N
N

N

HAL

open science

Behavioral and neurophysiological correlates of auditory
perception and memory: evidence from congenital

amusia
Philippe Albouy

» To cite this version:

Philippe Albouy. Behavioral and neurophysiological correlates of auditory perception and memory :
evidence from congenital amusia. Neurons and Cognition [g-bio.NC]. Université Claude Bernard -

Lyon I, 2013. English. NNT: 2013LYO010316 . tel-01148531

HAL Id: tel-01148531
https://theses.hal.science/tel-01148531

Submitted on 4 May 2015

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://theses.hal.science/tel-01148531
https://hal.archives-ouvertes.fr

W

Université Claude Bernard l Lyon 1 UNIVERSIT= D= LYON

//I

N° d’ordre 316-2013 Année 2013

THESE DE L‘UNIVERSITE DE LYON
Délivrée par
L>UNIVERSITE CLAUDE BERNARD LYON 1
ECOLE DOCTORALE NEUROSCIENCES ET COGNITION
DIPLOME DE DOCTORAT
(arrété du 7 aott 2006)

Mention : Neurosciences

soutenue publiquement le 19 décembre 2013

par

Philippe ALBOUY

Behavioral and neurophysiological correlates of auditory perception
and memory: evidence from congenital amusia

Directeur de thése : Dr Barbara Tillmann ; co-encadrement : Dr Anne Caclin
JURY : Mme Lauren Stewart (Rapporteur)
Mme Nathalie George (Rapporteur)
Mme Mari Tervaniemi (Examinateur)
Mme Barbara Tillmann (Directeur de thése)
Mme Anne Caclin (Co-encadrant de thése)

M. Fabien Perrin (Examinateur)






UNIVERSITE CLAUDE BERNARD - LYON 1

Président de I’Université M. Francois-Noél GILLY
Vice-président du Conseil d’ Administration M. le Professeur Hamda BEN HADID
Vice-président du Conseil des Etudes et de la Vie Universitaire ~ M. le Professeur Philippe LALLE

Vice-président du Conseil Scientifique M. le Professeur Germain GILLET
Directeur Général des Services M. Alain HELLEU

COMPOSANTES SANTE
Faculté de Médecine Lyon Est — Claude Bernard Directeur : M. le Professeur J. ETIENNE
Faculté de Médecine et de Maieutique Lyon Sud — Charles Directeur : Mme la Professeure C. BURILLON
Mérieux

Directeur : M. le Professeur D. BOURGEOIS
Directeur : Mme la Professeure C. VINCIGUERRA
Directeur : M. le Professeur Y. MATILLON
Directeur : M. le Professeur P. FARGE

Faculté d’Odontologie
Institut des Sciences Pharmaceutiques et Biologiques
Institut des Sciences et Techniques de la Réadaptation

Département de formation et Centre de Recherche en Biologie
Humaine

COMPOSANTES ET DEPARTEMENTS DE SCIENCES ET TECHNOLOGIE

Faculté des Sciences et Technologies Directeur : M. le Professeur F. DE MARCHI
Département Biologie Directeur : M. le Professeur F. FLEURY
Département Chimie Biochimie Directeur : Mme le Professeur H. PARROT
Département GEP Directeur : M. N. SIAUVE

Département Informatique Directeur : M. le Professeur S. AKKOUCHE
Département Mathématiques Directeur : M. le Professeur A. GOLDMAN
Département Mécanique Directeur : M. le Professeur H. BEN HADID
Département Physique Directeur : Mme S. FLECK

Département Sciences de la Terre Directeur : Mme la Professeure I. DANIEL

UFR Sciences et Techniques des Activités Physiques et Sportives Directeur : M. C. COLLIGNON

Observatoire des Sciences de I’Univers de Lyon Directeur : M. B. GUIDERDONI
Polytech Lyon Directeur : M. P. FOURNIER
Ecole Supérieure de Chimie Physique Electronique Directeur : M. G. PIGNAULT
Institut Universitaire de Technologie de Lyon 1 Directeur : M. C. VITON

Institut Universitaire de Formation des Maitres Directeur : M. A. MOUGNIOTTE

Institut de Science Financiére et d'Assurances Administrateur provisoire : M. N. LEBOISNE






A Papa et Maman,
A Jeubine, Mimi, Ninou et Fifi,

A Ginette,






Remerciements

Mes premiers remerciements vont a mes directrices de thése, Barbara Tillmann et Anne
Caclin, qui m’accompagnent avec toujours autant d’enthousiasme depuis maintenant preés de quatre
ans. Je voudrais vous témoigner toute mon admiration et vous adresser ma profonde reconnaissance
pour toutes les choses que vous m’avez apprises, pour votre patience, votre curiosité contagieuse,
votre disponibilité, votre immense soutien et votre ouverture d’esprit. Merci aussi d’avoir facilité mes
allers-retours montréalais avec autant de simplicité. Je pense que je ne le dirai jamais assez, merci
Anne et Barbara!

Je tiens ensuite a remercier Isabelle Peretz, Robert Zatorre et Patrick Bermudez, qui m’ont
encadré et chaleureusement accueilli au cours des différents séjours au BRAMS. Merci pour votre
disponibilité et vos conseils avisés !

Je remercie sincérement Mesdames Lauren Stewart et Nathalie George pour avoir accepté
d’étre rapporteurs de ce travail de these, ainsi que Mme Mari Tervaniemi et M. Fabien Perrin pour leur
participation au jury.

Je remercie chaleureusement tous les membres de I’équipe CAP et de 1’équipe DYCOG dans
lesquelles j’ai passé tant de bons moments. Dans le désordre, merci a Olivier pour sa bonne humeur et
sa gentillesse qui illuminent tout le laboratoire, a Jérémie pour ses conseils et son aide précieuse.
Merci a mes sujets pilotes préférés (ils se reconnaitront) qui ont du endurer de looooongues sessions
contrdlsie avec qui il est si agréable de travailler, merci a Floris pour sa joie de vivre, sa gentillesse et
pour me laisser gagner de temps en temps au squash. Merci PierreM Superman pour ses pouvoirs
transatlantiques. Merci a Mathilde, Jean-Philippe, Marcela et Juan pour leur aide dans la réalisation
des protocoles intra. Merci a JB, alaMargauxPerrin, Mani, Julien, Tatiana, Martine, Aline, Claude,
Etienne, Framboise, Christina, Thibaut, Maité, Alexandra, Patrick, Aymeric, Subliminal, Tomas,
Dominique, Perrine, Suzanne, Laurie-Anne, Carolina, Niko, Fabien, Marie-Héléne et Marie-Anne
pour leur gentillesse, leur humour et leur sympathie, qui font de ces laboratoires des lieux ou il fait si
bon vivre, et travailler. Merci a Aurélie et Sylvain pour leur générosité et leur aide, a Karim pour ses
TGFs, son Dycog foot/frisbee et pour son aide précieuse dans mes recherches de post doc.

Un immense merci au cousin ManuDocMaby et son compére DocBouet pour leur aide
constante et pour leur amiti¢. Merci a mes grands amis, a ce cher triouple de Gaéthein, Loulou et
Matou ainsi qu’a Ludwig van Ludo, qui m’accompagnent si joyeusement depuis quelques années
maintenant. Merci Alex, Anne-Lise, Flo, Jo, Caro, Fabfab, pour tous ces chaleureux moments passés
ensemble. Je remercie mes plus vieux copains, Duny, Aude, Vivi, Titi, JC, Nobral, Nico, Gu, Doudi,
Mine, GuiGui, Ayoun, pour leur amitié sans faille. Merci a AL, Oli, Fabi, Matoche, Pierre-Armand,
Kathrin, Marion et Patrick qui ont donn¢ a mes s¢jours répétés a Montréal ce gott de reviens-y.

Je remercie trés affectueusement ma trés chére famille. Merci Jeubine, Mimi, Ninou, Fifi, pour
avoir toujours pris soin de votre frére et simplement parce que vous étes trop sensass. Merci a GliGli,
Augusto, Fouiny, Piapia, Poupée, Juju, Petit Paul et Croquette qui participent a rendre cette famille
exceptionnelle.

I n’y a enfin pas de mots pour remercier Papa et Maman (BonPa & Mamou). Merci d’avoir
créé cet univers familial ou 1’on se sent si bien, merci pour votre éternel soutien, votre patience et
votre douceur. Merci a Papa pour nos soirées orangina/clope(s) et merci & Maman pour avoir pris
grand soin de ton fils pendant ces deux mois d’écriture.

Enfin je remercie ma jolie Ginette, probablement la personne la plus drole et la plus sensass de
la terre.






Abstract

The aim of this PhD thesis is to further our understanding about how humans perceive and
memorize complex sound structures. We investigated the behavioral and cerebral correlates of
auditory perception and memory for isolated tones, musical sequences, and verbal material both in
typical listeners and in individuals presenting a lifelong disorder of music perception that has been
referred to as congenital amusia. Using behavioral approaches, we demonstrated that amusic
individuals’ deficits in the pitch dimension are related to impairments both in the encoding of short
tones and in the short term retention of pitch information. Using multimodal neuroimaging methods
(MRIL, MEG, tMRI) we observed anatomical and functional abnormalities in the amusic brain, mostly
in the right frontal cortex and in the right auditory cortex. Functional abnormalities were observed at
each level of processing in short-term memory tasks, that is for encoding, retention, and retrieval of
the melodic information. In contrast, for verbal material, amusic participants recruited similar brain
regions as those observed for controls, thus suggesting that separate neural resources support tonal and
verbal memory. Based on the conclusions made on these first three studies, we explored two
approaches aiming to boost pitch processing abilities in amusia; 1) by investigating whether implicit
knowledge of the western tonal musical system could influence their short-term memory abilities, and
2) by exploring whether amusic individuals’ altered encoding of short tones could be improved by
audio-visual interactions These investigations were encouraging and provide the first steps toward
designing tools of rehabilitation in this musical disorder. To conclude, it is worth underlining that
these studies also improve our understanding of music processing in general, which is the subject of an

increasing research domain that is often making the parallel to language processing.

Keywords: congenital amusia, auditory short-term memory, pitch, verbal memory, implicit
knowledge, non-musician, multisensory integration, Magnetoencephalography, functional Magnetic

Resonance Imaging



Résumé

Ce travail de thése vise a améliorer notre compréhension des mécanismes sous-tendant la
perception et la mémorisation des structures sonores complexes. Nous avons étudi¢ les corrélats
comportementaux et cérébraux de la perception et de la mémoire auditive pour des notes isolées, des
séquences musicales et des séquences de mots, chez des auditeurs typiques et dans l'amusie
congénitale, un trouble permanent de la perception de la musique. En utilisant des approches
comportementales, nous avons démontré que les déficits des individus amusiques dans la dimension
de la hauteur sont liés a des déficits a la fois durant I’encodage des sons courts et dans la rétention a
court terme de l'information musicale. En utilisant des mesures neurophysiologiques (IRM, MEG,
IRMY) nous avons démontré 1’existence d’anomalies anatomiques et fonctionnelles dans le cerveau
amusique, principalement dans les cortex frontal et auditif droits. De plus des anomalies fonctionnelles
ont ét¢ observées a la fois durant l'encodage, la rétention et la reconnaissance de l'information
mélodique lors d’une tdche de mémoire a court terme. En revanche, pour le matériel verbal, les
participants amusiques recrutaient des régions cérébrales similaires a celles des controles, ceci
suggérant que des ressources neuronales distinctes sous-tendent la mémoire tonale et verbale. A partir
des conclusions de ces trois premieres études, nous avons exploré deux approches visant a renforcer
les capacités de traitement de la hauteur dans I'amusie: 1) en étudiant si des connaissances implicites
du systéeme musical occidental tonal pouvaient améliorer leurs capacités de mémoire a court terme
pour les notes, et 2) en explorant si les capacités d’encodage altérées des participants amusiques
pouvaient étre améliorées par des interactions audio-visuelles. Ces études ont été encourageantes et
pourraient guider la conception d'outils de réhabilitation dans ce déficit. Enfin, il convient de souligner
que nos recherches contribuent également a améliorer la compréhension des mécanismes sous-tendant
le traitement de la musique en général, un domaine de recherche émergeant qui fait le paralléle avec le

traitement du langage.

Mots-clés: amusie congénitale, mémoire auditive a court terme, perception de la hauteur, mémoire
verbale, connaissances implicites, non-musiciens, intégration multi-sensorielle,

Magnétoencéphalographie, Imagerie par Résonance Magnétique fonctionnelle.
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Preamble

Over the last decades, substantial efforts in cognitive psychology and neuroscience were made
to study how humans perceive and memorize complex sound structures. Recently, these questions
were assessed by using music as a tool to explore human cognition and brain functioning. Studies
investigating music processing have explored multiple complex cognitive functions (such as
perception, learning, memory, emotions, expertise, or brain plasticity) that have led to major advances
in the understanding of auditory brain mechanisms. However, regarding the neural correlates of music
processing, an open question remains: how much the functional network of music perception and
memory is a distinct or shared system relative to networks processing other auditory materials (e.g.,
speech, timbre)?

While it is now well determined that musical sounds and other ecological sounds (such as
speech) share most of the processing stages throughout the auditory neuraxis, several lines of evidence
have led to the hypothesis of a specialized “musical network™ within the human brain. This hypothesis
came from seminal investigations in brain-damaged patients who exhibited specific musical disorders
(while other cognitive functions were not altered). More recently, this hypothesis received support
from the investigation of a congenital music-related disorder. This disorder has been referred to as
tone-deafness, dysmusia, dysmelodia, and more recently, as congenital amusia. Congenital amusia is a
lifelong disorder of music perception and production, with the most notable impairments along the
pitch dimension. Given that this disorder seems to be music-specific, this condition offers an occasion
to explore the cortical networks underlying music processing and the relationship between music and
language in the brain. While the behavioral underpinnings of this deficit have started to get well
defined, the cerebral correlates of the disorder, in particular related to pitch perception and memory,
are not fully understood yet.

This thesis addresses two main points. First, we aimed to decipher the behavioral and neural
correlates of auditory perception and memory for isolated tones, musical sequences, and verbal
material by investigating these processes in congenital amusia as compared to the normal functioning
brain. Second, we explored whether and how amusic individuals’ pitch perception and memory

abilities could be boosted by exploiting musical implicit knowledge and multisensory integration.






I. Theoretical Background
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Chapter 1
Psychological and Neurobiological Underpinnings of
Auditory Perception

The aim of the present chapter is to introduce very general concepts about auditory perception,
from methods of investigation used in cognitive psychology and neuroscience to a description of the
different processing steps supporting auditory perception in the brain. Depending on the research
domain, two main approaches are used to explore the functioning and architecture of the auditory
system. First, psychologists consider auditory processing as a complex hierarchical system which
includes different processing steps, from auditory sensory encoding to higher level auditory processes
such as memory as well as the influence of attention. The second approach is supported by
neurobiologists who represent the auditory system as a dynamic, hierarchical, connected system
supported by interaction between multiple brain areas. The main aim of contemporary cognitive
neuroscience is to decipher the relationship between the psychological processes and the functional

organization of the auditory areas in the brain.

1.1. Perception and perceptual systems

Human beings experience the world through their senses. Information from the environment is
captured by multiple sensory (or perceptual) systems (auditory, gustatory, somatosensory, visual and
olfactory). The definition of perception was originally debated through two alternative theories. In
1785, Reid (Reid and Hamilton, 1850) defined perception as an act of the mind, that is systematically
dealing with consciousness. This theory suggests that perceiving objects (internal or external) depends
on two characteristics: (1) the existence of an internal conception of the perceived object (referred to
as mental object) and (2) a belief that this object exists. This theory suggests that perception needs an
obligatory intervention of intellectual processes, the act of perceiving and its corresponding
‘sensation’ occurring simultaneously.

The alternative theory was introduced by Gibson (Gibson, 1966) who suggested that senses can
obtain information about external information without construction of a mental object. Gibson
proposed thus a more ecological theory considering that objects could be processed directly by the
perceptual systems. He therefore distinguishes the input to the nervous system that evokes conscious
sensation from the input that evokes perception (the stimulus information can determine perception

without having to enter in consciousness in the form of sensation).
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Chapter I: Methods of investigation

However, it is relevant to note that the frontier between these two theories seems not clearly
delineated as both conscious and unconscious perceptions require sensory information to be processed
by the perceptual systems. By adopting this simple view, seminal researches in cognitive psychology
and neuroscience have tried to determine the functional brain mechanisms that underlie perception
within the perceptual systems. Based on this general framework, a simple question remains: how can
we define anatomically and functionally a perceptual or sensory system?

While seminal concepts in cognitive neuroscience have considered that perceptual systems in the
brain are supported by isolated brain areas, recent theories go beyond this view notably by considering
that perception is supported by highly hierarchically organized functional systems that involve
dynamic interactions between brain areas.

This theory allows us to consider the brain as a constructive or predictive organ that actively
generates inferences from its sensory inputs using an internal or generative model (Friston, 2003),
these inferences being produced consciously or unconsciously (see Helmholtz's original writings on
unconscious inference (Helmholtz, 1866/1962)).

The present PhD thesis is embedded in this contemporary framework that considers the brain as a
computational system designed to make inferences about properties of a physical environment. We
assume that these processes are supported by local and large scale interactions between several brain

areas (Friston, 2003; Mumford, 1992; Rao and Ballard, 1999; Varela et al., 2001).

1.2. Methods of investigations

Two main approaches are currently used for the study of perception. First experimental
psychology methods, such as psychophysics and cognitive psychology, are exploring human cognition
as revealed by behavioral performance. The second approach consists in the exploration of the
cerebral bases of perception by numerous methods, from electrophysiology in animals to cerebral

imaging studies in Humans.

1.2.1. Experimental psychology

The purpose of experimental psychology is the investigation of human mental faculties
including, among others, perception by using behavioral methods. This approach is based on three
main components: 1) psychophysics, which aims to quantitatively analyze the relationship between a
sensation and the physical characteristics of the stimulus, 2) cognitive psychology, which tries to
decompose a mental faculty into small components that interact, and 3) neuropsychology, which uses
behavioral studies in brain-damaged patients to make the parallel between psychology and brain
functioning The following paragraphs will briefly present these branches of experimental psychology

for the specific case of auditory perception.
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Psychoacoustics

Psychoacoustics is the branch of psychophysics that aims to study the sensation raised by
sounds, and its relationship with stimulus characteristics (intensity, frequency, etc.). Various questions
are addressed in this domain by using different protocols: from the determination of perception
thresholds for low intensity level stimuli, over discrimination thresholds of pitch, to the study of more
complex phenomena, such as masking effects. In general, these studies allow making inferences about
the early steps of the auditory processing (such as cochlear encoding) in the nervous system. A review

of psychoacoustic approach could be found in Moore’s book (Moore, 2003).
Auditory cognition

As described by McAdams and Bigand (McAdams and Bigand, 1993), auditory perception
encompasses a broader set of mechanisms than those explored by psychoacoustic methods. To
understand auditory perception as well as high-level cognitive processes (i.e. speech, music
perception), the exploration of additional cognitive abilities such as memory or attention is needed.
This approach proposes that perception is a way to acquire knowledge about our surrounding world,
with this previously acquired knowledge then impacting on our perception of the environment. The
distinction between psychoacoustic and auditory cognitive approaches is however artificial, and might
be more considered as a continuum. In order to explore a given cognitive skill (e.g. perception), one
branch of cognitive psychology and neuropsychology illustrates this skill by interactions between
processing modules (in a determined order). The role of the psychologist is to determine the function
of each of these modules and to explore their relationships with other modules through information
pathways. Nowadays, cognitive psychology approaches have developed several other methodologies
to explore cognitive processes, notably by modeling the behavior by computational systems, exploring
and developing artificial intelligence or by proposing interactive models. In addition to these

approaches, auditory perception can be investigated through the study of its cerebral bases.

Neuropsychology

Seminal advances in the exploration of human brain function were done with behavioral
studies in brain-damaged patients. By studying the link between the location of the brain lesion and
the observed patient’s deficits at the behavioral level allows making inferences about the role of the
damaged brain structure. However note that this approach cannot show directly the potential changes
in functional organization (related to brain plasticity) that can be observed in these patients (Muller

and Knight, 2006).
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1.2.2. Access to auditory brain functions

Brain activity is the consequence of interactions between neurons: a given neuron receives
information from other neurons via synaptic communication (at its dendrites), and then transfers a new
message to its target neurons through its axon (Warren, 2008). The processing of information requires
that populations of neurons coordinate their activity. A simple model is to consider that a
homogeneous local brain region (such as cortical column) receives afferents from a number of other
brain regions or sensory receptors. These afferents leads to functional communication between regions
allowing the information to be integrated in a given local region (via interactions between local inter-
neurons). The resulting information is then sent via efferent pathways to remote structures. According
to Varela, this architecture composed of local and large neural networks in the brain allows the
integration of a “symphony of emotions, perceptions, thoughts and actions” (Varela et al., 2001).

Within this global network, it is therefore interesting to investigate the underlying
physiological processes of each step of the integration chain including single cell physiology,
interactions between neurons in a local region, and the coordinated activity between distant regions
(cortico-cortical and cortico-subcortical interactions). Several methods in cognitive neuroscience were
elaborated to explore brain functioning. These approaches are briefly described in the following

paragraphs.
Single unit electrophysiology

Neuronal activity can be studied with recordings of electrical phenomenon associated to cell
activity (postsynaptic potentials on the dendrites and soma, and action potentials in axons). This is the
goal of single unit and multiunit electrophysiology recordings in animals, which uses electrodes that
are implanted in a given cerebral area of interest. This recording technique allows measuring the
activity of a cell population, by measuring local field potential (LFP) that reflects dendrites and soma

activities (post-synaptic activity) (Baker et al., 1999).

Human electrophysiology

Local recordings of neuronal activity are also possible in humans in the special case of
patients affected by pharmaco-resistant epilepsy and who benefit of intra-cerebral electrodes
implanted in the brain (used for functional clinical investigation before surgery). In this specific case,
electrical signals could be collected when patients perform of perceptual or cognitive tasks
(Stereotactic electroencephalography, SEEG; or intracranial electroencephalography iEEG)(Lachaux
et al., 2012). In addition, indirect measures of neuronal electrical activity can be obtained with non-
invasive approaches using different cerebral imaging methods. The most often used methods are

electroencephalography (EEG) and magneto-encephalography (MEG) which measure electrical
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potential and magnetic field changes in the brain respectively via sensors disposed on the scalp, or
close to it.

The coordinated activity of a neuronal population with similar orientations (equivalent to a
current dipole) generates a large signal that can be recorded on the scalp. These signals reflect a distant
post-synaptic activity which can be recorded with fine temporal resolution (millisecond). However, the
spatial resolution is quite coarse, and the source reconstruction of the generators that supports the scalp
recorded activities is a complex problem (Gross et al., 2013). EEG and MEG are very similar but are
not interchangeable. In particular, the magnetic signal is less distorted by the biological tissues, thus
increasing MEG spatial resolution relative to EEG. However, the magnetic signal attenuates more
rapidly as the distance from the source increases, in comparison to the electric signal, which makes the
MEG quite insensitive to deep sources. In addition, note that MEG is mainly sensitive to tangential

generators, corresponding to activities generated on cortical sulci (Pernier, 2007).

Metabolic cerebral imaging

These methods measure, at each brain point, a biological parameter describing a metabolic
activity in the brain. Positron emission tomography (PET) measures the local concentration of a weak
radioactive marker (H,O or glucose) in the brain, in order to estimate the regional blood flow or local
glucose consumption(Ollinger, 1987).

Another functional neuroimaging procedure using MRI technology allows measuring
functional brain activity. Functional magnetic resonance imaging (fMRI) measures brain activity by
detecting associated changes in blood flow. This technique, as does PET, relies on the fact that
cerebral blood flow and neuronal activation are coupled. When a brain region is active, blood flow to
that region increases. Functional MRI thus depends on the degree of blood oxygenation level in the
brain (BOLD imaging: blood oxygen level dependent) (Huettel et al., 2009).

Note however that while PET and fMRI techniques show a high spatial resolution (mm) the
temporal resolution is low for two reasons: 1) the time required to acquire an entire cranial volume is
long (about 2s for fMRI), and 2) the measured metabolic changes are slow, and occurred relatively late
after stimulation (it takes several seconds to the BOLD signal to reach its maximum after stimulation).
These methods are thus not appropriate for measuring the time-course of neural events.

Recently, another method called functional near-infrared (fNIR) spectroscopy has started to be
used in cognitive neuroscience (Obrig and Villringer, 1997). This method is based on the fact that the
functional state of tissue can influence its optical properties (i.e. cyanosis in hypoxia and pallor in
anemia). fNIR exploits the NIR spectrum light by taking advantage of the optical window in which
skin, tissue, and bone are mostly transparent to NIR light, while hemoglobin and deoxygenated-
hemoglobin are stronger absorbers of light. Differences in the absorption spectra of deoxy-hemoglobin
and oxy- hemoglobin allow the measurement of relative changes in hemoglobin concentration through
the use of light attenuation at multiple wavelengths. Note, however note that the spatial resolution of

this technique is coarse and does not allow to measure reliably deeper brain structures.
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1.3. Psychological aspects of auditory perception

In the following paragraphs, we will briefly present the psychological aspects of auditory
perception by describing the different processing steps of the auditory information through the
perceptual system. The first step in the processing of sounds is the transduction of the acoustic signals
into sensory data that will be integrated by the perceptual systems. The sound is first filtered in the
outer and middle ear to achieve the cochlea where a first frequency analysis is performed. The

perceptual analysis is preliminary based on this first representation.

1.3.1. Auditory scene analysis

The auditory system has two main roles: 1) it has to decompose the sound information
presented by different sources simultaneously and 2) it has to recognize (or identify) these sources.
Acoustic waves emitted by different sources have the particularity to be additive, thus resulting in a
mixture of sound that it derives from a complex natural environment. Auditory scene analysis is the
processing whereby the auditory system captures this mixture and sorts it into packages of acoustic
evidence in which each package has arisen from a single source of sound. The following paragraphs
are largely inspired from Anne Caclin’s thesis (Caclin, 2004) and from the book of McAdams and
Bigand (1993).

Since Bregman’s book (Bregman, 1990), it is widely accepted that sound analysis in the
perceptual system begins by the segregation of auditory sensory information in several streams.
Bregman argues that the process of auditory scene analysis is governed by both innate and learned
constraints that allow the construction of an auditory representation. He distinguished two main
mechanisms, one based on unlearned mechanisms called primitive scene analysis and those of the
learned ones referred as schema-driven analysis (also referred as schema-based construction of the
description). Both processes are concerned with the decomposition of mixture of information so that

the right combination of information can enter into the description of an environmental sound (Figure

1).
Primitive scene analysis

Primitive analysis is a simple process, probably innate, driven by the incoming acoustic data.
This approach is based on sounds’ general acoustic properties, which allow the mixture to decompose
sources without a priori assumptions on the sources. The main rules of primitive scene analysis are:
- independent sources rarely start and stop emitting sounds simultaneously;
- sound variation tends to be gradual when the sound is emitted by a single source;
- vibrating objects (such as vocal chords) emit often harmonic sounds, and it is rather rare that
two simultaneous sources present the same periodicity;

- changes in a source affect coherently the different components of the sound it is emitting.
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Action
Previously acquired Attention
knowledge Short-term Memory
(Long Term Memory) Mental representation

Source Recognition

Echoic
Memory

3
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Auditory
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Sensory
Transduction

Figure 1: The modular psychological model of auditory perception. Each box represents a processing

component and arrows represent pathways of information (adapted from McAdams & Bigand 1993).
Schema-driven analysis

In addition to the unlearned mechanisms supporting auditory analysis, stream segregation can
also be constrained by listeners’ previously acquired knowledge that leads to expectations. This
hypothesis is based on the fact that information from the environment does not stimulate a completely
naive organism. Acquired knowledge interacts with the current sensory data to interpret the auditory
stimulation. The schema-driven process is based on this assumption. This analysis is thus presumed to
involve the activation of stored knowledge of familiar patterns or schemas of the acoustic
environment. One simple example to illustrate this idea is that we are particularly sensitive to our first
name. More generally, depending on the context, we could have expectation on the occurrence of a

sound (or a type of sound), and then use pre-existing schemas (stored in long-term memory) to analyze
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sensory inputs. In addition to these analyses, the auditory system has to decide which bits of sensory

evidence have arisen from the same environmental events.
Sequential and simultaneous organizations

Bregman proposed that this grouping processing is done in at least two dimensions, across
spectrum and across time. These two processes were defined as the sequential organization (across
time), and the simultaneous organization (at each time point). Sequential and simultaneous
organizations underlie many aspects of auditory processing. In music processing for example,
sequential grouping is the foundation of rhythm and of many aspects of melodic form whereas
simultaneous grouping is involved with such experiences as chord perception, timbre, consonance and
dissonance. Finally, these organizations allow segregating different auditory streams exhibiting

distinct temporal evolutions. These mechanisms are to some extent modulated by attention.

Along with the partitioning of the different streams, the auditory system has to extract the
particular attributes of each stream. Traditionally the following attributes are distinguished: pitch,
loudness, duration, timbre and spatial position. The extraction of auditory attributes especially related

to pitch is presented with more details in page 34.

1.3.2. Recognition of sound sources

Recognition of sound sources is a complex problem that consists in focusing on one auditory
stimulus while filtering out a range of other stimuli (Wood and Cowan, 1995). Interestingly, the
auditory system succeeds in recognizing different individuals thanks to their voices and in inferring
the internal properties of external auditory objects (i.e. type of stimulus, auditory material).
Recognition of sound sources is often presented as a subsequent process of extraction of auditory
attributes (McAdams, 1993). Studies investigating sound source recognition have tried to determine
which acoustic cues are used by the subject to identify the source. The problem is the following:
depending on the context, a same object could emit sounds quite differently. For example, the sound
spectrum of a musical instrument will depend on the intensity with which it is played. It is therefore
necessary to extract appropriate acoustic invariants, to overcome the contextual effects in the
determination of the contribution of each source of an acoustic mixture (see McAdams, 1993). Finally,
recognition of sound sources requires listeners to use their previously acquired knowledge and is thus

related to the available information stored in memory.

1.3.3. Auditory Memories

Depending on nature of the duration of storage, the following systems are distinguished: 1)
echoic memory, 2) auditory short-term memory, and 3) auditory long-term memory. Note that all

these systems can be modulated by auditory attention.
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Echoic memory refers to a sensory process that keeps a trace of recent auditory events in
sensory memory. This concept is widely used in the field of brain evoked potentials (Winkler et al.,
1992). Behavioral studies on echoic memory have shown that there are two different types of auditory
sensory memory (Cowan, 1984), 1) a short auditory store, which extends the apparent duration of a
stimulus up to about 300 ms and is used in stimulus recognition, and 2) a long auditory store, which
retains auditory information of a sound or a sound sequence for at least several seconds.

Auditory short-term memory is the mechanism that allows the active retention in memory of
recent auditory information. In some models, short-term memory is replaced by (or associated to) the
notions of working memory. The differences between these two concepts will be discussed in Chapter
II (see page 50, 58).

Auditory long-term memory allows the retention of auditory information over a long time
period (minutes to years). This type of process allows recognizing familiar sounds such as the voice of
a familiar individual. The exact forms of the information stored in long-term memory remains debated.

This brief presentation of auditory perception through the view of cognitive psychology would
not be complete without mentioning auditory attentional processes. The study of attention is a broad
domain, in such a way that it becomes difficult to define precisely attention processes (Jones and Yee,
1993). In general, attention aims to perform an active selection of given sensory information within
multiple external stimulations. Several models could be found in the models of auditory attention. A
first consideration is that orientation of attention could be voluntary or involuntary (also referred as
exogenous or endogenous attention). In the first case (exogenous), an event that occurred suddenly, or
occurring sufficiently saliently in comparison to a previous event (or context), can irresistibly attract
attention. The second case (endogenous) refers to the internal state of the individual. Research in
cognitive psychology tries to manipulate this endogenous process by asking the participant to perform
a task that requires a deliberate attentional focus on a particular aspect of the stimulus. In voluntary
attention, the distinction between divided and selective attentions can be made. In selective attention,
the subject has to focus on a given stimulus characteristic while ignoring the others, whereas in
divided attention, the subject musts focus his attention on several competing information.

Additionally to selective and divided attention, another aspect of auditory attention had been
pointed out by Jones (Jones, 1976; Jones and Boltz, 1989; Large and Jones, 1999) in the dynamic
attending theory. In this theory attention vary (oscillate) as a function of the temporal aspect of the
stimulation. These attentional oscillations are supposed to have periods similar to the periods by which
important stimuli appear in the environment, which could thus either have lower level attentional

periods or high level attentional periods.
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1.4. Anatomical and functional architecture of the auditory system

After this brief presentation of auditory processing from the perspective of cognitive
psychology, the following paragraphs will present the anatomical and functional architecture of the
auditory system from the perspective of neurosciences. Auditory information is transmitted from the
cochlea to the auditory cortex (and beyond), through different sub-cortical nuclei. Besides the upward
path of auditory information, there are descending pathways which contain many levels, which are not
described here (see Ehret and Romand 1997; Pickles 1988). For the description of the different sub-
cortical processing levels, the data summarized below comes from single-unit electrophysiology
studies, especially in the cat. The data relating to auditory cortex are derived from anatomical studies
and cerebral imaging (metabolic and electrical) in Humans, as well as electrophysiological studies in

primates. More details can be found in the books of Pickles (1988) and Ehret and Romand (1997).

1.4.1. From sound wave to auditory nerve

Sounds are acoustic waves emitted by different objects in our environment. These waves are
additive in the air to form an acoustic mixture that reach the ear. This acoustic signal enters in the

inner ear through the outer and middle ear, where a first frequency filtering is performed.

Outer and middle ear

The outer ear includes the pinna and the ear canal. The pinna is a concave cartilaginous
structure, which conveys sound waves towards the ear canal or external auditory meatus. The ear canal
drives the sound waves towards the tympanic membrane. The middle ear is composed of the tympanic
membrane and of a cavity, which contains the ossicular chain consisting of the three smallest bones in
the body: the malleus, incus, and stapes. The tympanic membrane transmits the air vibrations from the

outer to the middle ear via this ossicular chain.
Inner ear and cochlear encoding

The inner ear is composed of the cochlea and of the vestibular system. While they are both
encased in the same bony capsule and share the same fluid systems, they do not play the same role.
We describe here only the cochlear system as the vestibular apparatus does not intervene in auditory
perception (its role is in maintaining equilibrium, balance). The hearing part of the inner ear is the
cochlea that operates as a frequency analyzer were the signal is analyzed frequency band by frequency
band and then transmitted to the auditory nerve. The cochlea corresponds to a helical structure
composed of three fluid-filled chambers that extend along the length of the structure

The two outer chambers are filled with the perilymph that acts as a cushioning agent for the
structures that occupy the center chamber. The third fluid filled chamber is the center chamber,

referred as the cochlear duct, which secretes the endolymph. The cochlear duct contains the basilar
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membrane upon which lies the Organ of Corti, a sensory organ which plays an important role in
auditory perception. The Organ of Corti consists of approximately 30.000 finger-like projections of
hair cells (with cilia emerging from the apical surface of hair cells). Each hair cell is connected to a
nerve fiber that relays various impulses to the cochlear branch of the VIII ™ cranial nerve (or auditory
nerve). The frequency of the impulse relayed is dependent upon which areas of the basilar membrane,
and hence, which portions of the Organ of Corti are stimulated. The apical portion of the basilar
membrane transfers lower frequency impulses. The basal end relays higher frequency impulses. This
frequency selectivity is thus a passive phenomenon as it is related to the mechanical properties of the
cochlea. Note that additionally, active phenomenons are also observed, notably supported by the outer
hair cells that operate as an active amplifier of the vibrations detected by the inner hair cells.

It should be note that each hair cell responds thus to a specific narrow frequency band leading
to a tonotopic (spatial specificity as a function frequency) organization of the auditory system starting
in the cochlea. This tonotopic organization is preserved in the next steps of processing, from the sub-
cortical auditory nuclei (relay) to the auditory cortex. Behavioral measures such as frequency
discrimination or intensity thresholds reflect directly or indirectly the responses of hair cells and the

activity in the auditory nerve (Pickles, 1988).

