (sampling depth of 32 bits and a sampling rate of
44 .1 kHz) using Software SoundForge 4.5 (Sonic Foundry Inc., 1999) and Praat
(Version 5.3.63). The duration of each single stimulus was 330ms. Stimulus
presentation was controlled by the Presentation software (Neurobehavioral Systems,
USA). The stimuli were presented binaurally via headphones (Sennheiser, HD 65TV)

with a sound pressure level of 75dB.

tDCS

All participants received on three different days one session of either bilateral sham,
anodal or cathodal stimulation over the AC in a randomized order. The sessions were
separated by at least 48h to avoid carry over effects. TDCS was applied by a battery
driven constant current stimulator (ELDITH, NeuroConn GmbH, Germany) using
three rubber electrodes placed in 0.9% saline-soaked synthetic sponges. Two 5 x 5
cm stimulation electrodes were placed over T7 and T8 according to the 10-20 system
for EEG electrode placement. A 5 x 10 cm reference electrode was placed
longitudinally over electrode site Cz. The stimulation electrode placement has been
shown to modulate low-level processing and cortical reactivity in the AC (Ladeira et
al., 2011; Zaehle et al., 2011). The direct current was applied with a strength of 1.5
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mA and 10 s fade in/out. For sham condition, the stimulation was turned off after 30s
without the awareness of the participants with linear fade out time of 10 s. This
procedure ensured that in the sham and stimulation conditions, participants
experienced the initial itching that recedes over the first seconds of tDCS.
Accordingly, none of the participants were able to reliably determine whether or not

they received active or sham stimulation.

Procedure

To familiarize the participants with the task, prior to every session participants
practiced the phonetic categorization. Then tDCS application was started. After 10
min of consecutive tDCS, a phonetic categorization task (CV-task I) started, while
tDC-stimulation continued. For the CV-task, a synthetic VOT continuum was used
ranging from 20 to 40 ms VOT in 1 ms steps (Zaehle et al., 2007). Participants were
instructed to listen to each syllable and to decide whether the syllable was the voiced
syllable /da/ or the voiceless syllable /ta/ by pressing a corresponding button. Each of
the 21 CV-syllable was presented 18 times in a randomized order. The task duration
was 12 min. Subsequently, tDCS-electrodes were removed and EEG-electrodes
were mounted. The time interval between the end of the tDCS and the start of the
EEG session was 11,7 min = 3,6 min. During the second task (CV-task Il) AEPs were
recorded in response to voiced (/da/, /bal/, /ga/) and voiceless (/ta/, /pal,/kal) natural
CV-syllables. Participants had to decide whether the CV-syllable was voiced or
voiceless by pressing the corresponding button. Each CV-syllable was presented 50
times in a randomized order with a delay time of 1000ms after subjects' response.
Performance rate was equal above 97% in all three stimulation conditions (sham
97.75%, anodal: 97.31%, cathodal 98.1%, F(2, 24) = 1.974, p = 0.161).

Data analysis

Behavioral data

To examine performance in the CV-task-I | analyzed the slope parameter (1) of the
individual identification curves. This parameter provides a reliable measure for the
preciseness of categorical perception in a VOT continuum (Joanisse et al., 2000;
Breier et al., 2001; Bogliotti et al., 2008; McCarthy et al., 2014), with high values of
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B1 indicating a steep increase of the identification curve and reflecting high
preciseness in categorical perception, and low values of 1 denoting a shallow,
more fuzzy categorical perception. For this, | fitted each individual identification curve

with the following formula:

x(¥) = GrecEeTy
and calculated the individual category boundary x(y = 0,5), which is the point of 50%
correct responses or the point of maximal confusion. On average across the three
tDCS conditions (sham, anodal, and cathodal) this point was found on a VOT of 29.2
ms (cf. Figure 11A). Subsequently, | extracted the individual slope parameter (1) at
this category boundary (VOT 29ms +/- 2ms ). For analysis, the categorization
parameter was normalized to the individual data during sham condition (baseline) to
control for inter-individual variance, and compared between stimulation conditions by

means of paired-sample t-tests.

Electrophysiological data

EEG preprocessing and data analysis were carried out using EEGlab V.12
(http://sccn.ucsd.edu/eeglab/). EEG data were off-line filtered from 0,01 Hz to 40 Hz.

