HEINRICH HEINE

UNIVERSITAT DUSSELDORF

Investigating the neural basis of pitch memory
depending on musical abilities

using non-invasive brain stimulation methods

Inaugural-Dissertation

zur Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultét

der Heinrich-Heine-Universitiat Disseldorf

vorgelegt von
Nora Kristin Schaal

aus Solingen

Disseldorf, Februar 2015



aus dem Institut fiir Experimentelle Psychologie

Heinrich-Heine-Universitat Dusseldorf

Gedruckt mit der Genehmigung der
Mathematisch-Naturwissenschaftlichen Fakultit der

Heinrich-Heine-Universitat Diisseldorf

Referent: Prof. Dr. Martin Heil

Korreferentin: PD Dr. Bettina Pollok

Tag der miindlichen Priifung: 22.06.2015



What is music for?
1t’s to make you feel good.

Johann Sebastian Bach
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Zusammenfassung

Zusammenfassung

Die Tonhohe ist ein Hauptbestandteil der Musikwahrnehmung und ein wichtiger Faktor fiir
die Verarbeitung von sprachlichen Aspekten. Das Gedéchtnis fiir Tonhdhen spielt beim Horen
und Erinnern von Musik eine bedeutende Rolle und ist auch bei der Verwendung der
Sprachmelodie, um eine inhaltliche Aussage zu unterstiitzen, unerlédsslich. Verhaltens-
experimente und bildgebende Studien haben ein spezifisches und komplexes neuronales
Netzwerk fiir den Gedéchtnisprozess von Tonhohen gezeigt. Das Ziel der vorliegenden
Dissertation war es, die neuronalen Strukturen des Kurzzeitgeddchtnisses von Tonhéhen mit
Hilfe non-invasiver Gehirnstimulationsmethoden zu untersuchen und dabei auch neuronale
Spezialisierungen abhingig von musikalischer Expertise sowie genetischer Dispositionen zu
erforschen. Die Arbeit umfasst drei Studien, die zum Verstidndnis der neuronalen Grundlagen
des Tonhohengedichtnisses bei Nicht-Musikern beitragen sollen. Dariiber hinaus
untersuchten die Studien, ob Musiker, als Experten im musikalischen Bereich, und Amusiker,
die ein Defizit fiir das Tonhohengedichtnis aufweisen, Unterschiede der neuronalen

Représentation des Tonhohengedéchtnisses aufweisen.

In Studie 1 wurde mit Hilfe transkranieller Gleichstromstimulation (engl. transcranial direct
current stimulation, tDCS) untersucht, ob bei der Beteiligung des Gyrus Supramarginalis
(SMG) ein  Hemisphdren-Unterschied bei  Musikern und  Nichtmusikern im
Tonhohengedéchtnis vorliegt. Die Studie zeigte, dass bei Nichtmusikern die inhibitorische
kathodale tDCS iiber dem linken SMG zu einer signifikanten Verschlechterung der
Tonhohengedichtnisleistung sowohl in einer Rekognitions- als auch in einer Abrufaufgabe
gefiihrt hat. Bei den Musikern wurde eine selektive Abnahme der Leistung nur bei der
Rekognitionsaufgabe gefunden und, wenn tDCS {iber dem rechten SMG appliziert wurde. Des
Weiteren deuten die Ergebnisse darauf hin, dass die Bedeutung der SMG abhingig von den
Aufgabenanforderungen ist. Bei Nichtmusikern wurde eine kausale Beteiligung des linken
und bei Musikern des rechten SMG nur bei Aufgaben mit hoher Anforderung
beziehungsweise hoher Tonhdheninformationsmenge gefunden. Bei einer visuellen
Gedichtnisaufgabe wurden keine Modulationseffekte gefunden. Dieses weist auf eine
spezifische Bedeutung der SMG fiir das Tonhohengedichtnis beziehungsweise fiir das

auditorische Gedichtnis hin.

Studie 2 priifte, ob der linke SMG bei Nichtmusikern wihrend des ganzen Tonhohen-
gedichtnisprozesses involviert ist, oder, ob die Bedeutung auf eine bestimmte Phase des

Gedéchtnisprozess eingegrenzt werden kann. Zu diesem Zweck wurde eine repetitive
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Zusammenfassung

transkranielle Magnetstimulation (engl. repetitive transcranial magnetic stimulation, rTMS)
verwendet, um eine zeitlich genauere Modulierung zu ermoglichen. Getestet wurde, ob der
linke SMG wihrend des Retentionsintervalls (Experiment 1) oder der Enkodierung
(Experiment 2) kausal involviert ist. Die Ergebnisse zeigten eine selektive Storung der
Tonhohengedichtnisleitung in Form von verldngerten Reaktionszeiten, wenn die rTMS
wihrend der Retention induziert wurde. Keine Modulationseffekte wurden gefunden, wenn
die rTMS tiiber dem Vertex (Kontrollareal) oder wiahrend der Enkodierung appliziert wurde.
Um auszuschlieBBen, dass diese Effekte auf eine motorische Modulation der Reaktionszeiten
zuriickgefiihrt werden konnen, wurde in einem dritten Experiment der Effekt der rTMS auf
eine Tonh6henwahrnehmungsaufgabe untersucht. Hierbei zeigten sich keine Verdanderungen
der Reaktionszeiten. Zusammengefasst zeigte die Studie eine selektive Beteiligung des linken

SMG wihrend der Retentionsphase der Tonhohenaufgabe bei Nichtmusikern.

Studie 3 untersuchte, ob eine zuvor beschriebene Dysfunktion des dorsolateralen priafrontalen
Kortex (DLPFC) bei Amusikern kausal relevant fiir das Defizit des Tonhohengedichtnisses
ist. Im Bereich des DLPFC wurde bei Amusikern eine Amplitudenabnahme von Oszillationen
im niedrigen Gammabereich (30-40 Hz) wihrend einer Tonhohengedichtnissaufgabe gezeigt.
Es stellte sich die Frage, inwieweit diese Verdnderungen ein Schliisselfaktor der Amusie sein
konnen. Diese Storung wird mit musikalischen Wahrnehmungs- und Gedichtnisdefiziten in
Verbindung gebracht. In dieser Studie wurde die transkranielle Wechselstromstimulation
(engl. transcranial alternating current stimulation, tACS) verwendet. Obwohl die genauen
Wirkmechanismen der tACS noch nicht vollstindig geklart sind, gibt es experimentelle
Hinweise darauf, dass diese Methode ein FEntrainment enodgener Oszillationen in der
Stimulationsfrequenz erlaubt. In der vorliegenden Studie wurde untersucht, inwieweit die
tACS mit einer Frequenz von 35 Hz iiber dem rechten DLPFC das Tonhdhengedéchtnis bei
Amusikern verbessern kann. Diese fiihrten eine Tonhohen- sowie eine visuelle
Gedichtnisaufgabe vor und wihrend einer 35 Hz oder einer 90 Hz (Kontrollbedingung) tACS
durch. Die Studie zeigte eine signifikante Verbesserung der Tonhohengedichtnisleitung
wihrend der 35 Hz Stimulation. Des Weiteren fiihrten gesunde Kontrollprobanden die
Aufgaben ohne Stimulation aus. Der Vergleich zwischen Amusikern und Kontrollprobanden
zeigte vor der tACS eine selektive Beeintrachtigung des Tonhohengedichtnisses bei
Amusikern. Dieser Unterschied war bei einer 35 Hz tACS nicht mehr erkennbar. Daher
unterstiitzt diese Studie die funktionale Relevanz der modifizierten Oszillationsmuster im

rechten DLPFC fiir die Basis der Amusie.



Zusammenfassung

Die Hauptergebnisse der Dissertation sind (i), dass hemisphédrische Unterschiede der
funktionalen Beteiligung der SMG beim Kurzzeitgeddchtnis fiir Tonhohen zwischen
Musikern und Nichtmusikern gefunden wurden (i), dass die Bedeutung des linken SMG fiir
das Tonhohengedichtnis bei Nichtmusikern auf das Retentionsinterval des Gedéchtnis-
prozesse eingegrenzt werden konnten und (7ii), dass verminderte Oszillationen im niedrigen
Gammaband im DLPFC bei Amusikern ein kausaler Grund fiir die Tonhohen-

gedichtnisdefizite dieser kongenitalen Stérung sein konnten.



Abstract

Abstract

Pitch is a main building block of music perception and also an important factor for processing
linguistic aspects. Memory for pitch plays an essential role when it comes to listening and
memorising music and when using the prosody in language to convey a meaning. Behavioural
research and brain imaging studies have highlighted a distinct and complex neural network
underlying the pitch memory process. The aim of the present thesis was to look into the neural
basis of short-term memory for pitches using different non-invasive brain stimulation methods
and to investigate whether neural specialisations can be found depending on musical expertise
and genetic dispositions. The thesis comprises three studies which contribute to the
understanding of which brain areas are involved in the pitch memory process. Moreover, the
studies investigated whether specificities can be revealed for musicians, as experts in the

musical domain, and amusics who dispose a pitch memory deficit.

Study 1 used transcranial direct current stimulation (tDCS) to investigate whether hemispheric
differences of the significance of the supramarginal gyrus (SMGQG) for pitch memory can be
revealed in non-musicians and musicians. The study showed that in non-musicians inhibitory
cathodal tDCS over the left SMG led to a significant decline in pitch memory performance on
a recognition and recall task. In musicians, a selective deterioration was found on the
recognition task only and when tDCS was applied over the right SMG. Furthermore, the
results of the study suggest that the involvement of the SMG depends on task demands. The
causal significance of the left SMG in non-musicians and the right SMG in musicians was
found when the task demands were high i.e. the pitch information load which had to be stored
was high. No modulation effects were found on a visual memory task, highlighting the

specific involvement of the SMG in pitch i.e. auditory memory.

Study 2 explored whether the left SMG in non-musicians is involved in the whole pitch
memory process or whether the significance can be linked to a specific stage of the pitch
memory process. To allow a temporally more precise modulation, repetitive transcranial
magnetic stimulation (rTMS) was used in order to test whether the left SMG is causally
involved during the retention period (experiment 1) or the encoding stage (experiment 2). The
results revealed a selective disruption of pitch memory performance, reflected by increased
reaction times, when rTMS was applied during retention. No modulation effects were found
when stimulation was applied over the vertex (control site) or during encoding. Additionally,
a third experiment was conducted on a pitch perception task which showed that the effect of

increased reaction times was not due to motor interference. Taken together, the study showed
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Abstract

a selective involvement of the left SMG in the retention period of a pitch memory task in non-

musicians.

Study 3 examined whether the dysfunction of the dorsolateral prefrontal cortex (DLPFC),
reflected by decreased low gamma oscillations (in the 30-40 Hz range) during pitch memory,
is a key factor for congenital amusia. The disorder is linked to musical perception and
memory deficits. Transcranial alternating current stimulation (tACS) was used in this study.
Although the exact effectiveness of tACS has yet to be solved, first evidence exists that this
method allows the entrainment of ongoing brain oscillations at a certain stimulation
frequency. TACS at 35 Hz over the right DLPFC was applied in order to investigate whether
pitch memory can be improved in amusics. To this end, amusics performed a pitch and visual
memory task before and during either 35 Hz or 90 Hz (control condition) tACS. The study
revealed a significant facilitation of pitch memory performance during 35 Hz stimulation.
Healthy controls also completed both tasks without stimulation. The comparison of
performances between the groups showed a selective impairment for amusics of pitch
memory at baseline but interestingly this difference was no longer present during 35 Hz
tACS. The study therefore supports the functional relevance of reduced low gamma

oscillations in the right DLPFC as a basis of the congenital disorder.

The main findings of the thesis are (i) that hemispheric differences of the functional
involvement of the SMG for short-term memory for pitches could be revealed for musicians
and non-musicians (i7) that the significance of the left SMG in non-musicians for pitch
memory could be restricted to the retention interval of the memory process and (iii) that
modified oscillations at the low gamma range during pitch memory in the right DLPFC in

amusia are causally related to pitch memory deficits.
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Introduction

1. Introduction

Pitch is next to rhythm and timbre one of the main building blocks of music and a key
factor for music and language perception (Bannan, 2008; Krumhansl, 2000). Moreover, pitch
memory is an important factor for the communicative role of auditory material. For example,
it allows us to recognise whether we are hearing a song for the first time, to remember our
favourite song, to associate special feelings and people with a certain song and to use music to
convey feelings and thoughts. For language the use of intonation, which is basically using
pitch accents and variations, is important for conveying meaning and to structure speech so it

can be comprehended well (Cutler, Dahan, & vanDonselaar, 1997; Mitchell & Ross, 2013).

In a musical sense the term pitch describes “the position of a sound in a musical scale”
(Greenish, 1953, p. 67). As the majority of the population are so called relative pitch
possessors (compared to people with absolute pitch who can name or produce a single pitch
without a reference tone (Takeuchi & Hulse, 1993)), one usually distinguishes whether one
tone is higher or lower in relation to another tone. In order to create a musical melody, tones
with certain pitches are combined and result in a unique contour. The term contour defines the
overall shape the tones move in and more broadly speaking means the way the melody moves
up and down in time (Dowling & Fujitani, 1971). Research has shown that for melody
recognition and memory contour is one of the main factors (Dowling, 1978; Schubert &

Stevens, 2006).

In order to test pitch memory, one can distinguish between two main response
methods, namely recall and recognition. Most commonly used in pitch memory experiments
are recognition tasks, in which participants are required to learn material and information and
then later judge whether an item was presented before or is new. Another form of recognition
is to present two stimuli and the task is to judge whether they are the same or different. The
latter is used in all three experiments of this thesis. Participants hear two pitch sequences with
a short pause between them and are required to judge whether they are the same or different.
Hereby, one can distinguish between three different stages of the memory task. In the
encoding phase new material e.g. a pitch sequence, is perceived and the tones are encoded in
relative relationships to each other. In the retention phase e.g. the pause between the two
sequences, the information is stored and maintained and for the retrieval phase this
information needs to be retrieved in order to be able to make a decision. Contrary to this form

of memory testing, in recall tasks participants are asked to reproduce the learned material in
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Introduction

some way. For example participants can be asked to recall a list of words or recall the contour
of a melody by ticking boxes according to which tones (high, medium or low in pitch) they
heard (see study 1 for more details). It has been shown that recall and recognition tasks rely
on different mechanisms and task demands (Berryhill, Wencil, Coslett, & Olson, 2010;
Cabeza, Locantore, & Anderson, 2003).

Studies investigating behavioural aspects of pitch memory have mainly used a pitch
recognition memory paradigm in which either silence or interfering material was presented
between two tones and participants should judge whether the target tones were the same
(Deutsch, 1970). The main findings using this task are that the length of the silence has a
marginal effect on pitch memory performance whereas inserting and increasing interfering
tones between the two target tones leads to an increasing decline in pitch memory
performance (Clement, Demany, & Semal, 1999; Deutsch, 1970; Massaro, 1970; Ross, Olson,
Marks, & Gore, 2004). Furthermore, studies have shown that pitch memory does not
deteriorate when the interfering material was taken from another domain e.g. verbal stimuli
(Pechmann & Mohr, 1992; Semal, Demany, Ueda, & Halle, 1996), suggesting that pitch
material is stored differently to material from other domains. This assumption also indicates

that pitch memory relies on a specialised neural circuit in the brain.

1.1 Pitch Memory — Neural mechanisms

Several brain imaging studies have highlighted a complex neural structure for pitch
perception and the pitch memory process emphasising the activation of frontal, temporal and
parietal areas (Celsis et al., 1999; Gaab, Gaser, Zaehle, Jancke, & Schlaug, 2003; Janata,
Tillmann, & Bharucha, 2002; Jerde, Childs, Handy, Nagode, & Pardo, 2011; Kaiser &
Bertrand, 2003; Platel et al., 1997; Schulze, Zysset, Mueller, Friederici, & Koelsch, 2011;
Zatorre, Evans, & Meyer, 1994). One of the first studies investigating the neural basis of tonal
perception and pitch memory in subjects with no or very little musical training was conducted
by Zatorre et al. (1994) using positron emission tomography (PET). The study revealed that
the condition with a high memory load of pitch information, compared to the passive listening
condition, showed activation in the right frontal and temporal lobes as well as in the parietal
and insula cortex bilaterally. Jerde et al. (2011) explored the neural mechanism of memory for
rhythm and melody in non-musicians also using PET and revealed that for the melody

memory condition activation was found in bilateral inferior parietal lobes and middle and
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Introduction

medial frontal gyri as well as in the right superior parietal lobe. In 2003 Gaab and colleagues
conducted a functional magnetic resonance imaging (fMRI) study on pitch memory with
participants with no or very little musical training and revealed activation in the superior
temporal gyrus, supramarginal gyrus as well as in dorsolateral frontal and superior parietal
regions, all bilaterally and in the left inferior frontal gyrus. Interestingly, this study also
showed that the activation of the left supramarginal gyrus (SMG) and dorsolateral cerebellum
correlated positively with task performance, highlighting a specific role of these brain areas

for short-term memory for pitches in non-musicians (Gaab, Gaser, Zaehle, et al., 2003).

1.2 Pitch Memory and the influence of expertise

Pitch memory abilities can vary depending on musical expertise and training as well as
genetic dispositions. It has been shown that highly trained musicians, as experts in this field,
have superior pitch memory abilities than so called non-musicians, who have not experienced
any form of musical education (Williamson, Baddeley, & Hitch, 2010). On the other hand
individuals with congenital amusia, a lifelong musical disorder, expose impaired pitch
perception and memory abilities (Albouy et al., 2013; Gosselin, Jolicoeur, & Peretz, 2009;
Hyde & Peretz, 2004; Williamson & Stewart, 2010). As imaging studies have shown
anatomical and functional differences between professional musicians and non-musicians as
well as for the neural structure of amusic brains, the influence of expertise and genetic

disposition on neural mechanisms of pitch memory is one of the main focuses of this thesis.

As a model of neuroplasticity, the musicians’ brain has been studied extensively over
the last two decades (for recent reviews see Herholz & Zatorre, 2012; Merrete, Peretz, &
Wilson, 2013). Hereby, many studies have revealed anatomical differences between
musicians and non-musicians in motor areas (Jancke, Schlaug, & Steinmetz, 1997), the corpus
collosum (Schlaug, Jancke, Huang, Staiger, & Steinmetz, 1995) and Heschl’s gyrus
(Schneider et al., 2002; Schneider et al., 2005). Additionally, functional brain imaging studies
have revealed different neural activation patterns in musicians and non-musicians for
cognitive tasks, such as verbal and tonal memory (Schulze, Zysset, et al., 2011), pitch
perception (Habibi, Wirantana, & Starr, 2013) and rhythm processing (Herdener et al., 2014).
One of the sparse longitudinal studies has shown training-induced structural brain plasticity in
children after 15 months of musical training (Hyde et al., 2009) supporting the approach that

nurture i.e. musical training is a key factor for the structural differences found in the vast
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amount of cross-sectional studies comparing musicians and non-musicians (Jancke et al.,
1997; Schlaug et al., 1995; Schneider et al., 2002; Schneider et al., 2005). Additionally, the
age of onset effect has shown a close link between musical training and neuroplasticity in the
brain of musicians (Barrett, Ashley, Strait, & Kraus, 2013). On the other hand, a recent study
has shown genetic basis of musical abilities by reporting preliminary results of specific
chromosomes being associated with musical perception and memory abilities (Tan,

McPherson, Peretz, Berkovic, & Wilson, 2014).

When looking at the neural basis of pitch memory in musicians, some specialised
neural circuits have been revealed. A study by Gaab and Schlaug (2003) compared neural
activation patterns of musicians and non-musicians when pitch memory performances were
matched between groups. Besides distinctions between groups, the data revealed overlapping
activation in the superior parietal lobe as well as the bilateral superior temporal,
supramarginal, posterior middle and inferior parietal gyri (all bilateral). The neural
distinctions were that musicians showed stronger activation in the right SMG and right
temporal gyrus whereas activation was stronger in the right primary and left secondary
auditory cortex in non-musicians (Gaab & Schlaug, 2003). However, a study by Gaab, Gaser,
& Schlaug (2006) showed increased activation in the left SMG as well as in left Heschl’s and
left posterior superior temporal gyrus in non-musicians after 5 days of pitch memory training
in the group of strong learners compared to the weak leaners. This highlights the crucial role
of the left SMG in combination with trained expertise. Along these lines, a fMRI study
looking at music processing and memory functions also revealed more activation in the left
hemisphere compared to the right hemisphere with peaks in the left SMG and Heschl’s gyrus
in musicians (Ellis, Bruijn, Norton, Winner, & Schlaug, 2013). This leftward asymmetry also
correlated positively to cumulative hours of practice. Additionally, also an included
longitudinal approach with children from around 6 to 9 years support a leftward-asymmetry of
SMG involvement pointing towards a musical training-related activation pattern with a
dominance in the left hemisphere (Ellis et al., 2013). Furthermore, a fMRI study compared the
neural architecture of verbal and tonal memory in musicians and non-musicians (Schulze,
Zysset, et al., 2011). Looking at neural correlates of the tonal condition where participants
heard a sequence of 5 pitches and after a short silence had to indicate whether a presented
probe tone was included in the sequence or not, musicians show a much more complex neural
system for tonal memory. Additional activations for musicians during tonal memory were the
left cerebellum, right globus pallidus and right caudate nucleus. The left inferior parietal lobe

(which corresponds to the location of the left SMG) showed activation during tonal memory
15



Introduction

in musicians and non-musicians (Schulze, Zysset, et al., 2011). As the significance of the
SMG for pitch memory in musicians and non-musicians is the main focus of study 1, the
debate regarding a hemispheric specialisation of the SMG in musicians warrants a comment
here. Several studies highlighted a stronger activation of the left SMG in musicians and in
combination with musical training (Ellis et al., 2013; Gaab et al., 2006) whereas the study by
Gaab & Schlaug, (2003) showed increased activation in the right SMG associated with pitch
memory in musicians. The key difference between the latter study compared to the other
studies is that performance levels in the study by Gaab & Schlaug, (2003) were matched
between musicians and non-musicians. This indicates that task demands are an important
factor for the hemispheric involvement of the SMG in musicians. More precisely, these data
imply that in more demanding tasks only the right SMG might be involved in pitch memory

in musicians.