1.4.2. Sub-cortical auditory relays

After the cochlea, the auditory nerve projects towards several different sub-cortical nuclei
representing parallel processing paths (see Figure 2). Neurons of the different nuclei have strong
frequency selectivity; however, this selectivity decreases gradually with increasing processing

hierarchy.
From cochlear nucleus to colliculus

Fibers of the auditory nerve project on ipsilateral cochlear nucleus. The cochlear nucleus is
divided into two parts: 1) the ventral part which presents similar response profiles than those observed
in the auditory nerve and 2) the dorsal part where more complex responses emerge. Neurons of the
ventral part project ipsilaterally and contralaterally to the superior olivary complex. This structure
helps to encode the spatial position (direction) of the stimuli, the neurons of the superior olivary
complex being sensitive to intensity and to temporal dynamic (timing) differences between the two
ears. Neurons of the dorsal part of the cochlear nucleus and of the superior olivary complex (toward

the lateral lemniscus) project toward the inferior colliculus.
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From colliculus to thalamus

The major parts of the fibers projected by the auditory brainstem nuclei converge to the
inferior colliculus. From the inferior colliculus (in cats), three pathways project to the cortex through
the thalamus (including the Medial Geniculate Body): 1) a tonotopic pathway which rises to the
primary auditory cortex and 2) two other pathways, one called diffuse pathways (non-tonotopic), the
other called multisensory, projecting to the secondary auditory cortex. In the multisensory pathway,
the auditory information is combined to somato-sensory information (Ehret and Romand, 1997). The
responses of neurons in these various sub-cortical pathways are sophisticated and diversified as
neurons are sensitive to different stimulus characteristics, such as modulation in intensity or frequency

(Ehret and Romand, 1997).
1.4.3. Anatomical architecture of the auditory cortex

As detailed in the previous section, the auditory information reaches the cortex after a final
relay in the thalamus Medial Geniculate Body. In humans, the auditory cortex is located in the
supratemporal plane at the bottom of the Sylvian fissure, and extends to the superior temporal gyrus,
to the parietal cortex and adjacent areas (Galaburda and Sanides, 1980; Rivier and Clarke, 1997). The
auditory areas of the human superior temporal region have been delineated according to a variety of
architectonic schemas. These schemas were based on the laminar organization of the cortex that

allows making inferences on the functional organization of cortical areas.
Laminar organization of the auditory cortex

The neocortex presents a columnar arrangement of neurons across six cortical layers (layers I-
VI) extending on 2-4 mm thick. The auditory cortex, including the primary field Al, has similar
columnar organization, often described as functional macro columns (Scheich et al., 1993). The macro
columns can be divided into three parts (see Figure 3): 1) the supragranular layers consisting in layers
I to III. This part represents the origin and termination of intra-cortical connections, which are either
associational (i.e., with other areas of the same hemisphere), or commissural (i.e., connections to the
opposite hemisphere, primarily through the corpus callosum). This cortical portion is highly developed
in humans and allows functional connections between a given cortical region and local or distant brain
regions. 2) The internal granular layer, layer IV, which receives thalamo-cortical connections,
especially from the Medial Geniculate Body of the thalamic nuclei. This is the most prominent layer in
the primary auditory cortex. 3) The infragranular layers, layers V and VI, connecting primarily the
cerebral cortex with sub-cortical regions.

By considering this cortical architecture, and based on the cellular population that constitutes
each layer, inferences about the functional role of each part of the macro column could be made. In
layer V, large numbers of pyramidal neurons are observed. These neurons show apical dendrites that

span almost the whole thickness of cortex orthogonally to the layers.
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anterior cingulate, prelimbic, and infralimbic areas. MGB, Medial Geniculate Body.
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These neurons are surrounded by various types of non-pyramidal neurons in all layers and by
smaller pyramidal neurons in infragranular (V-VI) and supragranular layers (I-III). These small
pyramidal neurons are particularly observed in layer III, where they are all parallel to each other and
show short apical dendrites that reach the surface layer I (Szentagothai, 1978).

Because of this geometry, apical dendrites of the different pyramidal neurons spatially overlap
in the supragranular layers (more or less). Thus, the pyramidal cells from all layers could directly
integrate all cortico-cortical inputs, as these inputs terminate also in the supragranular layers. In
addition to this input integration observed across the layers by the apical dendrites, incoming inputs
within the layers are also integrated by the basal dendrites of the pyramidal cells. This input
constitutes a functional division between the cortico-cortical inputs to the superficial supragranular
layers and the commissural inputs to the deeper infra-granular layers, particularly layer V. Finally,
layer-specific outputs of the pyramidal cells are observed, via their extrinsic axonal projections. The
laminar pattern of these axonal terminations within a given brain area as well as the laminar location
of cells of origin within a given source region indicates the type of cortico-cortical connectivity
between these two regions (i.e. the forward type, or backward type).'

Although the functional impact of this cortical architecture has not yet become fully
determined, the study of the cortical and sub-cortical input sources to the different layers of the
auditory cortex has allowed for the description of the different substructures that form anatomically
the auditory cortex. As mentioned above, for example, the thalamo-cortical inputs to the auditory
cortex from the ascending auditory pathway is predominantly observed in layer IV, thus allowing to
determine within a complex cortical structure which cortical area corresponds to the primary sensory

arca.

Anatomical segmentation of the auditory cortex

Based on the assumption that primary sensory and associative auditory areas present different
cytoarchitectonic organizations, researches in auditory neuroscience have tried to decipher the
different substructures that constitute the auditory cortex. In Humans, primary sensory areas present
several biological characteristics: 1) a koniocortical architecture (extensive accumulation of granular
cells- mainly observed in cortical layer 1V), 2) strong expression of cytochrome oxydase (metabolic
enzyme), acetylcholinesterase (enzyme that deactivates neurotransmitter and neuromodulator) and
parvalbumin (calcium binding protein), 3) and strong myelination. In contrast, secondary and
associative areas are composed of large pyramidal neurons showing a diffuse myelination and
exhibiting less metabolic activity.

In primates, the auditory cortex is located on the superior temporal cortex (Figure 3A). It is
constituted of several auditory fields that follow a hierarchical organization consisting in three levels

(Fullerton and Pandya, 2007): 1) two or three primary auditory areas that constitute the ‘core’ of the

' Note that we had this description of the laminar organization of the cortex to help the description (see Chapter
page 75) of a connectivity model we have used in the present PhD work.
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auditory cortex 2) seven to eight secondary auditory areas constituting a first ‘belt’ that surround the
primary areas (also referred as ‘root’ areas) 3) associative areas that constitute a second belt
(‘parabelt’). The parabelt is adjacent to the secondary auditory areas along the Superior Temporal
Gyrus. In the following paragraphs, we will present the anatomical organization of the auditory cortex
in humans. Note, however, that the description of models derived from monkey studies have served as
a starting point in understanding the structural and functional organizations of auditory cortical
processing in Humans (Kelly et al., 2010; Rauschecker and Scott, 2009). It is therefore relevant to note
that many questions concerning the homology of auditory-related cortical fields between human and
nonhuman primates remain unsettled (Fullerton and Pandya, 2007; Hackett, 2003; Hackett, 2007,
Hackett, 2008; Hackett et al., 2001; Hackett et al., 1999; Kaas and Hackett, 2000; Petrides and
Pandya, 1999, 2002; Sweet et al., 2005).

Seminal studies by Brodmann (Brodmann, 1909) (Figure 3B) and Sarkisov et al. (Sarkisov et
al., 1955 ) have defined the primary auditory cortex in the supratemporal plane as area 41, surrounded
by areas 42 and 22 laterally, and area 52 medially, thus locating the primary auditory cortex in the
postero-medial part of the transverse gyrus of Heschl. Later, Von Economo and Koskinas (von
Economo and Koskinas, 1925) (Figure 3C) and von Economo and Horn (von Economo and Horn,
1930) defined the primary auditory area as TC, surrounded by areas TB, TD, TG, and TA. According
to Galaburda and Sanides (1980 Figure 3D, see also (Wallace et al., 2002)) the primary auditory
cortex is subdivided into medial koniocortical areas (KAm) and lateral (KAlt) components and by
several surrounding regions as parakoniocortical fields.

More recently, using a densitometry method, Morosan et al. (Morosan et al., 2001) have
outlined various fields in the transverse temporal gyrus of Heschl. They defined three highly granular
areas with a developed layer IV, representing primary auditory cortex: Tel.l most caudally, Tel.0
medially, and Tel.2 most rostrally (see Figure 5). These studies thus converge toward the existence of
a compartmentalization in the primary auditory cortex along the Heschl’s gyrus.

In addition to the primary sensory areas, several secondary and associative auditory regions
were defined within the human auditory cortex 1) rostrally in the Planum Polare, 2) caudally in the
Planum Temporale up to insular cortex and parietal cortices (supramarginal and angular gyri, parietal
operculum), and 3) laterally in the superior Temporal Gyrus. According to cytoarchitectonic criteria
and differential staining of brain tissue, different delimitations have thus been proposed in the
secondary human auditory cortex, these delimitations having 3 to 8 regions (see Galaburda and
Sanides 1980; Rivier and Clarke, 1997, Morosan et al. 2001; Fullerton & Dayna 2007). Wallace and
colleagues (2002) concluded on the existence of six secondary auditory areas (Al belt) in the supra-
temporal plane:

- anterior auditory areas (AA) and medial areas (MA) located in the Planum Polare
- lateral (LA) and posterior (PA) auditory areas located in the Planum Temporale

- antero-lateral auditory area (ALA) located in the lateral part of the Heschl’s gyrus
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- superior temporal area (STA) located in the posterior part of the superior temporal gyrus. Note
that the STA shows a different composition in comparison to other secondary auditory areas,

as it shows a stronger concentration of pyramidal cells. This region might be related to higher

level of integration as observed in macaque parabelt.

Duvernoy 1999

Right

Anterior A—L
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Figure 4. A. Superior aspect of left superior temporal gyrus after ablation of the lower part of the
frontal and parietal lobes. 1 insula, 2 planum polare; 3 3’ anterior and posterior transverse temporal
gyri of Heschl;, 3’ intermediate transverse temporal sulcus; 4 sulcus acousticus, 5 transverse
temporal sulcus; 6 planum temporale; 7 postcentral gyrus; 8 central sulcus; 9 precentral gyrus; 10
superior precentral sulcus; 11 superior frontal sulcus;, 12 superior frontal gyrus, 13 13° middle
frontal gyrus, superior and inferior parts; 14 middle frontal sulcus, 15 inferior frontal sulcus. Adapted
from Duvernoy 1999. B,C,D. Architectonic maps of lateral surfaces of cerebral hemisphere of human
according to (B) Brodmann (1909), (C) von Economo and Koskinas (1925), and (D) Galaburda and
Sanides (1980). The insets diagrams on the bottom are magnified views of the auditory-related areas
in and around the lateral (Sylvian) fissure. Adapted from Fullerton & Pandya (2007) and Duvernoy
(Duvernoy, 1999 )

However, note that the number of secondary auditory regions vary as a function of the number
of areas we consider as ‘primary’ areas. In Morosan et al. (2001) the most anterior (rostral) Te.1.2 area
(see figure 5.B), could be associated to ALA region of Wallace et al. (2002, Figure 5.C).

Taken together, these studies lead to a tripartite organization of the auditory cortex: 1) areas on
the supratemporal plane (core), 2) areas in the cortex of the circular sulcus (sulcus that runs all around
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the insula, root), 3) and areas on the superior temporal gyrus (belt). More recently Fullerton and
Pandya (2007) (see also Sweet et al., 2005) have further analyzed the core, lateral belt, and parabelt
areas and have suggested that the cytoarchitecture of the auditory area changes in a stepwise manner
from the koniocortical area, both toward the direction of the temporal polar proisocortex as well as
toward the caudal temporal cortex. This architectonic dichotomy is consistent with differences in
cortical and sub-cortical connections of superior temporal region and may be related to different
functions of the rostral (lateral) and caudal (medial) temporal cortices.

c 6 4 2 [V}

distance from midline (cm)

Anterior

Left +)Right

Posterior

Figure 5. A. Dorsal view after removal of the frontal and parietal opercula of an individual brain
showing macro-anatomical landmarks of the auditory regions. FTS, first transverse temporal sulcus;
HS, Heschl’s sulcus; HG, Heschl’s gyrus; PP, planum polare; PT, planum temporale. B. Maps of
areas Tel.2, Tel.0, and Tel.l of the primary auditory cortex in an axial histological section. Adapted
from Morosan et al (2001) C. Summary diagram of auditory areas on the superior temporal plane
from Wallace et al. (2002). The core auditory areas have been shaded with dots and the presumed
secondary areas by lines or hatching. ALA, anterior lateral auditory area; AA, anterior auditory
areas;, MA, Medial area; Al, primary auditory cortex;, STA, superior temporal area; LA, lateral

auditory area; PA, posterior auditory area; LP, Lateroposterior area

1.4.4. Electrophysiological architecture of the auditory cortex

Another way to investigate the different substructures constituting the auditory cortex is to
explore functionally when and in which temporal order the different cortical auditory areas are
activated after the presentation of a sound. This information about sound processing in the auditory
cortex in humans can only be obtained by using high temporal resolution techniques.
Electrophysiological studies (Picton et al., 1974; Wood and Wolpaw, 1982) have described that after
stimulus onset, the early brainstem electrical evoked responses (occurring before 10 ms) are followed
by different evoked components originating from the auditory cortex. The responses elicited between
10 and 70 ms after stimulus onset are termed middle latency components whereas later components
are elicited in the range of 80-250 ms (referred as long latency components). Middle latency
components are usually described (in EEG studies) as a succession of four waves labeled as Na

(19ms), Pa (30ms), Nb (40ms) and Pb (also labeled P50 or P1, 50-70 ms). Middle latency components
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are followed by the most prominent late latency component referred as N1 (or N100) having a latency
of 100ms. These components have been identified using non-invasive EEG technique; it is thus
relevant to note that these patterns of responses are quite different in terms of latency and profile when
they are directly recorded using intra-cranial EEG.

Based on the identification of these brain responses, exploring the cortical generators of each
of these components allows deciphering the functional compartmentalization of the auditory cortex in
response to sound. Following this conceptual framework, several studies (Celesia, 1976; Gutschalk et
al., 1999; Howard et al., 2000; Liegeois-Chauvel et al., 1994; Liegeois-Chauvel et al., 1991; Yvert et
al., 2001) have used electrophysiological recordings to describe the functional anatomy of the auditory
cortex. In line with Galaburda and Sanides (1980), Liégeois-Chauvel et al. (1994) have shown the
existence of two primary auditory areas (the first area in the postero-medial part and the second in the
central part) in the transverse temporal gyrus of Heschl using intracranial recordings. These regions
elicited early potentials evoked by sound click (N13-P16-N30-P50). The first three potentials were
generated in the most medial part of Heschl’s gyrus while the last potential (P50) was generated in a
more central part of the transverse temporal gyrus of Heschl. The following responses (about 60 and
75 ms) were generated in the lateral part of Heschl’s Gyrus and the next response (100ms) was elicited
by the Planum Temporale. These electrical dynamic patterns were also observed using simultaneous
EEG/MEG recordings (Yvert et al., 2001). Yvert et al. (2001) performed source reconstruction of
MEG data revealing serial processing of the auditory information along the medio-lateral axis of the
supratemporal plane. In this study, the response Pa was observed in the medial part of Heschl’s gyrus,
the response Nb was elicited in the lateral part of the supra-temporal gyrus and the Pb potential was
observed in the antero lateral portion of Heschl’s gyrus.

These studies concluded that potentials evoked by sound clicks have shorter latency in the
caudal part of the Heschl’s gyrus while longer latencies were observed in the more rostral part. These
studies thus suggest the existence of a serial and hierarchical organization of the auditory cortex for
sound processing. This hypothesis was supported by other recent studies that have investigated the
precise activation timings of each auditory cortical area using SEEG and MEG (Gueguin et al., 2007;
Inui et al., 2006). In the study of Inui et al. (2006), activations were found in six cortical areas after the
sound stimulus: 1) in the postero-medial part of Heschl’s gyrus corresponding to the primary auditory
cortex (Al), 2) in the antero-lateral (ALA) part of the Heschl’s gyrus posterior to the transverse sulcus,
the posterior parietal cortex (PPC), posterior (PA) and anterior parts (AA) of the superior temporal
gyrus (STG), and 3) the planum temporale (PT).

In 2007, Guéguin et al. proposed the following conclusions 1) the processing of an auditory stream
within the primary auditory cortex starts in the most medial (caudal) region of the Heschl’s gyrus and
extended later to the most lateral (rostral) region, 2) an unidirectional functional connection from the
primary to secondary auditory cortex is present in human auditory cortex, 3) Heschl’s sulcus plays a
particular role in dispatching information to the different auditory areas. These findings suggest that

cortical processing of auditory information is performed in hierarchical, serial, and parallel streams.
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These data have shown that the auditory propagation is associated to a constant interaction between
several primary and secondary areas that could reflect the large adaptive and plastic capacities of
auditory cortex.

Taken together, cytoarchitectonic and histochemical studies have distinguished hierarchical
and parallel organization of several substructures in the human auditory cortex. Functionally, the
distributions of the latencies of auditory evoked potentials and magnetic fields are consistent with a
serial processing of the auditory information along the medio-lateral axis of the supratemporal plane.
This conclusion has received further support from other intracranial recording studies in humans more
recently (Besle et al., 2008; Bidet-Caulet et al., 2007; Brugge et al., 2003; Brugge et al., 2008; Brugge
et al., 2005; Crone et al., 2001; Garell et al., 2012; Reale et al., 2007; Steinschneider et al., 2011).
Finally, note that the functional architecture of the auditory cortex has also been investigated through
the exploration of the tonotopic organization of this structure. This part will be described in detail in
the following section which investigates the particularities of the auditory system for pitch material

(see section 1.5.3, pages 38 to 43).

1.4.5. Beyond the auditory cortex

In addition to these parallel processes observed in the different subdivisions of the auditory
cortex, long-range connections constituting different cortical pathways allow the processing of
auditory information. During the last decade, several studies have suggested that auditory cortical
processing pathways are organized dually (Ahveninen et al., 2006; Alain et al., 2001; Altmann et al.,
2007; Anourova et al., 2001; Barrett and Hall, 2006; Belin and Zatorre, 2000; Bidet-Caulet and
Bertrand, 2005; Bushara et al., 1999; Clarke et al., 2005; Clarke and Thiran, 2004; Garell et al., 2012;
Kaas and Hackett, 1999, 2000; Maeder et al., 2001; Rauschecker, 1998; Rauschecker and Scott, 2009;
Rauschecker and Tian, 2000; Recanzone, 2011; Tardif et al., 2008; Zatorre et al., 2004), as it was
earlier observed in the visual system (Mishkin et al., 1983). Using anatomical and functional
approaches in primates (including humans), these processing pathways were defined as dorsal and
ventral auditory streams. It has been suggested that the dorsal stream involves connections between
posterior temporal auditory regions and the pre-frontal cortex via relays in parietal regions, while the
ventral stream is supposed to involve projections from primary auditory sensory areas to anterior
temporal and frontal cortices. As in the visual system, the dorsal parietal pathway was hypothesized to
underlie auditory spatial processing (‘where’) while the ventral temporal pathway was supposed to be
recruited by the identification of complex patterns or objects (‘what’) (Kaas and Hackett, 1999;
Rauschecker and Scott, 2009). However, recent studies go beyond this view, and assume that more
complex processes can be supported by these two pathways, as fronto-temporo-parietal interactions
are known to be recruited by multiple cognitive functions such as language, memory and even music

processing.
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Anatomical evidence

Separate anterior (ventral) and posterior (dorsal) projection streams (Kaas and Hackett, 1999)
can be observed anatomically, using anatomical tract tracing in monkeys (Rauschecker et al., 1997;
Romanski et al., 1999), and more recently, using Diffusion Tensor Imaging in humans, a noninvasive
method for investigating white matter fiber tracts in vivo using MRI (Catani and Thiebaut de Schotten,
2008; Frey et al., 2008).

In monkeys, these long-range connections were described as 1) a ventral route connecting
rostral (lateral) auditory belt and parabelt areas, rostral (lateral) superior temporal gyrus and ventral
prefrontal cortex, and 2) a dorsal route connecting caudal (medial) auditory belt and parabelt areas,
and parietal and dorso-lateral prefrontal cortices (Romanski et al., 1999). In humans, diffusion studies
have suggested that there may also be ventral and dorsal white matter tracts connecting auditory areas
to frontal and parietal cortices (Catani and Thiebaut de Schotten, 2008; Croxson et al., 2005; Frey et
al., 2008). Diffusion studies thus revealed that these pathways (Figure 6) are supported by: 1) for the
ventral pathway:

- the uncinate fasciculus, that connects the anterior temporal lobe with the medial and lateral

orbitofrontal cortex (Catani and Thiebaut de Schotten, 2008);

- the extreme capsule fiber tracts that connect posterior temporal cortex to inferior frontal

regions (Croxson et al., 2005);

2) for the dorsal pathway:
- the arcuate fasciculus that connects the perisylvian cortex of the frontal, parietal, and temporal

lobes (Catani and Mesulam, 2008)

- the superior longitudinal fasciculus II and III connecting parietal cortex to frontal cortex via
two divisions, one in the inferior frontal gyrus (III), the other in the pre motor area (II) (Frey et

al., 2008);

It is relevant to note, however, that although DTI provides information on the trajectories of
associational white matter tracts, this method does little to illuminate the origin, terminal distribution,
or transmission properties of these pathways. It is thus necessary to combine these anatomical

explorations to functional measures in humans.
Functional evidence

Similarly to the visual system (Rauschecker, 1998), distinct auditory processing in ventral and
dorsal pathways were observed with both electrophysiological research in animals and brain imaging
studies in Humans. Electrophysiological studies in monkeys have suggested that these ventral/dorsal
routes support two functionally distinct ‘what’ and ‘where’ auditory processes (Kaas and Hackett,
1999). In this model, anterior temporal and inferior frontal regions would process auditory ‘‘object’’

information whereas posterior temporal areas, parietal and frontal cortices would be involved in the
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spatial processing of both stationary and moving sounds (Bendor and Wang, 2005; Poremba et al.,
2003; Rauschecker and Tian, 2004; Rauschecker et al., 1995; Tian and Rauschecker, 2004).

In humans, numerous lesion (Clarke et al., 2005; Clarke et al., 2000; Clarke et al., 2002),
functional neuroimaging (Alain et al., 2001; Baumgart et al., 1999; Bushara et al., 1999; Griffiths and
Green, 1999; Griffiths et al., 2000a; Lewis et al., 2000; Maeder et al., 2001; Warren et al., 2002;
Zatorre et al., 2002; Zatorre et al., 2004), and electrophysiological (Anourova et al., 2001; Ducommun
et al., 2002; Kaiser and Bertrand, 2003; Lutzenberger et al., 2002; Xiang et al., 2002) studies have
supported this hypothesis.

@—@ Uncinate Fasciculus

@—@ Extremecapsule fiber system
@—® Arcuatefasciculus
—o

Superior longitudinal fasciculus ||

Superior longitudinal fasciculus 11

Figure 6. Dual auditory processing schema in the human cortex. This schema presents the functional
and anatomical pathways that are supposed to support auditory perception. Antero-ventral stream is
represented in green and postero-dorsal stream in red. Both streams originate from the auditory belt.
The postero-dorsal stream interfaces with frontal areas and pivots around inferior parietal cortex.
AC, auditory cortex; STS, superior temporal sulcus; IFC, inferior frontal cortex, PMC, premotor
cortex, IPL, inferior parietal lobule; CS, central sulcus. Numbers correspond to Brodmann areas.

Adapted from Rauschecker and Scott (2009).

These seminal studies have explored the predictions made by the dual-route model, notably
showing that parietal lobe structures are involved in auditory spatial processing (Alain et al., 2001;
Bushara et al., 1999; Maeder et al., 2001). However, the functional role of this dorsal pathway remains
controversial (Rauschecker and Scott, 2009). Further studies have suggested that parietal areas do not
seem to be specifically involved in auditory spatial processing and could also be activated during pitch
tasks, speech or memory processing (Foster et al., 2013; Foster and Zatorre, 2010; Janata et al., 2002b;
Maeder et al., 2001; Rauschecker and Scott, 2009; Zatorre et al., 2004; Zatorre et al., 1994). In a

recent neuroimaging study, Foster and Zatorre (2010) observed that mental manipulation of pitch level
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or temporal organization of melodies results in functional activation in the human intraparietal sulcus.
They proposed that this parietal recruitment could be associated to an involvement of this structure in
transforming auditory stimulus representations in a nonspatial context (see also Foster et al., 2013).
This hypothesis is in line with the visual domain, where visuospatial mental transformations, including
mental rotation, were shown to depend on a network including the posterior parietal cortex (Zacks,
2008). This area was described as a multimodal association region that receives visual, auditory and
tactile information, and is connected with frontal working memory areas and motor planning centers
(Catani and Thiebaut de Schotten, 2008; Frey et al., 2008).

In a related vein, the specific role of the ventral stream for object identification has been
challenged by several studies. Alain et al. (2001) reported that several sites in the superior temporal
gyrus (STG) are recruited, along with frontal and occipital activity, when subjects have to actively
judge a pitch change as compared to a spatial change assuming that this pitch specificity may not
reflect object-related processing per se. Maeder et al. (2001) reported a similar contrast in a task that
involved recognizing a specific class of sounds (animal sounds) from among a complex background.
Results implicated the anterior STG, but parietal, frontal, para-hippocampal, insular, and occipital
cortices were also recruited. Although both these studies converge in reporting that anterior STG areas
may be involved in auditory object processing, the areas reported are quite different, perhaps because
these studies involved different and complex active tasks, which likely recruited a variety of cognitive
mechanisms.

To conclude, the specific role of each stream is still unclear and controversial. It is now fairly
admitted that the superior temporal gyrus, inferior frontal regions and parietal cortex are implicated in
the processing of speech, music and language, and ignoring these reports and assigning an exclusively
spatial function to the dorsal auditory stream and object identification function to the ventral stream
would be not appropriate (Rauschecker and Scott, 2009). It is therefore essential to consider how the
different substructures of the auditory cortex in the temporal lobe, the temporo-parietal junction and
the inferior frontal cortex are involved in multiple cognitive functions such as speech, working
memory, music, and whether we can assign a common computational function to the ventral and
dorsal streams. Within the general framework of this PhD work, the following section will present the
current knowledge about the specificities of auditory perceptual system for the special case of pitch

perception.
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1.5. Psychological and neurobiological underpinnings of pitch perception

As described above (page 18), many sound characteristics are related to auditory perceptual
experience, resulting in a number of sound perceptual attributes or dimensions (pitch, loudness,
duration, localization and numerous dimensions of timbre). Within these dimensions, pitch is the one
that has received most interest in auditory perception research. Pitch is primarily related to frequency
and is, according to de Cheveigné: "the stuff of which music is made" (de Cheveigné, 2010). In the
following section, we briefly review the current knowledge in cognitive neurosciences about how

pitch is encoded in the auditory system.

1.5.1. Definition of pitch

Among all auditory perceptual attributes, pitch seems to have a special status as it has been
demonstrated that it plays a crucial role in music and speech perception, and in analyzing complex
auditory scenes (Bregman, 1990). Concerning auditory scene analysis, pitch is an important
component of both primitive and schema-driven analyses (see page 17) because it constitutes a cue to
perceptually segregate sound sequences arriving simultaneously at the ears (see simultaneous
organization of sound analysis). Pitch is also a central component of the Western musical system,
which uses it as form-bearing dimension at the expense of other acoustic dimensions (Dowling and
Harwood, 1986). The question of how pitch is encoded by the auditory perceptual system has a long
and controversial history, with debates on the subject going back to the time of Ohm (Ohm, 1843) and
Helmholtz (Helmholtz, 1863).

Extraction of pitch in the auditory system

There is still no consensus for the way by which pitch attribute is extracted, as different cues
can provide frequency information to the perceptual system. According to Fourier’s theorem,
harmonic complex tones can be decomposed in a series of sinusoids (also referred to as partials) that
occur at discrete frequencies corresponding to multiple integers of a fundamental frequency (FO0).
Because sounds at different frequencies are known to recruit different sets of auditory nerve fibers,
cochlear encoding is often described as a set of bandpass filters. The frequency distance between the
partials of a harmonic complex tone is equal to FO, nevertheless, it is relevant to note that the width of
the auditory filters increases with frequency. While the lowest partials of complex sounds are
sufficiently distant one from another to recruit different auditory filters (resolved harmonics), the
higher order partials interact in auditory filters (unresolved harmonics). Resolved harmonics provide
thus information about the FO of the complex sound both in a place (or spectral code, associated to the
tonotopic organization of the system) code and in a time code (associated to the firing pattern of the
fibers (temporal dynamics). Unresolved harmonics provide temporal information about FO (output of
filters receive several unresolved harmonics beats at F0), but do not provide fine spectral information.

Several studies have aimed to explain how pitch is encoded by the auditory system. These
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investigations were motivated by a simple question: how can the perceptual system associate the same
pitch for sounds having very different spectra (which therefore recruit different groups of neurons in
the auditory nerve and in the auditory nuclei of the brainstem). For example, a complex tone with an
FO of 200 Hz and harmonics 1-5 (200-1000 Hz) evokes the same pitch as a complex tone with an FO
of 200 Hz and harmonics 6-10 (1200-2000 Hz). In the latter case, while the component with a
frequency equal to its FO is absent, the perceived pitch is unaffected. In psychoacoustics, two
alternative theories have aimed to explain pitch encoding: pattern matching models and auto-

correlation models
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Figure 7: Upper panel: percentage of the signal power that can be attributed to a single harmonic at
the output of a cochlear filter. This percentage decreases with increasing frequency (from the apex to
the base of the cochlea). Lower panel: waveform at the output of cochlear filters tuned to the 3rd
(left), 9th (middle) and 18th (right) harmonics. For low rank harmonics, the partial is resolved and the
ouput of the filter is quasi-sinusoidal. For high rank harmonics, several partials interact within an
auditory filter and the response is no longer sinusoidal. The response, however, contains information

about the F0 of the sound in its temporal envelope (from de Cheveigné, 2010).

Pattern matching and autocorrelation models

Because the cochlea filters sounds into frequency bands with limited resolution, it has been
proposed that the frequency and time domain can in principle provide distinct information allowing
pitch encoding. Models of pitch perception have thus focused on the relative importance of temporal
(timing) vs. spectral (frequency-based, place) pitch cues. Temporal theories assume that pitch is
computed from the timing of action potentials that are phase-locked to the sound waveform, while
spectral theories suggest that pitch is represented as the place of activation across the tonotopic map
(i.e. the anatomical organization of frequency selectivity).

Along these lines, two competing explanations of pitch prevail: 1) pattern matching models

(Goldstein, 1973; Shamma and Klein, 2000; Terhardt, 1974); and 2) autocorrelation models (Licklider,
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1951; Meddis and Hewitt, 1991a, 1991b). As pitch is evoked by periodic stimuli (and its value
depends on their period), these two approaches can be considered as different ways to extract the
stimulus period.

Pattern matching models assume that the fundamental partial of the sound is the necessary
correlate of pitch (note that it may nevertheless be absent if other parts of the pattern (harmonics often
associated with it) are present). These models assume that the brain has stored ‘templates’ of the
spectrum of harmonic tones, and that the perceived pitch corresponds to that of the template that best
fits the stimulus. Pattern matching theories are appropriate considering the sharp peaks produced in the
spectrum by resolved harmonics. However these models have difficulty to explain that complex tones
comprising only unresolved harmonics evoke a weak pitch.

The autocorrelation models consider that pitch could be derived from a single temporal
mechanism that acts on timing information from all frequency channels, regardless of resolvability.
The basic idea is that the incoming neural signal is delayed in some pathways. Coincidence detectors
are then recruited to compare the original and the delayed versions of the signal to compute the period
at which the pattern is repeating. However, note that the estimation of the period of unresolved
harmonics is too good (as unresolved harmonics are known to evoke a weak pitch).

Pattern-matching and auto-correlation models have many variants. Adaptations of both types
of models have been claimed to be sufficient on their own to account for the perception of both
resolved and unresolved harmonic complexes (Bernstein and Oxenham, 2005; Meddis and O'Mard,

1997).
Context effect

In the environment, sounds are rarely presented in isolation. It is thus relevant to consider the
effect of context on auditory perception. These context effects were observed, for example, with
discrimination and detection tasks. As an example, two context effects (among others) were described
using psychoacoustic methods: 1) Forward masking effect (Plomp, 1964) 2) Backward masking effect
(Massaro and Loftus, 1996). The forward masking effect corresponds to an increase in the detection
threshold of a target sound when it is preceded by another masker sound. The rationale is that the
amount of masking obtained is greater when the masker and the probe recruit the same auditory filter.
Backward masking corresponds to an increase in discrimination threshold between two sounds when
the second sound is temporally contiguous with the first sound. This effect was related to the
observation that, for normal listeners, several hundreds of milliseconds (up to 300 ms) are needed for
the construction of an ‘internal representation’ of the pitch of a sound (whatever the duration of that
sound) (Demany and Semal, 2008).

Pitch processing has also been shown to be susceptible to context effects. Additionally to the
forward and backward masking effects, the investigation of pitch memory has revealed an interference
effect. When participants are required to discriminate two sounds that could differ in pitch, pitch

discrimination abilities have been shown to be impaired when interfering tones were presented
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between the two target sounds. More interestingly, this effect was more important when those
distracting tones have a pitch that is similar to that of the target tones than when the distracting tones
have very different frequency (Deutsch, 1974).

Physiological recordings also provide strong evidence in favor of context effects. The
psychophysical forward masking described above was shown to result partly from a phenomenon of
adaptation at different levels in the auditory pathway. Adaptation corresponds to the fact that electrical
neural responses to a given stimulus are reduced by the repetition of the presentation this stimulus
(Smith, 1977). Forward masking is thought to rely on the same mechanism because adaptation to a
masker sound reduces the response to a subsequent probe.

Overall, these context effects show the importance of considering responses to both isolated
sounds and sound sequences in order to get a full understanding of low level and high level aspects of
auditory perception. Note that for the specific case of pitch in music, context effects will be presented

in the following section.

1.5.2. Perception of pitch sequences

Local and global levels

Pitch in sequences play a major role in music perception that requires a complex perceptual
analysis. In cognitive psychology, music perception was proposed to be supported by a modular
system (Peretz and Coltheart, 2003). This model assumes that music perception is supported by two
modules: 1) a pitch organization module, and 2) a time organization module. Evidence for distinct
pitch and time modules comes from neuropsychological studies where double dissociations were
observed; that is, time or pitch processing can selectively be impaired after brain damage, while
leaving the processing of the other dimension unimpaired (Peretz, 1990). For both pitch and time
organization, Peretz and Coltheart (2003) assumed that they are supported by separate local and global
levels. For time organization, these levels correspond to rhythm (local) and meter (global) (Dowling
and Harwood, 1986; Peretz, 1990).

For the pitch organization, two structural levels were defined: 1) The interval code that
contains the exact pitch changes between notes, corresponding to the local level (Dowling, 1982;
Peretz, 1990) and; 2) The contour, which corresponds to the pattern of ups and downs, corresponding
to the global level. According to Dowling (1982) this two features in pitch organization are assumed to
be processed independently. This dissociation between local and global levels was suggested after the
observation that listeners could recognize melodies when all the intervals are changed to 1 semitone,
so that the contour remained unchanged. Contour has been further investigated in studies using
same/different paradigms in which pairs of novel pitch sequences could differ at a local level, where
contour was preserved, or at a global level, where the overall contour was violated (Dowling and
Fujitani, 1971). Moreover, transposition was found to impair interval perception but not contour
perception. These results suggest that a hierarchical structure allows the processing of pitch sequences,

where the global contour-processing system serves as a framework for decoding local stimuli.
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Musical context

In addition to the global and local levels of pitch perception, another key aspect of pitch
sequences in music is the tonal context. Pieces of western music are written in a given tonal context
that corresponds to a key. A key is a set of scales in which the melody can evolve. A scale is a subset
of pitches that is defined by the interval relation between them. In western system, scales generally
consist of seven notes and repeat at the octave. Minor and major scales, for example, consist of the
same notes except one. Contour is an especially important feature of melodies when a relationship
between the melody and the scale schema has not been thoroughly established. This is the case in
immediate recognition of short melodies, or in discrimination of atonal melodies (composed with the
set of pitches which not respect the scales).

Interestingly, several studies have shown that previously acquired knowledge (in musician and
non musicians) about tonal structure (tonal context) could influence pitch perception (Bigand and
Tillmann, 2005; Frances, 1958; Marmel et al., 2008; Warrier and Zatorre, 2002). In non musician
listeners, Marmel et al (2008) have shown the influence of tonal relatedness either on rating, priming
of melodic comparison tasks. For example, for the discrimination task, they showed that participants’
discrimination performance for small mistunings was better when the to-be-compared tones were
tonally related to a melodic context. Similar effects were observed in Warrier and Zatorre (2002) study
which suggests that the presence of the tonal structure improves pitch perception as it gives more cues

that facilitate pitch extraction.

1.5.3. Pitch centers in the human brain

In addition to the particularities of pitch processing observed at the behavioral level with
psychoacoustic methods and cognitive psychology approaches, several studies have investigated for
pitch processing in the auditory system using neurophysiological and neuroimaging methods in
humans. The determination of pitch-specific regions in the brain was first done in studies aiming to
characterize the functional architecture of the auditory system. As presented in previous sections (page
21), encoding the pitch of a pure tone is, in theory, relatively easy. For a given sound level, the pitch
can be derived as the place of maximal activation along the tonotopic map as early in the nervous
system as the cochlea. Auditory information then reaches the primary auditory cortex via the tonotopic

pathway which has its last relay in the Medial Geniculate Body of the thalamus.
Tonotopic organization

At the cortical level, several studies in monkeys and humans have shown a tonotopic
organization in the different subparts of the auditory cortex (core, belt, parabelt). Studies in monkeys

have revealed that in the core region, three fields could be defined thanks to their different systematic
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representations of the cochlea (Kaas and Hackett, 2000) : 1) a most medial (caudal) Al, 2) a more
lateral (rostral) field called R, and 3) an even more lateral temporal field, RT (Rostral Temporal).