Segments containing ocular artifacts, movement artifacts, or amplifier saturation were

excluded from the averaged ERP waveforms. The EEG recordings were sectioned
into 600 ms epochs (200 ms pre-stimulus and 400 ms post-stimulus) and a baseline
correction using the pre-stimulus portion of the signal was carried out. ERPs in
response to all CV- syllables were averaged for each subject and grand-averaged
across subjects. A peak analysis was performed on single-subject averages
measured at channel Cz, which showed the largest deflections in the grand average.
AEPs were quantified by measuring the baseline-to-peak amplitudes for the most
positive (P50) and negative peak (N1) occurring at specific latency ranges (P50: 20—
70 ms; N1: 80—140 ms). In the end, amplitude of the P50 and N1 components were
analyzed using separate repeated-measures ANOVAs with a within-subject factor
tDCS (sham, anodal, and cathodal). For post hoc analysis paired samples t-tests

were performed.
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4.3 Results

Behavioral data

Figure 11A shows the averaged CV-syllable identification curve for the percental /ta/
identification illustrating that, overall, participants successfully categorized phonetic
stimuli. The analysis revealed a mean slope parameter (1) for tDCS conditions
(sham = 1.23, SE £ 0.14; anodal = 1.31, SE + 0.27; cathodal = 1.74, SE + 0.27). As
shown in Figure 11B, cathodal tDCS steepened the slope parameter (1) of the
identification curves by 50 % compared to sham baseline performance (t(1,12) =
2.387, p = 0.03). Furthermore, simultaneous cathodal tDCS had a significant stronger
effect on 1 than anodal tDCS (t(1,12) = 2.53, p = 0.03). Simultaneous anodal tDCS
caused no considerable changes from sham baseline performance (t(1,12) = 0.464, p
= 0.65). Thus, concurrent cathodal tDCS improved the categorical perception of a
CV-VOT continuum demonstrating the ability to sharpen phonetic perception by

means of bilateral auditory cathodal tDCS.
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Figure 11: Behavioral results. (A) Subjects performance on phonetic categorization
averaged across tDCS conditions (sham, anodal, and cathodal). The graph indicates the
percentage of CV-syllables that were identified as /ta/ in relation to their VOT (circles) and
the logistic curve fit. (B) Effect of active tDCS on phonetic categorization. Individual changes

in slope are plotted relative to normalized sham condition (Mean £ SEM).

54




Auditory evoked potentials

AEPs in response to CV-syllables are illustrated in Figure 12. All stimuli evoked
measurable P50 and N1 components. Repeated measures ANOVA with the factor
tDCS (sham, anodal, cathodal) for P50 amplitude revealed a significant main effect
[F(2,24) = 5.985, p = 0.01] due to significant larger P50 amplitude after anodal in
contrast to sham tDCS (t(12) = 2.441, p = 0.03) and cathodal tDCS (t(12) = 3.676; p
= 0.01). P50 amplitude after cathodal tDCS did not differ compared to sham tDCS
(t(12) = 0.114; p = 0.89). For the N1 amplitude repeated measures ANOVA showed
no tDCS effect [F(1,12) = 0.488, p = 0.62] (cf. Figure 12B). No differences in the P50
(F(2,24) = 0.053, p = 0.95) and N1 latencies (F(2,24) = 2.037, p = 0.15) could be

observed.
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Figure 12: Electrophysiological results. (A) Grand average AEPs recorded at channel Cz are
shown for different conditions (sham, anodal, and cathodal). (B) P50 and N1 amplitudes
recorded at channel Cz for different tDCS conditions (sham, anodal, and cathodal) (Mean +
SEM).
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4.4 Discussion

In the present study, | demonstrate that phonetic perception can be modulated by
bilateral tDCS of the AC. Categorization of CV-syllables in a VOT continuum was
enhanced by cathodal tDC-stimulation. In particular, concurrent cathodal tDCS
steepened the slope of the identification curve indicating more consistent
categorization of the syllables /ta/ and /da/. This sharpening of the phonetic
perception was accompanied by increased P50 amplitude in response to natural CV

syllables after anodal stimulation.