In 2002 the neuro-developmental disorder, congenital amusia, was first introduced in
the literature (Peretz et al., 2002). Since then the musical disorder has been studied
behaviourally and using brain imaging studies to look at the magnitude of the musical
impairments as well as the underlying neural structures. In 2003 the Montreal Battery of
Evaluation of Amusia (MBEA) was introduced (Peretz, Champod, & Hyde, 2003) and has
since then been the most frequently used tool in the diagnosis of congenital amusia (also
called tone-deafness). The MBEA involves six subtests from which three tests evaluate
melodic i.e. pitch-based features, two are based on rhythmic structures and one is a musical
memory test. Even though the basis of the impairment is not fully understood yet, it is likely
that genetic factors play a role (Peretz, Cummings, & Dube, 2007) as it is not due to
insufficient exposure to music, intellectual impairment or a hearing deficit (Ayotte, Peretz, &
Hyde, 2002). The disorder is associated with structural and functional differences in frontal

and temporal brain cortices (Stewart, 2008).

The first study comparing the morphology of the amusic brain to the brains of healthy
controls using voxel-based morphometry, revealed a reduction of white matter concentration
in the right inferior frontal gyrus in amusics that correlated to the pitch-based task
performances of the MBEA (Hyde, Zatorre, Griffiths, Lerch, & Peretz, 2006). In a follow up
study, the same research group used structural magnetic resonance imaging and could expand
their findings by revealing thicker cortices in the right inferior frontal gyrus and right auditory
cortex (Hyde et al., 2007) highlighting that a deformed right frontal-temporal pathway might

serve as a key factor for this disorder. This assumption found further support in a study by
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Loui, Alsop, & Schlaug, (2009) which showed a reduced arcuate fasciculus connectivity in

the right hemisphere in tone-deaf participants compared to healthy controls.

Besides structural differences, also functional changes of the amusic’s brain have been
revealed. A fMRI study exposed that in amusics the right inferior gyrus as well as its
functional connectivity to the auditory cortex showed an abnormal deactivation compared to
controls while listening to pure-tones. However both groups, amusics and normal healthy
controls, showed increased brain activity in the left and right auditory cortex as the tones
increased in pitch-distance (Hyde, Zatorre, & Peretz, 2011). In 2013, a study investigated the
neural basis of congenital amusic using magnetoencephalography (MEG) and voxel-based
morphometry for pitch memory (Albouy et al., 2013). The participants, amusics and controls,
had to judge whether two six-tone long sequences were the same or different while being
scanned. The study confirmed behavioural deficits in pitch memory and structural
abnormalies in the amusic brain in the right inferior frontal and superior temoral gyri.
Furthermore, the MEG data revealed that during the encoding of the pitch sequences
abnormal N100m responses, reflected by decreased amplitude and increased latency, were
evoked for each tone in bilateral frontal and temporal areas. During the retention period of the
pitch memory task the induced low gamma oscillations (in the 30-40 Hz range) in the right
dorsolateral prefrontal cortex (DLPFC) were decreased in amusics (Albouy et al., 2013). As
low gamma oscillations are closely related to memory functions (Jensen, Kaiser, & Lachaux,
2007), the alteration at this frequency may cause an impairment of maintaining pitch

information which contributes to the basis of disturbed pitch memory abilities in amusics.

1.3 Non-invasive brain stimulation methods

In the last 20 years non-invasive brain stimulation techniques, such as transcranial
direct current stimulation (tDCS), transcranial alternating current stimulation (tACS) and
transcranial magnetic stimulation (TMS), have been used in a vast amount of studies
investigating the neural basis of cognitive functions and also in order to develop therapeutic
interventions. In comparison to brain imaging techniques, such as fMRI and
neurophysiological methods like MEG, which highlight functional activation patterns in the
brain during task performance, brain stimulation enables one to investigate causal functional
involvements of certain brain areas for a specific task (Miniussi, Harris, & Ruzzoli, 2013 for a

recent review). Brain stimulation provides a controlled method for transiently modulating
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brain activity and to see how this modulation affects behaviour. Non-invasive brain
stimulation studies are comparable to lesion studies as they allow investigating the necessity
of certain brain functions for specific tasks. There are several advantages of brain stimulation
studies compared to lesions studies. Firstly, a within-subject design can be applied which
strengthens the validity of the conclusions we can draw. Secondly, lesions are rarely spatially
discrete and also the studies with brain lesion patients are often performed months after the
brain injury and it is hard to disentangle whether the lesioned brain area causes the functions
being tested or whether compensation functions of the brain account for the outcome

(Robertson & Murre, 1999; Walsh & Rushworth, 1999).

Furthermore, it has been shown that brain stimulation methods are a promising tool for
therapeutic interventions where abnormal brain functions, congenital or due to a disease, can
be modulated and soothe symptoms. The different techniques are based on different
mechanisms which are described briefly in the following sections. Furthermore, all three

methods are implemented in the experimental work of this thesis.

1.3.1 Transcranial direct current stimulation

TDCS is a form of transcranial electrical stimulation in which a weak electrical current
is passed through the skull applied by two electrodes and leads to a change of neural
excitability (Nitsche & Paulus, 2001). The target electrode is placed on the scalp over the
brain area of interest and the reference electrode is placed over an area that is known not to be
involved in the specific task. Common places for reference electrodes are the vertex, the
supraorbital area or the arm. TDCS distinguishes between anodal and cathodal stimulation
where the direction of the current flow determines the stimulation mode. For anodal
stimulation the anode (positive electrode) is placed over the target area and the cathode
(negative electrode) somewhere distant as the reference electrode. The direct current then
flows from the anode to the cathode resulting in a depolarisation of the resting membrane
potential of the brain area and a facilitation of neural activity under the anode. Contrary to this
set-up, for cathodal stimulation the cathode is adjusted above the target area and the anode
serves as the reference electrode and the stimulation then leads to a hyperpolarisation of the
resting membrane of the neurons and suppresses cortical excitability under the cathode
electrode (Kadosh, Soskic, Tuculano, Kanai, & Walsh, 2010; Ladeira et al., 2011; Nitsche &
Paulus, 2000).
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Important parameters which contribute to effective modulation effects are electrode
size, current strength and stimulation duration. The focality of tDCS is determined by the size
of the electrodes and as the smallest electrodes which are used are 2,5 cm x 2.5 cm large the
focality is limited (Gandiga, Hummel, & Cohen, 2006). In this context it is worth noting that
because of the size of the electrodes to up to 5 cm x 7 cm adjacent areas of the target area
might also be stimulated. Depending on the duration of stimulation the stimulation effects can
last up to one hour after the end of stimulation (Nitsche et al., 2008; Nitsche & Paulus, 2000,
2001). Furthermore, the time of administration of tDCS is an important factor for the effects
on cognitive outcomes. It has been shown that online effects, for which tDCS is applied
during task performance can differ from offline effects, for which tDCS is administrated
before task performance (Martin, Liu, Alonzo, Green, & Loo, 2014; Pirulli, Fertonani, &
Miniussi, 2013).

TDCS has been shown to be a safe non-invasive brain stimulation method and the
only side effects that have been reported are a slight tingling and skin irritation under the
electrodes as well as mild headaches. Stimulation sessions up to 20 minutes with an intensity
of 2 mA maximum meet all safety criteria (Iyer et al., 2005; Nitsche, Fricke, et al., 2003;
Nitsche, Liebetanz, et al., 2003). A review article by Nitsche et al., (2008) which considered

100 studies shows that no other side effects than the ones mentioned above have occurred.

In order to verify that modulation effects which are found are not due to non-specific
stimulation effects, a common control condition is to use sham stimulation where the
electrical current is only applied for as little as 30 seconds and does not lead to any
neurophysiological changes. It has been shown that participants cannot distinguish between
active and sham stimulation as the tingling sensation at the beginning of the stimulation is
experienced in the same way (Gandiga et al., 2006). Furthermore, off-target active stimulation
conditions are also important to prove that the stimulation effects are site specific (Horvath,

Carter, & Forte, 2014).

The research into using tDCS for therapeutic interventions has shown first successful
attempts with positive effects of anodal tDCS on patients with depression (Fregni, Boggio,
Nitsche, et al., 2006), chronic pain (Fregni, Boggio, Lima, et al., 2006) and on stroke patients
(Fregni et al., 2005; Hummel et al., 2005) and of cathodal tDCS in research on epileptic
properties (Fregni, Otachi, et al., 2006).
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1.3.2 Transcranial alternating current stimulation

Contrary to tDCS which modulates the excitability of neurons under the targeted area,
tACS most likely interferes with ongoing brain oscillations. Nevertheless, the exact
mechanisms of tACS have not yet been fully understood (Zaghi, Acar, Hultgren, Boggio, &
Fregni, 2010). Two electrodes are placed on the scalp and an alternating current with a
specific frequency is applied. Hereby the endogenous ongoing brain oscillations may interact
with the exogenous oscillations and when the stimulation is applied long enough the
endogenous oscillations can synchronise and be entrained by the stimulation frequency (Antal
& Paulus, 2013; Zaehle, Rach, & Herrmann, 2010). Using electroencephalography (EEG)
Zacehle et al. (2010) could show that tACS applied at the individual’s alpha frequency led to
an enhancement of alpha amplitudes when stimulation was applied for 10 minutes. This
finding supports that tACS can interfere with endogenous brain oscillations. Furthermore,
applying 10 Hz tACS to the parieto-occipital cortex resulted in a facilitation of performance
in a visual detection task. This improvement was linked to the entrainment of alpha
oscillations in the parieto-occipital cortex (Helfrich et al., 2014). A study investigating the
effects of applying different gamma frequencies (e.g. 40, 60 and 80 Hz) to the primary visual
cortex showed that contrast perception was improved only when 60 Hz tACS was applied.
Additionally, the study showed that 60 Hz modulation effects were task specific as no
improvement on spatial attention was revealed highlighting the causal significance of 60 Hz
oscillation in the primary visual cortex for contrast perception (Laczo, Antal, Niebergall,
Treue, & Paulus, 2012). An interesting study in the memory domain showed that theta tACS
with a frequency of 4.5 Hz over bilateral DLPFC improved verbal working memory
performance when applied online while no offline effects were exposed (Meiron & Lavidor,

2014).

Furthermore, a review of the modulatory effects of tACS on behavioural
performances emphasises the crucial role of the applied frequency as well as amplitude and
phase of oscillations for successful paradigms to reveal the causal link between frequency
specific brain oscillations in a target area and cognitive performances (Herrmann, Rach,
Neuling, & Struber, 2013). Moreover, a first clinical implication of tACS has been revealed
recently. A case study by Angelakis et al., (2013) reported a reduction of the dystonic
symptoms in a patient with idiopathic cervical dystonia when applying 15 Hz tACS bilaterally

over the primary motor cortex (M1). The symptom reduction was still measurable after 30
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days. This is a first promising result suggesting therapeutic tACS effects outlasting the

stimulation period.

1.3.3 Transcranial magnetic stimulation

In 1985 the first study introducing TMS as we know it today was published by Barker
and colleagues. The study reported a successful attempt to disrupt the functioning of M1
through TMS by measuring the muscle twitches and recording the motor evoked potentials

(Barker, Freeston, Jalinous, Merton, & Morton, 1985).

The basic mechanisms of TMS are that a high voltage discharge is produced in the coil
which then leads to a rapidly changing magnetic field around the coil. Through the
mechanisms of electromagnetic induction, the electrical currents change the resting potentials
of the nerve cells and can lead to either a facilitation or suppression of neural activation
(Nagarajan, Durand, & Warman, 1993). The modulation effects can then either be measured
evaluating behavioural aspects (e.g. accuracy, reaction times, and thresholds) or using
physiological measures (e.g. evoked potentials, functional blood flow). TMS relies on an
extremely good temporal and spatial resolution (Pitcher, Charles, Devlin, Walsh, & Duchaine,
2009; Walsh & Cowey, 2000). Along this line, TMS can produce selective activations of
specific muscles of the motor homunculus (Singh, Hamdy, Aziz, & Thompson, 1997).
Additionally, the good spatial resolution has been shown by functional dissociations of TMS
application of discrete brain areas (Pitcher et al., 2009; Stewart, Walsh, Frith, & Rothwell,
2001). For auditory experiments it is important to note that TMS pulses are accompanied by a
brief clicking noise which needs to be taken into account as a confounding variable. In order
to minimise the interference of the clicking, it is advisable for participants to wear headphones
(Rossi, Hallett, Rossini, Pascual-Leone, & Safety, 2009) and to ensure that control conditions

are included which can show that the clicking is not the reason for a potential effect.

The extent and duration of the effects are linked to the size of the induced current as
well as the orientation of the coil (Richter, Neumann, Oung, Schweikard, & Trillenberg,
2013). Additionally, the choice of magnetic coil is important. Typically, two different types of
coils, the circular and the figure of eight coil, are used. The most frequently used coil for
research applications is the figure of eight coil which has two windings and the current flows
in opposite directions and by doing so the current converges at the centre point where it

summates and produces a very focal effect (Ueno, Tashiro, & Harada, 1988). The circular coil
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induces the maximum electrical current field under the winding of the coil and therefore it is

less focal.

TMS can be distinguished in different types of stimulation paradigms. For single pulse
paradigms one or two very brief pulses of around 1 ms are applied online during the
experimental task and it has been shown that the chosen time window for neural disruption is
of great importance as differential effects on behavioural performance have been shown
(O'Shea, Muggleton, Cowey, & Walsh, 2004; Rusconi, Dervinis, Verbruggen, & Chambers,
2013). For repetitive TMS (rTMS) repeated single TMS pulses are delivered at the same
intensity for a specific duration. For stimulation of 1 Hz or lower the stimulation can last up to
15 minutes whereas higher frequency stimulation is applied for a shorter duration of
milliseconds or several seconds (Wassermann, 1998). It has been shown that rTMS has the
potential effect to show function-specific involvements of cortical areas on behavioural
performance. For example, applying 500 ms of 10 Hz TMS over parietal regions (SMG and
angular gyrus) resulted in modulations of modality-specific attention processes (Rushworth,
Ellison, & Walsh, 2001). In this study rTMS applied over the right angular gyrus resulted in a
disruption of orienting attention while rTMS over the left SMG led to a decline in motor
attention. Whereas rTMS with low frequencies (< 1 Hz) commonly results in an inhibitory
effect of TMS, rTMS applied with a faster rate (> 1 Hz) is linked to facilitatory effects
(Bolognini & Ro, 2010; Fitzgerald, Fountain, & Daskalakis, 2006). However, the directional
effects are not that clear, especially for high frequency stimulation protocols, as the state-
dependency of the targeted brain region can interact with the induced TMS pulses (Silvanto &
Pascual-Leone, 2008).

If all safety guidelines are met (Wassermann, 1998), TMS is a safe method. There are
possible side effects such as minor discomfort, non-intended muscle twitches or mild
headaches which participants need to be informed about prior to taking part in a TMS session.
Furthermore, there is a rare possibility that TMS may induce seizures. Therefore, it is highly
important that only participants with no personal or family history of epilepsy or any other
kind of neurological condition take part in studies including TMS as well as tDCS and tACS
(Pascual-Leone et al., 1993; Stewart, Ellison, Walsh, & Cowey, 2001).
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1.4 Modulating pitch perception and memory with non-invasive brain stimulation
methods

A study on pitch discrimination revealed that cathodal tDCS over the left and right
Heschl’s gyrus led to a deterioration of performance in participants with musical background
(with a mean of around 13 years of musical experience) whereas anodal stimulation did not
show any effects. Furthermore, the study showed that the modulatory effect of cathodal tDCS
was larger when stimulation was applied over the right hemisphere. Taken together, the study
highlights the involvement of the Heschl’s gyrus bilaterally with a predominant significance
in the right hemisphere for pitch discrimination (Mathys, Loui, Zheng, & Schlaug, 2010).
Andoh & Zatorre, (2011) conducted a TMS study and investigated how 1 Hz and 10 Hz rTMS
over the left and right Heschl’s gyrus influences the performance of participants with minimal
musical training, measured by reaction times, on a melody discrimination task. The study
exposed that 10 Hz stimulation had a significant modulation effect when applied over the
right Heschl’s gyrus. Interestingly, the authors found gender differences by revealing that in
women the stimulation resulted in a decrease of reaction times, whereas men showed an

increase (Andoh & Zatorre, 2011).

Furthermore, Imm et al., (2008) conducted a TMS study investigating the involvement
of the bilateral inferior parietal and DLPFC for tonal and audio-verbal working memory by
applying single-pulse TMS to various time-points (250, 450, 650, or 850 ms) after the onset
of the sound in a N-back task. The results showed that stimulation over the right inferior
parietal cortex and DLPFC resulted in increased reaction times at all time-points for the tonal
condition. Contrary to this, only single-pulse TMS over the left inferior parietal cortex at 450
ms led to increased reaction time for the audio-verbal task. The study demonstrates that
memory tasks with different auditory material rely on different neural structures and reveals a
relevance of the right DLPFC and inferior parietal cortex for tonal memory (Imm et al.,

2008).

So far two studies have used tDCS to investigate the neural basis of pitch memory in
non-musicians (Schaal, Williamson, & Banissy, 2013; Vines, Schnider, & Schlaug, 2006).
Based on the fMRI study by Gaab et al. (2003), which highlighted the activation of the left
SMG for pitch memory in non-musicians both studies examined whether the left SMG is
causally involved in pitch memory. Vines et al (2006) revealed that cathodal tDCS over the
left SMG compared to sham stimulation and stimulation over the vertex, led to deterioration

on a pitch recognition task. Building on this finding, we could show that applying anodal
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tDCS over the left SMG, compared to sham stimulation, resulted in a facilitation of pitch
memory recognition and recall whereas no modulation effects were found on a visual control
task (Schaal et al., 2013). Taken together, both studies provide strong evidence for a causal

significance of the left SMG in pitch memory in non-musicians.

1.5 Aims

The intention of the current thesis was to further investigate the neural basis of the
pitch memory process. Using different non-invasive brain stimulation methods, the thesis
aims to reveal causal relationships between the function of targeted brain areas and the pitch
memory process. Hereby, also the influence of expertise and genetic disposition are taken into
account in order to investigate whether superior pitch memory abilities of musicians as well

as impaired pitch memory in congenital amusics can be linked to a distinctive neural network.
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2. Overview of Studies

Study 1

Research has shown strong evidence for the left SMG involvement for pitch memory
in non-musicians whereas functional imaging studies have highlighted contrary activation of
the left and right SMG in musicians. Study 1 aimed to identify whether hemispheric
differences of the involvement of the SMG for pitch memory can be found between musicians
and non-musicians. Additionally, it looked at whether task difficulties could account for
potential differences. Here, cathodal tDCS was applied to modulate either the left or right
SMG in musicians and non-musicians to investigate whether hemispheric differences between

experts (musicians) and novices (non-musicians) can be revealed.

Study 2

As several studies (including study 1 of this thesis) have revealed a causal significance
of the left SMG for pitch memory in non-musicians, the aim of study 2 was to investigate
whether the left SMG is causally involved throughout the whole pitch memory process or
whether its significance is limited to a specific stage of the memory process. In this study
TMS was used, to allow a timely more precise modulation of either the retention (experiment
1) or the encoding phase (experiment 2) of a pitch recognition task. Furthermore, a third
experiment controlled that potential effects found in experiments 1 and 2 are not due to a

disruption of motor performances.

Study 3

A study using MEG has revealed that individuals with congenital amusia show
decreased low gamma activity in the right DLPFC cortex during a pitch memory task.
Building on this, study 3 examined whether reduced low gamma activity of the DLPFC
during pitch memory, is a key factor for pitch memory deficits in amusics. TACS was used to
investigate whether applying low gamma oscillations at 35 Hz to the right DLPFC in amusics
would improve pitch memory abilities. 90 Hz tACS served as control condition. A successful
modulation would seek further insight into the functional relevance of modified oscillatory
patterns for the disorder and would add to the growing evidence of non-invasive brain

stimulation methods as a potential tool for therapeutic interventions.
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3. Study 1: Pitch Memory in non-musicians and musicians: Revealing

functional difference using transcranial direct current stimulation (Schaal

et al., 2014, Cerebral Cortex)

Previous findings highlighted the functional significance of the left SMG for pitch
memory in non-musicians (Gaab, Gaser, Zaehle, et al., 2003; Schaal et al., 2013; Vines et al.,
2006) whereas contrary results on the activation of the right and left SMG were found in
musicians (Ellis et al., 2013; Gaab & Schlaug, 2003; Schulze, Zysset, et al., 2011). Study 1
(Appendix 1) investigated whether hemispheric differences of the involvement of the SMG
can be found between musicians, as experts in the musical domain, and non-musicians. The
aim of the study was to replicate the causal involvement of the left SMG for pitch memory in
non-musicians (Schaal et al., 2013; Vines et al., 2006) and to investigate whether musicians
rely on the left or right SMG for the pitch memory process. Furthermore, the study examined
whether task demands could be the reason for possible differences between musicians and
non-musicians. Here, tDCS was used to modulate the excitability of the left and right SMG
and to measure the possible behavioural effects on two pitch memory tasks, recognition and
recall, as well as on a visual control task. According to previous data we hypothesised that in
non-musicians cathodal tDCS over the left SMG would lead to a deterioration of pitch
memory performance. As functional imaging data of the activation of the SMG in pitch
memory in musicians are not consistent, three different outcomes were possible: (i) as Ellis,
Bruijn, Norton, Winner, & Schlaug, (2013) show a stronger activation of the left SMG in
musicians, cathodal tDCS over the left SMG could also lead to a deterioration in musicians
(if) cathodal tDCS over the right SMG leads to a decline in pitch memory abilities as
musicians activate a more rightward hemispheric activation for musical memory (Gaab &
Schlaug, 2003) (iii) as musicians rely on a more complex neural system for pitch memory
(Schulze, Zysset, et al., 2011) no modulation effects are found as musicians can compensate

for any stimulation interference.