In medial Al neurons were shown to be mostly activated by high-frequency tones, whereas
neurons in lateral Al were best activated by low-frequency tones. The tonotopic organization of R was
shown to be the inverse from that of Al: low frequencies being represented medially, and higher
frequencies being represented laterally. The tonotopic organization of RT is not well determined, but it
appears that high frequencies are represented medially and low frequencies, laterally (Kaas and
Hackett, 2000). More recently, a clear confirmation of this organization comes from high-field fMRI
studies of tonotopic organization in the macaque (Petkov et al., 2006) revealing frequency gradients in
the primary auditory region that matched the expected size and locations of AL, R, and RT, as known
from previous invasive studies.

This tonotopic organization was also observed in monkeys’ belt using microelectrode
recordings. Although neurons in the belt showed less important responses to tones than those in the
core, they elicited sufficient responses to show tonotopic gradients in belt areas, these responses being
parallel to those of the adjacent core areas. Nevertheless, it has been shown that neurons in the lateral
belt respond better to narrow-band noises than to pure tones (Kaas and Hackett, 2000). Thus, these
divisions of the belt seem to be related to the connection patterns between the core and the belt.
Similarly, tonotopic organization was difficult to demonstrate in the parabelt region, where neurons

seem to depend more on belt inputs rather than thalamic inputs for auditory activation.
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Figure 9: Functional areas identified in previous studies of non-human primate auditory cortex.
Tonotopic gradients are represented by high (H) and low (L) endpoints. Contiguous high areas are
marked in red and contiguous low areas in blue. C, Caudal, M, Medial; R, Rostral; L, Lateral; T,

Temporal, Al, primary auditory region. From Humphries et al., 2010.
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In humans, evidences for distinct tonotopic fields in cortical auditory regions were first
demonstrated using MEG recordings (Romani et al., 1982). This study showed that the cortical
activity in response to auditory stimuli was increased in depth with increasing tone frequency. The
concept of tonotopic organization of the primary auditory region was then confirmed by numerous
studies using electro-physiological approaches (Bertrand et al., 1991; Howard et al., 1996; Pantev et
al., 1995; Pantev et al., 1996; Romani, 1986). Notably, Howard and al. (1996) performed single-unit
recordings in humans to show tonotopic organization in the primary auditory region which was similar
to that observed in monkeys (high-frequency sound recruiting the medial part of Al, and low
frequency sound recruiting a more lateral part). Other evidence comes from the study of Pantev et al.
(1995) who showed using MEG recordings that the sources of the Pa wave elicited a tonotopic
organization in the transverse temporal gyrus of Heschl while the N1 component shows mirror
organization in the planum temporale.

Later fMRI studies have improved our understanding of the tonotopic organization of human
auditory cortex by exploring cortical activations not only for isolated extreme frequencies, but also for
intermediate frequencies, allowing the identification of frequency gradients (spatial gradients with
selective frequencies in auditory areas) (Formisano et al., 2003; Langers et al., 2007; Schonwiesner et
al., 2002; Talavage et al., 2004; Upadhyay et al., 2007; Woods et al., 2009; Yang et al., 2000).
Schonwiesner et al. (2002) found differences in activation between anterior and posterior Heschl’s
gyrus (as well as medial and lateral differences) as function of frequency. Formisano (2003) showed in
line with seminal studies in monkeys (Kaas and Hackett, 2000), that two mirror-symmetric frequency
gradients (high—low—high) extend along the axis of Heschl’s gyrus. In Talavage et al. (2004) three
consistent gradients were reported, but none of which clearly follow the long axis of Heschl’s gyrus.
Finally, Langers et al. (2007) reported a single high-to-low gradient extending from posterior medial

(caudal) to anterior lateral (rostral) auditory areas.
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Figure 10. The central auditory pathway in humans, from Saenz and Langers (2013). All
nuclei that form part of the classical lemniscal auditory pathway are tonotopically organised. These
include various subdivisions of the cochlear nucleus (CN), superior olivary complex (SOC), inferior
colliculus (IC), and medial geniculate nucleus (MGN). In the auditory cerebral cortex in the superior
part of the temporal lobe, expected divisions of core, belt, and parabelt are based on the non-human
primate model of auditory cortical organisation. Human neuroimaging consistently shows at least two
primary tonotopic gradients (“high-low-high”) in the auditory cortex, homologous to primary fields
Al and rostral field R in the monkey cortex. In some primate studies, a third rostrotemporal field RT is

delineated, but neuroimaging evidence for a similar field in humans is sparse.

More recently, Humphries et al. (2010) proposed an alternative tonotopic organization. In this
study, posterior and anterior to Heschl’s gyrus were sensitive to higher frequencies, whereas an
elongated zone on Heschl’s gyrus responded more specifically to lower frequencies. They conclude
that while the high-low-high frequency gradients remains present, the tonotopic progressions in the
Heschl’s gyrus is running perpendicularly across this areas, instead of running in parallel along it (see
Figure 10). This data received subsequent supports from very recent studies (Da Costa et al., 2011;
Herdener et al., 2013; Langers and van Dijk, 2012; Saenz and Langers, 2013) that similarly found
gradients running across the Heschl’s gyrus with fields Al and R on the medial and lateral parts of the
Heschl’s gyrus respectively. It has then been suggested that the direction of these tonotopic gradients
is oriented diagonally, resulting in an angled V-shaped pair of frequency progressions (Saenz and
Langers, 2013) that is consistent with the anterior-to-posterior V-shaped tonotopic axis in primates

(Kaas and Hackett, 2000).
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Regarding secondary auditory regions, belt areas have also been shown to elicit some degree

of tonotopicity. On the planum temporale, an additional low-frequency focus has been observed
(Humphries et al., 2010; Langers and van Dijk, 2012; Talavage et al., 2004). Moreover, it has been
suggested (Saenz and Langers, 2013) that additional tonotopic gradients exist in the extreme lateral
part of the superior temporal gyrus, close to the superior temporal sulcus and middle temporal gyrus.
Further investigations are thus needed to understand clearly the tonotopic organization of secondary

auditory areas.
Functional response to complex pitch

While the tonotopic organization of the auditory cortex starts to get well defined for pure
tones, for complex sounds, there is no simple relation between pitch and frequency composition. It has
thus been argued that for complex sounds, more sophisticated neural computations are necessary to
determine sound periodicity (see Walker et al., 2011 for review). Considering that auditory nerve
fibers are phase-locked to sounds properties, their firing patterns in response to a periodic sound are in
consequence periodic. As described above, the frequency of a pure tone can be derived as the
periodicity (or first-order autocorrelation see section 1.5.1 pages 35 to 36) of spikes observed across
responsive auditory nerve fibers. For complex sounds, FO is encoded within the all-order
autocorrelation of spikes across fibers. It could thus be assumed that maps of stimulus periodicity exist
in Al Since pure tones have a well-defined periodicity and evoke a pitch that is comparable to that of
their tone complex counterparts, these periodicity maps should be independent of sound spectrum and
thus lie along the tonotopic map. However, while the idea of a periodotopic map in auditory cortex is
emergent, the experimental evidence for such an arrangement, and its contribution to pitch perception,
remains inconclusive (Walker et al., 2011).

Several studies have, nevertheless, tried to determine the cortical regions that could be
specifically recruited by complex sounds. First of all, while it has been shown that the majority of
sounds recruit the medial part of the Heschl’s gyrus (primary auditory cortex), the activation of the
adjacent auditory areas seems to vary as a function of sound spectro-temporal complexity. It is now
well admitted that when the sound complexity increases, the extent of the recruitment of secondary
auditory region increases, notably in the planum temporale. This assumption was confirmed by studies
showing that pure tones activate primarily the core areas, whereas belt areas are more recruited by
complex sounds, such as narrow-band noise bursts (Wessinger et al., 2001).

Later, several studies have tried to distinguish the relative contributions of auditory cortical
fields in pitch processing. These studies have used low-pitch salience (unresolved harmonics), and a
high-pass filter to minimize the spectral ripple that occurs in the stimulus so that the stimulus can be
compared with a control noise with the same pass-band. This manipulation allows demonstrating
responses that cannot be explained by changes in the time-averaged spectrum. Patterson et al. (2002)

used fMRI to measure the blood oxygenation response in human listeners during the presentation of
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iterated rippled noise and broadband noise bursts. They found that the lateral Heschl’s gyrus was more
strongly activated by pitch-evoking stimuli than by the aperiodic noises (Patterson et al., 2002).

Using intra cranial recordings in an epileptic patient, the lateral Heschl’s Gyrus was shown to
elicit a stronger response to iterated rippled noises than to aperiodic noises. Interestingly, note that the
opposite result was found in medial portion of the Heschl’s gyrus (Schonwiesner and Zatorre, 2008).
More recently, two studies (Griffiths et al., 2010; Sedley et al., 2012) using intracranial and MEG
recordings confirmed that maximal responses to iterated rippled noise are observed in lateral Heschl’s
gyrus, which have been interpreted as pitch mappings. Similarly, higher activation in lateral Heschl’s
gyrus has been observed when contrasting resolved harmonics (with high pitch salience) with
unresolved harmonics (low pitch salience) that were presented in the same pass band (Penagos et al.,
2004).

Overall these studies in Humans suggest a regional specialization for pitch in the lateral and
posterior superior temporal plane. Finally, cortical specificity for pitch processing was investigated as
a function of hemispheric recruitment. These researches were based on the observation of impaired
pitch discriminations abilities in the case of right auditory cortical injuries, while these impairments
were not observed after damage in the left hemisphere (Divenyi and Robinson, 1989; Johnsrude et al.,
2000; Stewart et al., 2006).These studies have proposed a right lateralization of pitch processing in the
human brain. This hypothesis has received further supports from fMRI studies in healthy listeners
showing that activation in the right planum temporale is correlated with the size of frequency shifts
presented between successive tones. Interestingly this correlation was not observed in the left auditory

cortical activity (Hyde et al., 2008).

Functional response to pitch patterns and music processing

As described in the previous section natural stimuli from the environment are rarely composed
of isolated pitch, but rather contain pitch in sequences such as speech or music. For the specific case of
music processing, musical patterns are defined by pitch variation across sequences or in the form of
glides. Neuropsychological studies in brain damaged patients have shown that deficits in the
processing of pitch patterns are most often associated with lesions in the planum temporale, in the
parieto-temporal junction, and in the supra-temporal plane anterior to Heschl’s gyrus and in the
anterior Superior Temporal Gyrus (STG) (Stewart et al., 2006). These studies thus suggested that
lateral and posterior parts of auditory cortex (that are well known to play an important role in pitch
representation during the early stages of pitch analyses) might also be recruited for more complex
processing, such as the extraction of melodic features (i.e., melodic contour, interval etc.). By
contrasting local and global pitch processing with fMRI, a recent study (Stewart et al., 2008) found
that in comparison to global processing, additional activations were observed for local processing in
planum temporale and posterior superior temporal sulcus (pSTS) thus supporting the hypothesis of

hierarchical organization between global and local features in pitch sequences.
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Additionally, the effect of varying pitch in sequences has been shown to activate a distributed

set of cortical areas in the superior temporal lobe (Griffiths, 1999; Griffiths et al., 1999; Janata et al.,
2002a; Janata et al., 2002b; Koelsch et al., 2009; Maess et al., 2001; Peretz and Zatorre, 2005; Schulze
et al., 2011a; Schulze et al., 2011b; Tillmann et al., 2003; Tillmann et al., 2006; Zatorre et al., 2002;
Zatorre et al., 1994). These studies revealed that in addition to the auditory cortex, pitch processing in
the human brain involves the contribution of distant brain regions, notably frontal and parietal areas.
In particular, inferior frontal areas have been shown to be strongly recruited during encoding melodic
information (Griffiths et al., 1999; Overath et al., 2007; Zatorre et al., 1994). These studies will not be
described in this chapter, but note that the specific network related to encoding of melodies in the

specific case of short term memory processing will be presented with further details in Chapter II.

Conclusion

This chapter presents a brief overview about our current knowledge concerning of how auditory
perceptual systems encode sound information. We have presented here above several steps of the
processing from the sound wave to cortical processing by insisting on pitch processing and by
presenting the conclusions of psychoacoustic, psychological and neuroimaging studies. In brief, these
studies showed that several hierarchical organizations could be observed at each step of the auditory
processing and that specific subparts of the human auditory system are related to pitch processing.
However, while most of the previous research in this domain has largely focused on the role of
specific cortical regions involved in pitch perception, memory, or other functions, it still remains an
open question about how these regions work together in terms of network activity. As suggested by
Sporn (2013), contemporary neuroscience emphasizes the idea that higher-order aspects of cognition
emerge from the dynamic interactions between brain areas. To explore how connectivity patterns
could underlie brain functioning and to understand complex cognitive processes requires considerable
efforts at mapping the networks of the human brain with both functional and anatomical approaches

(Sporns, 2013).
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Underpinnings of Auditory Short-Term Memory

2.1. Memory

Once the external information has been processed by the perceptual systems, higher order
mechanisms are setting up in the human brain to allow the elaboration of multiple complex cognitive
functions. Among several complex processes such as emotion, attention, learning, motor programming
etc., memory has received an extensive interest in the domain of cognitive psychology and

neuroscience. According to Endel Tulving,

“Memory is the ability of living organisms to acquire, retain and use information or

knowledge” (Tulving, 1987)

This ability has been described as playing an important role in governing our everyday life
activities, by driving the construction of our identity, our knowledge and our perceptual abilities.
While it is widely admitted that memory plays a ubiquitous role in human cognition, its underpinnings
were historically debated along two main theories that have either considered it as an homogeneous

entity, or as an arrangement of multiple different systems.

2.1.1. Models of memory

The first scientific investigation of memory was historically performed by Hermann
Ebbinghaus (Ebbinghaus, 1885/1913), who has tested whether he could acquire and recall, at various
periods of time (up to 31 days), new information in form of series of nonsense syllables. Ebbinghaus
noted that he often had a “‘first fleeting grasp ... of the series in moments of special concentration’ (p.
33). By this comment, he introduced the notion of ‘immediate memory’, but assumed that his fleeting
grasp did not ensure that the series had been sufficiently memorized to allow its recall later on. A
distinction between this ‘immediate memory’ supposed to be a limited-capacity system, and another
type of large-capacity system was proposed by William James (James, 1890). On the basis of
introspective analysis, he proposed that different types of memory exist: 1) a limited storage he called
primary memory “/that] comes to us as belonging to the rearward portion of the present space of

time, and not to the genuine past”’;

and 2) an unlimited storage referred as secondary memory: “/An object of secondary memory,
by contrast,]. . . is one which has been absent from consciousness altogether, and now revives anew. It
is brought back, recalled, fished up, so to speak, from a reservoir in which, with countless other

objects, it lay buried and lost from view” (James, 1890, pp. 646—647).
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Later on, Drachman and Arbit (1966) have proposed an evolution of the concepts of primary

and second memory by introducing the labelings of “short-term memory” and “long-term memory”

(Drachman and Arbit, 1966):

“Short-term memory . . . deals only with subspan memoranda, evanescently, as long as the
subject’s attention is directed towards the memorandum . . . By contrast, “long-term” memory
(storage) deals both with supraspan memoranda held for long or short intervals and with subspan

memoranda recalled following the redirection of attention.” (p. 59).

This dualistic view of memory has been later supported by different neuropsychological
studies in brain-damaged patients. These studies have suggested that as a function of the location of
the lesion, specific behavioral impairments were observed either in short or long-term memory
processing. In 1966, Milner has reported that patients who had damages in temporal lobes and
hippocampus showed a general impairment in the capacity of learning and remembering new material
(verbal or visual). However, these patients seemed to present normal short-term memory abilities as
measured by the digit span task (the capacity to hear and immediately repeat back a unfamiliar
sequence of numbers) (Milner, 1966). In contrast, the opposite pattern of impairments were observed
in another study (Shallice and Warrington, 1970): patients with damage in the perisylvian region of the
left hemisphere showed near normal long-term memory abilities, but strong impairments in short-term
memory capacities (digit spans limited to one or two items). Based on these observations, the
dominant hypothesis in the literature proposed that memory might be supported by a short-term store
and a long-term store. In a related vein, Atkinson & Shiffrin (1968) proposed a model of memory
based on the duration for which the representation stays in the system (Figure 10). In this model,
external information flows from the environment through a series of brief sensory memories, into a
limited capacity short-term store (Atkinson and Shiffrin, 1968). They assumed that when the
informatiopn is retained long enough in the short-term store, it could then be transferred to a long-term
store.

Since these seminal studies, research in cognitive psychology has rather consistently
considered memory as an arrangement of multiple systems. However, note that an alternative theory
has been proposed by numerous researchers, who have considered memory more as a unitary (or
monistic) system (Nairne, 1992; Neath, 1998; Ranganath and Blumenfeld, 2005). These studies have
tried to define a single set of principles that could capture all different forms of memory, from the very
immediate to the very long-term. However, although there are substantial differences between
dualistic and monistic conception of memory, there have been few experimental efforts to directly
contrast the two types of models (Ranganath and Blumenfeld, 2005). In the present PhD work instead
of considering memory as a homogeneous entity, we will adopt the hypothesis of memory as an
arrangement of multiple systems(Winkler and Cowan, 2005). This is in line with previous studies
investigating auditory memory for music and language processing that have been based on this
concept of multiple forms of memory.
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Figure 10: The model of Human memory from Atkinson & Shiffrin (1968). This model of memory
comprises a succession of storage systems in which information flows from the environment, into a
series of temporary sensory buffers, before being passed on to a limited capacity short-term memory
store, which then feeds long-term memory. Atkinson and Shiffrin (1968) proposed that this short-term
system acts as a working memory, controlling the flow of information into and out of long-term

memory, and playing a crucial role in learning and in cognition more generally.
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Since Atkinson & Shiffrin (1968), multiple forms of memory were defined: 1) sensory
memory, 2) short-term and working memory 3) long-term memory.

First, sensory memory (see also echoic memory for auditory processing (see section 1.3.3,
pages 18 to 19) allows the retention of information for a very short time period (<10 sec.) (Cowan,
1984). This type of very brief memory has often been related to the processing of information in the
perceptual system. Second, short-term and working memories correspond to the ‘immediate memory’
or ‘primary memory’ described by James (1890). Short-term memory refers to the active retention of
information for brief periods of time (maintenance), while working memory refers to the simultaneous
storage and processing of information (maintenance and manipulation). The distinction between
working and short-term memories (see below page 50, 58) is still under debate (Cowan, 2008;
D'Esposito, 2007), however there is a general consensus to consider these memories as dedicated
systems that aim to maintain, manipulate and store information over a short-term period (several
seconds) (Baddeley, 2003b, 2010; Cowan, 2008). Finally, long-term memory has been described as a
large capacity system allowing the storage of information for a long period of time (from hour to
years). Long-term memory was classified into several sub-components such as declarative memory
(memory for facts, events) and non-declarative memory (or procedural memory dedicated to
perceptual or motor skills) (Cohen and Squire, 1980). The precise definitions of each of these memory

systems are still under debate (Cowan, 2008; Schulze and Koelsch, 2012).

2.1.2. Stages of memory and methods of investigation

By exploring the different processing steps of memory, studies in cognitive psychology have
often separated out three aspects seeming essential for any memory system: 1) Encoding, the
processes whereby information is registered; 2) Storage or Retention, corresponding to the
maintenance of information over time; and 3) Retrieval, which refers to the accessing of the
information by recall or recognition.

Once the information has been processed by the perceptual systems, it has to be encoded into a
form that the cognitive system can process. This phase corresponds to the encoding of the information
(note that this step could share or contain several mechanisms as those involved in of sensory
encoding (Demany and Semal, 2008)). Encoding is typically studied in psychology by varying the way
that the material is processed during learning and by modifying the nature of the to-be-encoded
material. For example, it is well known that the encoding of a specific characteristic of a stimulus
(shallow encoding) leads to a much poorer subsequent recall (or recognition) than processing it in
terms of meaning (deeper encoding) (Baddeley, 1976).

After the encoding step, the information has to be stored by the system (storage or retention).
Retention is usually measured through the rate of loss of information (forgetting). Interestingly,
retention capacities have been shown to vary as a function of the nature of memory stores, in other
words, it varied as a function of how long the memory lasts for (duration), how much can be stored at

any time (capacity) and what kind of information is held.
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Finally, retrieval refers to getting information out of storage. Methods of investigation of
memory retrieval include two principal aspects 1) recall, in which case the participant is required to
reproduce the stimulus items, and 2) recognition, requiring the participant to determine during the
recognition phase whether items have been presented or not during the encoding phase (yes/no
recognition), or to choose the previously presented item from a set of two or more alternatives (forced-
choice recognition).

Serial recall requiring participants to repeat a presented list in correct serial order is one
retrieval methods. A simpler method is the free recall for which participants are required to reproduce
as many items as possible in any order they wish. Note that, when the recall phase of a given series of
items occurs immediately after the encoding phase, the probability of an item being recalled correctly
is dependent on its serial position in the presentation. In the case of serial recall, recall starts very
accurately, decreases throughout the list, and then improves towards the end of the list. One traditional
interpretation of this phenomenon is that this pattern is indicative of both short-term and long-term
memory systems. According to this view, the recency effect reflects the recruitment of a short-term
store in which the most recently presented items remain at the time of recall. Similarly, the primacy
effect corresponds to the preservation of items that had sufficient time to activate associated semantic
knowledge in long-term memory. In addition to the primacy and recency effects, in case of long
duration between the encoding and the recalling phases (from minutes to days), free recall has been
shown to be dependent on variables such as the imageability, frequency and semantic associability of
the items (thus showing an interaction between short-term and long-term memory).

The second method of investigation of retrieval, the recognition method, is more dependent on
the participant’s response strategy, in particular his degree of caution. For example, in a task for which
participants are required to determine (categorize) if an item was presented during the encoding phase
(yes/no), if a given participant responds ‘yes’ to every stimulus, his/her categorization scores would
not reflect any memory processing. Note, however, that there are a number of analyses dealing with
different degrees of caution among participants. A correction can be applied by deducting the
proportion of false alarms from the proportion hit score. An alternative and more complex way is to
use signal detection theory, which yields two measures, one representing the hypothetical strength of
the memory trace (sensitivity index as measures by d’), and the other the response criterion (or degree
of caution as measured by response bias ¢) employed by a given participant (Lockhart, 2000).

The investigation of the behavioral and cerebral mechanisms of encoding, storage and
retrieval aspects of memory processing has allowed improving the definitions and classifications of
the different memory sub-systems (sensory, short-term/working, long-term). The present chapter will
not present all of them, but will describe in more details the psychological concepts and the cerebral
correlates of short-term memory and working memory (also by presenting the potential differences

between them) in the specific case of auditory processing.
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It should be noted, however, that the different types of memory are not independent. Sensory
and long-term memories are well known to interact with both short-term and working memory
(Demany and Semal, 2008; Jeneson and Squire, 2012). Sensory memory can play a crucial role in the
encoding of auditory information in short-term memory. This hypothesis is based on the fact that
sounds produce physical entities that are extended in time and that once a sound end, it remains as
memory traces (see Chapter I, page 18) that affect the encoding of future sounds. In this view, it is
reasonable to state that, at least in the auditory domain, sensory memory and encoding of information
in short-term memory are deeply interrelated (Demany and Semal, 2008).

In a related vein, and as shortly introduced above, long-term memory can also play a role in
the processing of short-term memory and working memory. Numerous studies have shown that the use
of familiar material (such as familiar spatial patterns or familiar verbal material) leads to better short-
term memory performance than does unfamiliar material (i.e. non-sense words) (Bor et al., 2003;
Savage et al., 2001). The underlying hypotheis here is that previously acquired knowledge can
improve perception, encoding and retention of information in short-term or working memory. The
interactions between different types of memory are important and will be presented in further details
in the section 2.2 of the present chapter. Finally, note that the classification of different subsystems of
memory we have adopted in the present manuscript is based on the duration of information storage,
from very short (sensory memory) to very long time periods (long-term memory). It is, however,
relevant to consider that other classifications of memory have been proposed, especially concerning
the dichotomy between explicit and implicit information processing. The following sections will focus
on explicit memory. The definition of implicit processing, and its differences with explicit processing
in the special case of auditory perception and memory will be presented in further details in Chapter

III.

2.2. Working & Short-Term Memory

The terms of short-term memory and working memory have not been used consistently in the
literature (Baddeley, 2012; Cowan, 2008). Short-term memory has been used to refer to the simple
temporary storage of information (maintenance), and working memory to refer to the maintenance and
the manipulation of information (Baddeley, 1986; Engle et al., 1999). In the following sections, we
will present the concepts of working memory and short-term memory through the view of cognitive

psychology.

2.2.1. Working memory

Working memory is a term referring to memory as it is used to plan and carry out behavior
(Miller et al., 1960). This term has become highly influential in cognitive psychology since Baddeley
and Hitch (1974) proposed that the single short-term store of Atkinson & Shiffrin (1968) does not take
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into account all kinds of ‘immediate’ memory. According to Baddeley and Hitch (1974), Atkinson &
Shiffrin model encountered at least two problems (see also Baddeley 2003, 2010).

First, it does not consider that holding an item in short-term store does not guarantee efficient
learning. For example the processing of a word in terms of its perceptual appearance is much less
effective for subsequent learning than encoding the material on the basis of its meaning. According to
this encoding effect, Craik & Lockhart (1972) have suggested that the probability of recall (or
recognition) is directly related to the ‘depth’ to which an item has been processed. In this view, recall
of a word list following semantic processing (considered as a ‘deep encoding process as it requires
participants to make a judgment about the meaning of the item) is far better than recall following
superficial processing, such as coding of form or size (Craik and Lockhart, 1972).

The second problem of the Atkinson and Shiffrin’s (1968) model is that it assumes that the
short-term store is an obligatory step for long-term learning. This conclusion was challenged by the
study of patients showing a very specific short-term memory deficit, but exhibiting normal long-term
learning (Shallice and Warrington, 1970). According to Atkinson and Shiffrin’s (1968) model, in the
absence of an adequate short-term memory, information should be rapidly lost and hence such patients
should not be able to learn. Furthermore, if Atkinson and Shiffrin’s (1968) short-term store did indeed
function as a working memory, patients with impaired short-term memory should be cognitively
seriously impaired. However, while patients described in Shallice and Warrington (1970) study
showed short-term memory impairments, they seemed to exhibit near normal cognitive abilities
(comprehending, reasoning, etc.).

Baddeley and Hitch (1974) have thus attempted to explore this paradox by studying the effect
of disrupting short-term memory on complex cognitive abilities, such as reasoning, comprehending
and learning, in typical individuals. By combining such cognitive tasks with a concurrent activity,
namely remembering and repeating back sequences of digits, the performance on the cognitive task
should be progressively disrupted as the length of the digit sequence increases in the short-term
memory task. Participants showed indeed a significant effect, with speed of performance in the
complex tasks declining with increasing length of digit-sequences. However, even with very long digit
sequences, error rates in the complex tasks were low and unchanged. Based on this later observation
they proposed that different subsystems in the brain support these different mechanisms (while still
sharing some mechanisms).

They thus proposed that the concept of a simple unitary short-term store could be replaced by
a more complex system, labeled as working memory (Baddeley and Hitch, 1974). The construction of
this model was based on the observation of distinct memory resources for the processing of
visuospatial and verbal material. The claim of domain specificity was supported by findings of
selective interference of concurrent visuospatial and verbal activities on the performance of same-
modality tasks (Baddeley et al., 1975a; Baddeley and Lieberman, 1980; Brandimonte et al., 1992), and
of selective impairment of either verbal or visuospatial short-term memory in neurological patients

(Vallar and Baddeley, 1984). These observations have thus led to the highly influential model
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(Baddeley, 1986) of working memory in which 3 components interact (Figure 11): 1) the phonological
component, 2) the visual-spatial component and 3) the central executive corresponding to attention-

related processes.

“«—>—" <
Visuospatial Central Phonological
sketchpad executive loop
< A >

Figure 11: The three-component model of working memory form Baddeley and Hitch (1974). This
model comprises a control system, the central executive, and two subsidiary storage systems, the

visuospatial sketchpad and the phonological loop.
The phonological loop

The phonological loop is assumed to consist in a short-term store, which is subject of rapid
temporal decay (Baddeley, 1992, 2003b, 2010, 2012; Baddeley, 1986; Vallar, 2006; Vallar and
Baddeley, 1984; Vallar and Papagno, 2002). It assumes that linguistic inputs have obligatory access to
a phonological store. This component was subdivided into two parts: 1) a passive storage component
(phonological storage), which is assumed to maintain auditory or speech-based information for a
couple of seconds (Baddeley, 1992, 2010); and 2) an active rehearsal mechanism, which is supposed
to maintain information for longer time periods thanks to articulatory rehearsal processes (such as
subvocal speech) (see Figure 12).

Multiple behavioral evidences have support this view, notably by showing that the storage of
auditory and verbal information might be supported by the establishment of phonological codes in the
brain.

1) The first evidence was labeled as the phonological similarity effect, which was related to the
observation of impaired recall for verbal items that share similar phonological structure (Baddeley,
1966), whereas visual or semantic similarity showed very little effects.

2) The second evidence came from the irrelevant speech effect: it has been demonstrated that listening
to irrelevant speech during serial recall tasks resulted in poorer retention (Colle and Welsh, 1976),
than listening of pulsed noise (Salame and Baddeley, 1987). This observation suggests that irrelevant
speech effect might be due to the obligatory access of phonological (but not other auditory)

information during retention of the information.
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3) The third evidence was named the word-length effect: it refers to the fact that an improved memory
span and a superior recognition accuracy are observed for short words in comparison to long words
(Baddeley et al., 1975b), thus implying that the phonological information is recruited for retention.
This effect suggested a rapid temporal decay of the phonological representations in the short-term
store.
4) The fourth evidence of the phonological component has led to the description of the articulatory
rehearsal process, which has been evidenced by the effect of articulatory suppression. When typical
individuals are prevented from rehearsing to-be-remembered items, by being required to repeat
continuously an irrelevant sound (e.g., /the/) or naming the months of the year, performance is
impaired. This suggests that articulatory rehearsal processes are a necessary mechanism of the

phonological storage.

Visual input
Auditory input Visual analysis
i short-term store
Phonological
analysis
l Orthographic
to
phonological
recoding
Phonological Rehearsal
short-term store r0cess
Inferior parietal lobule P
—_———— Phonological
TE e = = = output buffer
Broca’s area-premotor cortex

y

Spoken output

Long-term
verbal memory

Current Biology
Figure 12. Detailed presentation of the phonological loop model based on both behavioral and
neuropsychological evidence (Vallar, 2006).

Additionally to these four aspects, two supplementary characteristics of the phonological loop have
been described (Baddeley, 2000).
5) The transfer of information between codes: it had been shown that typical individuals can

subvocally rehearse visually presented items, thereby transferring the information from a visual code
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to an auditory code (Figure 12). It should be noted that articulatory suppression prevents this code
transfer as it removes the effect of phonological similarity for visually presented items, but not for
auditorily presented items, as these are automatically registered in the phonological store.
6) The last evidence for the existence of a phonological loop was provided by the study of
neuropsychological patients who showed specific deficits either of the phonological store or of
rehearsal processes. Baddeley (2000) has pointed out that aphasic patients affected by dyspraxia are
unable to set up the speech motor codes necessary for articulatory rehearsal processes. In contrast
dysarthric patients, exhibiting peripheral speech difficulties, show a normal capacity for rehearsal, thus
suggesting that articulatory rehearsal is the central rehearsal code of the phonological loop.

Taken together, all these effects have suggested that during the retention of verbal material,
information is maintained by both a passive phonological store and an active articulatory rehearsal
process, comparable to subvocal speech. Over the last decades, this model has proved capable of
accommodating a great deal of experimental evidence from typical adult participants, children, and

neuropsychological patients (Baddeley, 1997; Gathercole and Baddeley, 1993).

The visuospatial sketchpad

The visuospatial sketchpad is assumed to allow the active storage and manipulation of visual
and spatial information. It has been suggested that memory of object shapes involves the retention of
spatial arrangements and visual features and that spatial information can sometimes be encoded in the
form of static visual patterns (Pickering et al., 2001; Smyth and Pendleton, 1989). These observations
have led to embedding these two kinds of information (i.e., spatial and visual) into one component in
the model of working memory. However, a breakdown between these two processes was then
proposed based on an accumulation of evidence indicating dissociations between memory for spatial
movements and for visual patterns (Klauer and Zhao, 2004). Note that this component will not be
described in detail in the present chapter as the concerns of visuospatial short-term and working

memory are far from the central themes of this PhD work.
Central executive

The third component of the model, the central executive, is assumed to constitute an
attentional controller for the visuospatial and phonological subsidiary systems of working memory. It
was described as playing an important role in dividing and switching attention, together with a role in
connecting working memory with long-term memory (Baddeley, 1996). However, whether this system
involves a single unitary controller, or an arrangement of multiple executive processes has not been
clearly defined yet (Baddeley, 2010).

Baddeley (1996) suggested to define the central executive in parallel with the supervisory
attentional system proposed by Norman & Shallice (1986). This supervisory attentional system
proposed that attentional control of action is supported by well-learned habits and schemas, guided by

environmental cues (Norman and Shallice, 1986). This concept includes a wide range of potentially
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separable executive processes, that have shown to be altered in patients with frontal lobe damage
(Baddeley, 1996). One way to decipher the different components of the central executive is to
investigate its cerebral correlates with neuroimaging methods in humans. Note that neuroimaging
studies exploring this component will be presented with more details in the following sections (see

section 2.4.1.1 pages 64 to 70).
A fourth component of working memory: the episodic buffer

More recently, an additional component has been added to the Baddeley and Hitch (1974)
model of working memory: the episodic buffer (Figure 13). According to Baddeley (2000), the
episodic buffer is assumed to be capable of storing information in a multi-dimensional code. It thus
provides a temporary interface between the subsidiary systems (the phonological loop and the
visuospatial sketchpad) and long-term memory. It is assumed to be controlled by the central executive
and it serves as a modeling space that is separate from long-term memory, but which forms an
important stage in long-term episodic learning (Baddeley, 2000).

Note that the buffer had been added in the model following the observation of some
inconsistencies of data with the original Baddeley and Hitch’s (1974) model. For example, patients
showing impaired short-term phonological memory exhibiting auditory memory span of only one
digit, could even recall about four digits after visual presentation. Based on this evidence (among
several other studies), the episodic buffer is assumed to explain short-term memory processing of

features that did not match the other stores (particularly semantic information in memory).
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Figure 13. A further development of the working memory model of Baddeley and Hitch from Baddeley

(2010)

Another model of working memory

An alternative model differing from Baddeley and Hitch’s (1974) proposal was introduced by

Cowan (1988). In his view, short-term memory refers to a subset of information in long-term memory

that is temporarily activated above some threshold. Once the information has been ‘activated’, it

rapidly returns to an inactive state unless it is refreshed by an attentional focus which is limited in

capacity. In this model, working memory includes short-term memory as well as the attentional

processes used to keep some short-term memory contents in an activated state (Figure 14). In contrast

to Baddeley and Hitch, working memory does not rely on specialized dedicated storage buffers.
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Figure 14. A depiction of the theoretical modeling framework of memory from Cowan (2008).
Cowan proposes that the ‘contents of working memory’ are not maintained within dedicated storage
buffers, but rather are simply the subset of information that is within the focus of attention at a given
time. In this model working memory comes from hierarchically arranged faculties comprising long-
term memory, the subset of working long-term memory that is currently activated and the subset of

activated memory that is the focus of attention.

Later on, Engle et al. (1999) proposed an adaption of this model by stipulating that working
memory could consists in ““ (a) a store in the form of long-term memory traces active above threshold,
(b) processes for achieving and maintaining that activation, and (c) controlled attention” ( p. 104). In
this model, working memory thus refers only to the attention-related aspects of short-term memory
(Engle, 2002).

As presented in the previous section, working memory has received an extensive interest in
cognitive psychology and neurosciences over the last decades. Studies in patients and in typical
individuals have allowed defining several sub-components of the system that were supposed to
support the retention and the manipulation of information for a short-term period. However, and as
mentioned above, the distinction between short-term memory and working memory seems to not be
clearly defined in contemporary research in cognitive psychology and neuroscience. Notable several
studies have used working memory (maintenance and manipulation) for tasks involving only
maintenance processes (short-term memory)(Schulze and Koelsch, 2012). To present provide a more

precise definition, the following section will thus briefly introduce the concept of short-term memory.
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2.2.2. Short-term memory

The distinction between short-term memory and working memory is not well defined, this
being due to several inconsistencies in the use of each term over the past decades. While seminal
studies have considered that working memory is embedded in short-term stores (Atkinson and
Shiffrin, 1968), other models have rather considered short-term memory as a sub-component of
working memory (see Cowan, 2008).