In the present study, cathodal tDCS improved preciseness of phonetic categorization,
with no influences of anodal tDCS. In a first attempt this result might be contradictive
in the light of the polarity-specific dichotomy assuming that anodal tDCS typically
improves while cathodal tDCS worsens the behavioral outcome in a specific task.
Notably, these dual-polarity effects have mainly been demonstrated in the motor
domain but less on cognitive functions (Jacobson et al., 2012). Particular in the
auditory domain, several studies demonstrated a decrement of performance induced
by cathodal tDCS on auditory function (Mathys et al., 2010; Ladeira et al., 2011), but
there is also evidence for an opposite effect showing improved performance after
cathodal stimulation (Alexander et al., 2012). It can be assumed that different
stimulation parameter such as stimulation power, electrode size, and electrode
placement especially of the reference electrode, as well as the individual auditory
stimuli contribute to the varying tDCS-effects. Furthermore, the tDCS-related
alterations of the neurotransmitter level may impact homeostatic plasticity in the
auditory domain. Whereas anodal tDCS reduces local concentrations of the inhibitory
neurotransmitter gamma-amino butyric acid (GABA), thus, inducing improvement,
cathodal tDCS reduces excitatory glutamate levels followed by impoverishment of the
behavioral outcome. However, there is also evidence that cathodal tDCS can
decrease GABA concentration and thus may induce improved performance as well
(Stagg et al., 2009; Filmer et al., 2014). Thus, given that regional cortical
excitation/inhibition balance, measured by ratios of glutamate/GABA, provide
meaningful interpretations of individual cognitive as well as perceptual performance
(Krause et al., 2013a), cathodal tDCS may artificially change the excitation/inhibition

balance towards a more optimal level in the AC.
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The present results extend the view of tDCS induced modulations on temporal
processing by showing improved phonetic categorization of CV-syllables with varying
VOTs. This might reflect a facilitation of low-level acoustic processing of temporal
features in the AC. Moreover, | assessed the electrophysiological brain activity in
order to investigate tDCS induced aftereffects on CV-syllable perception. It has been
proposed that anodal tDCS over the temporal cortex can alter AC reactivity resulting
in modulation of the AEPs. As has been demonstrated previously using sinus tones
(Zaehle et al., 2011), | found enhanced P50 amplitudes after anodal tDCS indicating
changes in the AC through an early stage of perceptual processing. Remarkably, the
present study shows enhancement of the AC reactivity after anodal- but not cathodal
tDCS. Such anodal tDCS-related increase in cortical excitation could be assumed to
be the cause of an improved auditory performance. However, the behavioral data
during tDCS showed no change of performance during anodal condition. Accordingly,
| cannot directly relate the observed electrophysiological modulations after tDCS to
the improved auditory phonetic categorization abilities described with concurrent
stimulation. However, tDCS efficiency on cortical excitability critically depends on the
timing of the stimulation. Several studies showed that tDCS can result in contradictive
effects during (online) and after the application of tDCS (offline). For instance,
simultaneous anodal tDCS leads to an improvement in motor learning and working
memory performance, whereas during the aftereffect anodal tDCS results in no or
opposite effects (Kuo et al., 2008; Stagg et al., 2011; Martin et al., 2014). Such
opposite online vs. offline effects has been found for the visual domain showing
improved perceptual learning after but not during anodal tDCS (Pirulli et al., 2013).
Analogously, online tDCS decreased motor learning, whereas motor performance
was worsened during the aftereffect (Reis & Fritsch, 2011; Stagg et al., 2011). These
opposing effects might be related to the underlying physiological actions of online vs.
offline tDCS. While acute effects during stimulation (online) are primary based on
changed membrane potentials, post-stimulation aftereffects are related to NMDA-
receptor activation indicating a LTP-like mechanism for learning (Nitsche et al.,
2003a; Stagg & Nitsche, 2011; Monte-Silva et al., 2013). The results demonstrate
that simultaneous cathodal tDCS can induce an enhancement of auditory
performance, whereas anodal tDCS induces aftereffects that enhance AC reactivity.