Methods

36 musicians and 36 non-musicians took part in this study and were assigned to one of
three stimulation groups (cathodal tDCS over the left SMG vs. cathodal tDCS over the right
SMG vs. sham stimulation over the left SMG). Musicians were music students from a music
college who have played their instrument for more than 10 years and non-musicians were
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defined as people who have had less than two years of musical training in the past and not
playing an instrument at present. The three stimulation groups (cathodal tDCS over the left
SMG, cathodal tDCS over the right SMG and sham stimulation over the left SMG) within
musicians and non-musicians were matched by age, gender and baseline pitch memory

performance (evaluated in a pretesting session).

In the brain stimulation session, participants received 20 minutes (2 mA, 15 seconds
fade in and out) of cathodal tDCS or sham stimulation (30 seconds of stimulation). After 10
minutes of stimulation, they completed two pitch memory tasks (recognition and recall) as
well as a visual control task (Cambridge Face Memory Test long form, CFMT+; (Russell,
Duchaine, & Nakayama, 2009)). The active electrode was either placed over the left or right
SMG (the target sites were identified using CP3 or CP4 of the 10-20 system for EEG
electrode placement) and the reference electrode was adjusted above the contralateral
supraorbital area. For the evaluation of pitch recognition the pitch span task (Williamson &
Stewart, 2010) was chosen where participants heard two tone sequences with a 3 second
pause between them and should decide whether they were the same or different. The task
started with two tones per sequence and then followed an adaptive staircase procedure and the
participants’ pitch memory span was calculated. In the pitch recall task, participants heard
four to eight long sequences consisting of three different tones (low, medium, high) and were
asked to recall the contour of the sequences by ticking boxes according to the movement of
the sequence on a grid immediately after the sequence finished playing. In the CFMT+
participants were familiarised with faces in the learning phase which then had to be
recognised in the following test trials. The CFMT+ comprises two parts. In the first part faces
are presented one after each other which then have to be recognised in the immediately
following test trials. Contrary to this, in the second part six faces have to be memorised at
once and are tested in the following test trials. Participants also filled in the German version
of the Gold-MSI questionnaire (Schaal, Bauer, & Miillensiefen, 2014) which evaluates

musical sophistication (e.g. musical training and engagement).

Additionally, a Neuronavigation session was conducted with a small exemplary
sample (2 musicians and 2 non-musicians from the original sample) in order to validate the
location of the SMG using P3 and P4 of the international 10-20 system. The procedure of the
tDCS sessions was reconstructed by marking the stimulation area with a highlighter. Then the
Neuronavigation procedure began by measuring the participants head by predefined points

and mapping these measures onto a standardised brain. Two markers were then inserted into
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the system at the two highlighted points on the scalp and the identified coordinates confirmed
that the targeted brain areas correspond to Brodmann Area 40 and thus the location of the

SMG.

Results and Discussion

As expected, non-musicians showed declined pitch memory performance on both
pitch memory tasks when cathodal tDCS was applied over the left SMG. An additional
analysis for the recall task revealed that this effect was only significant for longer sequences
(seven and eight long tone sequences) when memory load was particularly high. Musicians
showed a selective deterioration on the pitch span task (recognition memory) only and
interestingly when tDCS was applied over the right SMG. No modulation effects were found
on the recall task in musicians nor on the face memory task (control task) for any stimulation

site iIn non-musicians or musicians.

The results are in line with previous findings by showing a significance of the left
SMG for pitch memory in non-musicians (Gaab, Gaser, Zachle, et al., 2003; Jerde et al.,
2011; Schaal et al., 2013; Vines et al., 2006). The study showed that cathodal tDCS over the
left SMG led to a deterioration of pitch memory performance on both tasks, recall and
recognition and therefore extended a previous study by our group which showed that anodal
tDCS over the left SMG led to a facilitation of pitch memory abilities in non-musicians
(Schaal et al., 2013). Additionally, a more detailed analysis of sequence length in the pitch
recall task in non-musicians showed that the disruptive effect of cathodal tDCS over the left
SMG is only significant for longer sequences of seven and eight tones in the pitch memory
recall task. This new finding suggests that the significance of the left SMG in non-musicians

is more predominant when the pitch memory load is high.

Furthermore, the study revealed that in the musicians group left SMG stimulation had
no significant effect but musicians showed a selective decline in pitch memory performance
on the recognition task when cathodal tDCS was applied over the right SMG. This novel
finding provides evidence of functional hemispheric differences in pitch memory in musicians
and non-musicians using tDCS and is in accordance with frequently reported anatomical
differences of the musician’s brain (Hyde et al., 2009; Jancke et al., 1997; Schlaug et al.,
1995; Schneider et al., 2002; Schneider et al., 2005). Additionally, the results provided further

evidence that task demands and difficulty are key factors for the involvement of the SMG in
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pitch memory. In the pitch span task (recognition memory) every participant is pushed to his
or her limit of pitch memory. On the other hand the recall task is fixed in difficulty and
musicians showed very good performance throughout the trials. Mean performance of
musicians in the block with eight-tone long sequences was still above 80 percent correct. In
this respect, it can be hypothesised that a modulation effect on the recall task may be found
when sequence lengths would be increased which would also challenge the musicians’ pitch
memory. The selective modulation of pitch memory performance on the recognition task in
musicians supports the assumption that the SMG is causally involved when task demands are

high.

As several brain imaging studies have reported increased activation of the left SMG
for pitch memory in combination with musical training in non-musicians (Ellis et al., 2013;
Gaab et al., 2006), the result that we did not find a modulation effect in musicians after
cathodal tDCS over the left SMG was surprising. As musicians rely on a more complex neural
system for the pitch memory process than non-musicians (Schulze, Zysset, et al., 2011), it is
reasonable that musicians are able to compensate for modulation effects of one brain area by
activating another area of the multifaceted network of pitch memory. On the other hand, a
stronger activation of the right SMG in musicians has been reported by Gaab & Schlaug,
(2003) when the performance of musicians and non-musicians were matched. This
corresponds well to the results of the present study. We found a selective deterioration on the
recognition and not the recall pitch memory task where task parameters adapt to the
individual performance level and measure the maximum capacity of pitch memory
information. In this sense, the groups were matched in task demands and it is likely that the
right SMG is particularly involved when task demands are high and when also musicians are
challenged to memorise the pitch information. In line with this hypothesis, it has been shown
that musicians rely on a more right hemisphere specialization for processing pitch and melody
information (Bermudez, Lerch, Evans, & Zatorre, 2009; Patston, Kirk, Rolfe, Corballis, &
Tippett, 2007). It is also plausible that musicians used their visuo-motor representation when
memorising the pitches in the more demanding trials of the pitch recognition task. Therefore,
by suppressing the right SMG which has been shown to be activated in musicians during sight
reading (Sergent, Zuck, Terriah, & Macdonald, 1992) this additional resource is not available
anymore following cathodal tDCS and led to a decline in pitch memory. It is likely that
musicians did not need to recruit this additional mechanism for the recall task as it has been
shown that the task demands were relatively low for the musicians in the recall task and

therefore no modulation effect was revealed.
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Another point to consider is that different task paradigms may rely on different neural
systems. For example, a study in the visual domain showed a significant deterioration on a
recognition task after cathodal tDCS over the right inferior parietal cortex whereas the recall
task was not affected (Berryhill et al., 2010). In this respect one can also consider that
different memory types (i.e. recall and recognition) with specific task demands rely on
overlapping but also specialised neural circuits. As the present study also showed this pattern
in the musicians group when cathodal tDCS was applied over the right SMG, it might also be
the case that not task difficulty but task requirements depending on recall or recognition
procedures might account for the difference. Therefore, it might be the case that the left SMG
is involved overall in memory tasks in non-musicians and the right SMG in musicians may

only be involved in pitch recognition.

Additionally, the study also supports two other, more general aspects of memory
research which should be mentioned briefly here. Musicians, as experts in the field of musical
memory, outperformed the non-musicians on both pitch memory tasks indicating that they
have developed a more pronounced memory system for pitches which is in accordance with
previous research (Schulze, Mueller, & Koelsch, 2011; Williamson et al., 2010). Secondly, in
the pitch recall task both groups, musicians and non-musicians, showed a significant linear
decline in performance when sequences increased in length and therefore memory load which
shows that memory capacity is limited (Baddeley, 1987). In non-musicians the performance
scores descended from 92% correct in the block with four-tone long sequences to 65% for the
eight-tone long sequences. In musicians the decline was also significant even though it was
much smaller ranging from 98% correct for the four-tone long sequence to still very good

81% correct for the eight-tone long sequences.

For the visual control tasks no modulation effects were found in the tDCS sessions
neither in musicians nor in non-musicians. This is in accordance with the results of a previous
study by our group (Schaal et al., 2013) and supports the idea of the SMG being selectively
involved in pitch or more broadly speaking auditory memory. In this context, we would like
to acknowledge that the task demands of the visual control task were not perfectly matched to
the memory demands of the pitch tasks. The CFMT+ includes trials for short-term and long-
term memory. But the fact that no modulatory effects were found on either block supports the

specific involvement of the left and right SMG respectively for pitch memory processes.
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Conclusion

In conclusion this study revealed a hemispheric specialisation of the SMG for pitch
memory between non-musicians and musicians. Furthermore, it showed that the significance

of the SMG is linked to more demanding tasks when the pitch memory load is high.
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4. Study 2: A causal involvement of the left supramarginal gyrus during

the retention of musical pitches in non-musicians (Schaal et al., 2015, Cortex)

In accordance with previous tDCS studies (Schaal et al., 2013; Vines et al., 2006),
study 1 showed that the left SMG is causally involved in the pitch memory process of non-
musicians. Study 2 (Appendix 2) built on this finding and aimed to investigate whether the
left SMG is causally involved throughout the whole pitch memory process or whether a stage-
specific significance for either the retention or the encoding phase can be revealed. In order to
do so, the retention phase of a recognition pitch task (modelled after the pitch span task of
study 1) was modulated using rTMS in experiment 1 whereas in experiment 2 rTMS was
applied during the encoding phase. Stimulation was applied over the left SMG and the vertex
as a control site. Furthermore, in experiment 3 rTMS was applied over the left SMG on a
pitch perception task late vs. early corresponding to the retention and encoding phases
investigated in experiments 1 and 2. The third experiment was included to control for
potential non-specific interference of the stimulation on motor responses and to show that
potential modulation effects on reaction times in experiment 1 and 2 are not due to motor
interference. TMS was used in order to ensure a stimulation with a higher temporal and
spatial resolution. As several studies have postulated that the left SMG is involved in the
storage of pitch information (Gaab, Gaser, Zaehle, et al., 2003; Sakurai et al., 1998; Vines et
al., 20006), the hypothesis was that only rTMS over the left SMG (and not the vertex) during
the retention period will show a significant modulation effect on the performance of the pitch

recognition task. No effects were expected when stimulation was applied during encoding.

Methods

Study 2 comprises 3 experiments. Overall 39 participants took part of which 13
participated in experiment 1, 14 in experiment 2 and 12 in experiment 3. All were non-
musicians with less than two years of musical training in the past and not playing an
instrument at present, which was confirmed by a very low mean score on the musical training
dimension of the Gold-MSI questionnaire (Schaal, Bauer et al., 2014) of 10,9 (possible range
7-49). In experiment 1 and 2 participants completed three blocks of a pitch recognition task
(modelled after the pitch span task used in study 1, (Williamson & Stewart, 2010)) with rTMS
either over the left SMG or the Vertex (control site) or no stimulation. In every trial,

participants heard two six-tone long sequences with an inter-stimulus interval of 3 seconds
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and were asked to judge whether they were the same or different. Participants were asked to
respond as accurately and quickly as possible using their right index and middle fingers and
the keys “1” for same and “2” for different on the keyboard. Reaction times as well as
accuracy were recorded. For the analysis of accuracy, percent correct and d’ scores were
calculated. Since both measures revealed the same pattern of results and d’ scores are the
more sensitive measure, taking possible bias into account, the d’ score analysis is reported in
the results section. In experiment 1, a 3 second long rTMS train with a frequency of 5 Hz (15
pulses per train) was applied on a trial-by-trial bases during the retention interval, whereas in
experiment 2, rTMS with the same parameters was applied during the encoding of the first
pitch sequence. A third experiment was included, in which participants completed a pitch
perception task where they only heard the second sequence of the trials and had to judge
whether the last tone was higher or lower than the second to last one. Reaction times after the
sequence had finished were recorded using the keys “1” for lower and “2“ for higher.
Experiment 3 also comprised three blocks: one without stimulation, one block where rTMS
was applied over the left SMG early, namely six to three seconds before the pitch sequence
reflecting the timing of the second experiment (rTMS during encoding) and a third block
where rTMS was triggered over the left SMG /late, starting three seconds before the sequence
until the onset of the pitch sequence imitating the timing of experiment 1 (rTMS during

retention).

Results and Discussion

Experiment 1 revealed that reaction times on the pitch memory span task were
significantly slower when rTMS was applied during retention stage over the left SMG
compared to the vertex or no stimulation. No modulation effects were found in experiment 2
in which rTMS was applied during encoding of the first pitch sequence. Furthermore, the
third experiment revealed no modulatory effects on reaction times when rTMS was applied
over the left SMG at an early (reflecting the timing of experiment 2) and late (reflecting the
timing of experiment 1) time point during a pitch perception task. The analysis of accuracy,
measured by d’ scores, showed no significant modulatory effects of TMS in all three
experiments. But it is worth noting that in experiment 1, also performance scores are lowest
when rTMS was applied over the left SMG. Taken together, the results of the study showed a

selective impairment of pitch memory, reflected by slower reaction times, when rTMS was

33



Study 2

applied over the left SMG during the retention period of a recognition task, revealing a

specific significance of the left SMG for the retention but not encoding of pitch information.

This TMS study supports previous tDCS studies which have shown a causal
involvement of the left SMG for pitch memory in general (Schaal et al., 2013; Vines et al.,
2006). The present study extends these findings by revealing a stage-specific effect of rTMS
during the retention interval and not during the encoding phase of a pitch memory recognition
task. By doing so, this study provides first evidence for a selective causal role of the left SMG
for maintaining pitch information during the retention interval which has been hypothesised in

previous studies (Gaab, Gaser, Zaehle, et al., 2003; Sakurai et al., 1998; Vines et al., 20006).

Additionally, the findings of this study are in accordance with a TMS study in the
verbal memory domain which has shown that left Brodmann’s area 40 (the location of the left
SMGQG) is causally involved during the retention period of phonological judgements and not
during a visual pattern span control task (Romero, Walsh, & Papagno, 2006). As neural
activation of the SMG has also been highlighted during tonal and verbal rehearsal (Schulze,
Zysset, et al., 2011) but not during visual memory (study 1), one may propose that the

involvement of the left SMG is modality specific for auditory memory.

The present study is one of the rare contributions to the investigation of neural
distinctions of the memory system in the auditory domain using TMS. To the best of my
knowledge, the only other study using TMS to investigate auditory memory functions is a
study by Imm et al., (2008) which explored the involvement of the right and left DLPFC as
well as inferior parietal cortices for pitch and audio-verbal memory. They applied single pulse
TMS at time points between 250 and 800 ms after stimulus onset. Interestingly, the study
revealed increased reaction times for pitch memory at all time points when TMS was applied
over the right inferior parietal cortex whereas for the auditory-verbal memory condition only a
significant effect at 450 ms and over the left inferior parietal cortex was found (Imm et al.,
2008). When comparing these results to ours, a different hemispheric involvement of the
parietal region is noticeable. One should note that the inferior parietal site targeted by Imm et
al., (2008) was more posterior than the SMG we identified and also that a working memory
task was used and we explored short-term recognition memory. This could explain the
different hemispheric relevance. Nevertheless, the study by Imm et al., (2008) highlights the
importance of the kind of auditory material which defines which underlying neural

mechanisms are involved.
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A couple of limitations of the study should also be discussed. The use of the 10-20
system for electrode placement to localise the position of the SMG is not the most precise
method but it is common to do so when targeting brain areas for non-invasive stimulation
studies (Herwig, Satrapi, & Schonfeldt-Lecuona, 2003). In order to improve the precision of
TMS effects, it would be beneficial to use brain imaging guided targeting in the future. As the
study was partially conducted during a laboratory visit in London, it was not possible to use
the Neuronavigation system in this study. Additionally, the relatively modest sample sizes of
the experiments which are common in the TMS community or more broadly speaking non-
invasive brain stimulation studies warrants a comment as it is likely that potential small
effects are not detected which could be of theoretical interest. In this context the current data
hints at another potential effect which may turn out to be significant with an enlarged sample
and therefore increased power. In experiment 1, the d’ scores were lowest when rTMS was
applied over the left SMG during retention supporting the disruption of pitch memory

performance as reflected by the increased reaction times.

Conclusion

Taken together the study revealed a selective involvement of the left SMG for the
ongoing maintenance and storage of the pitch information during the retention stage of the

pitch memory process.
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5. Study 3: From amusic to musical? - Improving pitch memory in

congenital amusia with transcranial alternating current stimulation

(Schaal et al., under review)

Congenital amusia is a life-long disorder which is characterised by pitch perception
and pitch memory deficits (Albouy et al., 2013; Foxton, Dean, Gee, Peretz, & Griffiths, 2004;
Gosselin et al., 2009; Hyde & Peretz, 2004; Tillmann, Schulze, & Foxton, 2009; Williamson
& Stewart, 2010). Brain imaging studies have highlighted structural and functional brain
anomalies which are associated with amusia (Albouy et al., 2013; Hyde et al., 2007; Hyde et
al., 2006; Hyde et al., 2011; Loui et al., 2009). One brain area which has attracted much
attention is the right inferior frontal cortex as brain imaging studies have shown cortical
malformations (e.g. thicker cortex) in amusics (Hyde et al., 2007) and reduced white matter
concentration in this area (Hyde et al., 2006). Furthermore, a study using MEG has revealed
that the amplitude of low gamma oscillations in the right DLPFC which is increased during
the retention period of a pitch memory recognition task in healthy controls is decreased in
amusia (Albouy et al., 2013). As research has shown that endogenous brain oscillations can be
entrained by applying tACS with a specific frequency (Herrmann et al., 2013), tACS was used
in this study in order to enhance low gamma oscillations. Relating to the interesting findings
of Albouy et al., (2013), study 3 (Appendix 3) investigated whether applying a low gamma
frequency of 35 Hz to the right DLPFC of congenital amusics would improve their pitch
memory abilities. We also included a control stimulation session where a high gamma
frequency (i.e. 90 Hz) was applied as well as including a visual span task to show that
potential modulatory effects on pitch memory performance are task and frequency specific.
The hypothesis was that amusics will show a selective impairment in pitch memory compared
to healthy controls before stimulation and an improvement of pitch memory performance

during 35 Hz tACS.

Methods

Nine participants with congenital amusia as well as nine on age, gender and years of
musical training matched controls took part in this study. Individuals were diagnosed as
amusic using the Montreal Battery of Evaluation of Amusia (MBEA, Peretz et al., 2003)
where they had to score below the cut-off score of 75% to be eligible to take part. The MBEA
is a most widely used tool to diagnose amusia (e.g. (Albouy et al., 2013; Gosselin et al., 2009;
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Hyde et al., 2006) and contains six subtests. Three subtests evaluate melodic aspects and pitch
perception (scale, contour and interval), two subtests test temporal features (rhythm and
metre) and one subtest is a musical memory test. Furthermore, the pitch detection and
direction abilities were evaluated with two standardised tasks (Williamson & Stewart, 2010)
in order to ensure that the pitch intervals used in the pitch memory task were above
discrimination thresholds of all participants. By ensuring this, impaired pitch memory cannot

be explained by poor pitch discrimination.

Amusics then participated in two stimulation sessions on two different days (one week
apart). They completed a pitch recognition task and a visual control task before stimulation
(evaluating baseline performance) as well as while receiving tACS over the right DLPFC with
a frequency of 35 Hz (target frequency) or 90 Hz (control frequency) in counterbalanced
order. To measure pitch recognition, the pitch span task (Williamson & Stewart, 2010) of
study 1 was used. Additionally, a visual span task was composed which followed the same
experimental parameters as the pitch span task, only that the stimuli were visual symbols
(letters from Hindi alphabet Devanagari). We chose these fairly unknown symbols in order to
ensure that participants could not use any form of auditory or phonological representations for
this memory task. The right DLPFC was identified using Neuronavigation and the target was
set to the MNI coordinates x=45, y=31, z=25 taken from Albouy et al., (2013). Two 5 x 5 cm
electrodes were used for the application of tACS. One electrode was placed over the right
DLPFC and the reference electrode was adjusted over the left supraorbital area. Amusics
received a maximum of 20 minutes (with 15 seconds fade in and fade out) of 1 mA tACS with
a frequency of either 35 Hz or 90 Hz and completed the two memory tasks in counterbalanced
order. The stimulation was aborted as soon as the participant finished the two memory span

tasks.