Historically, short-term memory referred to the ‘primary memory’ of James (1890). However,
this definition has been rapidly considered as too vague as primary memory could also be associated to
sensory memory (Cowan, 2008). Later on, Atkinson and Shiffrin (1968) defined short-term memory as
a short-term store that allows the temporary storage of a limited quantity of information. As described
in the previous section, Baddeley and Hitch (1974) have opted for a multi-component system that
could not be reduced to a unitary short-term store and used the term working memory to describe that
entire system and its subcomponents. One option in the distinction of short-term and working memory
is considering that the subsidiary systems (phonological loop, visuospatial sketchpad) proposed by
Baddeley and Hitch (1974) could consist in short-term storage components (Cowan, 1988), these
component being manipulated by the central executive processes. In this view, working memory thus
corresponds to storage and processing of the information, and includes short-term stores and other
processing mechanisms that help to make use of short-term memory.

However, whether short-term memory is a subcomponent of working memory or whether it
encompasses working memory is still under debate. A unifying view (and simplest view) is to consider
these two mechanisms as distinct systems. This hypothesis has received support in studies that have
investigated participants’ performance in tasks that were supposed to recruit short-term memory
(storage-only) and working memory (storage and processing) (Cantor et al., 1991; Engle et al., 1999;
Kail and Hall, 2001; Kane et al., 2004). These studies were based on two hypotheses. First, as short-
term memory is supposed to be independent of working memory, tasks that recruit short-term memory
processing should be distinguishable from tasks that measure working memory. Supporting evidence
for this hypothesis could be found in Cantor et al (1991) and Engle et al. (1999) who have required
participants to perform simple digit and word span tasks, while performing more complex span tasks.
In the complex span tasks participants were required to read sets of sentences and concurrently
remember the last word from each sentence in the set. Factor analyses revealed that the simple span
tasks and complex reading span tasks were loaded on separate factors that were interpreted to reflect
short-term and working memory, respectively.

The second hypothesis concerns the potential links between short-term and working memory
and higher order cognitive mechanisms defined as cognitive aptitudes (such as reasoning, problem
solving, and reading). As these ‘cognitive aptitudes’ are supposed to recruit more attentional and
complex processes in comparison to a simple recall task, performance on these tasks should be

predicted more accurately by working memory than by short-term memory.
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Many investigators have compared the extent to which short-term memory and working
memory could predict ‘aptitudes’ on cognitive tasks. In the studies by Engle and colleagues described
above (Cantor et al., 1991; Engle et al., 1999), only working memory accounted for significant
variance in verbal scores and in measures of fluid intelligence. According to Cowan (2008), as
measures of working memory have been found to correlate with intellectual aptitudes (and especially
fluid intelligence) better than measures of short-term memory, working and short-term memory are
certainly separated. Taken together, these studies supported the hypothesis that working memory and
short-term memory are distinct (but at some point interrelated) and that working memory plays a
greater role than short-term memory in higher order cognitive processes.

The present PhD work is embedded in this general framework considering short-term memory
and working memory are distinct. In this view, short-term memory refers to the storage of information
and working memory reflects the use of measures that incorporate not only storage, but also
processing. Along these lines, the following section will present the behavioral and cerebral correlates

of short-term memory for auditory verbal and musical materials.

23.  Auditory Short-Term Memory for verbal and tonal material

The majority of research on auditory short-term memory has been carried out using verbal
material, such as words, syllables or phonemes. More recently, several studies have investigated the
memory mechanisms that support other kind of auditory material, such as music (tones, timbres,
rhythms etc.) (Golubock and Janata, 2013; McKeown and Wellsted, 2009; Mercer and McKeown,
2010; Schulze and Tillmann, 2013). Auditory short-term memory for tones is a fundamental
component of music perception and production, but also plays an important role in speech processing
and comprehension. In the following section, we will describe in more details the current knowledge

about the mechanisms that support auditory short-term memory for verbal and tonal material.

2.3.1. Verbal short-term memory

It is now largely admitted that verbal short-term memory can be supported by the phonological
loop proposed by Baddeley and Hitch (1974). As described above (see page 52), the phonological loop
has been defined thanks to the observation of multiple behavioral effects (the phonological similarity
effect; the irrelevant speech effect; the word-length effect; the articulatory suppression effect) leading
to the conclusion that verbal material is stored in short-term memory through a transformation of the
information into a phonological code. In addition to these mechanisms, the phonological loop has been
demonstrated to be sensitive to timing effect. This effect was labeled the temporal grouping effect,
which corresponds to the improvement of short-term memory performance when temporal pauses

between to-be-remembered verbal items are presented during the encoding phase (Hitch et al., 1996).
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Furthermore, it is also well admitted that verbal short-term memory does not operate in
isolation, but within the context of a complex cognitive system. Several studies have investigated the
potential impact of other processes on verbal short-term memory. The support available from
knowledge stored in long-term memory is one such candidate process. Along these lines, several
studies have shown the contribution of long-term knowledge on verbal short-term memory
performance. Examples include the better recall of familiar words than nonsense syllables (Hulme et
al., 1991), and the better retention of words in sentences than of unrelated words (Baddeley et al.,
1987). This contribution of long-term knowledge was also demonstrated by numerous studies showing
that better recall is observed for: 1) sound sequences presenting a higher probability of occurring in the
lexicon, known as the phonotactic frequency effect (Pickering et al., 2001); 2) words that are more
frequently used, corresponding to the word frequency effect (Hulme et al., 1997); 3) words for which
it is easier to form a mental image, the imageability effect (Bourassa and Besner, 1994). In a related
vein, it has been suggested that long-term knowledge could enhance the stability and quality of
phonological representations themselves (Thorn et al., 2005).

Articulation rate is another mechanism found to be associated with verbal short-term memory
(Cowan et al., 1998). It has been suggested that articulation rate may limit rehearsal in short-term
memory, which is assumed to be a real-time process similar to subvocal speech. While these
mechanisms start to get well understood for verbal information, it still remains an open question
asking whether other inputs, such as music, are or not supported by the same component. One might
suppose that non-verbal information is re-coded as verbal information to be processed by the
phonological loop. Others have considered that additional specialized mechanisms are involved, thus
introducing the concept of a ‘tonal loop’. In the following section, we will consider this issue for the

special case of musical (tonal) information.

2.3.2. Tonal short-term memory

The nature of memory for music has received increasing interest in cognitive psychology and
neuroscience over the past decade (Tillmann et al., 2011b). Seminal studies have hypothesized that a
specialized subsystem might be responsible for the temporary storage of tonal pitch (Deutsch, 1970b,
1975a; Deutsch, 1977). Deutsch explored the potential differential effect of interfering tones and
spoken numbers on short-term memory performance for pitch (interfering sound between to-be
compared pitches). While interfering tones were shown to importantly disrupt performance, the
spoken numbers showed only little effect, thus leading to the hypothesis for the existence of a specific
system supporting memory for pitch (Deutsch, 1970a, 1972, 1974, 1975b).

In order to challenge or support this view, Salame and Baddeley (1989) have explored whether
the processing of linguistic items could be affected by the concurrent processing of musical stimuli
and noise. While noise showed no detrimental effect, music significantly disrupted short-term memory
performance in comparison with silence, although it was less disruptive than speech (Salame and

Baddeley, 1989). More interestingly, this effect was shown to be sensitive to participants’ task
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training: For participants who had previously performed a separate memory experiment for an hour,
only vocal music interfered with memory performance (but not instrumental). For less-trained
participants, both vocal and instrumental music showed a detrimental effect. To discuss this point,
Salame and Baddeley proposed that "the short-term storage component of the articulatory loop system
is not a general acoustic store protected by a filter, but is rather a detection and storage system that
has evolved for processing speech-like material" (p. 121). To explain why instrumental music
interferes with speech, Salame and Baddeley proposed that "the fact that we can hear and remember
sounds that are very unlike speech means that there must be some-presumably additional-form of
acoustic storage system capable of dealing with such material" (p. 121). This hypothesis suggests thus
that speech and music are process in a common working memory system, but might recruit different

sub-systems (or loop).
Tonal loop

These studies have thus led to a model of working memory that contains an additional
subsidiary system (or short-term store), referred as the tonal loop. This component was supposed to
allow the processing and storage of musical stimuli separated from the verbal or visuospatial
components (Berz, 1995; Pechmann and Mohr, 1992). However, this model has been weakened by
Semal et al. (1996) who proposed that the absence of interference between the tones and the
interpolated verbal material in Deutsch’s 1970b study, could be explained by the fact that the
frequency relations between the two materials were not controlled. By performing the same
experiment while controlling the pitch of the interfering stimuli (words or tones) they showed that
pitch similarity between the two materials exhibited a more important effect on short-term memory
performance than the material itself (verbal or tonal) (Semal et al., 1996). They thus proposed that
pitch for both verbal and tonal stimuli are processed in the same system.

In a related vein, Chan (Chan et al., 1998) reported that musical training increases verbal
working memory performance, suggesting that overlapping mechanisms are underlying verbal and
tonal short-term memory. Recently, Williamson and colleagues (2010) explored short-term recall for
tones and letters and suggested that a comparable effect of the phonological similarity (observed in the
verbal domain) could be transposed to the tonal material (Williamson et al., 2010a). Further support
for similarities between auditory verbal and tonal short-term memory comes from an experiment using
an articulatory suppression paradigm in musically trained participants (Schendel and Palmer, 2007).
This study showed that musical (singing) and verbal suppression decreased recognition accuracy for
both digit and tone sequences, thus indicating that the degree of separation between verbal or tonal
short-term memory is quite small. Taken together, it might be considered that the nature of musical
memory itself would be very similar or supported by the phonological loop of Baddeley's model with
a short-term store and a control process based on inner speech, in this case, a musical inner speech

(i.e., singing or humming).
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Effect of musical expertise

As described for the processing of verbal material, a contribution of long-term knowledge in
short-term processing of music might also exist. In turn, short-term memory for music may thus be
crucially related to individual’s musical expertise.

Pechmann and Mohr (1992) asked musically trained and untrained participants to compare
sequences of two tones separated by an interval that was filled with tonal, verbal, or visual material.
Results revealed that while musicians’ performance was only affected by the interpolation of tones the
performance of non musicians was also affected by verbal and visual items. The differences in terms
of performance between the two groups were interpreted in a differential efficiency of the recruitment
of the articulatory rehearsal mechanisms (or articulatory loop). As the articulatory loop is assumed to
work rather automatically, that is, without the requirement of central resources, the authors argued that
musician participants’ performance was not affected by verbal and visual stimuli, because of this
automatic functioning. In contrast, for untrained participants they hypothesized that the tonal rehearsal
may represent a much more controlled process that requires additional allocation of attention. These
findings have led to the assumption that musical training significantly affects short-term memory
performance.

Differences in terms of musical training were also assessed by exploring short-term memory
performance for tone sequences in musician and non musicians (Schulze and Koelsch, 2012). Notably,
Schulze et al. (2012) have reported better maintenance for tones in musician than in non-musician
listeners. Furthermore, by comparing tonal and atonal melodies in the two groups, they observed that
both musician and non-musicians exhibited improved performance for tonal sequences in comparison
to atonal sequences, but the effect was larger in musicians (Schulze et al., 2012). For musicians, this
effect was considered as an additional evidence of the impact of long-term memory on short-term
memory performance, because of their developed expertise in the processing of tonally structured
material. The results of non-musicians were rather considered as a marker of their implicit knowledge
of the tonal structure, acquired via mere exposure to music in everyday life, which could improve their
short-term memory performance for structured material (Bigand and Poulin-Charronnat, 2006;
Frances, 1958; Tillmann, 2005; Tillmann et al., 2000). This hypothesis has also received support from
numerous studies (see Tillmann, 2005) notably by observing that non-musicians exhibit, good singing
capacities without training (Dalla Bella et al., 2007) and by the exploration of music perception
capacities in infants (Hannon and Trehub, 2005).

According to this observation, explicit and implicit knowledge of tonality could improve
memory processing for musical material. In this view, the storage could be improved in short-term
memory thanks to the processing of structures stored in long-term memory (Berz, 1995). Several
studies have supported this view that memory for pitch, even for individual pitches, is dependent of

the tonal context (Cuddy, 1971; Dewar et al., 1977; Marmel et al., 2008; Sloboda and Parker, 1985).
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Role of contour and interval information in melody recognition

Investigating tonal context effects has allowed defining the impact of the different melodic
components (scale, contour, interval, see Chapter I, page 37) on short-term memory performance. A
series of experiments (Bartlett and Dowling, 1980; Dowling, 1978; Dowling and Fujitani, 1971) have
suggested that contour information plays a particular role in melody recognition when the melodies are
either novel, transposed, or tonally weak. Some of these studies have used the transposition effect
(changing the scale while keeping intact contour and interval), which is supposed to require listeners
to locate the new area of the tonal space occupied by the melody. Modifying either contour or intervals
of the transposed melody in a melody comparison task has allowed exploring whether these melodic
characteristics are dependent on the tonal context. While it is difficult to recognize the exact interval
relationships when transposition took place, it is equally easy to detect changes in contours of
melodies regardless of whether transposition occurred. Edworthy (1985) explored the role of controu
and interval as a function of the strength of the tonal context by varying melodies’ lengths (long
melodies containing stronger tonal framework than short melodies). She showed that, on transposition,
contour information is immediately precise for short melodies, but lost as melody length increases. In
contrast, she showed that interval information is initially less precise, but more resistant to forgetting
in longer melodies. In this view, it has been proposed that contour could be encoded independently
from tonal context and that interval becomes more precise as a tonal framework is established
(Edworthy, 1985). Providing converging data, Dowling (1991) manipulated systematically the tonal
strength of melodies; that is, how strongly the tonal framework was established by the used tones. In a
continuous running memory paradigm, memory for exact intervals was observed only for strong tonal
melodies. Dowling (1991) has thus suggested that interval, contour, and tonality are not encoded
independently, but rather form an integrated whole leading to a stronger memory trace for tonal
melodies over atonal melodies (as observed in Schulze et al., 2012), with atonal melodies missing the
potential integration in a tonal framework (Dowling, 1991).

All together, these studies have supported the hypothesis of a role of articulatory rehearsal
processes in maintenance of tonal information, that are recruited differentially as a function of
participants’ previously acquired knowledge about tonal structure. However, whether short-term
memory for tones relies or not upon a dedicated short-term store is not clearly defined yet. According
to d’Esposito (2007), it is counterintuitive that all temporarily stored information (such as verbal,
tonal, tactile, visual, spatial) would require specialized dedicated buffers or systems. Progress in this
theoretical question has been made by investigating these mechanisms with neuroscience methods.
Investigating the neural mechanisms underlying short-term and working memory allow shaping and

modifying cognitive models. These issues will be presented in the following section.
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24.  Cerebral correlates of Auditory Short-Term Memory

The investigations of cerebral correlates of short-term and working memory have tested the
potential existence of specialized short-term stores (or buffers) and executive centers in the brain.
These studies allow asking whether encoding, maintenance and retrieval processes are supported by
activation of the brain regions that also support perception (primary areas) and if they involve multiple
brain regions. In the following section, we will present a brief overview of the current knowledge of
the cortical networks supporting working and short-term memory. We will then present a more precise
description of the neuroanatomical and functional correlates of short-term and working memory for

the specific case of auditory verbal and tonal materials.

2.4.1. Global cerebral network of working memory

By combining neuropsychological studies in brain lesion patients with neuroimaging and
neurophysiological approaches, research in neuroscience has proposed the description of a global
cortical network supporting working and short-term memory processing. These studies have
supported the idea of an implication of various brain regions during maintenance of information in
working memory (D'Esposito, 2007; Logie and D'Esposito, 2007; Owen, 2000). In the following
paragraphs we briefly present this network, by focusing on the specific role of the prefrontal cortex

(PFC).
24.1.1. Prefrontal Cortex

Theoretical and empirical research has hypothesized the role of the prefrontal cortex (PFC) in
short-term, working and long-term memory (Champod and Petrides, 2007; Curtis and D'Esposito,
2003; D'Esposito, 2007; D'Esposito and Postle, 1999; Howard et al., 2003; Khan and Muly, 2011;
Lachaux et al., 2012; Mainy et al., 2007; Marklund et al., 2007; Owen, 2000; Petrides et al., 2012).
Jacobsen (Jacobsen, 1935, 1936) was the first to report a link between PFC and working memory by
demonstrating deficits in a delayed response task in non-human primates after bilateral prefrontal
lesions. He trained monkeys to choose one object (that had previously been rewarded) from a pair of
objects. After large bilateral frontal lesions, monkeys were impaired in delayed response allowing
Jacobsen to consider this effect as evidence for a memory deficit. However, subsequent research has
challenged this hypothesis, postulating that the observed deficits on tests of delayed response (or even
delayed matching-to-sample) could arise from deficits in multiple other processing steps, such as
encoding, stimulus discrimination, or accessing recently acquired information (despite intact long-term
memory) (D'Esposito and Postle, 1999).

Later on, thanks to several methodological advances, more circumscribed lesions of the
cerebral cortex were possible and have allowed studying the role of different sub-regions of the PFC in
different aspect of memory processing (Fuster, 1989). Before presenting the functional roles of the

different sub-regions, it should be noted that the classification of these areas was first done by
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anatomical and cyto-architectural studies. As presented in Chapter I (see section 1.4.3 pages 24, Figure
3), cyto-architectural studies are based on the investigation of the differences in cellular population,
cell size and the arrangement of the neurons (differences in cell density, or the relative thickness of the
layers) in various cortical layers. In addition to segmenting anatomical regions, the cyto-architectonic
approach has allowed to hypothesize connection patterns between local and distant regions: a given
region receives afferent connections from specific cortical and subcortical areas in the layer IV, while
efferent connections of a particular frontal cortical area are sent to control information that is
processed in other cortical and sub-cortical areas (well developed layers III and V). In the PFC, several
regions have been isolated, but we will present here only the dorsolateral and ventrolateral prefrontal

areas that are recruited by memory processing.

2.4.1.1.1. Dorsolateral prefrontal cortex (DLPFC)

The dorsolateral prefrontal (DLPFC) cortex includes Brodmann’s areas 9 and 46 on the
superior and middle frontal gyri. Area 46 occupies the middle frontal gyrus, whereas area 9 extends in
both superior and middle frontal gyri. Brodmann’s area 46 (Figure 15A.) shows a well-developed
layer IV and a developed layer 111, and is separated from area 8 on the middle frontal gyrus by area 9.

Brodmann has identified area 9 on the superior frontal gyrus above area 46 (see Figure 15A)
and on the middle frontal gyrus, between area 46 and area 8. In 1994, Petrides and Pandya (Figure 15
C) proposed a more precise delimitation of area 9 by showing that its portion on the superior frontal
gyrus contained a poor layer IV, whereas the area 9 on the middle frontal gyrus showed a well-
developed layer IV. In this respect, they proposed that area 9 on the superior frontal gyrus is more
similar to area 46 than to Brodmann’s area 9 (see 9/46d on Figure 15C). In the middle frontal gyrus,
the cortical Brodmann’s area 9 (between area 46 and area 8) contains a strong concentration of
granular cells (well-developed layer IV). Although this portion of the cortex on the middle frontal
gyrus shares this characteristic with area 46, Petrides and Pandya (1999) have distinguished it from
area 46 by observing in area 9 of the middle frontal gyrus the presence of large pyramidal neurons in
the lower part of layer III (see area 9/46v on Figure 15C) (Petrides and Pandya, 1999, 2002; Petrides et
al., 2012).
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Figure 15: Architectonic maps of lateral surfaces of human cerebral hemispheres according to (4)

Brodmann (1909), (B) Petrides and Pandya (1994).

2.4.1.1.2. Ventrolateral prefrontal cortex (VLPFC)

According to Brodmann (Figure 15A), the ventral part of the precentral gyrus is occupied by
areas 4 and 6. In front of motor area 4 and premotor area 6, on the inferior frontal gyrus, three areas
have been identified: 1) area 44 on the pars opercularis, 2) area 45 on the pars triangularis, 3) and part
of area 47 on the pars orbitalis.

Area 44 (Figure 15) is observable just in front of premotor area 6 and was defined as a
dysgranular region that exhibits a narrow and interrupted layer IV, and shows large pyramidal neurons
in the lower part of layers III and V. Area 45 was shown to exhibit a very well-developed layer IV (in
contrast to area 44) and large pyramidal neurons in the deepest part of layer III. According to Petrides
and Pandya (2002), this external granular layer could be considered as a distinctive characteristic of
area 45 as the pyramidal cells are unusually clustered. Finally, area 47 is a very large and
architectonically heterogeneous zone. Brodmann (1909) has proposed that this area could be further
subdivided as it includes the most ventral part of the ventrolateral frontal region, but also extends on
the caudal orbital surface (see Figure 15A). In 2002, Petrides and Pandya have thus introduced the
narrowest 47/12 area. They showed that the transition from area 45 to area 47/12 could be supported
by strong differences in the deeper part of layer III. In area 45, this layer contains numerous large
pyramidal neurons, whereas in area 47/12, layer III contains small and medium pyramidal cells in its
upper part, and medium and larger pyramidal neurons in its lower part. Moreover, they observed
additional differences between area 45 and area 47/12 in the layer IV. In area 47/12 this layer is
developed and clearly separates layers III and V, but remains not as well developed as that of area 45.
Finally, in layers V and VI of area 47/12, they observed densely clustered medium to small pyramidal
cells leading to prominent infragranular layers that were not as developed as those of area 45.
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Note that as in chapter I, the laminar organization of these regions will drive the Dynamic

causal modeling approach that we will present at the end of this chapter.

2.4.1.1.3. Sub-cortical and cortical connections of the PFC

In addition to the study of the laminar organization of the PFC, autoradiographic techniques
and DTI approaches have allowed describing the connection patterns of its different sub-regions (Frey
et al., 2008; Petrides and Pandya, 1999, 2002; Petrides et al., 2012). These studies have revealed the
existence of several long-distance pathways connecting the ventrolateral and dorsolateral regions to
parietal and temporal cortices that we have previously described in Chapter I (see section 1.4.5, pages
30 to 34). These connections are supported by several white matter tracts in the human brain, such as
the extreme capsule fasciculus, the arcuate fasciculus, the ucinate fasciculus and the different branches
of the superior longitudinal fasciculus.

Additionally to these long distance cortico-cortical connections, several studies have defined
the pathways that linked the PFC with sub-cortical regions (see Khan and Mully 2011, for a review).
The thalamus provides the major inputs of the PFC (in layer IV) where most of the thalamocortical
afferents originate from the mediodorsal nucleus. Another input to the PFC comes from the midbrain
dopamine nuclei. Mesocortical dopaminergic projections primarily arise from different areas of? the
tegmental ventral area, the retrorubral area and the substantia nigra. In addition to these inputs, the
PFC sends efferent projections (outputs) to the basal ganglia, with projection to the striatum that have
been suggested to participate in the modulation of behavior. Finally, the different sub regions of the
PFC present local, intrinsic, connections. Intrinsic connections have been shown to play a role in the
signal processing involved in several cognitive functions (such as memory). The PFC contains a
diverse set of inhibitory interneurons influencing the response properties of prefrontal neurons. While
the precise role of intrinsic prefrontal circuitry in working and short-term memory function is not

elucidated clearly, it is widely accepted that these interactions have functional importance.

2.4.1.1.4. Functional evidences

In addition to the anatomical explorations, neuroimaging studies in the human brain have
provided evidence about the functional contribution of the dorsolateral and ventrolateral cortical
regions of the PFC in short-term memory and working memory.

In monkeys, restricted lesions of the DLPFC (areas 9/46) (Blum, 1952) were shown to be
sufficient to produce working memory deficits. These findings were complemented by
neurophysiological studies in behaving monkeys using recordings from single neurons within the
DLPFC. Using tasks that require a monkey to retain information over a brief period of time, these
studies have consistently found persistent, sustained levels of neuronal firing during the retention

interval (Funahashi et al., 1989; Fuster and Alexander, 1971). It has thus been proposed that the

? Note that we had this description of the laminar organization of the PPC to help the description in a future
section (see Chapter II page 75) of a connectivity model we have used in the present PhD work.
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DLPFC in the monkey’s brain is necessary for the maintenance of information. In humans, this
hypothesis has received support from functional neuroimaging studies that have found lateral PFC

activity during short-term and working memory tasks (for a review, see Curtis & D’Esposito 2003).
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Figure 15. Neural activity in the monkey and the human lateral PFC during the retention interval of a
spatial oculomotor delayed response (ODR) task from D’Esposito (2007), figure 1. (a) Macaque:
average of single-unit recordings from 46 neurons with delay-period activity from the monkey lateral
PFC (brain area (BA) 46. C, cue; D, delay,; R, response. (b) Human: significant delay-period activity
(left) and average (Gs.e.) fMRI signal (right) from right lateral PFC (BA area 46, circled) in a human
participant performing an ODR task. The grey bar represents the length of the delay interval. Note
how in both cases the level of PFC activity persists throughout the delay, seconds after the stimulus

cue has disappeared.

Based on these first observations, studies in neuroscience have explored with numerous
neuroimaging methods (such as fMRI, PET, MEG, EEG, SEEQG) the potentially specific and/or
general roles that the DLPFC and the VLPFC could play in working memory and short-term memory.
These investigations have explored two major questions: 1) are these activations domain-specific? 2)
do they support more global cognitive functions?

Initially, fMRI experiments in humans have clearly demonstrated activations in dorsal and/or
ventral frontal regions during object and spatial working memory tasks relative to non-mnemonic
control tasks (Curtis and D'Esposito, 2003; D'Esposito, 2007; D'Esposito et al., 1998a; D'Esposito and
Postle, 1999; Logie and D'Esposito, 2007; Nystrom et al., 2000; Owen, 2000; Owen et al., 1996;
Postle et al., 2000a; Postle et al., 2000b; Sala and Courtney, 2007). However, the characterization of
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these mechanisms within the PFC has been strongly debated. Results from both monkeys (Levy and
Goldman-Rakic, 2000) and humans (Courtney et al., 1998; Curtis and D'Esposito, 2003; Sala et al.,
2003) have indicated that the DLPFC is mainly recruited during maintenance of spatial information,
and the VLPFC cortex is preferentially involved during maintenance of non-spatial information
(object-related, see also Chapter I, section 1.4.5 pages 30 to 34). These observations have supported
the hypothesis of domain-specificity of these regions, in which information is segregated in short-term
memory in the PFC according to the type of to-be-remembered material. This idea presented the
advantage to fit nicely with the models described in cognitive psychology (Baddeley, 2003b, 2010;
Baddeley, 1986), which have hypothesized the existence of specific neural systems (or buffers) for the
storage of spaial and verbal information.

However, these conclusions were challenged by numerous studies that have failed to observe
any dorsal-ventral specific organization within the PFC related to the maintenance of object versus
spatial information (Curtis and D'Esposito, 2003; D'Esposito, 2007; D'Esposito et al., 1998b; Logie
and D'Esposito, 2007; Owen, 2000; Petrides, 1995a, b; Postle and D'Esposito, 1999). Instead of
considering that a given region of the PFC is specifically recruited for the storage of a given type of
material, these studies have defined more general, but distinct, roles of the DLPFC and VLPFC for
working memory and short-term memory respectively.

Notably, several studies have shown persistent delay-period activity in the VLPFC during
active rehearsal (see Owen, 2000; D’Esposito 2007; Curtis & D’Esposito 2003; Khan and Muly 2011).
Based on these observations, Owen (2000) has proposed that the VLPFC may play a general role in
memory, in which it is supposed to trigger active low-level encoding strategies (such as rehearsal), and
to initiate explicit retrieval of information from long-term memory. This hypothesis was also
supported by the fact that the VLPFC (i.e. Broca’s area) is often activated in working memory tasks
where subvocal rehearsal is the main strategy for maintenance (Awh et al.,, 1996; Schulze and
Koelsch, 2012). Rehearsal of non-verbal material like spatial locations has been more difficult to
resolve, but has been shown to likely involve a similar process (Awh and Jonides, 2001). Taken
together, the VLPFC has been considered as supporting low-level mnemonic processes, such as
encoding, rehearsal and retrieval in short-term recognition (Owen, 2000).

In contrast, the DLPFC has been hypothesized to mediate more complex types of processing
as it is mainly recruited when active manipulation and/or monitoring of the remembered information is
required (Petrides, 1991, 1994). The DLPFC could be considered as a specialized region where stimuli
or events, that have been first interpreted and maintained in other association cortical areas, can be
monitored and manipulated (D'Esposito, 2007). This system could be related to the central executive
of Baddeley and Hitch (1974) as the DLPFC is capable of monitoring multiple cognitive
representations in working memory. The current opinion in cognitive neurosciences is thus to consider
that the DLPFC and VLPFC could not simply be conceived as specialized working memory modules

for specific information, but can rather be considered as complex systems for both low-level
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(encoding, rehearsal for the VLPFC) and high-level (monitoring and manipulation for the DLPFC)

mechanisms supporting memory processing.

2.4.1.2. Association cortical areas

In addition to the important role of the different sub-regions of the PFC, several other areas
have been shown to support working memory and short-term memory, suggesting that memory

maintenance and manipulation involve a distributed network in the brain.

2.4.1.2.1. Anterior cingulate cortex

There is some evidence suggesting that the medial frontal lobe plays a role in memory and
cognition, and in particular the anterior cingulate cortex. Several brain imaging studies in humans
using tasks requiring complex or necessitating active control on behavior have reported lateral
prefrontal and anterior cingulate cortex activations (Koski and Paus, 2000; Paus et al., 1993). In a PET
study in monkeys, the anterior cingulate cortex has been shown to be activated in a working memory
task (Inoue et al., 2004). However, this activity seems to be unspecific, as its recruitment has been

shown to be strongly influenced by reward expectation and error detection (Khan and Muly, 2011).

2.4.1.2.2. Premotor cortex

Premotor areas have also been observed to participate in the working memory network (di
Pellegrino and Wise, 1991; Wallis and Miller, 2003). However, as compared to the PFC, its activity
was supposed to be more closely related to motor planning rather than intervening in the processing
and memorization of the stimulus itself. In di Pellegrino and Wise (1991), using a double delay task,
latencies of phasic and tonic activaties was shorter in the PFC than in the premotor cortex during the
retention period. These effects were interpreted as a transfer of information from PFC to premotor
cortex. However, this may not be always the case, and premotor activity can have shorter latency than
prefrontal activity (Khan and Muly 2011). Although the dominant hypothesis emphasizes a role of
premotor areas in response planning (motor) rather than in active memory, its role in the retention of

information during working memory tasks cannot be ruled out.

2.4.1.2.3. Posterior Parietal cortex

Many studies have tried to decipher the role of the posterior parietal cortex PPC (Brodmann’s
areas 40/7) in working memory and short-term memory. Initially, this region was identified as the
short term store (corresponding to the buffers described in models of cognitive psychology) supporting
maintenance (D'Esposito, 2007; Jonides et al., 1998; Paulesu et al., 1993; Postle et al., 1999; Smith
and Jonides, 1998; Wendelken et al., 2008) and retrieval (Olson and Berryhill, 2009) of the
information. However, later studies have pointed out that the location of the peaks in the PPC in

functional studies were considerably widespread (Champod and Petrides, 2007, 2010) and involved: 1)
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the angular and supramarginal gyri, 2) the superior parietal cortex and 3) the perisylvian parietal
cortex.

Observing such a diffuse network has led to debates concerning the role of the PPC in working
memory. Recently, another area of the PPC, the intraparietal sulcus (IPS) has been proposed to have a
role in working memory (Champod and Petrides (2007, 2010). By investigating brain activity in the
IPS and DLPFC during the realization of working memory tasks in which either monitoring or
manipulating information was required, Champod and Petrides (2010) highlight the specific
contribution of each region in working memory. The results show that the PPC was involved in
manipulation processes, whereas activation of the DLPFC was more related to the monitoring of the

information that was being manipulated (Figure 16).

a Manipulation 4 minus Monitoring 4

IPS

Figure 16: Figure and legend from Champod and Petrides (2010). a, Bilateral increased activity in
the IPS region in the manipulation task for words minus monitoring task for word comparison. b,
Increased activity in the left MDLFC in the monitoring task for words minus manipulation task of
words comparison. MFS, Middle frontal sulcus. c, Cortical surface rendering in standard stereotaxic
space of the left hemisphere of a subject’s brain. The vertical blue line indicates the anteroposterior
level of the coronal section illustrated in b, and the blue circle indicates the focus of activity in the
MDLFC. The vertical red line indicates the anteroposterior level of the coronal section illustrated in
a, and the red circle indicates the focus of activity in the depth of the IPS. L, Left hemisphere; R, right
hemisphere, as, ascending sulcus; cs, central sulcus, hs, horizontal sulcus, ips, intraparietal sulcus;
ifs, inferior frontal sulcus; iprs, inferior precentral sulcus; mfs, middle frontal sulcus, pos, postcentral
sulcus; sf, Sylvian fissure; sfs, superior frontal sulcus; sprs-d, dorsal branches of the superior
precentral sulcus, sprs-v, ventral branches of the superior precentral sulcus, sts, superior temporal

sulcus; ts, triangular sulcus.
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2.4.1.2.4. Medial Temporal lobe

In monkeys, entorhinal, perirhinal, and hippocampal neurons exhibit sustained discharges
during the delay period of a working memory task like neurons in the PFC (Khan and Muly, 2011).
However, it has been suggested that the medial temporal lobe does not seem to be necessary for
working memory performance, but rather plays a role when novel stimuli are involved in the task. This
hypothesis was supported by the observation that entorhinal cortical responses are resistant to
interference when monkeys are required to remember the initial sample of a sequence of stimuli and
disregard subsequent non-match stimuli. Moreover, lesions of parahippocampal cortices in monkeys
(Eacott et al., 1994; Otto and Eichenbaum, 1992) lead to impairment in the performance on working

memory tasks when novel stimuli are used, whereas no effect was observed with familiar stimuli.

2.4.1.2.5. Striatum

An implication of the striatum in working memory was supported by human fMRI studies that
have found increase in activity in the caudate nucleus during a verbal working memory task (Lewis et
al., 2004). Additionally, a study of stroke patients showed that basal ganglia lesions made patients
more susceptible to irrelevant information in a working memory task though overall working memory
capacity was unaffected (Baier et al., 2010). As in the PFC, sustained activity during the delay period
in the caudate nucleus has been observed (Kawagoe et al., 1998). These results support a role for basal
ganglia in working memory, but it appears to be less related to the maintenance of information, and
more related to reward expectancy, which can be used as a filter to enhance the focus on relevant

stimuli.

2.4.1.2.6. Thalamus

As described above, the PFC shows connections with the mediodorsal thalamic nucleus.
Lesions of this nucleus produce impaired performance on delay tasks (Isseroff et al., 1982) and
neurons in this nucleus show sustained activity during delay periods of working memory tasks
(Tanibuchi and Goldman-Rakic, 2003). During working memory tasks, the delay period, activities in
mediodorsal nuclei are similar to those seen in lateral prefrontal and in parietal cortices, however,
more mediodorsal units seems to be more devoted to the motor aspects of the task (Watanabe and

Funahashi, 2004a, b).

Taken together, studies in neuroscience have allowed the definition of a cortical network that
supports global working memory and short-term memory. This network involves mainly regions of
PFC and PPC that are supposed to interact to allow encoding, retention, manipulation, monitoring and
retrieval of the information in memory. Numerous studies have investigated this network notably for

the processing of verbal and visuo-spatial material. However few studies have explored its implication
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in auditory short-term memory for tonal material. In the following section we will review such studies
in particular to assess whether the network supporting memories for verbal and tonal material are

shared or different.

2.4.2. Cerebral correlates of verbal short-term memory

As in studies of cognitive psychology, most studies investigating the cerebral correlates of
auditory short-term and working memory have used verbal material. Initially, based on Baddeley’s
model (Baddeley, 1992), lesion studies exploring clinical syndromes (i.e. dysarthria) or individual case
reports have tried to define the functional neuro-anatomy of the phonological loop. These studies were
followed by neuroimaging investigations in typical participants that have explored if the two
components of the loop, the phonological short-term store and the articulatory subvocal rehearsal

process (see Chapter 11, page 52), could be supported by specific regions in the human brain.
Articulatory subvocal rehearsal process

It has first been suggested that the left inferior frontal gyrus (area 44 VLPFC) is critical for
verbal rehearsal. Active rehearsal is hypothesized to consist of the internal repetition of relevant
representations to transiently reactivate and refresh this information. Subvocal articulatory
mechanisms have been proposed to mediate the rehearsal of verbal memoranda (Baddeley 1986) as
articulatory suppression (e.g. repeting ‘the...the...the’ during a retention interval), which interferes
with rehearsal, degrades memory performance (see Chapter II, section 2.2.1 pages 52). Along these
lines, neuroimaging studies have indicated that the VLPFC (i.e. Broca's area: Brodmann’s area 44), in
particular in the left hemisphere, is often activated in short-term memory tasks for which subvocal
rehearsal is the main strategy for maintenance (Awh et al., 1996; Fiez et al., 1996; Gruber and von
Cramon, 2003; Paulesu et al., 1993; Ravizza et al., 2004; Schulze and Koelsch, 2012). In addition to
the VLPFC, neuroimaging studies have suggested that both the anterior insular area (Bamiou et al.,
2003; Chein and Fiez, 2001; Paulesu et al., 1993) and the cerebellum (Chen and Desmond, 2005;
Kirschen et al., 2005; Ravizza et al., 2004) are involved in the internal rehearsal of verbal information.