Nevertheless, the present findings may have clinical implications for the treatment of
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speech-related pathologies such as dyslexia. Dyslectic children as well as adults
exhibit deficits in the processing of rapid auditory information accompanied with
deficient phonological processing (Breier et al., 2001; Tallal & Gaab, 2006; Bogliotti
et al., 2008). Those patients may benefit from tDCS administration as add-on to
conventional therapy. Notwithstanding the fact that the neurophysiological
mechanisms are still not fully understood the current results show that tDCS can be
successfully used to modulate rapid temporal processing of speech sounds.
Consequently, by modulating the excitability of the temporal cortex via non-invasive
brain stimulation, the present study provides a novel approach that can be simply
administered to address stunted temporal processing abilities in auditory disorders in

the human brain.

Conclusion

To my knowledge this is the first study investigating tDCS effects on phonetic
perception by behavioral and electrophysiological parameter. The results show that
bilateral tDCS of the temporal lobe can change the cortical reactivity and the
performance associated with phonetic categorization. Additional studies are needed
to provide a better understanding of the behavioral and neurophysiological basis of
tDCS efficiency in the human AC.
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5. General Discussion

In the current PhD thesis, | assessed tDCS-induced changes in acoustic perception
and AC reactivity. Specifically, | investigated hemispheric lateralization of spectro-
temporal processing in a causal way. Furthermore, | examined the neuromodulatory
potential of tDCS to alter phonetic perception. Here, | utilized a novel tDCS approach
by directly changing the neural activity of the AC. In three experiments, behavioral
and electrophysiological data were collected. The main findings can be summarized

as follows.

In the first experiment, | assessed left-lateralized dominance for temporal processing
in a between-channel GDT by selectively stimulating either the left or the right AC.
Anodal tDCS of the left, but not right, AC altered individual temporal resolution
abilities suggesting a predominance of the left AC for processing rapid temporal
acoustic information in non-speech sounds. This result agrees with the concept of a
left hemispheric dominance for the processing of rapid temporal information as
proposed by Zatorre et al. (2001, 2002) and Poeppel (2003). To further test
functional lateralization in the human auditory system, in the second experiment |
investigated the influence of anodal and cathodal HD-tDCS delivered over the left or
right AC on auditory MMN in response to temporal as well as spectral deviants. The
results show that MMN amplitude in response to temporal but not spectral acoustic
features was elevated during anodal HD-tDCS of the left AC only. The data provide
further causal evidence for a left hemispheric dominance for pre-attentive processing
of low-level temporal information. Moreover, this multimodal approach highlights the
feasibility of recording EEG during auditory tDCS to gain more detailed information
about the underlying neural mechanisms involved in these alterations.The data of the
first two experiments support the theory of a left-lateralized temporal processing and

thus contribute to a better understanding of functional lateralization of the human AC.

Beyond the modulation of these acoustic processing abilities, in the third experiment |
assessed the usability of auditory tDCS to generally change acoustic speech
perception. Here, | could demonstrate that cathodal tDCS improved phonetic
categorization abilities by increasing the preciseness of the individual categorization

abilities, whereas anodal tDCS selectively modulated the P50 amplitude of the AEP
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to CV-syllables. While several studies investigated the influence of tDCS on low-level
acoustic processing, this study provides for the first time behavioral and
electrophysiological evidence for a neuromodulatory effect of auditory tDCS on
acoustic speech perception.

Acoustic aspects play a fundamental role in speech perception, however, this
process critically depends on a number of subcomponents involved in sensory and
cognitive functions. The underlying cortical network for speech processing is not
exclusively restricted to the AC but is widely distributed extending from the posterior
part of the AC to the prefrontal cortex (Zhang et al., 2011). Importantly, in addition to
the analysis of acoustic content, also semantics, syntax, orthography, and prosody
are crucial for the perception and comprehension of speech. In the context of the
vast literature on low-level processing the present findings significantly enhance the
knowledge in this field. Moreover, by demonstrating neuromodulatory effects of tDCS

over the AC, this approach has been shown its potential to identify auditory functions.

In sum, the results of these studies provide a better understanding of low-level
temporal information processing in the AC and demonstrate its potential at fostering
therapeutic application of tDCS in language related disorders such as dyslexia.
Despite the novel insights that were provided by this project, it is important to note

challenges and limitations of the methodology.