In order to compare the memory performances of the amusics with pitch and visual
memory abilities of healthy controls, the matched controls completed the pitch and visual
span tasks as well as the MBEA and pitch detection and direction tasks without taking part in
a stimulation session. All participants also filled in a short questionnaire about the tasks
asking whether specific memory strategies were used and about their musical and linguistic

background.
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Results and discussion

When looking at baseline performances on the pitch and visual span tasks, a selective
impairment of pitch memory abilities in amusics was revealed which is in accordance with
previous research (Williamson & Stewart, 2010). The amusics’ pitch span was significantly
below their visual span at baseline. Additionally, when comparing abilities on the pitch and
visual span tasks between amusics and healthy controls, only a significant difference was
shown for the pitch span task. Amusics revealed a significantly shorter span capacity for pitch
information than controls but on the visual span task both groups performed comparably.
Furthermore, the analysis in the amusics group examining the effects of 35 Hz and 90 Hz
tACS stimulation over the right DLPFC revealed that amusics showed a significant
improvement of pitch memory performance when 35 Hz was applied. No stimulation effects
were found on the visual control task or when 90 Hz tACS was induced. Most interestingly,
performance of the amusics on pitch memory during 35 Hz tACS was no longer significantly

lower than the pitch span of healthy controls.

The finding that pitch memory abilities in amusics improved significantly when 35 Hz
stimulation was applied over the right DLPFC shows that the decreased low gamma
oscillations reported by Albouy et al., (2013) could be a key factor for the congenital disorder.
It is in accordance with several brain imaging studies highlighting a specialised role of the
right DLPFC in amusia (Hyde et al., 2007; Hyde et al., 2006) as well as the activation and
involvement of the right DLPFC in normal pitch memory (Jerde et al., 2011; Zatorre et al.,
1994). In this context, it is important to note that the study concentrated on the right DLPFC
but surely the structural and functional basis of other brain areas such as the inferior frontal
gyrus and the auditory cortex which have been linked to congenital amusia are also relevant

(Hyde et al., 2007; Hyde et al., 2006; Hyde et al., 2011; Loui & Schlaug, 2009).

Additionally, the results contribute to the growing evidence that gamma oscillations
are closely connected to memory functions in the auditory domain (Howard et al., 2003;
Kaiser, Ripper, Birbaumer, & Lutzenberger, 2003; Lutzenberger, Ripper, Busse, Birbaumer,
& Kaiser, 2002) as well as serving as additional evidence that the DLPFC is closely
connected to memory processes in several domains (McDermott, Jones, Petersen, Lageman,
& Roediger, 2000; Narayanan et al., 2005). Furthermore, this study adds to the literature
investigating the causal involvement of gamma oscillations in the DLPFC for memory

processes using non-invasive brain stimulation methods (Brunoni & Vanderhasselt, 2014).
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This study supports the hypothesis that amusics show a selective impairment in pitch
memory and not in other memory functions as amusics showed a comparable visual memory
but impaired pitch memory to healthy controls at baseline (Akiva-Kabiri, Vecchi, Granot,
Basso, & Schon, 2009; Williamson, Cocchini, & Stewart, 2011; Williamson & Stewart,
2010). Additionally, the study revealed that the selective impairment is no longer present
when comparing pitch memory span of amusics while receiving 35 Hz tACS over the right
DLPFC and task performance of healthy controls. This finding highlights the prospective use
of tACS and transcranial electrical stimulation in general, as a potential tool for the treatment
of congenital and developmental disorders. Recent work has highlighted the efficiency of
tDCS in dyslexic children (Vicario & Nitsche, 2013) as well as for aphasia (Monti et al.,
2008). One of the sparse clinical studies using tACS has revealed that applying 15 Hz tACS
bilaterally over M1 in repeated sessions led to reduced dystonic symptoms in a patient with
idiopathic cervical dystonia. The reduction of symptoms was still measurable after 30 days of
the treatments (Angelakis et al., 2013). In this respect, it would be desirable to investigate
whether multiple sessions of tACS with a frequency of 35 Hz over the right DLPFC in
participants with congenital amusia would lead to after effects as reported by Angelakis et al.,

(2013).

A couple of limitations of this study warrant a comment. As no neurophysiological
measures like EEG or MEG were included parallel to the tACS stimulation, the interpretation
of the exact effect and influence of the applied stimulation is limited. Previous research has
shown that ongoing brain oscillations can be entrained by the externally applied frequency
using tACS (Heimrath, Kuehne, Heinze, & Zaehle, 2014; Zachle et al., 2010). Bearing this in
mind, it is plausible that our results of the improvement of pitch memory in amusia during 35
Hz stimulation also rely on this neural mechanism. We therefore would argue that the
facilitation of pitch memory is due to an entrainment of the brain oscillations at 35 Hz
yielding in an increase of pathologically low gamma oscillations in the DLPFC in amusics

(Albouy et al., 2013).

Additionally, it is important to note that baseline performances in the two stimulation
sessions were not perfectly matched even though we counterbalanced stimulation conditions.
I would like to point out that these differences are descriptively noticeable but not
significantly different and the significant improvement of 35 Hz stimulation is worth
highlighting at this point. Furthermore, also the visual control task should be discussed here

briefly. Previous research has shown that perception of phosphenes is likely when applying
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frequencies below 40 Hz (Turi et al., 2013). As also reported by two thirds of our sample, the
sensation of phosphenes is more likely to occur at the low gamma frequency of 35 Hz (Turi et
al., 2013). With this in mind, one might speculate that phosphenes may have interfered with
visual memory performance. But the comparison of performances in the 35 Hz condition
between the participants who reported phosphenes and the ones who did not did not show any
disadvantages. This weakens the assumption of an interference of phosphenes on visual

memory performance.

Conclusion

The study demonstrated that impaired pitch memory abilities in congenital amusia can
be improved by applying 35 Hz tACS to the right DLPFC. This finding reveals a functional
relevance of the altered oscillation patterns of the DLPFC for the impairment in amusics and

highlights the potential use of tACS to interact with cognitive processes.
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6. General Discussion and Conclusion

The aim of the thesis was to contribute to the understanding of the neural basis of
pitch memory. Therefore, different brain stimulation methods were used in order to externally
modulate the function of targeted brain areas and to explore whether causal relationships to
pitch memory can be revealed. Additionally, the thesis looked at the influence of musical
expertise and genetic dispositions by including three different groups of participants
(musicians, non-musicians and amusics) who rely on different pitch memory abilities. The
ambition was to investigate whether performance differences in pitch memory can be linked

to specialised neural circuits in the brain.

The significance of the left SMG for the pitch memory process in non-musicians was
revealed in study 1 and 2. Using tDCS, study 1 has shown that the left SMG is causally
involved in pitch recognition as well as recall in non-musicians and furthermore links the
contribution of the left SMG to higher memory demands of the pitch memory task.
Additionally, study 2 expanded the knowledge of the role of the left SMG in the pitch
memory process in non-musicians by highlighting the significance of the left SMG for the
retention stage of the pitch memory process. TMS applied over the left SMG during the
retention interval of the pitch memory task resulted in increased reaction times. These
findings are in accordance with previous research (Gaab, Gaser, Zaehle, et al., 2003; Schaal et
al., 2013; Vines et al., 2006) and provide important additional knowledge about the specific
role of the left SMG in pitch memory in non-musicians. A further question at this point is
whether the left SMG is also involved in other auditory memory processes. In order to
investigate this, we recently conducted a study including the pitch memory span task as well
as a newly developed rhythm span task (Schaal et al., 2015) and applied anodal tDCS over the
left and right SMG in non-musicians. The study confirmed the significance of the left SMG
for pitch memory by showing a significant improvement of performance when tDCS was
applied over the left SMG compared to sham stimulation. Interestingly, no modulatory effects
on the rhythm span task were found indicating that the left SMG is specifically involved in
pitch memory. Additionally, when tDCS was applied over the right SMG an improvement in
rhythm memory and not pitch memory could be revealed (Schaal et al., in preparation). These
interesting findings suggest a hemispheric functional difference of the SMG for the memory
processes of the different two main building blocks of music, pitch and rhythm may exist in

non-musicians.
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Musicians show superior pitch memory abilities which they developed with many
years of intense musical training. Furthermore, many studies have explored the musicians’
brain as a model of neuroplasticity and have revealed structural specialisations in several
brain areas (Merrete et al., 2013; Munte, Altenmuller, & Jancke, 2002). In order to investigate
whether functional differences of a targeted brain area can be found between musicians and
non-musicians, the causal involvement of the left and right SMG for pitch memory was
explored in study 1. Here, cathodal tDCS over the right SMG resulted in declined pitch
memory performance on the recognition pitch memory task in musicians. The results revealed
a hemispheric specialisation of the SMG for pitch memory depending on expertise and
therefore provide causal evidence for functional neural differences between musicians and
non-musicians. Along these lines, a recently published study comparing the effects of bilateral
tDCS over the motor cortices on the control of sequential finger movements between
musicians and non-musicians has also shown that musicians rely on a different functional
architecture of the motor cortex (Furuya, Klaus, Nitsche, Paulus, & Altenmueller, 2014).
Whereas applied tDCS led to a facilitation of finger movement control in non-musicians,
skilled pianists did not show any improvement but instead the contralateral hand to the anodal
stimulation showed a decline in fine finger movement control. The different outcomes in non-
musicians and musicians indicate an expertise-dependent functional role of the motor cortices

(Furuya et al., 2014).

In the third study of this thesis, the opposite side of the musical spectrum was
investigated by exploring the functional role of gamma oscillations in the right DLPFC in
participants with congenital amusia, a disorder that is linked to pitch perception and memory
deficits. The results showed a significant improvement in pitch memory in amusic when 35
Hz tACS was applied to the right DLPFC pointing towards an important role of gamma
oscillations in the right DLPFC for pitch memory. The study highlights the potential use of
tACS to modulate oscillatory patterns in the brain and to influence cognitive performances.
Along these lines, a study by Santarnecchi et al., (2013) showed that fluid intelligence could
be improved by applying a gamma frequency of 40 Hz to the middle frontal gyrus and the
authors propose an involvement of gamma oscillations for higher cognitive functions in

humans.

A point which warrants a comment in this overall discussion is that several studies and
reviews have highlighted remote effects in tDCS and TMS applications (Chib, Yun,
Takahashi, & Shimojo, 2013; Notturno, Marzetti, Pizzella, Uncini, & Zappasodi, 2014;
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Reithler, Peters, & Sack, 2011). When considering the results of study 1 and 2, indicating the
significance of the left SMG in non-musicians and the right SMG for musicians for the pitch
memory process, one might debate whether a spread of activation to closely connected brain
areas of the SMG could also influence the outcome. As a potential role of the SMG in pitch
memory was proposed to be a top-down modulator which is connected to the activation of
temporal regions by Gaab et al. (2003), it is possible that the stimulation of the SMG also led
to secondary functional changes in the auditory cortex which is known to be important for
pitch memory (Celsis et al., 1999; Gaab, Gaser, Zihle, et al., 2003; Zatorre et al., 1994).
Furthermore, it has been shown that stimulation effects of tACS are not restricted to the
stimulation frequency applied (Wach et al., 2013) and also inter-areal oscillatory effects have
been reported (Antal & Paulus, 2013; Herrmann et al., 2013). In this respect, one could argue
that the improved pitch memory abilities during 35Hz tACS can also be linked to a positive
effect on the in amusics reduced right frontal-temporal connection shown in previous imaging
studies (Hyde et al., 2007; Loui et al., 2009). It may be the case that tACS applied over the
right DLPFC has secondary effects to the closely connected auditory cortex which has been
shown to also be critical in pitch perception and memory in amusics (Albouy et al., 2013;

Hyde et al., 2007; Hyde et al., 2011; Loui et al., 2009).

In sum, this thesis contributes to the understanding of which brain areas are involved
in the pitch memory process in combination with musical training and genetic dispositions.
Study 1 revealed that musicians show a hemispheric different involvement of the SMG for
pitch memory compared to non-musicians which is also dependent on task demands. The
study showed that tDCS over the left SMG resulted in a decline in pitch memory in non-
musicians whereas musicians showed a selective impairment of pitch memory on the
recognition task when tDCS was applied over the right SMG. Building on this, study 2
showed that the involvement of the left SMG for pitch memory in non-musicians is stage
specific as only rTMS over the left SMG during the retention period resulted in significant
slower reaction times. This indicates the significance of the left SMG during retention when
the maintenance of pitch information takes place. Study 3 exposed that applying a low gamma
frequency of 35 Hz to the right DLPFC while congenital amusics perform a pitch memory
task improves their pitch memory performance. This points towards a functional importance
of gamma oscillations in the right DLPFC for pitch memory. Pitch memory was comparable
to normal healthy controls performance and therefore highlights the potential use of non-

invasive stimulation for therapeutic interventions.
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7. Outlook

Building on the presented findings several avenues for further research are

considerable.

It would be desirable to conduct research combining non-invasive brain stimulation
and imaging techniques in order to further examine the exact mechanisms behind the
stimulation effects found in the studies. Especially for the third study where tACS was used,
the exact mechanisms of how the stimulation affects the neural populations are not fully
explored yet. We can only derive our assumption of a resulting entrainment of low gamma
oscillations from other studies showing an entrainment of ongoing brain oscillations
according to external applied oscillations (Antal & Paulus, 2013; Helfrich et al., 2014; Reato,
Rahman, Bikson, & Parra, 2013). In order to confirm that our result of improved pitch
memory in amusics during 35 Hz tACS is indeed due to an entrainment of brain oscillations

in the right DLPFC, a continuous EEG or MEG recording would be desirable.

Furthermore, the technical development of being able to combine TMS with
consecutively fMRI and tDCS with concurrent or consecutively fMRI is a valuable research
combination in order to be able to investigate the spread and interhemispheric connections of
the stimulation input (Bestmann & Feredoes, 2013; Luft, Pereda, Banissy, & Bhattacharya,
2014; Saiote, Turi, Paulus, & Antal, 2013). There is to my knowledge only one study up to
know which has combined TMS with fMRI investigating auditory processing in participants
with minimal musical training (Andoh & Zatorre, 2013). Continuous theta-burst TMS was
applied over the right or left Heschl’s gyrus or the vertex and immediately afterwards fMRI
scanning began while participants performed a melody discrimination task. One interesting
finding is that when TMS was applied over the right Heschl’s gyrus, an increase of activation
was found in the left Heschl’s gyrus and furthermore, that this increase in activation was
positively correlated to a decrease in reaction times on the cognitive task (Andoh & Zatorre,
2013). Including fMRI or MEG recordings in order to examine whether remote effects or
interhemispheric connections are present in the stimulation protocols and behavioural effects
of study 1 and 2, is desirable. This would seek further insight into the neural structures and
connections of brain areas underlying the pitch memory process and the effectiveness of tDCS
and rTMS. In this respect, the role of the auditory cortex is of special interest as described in

the overall Discussion.
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To explore the functional spread of activation of tDCS using fMRI is especially
interesting when contrary results are revealed. In this context, we have recently conducted a
study using tDCS examining the function of the right posterior parietal cortex (PPC) for
memory for melodies where pitch memory is next to rhythm memory an important factor.
Interestingly, we found a decrease in performance after anodal tDCS compared to sham
stimulation and not an expected improvement in experiment 1. This unexpected finding could
be replicated in a second experiment in which we compared anodal tDCS over the right and
left PPC and only right PPC stimulation led to a decline in memory for melody performance
(Schaal et al., in press). Concurrent fMRI would be desirable to see whether remote effects to

adjusted brain areas could account for this outcome.

Future research should also investigate whether multiple sessions of tDCS or tACS
combined with pitch memory training could lead to long lasting improvements in pitch
memory performance. Along these lines, Meinzer et al., (2014) showed that anodal tDCS over
the left posterior temporo-parietal junction for five consecutive days led to a significantly
faster improvement in language learning than sham stimulation. Furthermore, the beneficial
learning success of anodal stimulation was maintained during a follow-up session one week
after the last stimulation session (Meinzer et al., 2014). In this respect, investigating whether
the improvement of pitch memory in amusia through tACS could be maintained when
multiple sessions are applied is an interesting research question for future studies which
would further highlight the potential use of tACS for clinical treatments. It has been shown
that multiple sessions of tDCS combined with training with aphasic patients led to promising
improved verb naming up to 16 weeks after stimulation (Manenti et al., 2015; Vestito,
Rosellini, Mantero, & Bandini, 2014). Whether long-term effects of cognitive performances
with tACS combined with training can be achieved is still an open question which further

research will hopefully answer in the future.
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For music and language processing, memory for relative pitches is
highly important. Functional imaging studies have shown activation of
a complex neural system for pitch memory. One region that has been
shown to be causally involved in the process for nonmusicians is the
supramarginal gyrus (SMG). The present study aims at replicating this
finding and at further examining the role of the SMG for pitch memory
in musicians. Nonmusicians and musicians received cathodal tran-
scranial direct current stimulation (tDCS) over the left SMG, right
SMG, or sham stimulation, while completing a pitch recognition, pitch
recall, and visual memory task. Cathodal tDCS over the left SMG led
to a significant decrease in performance on both pitch memory tasks
in nonmusicians. In musicians, cathodal stimulation over the left SMG
had no effect, but stimulation over the right SMG impaired perform-
ance on the recognition task only. Furthermore, the results show a
more pronounced deterioration effect for longer pitch sequences indi-
cating that the SMG is involved in maintaining higher memory load. No
stimulation effect was found in both groups on the visual control task.
These findings provide evidence for a causal distinction of the left and
right SMG function in musicians and nonmusicians.

Keywords: cathodal stimulation, expertise, functional involvement,
plasticity, supramarginal gyrus

Introduction

The musicians’ brain has been studied extensively as a model
for neuroplasticity over the last 2 decades (Herholz and
Zatorre 2012; Merette et al. 2013 for recent overviews). Find-
ings from cross-sectional brain imaging studies comparing
brain structures of musicians and nonmusicians suggest that
multiple anatomical differences exist including motor areas
(Jancke et al. 1997), gray matter volume in Heschl’s gyrus
(Schneider et al. 2002) and the corpus callosum (Schlaug et al.
1995). Furthermore, studies have shown different activation
patterns for musicians and nonmusicians for several cognitive
tasks (e.g., verbal and tonal memory: Schulze, Zysset et al.
2011; processing rhythms: Herdener et al. 2012; pitch percep-
tion: Habibi et al. 2013). A longitudinal intervention study by
Hyde et al. (2009) found that after 15 months of musical train-
ing children show anatomical differences in the motor hand
area, corpus callosum, and right auditory cortex compared
with a control group.

Even though such longitudinal studies are relatively sparse,
the reasons behind the specialization of neural structures in
individuals with musical training can be traced back to the fact
that learning an instrument requires extensively regular and
deliberate practice (Ericsson et al. 1993), often starting at a
very young age. Furthermore, playing an instrument is a highly

© The Author 2014. Published by Oxford University Press. All rights reserved.
For Permissions, please e-mail: journals.permissions@oup.com

complex skill whereby one has to integrate higher-order cogni-
tive functions and control very fine motor movements (Wan
and Schlaug 2010). Evidence cited in support of a link
between musical training and neuroplasticity includes consist-
ent age of onset effects (Barrett et al. 2013 for a review). Thus,
it is likely that the brain adapts to these exceptional demands
(Munte et al. 2002; Gaser and Schlaug 2003).

Functional imaging studies investigating neural networks of
pitch memory in nonmusicians have shown involvements of
frontal, temporal, and parietal areas (Zatorre et al. 1994;
Koelsch et al. 2009; Jerde et al. 2011). More specifically, in sub-
jects with no or very little musical training, Gaab et al. (2003)
showed that pitch memory recruits a network of neural
regions, including the superior temporal gyri, bilateral pos-
terior dorsolateral frontal regions, bilateral superior parietal
regions, bilateral lobes V and VI of the cerebellum, the supra-
marginal gyri, and the left inferior frontal gyrus. The activation
of the left supramarginal gyrus (SMG) was of particular interest
as higher activation in this region was linked to superior pitch
memory performance (Gaab et al. 2003).

To investigate the causal involvement of specific brain areas
in pitch memory, noninvasive brain stimulation methods, such
as transcranial magnetic stimulation (TMS) and transcranial
direct current stimulation (tDCS), are useful, as they enable the
manipulation of cortical excitability in a targeted area (Nitsche
and Paulus 2001; Antal et al. 2004). Whereas anodal tDCS
leads to a facilitation of neural activity, cathodal tDCS sup-
presses the cortical excitability under the site of stimulation
(Nitsche and Paulus 2000; Cohen Kadosh et al. 2010; Ladeira
et al. 2011). Previous tDCS studies have supported the causal
involvement of the left SMG in pitch memory recognition by
showing a deterioration of performance after cathodal stimu-
lation (Vines et al. 2006) and an improvement of pitch memory
on a recognition and recall task (but not visual memory) after
anodal stimulation in nonmusicians (Schaal et al. 2013). To
date however, there are no tDCS studies of the SMG in trained
musicians, so the causal role of the left SMG in superior pitch
memory performance remains to be tested.

One other relevant feature of SMG activation during music
processing in musicians and nonmusicians has been contrary
hemispheric patterns. Gaab and Schlaug (2003) revealed stron-
ger activation in the right SMG in musicians compared with non-
musicians during a pitch memory task when performances of
both groups were matched, indicating different underlying cog-
nitive processing. However, several other studies have reported
stronger activation in the left SMG in musicians during music lis-
tening (Seung et al. 2005) and pitch memory (Ellis et al. 2013).
Schulze, Zysset et al. (2011) compared verbal (memorizing
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syllables) and tonal (memorizing pitches) working memory in
musicians and nonmusicians and revealed overlapping acti-
vation patterns including the left inferior parietal lobe (corre-
sponding to the location of the SMG), in both groups for the
memory processes. Furthermore, in the musician group,
additional activation was found in the right globus pallidus,
right caudate nucleus, and left cerebellum during tonal working
memory suggesting that musicians use a specialized and more
complex neural system for memorizing pitches.