These results suggest the existence of similarities between the cortical networks supporting
short term memory (or working memory) and speech perception and production. Therefore, it could be
hypothesized that sensory-motor processes are involved in the representation and manipulation of
verbal information in short-term memory. This hypothesis is in line the dual-stream model of speech
perception (Hickok, 2009; Hickok and Poeppel, 2007; Rauschecker and Scott, 2009) assuming that the
dorsal path of the auditory system (projecting to the parietal-temporal junction, the premotor cortex

and VLPFC regions) is involved in sensory—motor integration.
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Phonological store

In comparison to the functional correlates of internal rehearsal, the explorations of the cerebral
correlates of the phonological store have been much less conclusive. As reported in the previous
section (see page 70), the PPC, in particular the inferior parietal lobule (IPL) and the superior parietal
lobule (SPL) have been suggested to support the maintenance of the verbal information (Awh et al.,
1996; Chen and Desmond, 2005; Gruber and von Cramon, 2003; Jonides et al., 1998; Kirschen et al.,
2005; Paulesu et al., 1993). This assumption was originally based on the observation that patients with
conduction aphasia who also show storage-related deficits have lesions encompassing the inferior
parietal cortex and the arcuate fasciculus (Fiez, 2001). In a related vein, Vallar et al. (1997) compared
a patient (L.A) with a lesion involving the inferior parietal lobule and the superior and middle
temporal gyri with a patient with lesions in sub-cortical premotor and rolandic regions (T.O). While
patient L.A. was unable to retain auditory-verbal material, he performed normally on phonological
judgments that involved the rehearsal process. In contrast, patient T.O. never made use of the rehearsal
process but his memory capacity of the phonological short-term store was comparatively preserved
(Vallar et al., 1997).

Although lesion studies have hypothesized a specific role of the PPC in the maintenance of
verbal information, the localization of the phonological store in the parietal lobe remains controversial
for multiple reasons. First, as described previously (see section 2.4.1.2.3 pages 70 to 71) the neural
activity in the PPC might also reflect engagement of attentional resources and manipulation of the
information (Cabeza and Nyberg, 2000; Champod and Petrides, 2007, 2010; Corbetta and Shulman,
2002). Second, the reported coordinates in the PPC differ between studies (Buchsbaum and
D'Esposito, 2008). Considering these limitation, Schulze and Koelsch (2012) have proposed that the
storage of verbal information may not be localized in only one region of the PPC, but rather be a
function of a more complex network of anterior prefrontal and inferior parietal brain regions
subserving non-articulatory maintenance of phonological information (Schulze and Koelsch, 2012).

Finally, the Spt (Sylvian—parietal- temporal, left posterior planum temporale) has also been
proposed to support the temporary storage of verbal information during short-term memory tasks. This
area is well known to be involved in speech processing and is activated during the delay period of a
short-term memory task (Buchsbaum et al., 2005; Hickok et al., 2003). On the basis of these findings
it has been proposed that area Spt acts as an auditory—motor interface for short-term and working
memory (Buchsbaum and D'Esposito, 2008; Buchsbaum et al., 2005; Hickok et al., 2003). This
proposition fits nicely with the hypothesis of a dual-stream model of speech processing (Hickok, 2009;
Hickok et al., 2011; Hickok and Poeppel, 2007; Rauschecker and Scott, 2009; Schulze and Koelsch,
2012) in which a ventral stream supports speech comprehension while a left dominant dorsal stream,

which comprises also area Spt, enables sensory—motor integration.
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2.4.3. Cerebral correlates of tonal short-term memory

In comparison to verbal material, the cerebral correlates of short-term memory processing for
tonal material have been less investigated by neuroimaging and neuropsychological studies. In a lesion
study, Zatorre and Samson (1991) demonstrated that auditory short-term memory for pitch material is
supported by the right auditory cortex. However, this result had been tempered by considering that a
lesion in the auditory cortex leads to disruption in perceptual processing that would likely lead to
difficulty in maintaining a perceptual trace of the auditory information over time (Peretz and Zatorre,
2005; Zatorre and Samson, 1991). In addition to the participation of auditory cortical regions,
neuroimaging studies (Gaab et al., 2003; Griffiths et al., 1999; Holcomb et al., 1998; Zatorre et al.,
1994) have uncovered a cortical network that was surprisingly similar to the network subserving the
phonological loop described above. During the active retention of pitch, Zatorre et al. (1994) have
reported activations in inferior frontal and insular cortex, the planum temporale, and the supramarginal
gyrus (SMQG) (Zatorre et al., 1994). A similar network was later observed by Gaab et al. (2003) who
showed activation of the SMG, the SPL, the planum temporale, premotor regions encroaching on
VLPFC, and cerebellar regions during a pitch memory task (Gaab et al., 2003). More recently, using a
short-term memory task, Foster and colleagues have shown an important role of the IPS in
transforming pitch information (Foster et al., 2013; Foster and Zatorre, 2010), thus suggesting that
additionally to maintenance processes, this structure could allow the manipulation of information (see
also Champod and Petrides 2007, 2010). These observations have largely converged on the idea that
working memory and short-term memory for tones engages interactions between frontal cortical and
posterior temporal areas, as it was described for other material in the previous section (see section
2.4.1 pages 64 to 73). According to Peretz and Zatorre (2005), the cortical regions recruited by
working and short-term memory for pitch could be seen as a specialized subsystem within the
framework of general working memory. Note that similar conclusion were proposed by a study using

real music (Janata et al., 2002a).

Comparison between verbal and tonal short-term memory

One way to test if short-term memory for pitch recruit a specialized subsystem in the brain is
to compare auditory short-term memory processing for verbal and tonal materials (Hickok et al., 2003;
Koelsch et al., 2009; Schulze and Koelsch, 2012; Schulze et al., 2011a). Hickok et al. (2003) asked
participants to internally rehearse verbal and tonal stimuli during fMRI acquisition. Results showed
that internal rehearsal of both verbal and tonal material activated the area Spt, the area 44 of the
VLPFC, and the left premotor regions (Hickok et al., 2003). In two others studies exploring the same
question (Koelsch et al., 2009; Schulze et al., 2011) using recognition tasks, very similar activations
were observed. In the study by Koelsch et al. (2009) during the verbal rehearsal, an activation pattern
comprising the premotor cortex, the anterior insula, the SMG/intraparietal sulcus (IPS), the planum

temporale, VLPFC, and the cerebellum was observed in both verbal and tonal processing. Schulze et
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al. (2011) have found similarities of the pattern of brain activations underlying the internal rehearsal of
verbal and tonal short-term memory. In line with previous studies, both verbal and tonal short-term
memory activated areas typically reported in previous experiments on either verbal (Awh et al., 1996;
Baddeley, 2003a; Gruber and von Cramon, 2003; Paulesu et al., 1993) or tonal memory (Gaab et al.,
2003; Griffiths et al., 1999; Hickok et al., 2003; Zatorre et al., 1994). Based on this observation of a
large overlap of neural resources underlying short-term and working memory for both verbal and tonal
information they concluded that no specific regions in the brain support retention and rehearsal of

tonal material.

Comparison between musicians and non-musicians

Another way to explore the cerebral network supporting memory processing for tonal
information is to explore the potential neurophysiological differences between musician and non-
musicians. Because the processing of verbal material is a fundamental human skill typically acquired
during early life, non-musicians can be considered as trained participant for speech processing, and
musicians can be considered as trained participants for both speech material and tonal material.
Importantly, note that there is strong evidence for anatomical and functional differences between
musically trained listeners and untrained listeners for auditory processing (Baumann et al., 2008;
Herholz and Zatorre, 2012; Pantev et al., 1998; Pantev et al., 2001; Recanzone et al., 1993).

Schulze et al. (2011) investigated short-term memory processing for verbal and tonal material
in highly trained musicians and non-musicians. The VLPFC, the left premotor cortex, the left insular
cortex, the cingulate gyrus, and the left IPL, which were activated more strongly in non-musicians
during verbal compared to tonal material, were activated more strongly in musicians compared to non-
musicians for tonal material. The authors thus proposed that the functional network recruited by non-
musicians for verbal information was also used by musicians for tonal information (but note that this
analysis do not exclude that non-musician recruit the same brain regions but with less strength).
Additionally, they assumed that musicians might have more elaborate sensory-motor codes underlying
the internal rehearsal of tones compared to non-musicians due to functional plasticity induced by

musical training. (Schulze and Koelsch, 2012; Schulze et al., 2011a).

2.4.4. Investigating functional connectivity between cortical regions

Taken together, the studies described in this chapter have provided evidence that active
encoding, maintenance, rehearsal, monitoring, manipulation and rehearsal of task-relevant
representations require the implication of numerous cortical regions in the brain. However, it should
be noted that the implication of different brain regions within a functional network probably differ in
their degree of participation depending on the context of the operation being actively performed. This
assumption has received support in the observation that the same regions that are involved in
temporarily maintaining a representation are often also engaged during the encoding and retrieval of

that information (D'Esposito, 2007). It thus still remains an open question how different regions
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implicated in complex cognitive processes, in particular for short-term and working memory, process
work together in terms of network activity.

Along these lines, contemporary neuroscience is now trying to determine how neural
communication occurs and how distinct neuronal populations exchange information and coordinate
their activity within the brain networks (D'Esposito, 2007; Goldman-Rakic, 1988; Lachaux et al.,
2012; Tallon-Baudry and Bertrand, 1999). It has been proposed that such interactions could support
working memory maintenance processes via synaptic reverberations in recurrent circuits (Durstewitz
et al., 2000; Wang, 2001) or synchronous oscillations between neuronal populations (Engel et al.,
2001; Lachaux et al., 2012; Singer, 1999; Singer and Gray, 1995). To explore this issue, the majority
of studies have used indirect methods to explore how working memory and short-term memory are
implemented by the interaction of nodes within a neural network.

Due to the several methodological progresses made in functional neuroimaging approaches
and electrophysiology in humans in the last decade, new approaches are now suited to explore network
interactions. Over the last decade most studies have used functional connectivity measures, such as
phase-synchronisation, temporal correlations or coherence between the activities of two areas at the
scalp or source level Functional connectivity is used to establish statistical dependencies between time
series and is useful because it does not require an underlying model or knowledge of the causal nature
of the interactions. However, there are circumstances when the causal architecture of the interactions
is the focus of interest. In the following paragraph, we will briefly present a method to explore causal
architecture of cerebral networks, namely the Dynamic Causal Modeling (DCM) (Friston et al., 2003)
method for electrophysiological data (used in the present PhD work).

Dynamic Causal Modeling

As opposed to functional connectivity, DCM uses the concept of effective connectivity, which
refers explicitly to the influence one neuronal system exerts over another. This procedure models
interactions among cortical regions and allows making inferences about system parameters and
investigating the influence of experimental factors on these parameters.

This method uses neural mass models (David and Friston, 2003) to explain source activity in
terms of the ensemble dynamics of interacting inhibitory and excitatory subpopulations of neurons
(Jansen and Rit, 1995). It emulates the activity of a cortical source using three neural subpopulations,
each assigned to one of three cortical layers (see Chapter I, page 23, Chapter II page 64): 1) an
excitatory subpopulation in the granular layer; 2) an inhibitory subpopulation in the supra-granular
layer and, 3) a population of deep pyramidal cells in the infra-granular layer.

In this model, the excitatory pyramidal cells receive excitatory and inhibitory input from local
inter-neurons (via intrinsic connections, confined to the cortical sheet), and send excitatory outputs to
remote cortical areas via extrinsic connections. Within this model, bottom-up or forward connections
originate in the infra-granular layers and terminate in the granular layer. In contrast, top-down or

backward connections link agranular layers and lateral connections originate in infra-granular layers
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and target all layers. Additionally, the model considers that all extrinsic cortico-cortical connections
are excitatory and are mediated through the axons of pyramidal cells. Exogenous inputs to the model
have the same characteristics as forward connections.

By adopting this network architecture, DCM is able to assess how a given experimental
manipulation activates a cortical pathway rather than a cortical area or source. This approach uses a
biologically informed model that allows for inferences about the underlying neuronal networks

generating evoked responses such as event-related potentials (ERPs) and fields (ERFs).

Conclusion: This chapter presents a brief overview of the behavioral and cerebral correlates of
auditory working and short-term memory. We have presented the different forms of memory through
the view of cognitive psychology and have asked whether verbal and tonal memory processes shared
the same cerebral network. In the studies presented above, the distinction between the cerebral
correlates of short-term memory for verbal and tonal material seemed weak, as the two types of
information recruited similar cortical processes. This conclusion seems to contrast several lines of
evidence that have led to the hypothesis of either a specialized “language network™ or a specialized
“musical network” within the human brain.

This hypothesis came from seminal investigations in brain-damaged patients who exhibited
specific musical disorders (while other cognitive functions, including language, were not altered, e.g.,
Peretz et al., 1997). More recently, the hypothesis for music-specific networks has received support
from the investigation of a congenital music-related disorder. This disorder has been referred to as
tone-deafness, dysmusia, dysmelodia, and more recently, as congenital amusia. In the following

chapter, we will present the behavioral and neurophysiological correlates of this lifelong deficit.
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As presented in Chapter II, the investigation of the behavioral and cerebral correlates of
auditory short-term memory for tonal and verbal materials has led to disparate conclusions. While
several studies have proposed that the maintenance of tonal information in memory is supported by the
same networks as those recruited for verbal material, some evidence have started to challenge this
view. It thus exists some evidences suggesting that short-term memory for music recruits a specialized
subsystem in the brain. This hypothesis has emerged from seminal investigations in brain-damaged
patients, who exhibited specific musical disorders while other cognitive functions (including language)
seemed unimpaired. More recently, further support for this idea came from the investigation of a
congenital music-related disorder that most research has referred to as congenital amusia (Peretz,
2001). In the following chapter, after a very brief presentation of cases of acquired amusia, we will

present a state-of-the-art overview of the current understanding of congenital amusia’.

3.1. Acquired Amusia

Acquired disorders refer to specialized cognitive impairments occurring after brain injury,
mainly following stroke, tumor, ischemia or surgery in pharmaco-resistant epileptic patients. Such
injuries are diverse and often affect multiple cognitive functions. However, in some cases, cognitive
disorders can be highly selective. By exploring the link between the location of the lesion and its
consequence estimated at the behavioral level, conclusions regarding brain organization and brain
functioning can be made. For the specific case of music and verbal processing, studies in brain-
damaged patients have allowed several advances in our understanding of their cerebral correlates,
notably by proposing that distinct brain regions or networks underlie these cognitive abilities.
Historically, one support for this view could be found in the famous case of Shebalin (Luria et al.,
1965), a Russian composer who exhibited specific impairment in language processing (aphasia) after

vascular accidents and who:

113

. nevertheless, . . . continued to compose, notably completing his Fifth Symphony, which
Shostakovitch considered to be one of his most brilliant and innovative works”. (Peretz, 2002) (Page
153). It should be considered that conclusions related to this specific case are limited, mainly because
this composer was an over-trained expert musician. However, this limit was rapidly challenged by the
observation of similar type of disorders in non-musician brain-damaged patients (Nicholson et al.,
2003; Patel et al., 1998; Peretz et al., 1997; Peretz and Kolinsky, 1993; Peretz et al., 1994; Steinke et
al., 2001).

* Note that several parts of this chapter are an adaptation and a re-organization of Tillmann, B., Albouy, P. and
Caclin, A.’s chapter, ‘Congenital amusias’, Tillmann, B., Albouy, P., and Caclin, A. (2013). Congenital
Amusias. In Handbook of Clinical Neurology (Oxford, Elsevier), p. in press..
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3.1.1. Acquired amusia in non-musician brain-damaged patients

Studies in non-musician patients have explored if music processing could be mediated by a
specialized network in the brain. This was done by exploring patients’ musical abilities (pitch
perception and production, melody recognition, rhythm etc.) and by comparing them to their capacities
to process other types of information (such as speech, prosody, environmental sounds). For the
specific case of auditory short-term memory, dissociation between musical and verbal materials has
been tested by recognition tasks of auditory patterns in patients (Peretz, 1993; Polster and Rose, 1998).
Notably, two interesting cases reported by Peretz and collaborators (1993, 1996, 1997, 2002, Patel et
al., 1998) were the patients I.R and C.N.

C.N. suffered from specific impairments in music processing after bilateral lesions into middle
temporal gyri and temporal poles, the right insula, and to a limited extent, the right inferior frontal
gyrus. Although this patient was unimpaired at discriminating pitch patterns, she was not able to
recognize familiar music. This observation has led the authors to conclude that C.N.’s deficit was
associated to difficulties in accessing long-term stored melodic representations, while she showed
preserved short-term memory abilities for such material (Peretz, 1996). Additionally, C.N was able to
discriminate musical versions of sentences presented in pairs (replacing syllables by tones, while
maintaining pitch and timing information) and was able to extract prosodic information (thus based on
pitch information) from a sentence (Patel et al., 1998).

The second patient, L.R., suffered from an asymmetric pattern of lesions in the two
hemispheres. In the right hemisphere, she showed damages on the superior temporal gyrus and on the
transverse gyrus of Heschl (see Patel et al., 1998 for details). Moreover, she showed an extensive
lesion in the right inferior and middle frontal gyri, associated to damages in the precentral gyrus,
insula, lateral orbitofrontal gyri and putamen. In the left hemisphere, she showed spared brain tissues
on the posterior superior temporal gyrus and her transverse gyrus of Heschl was nearly all injured.
Like C.N., LLR. was impaired at recognizing familiar music; however, she was also impaired in the
short-term memory processing for pitch patterns (discrimination task). Additionally, I.R. showed
deficits in tasks requiring the comparison of musical stimuli derived from sentences, but she was not
impaired at extracting prosodic information from a sentence (Patel et al., 1998). By comparing these
two patients Patel et al. (1998) have proposed that the right frontal cortex might be involved in the
short-term retention and comparison of pitch and temporal patterns. This conclusion was based on the
fact that I.R., who showed damage to the right frontal cortex, was impaired on pitch patterns and
prosodic discrimination tasks (by assuming that prosody requires appreciation of pitch patterns, and
thus shares the same mechanisms in the brain as those recruited for pitch processing), whereas C.N.
did not. In another research group, by reproducing the study of Patel et al. (1998) in the patient K.B.
(Nicholson et al., 2003), further conclusions concerning the cerebral correlates of short-term memory
for pitch were proposed. KB suffered from specific music-related impairments and did not exhibit

language deficits (no aphasia). K.B. was also able to perceive segmental speech and environmental
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sounds (Nicholson et al., 2002; Nicholson et al., 2003; Steinke et al., 2001). He suffered from focal
damage in fronto-parietal areas, cerebellum, and lenticular nucleus of the right hemisphere (Steinke et
al., 2001) and was impaired on pitch discrimination tasks, as well as prosodic perception tasks. K.B.
presented thus a different pattern of deficits than those presented by I.R., who was only impaired on
pitch pattern discrimination tasks (Patel et al., 1998). While K.B. and I.R. exhibited damages in the
right frontal cortex, only K.B. exhibited parietal injuries. The comparison between I.R. and K.B. thus
led the authors to conclude that the right parietal cortex is involved in the extraction of pitch patterns
and that right frontal regions may rather play a role in the short-term retention such patterns

(Nicholson et al., 2003).

3.1.2. Temporal lobectomies in pharmaco-resistant epileptic patients

In addition to the description of cases of acquired amusia who showed deficits on multiple
aspects of music processing, other studies have explored the underlying mechanisms of auditory
perception and short-term memory in patients with temporal lobectomy. Such surgeries are realized
for patients presenting pharmaco-resistant temporal epilepsy, for who the resection of several regions
of the temporal lobe (such as the hippocampus, the amygdala, the temporal pole and the anterior part
of the temporal gyri) was shown to be an efficient treatment (Bidet-Caulet et al., 2009). While these
patients are not referred to as amusics (note however that in some cases, excisions have also been
shown to disrupt music processing (Liegeois-Chauvel et al., 1998; Zatorre, 1985)), the investigation of
their behavioral performance before and after surgery allows the exploration of brain functioning in
relation to auditory perception and short-term memory.

For the specific case of music processing, temporal lobectomies have been shown to induce
deficits in the perception of pitch direction (Johnsrude et al., 2000), pitch retention (Zatorre and
Samson, 1991), as well as in the perception of melodies (Samson and Zatorre, 1992) and rhythm
(Penhune et al., 1999). More recently, Bidet Caulet et al. (2009) investigated the role of the anterior
temporal lobe regions in the encoding and short-term retention of non-verbal auditory material both
before and after unilateral temporal excision. Interestingly, they showed that before and after surgery,
in comparison to control participants, patients were not impaired in basic acoustic processing, but
exhibited deficits in pitch retention, and in the identification and the short-term retention of
environmental sounds (Bidet-Caulet et al., 2009). As the impairments were not related to the
lobectomy, the authors argued that patients’ deficits were related to pathological processes of their
epilepsy. This study has thus pointed out a limitation of performing studies in patients, by proposing
that the conclusions about brain functioning made on pathological brains could sometimes be difficult
to transpose to typical individuals.

Taken together, while studies in patients have allowed several advances in cognitive
psychology and neuroscience, these findings have to be considered with caution, notably because it is
now widely admitted that the investigation of brain-damaged patients present several limitations

(Muller and Knight, 2006).
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3.1.3. Limitations in the investigation of acquired disorders

First, lesions following different diseases (tumors, ischemia etc.) are difficult to compare in
terms of symptoms and anatomy. In a related vein, these lesions are rarely limited to a precise region,
involving often several brain areas (see Bidet-Caulet et al., 2009; Patel et al., 1998) while only a small
part of a disease-affected region can sustain the cognitive function investigated behaviorally. Second,
the boundaries of lesions are rarely clear and in some cases, damage in a given brain area altered
functions of brain tissue that macroscopically seems unimpaired.

Additionally Muller and Knight (2006) have pointed out three major problems in the
investigation of brain-damaged patients, that encompass all types of lesions: 1) they do not consider
the effect of potential re-organization in the brain after the damage (plasticity); 2) they do not allow
the constitution of homogenous groups of patients; and 3) they have difficulties to consider and
investigate that complex cognitive functions could be supported by interactions between brain regions
instead of recruiting local and specialized brain areas.

A way to overcome these limitations is the investigation of congenital disorders. For music
processing, such lifelong deficit has been referred to as congenital amusia (Kalmus and Fry, 1980;
Peretz, 2003). In contrast to cases of acquired amusia presented above (Nicholson et al., 2002;
Nicholson et al., 2003; Patel et al., 1998; Peretz, 1996, 2002; Peretz et al., 1997; Steinke et al., 2001;
Tillmann et al., 2007) congenital amusia occurs without brain injuries or sensory deficits. This musical
disorder occurs despite normal performance on tests of intelligence, auditory processing, cognitive
functioning, language processing, and it is not due to a lack of environmental stimulation to music
(Ayotte et al., 2002; Foxton et al., 2004b; Peretz et al., 2002). The research domain interested in
congenital amusia is currently expanding. In addition to behavioral methods, neurophysiological
methods are now increasingly used (Voxel-Based Morphometry, VBM; DTI; EEG; fMRI), aiming to
define anatomic and functional brain anomalies of this deficit, thus going beyond the description of the
phenomenon and contributing also to our understanding of normally functioning neural circuitry
underlying music processing (perception, memory, production). In the following sections, we will
describe this phenomenon by emphasizing congenital amusic individuals’ (or amusic individuals here
below) behavioral impairments for pitch perception and memory and the cerebral correlates of this

condition.
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3.2. Origins of Congenital Amusia

Congenital amusia has been described as a deficit in music production and perception.
Individuals affected by congenital amusia have difficulty detecting when someone sings out-of-tune
(including themselves), recognizing familiar tunes without lyrics, detecting a wrong or out-of-tune
note and memorizing even short melodies (Ayotte et al., 2002; Peretz et al., 2002). It is important to
distinguish this disorder from the phenomenon that has been termed “poor singing” (Dalla Bella et al.,
2007; Pfordresher and Brown, 2007), referring to individuals who only have production deficits, but
who do not have perceptual difficulties. It needs also to be distinguished from the general non-
musician population who might be lacking confidence in their musical capacities and refer to
themselves as fone-deaf, but who are actually not (Cuddy et al., 2005; Sloboda et al., 2005).

Even though the disorder has been recognized for a long time (Allen, 1878), it has been
systematically studied only relatively recently (Ayotte et al., 2002; Peretz, 2002; Peretz et al., 2002),
mainly thanks to the development of the Montreal Battery for the Evaluation of Amusia, MBEA
(Peretz et al., 2003, http://www.brams.umontreal.ca/plab/publications/article/57). In the MBEA, six
sub-tests address various components of music perception and memory, notably the pitch dimension
(or melodic dimension corresponding to the detection of an out-of-key note, a contour violation, or
interval changes), the time dimension (rhythm and meter perception), and incidental memory (i.e.,
melodies used in preceding sub-tests) (Figure 17A). Another test used to define a population with a
musical deficit is the Distorted Tune Test (DTT). This test investigates participants’ capacity to
discriminate intervals between tones in a melody (Drayna et al., 2001; Jones et al., 2009b; Kalmus and
Fry, 1980). However, it has a limit as it uses well-known tunes (in North America) and is thus
dependent on participants’ long-term memory knowledge of a cultural musical repertoire (see Chapter
II page 60). The MBEA is based on newly composed melodies, and it has been used successfully
across various countries and cultures (North America, Europe (e.g., France, UK, Greece), China, and
New Zealand). Because the MBEA is considered as the standard ‘diagnostic’ tool by the research

community, this battery was used in the present PhD work.

A genetic origin

The musical deficit has been estimated to affect about 4% of the general population (Kalmus
and Fry, 1980). This estimate has been criticized as it depends on the test used, how the cut-off scores
are defined and the skew in the distributions (Henry and McAuley, 2010). This criticism is not specific
to congenital amusia, but it also affects prevalence reports for other disorders, such as dyslexia,

dyscalculia, or developmental prosopagnosia (Henry and McAuley, 2010).
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Furthermore, there exists considerable uncertainty when assessments are only based on verbal
reports without direct testing, notably because of individuals’ underestimation of their capacities as
well as response bias due to difficulty in admitting that they do not like or understand music. The
hypothesis of a genetic origin of this disorder has received support by a family-aggregation study
(Peretz et al., 2007) and a twin study (Drayna et al., 2001). Peretz et al. (2007) tested nine amusic
families and ten control families. They demonstrated that 39% of first-degree relatives in the amusic
families showed the same disorder (while only 3% did in the control families). The incidence of
amusia as a heritable disorder is of similar magnitude compared to that reported for other cognitive
functions (e.g., specific language impairment, absolute pitch). Note that the calculation of the risk
factor is based on the information from the siblings and the hypothesis of a population prevalence of
4% (thus also subjected to the criticism of Henry and McAuley, 2010). Nevertheless, these findings
provide the basis for future research aiming to map the genetic loci for hereditary amusia.

Recently, congenital amusia has been also reported in childhood, thus providing some further
evidence for the definition as a lifelong disorder (Lebrun et al., 2012; Mignault Goulet et al., 2012).
Furthermore, investigating congenital amusia has been promoted as a possibility to study the
interaction between influences due to genes, environment, and behavior, in particular for music
cognition and its relation to other cognitive capacities, such as, in the framework of the present PhD

work, verbal processing (Peretz, 2008).

3.3. A deficit on the pitch dimension: Perception and Memory

Currently, the most extensively investigated hypothesis about the main deficit in congenital
amusia concerns the pitch dimension, notably as pitch is a major component of musical structures. As
we shall see below, this predominance of pitch processing studies in the congenital amusia literature
originates from seminal studies showing that pitch was more affected than rhythm in this disorder
(e.g., Allen, 1878; Peretz et al., 2003). While the first studies have focused on pitch perception deficits
(i.e., pitch discrimination), more recent studies have pointed to deficits regarding pitch memory — even
in cases with unimpaired pitch discrimination capacities (see Figure 17). Congenital amusia thus
represents a unique condition for the investigation of both the behavioral and cerebral correlates of

auditory perception and short-term memory for musical material.
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A, MBEA (scale subtest) B. Pitch threshold C. Short-term memory task
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Figure 17 Group data for amusic and control participants together with individual data points (10
participants per group) for three tasks requiring the processing of the pitch dimension: A)
Performance (percentage of correct responses) for the scale subtest of the MBEA (Peretz et al., 2003);
B) Pitch detection threshold (task measuring the smallest pitch difference, in semitones, that
participants can detect, see procedure in Tillmann et al., 2009); C) Performance (Hits minus False
Alarms, FAs) in a short-term memory task: indicating whether two five-tone melodies (S1, S2) were
the same or different; with different trials being changed on the melodic contour (Tillmann et al.,
2009). Note that results of the amusic group (average performance) are significantly worse than the
results of the control group for all three tasks, while individual data show considerable overlap
between the two groups in the pitch threshold task, but not in the MBEA and the short-term memory
task. Note that the same participants from Tillmann et al. (2009) have performed the 3 tasks (A, B, C)

3.3.1. Pitch Perception

Seminal studies of congenital amusia (Ayotte et al., 2002; Foxton et al., 2004b; Hyde and
Peretz, 2004; Peretz et al., 2002) led to the assumption that this condition is based on a disorder of
fine-grained pitch processing, notably pointing to fundamental deficits in pitch discrimination.
Documenting the first reported case of congenital amusia, Monica, Peretz et al. (2002) showed that she
had difficulties in detecting pitch changes as large as two semitones in tone sequences and tone pairs.

The first group study of individuals afflicted with this developmental disorder (Ayotte et al.,
2002) further defined this deficit by studying the discrimination, perception, and memory of musical
material as compared to other materials (i.e., language, environmental sounds). While amusic
participants performed as well as controls for non-pitch related material (i.e. language, environmental
sounds), all amusic participants were impaired in detecting pitch changes in both familiar and
unfamiliar melodies. For example, amusic individuals’ pitch processing abilities were impaired in an
anomalous pitch detection task: participants were asked to detect a pitch anomaly within a melody (a
note shifted by a semi-tone; thus creating an out-of-key violation).

To investigate the pitch-processing deficit outside a musical context, Hyde and Peretz (2004)

required amusic individuals to detect a pitch change (of 0.25 to 3 semitones) within the context of a
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five-tone sequence (monotonic and isochronous). Amusic individuals’ performance was impaired for
pitch changes smaller than two semitones, while controls showed ceiling performance for changes as
small as 0.25 semitones (see Figure 18). These seminal studies led to the hypothesis that abnormalities
in pitch perception underlie the phenomenon of congenital amusia (Hyde and Peretz, 2004; Peretz and
Hyde, 2003). They proposed that this developmental disorder would arise from a failure to encode
pitch with sufficient precision to allow the acquisition of knowledge about the pitch structure of the
musical system (Bigand and Poulin-Charronnat, 2006; Tillmann et al., 2000; Tillmann et al., 2007),
thus impairing tonal coding and also leading to general difficulties in pitch-related processing (i.e.,
amusic individuals’ inability to perceive dissonance (Ayotte et al., 2002; Cousineau et al., 2012).

To further investigate this hypothesis, subsequent studies have used auditory threshold-based
testing with other cohorts of amusic individuals (Foxton et al., 2004b; Jones et al., 2009b; Liu et al.,
2010; Tillmann et al., 2009; Williamson and Stewart, 2010). Foxton et al. (2004) have used a range of
pitch tasks with forced-choice procedures to evaluate amusic individuals’ deficit in pitch perception.
Deficits were identified in “low-level” pitch perception tasks (detection of segmented and gliding
frequency changes) and in pitch pattern perception tasks, which ranged from determining the direction
of pitch changes to detecting differences between pitch sequences. These later findings have also led
to the hypothesis of a major deficit concerning the processing of pitch direction (Stewart, 2011). In
contrast, the perceptual organization of sounds into different streams on the basis of pitch was found to

be unimpaired in amusic individuals (Foxton et al., 2004b).
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Figure 18 A) Presentation of the experimental task for pitch and time dimensions used in Hyde and
Peretz (2003). For the pitch task, the fourth tone was altered by one of five pitch distances, ranging
from 25 to 300 cents (100 cents corresponding to 1 semitone). For the time task, the fourth tone was
changed by temporal increments from 8 to 16%. B) Hits minus False alarm (FA) rates for amusic and
control participants in the pitch condition. C) Hits minus False alarm (FA) rates for amusic and

control participants in the time condition. Figure reprinted from Peretz and Hyde (2003), Figure 1.
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These data have provided evidence for pitch perception deficits in congenital amusia, notably

by showing that amusic individuals exhibit elevated pitch discrimination thresholds (in comparison to
controls). However, several studies reported overlap in pitch thresholds between amusic and control
groups (for pitch discrimination: Foxton et al. 2004; Tillmann et al., 2009; Jones et al., 2009b; Liu et
al., 2010; and for pitch direction: Foxton et al., 2004; Liu et al., 2010; Williamson and Stewart 2010),
showing that some amusic individuals have thresholds within the range of control participants (see

Figure 17B), and thus suggesting the need to consider additional impaired processes in this condition.

3.3.2. Memory for Pitch

A first hypothesis has suggested that amusic individuals’ elevated pitch discrimination
thresholds would lead to impaired detection of small pitch changes in tone sequences, such as in the
melodies of the MBEA (Peretz et al., 2003), the battery used as diagnostic tool for amusia. However, it
is relevant to point out that the pitch tests of the MBEA (scale, contour, and interval tests,
respectively) also require short-term memory processing as two melodies separated by a silent
retention period need to be compared. Several studies have provided evidence for amusic individuals’
impairment of short-term memory for pitch, even for amusic individuals without elevated pitch
discrimination thresholds, suggesting that the core deficit in congenital amusia might be related to
impaired pitch memory (see Figures 17 B and 17C).

Memory deficits for pitch patterns in congenital amusia were explored by Foxton et al. (2004)
who asked amusic and control participants to compare two pitch sequences (of four or five pure tones)
that were separated by a 1100 ms gap (same/different paradigm). They used three different tasks for
which the comparison sequences were either contour violated, contour preserved, or contour violated
within a transposed sequence (shifted up or down by half an octave, thus changing the tonal context,
participants being requested to ignore the transposition). They demonstrated that amusic individuals
were strongly impaired in short-term memory performance in comparison to controls, without overlap
in performance between the two groups (thus contrasting with the observed overlap in the pitch
discrimination thresholds, see Figure 17B).

Subsequent studies used comparison tasks for single tones (Gosselin et al., 2009; Williamson
et al., 2010b) and for tone sequences (Gosselin et al., 2009; Tillmann et al., 2009) to further
investigate the extent of the deficit in short-term memory for pitch.

For single tones, these studies asked amusic participants to compare two tones separated by a
silent retention period, the delay between the to-be-compared tones being either unfilled or filled with
irrelevant tones (Gosselin et al., 2009; Williamson et al., 2010b). While control participants showed
good performance for all pitch intervals (1 to 3 tones in Gosselin et al., 2009; and 1 tone in
Williamson et al, 2010) and in both conditions (filled, unfilled delays), congenital amusic individuals
performed worse than controls when irrelevant tones were presented during the delay. A short-term
memory deficit for single tones had been also shown when testing the effect of the duration of the

silent retention period between the two to-be-compared tones (0 to 15s): amusic participants showed
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faster decline in performance with increasing retention delay than did controls (Williamson et al.,
2010). Further evidence for amusic individuals’ short-term memory deficit for pitch, suggesting a
weaker and more unstable memory trace, was revealed with amusic individuals’ sensitivity to memory
load: when participants had to compare two tone sequences (separated by a retention interval of 2 s),
amusic individuals’ performance was lower for five tone-sequences than for three-tone sequences,
while controls’ performance was only slightly affected by load (Gosselin et al., 2009).

The short-term memory deficit was observed for musical material (tones, timbres), but did not
affect spoken words: when requested to compare sequences of tones, timbres, or words (separated by a
retention delay of 3 sec), amusic participants performed worse than controls for tone and timbre

sequences, but not for words (Tillmann et al., 2009) (see Figure 19).
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Figure 19 Performance of amusic and control individuals in terms of Hits minus False Alarms (FA),
presented as a function of the material used in a short-term memory task (pitch, timbre, words). Left,
Data from Tillmann et al., 2009 (10 participants per group); right, data from Marin et al., 2012 (13
participants per group) (collapsed across sequence lengths from 4 to 8 items). Note that for the same
sequence length (5 items) as used in Tillmann et al. (2009), average performance of amusic
individuals were similar in Marin et al. (2012) (Hits minus FA rates were 25% in Tillmann et al.,
2009, and 17% in Marin et al., 2012). Bars indicate group average, and circles individual data points.
Note that the amusic group was significantly impaired in comparison to the control group for pitch
and timbre tasks, but not for verbal material. While individual data show overlap between the two
groups in the timbre short-term memory tasks, no overlap was observed for the pitch task (as in

Figure 17C with the same participants of Tillmann et al., 2009).
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The observed deficit was stronger for the tone material than for the timbre material (see Figure
19). Impaired memory for timbre was confirmed by Marin et al. (2012) who replicated results of
Tillmann et al. (2009) using timbre sequences (composed of four to eight events), and further showed
that this impairment is not related to a deficit in timbre discrimination.