5.1 Methodological challenges of auditory tDCS

Generally, stimulation parameters such as stimulation intensity, electrode size,
electrode placement especially of the reference electrode as well as interindividual
variability of subjects need to be systemically investigated for the implementation of
optimal tDCS protocols on the auditory system. One main challenge in future
research and clinical application of tDCS is the improvement of stimulation focality
(Heimrath et al., 2016). HD-tDCS, as applied in the second experiment, has been
advanced to overcome this issue by utilizing small ring electrodes that increase
spatial specificity of the current over the targeted cortical area (Datta et al., 2009).
Moreover, depending on the current flow in the cortex which is either radial oriented or

tangential oriented, tDCS may produce distinct electrophysiological effects (Rahman et
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al., 2013). Radial inward current induces somatic depolarization that facilitates synaptic
efficacy, whereas tangential current flow (transverse) modulates synaptic efficacy in a
pathway-manner by hyperpolarization of afferent neurons. It has been shown that it is not
the polarity of tDCS which determines the direction of the effect per se but rather the
orientation of the long axis of the neuron (Kabakov et al., 2012). Contradictory polarity
effects have been revealed in cell-culture experiments showing that anodal tDCS
hyperpolarizes the membrane potential in apical dendritic regions and depolarizes the
somatic regions, whereas cathodal tDCS was followed by the reversed effect (Radman
et al., 2009). The current flow in the human brain is dominantly tangential to the cortical
surface. This implies that tangentially aligned neurons will be influenced more efficiently
by tDCS compared to radially aligned neurons. Thus, the radial and tangential orientation
in sulci and gyri has a strong impact on the current flow. While tDCS over gyri induces
radial currents, the current flow in sulci is exclusively tangential (Miranda, 2013; Rahman
et al., 2013). As the results of the present thesis do not show the prevalent polarity-
specific dichotomy assuming that anodal tDCS typically improves while cathodal tDCS
worsens the behavioral outcome, | presume that distinct pattern of gyri and sulci in
auditory related cortices might be caused the heterogeneity of neuromodulatory effects.
Consequently, using state of the art simulations of current density distributions on
individual anatomical data may help to improve current tDCS schemes.

In order to further optimize tDCS schemes on the auditory system it should be
considered that auditory processing is a complex cognitive function mediated by
multiple functionally connected brain areas rather than one individual region, which is
typically targeted in tDCS studies (Vanneste & De Ridder, 2011). TDCS over e.g. the
perisylvian region does not only modulate brain activity in the region under the
electrode but also in other functionally related areas (Wu et al., 2015). Accordingly, a
combination of tDCS and neuroimaging techniques is recommended to explore the
connections between different areas of the auditory network and to understand
whether and how tDCS may influence auditory network excitability. This might further
enable the development of efficient tDCS protocols to target specific connections
between brain areas within the auditory network (Luft et al., 2014; Heimrath et al.,
2016).

Importantly, in the vast majority of literature tDCS online effects on auditory
perception were reported only, whereas electrophysiological investigations of tDCS

online effects are sparse. Due to the strong artifacts induced by tDCS, such
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electrophysiological data were only measurable offline, after terminating the
stimulation. Thus, the effect of tDCS on the underlying neural mechanism remains
an important, but yet fairly under investigated question. Further knowledge about
tDCS effects on brain functions may improve the specificity of stimulation protocols
for clinical samples with auditory processing disorders. While several studies
reporting pre-to-post changes in ERPs or resting-EEG data used offline
measurements, to date, there are only a limited number of studies combining tDCS
and electrophysiological data (Heimrath et al., 2016). As | demonstrated, the
application of HD-tDCS electrode application might be a further promising approach
for the parallel assessment of EEG during tDCS. Moreover, it has been suggested
that MEG is able to overcome this shortcoming due to its measurement of
neuromagnetic activity via sensors (i.e. superconducting quantum interference
devices, SQUIDS) not directly placed at the scalp (Soekadar et al., 2013; Neuling et
al., 2015; Witkowski et al., 2015; Heimrath et al., 2016).