An important note in this context is that the functional mag-
netic resonance imaging (fMRI) studies mentioned above
all used recognition tasks to investigate neural correlates of
pitch memory (Zatorre et al. 1994; Gaab et al. 2003; Gaab and
Schlaug 2003; Koelsch et al. 2009; Jerde et al. 2011; Schulze,
Zysset et al. 2011; Ellis et al. 2013). In general, short-term
memory can be tested by 2 response methods, recognition and
recall. Whereas recognition relies on a monitoring process for
re-presented stimuli, recall tasks include more demanding pro-
duction processes. A study comparing memory for auditorily
and visually presented words has shown that underlying activity
of neural structures varies depending whether recall or recog-
nition processes were required (Cabeza et al. 2003). This is
often traced back to different strategies used in different task
procedures. Furthermore, activation differences found in studies
using different recognition tasks may also be due to subtle
but important task demand differences which require varying
memory processes such as maintenance and rehearsal. For
example, the study by Gaab et al. (2003) used a recognition task
which only emphasized maintenance of pitch information,
whereas the task demands in the study by Schulze, Zysset et al.
(2011) required maintenance and explicitly instructed partici-
pants to use rehearsal processes. These task demand differences
could explain why the activation found in the SMG in the study
by Gaab et al. (2003) is more inferior than the inferior parietal
activation found by Schulze, Zysset et al. (2011).

The aim of the present study is to investigate whether func-
tional differences of the SMG can be found between musicians
and nonmusicians in pitch memory and to clarify whether any
such differences can be attributed to memory task demands.
Therefore, performances on 2 pitch memory tasks (recognition
and recall) and a visual control task were investigated follow-
ing cathodal tDCS over the left SMG, right SMG, or sham stimu-
lation. In line with previous studies, we hypothesized that in
nonmusicians, cathodal stimulation over the left SMG would
lead to a deterioration of performance on both pitch memory
tasks (Vines et al. 2006; Schaal et al. 2013). Regarding the

musicians group, 3 outcomes are possible: (1) cathodal stimu-
lation over the left SMG results in deterioration of pitch
memory performance, as stronger activation in the left SMG of
musicians was found by Ellis et al. 2013, (2) cathodal tDCS
over the right SMG would lead to a drop in pitch memory per-
formance, as musicians show more right hemispheric acti-
vation for musical memory (Gaab and Schlaug 2003), or (3) no
stimulation effect would be found as musicians activate a more
complex neural system for the pitch memory process and can
compensate for any stimulation modulations (Schulze, Zysset
etal. 2011).

Materials and Methods

Participants

Forty-one nonmusicians and 38 musicians took part in the pretesting
phase of the experiment and 36 participants from each group returned
for the tDCS session (4 participants had to be excluded for health
reasons and 3 subjects did not return for the second session). Nonmusi-
cians were defined as individuals with <2 years of musical training in the
past and who were not playing an instrument at present. They were all
students, mostly psychology students, at the Heinrich-Heine-University
in Diisseldorf, and received either course credits or 6 Euro per hour for
their participation. The musicians were all students of a professional
music college aiming to make music as their profession and all had at
least 10 years of formal musical training. Six string players, 12 wind
players, 8 singers, 7 pianists, and 3 musicians playing a plucked instru-
ment comprised the musicians group. None of the musicians were absol-
ute pitch possessors. Musicians received 6 Euro per hour for their
participation as well as travel expenses.

All participants were self-report right-handed and reported normal
hearing abilities. For the tDCS session, nonmusicians and musicians
were split into 3 groups, depending on type and location of stimulation
(i.e., left SMG vs. right SMG vs. sham). Groups were matched by age,
sex, musical training, as evaluated by the dimension Musical Training
from the Goldsmiths Musical Sophistication Index questionnaire
(Gold-MSI, Miillensiefen et al. 2014), and general pitch memory abil-
ities, which were evaluated in a pretest session. See Table 1 for full
demographical details.

Additionally, 4 participants (2 nonmusicians and 2 musicians) came
back a third time to take part in a neuronavigation session to control
the location of stimulation targeting at either the left or right SMG. The
ethics committee of the Medical Department of the Heinrich-Heine-
University in Diisseldorf approved this study and all subjects gave their
informed written consent to participate.

Materials and Procedure
All participants completed 2 parts, preliminary testing and the tDCS
session, which were at least 48 h apart.

Table 1
Characteristics of participants

Group Stimulation group N Sex Mean age (in years) Musical training score—Gold-MSI Pretest pitch memory recognition
(range: 7-49) task (in tones)
Nonmusicians Cathodal ISMG 12 4 Males 233+45 1283 +£5.2 5.86 = 1.1
8 Females
Cathodal rSMG 12 3 Males 21723 1458 =48 584 =15
9 Females
Sham ISMG 12 5 Males 26.2+83 1550 =55 599 + 12
7 Females
Musicians Cathodal ISMG 12 5 Males 225+217 42.08 = 3.9 724 +09
7 Females
Cathodal rSMG 12 5 Males 23942 4242 =39 724 =10
7 Females
Sham ISMG 12 3 Males 23.8+3.0 4150 =17 735+12
9 Females

2 Pitch Memory in Nonmusicians and Musicians N.K. Schaal et al.
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Preliminary Testing

Preliminary testing was conducted in order to match the stimulation
groups on musical training and general pitch memory abilities. The
pitch memory span task (Williamson and Stewart 2010) was used to
test general pitch memory capacity. The participants listened to the
stimuli via headphones (AKG Pro Audio, K77). Tone sequences were
formed of 10 triangle-waveform tones (equally tempered, whole tone
steps) with fundamental pitches ranging from 262 Hz (C4) to 741 Hz
(F#5). Tones were 500-ms long with a 383-ms pause between tones
when they were in sequence. For each trial, 2 tone sequences of equal
length were presented, with an intersequence interval pause of 2 s. On
50% of trials, the 2 sequences were identical and in 50% they varied; in
the latter case 2 tones of the second sequence were presented in the re-
versed position (i.e., list probe method). The task was to decide
whether the 2 sequences were the same or different. After the partici-
pant’s decision was recorded, a 2-s long pink noise burst was pre-
sented to minimize carry-over effects before the next trial. Sequences
were 2 tones long to start with and then increased and decreased ac-
cording to the participant’s performance. A 2-up, one-down adaptive
tracking procedure (2 right answers = increase in sequence length by
one tone, one wrong answer =decrease in sequence length by one
tone) was used. The task was complete when the procedure had run
for 8 reversals. The longest sequence played to this sample was 11
tones long.

To ensure that participants were able to discriminate the 3 different
tones that were used in the main pitch recall task (Williamson et al.
2010), which was part of the tDCS session, the participants also com-
pleted a short single pitch recognition test. In the exposure phase of
this preliminary test, participants heard a C-major (C4, E4, G4) chord
followed by a sequence of the 3 tones (low-C4, medium-G4, and
high-B4) played in succession, 10 times. In the test phase, a C-major
chord was played as a get-ready signal, followed after a 2-s pause by
one of the 3 tones. The participant was required to mark on a grid, if
the tone was the low, medium, or high one. There were 12 trials,
where each tone was randomly presented 4 times. Participants had to
score at least 10 out of 12 to qualify for the main tDCS phase of the
study.

After the 2 pitch memory tasks, the participants filled in a German
version of the self-report questionnaire of the Gold-MSI version 1.0
(Millensiefen et al. 2014) to evaluate their level of musical training.
The participants scored statements on a 7-point scale from “completely
disagree” to “completely agree”. The questionnaire consists of 38 state-
ments and comprises 5 dimensions: Active Engagement, Perceptual
Abilities, Musical Training, Emotions and Singing Abilities. The di-
mension of interest Musical Training contains 7 statements, so the
score range is 7-49 points.

tDCS Session

At least 2 days after the preliminary test, participants returned to com-
plete the tDCS session. The participants from both groups (nonmusi-
cians and musicians) were matched as described above and randomly
split into 3 stimulation groups: one group receiving cathodal tDCS over
the left SMG, another group receiving cathodal stimulation over the
right SMG and the third group receiving sham stimulation over the left
SMG.

The active electrode (5 x5 cm =25 cm?) was placed over either the
left or right SMG. The areas were located using area CP3 for the left
and CP4 for the right hemisphere according to the international 10-20
system for electroencephalogram electrode placement, successfully
used in previous studies to place the electrodes over the targeted site
(Antal et al. 2004, Rogalewski et al. 2004, Vines et al. 2006). CP3 and
CP4 are common locations for targeting the SMG on either hemisphere
(Mottaghy et al. 2002; Schaal et al. 2013). The reference electrode
(5x7 cm =35 cm?) was placed over the contralateral supraorbital area.
A slightly smaller active electrode compared with the size of the refer-
ence electrode was used to receive a more selective and focally precise
stimulation (Nitsche et al. 2007). The electrodes were covered in saline-
soaked sponges. The 2 active stimulation groups received 20 min of
2-mA stimulation including 15 s fade-in and fade-out time. An identical
setup was used for the sham group, but the stimulator was only turned
on for the first 30 s. This evokes the sensation of being stimulated but

does not lead to a neurophysiological change that can influence per-
formance. It has been shown that naive subjects cannot distinguish
between sham and active tDCS stimulation (Gandiga et al. 20006).

The first 10 min of the stimulation period were used to familiarize the
participants with the memory tasks. Altogether the 3 memory tasks
of the tDCS session took ~35-40 min. The order of the 3 memory tasks
was counterbalanced using a latin-square design.

The pitch memory recognition task (pitch span task) was conducted
exactly in the same manner as in the preliminary test. For the pitch
memory recall task (Williamson et al. 2010), 3 tones (C4 =262 Hz,
G4 =392 Hz, and B4 =494 Hz) were recorded, played by a piano (Dis-
klavier Pro, Yamaha Corporation), and edited to .wav files using
Adobe Audition. Each tone was 800-ms long, edited in Adobe Audi-
tion, and a 200-ms pause was added to the end so that every file was
1-s long. Pitch sequences were 4-8 tones long and made up of the 3
different tones (low: C4, medium: G4, high: B4) without direct rep-
etition (there was always a movement in the contour). There were 5
blocks (one for each sequence length: 4, 5, 6, 7, and 8 tones) with 6
trials each. To ensure that task demands were clear, a short practice
phase with 5 trials (one for each sequence length) was conducted
before the first test block. The stimuli were presented via speakers
and the participants received an answer booklet, containing blank
grids of 3 rows in height (representing high, medium, and low tones)
and a number of columns according to the sequence length, and a pen
for their responses. To signal the onset of a test sequence, a C-major
chord (C4, E4, and G4) was played at the beginning of a trial. Partici-
pants then listened to the first sequence (4 tones long), while the
answer booklet was turned upside-down and were instructed to listen
to the contour (movement of the tones) and try to memorize it. They
were instructed to turn over the booklet as soon as the sequence fin-
ished and to tick the boxes to record their memory of the pitch se-
quence. For example, if for a 4-tone-long sequence, the tones “C4-G4—
B4-C4” were played, the correct answer would be to tick the boxes
“low-medium-high-low” on the grid. When happy with their
response, the subjects turned over the booklet again and triggered the
next sequence by pressing the spacebar.

A visual task was included as control condition. The Cambridge
Face Memory Test—long form (CFMT+, Russell et al. 2009) was chosen
as it does not require any auditory or phonological encoding, but has
previously been shown to be sensitive to detecting differences in face
memory performance (e.g., Russell et al. 2009). In this task partici-
pants were instructed to memorize 6 unfamiliar male faces from 3
different views and were then tested on their ability to recognize them
in a 3-alternative forced-choice task. The test comprises 102 trials (pro-
ceeded by 3 practice trials), subdivided into 4 sections varying in diffi-
culty. The first section of the task tested recognition with the same
images that were used during training. This was followed by a section
involving presentation of novel images that show the target faces from
untrained views and lighting conditions in the test phase. A third
section consisting of novel images with visual noise added. The final
section contained trials in which distractor images repeated more fre-
quently, targets and distractors contained more visual noise than the
images in the third section, cropped (only showing internal features)
and uncropped images (showing hair, ears, and necks, which had not
been shown in the previous sections) were used, and images showing
the targets and distractors making emotional expressions were included.
The first and second sections used a trial-by-trial recognition paradigm,
whereas sections 3 and 4 employed a more long-term memory
approach. The percentage of correct responses was measured.

Neuronavigation

To validate the location of stimulation and to show that the electrode
was placed over the targeted area of the SMG (Brodmann area 40) a
Neuronavigation session was conducted with a small exemplary sample
of 4 participants (2 musicians and 2 nonmusicians). To reconstruct the
procedure of the tDCS session the international 10-20 system was used
to locate the area of the left (CP3) and right (CP4) SMG on the partici-
pant’s scalp. After marking this localization with a highlighter, the Neu-
ronavigation (Localite GmbH, Sankt Augustin, Germany) procedure
began with measuring the head using predefined points (i.e., left and
right preauricular points and nasion). After mapping the anatomical
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landmarks onto a standardized brain, 2 markers were inserted according
to the highlighted points on the scalp located at CP3 and CP4. The
program then identified the Talairach coordinates for the markers.

Results

Pitch Memory Recognition Task
As participants completed the pitch span task twice (in the pre-
liminary session and after tDCS) a mixed factorial analysis of var-
iance (ANOVA) with time (pre vs. poststimulation) as a within
subject factor and group (nonmusicians vs. musicians) and
stimulation group (cathodal left SMG vs. cathodal right SMG vs.
sham) as between subject factors was conducted. The analysis
revealed a trend for the factor time, Fy g6=3.67, P=0.006, and a
nonsignificant result for factor stimulation group, F,s=1.18,
P=0.32, whereas the main effect of factor group was significant,
Fy66=31.21, P<0.001. The interactions time x group, time x
stimulation group and group x stimulation group are all non-
significant (P>0.14) but the time x group x stimulation group
interaction yielded a significant result, F,¢c=4.73, P=0.012.
Data are summarized in Table 2.

In order to explore the significant time x group x stimulation
group interaction, 2 univariate ANOVAs were applied, one for

Table 2
Overview of performances for all 3 stimulation groups in nonmusicians and musicians

Group Stimulation Pitch memory Pitch memory recall ~ CFMT+ percent
group recognition task (in  task (percent correct)
tones) correct)
Nonmusicians  Cathodal 5.04 08 72.56 + 8.2 6226 =114
ISMG
Cathodal 6.08 = 1.0 80.95 +49 66.58 = 8.0
rSMG
Sham ISMG 6.26 = 1.1 80.75 = 6.2 63.24 =128
Musicians Cathodal 711 =09 90.37 =5.8 60.93 =153
ISMG
Cathodal 6.42 09 91.67 =45 62.83 = 6.8
rSMG
ShamISMG~ 7.25 +1.0 91.09 =43 66.99 + 8.9

Note: The bold values highlight the group performances which show a significant deterioration
after cathodal stimulation.

Non-Musicians

the prestimulation and one for the poststimulation phase.
Where appropriate, all post hoc tests were subject to sequential
Bonferroni correction (Holm 1979) in order to compensate for
multiple tests and to protect type I errors. Therefore, for every
post hoc set P-values were ranked and the smallest P-value was
tested with a Bonferroni correction including all tests, the
second smallest was tested involving one less test and so forth
for the remaining tests.

Before stimulation a significant main effect of group, F; ¢6=
24.16, P<0.001 was revealed. The main effect of stimulation
group as well as the group x stimulation group interaction were
nonsignificant (P-values >0.92). Poststimulation, the ANOVA
revealed a significant main effect of group, F,¢c=25.72, P<
0.001 and a significant group x stimulation group interaction,
F; 66=5.16, P=0.016. The main effect of stimulation group was
nonsignificant (P=0.082).

Furthermore, independent sample #tests were applied in
order to dissolve the significant group x stimulation group
interaction of the poststimulation session. In the stimulation
group receiving cathodal tDCS over the left SMG, a highly sig-
nificant difference of the factor group was revealed, £, =5.96,
P<0.001. In the stimulation group receiving cathodal tDCS
over the right SMG, the result was nonsignificant, #2,=0.88,
P=0.39, and in the sham group, a trend towards superior per-
formance of the musicians compared with the performance of
nonmusicians was present, ) =2.32, P=0.06. This series of
results suggests that the musicians’ superior performance in all
stimulation groups before stimulation was not present
anymore after stimulation only in the group who received cath-
odal tDCS over the right SMG.

To explore this interesting finding, a pre- and poststimula-
tion comparison in the musicians group receiving cathodal
stimulation of the right SMG was applied and showed a
significant result, #¢;1,=2.76, P=0.02 indicating that cathodal
stimulation over the right SMG in musicians led to a deterio-
ration of pitch memory performance. Additionally, in nonmu-
sicians a pre- and poststimulation comparison in the group
receiving cathodal tDCS over the left SMG revealed a signifi-
cant deterioration of pitch memory, tq,=3.67, P=0.008
(see Fig. 1).

Musicians

*

13 1 14
1

Span pretest
Span tDCS

Cathodal Sham left
right SMG SMG

Cathodal
left SMG

Cathodal
left SMG

Cathodal Sham left
right SMG SMG

Figure 1. Bargraphs representing the results of the pitch memory recognition task. A mixed factorial ANOVA with the factors time (pre vs. poststimulation), group (nonmusicians
vs. musicians) and stimulation group (cathodal left SMG vs. cathodal right SMG vs. sham) reveals a significant time X< group X stimulation group interaction, Fpgs = 4.73,
P =0.012. In nonmusicians, cathodal tDCS over the left SMG leads to a significant deterioration of pitch recognition (t1, = 3.67, P = 0.008), while in musicians cathodal tDCS

over the right SMG results in declined performance (1, = 2.76, P = 0.02).
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Pitch Memory Recall Task

An ANOVA with factors group (nonmusicians vs. musicians)
and stimulation group (cathodal left SMG vs. cathodal right
SMG vs. sham) on overall recall performance scores yielded
main effects of group, Fy ¢6=89.5, P<0.001, and stimulation
group, F>e=5.14, P=0.008, and a significant group x
stimulation group interaction, F, 5 =3.15, P=0.049. Data are
summarized in Table 2.

Post hoc independent sample #-tests with sequential Bonfer-
roni correction (Holm 1979) in nonmusicians showed signifi-
cant differences between the group receiving cathodal
stimulation over the left SMG and the groups receiving stimu-
lation over the right SMG, #, =3.04, P=0.018, and sham
stimulation, #z)=2.76, P=0.024. The group with cathodal
tDCS over the left SMG performed significantly below the
sham group, and the group stimulated with cathodal tDCS over
the right SMG (Fig. 24). The difference between the groups re-
ceiving cathodal tDCS over the right SMG and sham stimu-
lation was nonsignificant, ¢,y =0.08, P=0.93.

For the musicians group, no significant differences in overall
performance could be found in the 3 stimulation groups (P>
0.55), indicating that cathodal stimulation over the left or right
SMG did not affect task performance.

A 5x2x3 mixed factorial ANOVA with sequence length (5)
as the repeated measure variable and group (2) and stimulation
group (3) as between subject variables revealed a significant
main effect of sequence length, F; >¢4 = 144.35, P<0.001, and a
follow-up trend analysis revealed a significant linear trend (P<

A Pitch memory recall
100 -

90

80 4
Cathodal left SMG

70 1 ,
M Cathodal right SMG

Percent correct

60 Sham left SMG

50

40

Non-musicians Musicians

Non-musicians
100 4

90
80

70 Cathodal left SMG

Percent correct

60 - === Cathodal right SMG

~ 45— Sham left SMG
50

40 T T T d
Four Five Six Seven Eight
Sequence length in tones

Figure 2. (A) For the pitch recall task, there is a significant main effect of stimulation
group in nonmusicians showing that performance of the group receiving cathodal tDCS
over the left SMG is below the group receiving cathodal stimulation over the right SMG
and sham stimulation (P-values < 0.05). (B) When looking at the performance in
nonmusicians for every sequence length, the analysis reveals significant differences of
the factor stimulation group for longer sequences (7 and 8 tones) indicating that the
deterioration of pitch memory after cathodal stimulation over the left SMG is more
pronounced in trials with higher memory load.

0.001) indicating that performances decreased as sequence
length increased. Furthermore, the ANOVA confirmed signifi-
cant main effects of group (P<0.001) and stimulation group
(P=0.017) and also showed significant interaction effects of
sequence length x group (P<0.001) and group x stimulation
group (P=0.023). The sequence length x stimulation group as
well as the 3-way interaction sequence length xgroup x
stimulation group were nonsignificant (P-values > 0.155).

In order to further investigate the significant sequence
length x group and group x stimulation group interaction, per-
formance on the pitch memory recall task for every sequence
length (percent correct for 4-tone-long sequences, 5-tone-long
sequences etc.) was analyzed. In nonmusicians, the ANOVA re-
vealed nonsignificant main effects of factor stimulation group
for 4-, 5- and 6-tone-long sequences (P-values >0.10). For the
7-tone sequences a significant main effect of factor stimulation
group was found, F,35=5.80, P<0.01, nf,=0.26. Post hoc
comparisons (Tukey-HSD) revealed significant differences
between the group receiving tDCS over the left SMG and the
sham group (P<0.01) and a marginally significant difference
between the groups receiving cathodal tDCS over the left or
right SMG (P=0.054). For 8-tone-long sequences, also a sig-
nificant main effect of factor stimulation group was found,
F,35=8.25, P<0.001, nIZ, =0.33, with significant differences
between the group receiving tDCS over the left SMG and the
other 2 groups (cathodal tDCS over right SMG vs. sham stimu-
lation, P-values <0.01). These results indicate that the group
who received cathodal tDCS over the left SMG showed a
deterioration in their performance on longer sequences with
higher memory load only (Fig. 2B). When conducting the
same analysis for every sequence length in the musicians
group, all 5 ANOVAs reported P-values>0.381 for the main
effect of stimulation group, confirming that on the recall task
no stimulation effects could be found on the performance of
any sequence length in the musicians group.