The specificity of the deficit for musical material has been further supported by Williamson
and Stewart (2010) comparing a digit span test and a tone span test: congenital amusic individuals’
had significantly smaller tone spans in comparison to controls, whereas their digit spans were of
similar size to those of controls. Importantly, in all these studies, using either isolated tones (Gosselin
et al., 2009; Williamson et al., 2010) or tone sequences (Gosselin et al., 2009; Tillmann et al., 2009),
the pitch changes exceeded amusic participants’ psychophysically measured pitch difference detection
thresholds pointing to a memory-based deficit for pitch that extends beyond a perceptual
discrimination impairment. In addition, it is worth noting that whereas some amusic individuals
exhibited normal pitch discrimination thresholds, all amusic individuals displayed impairments in
pitch memory (Figure 17C) (Foxton et al., 2004; Tillmann et al. 2009).

By considering the deficits in fine-grained pitch processing and in short-term memory for
pitch, one question now is to determine whether deficits in pitch discrimination and pitch memory
constitute separated or combined elements in congenital amusia. One hypothesis would suggest that
the pitch discrimination deficit might be related to a pitch memory deficit, but with amusic individuals
differing in the extent of this memory impairment. As pitch discrimination measures require the
comparison of two or more events (or testing intervals), a strong pitch memory deficit could also

affect more perceptual measures, such as discrimination thresholds.

3.4. Neural correlates of congenital amusia

In parallel to the investigation of behavioral expressions of the deficit, brain-imaging studies
have started to decipher the cerebral correlates of this neuro-developmental disorder using anatomical
and functional investigations. This research contributes not only to our understanding of the deficits
underlying congenital amusia, but also furthers our understanding of neural correlates underlying

normal functioning of music perception and memory.

3.4.1. Anatomical correlates

The seminal studies have primarily investigated anatomical correlates of congenital amusia,
and have explored their link with the behavioral impairments. The first study (Hyde et al., 2006) used
VBM in two independent cohorts of amusic individuals to explore whether structural abnormalities for
white and grey matter concentration could underlie the disorder. In comparison to controls, the amusic
brain showed decreased white matter concentration and increased grey matter concentration in the

right Inferior Frontal Gyrus (rIFG, Brodmann Area (BA) 47, see purple circles on Figure 20 upper
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panel). To extend this observation with another method, Hyde et al. (2007) used cortical thickness
measures and revealed abnormalities in the amusic brain in terms of grey matter integrity in the rIFG
(BA47) and in the right Superior Temporal Gyrus (rfSTG): amusic individuals showing thicker cortex
than controls in these regions (Hyde et al., 2007; see green circles on Figure 20 upper panel).

These group differences were also supported by correlation analyses between anatomical
measures and behavioral data: the performance in musical tests (scale and memory test of the MBEA)
correlated positively with white matter concentration in the rIFG (Hyde et al., 2006); and the global
score of the MBEA correlated negatively with cortical thickness in the rIFG (and rSTG) (Hyde et al.,
2007). In another sample of amusic individuals (Mandell et al., 2007), positive correlation between
MBEA scores and grey matter concentration were observed in the left IFG (BA47, for the melodic
subtests) and left STG (BA22, for the rhythmic subtest) (see orange circles on Figure 20, upper panel).

The findings suggesting abnormalities in white and/or grey matter concentrations are in line
with structural anomalies in adult brains having experienced long-lasting deficiencies such as language
and speech disorders (Watkins et al., 2002). It has thus been argued that the observed abnormalities in
the amusic brain have a genetic basis (Peretz et al., 2007), leading to cortical malformations that may
compromise the normal development of a right fronto-temporal pathway. In agreement with this
hypothesis, abnormalities of white matter have been observed with DTI, showing reduced right
Arcuate Fasciculus (see Chapter [, page 31) connectivity in amusic individuals (Loui et al., 2009). In
addition, the volume of the superior Arcuate Fasciculus branches correlated positively with pitch
discrimination abilities in controls and amusic individuals (see the region of interest used by Loui et
al. (2009) to perform the tractography on Figure 20 upper panel).

The observed structural differences suggest cortical malformations of a right fronto-temporal
pathway in the amusic brain resulting in pitch-processing impairment. This hypothesis is consistent
with neuroimaging data with typical individuals showing that the right superior temporal cortex is
involved in perceptual analyses of melodies and that pitch processing recruits neural networks
including the right frontal cortex (Griffiths et al., 1999; Maess et al., 2001; Peretz and Zatorre, 2005;
Tillmann et al., 2003; Tillmann et al., 2006; Zatorre et al., 1994) (see Figure 20, lower panel).
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Figure 20 Upper panel: Brain regions observed in anatomical and functional studies comparing
control participants and amusic individuals (white: no group difference; color: group difference). a)
Coordinates of the anatomical group differences observed with VBM (Hyde et al., 2006 (purple);
Mandell et al., 2007 (orange); and Cortical thickness (Hyde et al., 2007 (green)) approaches. b)
Approximate location of the posterior inferior frontal gyrus (pIFG) and posterior superior temporal
gyrus (pSTG) seed regions used in the tractography study of the arcuate fasciculus by Loui et al.
(2009) (bold dotted lines and plain dotted line, respectively). Note that these regions were manually
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selected by a neurologist who was blind concerning the protocol and previously reported activations.
Group differences were observed only in the right hemisphere (yellow color). c¢) Coordinates of the
functional group differences observed with fMRI in the right inferior frontal gyrus (Hyde et al., 2011,
red circle), and of areas in the auditory cortices where both amusic individuals and control exhibit
similar BOLD activity to pitch variations (Hyde et al., 2011, white circles).

Lower panel: activation peaks observed in studies using PET (Positron Emission Tomography) or
functional MRI to investigate music processing in typical individuals. Coordinates of activations
obtained with pitch material for a) auditory short-term memory tasks (Zatorre et al., 1994, diamonds,
Griffths et al., 1999, triangles;, Gaab et al., 2003, circles; Schulze et al., 2009, squares),; b) attentive
listening (Janata et al., 2002, stars) and passive listening (Patterson et al., 2002, pentagons).

All activations are displayed on the single subject T1 template provided by SPMS. The figure displays
activations with coordinates that were 6 mm up or down the central slice and 6 mm left or right of the
lateral slices for the upper panel, and = 16 mm for the lower panel. R = right; L = left; A = anterior,

P = posterior).

3.4.2. Functional correlates

To further link the anatomical abnormalities to the behavioral deficit, recent studies
investigated the cerebral correlates of pitch perception and memory in congenital amusia on a
functional level (using EEG and fMRI). In the first EEG study (Peretz et al., 2005), amusic and control
participants performed a pitch change detection task during EEG recording, and auditory evoked
responses were analyzed for the deviant and standard tones. Amusic individuals’ N1 component was
normal and its topography was consistent with a localization of the generators in the secondary
auditory cortex (N&étdnen and Picton, 1987). Investigating the neural processing of musical pitch
incongruities in congenital amusia, Peretz et al. (2009) showed that the amusic brain can track small
pitch changes (i.e., a quarter tone), exhibiting an early right-lateralized negative brain response, even
though the amusic participants mostly failed to report explicitly these pitch incongruities. Moreover, a
recent Mismatch Negativity (MMN) study (Moreau et al., 2013) provided congruent evidence of
normal pre-attentive pitch change detection in amusic individuals.

These findings suggest near-normal cerebral processing of musical material in the amusic
brain, notably showing a near-normal functioning of the auditory cortex, despite explicit deficits on
pitch tasks at a behavioral level. This was further supported by fMRI data showing that amusic
individuals’ auditory cortices respond normally to pitch during passive listening to pure-tone melody-
like patterns: activity increased in the auditory cortex as a function of increasing pitch distance (from
0.25 to 2 semitones) (Hyde et al., 2011). In addition, abnormal BOLD deactivation in the rI[FG was
associated with decreased right fronto-temporal functional connectivity between the rIFG and the
rSTG in amusic individuals in comparison to controls. These findings thus led to the hypothesis that
the functional correlates in congenital amusia are related to impaired anatomical and functional fronto-

temporal connectivity, with intact functioning of the auditory cortex.
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These findings are consistent with the involvement of right temporo-frontal regions in pitch
and melody processing, as observed in normal participants with functional cerebral imaging (Gaab et
al., 2003; Griffiths, 1999; Griffiths et al., 1999; Janata et al., 2002a; Koelsch et al., 2005; Koelsch et
al., 2009; Peretz and Zatorre, 2005; Schulze et al., 2009; Schulze and Koelsch, 2012; Schulze et al.,
2011a; Schulze et al., 2011b; Tillmann et al., 2003; Tillmann et al., 2006; Zatorre et al., 2002; Zatorre
et al., 1994) (see Figure 20 lower panel) and are congruent with anatomical anomalies observed along
the auditory-frontal pathway in the amusic brain (Hyde et al., 2007; Hyde et al., 2006; Hyde et al.,
2011; Loui et al., 2009; Mandell et al., 2007) (see Figure 20 upper panel).

However, it should be noticed that all these previous studies in amusia have explored only
passive listening or simple detection tasks to investigate the functional correlates of the disorder, and,
to our knowledge, none has explored the cerebral correlates of the short-term memory deficits in
congenital amusia. Additionally, observing intact functioning of the auditory cortex in this disorder is
surprising, notably by considering the particularly important role of this region in pitch perception and
memory (see Chapter I, section 1.5.3 pages 38 to 44; Chapter II, section 2.4.2 pages 75 t076). Within
this framework, one purpose of the present PhD work is to explore these mechanisms, first to improve
our understanding of the deficits underlying congenital amusia, and second to propose further insights
on the brain mechanisms supporting perception and short-term memory for pitch in typical

individuals.

3.5. Are the processing deficits in congenital amusia pitch specific?

The dominant hypothesis of regarding the core deficit in congenital amusia refers to the pitch
dimension, notably with impaired pitch perception and memory. This focus can be explained by the
fact that pitch information is the main form-bearing dimension in Western tonal music. Some research
has addressed amusic individuals’ processing capacities for other types of information, either related
to music (temporal structures) or pitch processing related to other materials (speech, space). Of interest
for the present PhD work, these studies thus allow characterizing whether amusic individuals’ deficits
are widespread or in contrast specialized to music processing. The latter case would confirm that
congenital amusia represents a unique condition allowing for the study of the behavioral and cerebral

correlates of perception and memory of tonal (impaired) and verbal (preserved) in the human brain.

3.5.1. Temporal processing

In addition to the pitch dimension, the second form-bearing dimension of the Western tonal
musical system is the time dimension, that is, the rhythmic and metrical structures (McAdams, 1989).
Temporal processing is also tested in the MBEA, revealing that in contrast to the subtests of the pitch

dimension (scale, contour, interval), performance in the temporal subtests (i.e., rhythm and meter
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processing) is more variable, with about half of the amusic individuals showing a deficit (Ayotte et al.,
2002; Peretz et al., 2003).

Some amusic individuals are impaired in discriminating melodies by their rhythms, and have
difficulties in keeping time to a musical beat (Ayotte et al., 2002). Ayotte et al. (2002) proposed the
hypothesis that this deficit in temporal processing might be a cascade effect of impaired pitch
processing and not a temporal processing deficit per se. This hypothesis has received partial support:
when tested for temporal processing in a non-musical context (i.e., detecting a time deviation from
isochrony in a monotonous sequence), amusic individuals were as accurate as control participants —
even though these same amusic individuals were severely impaired when testing pitch processing in a
nonmusical context (detecting a pitch deviation from monotony in an isochronous sequence, see
Figure 18) (Hyde and Peretz, 2004). Converging evidence has been reported by another study (Foxton
et al., 2006): When amusic individuals had to compare two sound sequences, which were either
monotonic or randomly varying in pitch, for the presence of a changed temporal interval, the pitch
changes interfered with the processing of the rhythmic patterns. Amusic individuals’ performance was
decreased for the sequences that varied in pitch compared to the sequences that did not, while
controls’ performance did not differ between the two conditions. Pitch and time processing were then
further investigated in a non-musical context, suggesting that amusic individuals also have a deficit in
the integration of pitch and time information in a combined mental representation (Pfeuty and Peretz,
2010).

While cases of acquired amusia have shown selective deficits of either the pitch or the time
dimension (Peretz and Kolinsky, 1993), selective deficits on the time dimension have been reported
only recently for congenital amusia (Phillips-Silver et al., 2011; Thompson, 2007). Phillips-Silver et
al. (2011) reported a case study with a deficit in beat finding in the context of music, while showing
near-normal synchronization with a metronome (i.e., no pitch changes). The participant (who did not
show any other cognitive or perceptual deficits, without any neurological or psychiatric anomalies)
scored in the normal range of the MBEA, except for the meter subtest. His data pattern led the authors
to propose a new form of congenital amusia, based on time deficits, which calls for future

investigations and extensions to group studies.

3.5.2. Speech processing

More interestingly for the proposal of the present PhD work, both acquired and congenital
amusias represent an opportunity to investigate the hypothesis of the modularity of music and
language processing (Peretz, 2002; Peretz et al., 1997; Piccirilli et al., 2000): are neural correlates
independent or shared for the processing of these two structured systems?

Individuals with congenital amusia have been reported to be unimpaired in language tasks,
such as learning and recognizing lyrics (Ayotte et al., 2002; Peretz et al., 2002) as well as short-term
memory tests for words or digits (Tillmann et al., 2009; Williamson and Stewart, 2010). In earlier

studies, amusic individuals have also been reported as unimpaired for prosody tasks, such as
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classifying a spoken sentence as statement or question based on final (falling or rising) pitch
information as well as identifying or discriminating stressed words in sentences (Ayotte et al., 2002;
Patel et al., 2005; Peretz et al., 2002). More recent studies, however, revealed deficits also for prosody
processing in amusia (see below), as it was previously observed in cases of acquired amusia (Patel et
al., 1998; see Chapter III page 80).

Because of the initially reported spared intonation processing, Peretz and Hyde (2003)
suggested that the difference between speech and music perception might be linked to the size of
relevant pitch variations (Figure 21). In speech intonation of non-tonal languages, variations in
fundamental frequency (F0), in particular those indicating statements and questions, is typically coarse
(up to more than 12 semitones for the pitch rise of the final word in a question) (Patel et al., 2008). In
music, however, the pitch variations are typically more fine-grained (1 or 2 semitones) (Vos and
Troost, 1989). Accordingly, amusic individuals’ pitch deficit would affect music more than speech
because music is more demanding in pitch resolution, and congenital amusia would represent a music-

relevant deficit, not necessarily a music-specific deficit.
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Figure 21 A) Spectrograms illustrating pitch variations in two sentences (a question, a
statement) spoken by a female English speaker. B) Spectrogram illustrating the pitch
variations in the song “Happy Birthday” sung by the same voice as spoken material in (A).

Figure reprinted from Peretz & Hyde (2003), Figure 2.
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However, amusic individuals’ deficit persisted for large pitch differences when these were
derived from speech intonation patterns and presented as musical analogues (imitating gliding pitch
changes or transformed into discrete steps). Amusic individuals were impaired when asked to
discriminate imitations of spoken intonation (without words). The deficit was limited to the non-
speech context because amusic individuals were normal at discriminating the same changes in the
context of speech (Ayotte et al., 2002; Patel et al., 2005). Ayotte et al. (2002) suggested a beneficial
effect of the linguistic cues that could serve as anchoring points for poor pitch processing abilities.
Another possible account for this speech advantage is that labeling the word with the salient pitch
change might provide a strategy that decreases the memory load of the task — a strategy that is not
possible for the tone analogues. In the latter case, the pitch memory problem experienced by amusic
individuals (Gosselin et al., 2009; Tillmann et al., 2009; Williamson et al., 2010) may explain why
they fail to discriminate intonation patterns in musical analogues even though they contain relatively
large pitch changes.

The hypothesis that amusic individuals cannot fully compensate for their pitch deficit by using
speech-based strategies is supported by other data sets, revealing subtle deficits in speech processing.
Amusic individuals showed mild deficits in processing speech intonation (questions vs. statement) in
their native language (English or French) (Liu et al., 2010; Patel et al., 2008), or processing pitch
contrasts in tone language words (Mandarin or Thai) - whether for native Mandarin speakers (Jiang et
al., 2010, 2012; Nan et al., 2010) or native French speakers (Nguyen et al., 2009; Tillmann et al.,
2011a). When tested with natural speech, which involves multiple acoustic cues, Mandarin amusic
individuals were not impaired (Liu et al., 2012a; Liu et al., 2012b). Note also that it has been recently
suggested that amusic individuals who are native speakers of Hong Kong Cantonese show better pitch
processing abilities than amusic individuals who are native speakers of non-tonal languages (English,
French) (Wong et al., 2012). For non-tonal language speakers, it has also been shown that amusic
individuals performed better with speech than with musical analogues, especially among those amusic
individuals with high pitch discrimination thresholds (over one semitone; Tillmann et al., 2011a)
(Figure 22). Thus, speech may enhance pitch processing in amusia, even though it does not necessarily

restore normal performance levels.
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Figure 22 Performance [expressed as Hits — False Alarms (FA)] for amusic participants in
Experiment 2 of Tillmann et al. (2011a) tested with Thai speech material and its musical analogs.
Amusic participants were separated into two groups: eight amusic individuals with thresholds below
one semitone (mean of 0.68, ranging from 0.13 to 0.97) and seven amusic individuals with thresholds
above one semitone (mean of 2.41, ranging from 1.3 to 4). For amusic individuals with thresholds
above one semitone, performance was significantly better for the verbal material than the musical
material; six of the seven amusic showed higher mean performance for the verbal material. This

advantage was not observed for amusic individuals with thresholds below one semitone.

As the main deficit of congenital amusic individuals seems to concern pitch processing,
amusic individuals have been tested not only for the processing of speech intonation, but also for the
processing of emotional processing, which was shown to be impaired too (Thompson et al., 2012).
Pitch processing capacities and their deficits have been recently linked to phonological and phonemic
awareness abilities (Jones et al., 2009a; Loui et al., 2011), leading to the hypothesis that there might be
shared neural basis for pitch-related impairments in amusia/tone-deafness and phonemic awareness in
dyslexia (Loui et al., 2011) (phonemic awareness refer to the ability to manipulate phonemes and

syllables in spoken words).

3.5.3. Space processing

As exposed above, congenital amusia is thought to result from a pitch-processing deficit. This
prevailing view has been challenged by Douglas and Bilkey (2007) who reported that amusic
individuals were impaired in a classic mental rotation task and were less influenced by the spatial
layout of response keys in a pitch-judgment task, compared to non-amusic participants (Douglas and
Bilkey, 2007). The hypothesis of a link between pitch and space processing has been previously
supported by interactions between pitch processing and visual space representations (e.g., stimulus-
response compatibility effects) (Lidji et al., 2007; Rusconi et al., 2006) as well as enhanced visuo-
spatial processing in musicians (Brochard et al., 2004). According to Douglas and Bilkey (2007),

amusic individuals’ deficit of spatial processing suggests that pitch processing
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“. .. depends on the cognitive mechanisms that are used to process spatial representations in

other modalities” (page 915).

According to this view, amusic individuals’ disorder might arise as a consequence of a general spatial-

processing deficit. However, this study has been criticized, leading to a call for:

‘

‘... a clear need for replication and extension before such a view is accepted” (page R893)

(Stewart and Walsh, 2007).

Two further studies investigating spatial processing in congenital amusia failed to show any
spatial processing deficit in congenital amusic individuals with a variety of spatial tasks (e.g.,
Shepard-Metzler mental rotation task, bisection task, Corsi block task, visual patterns test) (Tillmann
et al., 2010; Williamson et al., 2011). These findings thus suggest that amusic individuals’ deficit in
pitch processing does not co-occur with a deficit in spatial processing, and further suggest largely
independent pitch representations and visuo-spatial representations (see Chapter I, section 2.2.1 pages

52).

3.6. Pitch perception and production

Congenital amusia is characterized by pitch perception and memory deficits, more or less
strongly accompanied by deficits along the time dimension (i.e., deficits in the processing of rhythm or
meter). These perception and memory deficits impact most strongly on musical material, with some
consequences also in the speech realm.

However, the colloquial understanding of amusia is that people suffering from this condition
sing notoriously out-of-tune. Some studies have thus attempted to characterize musical production
deficits in congenital amusia: Initial studies of musical production have shown that amusic participants
are impaired when asked to synchronize to music in tapping tasks (Ayotte et al., 2002; Dalla Bella and
Peretz, 2003). The vast majority of studies investigating musical production in amusia have focused on
singing abilities. As expected, most of the amusic individuals exhibit poor singing, as assessed both
by peer ratings (Ayotte et al., 2002) and acoustic analyses of vocal performance (Dalla Bella et al.,
2009; Hutchins et al., 2010a; Loui et al., 2008; Tremblay-Champoux et al., 2010; Williamson et al.,
2012). Singing impairments are more pronounced along the pitch dimension than the time dimension
(Dalla Bella et al., 2009; Tremblay-Champoux et al., 2010), reminiscent of the pattern observed for
perceptual deficits. Along the pitch dimension, most amusic individuals make interval and contour
errors (Dalla Bella et al., 2009) and perform poorly on pitch matching tasks (Hutchins et al., 2010),
whereas about half of them sing on time (Dalla Bella et al., 2009). Amusic individuals are extremely
impaired when requested to sing a song without lyrics (e.g. on /la/), with for example half of the
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amusic sample of Dalla Bella et al. (2009) being unable to produce complete performances on /la/.
These data thus suggest a benefit of the language dimension for the musical production.

It should be noted that not all poor singers suffer from perceptual pitch deficits: poor singing is
estimated around 10-15% of the general population (Dalla Bella et al., 2012), and congenital amusia
per se is estimated at about 4% of the general population (e.g., Kalmus & Fry, 1980; see above), thus
excluding perceptual deficits as the sole possible origin of poor singing. Poor singing without pitch
perception deficits is sometimes referred to as “vocal amusia” or “oral-expressive amusia”. Such a
condition might arise from failures at any component of a “sensori-motor vocal loop”: auditory-motor
integration, motor production, short- and long-term memory (Berkowska and Dalla Bella, 2009).
Experiments with a “slider” allowing to perform pitch-matching with a non-vocal motor output
supported the assumption of a variety of causes for poor pitch singing (Hutchins and Peretz, 2012b),
notably poor vocal motor control and difficulties to match a target pitch when the model has a
different timbre. It is generally assumed that in congenital amusic individuals, poor pitch singing
arises from deficits in pitch perception and memory, which render difficult to adequately monitor the
acoustic feedback from the individual’s own voice. In support of this claim, Dalla Bella et al. (2009)
found that poor pitch singing was correlated with the ability to detect pitch changes (as tested in Hyde
and Peretz, 2004; Figure 18). Memory components seem also important in singing performance, as the
limited ability of amusic individuals to sing a song without lyrics is correlated with the score in the
memory subtest of the MBEA (Dalla Bella et al., 2007; Tremblay-Champoux et al., 2010).

Most interestingly, studies of vocal performance have revealed that some amusic individuals
exhibit normal singing despite their pitch perception deficit (Ayotte et al., 2002; Dalla Bella et al.,
2009; Tremblay-Champoux et al., 2010). Taken together, these observations in poor singers (pure
vocal amusia) and congenital amusic individuals suggest a dissociation between pitch perception and
production. The most striking result supporting this claim was the report that congenital amusic
individuals can accurately reproduce the direction of pitch intervals whereas they cannot classify the
same intervals as being rising (“up”) or falling (“down”) (Loui et al., 2008). However, a replication
study with a larger sample of amusic participants (Williamson et al., 2012), led to a more nuanced
result pattern: only two out of 14 amusic participants had better production than perception thresholds,
and furthermore, amusic participants performed differently when the perceptual task used (or not) the
“up/down” labels to designate the pitch intervals. Using a different approach, based on the “pitch-shift
reflex”, which is an automatic pitch adjustment following an altered feedback of one’s own voice,
Hutchins and Peretz (2013) found that four out of nine amusic individuals exhibited pitch shifts
similar to that of controls after both small and large pitch changes. They labeled this sub-group
“Production-Preserved (Congenital) Amusic individuals”. Pitch shifts were predicted by pitch
matching accuracy (Production), but not pitch discrimination abilities (Perception), which was
interpreted as further evidence for a dual-route neural architecture for the processing of pitch (see

below).
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Further support for a dissociation between pitch perception and production has been reported
for speech materials. While amusic individuals are impaired at imitating pitch contours in statements
and questions, their production abilities exceed their perceptual abilities with the same sentences (Liu
et al., 2010). Two other studies point to an even clearer dissociation between amusic individuals’ pitch
perception and production abilities for speech: in a first study amusic speakers of a tone language
(Mandarin) were impaired in distinguishing lexical tones, but not in their production Nan et al. (2010),
in a second study amusic individuals were impaired only when discriminating but not imitating pitch
variations embedded in sentences (Hutchins and Peretz, 2012a).

Overall, pitch perception and production seem to be partly decoupled in congenital amusia,
although it does not seem possible to advocate a complete dissociation. The cerebral underpinnings of
this partial dissociation are not yet understood, but it has been proposed that several pathways exist for
pitch encoding, resulting in an abstract code (more consciously accessible, see Chapter II, section
2.2.1 pages 58) and a vocal-motor code (Hutchins and Peretz, 2012a, 2013). Compensation through
somatosensory cues has also been proposed to account for intact production abilities (Nan et al.,
2010). The findings of anatomical abnormalities in auditory and frontal areas (Hyde et al., 2006, 2007;
Mandell et al., 2007), as well as a reduced fiber connectivity between these areas (Loui et al., 2009),
has first been taken as evidence that congenital amusia is an auditory-motor feedback disorder
(Mandell et al., 2007). However, this hypothesis cannot easily account for all types of congenital
amusia, notably when there are preserved pitch production abilities (Hutchins et al., 2010b).

It remains a challenge for future studies to clearly establish the links between pitch
perception/production abilities and abnormalities in auditory and frontal areas and their connections.

Finally, recent research has started to investigate whether poor pitch-singing in congenital
amusia might be improved by training. Amusic individuals seem to benefit from singing in unison
when singing without lyrics (Tremblay-Champoux et al., 2010), and from a seven-session training

program, leading to improved vocal performance of familiar songs (Anderson et al., 2012).
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3.7. Implicit pitch processing in congenital amusia

The partial dissociation between pitch perception and production has sometimes been taken as
evidence of some implicit processing of pitch and its representations in congenital amusia (e.g., Dalla
Bella et al., 2009). Similarly, preserved emotional judgments (Gosselin et al., 2011; Paquette et al.,
2011) (posters presented at The Neurosciences and Music-IV Learning and Memory Conference;
unpublished data) have also been interpreted in line with this hypothesis, although musical emotions
could also be based on other musically-relevant information than pitch (rhythm, timbre, tempo, etc.).

More generally, pitch processing has been further characterized in congenital amusia using
implicit investigation methods. Such approaches are of interest because they are thought to have the
potential to reveal unconscious or degraded representations (e.g., knowledge, memory) in the absence
of awareness, thus contrasting with explicit knowledge, which can be consciously recollected and
verbalized. Indirect investigation methods have provided evidence for the influence of spared implicit
knowledge on perception and action in the presence of severe impairments in tasks requiring explicit
processing. The dissociation between implicit and explicit task performance has been reported in
various neurological disorders (e.g., alexia, agraphia, aphasia, prosopagnosia), including acquired and
congenital amusia. The priming paradigm is one of the implicit investigation methods and can be used
to probe participants’ musical knowledge (Tillmann, 2005).

In the musical priming paradigm, a musical context (e.g, a chord sequence) is used to generate
expectations about upcoming events. These musical expectations arise from the regularities of the
musical system to which listeners typically become sensitive via mere exposure to music of their
culture (Tillmann et al., 2000). Performance (notably speed of processing) in an unrelated task (e.g.,
judgments on the tuning, created sensory dissonance, or used timbre) concerning the last chord of a
chord sequence (i.e, the target chord) depends on the musical relatedness of this chord with its
preceding context, with related targets leading to faster processing. This paradigm proved efficient in
revealing implicit musical knowledge in a case of acquired amusia following a stroke (Tillmann et al.,
2007) and also in congenital amusia (Tillmann et al., 2012): The musical priming paradigm revealed
amusic individuals’ implicit sensitivity to harmonic relationships between chords belonging to a given
key.

Further evidence for implicit pitch representations in congenital amusia was found using a
melodic priming paradigm (Omigie et al., 2012b). The probability of notes embedded in melodies
(that is, their expectedness based on various dimensions, including melodic contour, tonal structures
etc.) modulated performance in an incident timbre task in amusic individuals and controls. However,
amusic individuals were impaired relative to controls for explicit judgments of the expectedness of

target notes in the same melodies.
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Note however, that not all attempts to find evidence for implicit pitch representations in
congenital amusia were successful: Pfeuty and Peretz (2010) found no evidence of implicit pitch
processing in a pitch-time interference task.

Additional evidence for unconscious pitch-tracking abilities in the amusic brain comes from
ERP studies. Peretz et al. (2009) showed that amusic participants exhibit reliable ERPs following
tones mistuned by a quarter-tone in tonal melodies, although they were not able to explicitly report the
mistuning. More specifically, when controls exhibited both an early (N200) and a late (P600) ERP
component following quarter-tone mistunings or out-of-key notes, amusic individuals only exhibited
the early deviance-selective response, mainly for mistuned (but not out-of-key) notes (Peretz et al.,
2009). Converging evidence for unimpaired early stages of auditory processing in passive listening
paradigms with pitch deviances was obtained in an MMN paradigm with deviances as small as an
eighth of a tone (Moreau et al., 2013), with amusic participants exhibiting normal MMN despite very
poor explicit detection of deviants. This study also revealed impaired long-latency deviance ERPs
(P300) in congenital amusia, even when the participant could explicitly detect the deviant tones (but
see Braun et al. for a different result pattern (Braun et al., 2008)). Recently, Omigie et al. (2013) have
explored amusic individuals’ brain abilities in tracking pitch probabilities in melodies (degree of
expectedness of a tone within a melody, thus exploring their long-knowledge on musical structures)
with electrophysiological approaches. They investigated whether, within a context of real melodies
having a given structure (context), the amusic brain’s responses can differ from that of controls when
processing tones with low probability of expectedness in the melody in comparison to tones with high
probability of expectedness. Their data revealed that both amusic and control groups presented brain
responses to tones that did not respect the melodic expectations given by the melodic context, and that
these responses were modulated by the degree of expectedness of these tones (delayed P2 component,
see Chapter II) (Omigie et al., 2013).

Evidence for intact implicit pitch representations in congenital amusia, as revealed by priming
paradigms and passive ERP protocols, together with the behavioral expressions of the deficit, raise
questions about the extent to which the learning mechanisms allowing the brain to extract the
regularities in the auditory environment, most notably in music and language, are preserved in
congenital amusia. This internalization of rules is thought to occur involuntarily through implicit
learning, also referred to as statistical learning (Saffran, 2003; Tillmann et al., 2000). In congenital
amusia, statistical learning studies with new artificial musical systems have yielded mixed results.
Omigie and Stewart (2011) reported intact statistical learning capabilities in amusic individuals for
both linguistic (Peretz et al., 2012), and tone materials (Omigie and Stewart, 2011), albeit amusic
individuals exhibited less confidence in their responses, again suggesting a dissociation between their
implicit capacities and their explicit knowledge or confidence. However, other studies (Loui and
Schlaug, 2012; Peretz et al., 2012) failed to report statistical learning for various types of tone

materials in amusic participants
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Discrepancies in data sets might be due to the different definitions of the test phases: Omigie
and Stewart (2011) used more salient violations to study the acquired artificial knowledge than did
Peretz et al. (2012).

The data sets reported above point to some spared implicit processing of the pitch dimension
in congenital amusia, as revealed by the musical priming paradigm, ERPs, and —in some cases—
statistical learning paradigms. The studies on implicit processing of pitch, tonal structures as well as
on implicit learning suggest that congenital amusic individuals can also have acquired partial musical
knowledge about statistical regularities of the musical system. Their implicit discrimination
performance might be sufficient to capture some of the regularities of associations between pitches
(see Chapter I, section 1.5.2 pages 37), leading to some tonal knowledge (including the harmonic
relations tested in the musical priming paradigm), even if this knowledge remains sparse and

functional only at an implicit level.

Conclusion

In the present chapter, we reviewed research on congenital amusia with its deficits in music
perception and production as well as the potential extensions of the deficit to the processing of other
materials (in particular, speech). Research on congenital amusia investigating the underlying neural
correlates provides further insights not only into the impaired neural networks of music processing for
this particular disorder, but integrates also in research investigating the normal functioning of the non-
amusic brain. The main deficit that has been studied for this phenomenon relates to the pitch
dimension, in particular to pitch perception and pitch memory. Depending on the studies, the current
emphasis has been on either pitch discrimination, pitch direction processing, or pitch memory. A
unifying hypothesis could suggest the pitch memory deficit as the basis of the impairment as memory
capacities are required in both pitch discrimination as well as pitch direction tasks (i.e, comparing
tones presented in a given trial). However, future research is necessary to confirm this hypothesis
and/or disentangle the contribution of the different capacities to eventually define different subtypes of
congenital amusia.

While most amusic cases are impaired on the processing of the pitch dimension, some amusic
cases are also impaired on the time dimension — and recent research further suggests amusic cases
solely impaired on the time dimension. These observations thus contribute to the suggestion that
‘congenital amusia’ is not a unified disorder, but might be a more general terminology to cover
various forms of music perception and production deficits.

The subtypes of congenital amusia might be further revealed by self-reports as acquired by
questionnaire-based data (McDonald and Stewart, 2008; Omigie et al., 2012a; Peretz et al., 2008). For
example, recent research on musical experience in congenital amusia suggests that amusic individuals
might differ in their levels of music perception abilities as well as their music appreciation (and thus
their music engagement in everyday life, leading to different attitudes towards music) (McDonald and

Stewart, 2008; Omigie et al., 2012b). Subjective reports will help us to develop the investigation of
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further refinements of different subtypes of amusia, and also to indicate future directions to investigate
whether congenital amusia might be related to other deficits (e.g., dyslexia) and/or have consequences
for the processing of other materials (as partially addressed in research on spatial processing). Finally,
the investigation approach based on music experience in everyday life further shows the need to bring
this research area back to more real music (not just highly controlled and thus reduced material
focusing for example on the pitch dimension) and emotional experience with music.

In sum, research on congenital amusia is a currently growing domain with the aim to
understand a deficit that has been known for a long time, but was missing systematic investigation. In
the context of the present PhD work, studying the phenomenon of congenital amusia contributes not
only to the understanding of the disorder itself, but also of normally functioning cognitive and neural

correlates related to music processing, in particular pitch perception and memory.
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Objectives

Studies presented in Chapters I, I and III have described our current understanding of the
behavioral and cerebral correlates of auditory perception and memory for pitch (or tonal) material, and
have compared it to the processing of verbal material. However, these studies have pointed out several
unresolved questions.

Studies presented in Chapter I have proposed the existence of hierarchical organizations in the
brain for the processing of auditory information, and have shown that specific subparts of the human
auditory system are related to pitch processing. However, while most of these studies have focused on
the role of isolated cortical regions, it remains an open question about how these regions communicate
together to support cognition.

This latter point has also emerged in studies described in Chapter II, which proposed that
different forms of memory exist and that these diverse forms could be supported by different brain
networks. More precisely, we described the cortical network (involving fronto-temporo-parietal
regions) implicated in auditory short-term memory processes. This chapter has also pointed out that
the studies exploring the cerebral correlates of auditory short-term memory for tonal and verbal
materials had difficulties in defining whether these materials recruit or not the same brain networks.
While several studies have proposed that these materials recruit a common cortical network, several
studies have challenged this view. This later point was further discussed in Chapter III, by the
description of both acquired and congenital specific music-related impairments. This last introductive
chapter presented our current knowledge concerning congenital amusia, a lifelong disorder of music
perception and production.

Studies in Chapter III showed that the most notable impairments in congenital amusia seem to
concern the pitch dimension in particular, the short-term memory processing for pitch. By considering
this fact, and by noting that short-term memory for verbal material seems preserved in this disorder,
the study of congenital amusia offers a unique occasion to explore the cortical networks underlying
music processing and the relationship between music and language processing in the brain.
Furthermore, this chapter showed that the description of the cerebral correlates of this deficit is in a
preliminary phase, and that further investigations are necessary to decipher the functional
underpinnings of this disorder.

Based on these first conclusions, the first objective of the present PhD was to decipher the
behavioral and neural correlates of auditory perception and memory for musical sequences, and verbal
material by investigating these processes in congenital amusia as compared to the normally
functioning brain. This was done by three studies using multimodal neuroimaging methods (VBM,
MEG, fMRI) together with behavioral approaches. Study 1 combined MEG and structural MRI
recordings to test the hypothesis of functional and anatomical abnormalities in amusic individuals’

brain related to pitch perception and memory deficits. To further explore the cerebral correlates of the
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deficits in the pitch dimension, Study 2 investigated short-term memory for tones and verbal material
in congenital amusic individuals and their matched controls with fMRI. This study thus additionally
assessed whether amusic individuals’ cerebral network underlying normal-level performance with
verbal material is similar to the network engaged by matched control participants. Additionally to the
conclusions that these studies allow for the understanding of congenital amusia itself, they also allow
testing the potential existence of a specialized memory system in the brain related to tonal material (by
comparing amusic individuals and matched-controls data for both verbal and tonal memories).