Finally, besides the contributions of stimulation parameters and task difficulty on the
variability of response to tDCS, both interindividual and across multiple testing
sessions, also baseline activity changes within the targeted neural network have to
be considered. In particular, rather than exerting a homogeneous effect on each
neuron underneath the electrodes and across individuals, tDCS interacts with
endogenous activity levels within target neuronal populations. This results in tDCS
outcomes that are dependent on the pre-existing activation state of the targeted
neurons at the moment of stimulation, i.e. on baseline activity (Krause et al. 2013).
Again, further research is necessary, in particular combining tDCS and direct
neurophysiological measures of brain activity to further examine the relationship

between neural baseline activity and effects of stimulation.
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5.2 Outline and future perspectives

The neurophysiological mechanisms underlying tDCS induced behavioral and
physiological alterations are still not fully understood. The current findings show that
tDCS can alter auditory perceptual processing and consequently constitutes a clinical
tool for the treatment of auditory related disorders. Given the fact, that the vast
majority of dyslexic patients shows a deficit in low-level auditory temporal processing
of speech-specific stimuli (Merzenich et al., 1993; Gaab et al., 2007; Vandermosten
et al., 2010; Raschle et al., 2014) as well as of non-speech stimuli (Tallal & Piercy,
1974; Breier et al., 2001; Chandrasekaran et al., 2009) and the evidence of tDCS
associated alterations of basic auditory performance reviewed above, the application
of tDCS seems to be a promising technique and past-due intervention to improve
both the AC reactivity in dyslexics and the impaired processing of incoming speech
features. However, although there is convincing evidence on the applicability and the
potentially beneficial effect of tDCS in dyslexic samples a number of important
prerequisites have to be taken into account in order to successfully utilize tDCS in
clinical samples. In the following section, | will discuss some of the most relevant

prerequisites of tDCS for clinical application.

5.2.1 Specific prerequisites of tDCS for clinical application

The vast majority of all clinical interventions target to normalize pathological
processes and to ensure the prolonged impact of the completed intervention. Thus,
in order to use tDCS in a clinical setting it is vital to know whether the stimulation
schema results in aftereffects of adequate duration. Yet there are no systematic
investigations on tDCS long-term effects in the auditory domain.

It is well documented that tDCS over the motor cortex can induce excitability changes
from minutes to hours (offline effect) (Nitsche & Paulus, 2000; 2001). In contrast to
transient aftereffects (offline effect), long-term effects persisting over a prolonged
period (i.e. days and months) are crucial for the clinical application of tDCS. Clinical
trials with patients suffering from auditory related disorders show sustained
improvement of symptoms lasting up to 16 weeks after the tDCS session (Fridriksson
et al., 2011; Garin et al., 2011; Marangolo et al., 2011; Frank et al., 2012; Vestito et
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al., 2014). Thus, tDCS, especially when applied repetitively on consecutive days
seems to be able to induce clinically relevant long-term effects.

Finally, for the clinical application of tDCS, it is desirable to use tDCS already in early
stages of the disorder, when the brain's ability to adapt to external events and to
develop novel strategies is most pronounced. While the application of tDCS usually
aims to improve perceptual or cognitive abilities it seems important to consider
probable unwanted side effects in the vulnerable child's and adolescent's brain.
Despite first promising results in pediatric samples there is still a lack of systematic
studies on the effect of tDCS on the developing brain (Heimrath et al., 2016).

In order to assess both the effect and tolerability of tDCS in the developing brain,
Moliadze et al. (2015) investigated immediate effects as well as aftereffects on the
excitability of the motor cortex in a sample of children and adolescents (aged 11 — 16
years). Neither anodal tDCS nor cathodal tDCS with 1 mA for 10 min showed any
adverse effects or pathological neural activity. In a further study, they reported
increased motor evoked potentials to be observed up to one hour after 1 mA anodal
and cathodal tDCS (Moliadze et al., 2015b). In sum, all children and adolescents
tolerated the stimulation well and tDCS consistently induced functional changes in
this pediatric sample. None of the participants reported any visual sensations,
headache or symptoms of hyperactivity. This, in turn, seems to allow for the
application in clinical interventions. Accordingly the clinical efficacy of tDCS in
adolescent patients with attention deficit hyperactivity disorder has already been
successfully demonstrated (Munz et al., 2015; Breitling et al., 2016).

Taken together, the use of tDCS in vulnerable persons and especially children should
always be performed with great caution, taking into account all the relevant factors

which might have immediate as well as long-term unwanted side effects.
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