Cambridge Face Memory Test—Long Form

For the CFMT+, an ANOVA was conducted with factors group
(nonmusicians vs. musicians) and stimulation group (cathodal
left SMG vs. cathodal right SMG vs. sham). The results revealed
neither significant main effects nor interaction (P-values>
0.48). Data are summarized in Table 2. As the CFMT+ uses 2
different recognition memory paradigms, a trial-by-trial para-
digm in Part 1 (blocks 1 and 2) and a more long-term memory
approach in Part 2 (blocks 3 and 4), separate ANOVAs were
conducted on the percent correct scores for each part with the
factors group and stimulation group: no significant main
effects or interactions were found (P-values>0.19). Overall,
the evidence strongly suggests that there is no effect of stimu-
lation on the visual control task in either musicians or nonmu-
sicians, thereby indicating that the SMG are not causally
involved in the process of remembering faces.

Neuronavigation

The evaluation of the targeted site of all 4 sample participants
confirmed that the site which was stimulated corresponds to
Brodmann area 40, the location of the SMG. The averaged
Talairach coordinates were —44; —43; 49 for the left SMG and
45; —48; 55 for the right SMG corresponding to Brodmann area
40 (Fig. 3).
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Figure 3. Localization of the left (—44; —43; 49) and right SMG (45; —48; 55)
averaged across an exemplary sample of 4 participants (2 nonmusicians and 2
musicians) using neuronavigation.

Discussion

The present study investigated the causal involvement of the
left and right SMG in pitch memory ability, as determined by
pitch memory recall and recognition paradigms, and how this
involvement varies in musicians and nonmusicians indicating
functional differences. Whereas cathodal stimulation over the
left SMG led to a deterioration of performance in both pitch
memory tasks in nonmusicians, the musicians showed a
decline only in recognition pitch memory performance and in-
terestingly, only after cathodal tDCS over the right SMG.

In the nonmusicians group, cathodal tDCS over the left SMG
led to a significant deterioration of task performance on the
pitch recognition task as well as on the pitch recall task com-
pared with the groups receiving cathodal tDCS over the right
SMG or sham stimulation. These findings are in line with pre-
vious studies showing the activation and causal involvement of
specifically the left SMG in the pitch memory process in non-
musicians (Gaab et al. 2003; Vines et al. 2006). These results
also extend previous findings showing that anodal tDCS over
the left SMG leads to superior pitch memory in nonmusicians
(Schaal et al. 2013). In addition, the more detailed analysis of
the sequence lengths used in the pitch recall task of the
present study showed that the effect of cathodal tDCS over the
left SMG is significant for longer pitch sequences only. This
new evidence adds to the literature by suggesting that nonmu-
sicians rely more heavily on the left SMG when they are re-
quired to either store or rehearse a large amount of material in
pitch memory (Sakurai et al. 1998; Gaab et al. 2003; Vines
et al. 2000).

The present study also revealed key differences between the
effects of SMG tDCS on musicians and nonmusicians. A variety
of studies have looked at musicians’ brains as a model of
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neuroplasticity and revealed structural differences compared
with nonmusicians (e.g., Schlaug et al. 1995; Jincke et al.
1997; Schneider et al. 2002; Gaser and Schlaug 2003; Hyde
et al. 2009), but to our best knowledge this is the first study to
show functional differences in pitch memory tasks using non-
invasive brain stimulation. As opposed to the nonmusicians,
the pitch memory performance of the musicians group did not
show a detrimental effect of cathodal tDCS over the left SMG,
neither in the recognition nor recall task. But, cathodal stimu-
lation to the right SMG led to a decrease in their pitch recog-
nition span.

A recent electroencephalography study by Habibi et al.
(2013) suggested that the left hemisphere involved in tasks dif-
ferentiated nonmusicians and musicians, as they found behav-
ioral and electrophysiological differences when stimuli were
presented to the right ear. The present data are in line with this
idea, showing that musicians and nonmusicians have a differ-
entiated causal involvement of the left SMG during pitch
memory tasks. However, when looking at the involvement of
the right SMG in the present study, a causal distinction was
found as well, indicating that the neural distinction for the
pitch memory process between musicians and nonmusicians is
not limited to the left hemisphere.

The fact that musicians do not demonstrate a causal involve-
ment of the left SMG in pitch memory is surprising as several
fMRI studies have shown increased activation of the left SMG
in musicians and in participants after receiving musical train-
ing (Gaab et al. 20006; Ellis et al. 2013). One possible expla-
nation for this apparent contradiction is that trained musicians
are able to compensate the suppression of a particular brain
area during tDCS by activating other areas of their complex
neural network for pitch memory. Schulze, Zysset et al. (2011)
showed that musicians activate unique and additional neural
areas for tonal memory including the right globus pallidus, right
caudate nucleus, and left cerebellum. Furthermore, Andoh and
Zatorre (2013) have shown an interhemispheric compensation
effect by combining TMS and fMRI during a melody discrimi-
nation task. When they applied repetitive TMS over the right
Heschl's gyrus, an increase of activation was identified in the
left hemisphere, thereby revealing potential compensation
mechanisms across brain areas, in addition, the same study
found positive correlation between the extent of compensated
increase of activation in the left Heschl’s gyrus and faster reac-
tion times (Andoh and Zatorre 2013).

Another possible explanation for the lack of a left SMG tDCS
effect in musicians relates to the way in which this population
reacts to brain stimulation. A recent study revealed that bilat-
eral tDCS over the primary motor cortex showed no effect on
fine finger movements of pianists (Furuya et al. 2013), while bi-
hemispheric tDCS over the motor cortex in nonmusicians led
to a facilitation of such movements (Vines et al. 2008). The
results of the musicians were explained to be traced back
either simply to a ceiling effect as pianists have developed ex-
tremely exact finger movements during their many years of
training and deliberate practice or to the neuroplasticity of a
musician’s brain, which has already optimized its function to
highly complex musical demands and is therefore less sensitive
to stimulation effects (Furuya et al. 2013).

In the musician group of the present study, suppression of
the right SMG with cathodal tDCS resulted in a deterioration of
pitch memory recognition performance and leads to the as-
sumption that musicians evoke a more right lateralized
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network for pitch memory. It has been shown that musicians
dispose a more equalized neuroanatomy and function in both
hemispheres (Patston et al. 2007; Bermudez et al. 2009). Fur-
thermore, Gaab and Schlaug (2003) reported higher activation
of the right SMG in musicians compared with nonmusicians
when behavioral performance was matched. The pitch memory
span task of the present study measures the capacity of pitch
memory information that can be held in the memory system and
adapts to individual performance level. Therefore, it ensures
that every nonmusician and musician is pushed to their limit of
memory ability. The results of the pitch span task indicate that
the right SMG is involved particularly in higher task demands in
musicians, while in nonmusicians the left SMG may be more
strongly involved in such tasks. In this context, Foster and
Zatorre (2010) conducted an fMRI study on melody transposi-
tion with musicians and nonmusicians and revealed a key role
of the intraparietal sulcus (IPS) for melody transposition (also
see Foster et al. 2013) and showed that the activation of the right
IPS could predict task performance in both groups. As the IPS is
located adjacent to the SMG, this correlational finding is very in-
teresting, especially, as melody transposition also requires pitch
memory and relies on maintaining relative pitch information.

Another possible explanation for the involvement of the right
SMG in the pitch memory recognition task of this group could
be that the musicians usually use their visual-motor represen-
tation to memorize pitch sequences: the right SMG has been
shown to be activated during sight reading in musicians
(Sergent et al. 1992). When interrupting this additional memory
resource by suppressing the activity of the right SMG by catho-
dal tDCS, the musicians’ performance deteriorates to the level of
the nonmusicians ability as shown in the present results.

As well as specific differences, general task demands differ-
ences between recall and recognition tasks must also be con-
sidered. Schulze, Mueller et al. (2011) showed that different
neural activation patterns emerged in musicians during a pitch
memory recognition task depending on whether unstructured
(atonal) or structured (tonal) material was used. Similar differ-
entiations have also been shown for a spatial task (Bor et al.
2003) and when using audio-visual material (Bor et al. 2004).
Both these studies indicate that strategy is an important factor in
memory tasks which could also be responsible for the lack of
effect on the present recall task (which uses a tonal and struc-
tured approach) after cathodal stimulation of the right SMG in
musicians. It is likely that musicians were able to chunk the
pitch information in the recall task (Schulze, Mueller et al. 2011)
and that this strategy relies on other neural systems, which are
less sensitive to stimulation effects.

No effect of stimulation was found on the pitch recall task in
musicians. One factor that may contribute to this finding is that
musicians performed at ceiling (91% accuracy). However,
another consideration is that different memory tasks, and task
demands may recruit different neural networks. For example,
a tDCS study by Berryhill et al. (2010) showed impaired
working memory performance on a recognition but not a
recall task, after cathodal stimulation over the right inferior
parietal cortex, therefore indicating that different processes
and underlying neural circuits were involved. Moreover, in the
present nonmusicians group, the diminished performance in
the pitch recall task after cathodal tDCS over the left SMG was
only significant for longer sequences with higher memory
demands.

All the above evidence leads to the conclusion that the
SMG in general is involved in more demanding pitch memory
processes and—particularly—in the storage of pitch infor-
mation (Sakurai et al. 1998; Rinne et al. 2009). This is also in
accordance with a study by Wehrum et al. (2011) who reported
the activation of the SMG in a pitch discrimination task in
children only in harder trials with subtle pitch changes and
not during easier trials with robust changes. Furthermore, a
review of behavioral performances in fMRI studies, reveals that
those which reported activation in the SMG also found lower
performances on the pitch memory task (Gaab et al. 2003;
Rinne et al. 2009; Schulze, Zysset et al. 2011) compared
with studies which do not show an activation of the SMG and
high task performances of 90% (Zatorre et al. 1994; Jerde et al.
2011).

Regarding the CFMT+ (Russell et al. 2009), the results show,
as expected, no effect of cathodal stimulation (Schaal et al.
2013), neither over the left nor right SMG, indicating that the
causal involvement of the left and right SMG, respectively, is
specific to pitch memory in the present study. Even though the
visual control task is not perfectly matched in terms of task
procedure and demands, the lack of modulation effect across
conditions, the trial-by-trial working memory paradigm in Part
1 and the more long-term memory approach in Part 2, strongly
supports the specific involvement of the SMG in pitch
memory. Furthermore, the performance on the visual control
task did not differ between musicians and nonmusicians, con-
firming that musicians do not show overall superior memory
abilities (Tierney et al. 2008).

Finally, the present data show that the musicians outper-
formed the nonmusicians on both pitch memory tasks indicat-
ing that, as experts in the auditory domain, they have developed
and dispose a pronounced memory system that allows them to
memorize more musical material (Williamson et al. 2010;
Schulze et al. 2011). However, the analysis of the recall task also
shows that musicians as well as nonmusicians show a linear
decline of pitch memory performance, as sequence length in-
creases, showing that memory capacity is limited (Baddeley
1986). It can be proposed that the decline in performance in
nonmusicians after cathodal tDCS over the left SMG that was
only significant in longer sequences with higher memory load
might also be found in the musicians group (probably with
right hemispheric specialization) if sequences were longer
(up to 10 tones per sequence). This hypothesis needs to be in-
vestigated in future research. In this context, it is also important
to note that the study uses a cross-section approach by compar-
ing musicians and nonmusicians, and therefore we cannot rule
out preexisting structural and functional differences. In order to
shed further light on this issue a study including participants
with a broader range of musical experience and a correlation
analysis with years of training would be desirable.

In summary, the present study provides evidence for the
different and distinctive causal involvement of the SMG in
nonmusicians and musicians in the pitch memory process.
A significant downward modulation of pitch memory perform-
ance (recognition and recall) after cathodal tDCS over the left
SMG was only found in nonmusicians. In the musicians group,
a selective effect was found on the pitch recognition task but
only after stimulation of the right SMG. These combined
results suggest a hemispheric specialization of the SMG for
pitch memory depending on musical expertise and training.
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pitch memory processes and activity within the left supramarginal gyrus (SMG). Building
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led to significantly increased reaction times compared to control conditions. In Experiment
2 no rTMS modulation effects were found during encoding. Experiment 3 was conducted as
a control for non-specific stimulation effects; no effects were found when rTMS was
applied over the left SMG at the two different time points during a perceptual task. Taken
together, these findings highlight a phase-specific involvement of the left SMG in the
retention phase of pitch memory, thereby indicating that the left SMG is involved in the
maintenance of pitch information.
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1. Introduction

Functional brain imaging studies of pitch memory have
revealed the involvement of a complex neural system in pa-
rietal, temporal and frontal areas (e.g., Koelsch et al., 2009).
One area that is consistently highlighted across studies is the
left supramarginal gyrus (SMG) (Ellis, Bruijn, Norton, Winner,
& Schlaug, 2013; Gaab, Gaser, Zaehle, Jancke, & Schlaug,
2003). Recently, studies using transcranial direct current
stimulation (tDCS) have implied that the left SMG is causally
involved in pitch memory processes (Schaal, Williamson, &
Banissy, 2013; Vines, Schnider, & Schlaug, 2006). Suppressing
left SMG function using cathodal tDCS leads to a deterioration
in pitch recognition ability (Vines et al., 2006), while increasing
left SMG excitability with anodal tDCS results in a facilitation
of pitch memory (Schaal et al,, 2013). In combination, these
studies provide evidence that left SMG activity is important for
the output of pitch memory, but the exact role of the left SMG
in the pitch memory process remains unknown.

Another issue with previous work is that tDCS provides a
relatively large window in which cortical excitability within a
brain region can be modulated. In this regard, it is not clear
whether the left SMG plays a causal role throughout the pitch
memory process or in specific phases. Two major time-
specific phases of pitch memory are of interest to the pre-
sent study: encoding and retention. In the encoding phase,
new pitch information is perceived and the tones are encoded
in relative relationships with each other, whereas in the
retention interval this same information is maintained and
rehearsed. Schulze, Miiller, and Koelsch (2011) showed that
encoding and retention in auditory memory rely on disso-
ciable brain activations.

Transcranial magnetic stimulation (TMS) is a method bet-
ter suited for investigating a phase-specific involvement of the
left SMG in pitch memory. This method enables a spatially
and temporally precise modulation of neural mechanisms on
a trial-by-trial basis (Walsh & Cowey, 2000). For example, 5 Hz
repetitive TMS (rTMS) over the precuneus has been shown to
interfere with a visual working memory task differently when
applied in the retention interval or during the re-presentation
of the recognition probe (Luber et al., 2007). This finding
demonstrates the effective use of TMS for interfering with the
time-specific stages of a memory process.

Here, we used rTMS to examine the causal role of the left
SMG at different time-specific phases of the pitch memory
process (retention and encoding), by adopting a similar phase-
specific stimulation design to Luber et al. (2007). In Experiment
1, we examined the role of the left SMG in the retention phase
of pitch memory. In Experiment 2, we focused on the encoding
phase. In both experiments, participants completed a pitch
memory recognition task, where they heard two six-tone long
pitch sequences and judged whether they were the same or
different (a protocol adapted from Williamson & Stewart,
2010). Participants completed this task under three stimula-
tion condition: rTMS over the left SMG; rTMS over the vertex
(active control site); No TMS. The onset of stimulation was
varied between each experiment with rTMS being applied
either during the retention phase (after hearing the first
sequence) or during the encoding phase (while hearing the

first sequence). Finally, a control experiment was conducted
to test for non-specific disruption effects of rTMS. In Experi-
ment 3, participants completed a perceptual task while rTMS
was applied over the left SMG at the two time points used in
Experiments 1 and 2.

2. Experiment 1 and 2
2.1. Experiment 1 and 2 methods

2.1.1. Participants

27 participants took part with a mean age of 27.22 years
(SD + 6.51, range 18-38 years). 13 (seven female) subjects
participated in Experiment 1, and 14 (eight female) in Experi-
ment 2. Participants were all non-musicians (less than two
years of musical training in the past, not playing an instru-
ment at present) and right-handed (see Table 1 for demo-
graphical details). The study was approved by the ethics
committee of Goldsmiths, University of London and partici-
pants gave informed written consent.

To evaluate musical training, the Musical Training Dimen-
sion from the Goldsmiths Musical Sophistication Index (Gold-
MSI, Miillensiefen, Gingras, Musil, & Stewart, 2014) was used.
This Gold-MSI dimension is comprised of 7 items that assess an
individual's musical training and practice habits. The partici-
pant is asked to rank the items on a seven-point agreement
scale, giving a possible score range of between 7 and 49 points.
The mean score from our sample was 10.9 points, confirming
that they had little or no musical training in the past.

2.1.2. Materials

A pitch memory recognition task was created, modeled on the
pitch memory span task (Williamson & Stewart, 2010) that
was used in one of our previous brain stimulation studies
(Schaal et al., 2013). The task parameters were adjusted to
match the TMS parameters.

80 pairs of six tone long pitch sequences were created. In 40
trials the two sequences were the same (same tones in iden-
tical order) and 40 were different (same tones in both se-
quences but in the latter sequence two tones were in reversed
order). All sequences were created from a pool of 10 triangle-
waveform tones (equally tempered, whole tone steps) with
fundamental pitches ranging from 262 Hz (C4) to 741 Hz (F#5).
Tones were 350 msec long, with a 150 msec pause at the end of
each tone, so in total each sequence was 3 sec long.

In order to create the pitch sequences, the tones were
randomly sampled with the restriction that beginning and end
tones were counterbalanced. There were no direct repetitions
of a tone and adjacent tones were at least two whole tones

Table 1 — Demographical details of participants for
Experiments 1, 2 and 3.

N Age Gold-MSI-  Musical

Score training

Experiment 1 13 (7f/6m) 26.2 years 12.2 0.77 years
Experiment 2 14 (8f/6m) 28.2 years 9.5 0.32 years
Experiment 3 12 (7f/5m) 23.9 years 10.5 0.58 years
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apart. In the different trials, we counterbalanced for the po-
sition of the two reversed tones as well as the size of their tone
interval.

Each trial consisted of two sequences (either same or
different) with an inter-sequence interval of 3 sec. The
sequence length of six tones was chosen as previous studies
have shown that non-musicians have a mean capacity score
of six tones on the related pitch memory span task (Schaal
et al.,, 2013; Williamson & Stewart, 2010). A pilot study with
12 participants confirmed that sequences were at the desired
level of difficulty (Mean: 74.5% correct).

As three blocks were required for the TMS procedure, three
blocks of 24 trials (12 same, 12 different) were created, leaving
8 trials for a practice block. The three blocks were matched for
difficulty based on the results of the first pilot test. A second
pilot test was then conducted, with 10 novel participants who
completed the blocks in counterbalanced order and confirmed
that all three blocks were of equal difficulty (mean scores:
71.3%, 74.5%, 70.0%).

2.1.3.  TMS protocol
TMS was applied by a figure of eight shaped coil (70 mm
diameter) using a Magstim Super Rapid Stimulator (Magstim
Co., UK). The Stimulator was set to 60% intensity of the
maximum stimulator output as per previous studies (e.g.,
Pitcher, Garrido, Walsh, & Duchaine, 2008; Tseng et al., 2010).
rTMS was applied for every trial and a rTMS train lasted
3 sec at 5 Hz (15 pulses). The coil was placed either over the
targeted area, the left SMG or the vertex. The vertex was
included as a control site in order to control non-specific ef-
fects such as tactile and auditory sensations. The left SMG was
located using CP3 of the 10—20 system for electrode place-
ment, which has been shown to be a reliable method to
identify this brain region (Mottaghy, Doring, Miiller-Gartner,
Topper, & Krause, 2002; Schaal et al., in press). The vertex
was identified as the middle of the head, by measuring the
point equidistant between the inion and nasion as well as the
left and right intertragal notches.

The coil was placed above the stimulation site (left SMG or
vertex) throughout the trials and the correct localization was

Experiment 1

checked constantly between trials. On every trial (24 trials per
block; two blocks with active stimulation) 3 sec long rTMS was
applied in the retention interval (starting as soon as the first
sequence finished playing and ending with the onset of the
second sequence; Experiment 1) or encoding interval (rTMS is
triggered with the onset and duration of the first sequence;
Experiment 2) of the trial.

2.1.4. Procedure

Experiments 1 and 2 used a within-subject design. The order
of blocks (block 1, 2 and 3) as well as the order of stimulation
(No TMS, rTMS over the left SMG and rTMS over the vertex)
were counterbalanced.

To begin with the participants completed the practice
phase of the pitch recognition task. In every trial two six-tone
long sequences were played through speakers at a comfort-
able listening level and the participant indicated by button
press whether the sequences were the same or different. They
were instructed to use their index and middle finger of their
right hand to press “1” for same and “2” for different. Partici-
pants heard a burst of pink noise after each trial to minimize
carry over effects (Fig. 1 details the exact procedure). In-
structions were given on screen and participants were asked
to respond as accurately and quickly as possible. After
completing the practice phase, the two stimulation sites, the
left SMG and the vertex, were marked on the participant's
scalp. Finally, before beginning the experiment, one test trial
of 3 sec of 5 Hz r'TMS was applied to each site of stimulation, in
order to check that the participant was fine with the experi-
ence of 'TMS. The participants all reported that the perceptual
sensations for both stimulation sites were the same.

Participants were instructed to concentrate on the se-
quences they heard and to ignore the TMS pulses as far as
possible. Instructions were given on screen, the coil was
placed according to the stimulation condition and the first
block began, containing 24 trials. After completing one block
(with a short pause in the middle to exchange coils), a five
minute break was taken before starting the next block. After
participants completed all three blocks, they filled in the Gold-
MSI questionnaire. In Experiment 1 rTMS was applied during

3 sec 3 sec l 3 sec I I Response I | 2 sec | | 7 sec |
Same
+ o +
X Different? . . .
Sequence 1 Retention Sequence 2 Pink Noise Silence

Y

Experimént 2

Fig. 1 — Timing of a single trial for Experiments 1 and 2. In Experiment 1, 5 Hz rTMS was applied during the retention period
and in Experiment 2, rTMS was applied during encoding of the first sequence.
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the retention phase of each trial and in Experiment 2 rTMS
was applied during the encoding phase of the first pitch
sequence.