Study 3 tries to pursue the characterization of amusic individuals' deficits by specifically
exploring their pitch encoding abilities. We manipulated sound characteristics that have been
previously shown to facilitate the encoding of the information (Demany and Semal, 2008) to assess
whether amusic individuals could benefit (or not) of such manipulations in pitch discrimination and
short-term memory tasks.

Based on conclusions made on these three studies, the second part of this PhD aimed to
explore how and whether congenital amusic individuals’ pitch perception and memory abilities could
be boosted.

Study 4 explored previously reported implicit capacities of amusic individuals related to the
processing of pitch and tonal structures, to investigate whether such implicit knowledge could boost
their short-term memory abilities for tones. Finally, Study 5 is related to the conclusions made on
Study 3 and aimed to boost pitch-encoding abilities in congenital amusic individuals, by proposing a
new approach in the domain, which consisted in exploring the potential effectiveness of audio-visual

interactions.

All together, these studies aim to improve our understanding about auditory and music
processing in general, by exploring the behavioral and cerebral correlates of pitch perception and

short-term memory congenital amusic individuals as compared to typical listeners.
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Chapter IV Impaired pitch perception and memory
in congenital amusia: The deficit starts in the
auditory cortex

Objectives

The investigation of the cerebral correlates of congenital amusia has started only recently
(Chapter III, section 3.4 pages 90 to 93). While anatomical abnormalities were reported in the right
fronto-temporal pathway using various methodologies (Hyde et al., 2006, 2007, Mandell et al., 2007,
Loui et al.,, 2009), functional investigations exploring the cerebral basis of pitch perception in
congenital amusia (Peretz et al., 2005, 2009, Moreau et al., 2013; Hyde et al., 2011) have suggested
near-normal cerebral functioning for pitch processing in this musical disorder (including the auditory
cortex). These findings were surprising in light of the behavioral deficits in amusia as the right
auditory cortex has been shown to play a critical role in various aspects of pitch processing, such as
melody perception, memory or discrimination (see Chapter I, section 1.5.3 pages 38 to 44 and Chapter
11, section 2.3.4 page 75). To pursue the characterization of the cerebral correlates of the deficits, the
first study of the present thesis investigated short-term memory for tone sequences in congenital
amusia by combining behavioral, Magnetoencephalography, and Voxel-Based Morphometry

approaches.

Article 1
Impaired pitch perception and memory in congenital amusia: The deficit starts in the auditory
cortex

Brain 2013: 136; 1639-1661
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Congenital amusia is a lifelong disorder of music perception and production. The present study investigated the cerebral bases
of impaired pitch perception and memory in congenital amusia using behavioural measures, magnetoencephalography and
voxel-based morphometry. Congenital amusics and matched control subjects performed two melodic tasks (a melodic contour
task and an easier transposition task); they had to indicate whether sequences of six tones (presented in pairs) were the same or
different. Behavioural data indicated that in comparison with control participants, amusics’ short-term memory was impaired for
the melodic contour task, but not for the transposition task. The major finding was that pitch processing and short-term memory
deficits can be traced down to amusics’ early brain responses during encoding of the melodic information. Temporal and frontal
generators of the N100m evoked by each note of the melody were abnormally recruited in the amusic brain. Dynamic causal
modelling of the N100m further revealed decreased intrinsic connectivity in both auditory cortices, increased lateral connectivity
between auditory cortices as well as a decreased right fronto-temporal backward connectivity in amusics relative to control
subjects. Abnormal functioning of this fronto-temporal network was also shown during the retention interval and the retrieval of
melodic information. In particular, induced gamma oscillations in right frontal areas were decreased in amusics during the
retention interval. Using voxel-based morphometry, we confirmed morphological brain anomalies in terms of white and grey
matter concentration in the right inferior frontal gyrus and the right superior temporal gyrus in the amusic brain. The conver-
gence between functional and structural brain differences strengthens the hypothesis of abnormalities in the fronto-temporal
pathway of the amusic brain. Our data provide first evidence of altered functioning of the auditory cortices during pitch
perception and memory in congenital amusia. They further support the hypothesis that in neurodevelopmental disorders
impacting high-level functions (here musical abilities), abnormalities in cerebral processing can be observed in early brain
responses.
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Introduction

About 4% of the population is estimated to experience a lifelong
deficit in music perception and production that cannot be ex-
plained by hearing loss, brain damage, or cognitive deficits
(Ayotte et al., 2002; Peretz et al., 2002; Stewart 2006, 2008).
Individuals afflicted with congenital amusia are unable to detect
out-of-key tones, and are unaware when others (or themselves)
sing out of tune. Thanks to the Montreal Battery of Evaluation of
Amusia (Peretz et al., 2003), this disorder has been systematically
studied. Behavioural investigations have revealed that the impair-
ment is linked to a deficit in pitch perception (Foxton et al., 2004;
Hyde and Peretz, 2004) and memory (Gosselin et al., 2009;
Tillmann et al., 2009; Williamson et al., 2010). However, only
few studies have investigated the neural bases of congenital
amusia from structural or functional cerebral perspectives.

Using voxel-based morphometry (VBM), cortical thickness and
diffusion tensor imaging methods, anatomical abnormalities were
reported in the right fronto-temporal pathway. In comparison with
matched control subjects, amusics’ brains showed decreased white
matter concentration in the right inferior frontal gyrus associated
with increased grey matter concentration in the same region
(Hyde et al., 2006), and in the right superior temporal gyrus
(Hyde et al., 2007). The hypothesis of an abnormal right fronto-
temporal pathway in the amusic brain has received support by the
observation of reduced fibre connectivity in the right arcuate fas-
ciculus (Loui et al., 2009).

To relate anatomical anomalies to behavioural expressions, func-
tional investigations have explored the cerebral basis of pitch per-
ception in congenital amusia. Electrophysiological (Peretz et al.,
2005, 2009; Moreau et al., 2009) and functional MRI investiga-
tions (Hyde et al., 2011) have shown that the auditory cortex of
amusic individuals responds normally to pitch, and that the amusic
brain can track small pitch changes (i.e. a quarter tone), suggest-
ing near-normal cerebral processing of musical material (Moreau
et al., 2009; Peretz et al., 2009). These findings were surprising in
light of the observed behavioural deficits in amusia as the right
auditory cortex has been shown to play a critical role in various
aspects of pitch processing, such as melody perception and dis-
crimination (Peretz, 1990; Johnsrude et al., 2000).

Our study investigated for the first time the cerebral correlates
of pitch perception and short-term memory in congenital amusia
by combining behavioural, magnetoencephalography (MEG), and
VBM approaches. During MEG recording, amusics and matched
control subjects performed two melodic tasks, in which two six-
tone sequences were compared (same/different paradigm); a con-
tour task and an easier transposition task. We expected impaired
short-term memory performance in amusic participants for the
contour task, but not for the transposition task, which did not
require melodic contour memorization. The easier transposition
task was designed as a control condition, for which amusic par-
ticipants perform as well as control subjects, to rule out the

interpretation that brain activity differences between the two par-
ticipant groups for the contour task might be mere correlates of
motivation or attention-level differences between the groups.

We analysed brain responses during encoding, retention and
retrieval of melodic information using source modelling of MEG
data to investigate whether altered functioning of the auditory
and/or frontal cortices might underlie the disorder. We focused
on (i) event-related responses for each note of the melodies for
the encoding and retrieval parts of the tasks; (i) sustained evoked
responses for the encoding part of the tasks; and (iii) oscillatory
gamma activities during the maintenance of musical information.
Oscillations in the gamma frequency band have been reported to
contribute to the neuronal underpinnings of working memory
(Tallon-Baudry and Bertrand, 1999; Tallon-Baudry et al., 1999;
Kaiser et al., 2003; Kaiser and Lutzenberger, 2005; Jensen et al.,
2007; Mainy et al., 2007). Finally, using VBM in the same par-
ticipants, we expected to observe anatomical abnormalities in
amusic participants (compared with control subjects) in right fron-
tal and temporal areas, as previously shown by Hyde et al. (2006,
2007), and we further aimed to compare the locations of these
anatomical abnormalities with that of possible functional abnorm-
alities revealed by MEG source analyses.

Material and methods

Participants and behavioural pretests

Nine amusic adults (five females; mean age, 31.55 + 8.50 years,
ranging from 20 to 44; mean education, 14.77 £1.71 years;
mean musical education 1.16 years, ranging from 0 to 2.5) and
nine matched non-musician control subjects (five females; mean
age, 31.33 = 7.31 years, ranging from 24 to 47; mean education,
16.11 + 2.57 years; mean musical education 0.77 years ranging
from O to 3) participated in the study. Each group was composed
of seven right-handed and two left-handed participants. Severe
peripheral hearing loss was excluded using standard audiometry
and all participants reported normal hearing and no history of
neurological or psychiatric disease. Participants gave their written
informed consent, and were paid for their participation. Ethical
approval was obtained from the French ethics committee on
Human Research (CPP Sud-Est Il, #2006-018/A-1).

To be considered as amusic, participants had to obtain an aver-
age score two standard deviations (SD) below the average of the
normal population on the Montreal Battery of Evaluation of
Amusia (i.e. a cut-off score of 23, maximum score = 30; Peretz
et al., 2003). In the Montreal Battery of Evaluation of Amusia, six
subtests assess various components of music perception and
memory by considering that musical material must be processed
along a melodic dimension (i.e. sequential variations in pitch) and
a temporal dimension (i.e. sequential variations in duration). All
participants were tested with the Montreal Battery of Evaluation
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of Amusia; the average scores of the amusic group (mean = 20.90,
SD =1.70, ranging from 18 to 22.83) differed significantly from
the scores of the control group [mean = 27.61, SD = 0.83, ranging
from 26.3 to 28.6, t(16) = 10.59, P < 0.0001].

To determine pitch discrimination thresholds, a two-alternative
forced-choice task was used with an adaptive tracking, two-
down/one-up staircase procedure (see Tillmann et al., 2009 for
details). Observed pitch discrimination thresholds of the amusic
group were higher (mean =1.07, SD =1.20, ranging from 0.14
to 4 semitones) than that of the control group [mean=0.31,
SD =0.30, ranging from 0.07 to 0.95, t{(16) = —1.83, P=0.042,
one-tailed]. The observed overlap in pitch thresholds between
amusic and control groups was in agreement with previous find-
ings (Foxton et al., 2004; Tillmann et al., 2009).

Voxel-based morphometry

All participants, except one amusic participant (because of claus-
trophobia), underwent a 3D anatomical MPRAGE T,-weighted
MRI scan on a 1.5 T Siemens Magnetom scanner (Siemens AG)
equipped with an 8-channel head coil (repetition time = 1970 ms;
echo time =3.93ms; inversion time =1100ms; flip angle: 15°,
field of view 256 x 256 mm, voxel size 1.0 x 1.0 x 1.0mm).
The anatomical volume consisted of 176 sagittal slices with
1mm? voxels, covering the whole brain.

Preprocessing and segmentation

All image preprocessing and voxel-by-voxel statistical analyses
were performed using the VBM functions of SPM8 (Wellcome
Trust Centre for Neuroimaging, http://www.fil.ion.ucl.ac.uk/
spm/, London, UK). Before preprocessing, all images were
checked for artefacts and automatically aligned so that the
origin of the coordinate system was located at the anterior com-
missure. Using the unified segmentation procedure implemented
in SPM8 (Ashburner and Friston, 2005), the images were seg-
mented into grey matter, white matter and CSF. For each partici-
pant, this resulted in a set of three images in the same space as
the original T4-weighted image, in which each voxel was assigned
a probability of being grey matter, white matter and CSF, respect-
ively, as well as a normalized version of these images (using the
T4-template from the Montreal Neurological Institute, provided by
SPM8). Finally, normalized-segmented images were spatially
smoothed with an 8-mm full-width at half-maximum isotropic
Gaussian kernel.

Voxel-based morphometry statistical analyses

Group comparisons with two-sample t-tests at each voxel were
performed separately for grey matter and white matter. Grey and
white matter concentrations were compared for each brain voxel
between amusics (n = 8) and control subjects (n = 8) (the control
participant matched to the amusic participant without T,-weighted
MRI was excluded from the analysis). Given the limited sample
size, an exploratory whole-brain analysis was not possible, and we
focused our analyses on bilateral inferior frontal gyrus and superior
temporal gyrus, where abnormalities have been reported previ-
ously in congenital amusia (Hyde et al., 2006, 2007; Mandell
et al., 2007; Loui et al., 2009), and which are key regions in
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pitch processing and memorizing. We thus adopted a lenient stat-
istical threshold of P < 0.05 (uncorrected), and only report group
differences that were found <1cm away (in any direction) from
the coordinates in the right inferior frontal gyrus and right superior
temporal gyrus observed in previous studies, which directly com-
pared amusics and control subjects with VBM (Hyde et al., 2006)
or cortical thickness measures (Hyde et al., 2007). We also as-
sessed symmetric locations in the left hemisphere.

Short-term memory tasks for tone
sequences

Material

Participants performed two melodic tasks, both requesting to com-
pare two six-tone sequences (51, S2) separated by a silent reten-
tion period of 2000ms. All sequences were composed of six
250ms piano tones presented successively without interstimulus
interval. The two tone sequences could be either the same or
different. For ‘different’ trials, the second sequence differed by a
single tone in the contour task and by all tones [i.e. transposed an
interval of seven semi-tones (a fifth) up or down] in the transpos-
ition task (Fig. 1). One hundred and ninety-two different melodies
(sequences) were created using eight piano tones differing in pitch
height (Cubase software); all used tones belonged to the key of C
Major (C3, D3, E3, F3, G3, A3, B3, C4). These 192 sequences
were used as S1 and were the same for the contour and trans-
position tasks. In order to strengthen the tonality, the tone C
occurred twice in each sequence, and half of the melodies
ended on the tone C and the other half on the tone G (i.e. two
functionally important tones in the key of C Major). Identical
tones were not repeated consecutively in a sequence. For S2 in
different trials of the contour and transposition tasks, variants of
these sequences were created. For the contour task, one tone (in
positions 2 to 5) was replaced by a different tone of the set to
create a contour-violation in the melody. For the transposition task
(i.e. the transposed sequences), two supplementary tone sets were
created for the pitch-up condition (i.e. D4, E4, F4#, G4), and the
pitch-down condition (i.e. F2, G2, A2, B2b), respectively.

b Pl mmpé PO
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Figure 1 Examples of the musical stimuli used. (A) ‘Same’ trial
in the contour task or the transposition task. S1 was repeated as
the second melody of the pair (S2) after a 2s delay. (B and C)
For ‘different’ trials, the second melody of the pair changed only
for one tone in contour task (B, red square) and was a trans-
position of S1 in transposition task (example of the pitch-up
condition in C).
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Procedure

Participants performed the contour and transposition tasks during
the MEG recording. Presentation software (Neurobehavioral sys-
tems) was used to run the experiment and to record button
presses. For each trial, participants listened binaurally to the first
six-tone sequence with a total duration of 1.55 (51), followed by a
silent retention period of 2s, and then the second sequence (S2,
1.55). Participants had to decide whether S2 was identical to S1 or
different from S1. There were six blocks of each of the two tasks.
The blocks were separated by a break of 2-3 min. The two tasks
were presented in alternation (counterbalanced across partici-
pants). Participants were informed of task order and asked to in-
dicate their answers by pressing one of two keys with their right
hand after the end of S2. They had 2s to respond before the next
trial, which occurred 2.5-3 s after the end of S2. No feedback was
given during the experiment. In each block, 32 trials were pre-
sented (16 same pairs, 16 different pairs), resulting in 192 trials for
each task. Within each block, the trials were presented in a
pseudo-randomized order, with several constraints: the same trial
type (i.e. same, different), or melodies ending by the same tone
(C or G), could not be repeated more than three times in a row.
Before the MEG recording, participants performed for each task a
set of 15 practice trials without feedback.

Magnetoencephalography

Recordings

The recordings were carried out using a 275-channel whole-head
MEG system (CTF-275 by VSM Medtech Inc.) with continuous
sampling at a rate of 600Hz, a 0-150Hz filter bandwidth, and
first-order spatial gradient noise cancellation. Horizontal and ver-
tical electrooculograms and electrocardiogram were acquired with
bipolar montages. Head position was determined with coils fixated
at the nasion and the preauricular points (fiducial points). Head
position was acquired continuously (continuous sampling at a rate
of 150Hz) and checked at the beginning of each block to ensure
that head movements did not exceed 0.5cm (this was confirmed
by additional offline checking before the data analyses).
Participants were seated upright in a sound-attenuated, magnet-
ically-shielded recording room, and listened to the sounds pre-
sented binaurally through air-conducting tubes with foam ear
tips. Before the MEG recording, participants’ sound detection
thresholds (using G3, the tone in the centre of the tone set for
S1) were determined for each ear, and the level was adjusted so
that the sounds were presented at ~50-55 dB sensation level with
a central position (stereo) with respect to the participant's head.
After the MEG session, participants’ subjective reports regarding
their strategies were collected.

Outline of the data analyses

The analyses reported here focused on event-related fields evoked
by S1 (i.e. during the encoding and memorization of the melodic
pattern); induced gamma oscillations during the delay period, cor-
responding to the retention in memory of the melodic information;
and event-related fields evoked by the changed tone in S2 for the
contour task (i.e. during the retrieval of melodic information).

P. Albouy et al.

MEG data were first analysed in sensor space using CTF tools
(VSM Medtech Inc.) and the ELAN software package developed
in the Brain Dynamics and Cognition team (Lyon Neuroscience
Research Center, http://elan.lyon.inserm.fr/; Aguera et al.,
2011). Source reconstruction was performed with SPM8
(Wellcome Trust Centre for Neuroimaging, London, UK; Friston
et al., 2008; Litvak et al., 2011) for event-related fields, and the
FieldTrip toolbox (Donders Institute for Brain, Cognition and
Behaviour, Nijmegen, The Netherlands, http://www.ru.nl/fcdon-
ders/fieldtrip) for oscillatory activities, both using MATLAB 7.6
(Mathworks Inc.).

Data preprocessing

For two amusic participants, the original MEG recordings were
contaminated by ferromagnetic artefacts caused by metallic
dental prostheses, which created a temporally stationary artefact
at the participant's respiratory frequency (artefact frequency;
mean = 0.24 Hz, ranging from 0.22 to 0.29Hz, SD = 0.02 Hz for
one amusic participant; and mean = 0.31 Hz, ranging from 0.27 to
0.39, SD = 0.05 Hz for the second amusic participant). In addition,
the MEG raw data of another amusic participant were contami-
nated by heartbeat signal (mean artefact frequency =1.41 Hz,
ranging from 1.38 to 1.44; SD = 0.01Hz). As congenital amusics
represent a limited participant pool, we applied a signal correction
model with a signal space projection method provided by CTF
(Tesche et al., 1995; Ramirez et al., 2011). This method allows
uncovering a signal-space vector that describes the global
topography of the artefact in sensor space (magnitude varied
between 2000 fT and 2500 fT for the dental prosthesis artefacts,
and between 20000 fT and 22 000 fT for the heartbeat artefact).
A projection of the MEG data onto the space orthogonal to this
vector was then applied to remove the artefact. The efficiency of
this correction to faithfully recover the cerebral signals was further
assessed with additional recordings of auditory event-related fields
in a control participant with and without an artefact-generating
piece of metal attached to his head (not shown).

Individual MEG trials were automatically inspected from
—100ms to 5500ms with respect to the onset of the first S1
tone (i.e. a time window covering S1, the delay, S2 and an add-
itional 500ms after S2). Trials with ranges of values exceed-
ing +£3000 fT within a 1000ms sliding time-window at any
sensor site (£100pV at electrooculograms channels) were
excluded from the analysis; as a result, between 90 and 165
trials were kept for each participant and condition.

Event-related fields

Averaging was done separately for the two experimental condi-
tions (contour task and transposition task) and a —100 to Oms
interval before the first tone in S1 was used for baseline correc-
tion. Grand-average event-related fields were plotted at the sensor
level using ELAN and were examined to determine topographical
patterns reflecting sources in the auditory cortices (Fig. 4D).
Accordingly, S1 analyses focused on (i) transient evoked re-
sponses: P50m and N100m (the magnetic counterparts of P50
and N100 waves observed with EEG) for the first tone, and
N100m for subsequent tones (an average of the responses to
tones 2 to 6 was created for that purpose); and (i) the sustained
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evoked response during the entire melody. The two types of re-
sponses were dissociated using two different second-order
Butterworth filters (12 dB/octave slope): for transient evoked re-
sponses, a band-pass filter (cut-off frequencies at 2 and 30 Hz)
was used to eliminate the sustained evoked responses and high-
frequency noise (Fig. 4B); for the sustained evoked response a
low-pass filter with a 2 Hz cut-off frequency was applied (Fig. 4C).

To analyse event-related responses following the ‘changed’ tone
in S2 of the contour task, two additional averages were performed
for each participant (note that we always kept the baseline in the
—100 to Oms interval before S1); firstly, an average of all cor-
rectly detected changed tones, in a —100 to 700 ms time-window
around the onset of the change (this event-related field thus com-
bined data for differences in all possible positions in S2), and sec-
ondly, an average of tones from correctly classified same trials in
the contour task with, for each participant, the same number of
tones in position 2, 3, 4 or 5 was used for the event-related fields
of the different trials. The change-specific response was then as-
sessed as the difference between these two event-related fields.
Note that because control participants had more correct responses
than amusic participants, we used for each control participant the
same number of trials as his/her matched amusic participant (se-
lected randomly from the entire set of correct response trials). For
the analysis of the change-specific responses, filtering was done
with a band-pass filter between 0.5 and 30Hz. As for S1, the
frequency band of interest for S2 was chosen after observation
of grand-average event-related responses.

Analyses were performed at the source level for the transient
evoked responses to determine and characterize the generators
involved in the encoding of S1 and the retrieval of melodic infor-
mation in S2. For the sustained evoked responses, analyses were
performed at the sensor-level (see below).

Source reconstruction of transient responses (51 and S2)

For these analyses, we used the original MEG signals for all par-
ticipants but one, for whom artefact-corrected data were used
because of the heartbeat artefact. Distributed cortical source re-
construction of event-related fields were performed for the brain
responses to the first tone and the average responses to the five
subsequent tones of S1 separately, in a post-stimulus time
window from 25 to 175ms. The source reconstruction for re-
sponses to the changed tone in S2 (contour task) was performed
for the difference waveform for correct responses (different trial —
same trial, see above) in a —100 to 700 ms time window relative
to the onset of the changed tone. For each participant (except
the amusic participant without individual MRI), we created indi-
vidual head meshes (20484 vertices or dipolar sources) describing
the boundaries of different head compartments (scalp, inner skull
and cortical sheet) based on the participant's own structural brain
scans (note that the same set of vertices were used for all par-
ticipants, but the mesh was deformed to account for each par-
ticipant anatomy). For the amusic participant who did not
undergo the 3D MRI scan, we used the MNI template provided
with SPM8. We then performed landmark-based co-registration
of MEG data and MRIs using the locations of nasion and pre-
auricular points (Mattout et al., 2007). Individual inverse solu-
tions were obtained using the empirical Bayesian approach

Brain 2013: 136; 1639-1661 | 1643

implemented in SPM8 (Mattout et al., 2006). For each partici-
pant, and using the multiple sparse prior model, the two condi-
tions for S1 (contour task, transposition task) were inverted
together to increase the sensitivity of the ensuing statistical com-
parison between them (Friston et al., 2008). For S2, only the
contour task was inverted as we were interested in the changed
tone of the melodic contour task.

Definition of the regions of interest for transient
responses in S1 and S2

Having completed the inversion for S1, we divided the source-
reconstructed data in two separate time windows of interest, cor-
responding to the P50m peak (40-70ms after the onset of the
first tone); and to the N100m components (70-160 ms after the
onset of each tone), respectively. For S2, the time window of
interest was the 0-600 ms period after the onset of the changed
tone. For each participant and time sample in each time window
of interest, we extracted the cortical points (region of interest) that
were significantly different from baseline according to the poster-
jor probability maps provided by the Bayesian inversion. A poster-
ior probability map provides the probability or confidence that the
activation in a particular cortical vertex exceeds some specified
threshold, given the data (Friston and Penny, 2003). We con-
sidered a zero-value threshold. As the data had been baseline-
corrected prior to the inversion, this analysis resulted in identifying
vertices with activity that significantly differ from baseline. This
approach has two main advantages: (i) it provides inference at
the 3D cortical surface of each individual, as a consequence of
the Bayesian inversion; and (ii) it is not submitted to the multiple-
comparison problem because the probability that an activation has
occurred, at any particular cortical vertex, is the same, irrespective
of whether only that vertex or the entire brain is analysed (Friston
and Penny, 2003). Moreover, as each individual mesh is mapping
in a one-to-one fashion to the MNI-template mesh (Mattout
et al., 2007), individual statistics can be combined to perform
group-level inference. For each participant and time sample in
each time window of interest, we used posterior probability
maps with a 99.98% threshold (i.e. 5% of false positive at
most, Bonferroni-corrected across participants). This step
provided for each participant and each time sample a list of cor-
tical dipoles (vertices) where activity emerged significantly from
baseline. We only analysed vertices with activity emerging for at
least one-third of the duration of the time window of interest, in
at least three participants (without considering the group factor).
This provided separate sets of activated cortical vertices for the
P50m for the first tone, the N100m for the first tone, the N100m
for the tones 2 to 6, and the responses elicited by the changed
tone in S2.

Amplitude and latency analyses of source data for
transient responses in S1 and S2

Source activities were analysed for each region of the cortical
mesh where activity was significantly different from baseline
(Tables 1 and 2), an average of the activity of all vertices was
created for each region in each hemisphere. For the amplitude
analysis of the source data for S1, we conducted an ANOVA on
the source time course at each time sample and for each
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Table 1 Frontal and Temporal Generators of the N100m for tone 1 and tones 2-6

Tone(s) Lobe Region Hemisphere x y z mm? Number of
vertices
Tone 1 Frontal Inferior ~ frontal  gyrus, pars Right 54 8 6 38 4
opercularis Left —51 4 5 14 2
Temporal Heschl's gyrus/superior temporal Right 45 —-19 6 44 8
gyrus/planum temporale Left —44 —18 5 85 11
Tones 2 to 6 Frontal Inferior ~ frontal  gyrus,  pars Right 54 8 6 38 4
opercularis Left —51 4 5 14 4
Temporal Heschl's gyrus/superior temporal Right 49 -8 5 20 5)
gyrus/planum temporale/ Left —-49 —12 5 81 11

planum polare

We report regions where activity was significantly different from baseline (P < 0.05 Bonferroni corrected across participants), for at least one-third of the time window of
interest, for at least three participants, as assessed from the obtained posterior probability maps (see ‘Materials and methods' section for details). Coordinates correspond to
the vertex with maximal amplitude within each region (coordinates are in MNI space). For each vertex, amplitude data of the window of interest were averaged across all
participants and tasks to determine the coordinates of the cortical vertex showing the highest peak amplitude.

region with ‘Group’ as between-participants factor and ‘Task' as
within-participant factor. To correct for multiple comparisons, only
effects lasting for >15ms (i.e. 9 consecutive samples) were con-
sidered significant (Guthrie and Buchwald, 1991; Caclin et al.,
2008). For the S2 analyses, two sample t-tests were performed
to compare amusic and control groups with the same duration
criterion as for S1 (i.e. effects lasting >15ms).

To estimate the peak latency of the P50m (for the first tone)
and N100m (for the first tone and for the tones 2 to 6), we
extracted the latency of the maximum of absolute amplitude of
the source activities in the 25-70ms and 90-160ms time win-
dows, respectively. For the P50m of the first tone, the latency
values of the maximum amplitude were analysed with a
2 x 2 x 2 ANOVA, with Group as between-participants factor
(amusics, control subjects), and Task (contour task, transposition
task) and Hemisphere (right, left) as within-participant factors.
For the N100m, latency values were analysed with a
2 x 2 x2x2x2 ANOVA with Tone Rank (tone 1, tones 2 to
6), region of interest (Heschl's gyrus or inferior frontal gyrus), as
additional within-participant factors. The latency analysis focused
on the vertices that were significantly different from baseline for
both the first tone and the tones 2 to 6 (resulting in two sets for
each hemisphere: a set of three vertices with a peak at coordinates
in Heschl's gyrus; and a set of two vertices at coordinates in the
pars opercularis of the inferior frontal gyrus). We did not perform
latency analyses of the brain responses associated with the chan-
ged tone of S2 (contour task) as they tended to present several
local maxima within the time window of interest.

Dynamic causal modelling of transient responses in S1
To test whether group differences in event-related responses asso-
ciated with the encoding of tones in S1 could be explained by
changes in effective connectivity between sources, we used a dy-
namic causal modelling approach as implemented in SPM8 (David
and Friston, 2003; David et al., 2006; Garrido et al., 2007; Kiebel
et al., 2009). Dynamic causal modelling attempts to explain event-
related potentials using a network of interacting cortical sources
and waveform differences in terms of coupling changes among
sources. We focused our analyses on the N100m component in
response to tones 2 to 6. We excluded tone 1 for which no major

difference could be observed between control subjects and amu-
sics in the first steps of the analyses.

To characterize the two participant groups with a high signal-to-
noise ratio and to investigate the putative differences in effective
connectivity between them, we compared and modelled the dif-
ference between the grand average data of the control subjects
(average over the nine participants and the two tasks) and the
grand average data of the amusics (average over the nine partici-
pants and the two tasks).

All the models we compared were based on the same network
architecture, which was motivated by (i) the results of our classical
source reconstruction analysis of the N1T00m component revealing
sources in a bilateral fronto-temporal network (see Table 1 for
regions of interest that were significantly different from baseline);
and (i) the hypothesis of impaired fronto-temporal connectivity
and interhemispheric connectivity observed in amusia with both
functional (Hyde et al., 2011) and anatomical approaches (Loui
et al., 2009). We thus assumed four sources, modelled as equiva-
lent current dipoles, over left and right primary auditory cortices
(A1), left and right pars opercularis of the inferior frontal gyrus
(Table 1). Using these sources, we constructed the following dy-
namic causal model: an extrinsic input entered bilaterally to the
primary auditory cortices (A1), which were connected to their ip-
silateral inferior frontal gyrus. Interhemispheric (lateral) connec-
tions were placed between left and right A1. All connections
were reciprocal (i.e. connected with forward and backward con-
nections or with bilateral connections; Fig. 8B).

Given this network architecture, we used a factorial design and
a family inference approach to assess various types of connection
modulations to explain the group difference in auditory evoked
responses (control subjects defined the baseline). Factor 1 refers
to the modulation of intrinsic connectivity in bilateral auditory
cortices [and includes two families (or levels), corresponding to
models where these intrinsic connections were modulated or not
between the two groups]. Factor 2 refers to the modulation of
lateral connections between the two auditory cortices (two
families: models which included modulation or not). Factor 3
refers to the type of connections between auditory and frontal
areas that are modulated (namely forward, backward, or both
forward and backward connections) or not (four families). Factor
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4 refers to the hemispheric location of the above modulated con-
nections, either in the right hemisphere, the left hemisphere, or
both (three families). We thus fitted and compared 48 models.
Assuming equal prior probabilities over models, we used
Bayesian model selection to compare model families (Penny
et al., 2010). This rests upon the free energy (or approximate
marginal likelihood or evidence) for each model, and yields a pos-
terior probability associated with each model family.

Sustained evoked response analyses (S1)

For the analyses of sustained evoked responses, we used artefact-
corrected data for the three amusic participants with respiratory or
heartbeat artefacts. These analyses were performed within a
1000 ms time window during S1 (500-1500 ms after the onset
of the first tone) as this window covered the maximum amplitude
of the responses in all participants and avoided the rising slope and
the descending slope of the sustained response. Sensor topog-
raphy indicated a distribution that was consistent with bilateral
sources in the auditory cortices during S1. Analyses were per-
formed at the sensor level because of complications for source
reconstruction of the artefact-corrected data of the two amusic
participants with artefacts at the respiratory frequency (because
of residual artefacts in the most frontal sensors). For each hemi-
sphere, the three sensors with the highest positive amplitude and
the three sensors with the highest negative amplitude within the
500 to 1500 ms time window were selected. Thereby, negative
responses in the right hemisphere corresponded with the right
temporal site, and positive responses to the right frontal site,
and conversely for the left hemisphere (negative/frontal site; posi-
tive/temporal site) (Fig. 9). To determine whether there were
group differences in the amplitude of the sustained responses
during S1, we computed the absolute values of the mean of
these event-related fields over the 500 to 1500 ms time window.
These amplitude values were analysed with a 2 x2 x2x2
ANOVA, with Group as between-participants factor (amusics,
control subjects), and Task (contour task, transposition task),
Hemisphere (right, left) and Sensor site (frontal, temporal) as
within-participant factors.

Sensor-level analysis and source reconstruction of
induced gamma activity (retention period)

We were interested in investigating the potential group and task
differences in oscillatory activities in the gamma-band induced by
the musical information during memory maintenance. Because nei-
ther latency nor frequency of these oscillatory bursts was known a
priori, we first assessed sensor-level data using a method that
preserved both types of information: the time-frequency represen-
tation based on a wavelet transform of the signals (Tallon-Baudry
et al.,, 1996). The MEG signal was convoluted by complex
Morlet's wavelets having a Gaussian shape both in the time
domain (SD ot) and in the frequency domain (SD of) around its
central frequency fO. The wavelet family was defined by
(fo/of) =10, with fO ranging from 24 to 80Hz in 2Hz steps.
The time-frequency wavelet transform was applied to each trial
after subtraction of the evoked response at each MEG sensor and
then averaged across trials, resulting in an estimate of oscillatory
power at each time sample and at each frequency between 24
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and 80 Hz. For all participants, except the one amusic participant
with the heartbeat artefact, original MEG signals were used for
this analysis (corrected data were used for the amusic with the
heartbeat artefact). We investigated oscillatory gamma activities
during the retention period, with respect to a prestimulus baseline,
by subtracting for each frequency the mean power computed over
the period defined as —1000 to Oms preceding the first tone
of S1.

To identify the maximal increase of induced power within the
gamma band relative to baseline, Wilcoxon tests were computed
for each frequency and each time sample across all participants to
compare the mean power (average of both tasks) with the mean
power in the prestimulus baseline (defined between —1000 and
0ms before the onset of the first tone of S1). This analysis allowed
us to select the 30-40Hz frequency band over a 1000 ms time
window covering the central part of the retention period (2000 to
3000 ms).

To localize the neural sources in the frequency band of interest
and explore the potential differences between tasks and groups
within the retention period, we applied an adaptive spatial filtering
or beamforming technique [Dynamic Imaging of Coherent Sources
(DICS) as implemented in Fieldtrip] (Gross et al., 2001; Bouet
et al., 2012). Based on individual MRIs (except for the amusic
participant who did no undergo the T;-MRI scan), a grid of
5 x 5 x 5mm> volume elements covering the whole brain was
constructed, and the source power was computed for each of
those elements. For each source location, a linear spatial filter
was computed that passes activity from that location with unit
gain while maximally suppressing activity from other sources.
This filter depended on the signal spectral properties extracted
for each participant through a fast Fourier transformation.

For each trial, we estimated the power in the 30-40Hz fre-
quency band at each volumetric element for both active (reten-
tion) and baseline periods, and we computed the log ratio
between these two power values to determine the extent of the
emerging gamma oscillations. After normalization of the brain in
the MNI space, statistical comparisons were performed to compare
groups for each task, and to compare tasks for each group with
two sided t-tests corrected for multiple comparison using cluster-
level statistics, as implemented in Fieldtrip.

Correlations between behavioural, functional and
anatomical data

Five types of analyses were performed: (i) correlation between the
behavioural data in the short-term memory task (Hit-False-Alarms,
reaction times) and data from the pretests (Montreal Battery of
Evaluation of Amusia, pitch discrimination threshold); (ii) correl-
ation between the different measures of the behavioural data in
the short-term memory task; (iii) correlation between the different
measures (white matter, grey matter concentrations) of the VBM
data; (iv) correlation between the different measures of the MEG
data (event-related fields amplitude and latency, gamma oscilla-
tions; connectivity values); and (v) correlations between behav-
joural, functional and anatomical data. To explore differences
explained not only by the group differences defined by the
Montreal Battery of Evaluation of Amusia (Peretz et al., 2003),
we present here only correlations that were significant over all
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participants and for at least one of the two groups separately
(amusic group or control group). Note that, except for the VBM
data, none of the correlations met these criteria.

Results

Behavioural data

Performance was significantly above chance (i.e. 0% of Hits—False
Alarms), for each condition in each group (t-tests, all P's < 0.0001).
Hits-False Alarms (Fig. 2A) were analysed with a2 x 2 ANOVA with
Group (amusics, control subjects) as between-participants factor and
Task (contour task, transposition task) as within-participant factor.
The main effects of Group [F(1,16) = 74.82, P < 0.0001], and Task
[F(1,16) = 300.08, P < 0.0001] were significant, as well as their
interaction [F(1,16) = 119.15, P < 0.0001]. Fischer's LSD post hoc
tests indicated that the performance of the amusic group was lower
than that of the control group for the contour task (P < 0.0001), but
not for the transposition task (P = 0.28). All amusic participants ex-
hibited a deficit in the contour task in comparison with the control
participants (see individual data in Fig. 2A). This is in line with previ-
ous results (Gosselin et al. 2009; Tillmann et al., 2009), suggesting a
short-term memory deficit for tone sequences in congenital amusia.
It is noteworthy that there was no overlap in performance between
the two groups in the contour task, despite a substantial overlap
between groups in pitch discrimination thresholds (see 'Materials
and methods’ section).