2.2. Experiment 1 and 2 results

Median reaction times for correct trials were calculated, as
well as percent correct and d’ scores for the analysis of accu-
racy. The data from percent correct and the d’ score analysis
revealed the same pattern, so only the analysis from the more
sensitive measure of d’ scores are reported in the following
results section.

For the statistical analysis, three outliers were excluded
from the sample. One participant had reaction times more
than four standard deviations above the group mean and two
participants had accuracy scores below chance in at least one
block, indicating that they did not meet the task demands.

2.2.1. Reaction time analyses

For Experiment 1, a repeated measure ANOVA was conducted
with stimulation condition (rTMS over left SMG vs rTMS over
vertex vs No TMS) as the within-subject factor and reaction
times as the dependent variable. This analysis revealed a
main effect of stimulation condition [F(2,2) = 6.50, p = .006,
np = .371]. Contrasts revealed that the reaction times obtained
during rTMS over the left SMG were significantly slower than
reaction times when rTMS was over the vertex [F(;,11) = 21.66,
p = .001, n; = .663] and also significantly slower than No TMS
performance [F(;11) = 5.10, p = .045, ng = .317]. In sum, the
results indicated that stimulation over the left SMG during the
retention phase significantly disrupted the reaction times for
pitch memory (Fig. 2).

For Experiment 2, the same repeated measure ANOVA was
conducted. Unlike Experiment 1, there was no main effect of
stimulation condition for reaction times [Fp22) = 1.33, p = .285,
np = .108]. When applying rTMS during encoding of the pitch
sequence in the memory process, no differences were found
(Fig. 2).

Finally, a post-hoc analysis across the two experiments
was conducted. A mixed ANOVA on reaction times with
stimulation condition as the within-subject factor and experiment
(Experiment 1 vs Experiment 2) as the between-subject factor,
revealed a significant stimulation condition*experiment interac-
tion [F(2,44y = 6.83, p = .003, nf, = .237], confirming the differ-
ential involvement of the left SMG during the retention and
encoding phases of pitch memory.

2.2.2.  Accuracy analyses

For Experiments 1 and 2, two seperate repeated measure
ANOVAs were conducted with stimulation condition (3) as the
within-subject factor and accuracy measured by d’. No sig-
nificant differences were found in Experiment 1 [F(; 52 = .68,
p = .519, n§ = .058] or Experiment 2 [Fz29 = .19, p = .832,
np = .017] (Fig. 2).

3. Experiment 3

The findings from Experiment 1 and 2 suggest a phase-specific
disruption by modulation of the left SMG during the retention

but not encoding phase of pitch memory. However, it
remained possible that this effect may be due to a non-specific
modulation of motor performance. The left SMG has been
reported to be involved in the process of motor attention
(Rushworth, Ellison, & Walsh, 2001) and, given the spatial
distance between the left SMG and the motor cortex, one
might posit that the results of Experiment 1 could result from
an interference with motor responses. To address this possi-
bility, we conducted a control experiment in which rTMS was
applied either late (reflecting the timing of the stimulation
during retention) or early (timing of the encoding interference)
while participants completed a perceptual task (“is the last
tone higher or lower than the second to last tone?”) in which
memory demands were minimal.

3.1. Experiment 3 methods

3.1.1. Participants

Twelve participants (seven female) with a mean age of 23.92
years (SD + 2.19, range 20—27 years) took part in Experiment 3.
They were all non-musicians (less than two years of musical
training in the past, not playing an instrument at present)
with a mean of 0.58 years of musical training and a mean
Gold-MSI score of 10.5 (Table 1, see Section 2.1.1 for informa-
tion about the Gold-MSI questionnaire). The ethics committee
of the Medical Department of the Heinrich-Heine-University
in Disseldorf approved this study and participants gave
informed written consent.

3.1.2. Materials

The same six-tone long sequences were used. Experiment 3
also consisted of three experimental blocks and a practice
block. Only the second sequence of every sequence pair was
used for the perceptual task in Experiment 3. The three blocks
(24 trials each) all consisted of 12 trials where the last tone
compared to the second to last tone was higher and 12 trials
where it was lower.

3.1.3.  TMS protocol

The TMS parameters were the same as those reported in
Experiment 1 and 2. The timeline for the TMS application was
identical even though in Experiment 3 no first sequence was
played. The 3 sec long rTMS trains were either applied
3 sec before the tone sequence (late condition) or 6 sec before
the tone sequence (early condition). A block without rTMS was
also included. Stimulation was applied over the left SMG.

3.1.4. Procedure
Participants completed three blocks of the perceptual task as
part of the within subject design. The order of blocks (block 1,
2 and 3) as well as the order of stimulation (no TMS, late rTMS
over the left SMG and early rTMS over the left SMG) were
counterbalanced.

Before the experiment, participants completed a practice
block of the perception task. After a 6 sec long pause (in which
r'TMS was applied at two different time points in the experi-
mental blocks) a six-tone-long sequence was played and
participants were asked to judge whether the last tone was
higher or lower than the second to last tone. As in the first two
experiments, participants were asked to give their response as
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Fig. 2 — A Bargraphs representing the median reaction time scores for all three blocks for Experiment 1 (left) and Experiment
2 (right). rTMS over the left SMG during the retention period (Experiment 1) led to a significant increase in reaction times. No
modulating effects could be found when applying rTMS during encoding (Experiment 2). The error bars represent SEM
**p = .002, *p = .046 B Bargraphs representing the accuracy scores (d’) for all three blocks for Experiment 1 (left) and
Experiment 2 (right). No significant effects of stimulation condition were found. The error bars represent SEM.

accurately and quickly as possible using their index and
middle finger of their right hand and the keys “1” for “lower”
and “2” for “higher. Participants heard a burst of pink noise
between every trial to minimize carry-over effects.

After the practice block, the location corresponding to the
left SMG was marked on the participants scalp and a test train
of TMS was applied over the left SMG in order to make par-
ticipants familiar with the sensation of the stimulation before
starting the actual task and to ensure that they were fine with
the perceptual sensation of TMS (as per Experiment 1 and 2).

Participants then completed the three experimental
blocks. The procedure was the same as that reported in
Experiment 1 and 2, except that the task was perceptual in
nature and not a memory task. Stimulation was applied ac-
cording to the stimulation condition either late (3 sec before
the tone sequence) or early (6 sec before the tone sequence)
over the left SMG. After completing all three blocks, partici-
pants filled in the German version of the Gold-MSI question-
naire (Schaal, Bauer, & Miillensiefen, 2014).

3.2.  Experiment 3 results

3.2.1. Reaction time analysis

The group mean reaction times for the block without stimu-
lation were 440.54 msec (SD + 186.09), for the early rTMS
condition 448.67 msec (SD + 191.91) and for the late rTMS
condition 423.08 msec (SD + 207.65).

A repeated measure ANOVA with stimulation condition (late
rTMS vs early r'TMS vs No TMS) as the within subject factor
and median reaction times as the dependent factor revealed
no main effect of stimulation condition [F, 25 = .363, p = .699,
np = .032]. ITMS over the left SMG at the late (reflecting the
time point of the retention interval) or early (reflecting the
encoding phase) time point did not affect reaction times
during the perception task compared to No TMS.

3.2.2.  Accuracy analysis
The mean d’ scores, reflecting the accuracy performance, for
the block without TMS were 1.60 (SD + 0.71), for the early rTMS
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condition 1.55 (SD + 0.75) and the late rTMS condition 1.30
(SD + 0.52).

A repeated measures ANOVA with stimulation condition (3)
as the within factor and d’ scores was conducted and also
showed no main effect of stimulation condition [F(325) = 1.67,
p = .21, nj = .132]. The analysis showed no effects of stimu-
lation condition on accuracy performance.

4, Discussion

This study sought to investigate the causal role of the left SMG
across different time-specific stages of pitch memory pro-
cessing. Using a non-invasive brain stimulation method
(rTMS), we disrupted the pitch memory process during the
retention (Experiment 1) and encoding (Experiment 2) phases
of a recognition pitch memory paradigm. In both cases,
stimulation over the left SMG was compared to performance
without stimulation as well as stimulation over the vertex
(control site). The results showed that only rTMS over the left
SMG during retention resulted in a significant increase in re-
action times, therefore supporting the theory that the left SMG
is causally involved in the ongoing maintenance of pitch in-
formation in memory. A third experiment confirmed that
rTMS over the left SMG at the two stimulation time points of
Experiment 1 and 2 (late and early) did not have an effect on
motor responses to a perceptual task; thus our findings from
Experiment 1 cannot be explained by a non-specific modula-
tion of the motor cortex or motor attention. Taken together,
our three experiments support the critical involvement of the
left SMG during retention of pitch information in memory.

The increase in reaction times when rTMS was applied
over the left SMG in the retention phase supports previous
tDCS evidence showing that pitch memory can be modulated
following anodal or cathodal stimulation over the left SMG
(Schaal et al., 2013; Vines et al., 2006). Our findings extend this
prior work by showing that modulating neural activity in the
left SMG leads to a phase-specific shiftin the retention, but not
the encoding phase of the pitch memory processes. Several
previous studies have postulated that the left SMG is involved
in pitch memory retention (Gaab et al., 2003; Sakurai et al,,
1998; Vines et al., 2006), but we provide the first casual evi-
dence for the specific role of the left SMG in the ongoing
maintenance of pitch traces as opposed to earlier encoding
processes.

The present study is a step forward in investigating neural
distinctions of the auditory memory system for the different
stages of memory processing (encoding, retention), a largely
unexplored field. Previous non-invasive brain stimulation
studies using tDCS have revealed causal relationships be-
tween targeted areas and pitch memory (Schaal et al., 2013;
Vines et al.,, 2006) and pitch discrimination (Mathys, Loui,
Zheng, & Schalug, 2010), but few have used non-invasive
brain stimulation to probe how different stages of process-
ing may be influenced by cortical modulation. One rare TMS
study on melodic pitch perception investigated the effect of
off-line TMS (stimulation before the task) on melody
discrimination and found significant modulation effects of
10 Hz rTMS targeted over the right Heschl's Gyrus (Andoh &
Zatorre, 2011), a region associated with melody perception

(Zatorre & Belin, 2001). This finding, alongside the present
study, corroborates the idea that TMS is an effective tool for
investigating the causal involvement of brain areas in pitch
processing.

The involvement of the left SMG for the retention phase in
memory has also been shown by Romero, Walsh, and Papagno
(2006), who investigated the causal involvement of left parie-
tal areas (Brodmann's areas 44 and 40, the latter is comparable
with the location of the left SMG) for verbal short-term
memory. They showed that rTMS, applied during the reten-
tion phase over the targeted areas (compared to the vertex),
affected phonological judgments. This finding is also in
accordance with other studies that have reported SMG acti-
vation during tonal and verbal rehearsal (Schulze, Zysset,
Mueller, Friederici, & Koelsch, 2012) using fMRI, and which
have demonstrated involvement of the SMG in phonological
processing and reading tasks using TMS (Celsis et al., 1999;
Hartwigsen et al., 2010; Stoeckel, Gough, Watkins, & Devlin,
2009). In this context, one may suggest the left SMG plays a
modality general role in auditory memory retention. It will be
important for future studies to examine this directly.

There is some debate with regards to the lateralization of
neural activity relating to pitch memory. Imm et al. (2008)
applied single-pulse TMS at different time points (ranging
between 250 msec and 800 msec after stimulus onset) over the
dorsolateral prefrontal and inferior parietal regions. They
found that during the pitch task reaction times increased
when stimulation was applied over the right inferior parietal
site for all time points and for the audio-verbal condition only
single-pulse TMS at 450 msec over the left inferior parietal
cortex increased reaction times (Imm et al., 2008). These re-
sults contribute to the understanding of how specialized
neural mechanisms may be involved in different auditory
domains. With reference to our study, it should be noted that
the parietal site targeted by Imm et al. (2008) was more pos-
terior to the SMG and also that the working memory task used
by Imm et al. (2008) has different, more complex demands
compared to the pitch memory tasks used in our study. The
selective hemispheric involvement of the SMG in our results is
more comparable to the pitch memory recognition tasks that
have been shown to be left lateralized (Gaab et al., 2003; Vines
et al., 2006). Furthermore, a tDCS study from our laboratory
(Schaal et al., in press) revealed that only cathodal stimulation
over the left SMG but not the right SMG led to a deterioration
of pitch memory performance in non-musicians.

A broader caveat related to TMS studies relates to the
choice of active control site, which in our study was the vertex
(based on the common use of this region in visual and audi-
tory domains; e.g., Romero et al., 2006; Pitcher et al., 2008;
Andoh & Zatorre, 2013; Banissy et al., 2010). The choice of an
active control site is frequently contentious and there is the
possibility that the vertex may produce less superficial scalp
effects relative to left SMG stimulation. However, if superficial
effects of TMS caused the slower reaction times reported in
Experiment 1 then we would expect a similar effect in
Experiment 2. As this was not the case, it is unlikely that the
results reported in Experiment 1 are due to non-specific gen-
eral effects of TMS. Additionally, we acknowledge that using
the 10—20 system for electrode placement is not the most
precise method to localize the left SMG. This method is
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commonly used for targeting brain areas in brain stimulation
studies (e.g., Gallace, Soravia, Cattaneo, Moseley, & Vallar,
2014; Imm et al., 2008; Schaal et al., in press) even though
brain imaging guided targeting would be desirable in future
studies to optimize the precession of TMS.

A further broader issue raised by our study relates to the
constraints of the relatively modest sample sizes used in TMS
experiments. We tested 12—14 participants in each experi-
ment, which is commensurate with the majority of TMS ex-
periments. Although consistent with other work, a sample of
this size does limit the ability to detect small effects that may
be of theoretical interest. In this regard, it is worth mentioning
that our data hints at two interesting potential effects: firstly, in
Experiment 1 the d' scores were the lowest when stimulation
was applied over the left SMG and secondly, the reaction times
in Experiment 2 were decreased when rTMS was applied over
the left SMG during encoding. These potential effects, which
were in line with our hypothesis, may have reached signifi-
cance if sample size and subsequently power had been
enlarged. The issue of modest sample sizes in TMS studies is an
important area for wider consideration in the TMS community.

In conclusion the present study demonstrates a causal role
for the left SMG in the retention phase of pitch memory. In
doing so, the finding broadens our knowledge regarding the
involvement of the left SMG in the pitch memory process: only
rTMS during the retention phase of the pitch sequence
recognition task, and not encoding, modulated performance.
This result confirms that the left SMG is selectively involved in
the ongoing maintenance of pitch information in memory and
offers avenues for future investigations on this topic.
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Abstract

Brain imaging studies highlighted structural differences in congenital amusia, a life-long
perceptual disorder that is associated with pitch perception and pitch memory deficits. A
functional anomaly characterized by decreased low gamma oscillations (30-40 Hz range) in
the right dorsolateral prefrontal cortex (DLPFC) during pitch memory has been revealed
recently. Thus, the present study investigates whether applying transcranial alternating current
stimulation (tACS) at 35 Hz to the right DLPFC would improve pitch memory. Nine amusics
took part in two tACS sessions (either 35 Hz or 90 Hz) and completed a pitch and visual
memory task before and during stimulation. 35 Hz stimulation facilitated pitch memory
significantly. No modulation effects were found with 90 Hz stimulation or on the visual task.
While amusics showed a selective impairment of pitch memory before stimulation, the
performance during 35 Hz stimulation was not significantly different to healthy controls
anymore. Taken together, the study shows that modulating the right DLPFC with 35 Hz tACS
in congenital amusia selectively improves pitch memory performance supporting the
hypothesis that decreased gamma oscillations within the DLPFC are causally involved in
disturbed pitch memory and highlighting the potential use of tACS to interact with cognitive

Processes.

Keywords: congenital amusia, memory, pitch, right dorsolateral prefrontal cortex,

transcranial alternating current stimulation



1. Introduction

Music is an important trait of human culture. In order to process and understand
music, it is essential to be able to perceive and memorize musical material such as musical
pitches. Though, about four per cent of the population lack these abilities and have a
congenital perception disorder, known as tone-deafness or congenital amusia (Kalmus and
Fry, 1980 [1]; Peretz et al., 2003 [2]), which is not caused by insufficient exposure to music, a
hearing deficiency or intellectual impairment (Ayotte et al., 2002 [3]). Behavioural research
has shown that amusia is linked to pitch perception deficits (Foxton et al., 2004 [4]; Hyde and
Peretz, 2004 [5]) and impaired pitch memory (Gosselin et al., 2009 [6]; Tillmann et al., 2009;
[7] Williamson et al., 2010 [8]; Williamson & Stewart, 2010 [9]; Albouy et al., 2013 [10])
whereas the visuo-spatial domain is not affected (Williamson et al., 2011 [11]). Recent studies
have also indicated deficits in language perception or more specifically intonation perception

(Patel et al., 2008 [12]; Liu et al., 2010 [13]; Hamann et al., 2012 [14]).

Brain imaging studies have revealed structural and functional brain differences
compared to healthy controls, predominantly in the frontal and temporal lobes (Hyde et al.,
2006, 2007, 2011 [15, 16, 17] ; Loui et al., 2009 [18]; Albouy et al., 2013 [10]). Using voxel-
based morphometry, Hyde et al. (2006) [15] reported reduced white matter concentration in
the right inferior frontal lobe in amusic individuals, which was accompanied by more grey
matter volume in the same region. In addition, cortical malformations (e.g. thicker cortices) in
the right inferior frontal gyrus and right auditory cortex in participants with congenital amusia
compared to controls were found (Hyde et al., 2007) [16]. A functional magnetic resonance
imaging study revealed abnormal deactivation of the right inferior frontal gyrus and reduced
connectivity of this area to the auditory cortex in amusic brains (Hyde et al., 2011) [17].
Further support for a reduced fronto-temporal connectivity in congenital amusia was revealed

by Loui et al. (2009) [18] suggesting reduced fiber activity in the right arcuate fasciculus

3



compared to matched controls. A recent study by Albouy et al. (2013) [10] investigated short-
term memory for six-tone sequences in congenital amusics using magnetoencephalography
and voxel-based morphometry. The study confirmed anomalies of grey and white matter
concentrations in the right inferior frontal gyrus. Additionally, the study showed that during
the retention of the pitch material the induced low gamma oscillations (30-40 Hz range) in the
right dorsolateral prefrontal cortex (DLPFC) were lower in congenital amusics. This result
suggests that the impairment in maintaining the pitch information in individuals with
congenital amusia might be related to alterations of oscillatory activity in the low gamma

range.

Non-invasive brain stimulation such as transcranial magnetic stimulation (TMS),
transcranial direct and transcranial alternating stimulation (tDCS, tACS) allows to draw
causal involvements of certain brain areas and their function on cognitive performances (e. g.
Miniussi et al., 2013 [19] for a review) and have also been used for therapeutic interventions
(e.g. Kuo et al., 2014 [20] for a recent review). TACS most likely interferes with ongoing
brain oscillations. When stimulation is applied for a longer time period, tACS allows to
influence cortical excitability and can lead to neuroplastic reorganisations (Antal & Paulus,
2013) [21]. Previous studies have also shown the potential use to modulate perception and
cognitive performances (Herrmann et al., 2013 [22] for a recent review). Helfrich et al. (2013)
[23] showed that 10 Hz tACS applied to the parieto-occipital cortex led to an improved
performance in a visual target detection task which was traced back to an entrainment of alpha
oscillations in the targeted area measured by electroencephalography (EEG). Laczo et al.
(2012) [24] applied tACS at different frequencies within the gamma range (40, 60 and 80 Hz)
over the primary visual cortex and revealed that only 60 Hz tACS facilitated contrast

perception. Furthermore, working memory improved when performance was tested during



online theta tACS over bilateral DLPFC compared to post-stimulation testing (Meiron &

Lavidor, 2014) [25].

Building on the results by Albouy et al. (2013) [10], who showed decreased low
gamma oscillations (30-40 Hz) in the right DLPFC while amusics perform a pitch memory
task, the aim of the present study was to investigate whether applying tACS at 35 Hz to the
right DLPFC can facilitate pitch memory abilities in congenital amusia. We hypothesized that
(1) amusics exhibit a selective impairment in pitch memory compared to controls before
stimulation and (ii) that tACS applied with a frequency of 35 Hz to the right DLPFC will

improve pitch memory performance in amusics to the level of healthy controls.

2. Material and Methods

2.1 Participants

Nine amusics (7 female; age: 24.89 + 1.33 years (mean + standard error of the mean,
SEM); musical education: 3.22 + 1.18 years) and eight matched control participants (7
female; age: 23.75 £ 0.70 years; musical education: 3.00 & 1.25 years) took part in the present
study. This modest sample size is common for studies including participants with congenital
amusia. One amusic was excluded from the data analysis as she performed more than three
standard deviations away above the mean in the pitch memory task. All participants were
native speakers of German, right handed, as confirmed by the Edinburgh Handedness
Inventory (Oldfield, 1971 [26]), and had normal hearing (defined as a mean hearing level of
20 dB or less in both ears), which was assessed by pure tone audiometry at 250, 500, 1000,
2000, 3000, 4000, 6000 and 8000 Hz. In addition, exclusion criteria were history or family
history of epileptic seizures or any other neurological or psychiatric disorder, metallic

implants and drug or alcohol abuse. To be considered as amusic, participants had to score



below a cut-off score of 75% on the first four subtests of the Montreal Battery of Evaluation
of Amusia (Peretz et al., 2003 [2]); see material for further details) while all controls scored
88% or higher on the same four subtests.. The mean score of the amusic group was 20.26 +
1.52 for the pitch-based subtests and 24.12 + 2.86 for rhythm. The results of the control group
(pitch-based mean: 27.33 + 1.36, rthythm mean: 27.06 = 1.18) differed significantly from the
values of the amusic group [t(16) = 9.79, p < .001 for pitch-based and t(16) = 2.68, p = .018

for rhythm)].

The study was approved by the ethics committee of the Medical Department of the
Heinrich-Heine-University in Diisseldorf and prior to the study all participants gave their
informed written consent to take part and received a small monetary reimbursement for their

participation.

2.2 Material

The Montreal Battery of Evaluation of Amusia (MBEA, Peretz ef al., 2003 [2]) was
used to categorize the participants as amusic and normal controls. The MBEA contains six
subtests that assess several components of musical perception and memory and is the most
widely used tool to diagnose congenital amusia (e.g. Hyde et al., 2006 [15]; Gosselin ef al.,
2009 [6]; Albouy ef al., 2013 [10]). The first three subtests evaluate melodic organization or
pitch perception (scale, contour and interval), the fourth and fifth subtests evaluate temporal
organisation (rhythm and metre) and the remaining sixth test is a memory test. The amusic
participants completed the MBEA for a firm diagnosis twice, once online and once in the
laboratory, to ensure that participants were categorized as amusics correctly. In addition, all
participants answered a detailed questionnaire about their musical and linguistic background,

ensuring that all participants were native speakers of German and that they had no knowledge



of Sanskrit, Hindi or any other language written with Devanagari, since this script was used in

the visual control task of the main experiment.

We also included a pitch detection and a pitch direction task to determine perceptual
pitch discrimination thresholds in order to ensure that the pitch intervals for the pitch memory
task would be supra-threshold for all participants. The task parameters and procedures were
based on the tasks also used in Williamson & Stewart (2010) [9]. Both tasks were two
alternative forced choice AXB paradigms using an adaptive two-up-one-down staircase
procedure. A trial consisted of three tones, each 600 ms in length. The task was to identify the
target tone that was different to the other two tones. The target tone was with equal
probability either in the first or the last position. When participants gave two consecutive
correct answers, they advanced a level. When they made one mistake, they went one level
down. Each change of level was called a reversal. Each task ended after 15 reversals. For the
pitch detection task, the two non-target tones were steady state tones of 500 Hz. The target
tone was a pitch glide, either upwards or downwards, randomly distributed, centred around
500 Hz. For the pitch direction task, all tones were glides centred around 500 Hz. The target
tone was a glide in the opposite direction to the non-target glides. The direction of target and
non-target glides was distributed randomly but equal. The target glide was initially set to
range 6 semitones. Every time participants advanced a level, the pitch range was reduced;
when participants made a mistake the pitch range was increased. In order to increase the
sensitivity, variable pitch ranges or steps were employed. For the first 5 reversals, the range
comprised a change of 1 semitone. For reversals 6-9, a change of 0.2 semitones and for
reversals 10-15 a change of 0.05 semitones was used. The last 10 trials were averaged to
compute the perceptual threshold of each participant. The two tasks were included to ensure
that participants had a perceptual threshold below 4 semitones so that the pitch contrasts in the

pitch span tasks were well above their thresholds. This was important because the span task



should measure the memory abilities of the participants, which should not be confounded by

pitch discrimination problems.

The main tACS experiment consisted of two tasks: An auditory short-term memory
span task and a visual short-term memory span task. Both tasks followed the same two
alternative forced choice design with an adaptive two-up-one-down staircase procedure. The
procedure and the tone stimuli for the auditory task were adapted from Williamson and
Stewart (2010) [9]. The stimuli were ten sine tones with a duration of 500 ms (including 20
ms fading in and fading out) each with fundamental frequencies ranging from 262 to 741 Hz
in whole tone steps and they were created in Praat (Boersma & Weenink 2014 [27]). For the
auditory task, an initial silence duration of 500 ms was followed by two successive tone
sequences of equal length and the task was to indicate whether the two sequences were the
same or different. The interval between every tone of a sequence was 383 ms and the interval
between the two sequences of a trial was 2 s. The participant responded via mouse click and
each trial ended with 2 s of pink noise in order to diminish any auditory traces before the next

trial started (adopted from Williamson and Stewart 2010 [9]).

The stimuli for the visual memory span task were ten Devanagari letters presented in
black on a white background. Each letter was also presented for 500 ms. Devanagari letters
instead of e.g. numbers, as in Williamson and Stewart (2010) [9], were selected to ensure that
participants would have no phonological representation, which could be influenced by the
tACS. This control task was chosen in order to ensure that the set-up was as similar as
possible to the pitch span task but required only visual memory. The letters were ranked
according to similarity by ten participants in a previous pilot study. Some letters share greater
similarity with each other than others, reflecting, as closely as possible, the relation of the

auditory stimuli. For the visual task, a blank screen was initially presented for 500 ms
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followed by two sequences of Devanagari letters that were presented sequentially. The
interval between every stimulus of a sequence was 383 ms and the interval between the two
sequences of a trial was 2 s, exactly the same as in the auditory task. Each trial ended with the
presentation of a black and white checkerboard for 2 s in order to diminish any visual traces
after the participant responded via mouse click.

The selection of tones or letters, respectively, for a sequence followed a constrained
random sampling without replacement: Adjacent tones had to differ by at least two tones.
Adjacent letters had to be at least two steps apart in their ranking. The two sequences in a trial
were either identical or the position of two tones/letters was reversed in one of the sequences.
In addition, the first and the last item were never switched, except in sequences of two or
three tones. Identical and non-identical trials occurred with the same probability. The
participant’s task was to determine whether the sequences were same or different (Figure 1).
For the auditory task, sequences consisted of only two tones at the beginning. For the visual
task, sequences initially consisted of four letters as pilot studies had shown that the visual task
was slightly easier than the auditory task. The sequence length increased after two
consecutive correct answers from the participant and decreased after one incorrect answer.
Each task was terminated after four incorrect answers. The span, indicating the individual
memory load participants can hold in mind, for each task was calculated by averaging the last

ten trials.

- Insert figure 1 approximately here -

2.3 Neuronavigation and tACS parameters

Neuronavigation (Localite GmbH, Sankt Augustin, Germany) was used to identify the
right DLPFC. The procedure began by measuring characteristic head landmarks of each

participant using predefined points (i.e. inion and nasion; left and right pre-auricular points;
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most posterior and superior points). The individual head coordinates were then mapped on a
standard brain. Finally, a target with the MNI coordinates x=45, y=31, z=25 (Albouy et al.,
2013 [10]) was set as target area (Figure 2). The position of the corresponding entry was then
marked on the participants scalp with a skin-friendly highlighter. Two 5 cm x 5 cm electrodes
covered in saline-soaked sponges were used. One electrode was placed over the target area
and the second electrode was adjusted over the left supraorbital area. TACS was applied for a
maximum of 20 minutes with 5 seconds fade in and fade out with a current intensity of 1 mA
(DC-Stimulator Plus, NeuroConn, Germany). The current density under the electrode was
0.04 mA/cm’. Two stimulation frequencies were tested in each amusic in separate sessions
which were at least 1 week apart: The target frequency was 35 Hz and the control frequency
90 Hz. Participants were blind for the stimulation frequency applied. Six participants reported
a slight flickering in the left eye, predominantly for the 35 Hz stimulation, but were informed
that the flickering can occur depending on individual sensibility which can differ on a daily

basis.

- Insert figure 2 approximately here -

2.4 Procedure

Amusic participants completed three sessions in the laboratory. After having
completed the online-version of the MBEA with a score indicating amusia, the participant
was invited to take part in the present study. In session 1, the participants completed the
MBEA a second time to confirm the perceptual disorder and also filled in a questionnaire
about their musical and linguistic background. Participants completed the pitch detection and
direction at the beginning of session 2. Otherwise, sessions two and three were identical in
their set up which is described in the following (see Figure 3). The participants were tested for

their pitch and visual memory at baseline and during tACS. The stimulation frequencies (35
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Hz vs. 90 Hz) were counterbalanced across participants. For baseline testing the participants
completed the pitch span and visual span task in counterbalanced order in both sessions (e.g.
if a participant started with the pitch span in session two, the same participant started with the
visual span in session three). After baseline testing, neuronavigation was performed to mark
the right DLPFC as stimulation target on the scalp and the electrodes were adjusted. After 2
minutes of stimulation, the participants completed the two memory tasks (pitch and visual
span) in the same order as for the baseline testing. The stimulation ended after 20 minutes. In
two sessions the participant over lasted the stimulation by completing the second task 3
minutes after the stimulation had stopped. The electrodes were removed and participants filled
in a short questionnaire about the two tasks. Sessions two and three were completed one week

apart.

- Insert figure 3 approximately here -

In order to compare performances of the amusic participants with normal musical
perception and memory abilities, controls, matched by age, gender and musical training in the
past, were also tested. The controls completed the pitch detection and pitch direction task as
well as the pitch and visual span task (the latter two in counterbalanced order) in one session.
Controls did not receive tACS. The control participants also completed the MBEA, either in

the same testing session after the two memory tests or in an individual pretesting session.

Participants completed all tasks on a Windows 7 Lenovo Thinkpad Laptop with a
mouse attached to it. All tasks were implemented in Praat (Boersma & Weenink 2014 [27])
and the sessions took place in a soundproof booth. The auditory stimuli were presented via
closed dynamic headphones (Beyerdynamic, DT 770 M, 80 Ohm) at a comfortable level for

the participants.
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3. Results

3.1 Pretests

The thresholds for the pitch detection and direction tasks confirmed that all amusics
(mean scores: 0.44 for pitch detection and 0.89 for pitch direction) as well as controls (mean
scores: 0.36 for pitch detection and 0.19 for pitch direction) had thresholds substantially
below 4 semitones. Table 1 gives an overview of mean group thresholds and independent-
samples t-tests reveal a significant difference between amusics and controls for the pitch
direction task [t(14) = 2.27, p = .039] but no significant difference in the pitch detection task
[t(14) = 0.25, p = .804]. These findings are in accordance with the results reported by

Williamson and Stewart (2010) [9].

- Insert table 1 approximately here -

3.2 Main tACS experiment: Amusics

Table 2 summarizes the span performances for the pitch and visual span tasks at

baseline and during the 35 Hz and 90 Hz tACS condition.

- Insert table 2 approximately here -

When comparing baseline performances of the pitch span task and the visual span
control task, paired-samples t-tests reveal significant differences for the amusics at baseline in
both testing blocks (p-values <.002) confirming the selected memory impairment for musical

material and not memory in general (Williamson et al., 2011) [11].

A repeated measures analysis of variance (ANOVA) with pitch span scores as the

dependent variable and time (baseline vs. online stimulation) and stimulation (35 Hz vs. 90
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Hz) as the within-subject variables revealed no significant effect of time [F(1,7)=.272,p =
618, 5,” = .037] , but a significant effect for stimulation [F(1, 7) = 8.66, p = .022, n,” = .553]
and a significant time*stimulation interaction [F(1, 7) = 6.17, p = .042, 77p2 = .468]. In order to
investigate the significant time*stimulation interaction paired-samples t-tests with Bonferroni
corrections were conducted for the baseline and online tACS comparisons for both
stimulation conditions. Comparing the results in the 35 Hz condition, the paired-samples t-test
revealed a significant improvement in pitch memory performance [#(7) = 3.55, p = .018§]
whereas the comparison in the 90 Hz stimulation condition did not show a significant effect
[¢(7) = .41, p = .696] (Fig. 4). Baseline performances in both session correlated significantly [

=.75, p=.031 and did not differ significantly [#(7) = 1.93, p = .095].

A repeated measures ANOVA for the visual control task with the visual span scores as
the dependent variable and time (baseline vs. online stimulation) and stimulation (35 Hz vs.
90 Hz) revealed non-significant results for both main effects [time: F(1, 7) = 1.34, p = .285,
ny = .161; stimulation: F(1, 7) = 1.01, p = .348, 5,° = .126] and the interaction [F(1, 7) =
0.98, p = .355, npz = .123] indicating that both stimulation conditions had no effect on the

control task. Results are summarized in figure 4.

- Insert figure 4 approximately here -

In this context it is important to note that six participants reported a slight flickering in
the 35 Hz stimulation condition. Thus, we cannot rule out the possibility that phosphenes
induced by this stimulation frequency might have masked a visual memory deficit in amusic
participants, But, comparing visual memory performances during 35 Hz tACS of the
participants who reported phosphenes and the ones who did not, did not reveal a difference
between participants — at least on a descriptive level, weakening the assumption that

phospehenes might have affected the present results.
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3.3 Comparing memory performances of amusics and controls

The control participants showed a mean pitch span performance of 5.4 tones (SD =
1.57) and a mean visual span performance of 6.82 symbols (SD = 1.17). For comparisons
between amusics and controls we calculated overall average baseline performances for the

amusic participants for each task (pitch and visual), respectively as they performed the

baseline 1+baseline 2
2

baseline memory tasks twice ( ). Independent t-tests comparing baseline

performances between the groups (amusic vs. control) reveal a significant difference for the
pitch memory task [#(14) = 2.19, p = .046] (Fig. 5) but no significant difference for the visual
control task [#14) = 1.67, p = .118]. When comparing the 35 Hz tACS pitch memory
performance of the amusics with performance of the controls, independent-samples t-tests
show that performances do not differ significantly anymore [#(14) = 1.08, p = .298] (Fig. 5).
This result highlights that 35 Hz tACS to the right DLPFC in amusics leads to a comparable
performance to individuals with ‘normal’ pitch memory suggesting that modulating the
function of the right DLPFC at 35 Hz in amusics has the potential to overcome the perceptual

dysfunction.

- Insert figure 5 approximately here -

4. Discussion

The present study investigated whether the decreased low gamma oscillations in the
right DLPFC during pitch memory in congenital amusia is causally involved in the pitch
memory deficit typical for this perceptual disorder. To this end, tACS with a frequency of
either 35 or 90 Hz was applied to the right DLPFC while participants with congenital amusia

performed a pitch memory recognition task, as well as a visual control task. The results show
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that pitch memory improved significantly in congenital amusia when 35 Hz tACS was applied
while a stimulation effect was neither found on the visual control task nor when applying
tACS at 90 Hz. The present result is in accordance with our hypothesis to find a significant
improvement after 35 Hz on the pitch memory task as Albouy et al. (2013) [10] showed
decreased low gamma oscillations during pitch memory, which is impaired in congenital
amusia. The visual control task was not affected, which is also in line with previous research
(Williamson et al., 2011 [11]). This result supports the hypothesis that the affected function of
the right DLPFC in congenital amusia is a key factor of the perceptual disorder. But, it is
important to note that the study concentrated on investigating the function of the right DLPFC
in amusics only as it is based on the study by Albouy et al. (2013) [10]. We do acknowledge
that other brain areas that have been shown to be abnormal in amusics such as the inferior
frontal gyrus and the auditory cortex (Hyde et al., 2006, 2007, 2011 [15, 16, 17]; Loui et al.,

2007 [18]) are also relevant for the neural basis of this congenital disorder.

4.1 Functional significance of the right DLPFC and gamma oscillations for memory in

general

The present result fits well into previous research, which revealed a close association
of the DLPFC and memory functions. Numerous functional imaging studies have highlighted
the activation of the DLPFC during recognition and working memory (e.g. McDermott et al.,
2000 [28]; Narayanan et al., 2005 [29]) and also non-invasive brain stimulation has been used
frequently to investigate the involvement of the DLPFC for memory processes (see Brunoni
& Vanderhasselt, 2014 [30] for a recent review). It has also been shown that gamma
oscillations in the inferior frontal lobes are closely linked to auditory and visual memory

processes (Howard et al., 2003 [31]; Kaiser et al., 2003 [32]). A review from Jensen et al.
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(2007) [33] highlights the general association of gamma oscillations with memory and

attention.

4.2 Pitch memory in amusics compared to healthy controls

In order to compare the memory performances of congenital amusics with individuals
who have an intact music perception, the present study also included matched controls. The
comparison of the two groups at baseline showed that amusics, compared to controls, show a
selective impairment in pitch memory. On the visual control tasks no group differences were
found. This is in accordance with previous studies, which have shown that congenital amusics
show impaired pitch memory whereas spatial memory abilities are not affected (Tillmann et
al., 2009 [7]; Williamson & Stewart, 2010 [9]; Williamson et al., 2011 [11]). Most
importantly, when comparing the performance of the pitch memory task of amusics when
receiving 35 Hz tACS and the performance of controls, a non-significant result was revealed.
This finding shows that the memory deficits of amusics can be overcome by modulating the
functionality of the right DLPFC by tACS at 35 Hz and it provides further support that the
right DLPFC is a key brain area for pitch memory (Albouy et al., 2013 [10]; Jerde et al., 2011
[34]; Zatorre et al., 1994 [35]). It would be desirable for future studies to investigate the
reverse situation and to see whether suppressing the activity of the right DLPFC with cathodal
transcranial direct current stimulation in musically intact individuals would lead to a decline
in pitch memory and maybe also pitch perception deficits. In this regards, Loui et al. (2010)
[36] showed that cathodal transcranial direct current stimulation over the inferior frontal and
superior temporal regions led to a deterioration of performance in a pitch matching task in

healthy individuals but memory functions were not examined in this study.
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4.3 Limitations

Although the data reveals evidence for the assumption that tACS at 35 Hz applied over
the right DLPFC overcomes the pitch memory deficit in congential amusia, the following

limitations need to be considered.

As the study did not include neurophysiological recordings like EEG or
magnetoencephalography (MEQG), the interpretation of how the 35 Hz tACS affected the
function of the right DLPFC is limited. Based on previous research which has shown that
applying tACS with a specific frequency can lead to an entrainment of the ongoing
oscillations with the induced frequency (Zaehle et al., 2010 [37]; Helfrich et al., 2014 [23]),
we would like to argue that entrainment is also the key mechanism our results are based on.
By applying the frequency of 35 Hz to the right DLPFC of amusics, we strongly believe that
an entrainment of the ongoing neural oscillations with the externally applied 35 Hz frequency
occurred. As Albouy et al., 2013 [10] have shown that an increase in low gamma oscillations
in the right DLPFC was found in healthy controls during pitch memory, it is likely that we
have externally induced this increase in amusics and that the facilitation of pitch memory is

the result of the entrainment of 35 Hz oscillations.

Furthermore, it is notable that the baseline performance in the 35 Hz stimulation
condition was descriptively, but not statistically significant, lower than the baseline
performance of the 90 Hz tACS session. Thus, we cannot exclude the possibility that during

90 Hz tACS further improvement did not occur simply due to a ceiling effect.

Additionally, amusic participants completed the span tasks twice in each session and
one might suggest that practice effects could also account for the improvement in pitch
memory in the 35 Hz stimulation condition. But as we counterbalanced the order of

stimulation (35 Hz vs. 90 Hz) and we do not find any improvement in the 90 Hz session when
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participants performed the pitch span task the second time during stimulation, we would like
to argue that practice effects are fairly unlikely. Also, the results of the visual control task
support the claim that practice effects are not present in these task paradigms using this

experimental set-up.

Finally, also the results of the visual control task should be discussed here in the
limitation section. The aim of the control task was to create a task which does not allow
participants to use any form of auditory phonological representations and is identical to the
pitch span task in its procedure and memory parameters. As the application of 35 Hz tACS is
more likely to provoke phosphenes as shown by a recent study (Turi et al., 2013 [38]) and as
reported by two thirds of our sample, we cannot rule out completely that this may have
affected our results. It is theoretically possible that the 35 Hz stimulation improved visual
memory as well but the sensations of phosphenes compensated for this effect. But as the
comparison between the ones who reported a slight flickering and the ones who have not does
not show any disadvantages for the group with the visual sensation, we would argue that the
phosphene sensation does not interfere with memory performances and a potential facilitatory

effect of tACS on also the visual memory task in the present experiment.

4.4 Conclusion

In sum the present study reveals that affected pitch memory abilities in congenital
amusia can be facilitated by applying tACS at 35 Hz to the right DLPFC. No modulation
effects were found on a visual memory task or when applying 90 Hz stimulation. Therefore,
the study reveals first evidence for a causal link between the dysfunction of the right DLPFC

as indicated by reduced low gamma oscillations and pitch memory deficits in congenital
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amusia. Additionally, the results show that modulating the function of the right DLPFC with

tACS can overcome the congenital disorder.
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Table 1 — Group thresholds for the pitch detection and direction tasks in tones with the
standard error of mean.

Pitch detection  Pitch direction

Amusics 0.44 +£0.22 0.89+0.31

Controls 0.36 £0.22 0.19+0.03
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Table 2 — Overview of pitch and visual span performance of amusics. Displayed are mean
scores and the standard error of mean.

Pitch — 35 Hz Visual —35 Hz Pitch — 90 Hz Visual — 90 Hz

Before tACS 3.61 £0.36 5.84+0.59 4.28 £0.53 6.01 £0.45

During tACS ~ 4.64 £0.52 5.28+0.42 4.38 £0.52 6.11 £0.54
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Figure Legends

Figure 1

Two examples of trials for the span memory tasks. Tones (pitch span) and Devanagari letters
(visual span) were presented in succession and in both examples the second and third item are
in reversed position and therefore the answer ‘different’ would be correct.

Figure 2
Using neuronavigation the targeted area of the right DLPFC was defined by the MNI
coordinates x=45, y=31, z=25 (Albouy et al., 2013).

Figure 3

Timeline of the two tACS sessions for the amusic participants. After being diagnosed with
congenital amusia in the first session, amusics returned to session two and three (one week
apart) for the stimulation and received either 35 Hz or 90 Hz tACS in counterbalanced order.

Figure 4

35 Hz tACS led to a significant facilitation of pitch memory performance in congenital
amusia. Furthermore, the data reveal that at baseline amusics showed a selective impairment
in pitch memory as the pitch and visual performances at baseline were significantly different.
Error bars represent the standard error of mean.

Figure 5

Baseline performances between the amusics and controls differed significantly on the pitch
span task, whereas this difference is not significant anymore during 35 Hz stimulation. Please
note that in amusics baseline overall performance was averaged across the two baselines of
the 35 and 90 Hz stimulation sessions. Error bars represent the standard error of mean.
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Figure 3
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Figure 4
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Figure 5
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