For the contour task, to assess the potential effect of pitch
interval size in the changed tone of S2 (relative to the correspond-
ing tone in S1) on performance, percentages of correct responses
for different trials were extracted as a function of interval sizes.
Within 96 different trials of the contour task, there were 36.46%
of trials with a change of small interval size (with equal propor-
tions of 1.5 tone, 2 tones and 2.5 tones); 35.41% of trials with a
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change of medium interval size (3 tones, 3.5 tones and 4 tones)
and 28.13% of trials with a change of large interval size (4.5
tones, 5 tones, 5.5 tones, 6 tones). These data were analysed
with a 2 x 3 ANOVA with Group (amusics, control subjects) as
between-participants factor and Interval (small, medium, large) as
within-participant ~ factor. The main effects of Group
[F(1,16) =75.37, P <0.0001], and Interval [F(2,32)=32.38,
P < 0.0001] were significant, as well as their interaction
[F(2,32) =4,36, P=0.02]. Post hoc tests indicated that the per-
formance of the amusic group was lower than that of the control
group for all interval sizes (all P's < 0.01). Moreover, in amusics,
increasing performance was observed with increasing interval
changes (all P's <0.01 for small/medium, medium/large, and
large/small comparisons). This increased performance was also
observed in control subjects (all P's <0.05), except for the
medium/large comparison (P = 0.47), which was probably due to
ceiling performance.

Reaction times for correct responses (relative to the end of S2)
were analysed by a2 x 2 x 2 ANOVA with Group (amusics, control
subjects) as between-participants factor, and Task (contour task,
transposition task) and type of trial (same, different) as within-par-
ticipant factors. The ANOVA revealed a significant main effect of
Task [F(1,16) = 19.63, P < 0.001], with shorter reaction time for
the transposition task (mean =479.18 ms, SD = 49.19 ms) than for
the contour task (mean = 585.37 ms, SD = 61.21 ms), and a signifi-
cant interaction between task and group [F(1,16) = 7.60; P = 0.01].
Fischer's LSD post hoc tests revealed that only for the amusic group
(P < 0.001), reaction times were longer for the contour task
(mean = 629.84 ms, SD = 39.94 ms) than for the transposition task
(mean =479.71 ms, SD = 25.55 ms). This was not the case for con-
trol subjects (mean = 529.85 ms, SD = 77.84 ms for the contour task
and mean =489.74ms, SD=66.80 for the transposition task,
P =0.25). Moreover, the analysis revealed a significant interaction
between task (contour task, transposition task) and type of trial
[F(1,16)=5.36; P=0.011; only for the transposition task

* 9000 00
L ]
e 1
ebde

. B Amusics

Controls

Small Medium Large
Contour Task (CT) Differents trials

Figure 2 (A) Performance of amusic and control groups (grey = control subjects; black = amusics) in terms of Hits minus False Alarms
(FA), presented as a function of the task (contour task, transposition task) and group (amusics n = 9; control subjects n = 9).

(B) Performance of amusic and control groups for the contour task in terms of per cent of correct responses for different trials as a function
of interval size (small, medium, large). Green circles: control subjects’ individual performance; red circles: amusics' individual performance.
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(P=0.04), reaction times were shorter (mean=451.51ms,
SD=46.76ms) for different trials than for same trials
(mean = 506.59 ms, SD = 51.93 ms). Analyses of reaction times for
correct responses as a function of interval size for the contour task
[with a 2 x 3 ANOVA with Group as between-participants factor
and interval size (small, medium, large) as within-participant
factor] revealed no significant effects of group (P = 0.91) or interval
size (P = 0.14) and no interaction between them (P = 0.35).

Subjective reports

Differences were observed in participants' reports after the ses-
sion: while all control subjects consistently reported to repeat the
melody back in their mind during the delay (eight control partici-
pants by internal singing and one by visual mental imagery), amu-
sics did not report to have elaborated any particular strategy
(three amusic participants reported to have tried at the beginning
to repeat S1 in their mind during the delay, but stopped doing so
because of its inefficiency).

Voxel-based morphometry

In the right inferior frontal gyrus, in line with previous findings
(Hyde et al., 2006, 2007), between-group differences were
found in both grey and white matter (Fig. 3). The analyses of
grey matter showed larger concentrations in the right inferior fron-
tal gyrus (bordering the right middle frontal gyrus) in amusics than
in control subjects [maximum peak at x=36, y=46, z=6;
t(14) = 2.68, P = 0.009; K¢ (cluster extent) = 192 mm?3]. The max-
imal difference was <1 cm away from that observed with VBM in
the two independent samples of amusic and control participants in
Hyde et al. (2006) (x=37, y=42, z= —2 and x=40, y =43,
z = —2, respectively). Conversely, less white matter concentration
in amusics than in control subjects was observed in the right infer-
ior frontal gyrus [in particular in a cluster with a maximum peak at
x =40, y =30, z=28; t(14)=4.37, P <0.0001; K¢ = 1328 mm>,
which encompassed an additional maximum at x =36, y =44,

WM : Amusics < Controls

A Right IFG Right STG

A\

/‘J ’
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0

GM : Amusics > Controls
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z=—6, close to the coordinates previously reported in Hyde
et al. (2006): x=37, y=42, z=-2 and x=42, y=44,
z=—2]. This inverse relationship between white and grey
matter concentrations in amusics' right inferior frontal gyrus is in
line with Hyde et al. (2006, 2007). In symmetrical regions of the
inferior frontal gyrus in the left hemisphere, between-group dif-
ferences were observed for white matter only [maximum peak at
Xx=—34, y=40, z=2; t(14)=3.71, P=0.001; K¢ = 5344 mm?],
with less white matter concentration for amusic participants.

The right superior temporal gyrus showed less grey matter
concentration in amusic participants than in control subjects
(maximum peak of the cluster at x=44, y=—-16, z=—18;
t(14) =3.86, P=0.001; K¢ =17936 mm?; additional peak in the
right superior temporal gyrus at x = 60, y = — 14, z = 6). This result
contrasts with cortical thickness data (Hyde et al., 2007), showing
more grey matter concentration in the right auditory cortex of
amusics than of control subjects at approximately the same loca-
tion (they reported a maximal difference at x =60, y=—12,
z=5). In the vicinity of the grey matter difference [maximum
peak at x=44, y=-8, z=16; t(14)=3.19, P=0.003;
Ke = 5520 mm?>], we also observed less white matter concentration
in amusic participants than in control subjects. In symmetrical re-
gions of the left hemisphere, we observed only small between-
group differences in the white matter (in two clusters of 464 and
760mm?>, respectively). Note that there were no previous reports
of white matter anomaly in the superior temporal gyrus for con-
genital amusia.

The correlation between grey matter concentration and white
matter concentration was not significant for the right inferior fron-
tal gyrus, [r(14) = —0.01, P > 0.69], but was significant for the
right superior temporal gyrus for all participants [r(14) = 0.94,
P <0.01], as well as for amusic participants [r(6)=0.87,
P < 0.01] and control participants [r(6) =0.96, P < 0.01], separ-
ately. In line with the abnormal lack of fibre connectivity along the
right arcuate fasciculus (connecting right inferior frontal gyrus and

GM : Amusics < Controls

Right IFG C Right STG

Figure 3 VBM group comparison of white matter (WM) and grey matter (GM) concentration differences: Each brain image corresponds
to a statistical map (P < 0.05, uncorrected, T-threshold = 1.76) superimposed on the average anatomical MRI of all participants (R = right;
L = left). (A) Control participants showed more white matter concentration relative to amusics participants in the right inferior frontal gyrus
(IFG) and right superior temporal gyrus (STG). (B) Amusic participants showed more grey matter concentration relative to control subjects
in the right inferior frontal gyrus. (C) Control participants showed more grey matter concentration relative to amusics participants in the

right superior temporal gyrus.
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right superior temporal gyrus) described by Loui et al. (2009) in
the amusic brain, we observed a positive correlation between
white matter concentration of right inferior frontal gyrus and
white matter concentration of right superior temporal gyrus. This
correlation was observed over all participants [r(14) =0.79,
P < 0.01] but was significant only for the amusic participants
[r(6) =0.81, P <0.01] and marginally significant for the control
participants [r(6) = 0.62, P =0.09].

Magnetoencephalography

Auditory evoked responses were observed after each tone in all
participants. The sensor plots indicated clear P50m, N100m and
sustained evoked responses during S1 and S2. The topography of
these responses was consistent with bilateral sources in the audi-
tory cortices (Fig. 4).

Encoding of S1 melodies: transient evoked responses
(P50m and N100m)

P50m and N100m represent the activity of generators located in
the auditory and frontal cortices (Nddtdnen and Picton, 1987;
Alcaini et al., 1994; Giard et al., 1994; Pantev et al., 1995;

P. Albouy et al.

Yvert et al., 2001). Typically, the evoked response for the first
tone of a sequence is different and larger than that of subsequent
tones (Fig. 4A and B), not only because of neural refractoriness,
but also because the first tone can be considered as an ‘infre-
quent/relatively unexpected’ orienting stimulus because it is pre-
sented after a period of silence. In contrast, subsequent tones in a
sequence (here, tones 2 to 6, presented without interstimulus
interval) can be considered as ‘frequent/expected’ stimuli. The
first tone should thus recruit more ‘orienting’ (non-specific) com-
ponents (Alcaini et al., 1994; Demarquay et al., 2011) than tones
2 to 6. In comparison with the first tone, these subsequent tones
should recruit more strongly the cortical areas implicating high-
level processing or memory representation (relative to the recruit-
ment of non-specific components). Source analyses thus explored
the generators of P50m and N100m as a function of group and
task, separately for the first tone and the subsequent tones of S1.

Source analyses of transient responses in $S1 (P50m and
N100m): regions of interest

For the P50m of tone 1, activity was significantly different from
baseline in bilateral auditory regions (Heschl's gyrus, left hemi-
sphere, x = —48, y = —18, z=4; cluster surface =53 mm?; right

Encoding Retention Retrieval
_________________________ +
1 1 1 1 1 2 MLT15
1 (S1H15s | | Idelay 2 s I (S215s |
Y 3 2 J ¥ ] T y ) L
J . . . ||‘ -’ I I I ’I J\ . . J l
e o I Lo e o s om ! 8
A ™
B 250 ms
raw data
D N100m y

2-30 Hz band-pass filter

2 Hz low pass filter

+229 1T

Controls
Amusics

Figure 4 Grand average of a left temporal MEG sensor (MLT15, ‘MEG left temporal’) for a trial time window (— 100 to 5500 ms), for the
control group (green) and amusic group (red), collapsed across conditions (contour task, transposition task). (A) Event-related fields based
on original MEG signals. (B) Event-related fields filtered with a 2-30 Hz band-pass filter to uncover P50m and N100m responses.

(C) Event-related fields filtered with 2 Hz low-pass filter to uncover sustained evoked responses. (D) Sensor plot of the mean event-
related fields in the 90-140 ms time-window for the first tone, averaged across groups and tasks. LH = left hemisphere; RH = right

hemisphere.
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Figure 5 Amplitude data for the N100m evoked by the first tone of S1. Cortical meshes show bilateral regions that were significantly
different from baseline (as indicated by the brown areas) for the time window of tone 1. These regions were bilateral Heschl's gyrus/
superior temporal gyrus (HG/STG) activation in the Heschl's gyrus extending to the planum temporale and the planum polare) as well as
the opercular part of the inferior frontal gyrus (IFG) (at the frontier with the rolandic operculum) (Table 1). The surrounding panels
correspond to the grand average of source data for each region and for the time window where the inversion was performed [25-175 ms
after the tone onset, as indicated by ‘a’ for the control group (green) and amusic group (red), for the contour task (full lines) and the
transposition task (dotted lines)]. For N100m analysis, ANOVAs were performed at each time sample and for each region on source
amplitude in the 70 to 160 ms time window (indicated by ‘b’), in the two groups of participants. P-values for the main effects are reported
across time below source amplitudes. Note that only effects lasting > 15 ms were reported. Colour bar represents the P-values for the task
effect with blue for P < 0.05; green for P < 0.01; and red for P < 0.001.

hemisphere, x =51; y = —11; z = 4; cluster surface = 25 mm?). For
the N100m, bilateral fronto-temporal regions with activity signifi-
cantly different from baseline for tone 1 and for the average of
tones 2 to 6 are presented in Table 1, together with the coordin-
ates of emergent vertices for the highest peak amplitudes. Note
that for the auditory regions, the vertex of maximum amplitude
was located in Heschl's gyrus, but that the activation further ex-
tended to the planum temporale, planum polare and superior tem-
poral gyrus. Note that, when we performed the same PPM
analyses for each group separately, the same regions with the
same peaks were emergent in control subjects and amusics, but
with a smaller extent in the amusic group.

Source analyses of transient responses in S1 (P50m,
N100m): amplitude
For P50m (tone 1), no significant effects or interaction were
observed. Note that there were no differences between contour
task and transposition task; and that we did not attempt to ana-
lyse the P50m of tones 2 to 6 because their amplitudes were
rather small as a consequence of refractoriness (P50-gating), and
because of the overlap with the end of the components evoked by
the preceding tones.

For N100m (tone 1), whereas there was no significant effect of
group, the main effect of task was significant: both amusics and

control subjects showed larger activation in the contour task in
comparison to the transposition task in the left auditory cortex
(129 to 145 ms).

The ANOVAs for N100m (average of tones 2 to 6) revealed
group differences in source amplitude, with higher amplitudes for
control participants than for amusic participants in the four regions
of interest and the following time windows (Fig. 6): (i) right
Heschl's gyrus/superior temporal gyrus (together with planum
temporale and planum polare), 80-120 ms; (ii) right inferior frontal
gyrus, 105-122 mis; (iii) left inferior frontal gyrus, 107-127 ms; and
(iv) left Heschl's gyrus/superior temporal gyrus (together with
planum temporale and planum polare), 95-126ms. Moreover,
the inverse difference (amusics > control subjects) was observed
in the right Heschl's gyrus/superior temporal gyrus for the
135-153 ms time window. However, this inverse difference for
the right Heschl's gyrus/superior temporal gyrus seems to be
related to an increased latency of the N100m in the amusic
brain (see below). No significant effect of task and no interaction
between group and task were observed.

Source analyses of transient responses (P50m, N100m):
latency

For P50m (tone 1), there were no significant effects or interaction.
In analyses for N100m (tone 1 and average of tones 2 to 6) there
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Figure 6 Amplitude data for the N100m evoked by the tones 2 to 6 of S1. Cortical meshes show bilateral regions that were significantly
different from baseline (as indicated by the brown areas) for the time window of tones 2 to 6. These regions were bilateral Heschl's gyrus/
superior temporal gyrus (HG/STG) (activation in Heschl's gyrus extending to the planum temporale and the superior temporal gyrus) and
the opercular part of the inferior frontal gyrus (at the frontier with the rolandic operculum) (Table 1). The surrounding panels correspond
to the grand average of source data for each region and for the time window where the inversion was performed [25 to 175 ms after the
tone onset, as indicated by ‘a’ for the control group (green) and amusic group (red), for the contour task (full lines) and the transposition
task (dotted lines)]. For the N100m analysis, ANOVAs were performed at each time sample and for each region on source amplitude in the
70 to 160 ms time window (as indicated by ‘b’) in the two groups of participants. P-values for the main effects are reported across time
below source amplitudes. Note that only effects lasting longer than 15 ms were reported. Colour bar represents the P-values for the group
effect with blue for P < 0.05; green for P < 0.01; and red for P < 0.001.

were significant main effects of: (i) group [F(1,16) =8.54;
P < 0.01], reflecting increased N100m latency of source activity
for amusics in comparison to control subjects; (ii) tone rank
[F(1,16) = 19.73; P < 0.0001], with increased latency for tones 2
to 6 in comparison with tone 1; and (iii) a marginally significant
effect of region [F(1,16) = 4.3; P =0.054], with increased latency
in the inferior frontal gyrus in comparison with the Heschl's gyrus.
The interaction between tone rank and task [F(1,16)=4.85;
P =0.042] was significant. For tone 1, the latency did not differ
between the two tasks (P =0.21), but for tones 2 to 6, the latency
was slightly longer for the contour task than for the transposition
task, even though only marginally significantly (P = 0.087). In add-
ition, the interaction between tone rank and region was significant
[F(1,16) =9.33; P =0.007], and, most importantly, it was modu-
lated by group, as indicated by the three-way interaction between
tone rank, region and group [F(1,16) =5.17; P =0.03].

For tone 1 (Fig. 7), the increased latency in bilateral inferior frontal
gyrus relative to bilateral Heschl's gyrus was more pronounced for
amusics (reflecting a delayed frontal responses, P < 0.003) than for
control subjects (where the difference was only marginally signifi-
cant, P = 0.06). The latencies of the responses for tones 2 to 6 were
similar to the latency of tone 1 (Fig. 7), except that, critically, for
amusics, the Heschl's gyrus response for tones 2 to 6 was delayed
by ~20 ms relative to control subjects (P < 0.001).

Dynamic causal modelling of the transient responses in
S1 for tones 2 to 6

Figure 8A shows the results of the comparisons between model
families (exceedance probabilities obtained for each family infer-
ence). Figure 8B shows the network architecture of the winning
model as well as the conditional estimates of the connection
strengths associated with the connections that proved to be sig-
nificantly modulated to explain the amusic response compared to
the control response.

Posterior estimates obtained with the winning model enabled us
to conclude that, compared with control subjects, amusic partici-
pants showed an abnormally increased lateral connectivity be-
tween the two A1, decreased intrinsic modulations in both
auditory cortices, and decreased backward connectivity between
the right inferior frontal gyrus and the right auditory cortex.

Sustained evoked responses during S1

Few studies have explored the role of the sustained evoked re-
sponses in the auditory domain, but some of these data sets have
demonstrated that: (i) sustained evoked responses are involved in
the cortical representation of behaviourally relevant sounds (Picton
et al., 1978; Bidet-Caulet et al., 2007); and (ii) they are modulated
by attentional processes (for a review, see Picton et al., 1978). In
line with Bidet-Caulet et al. (2007) who reported sustained evoked
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Figure 7 N100m latency (in ms) of amusic and control participants, calculated from the reconstructed source signal [amusics n = 9;
control subjects n =9 for bilateral Heschl's gyrus (HG) and bilateral inferior frontal gyrus (IFG); Green = control subjects; red = amusics]
presented as function of tone rank (tone 1 and average of tones 2 to 6) and region (Heschl's gyrus, inferior frontal gyrus). Diamonds
indicate average latency for each group and task (in ms); circles indicate participants’ individual latency (in ms). Note that latencies were
averaged across tasks (contour task, transposition task).
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Figure 8 Dynamic causal modelling results. (A) Results of the four family-wise inferences. For each inference, the posterior probability of
each model family is depicted. For each comparison, the family associated with a high posterior probability (P > 0.99) could be retained as
the winning family. As each comparison yields a clear winning family, we could identify a winning model. (B) Winning model. Dashed
arrows indicate modulated connections (i.e. connections that differ between groups) and solid arrows indicate fixed connections.
Significant changes in effective coupling between control subjects and amusics are specified (in black: amount of coupling change between
groups; in red: corresponding relative coupling with amusics coupling expressed in per cent of control coupling). B = Backward;

F = Forward; FB = Forward Backward; IIFG = left inferior frontal gyrus; rIFG = right inferior frontal gyrus; IA1 = left primary auditory
cortex; rA1 = right primary auditory cortex.
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Figure 9 Top: Event-related fields of the 2 Hz low-pass filtered data showing the sustained evoked responses, at a left temporal MEG
sensor (MLT15, MEG left temporal 15) for a time window (— 100 to 2500 ms) including S1 (0 to 1500 ms), for the control group (green,
on the left) and amusic group (red, on the right), and for each task (plain line: contour task, dotted line: transposition task). Bottom: Sensor
plots of mean event-related fields for a 500 to 1500 ms time window (used for statistical analyses), for each group and each task.

responses in secondary auditory areas during long-lasting stimuli,
the topographies of sustained evoked responses in the present
data indicated bilateral sources in the auditory cortices for all par-
ticipants. Sensor mean amplitude analyses revealed (i) a significant
main effect of sensor site [F(1,16) = 10.06; P = 0.005], reflecting
higher amplitude over temporal sensors in comparison to the fron-
tal sensors; (i) a significant main effect of hemisphere
[F(1,16) =8.61; P=0.009], with higher amplitude in the left
hemisphere in comparison with the right hemisphere; and (iii) a
marginally significant main effect of task [F(1,16)=4.16;
P =0.058), with increased mean amplitudes for the contour task
in comparison with the transposition task. There was no significant
main effect of group and no interaction implicating the group
factor.

Retention of the melodic information: time—frequency
analyses of the delay period

Gamma-power was analysed in the 30-40 Hz frequency band over
the time window corresponding to the central part of the delay
(2000-3000 ms). After source reconstruction, statistical compari-
sons were performed to compare groups for each task, and
tasks for each group using two-sided t-tests (corrected for multiple
comparisons using cluster-level statistics implemented in Fieldtrip).
The results are depicted in Fig. 10.

Group effect

For the contour task, control subjects showed increased gamma
synchronization (relative to baseline) in the right dorso-lateral pre-
frontal cortex [Brodmann area (BA) 9/46; x =45, y =31, z =25;

Ke = 6795mm?] in comparison with the amusic participants. For
the transposition task, amusics showed increased gamma syn-
chronization in the left dorso-lateral prefrontal cortex (BA9/46;
x=—37, y=26, z=29; Kg=7870mm?>) and the left temporo-
parietal junction (BA39; x =46, y = —69, z =28; K¢ =3430 mm?>)
in comparison with the control participants.

Task effect

For control participants, increased gamma synchronization was
observed for the contour task in comparison with the transposition
task in the right inferior frontal gyrus (opercular part: x =56,
y=14, z=20; Ke =4220mm?) and in the left inferior frontal
gyrus (opercular part: x = —59, y =6, z=9; K¢ = 5590 mm?). For
the amusic participants, no significant modulations of gamma os-
cillations with the tasks were observed.

Source analyses of the transient responses of the
changed tone in S2

To investigate if amusics’ altered encoding and retention of
melodies in memory could be further associated to altered re-
trieval of melodic information, we analysed the brain responses
evoked by the changed tone in S2 of different trials (for cor-
rect responses). The difference wave (different trial — same trial)
observed at the sensor level revealed that for control subjects,
the processing of the changed tone was associated to two
evoked responses. The first one was elicited ~150ms after
the onset of the changed tone; and the second one peaked
at 500ms after the tone onset (Fig. 11A). This biphasic re-
sponse was not observed in amusics (Fig. 11B). To compare the

€107 ‘b [1dy U0 [BaNUOIA 9P ISIOAIU) I /310°S[euInolpIoyxo-urelq,/:dpy woly papeojumoq



Cerebral correlates of congenital amusia

A Controls

Frequency (Hz)

MRT22

Brain 2013: 136; 1639-1661 | 1653

B Amusics

Frequency (Hz)

0 1000 30p0 4000 5000 ms

]

1
i
i
1
i
i

lay 2s
(1) 1.55l_—{ (52) 1.5s l_

C Sources

rDLPFC

o
"
)

L]

/ Contour Task

IDLPFC ﬁ

~

2

o

w
i

1\
1 +
o[SEge o o0 13 (P0+3) S'EF

L]
L]

amusics controls /
—

g ratio (Delay vs Baseline)
S
a o

o
-
L

fos

0.2 4

0.15 1
0.1 4

(=]

s 5

— w

i
LN N

g ratio (Delay vs Baseline)
(=]
e 3
|“

amusics  controls

/G

/ \ controls versus amusics / ©-0.08 A ’

i Ll
= 0044 &

NN

' [ ]
e s

TP ﬁ
[ = 0.06
.

8 :
\ amusics COI‘I“O'S/

Figure 10 (A and B) Time—frequency plot of a right temporal MEG sensor (MRT22, ‘MEG right temporal’) for a trial time window (—100
to 5500 ms) including S1 (0 to 1500 ms), delay (1500 to 3500 ms) and S2 (3500 to 5000 ms) collapsed across conditions (contour task,
transposition task), for the control group (A) and the amusic group (B). The time—frequency power values are plotted after subtraction of
the mean power values of the baseline for each frequency. (C) Cortical meshes showing the statistics of two sided t-tests (corrected for
multiple comparisons using cluster-level statistics) for the group comparison for each task (upper panel: contour task; lower panel:

transposition task). P-values for the group effect are colour-coded with yellow for P < 0.05, red for P < 0.01 and black for P < 0.001. The
surrounding panels correspond to the grand average of source data for each group and for each region. Black bars = amusics; grey

bars = control subjects; circles = individual data; rDLPFC = right dorsolateral prefrontal cortex; IDLPFC = left dorsolateral prefrontal cortex;

rTPJ = right temporo-parietal junction.

two participant groups for the processing of the changed tone in S2
and to investigate whether the same network was recruited by the
two groups, we performed source modelling of the difference wave-
form (i.e. between different trials and same trials for correct

responses). The bilateral fronto-temporal regions where activity
was significantly different from baseline are presented in Table 2.
Note that for the auditory regions, the vertex of maximum amplitude
was located more laterally in the superior temporal plane than
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Figure 11 (A and B) Grand average of a left temporal MEG sensor (MLT42) for a O to 700 ms time window after the onset of the changed
tone in S2 for the contour task for each group and each type of trial. (A) For control subjects, green dotted line = different trials, correct
responses; blue dotted line = same trials, correct responses; green plain line = difference wave (different trials — same trials for correct
responses). (B) For amusics, red dotted line = different trials, correct responses; purple dotted line = same trials, correct responses; red plain
line = difference wave (different trials — same trials for correct responses). Two-sample t-tests were performed at each time sample on
sensor amplitudes in the O to 700 time window in the two groups of participants. P-values are reported across time in the lower panel with
blue for P < 0.05, green for P < 0.01 and red for P < 0.001. Note that only effects lasting >15 ms were reported. (C) Source recon-
struction of the brain responses specifically evoked by the changed tone in S2. Cortical meshes show bilateral regions that were signifi-
cantly different from baseline (as indicated by the brown areas). These regions were the bilateral superior temporal gyrus (STG) as well as
the opercular part of the inferior frontal gyrus (IFG) (Table 2). The surrounding panels correspond to the grand average of source data for
each region and for the time window where the inversion was performed [0 to 700 ms after the changed tone onset, as indicated by ‘a’ for
the control group (green) and the amusic group (red)]. Two sample t-tests were performed at each time sample and for each region on
source amplitude in the 100 to 600 ms time window (as indicated by ‘b’) in the two groups of participants. P-values are reported across
time below the source amplitudes with blue for P < 0.05, green for P < 0.01 and red for P < 0.001. Note that only effects lasting longer
than 15 ms were reported.

Table 2 Frontal and temporal generators of the change-specific response within S2

Lobe Region Hemisphere x y z mm? Number of
vertices
Frontal Inferior frontal gyrus, pars opercularis Right 55) 4 6 49 10
Left —54 3 6 65 12
Temporal Superior temporal gyrus/planum temporale Right 55) —12 5 182 25
Left —52 —12 5 117 16

We report regions where activity was significantly different from baseline (P < 0.05, Bonferroni corrected across participants), for at least one-third of the time window of
interest, for at least three participants, as assessed from the obtained posterior probability maps (see ‘Materials and methods' section for details). Coordinates correspond to
the vertex with maximal amplitude within each region (coordinates are in MNI space).
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observed for the transient responses in S1. For the frontal generators,
the coordinates were close to the coordinates for S1, but the
activations were more extended. In addition, note that when
we performed the same posterior probability map analyses for
each group separately, the four clusters were emergent in control
subjects (but only right and left frontal generators were emergent in
amusics).

Two sample t-tests revealed group differences in source ampli-
tude, with higher amplitudes for control participants than for
amusic participants in the four regions of interest and in the fol-
lowing time windows: (i) right superior temporal gyrus,
150-210ms, 290-340ms, 425-520ms; (i) right inferior frontal
gyrus, 160-210ms; (i) left inferior frontal gyrus, 150-205 ms;
and (iv) left superior temporal gyrus, 190-230ms, 280-340ms,
425-530ms (Fig. 11C).

Discussion

The present study investigated the cerebral correlates of pitch
perception and memory in congenital amusics and matched con-
trol subjects. Using MEG, we investigated the amusic brain during
encoding, retention, and retrieval of melodic information. The
major finding is that pitch deficits in congenital amusia can be
traced down to early brain responses. During the encoding of a
melody (S1), auditory N100m components were observed after
each tone for both groups of participants, but were strongly
reduced and delayed in amusics. Source reconstruction analyses
provided evidence of an altered recruitment of frontal and tem-
poral N100m generators in the amusic brain during the encoding
of the S1 melodies. Dynamic causal modelling of the N100m
revealed an abnormally increased effective connectivity between
the right and left auditory cortices in amusics, reduced intrinsic
connections within the bilateral auditory cortices, as well as
reduced backward connectivity between the right inferior frontal
gyrus and the right auditory cortex in comparison with control
subjects. During the retention of the melodic information, gamma
oscillations revealed an altered recruitment of the right dorsolat-
eral prefrontal cortex in amusics for the more difficult memory
task (contour task). Finally, these altered responses observed in
both encoding and retention of the melodic information of S1
were associated to an altered retrieval of the melodic information:
amusics showed reduced brain responses elicited by the changed
tone of the second melody (S2) in a bilateral fronto-temporal
network. As predicted on the basis of previous findings (Hyde
et al., 2006, 2007; Loui et al., 2009), we observed brain mor-
phological anomalies in terms of white matter concentration and
grey matter concentration in the right inferior frontal gyrus as
well as in the right superior temporal gyrus of amusic partici-
pants in comparison to control participants. The convergence be-
tween functional and structural brain differences provided
evidence for abnormalities in a fronto-temporal pathway
(including functional anomaly in the auditory cortex) associated
with the pitch encoding and short-term memory dysfunctions in
congenital amusia.
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Short-term memory deficit in
congenital amusia

Control participants’ performance was high for both the contour
task and transposition task. Amusic participants’ performance was
unimpaired for the transposition task, but was strongly impaired for
the contour task (all amusic participants exhibited a deficit in com-
parison with control participants). Pitch discrimination deficits can be
excluded as the sole origin of the impaired performance as several
amusics' pitch thresholds were comparable to control subjects’ pitch
thresholds (see also Tillmann et al., 2009). Additionally, we
observed impaired short-term memory in amusics in comparison
to control subjects even for changed tones of large interval sizes
in the contour task (i.e. the large changes were superior to all
amusics' pitch discrimination threshold), thus allowing us to argue
that the deficit in short-term memory performance for the contour
task was not merely a consequence of increased pitch discrimination
threshold in amusics. The impaired performance of amusics in the
contour task is in agreement with previously reported deficits in the
short-term memory of tones (Gosselin et al., 2009; Tillmann et al.,
2009; Williamson and Stewart, 2010; Williamson et al., 2010) and
suggests that amusic individuals experience difficulties in maintain-
ing the memory trace of melodic contour information.

Structural abnormalities in the
amusic brain

VBM analyses revealed decreased white matter concentration and
increased grey matter concentration in the right inferior frontal
gyrus (BA 47) of amusics (relative to control subjects). These find-
ings are in agreement with Hyde et al. (2006, 2007), who sug-
gested that cortical abnormalities in the amusic brain might occur
consequently to an anomaly in cortical development. Amusics'
white matter abnormalities are hypothesized to reflect anomalous
connectivity between auditory and frontal cortical areas (Hyde
et al., 2006, 2007, 2011; Loui et al., 2009). This hypothesis was
also supported by the positive correlation between white matter
concentration in right inferior frontal gyrus and right superior tem-
poral gyrus in amusic participants of our present study. Moreover,
our present data revealed less grey matter concentration in the
right superior temporal gyrus for amusics in comparison with con-
trol subjects; this result contrasts with cortical thickness data of
Hyde et al. (2007). This opposite result pattern can be related to
the methodological differences between cortical thickness and
VBM. In other domains, several studies have demonstrated oppos-
ite result patterns in a given brain region when comparing cortical
thickness or VBM measures. For example, Park et al. (2009) found
a significant reduction of grey matter concentration in the primary
and associative visual cortices in a group of blind participants using
VBM. However, using cortical thickness and surface area measures
in the same group of participants, they found a thicker cortex in
the same areas. The authors attributed these volumetric atrophies
to the decreased cortical surface area despite increased cortical
thickness. They proposed that the two measures are complemen-
tary and might differently reflect morphological alteration during
the developmental period (see Jiang et al., 2009, for converging
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evidence of opposite results when comparing data obtained with
the two methods). Combining these different approaches of cor-
tical anatomy in amusia remains to be done within the same par-
ticipants, but nevertheless, the present data agreed with Hyde
et al. (2007) in revealing structural abnormalities in the right su-
perior temporal gyrus of the amusic brain for grey matter
concentrations.

Encoding of melodies in congenital
amusia

Source reconstruction of the N100m allowed us to disentangle
activity in bilateral auditory regions (in Heschl's gyrus/superior
temporal gyrus/planum temporale/planum polare) and in the
pars opercularis of the inferior frontal gyrus (BA 44). This obser-
vation is in line with numerous studies showing the major role of
these areas in music perception and memory (Zatorre et al., 1994,
Griffiths et al., 1999; Schulze et al., 2009; see also Griffiths, 2001;
Peretz and Zatorre, 2005 for reviews). For the N100m component,
the observed frontal generators are in line with previous EEG data
(Naatdnen and Picton, 1987; Alcaini et al., 1994; Giard et al.,
1994; Pantev et al., 1995; see Trainor and Unrau, 2012 for
review), suggesting that separate frontal and temporal neural sys-
tems mediating different processes could be activated during the
N1-time range. Further evidence comes from intracranial record-
ings (Edwards et al., 2005), which indicated that during the N1-
time range, the most strongly activated brain regions were not
only the superior surface of the temporal lobe, but also some
areas of the frontal lobe.

Note that in comparison with tone 1, tones 2 to 6 recruited a
more lateral part of Heschl's gyrus (and planum temporale). This
finding is in agreement with Patterson et al. (2002) showing that
the lateral part of the Heschl's gyrus is recruited by melodies in
comparison to fixed-pitch sequences, suggesting that this part of
the auditory cortex plays a role in melodic processing. It is well
known that bilateral auditory regions (including superior temporal
gyrus, Heschl's gyrus, planum polare and planum temporale) play
a critical role in the encoding of acoustic features of individual
tones (Griffiths, 1999, 2001) and in melody perception (Zatorre
et al., 1994; Liégeois-Chauvel et al., 1998) and are more strongly
recruited during high-load conditions, which require active re-
hearsal (Zatorre et al., 1994; Griffiths et al., 1999), such as retain-
ing a pitch in memory while subsequent tones are presented. In
addition to the participation of auditory cortices, Griffiths (1999,
2001; Griffiths et al., 2000) has suggested that higher-order audi-
tory patterns and information are analysed by distributed networks
including temporal and frontal lobes, which are necessary for
online maintenance and encoding of tonal patterns. For frontal
regions, the inferior frontal gyrus has been further suggested to
play a role in integrating sequential auditory events and in the
encoding of tonality (Zatorre et al., 1994; Griffiths et al., 1999;
Gaab et al., 2003; Peretz and Zatorre, 2005; Schulze et al., 2009,
2011).

For the first tone, source analyses revealed near-normal cortical
distribution and activity, both for the P50m (e.g. Yvert et al.,
2001) and the N100m components in the amusic brain. As also
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reported by Peretz et al. (2005, 2009) and Hyde et al. (2011), the
functioning of amusics' auditory cortices was unimpaired for a
relatively simple acoustic task (the first tone of the sequence
was presented after a period of silence, and should thus largely
recruit non-specific components). However, latency analyses of
the N100m revealed slightly delayed inferior frontal gyrus re-
sponses in amusics in comparison to control subjects, thus provid-
ing new functional evidence of an altered fronto-temporal
network, even for the encoding of the first tone of a sequence.

For tones 2 to 6, the N100m differed between amusics and
control subjects in amplitude and latency in Heschl's gyrus/super-
ior temporal gyrus and inferior frontal gyrus, thus placing the def-
icit of the amusic brain early in the auditory processing stream.
Amplitude data revealed that amusic participants recruited less
strongly a bilateral fronto-temporal network than did control sub-
jects. This network has been previously shown to allow auditory
information to be processed, encoded, maintained on-line and
related to previous elements of a sequence (Zatorre et al., 1994,
2002; Griffiths, 2001; Janata et al., 2002a, b; Gaab et al., 2003;
Peretz and Zatorre, 2005). Observing an abnormal recruitment of
frontal (inferior frontal gyrus) and temporal (Heschl's gyrus/super-
ior temporal gyrus) regions during the encoding of tones 2 to 6 in
amusics can be taken as functional correlates of the deficit in
perception and memory of tone sequences in congenital amusia.
It might be argued that decreased attention could explain the
decreased N100m amplitude of amusics in the contour task.
However, two aspects of the data allow us to reject this argument:
(i) if amusics were paying less attention because, for example,
they found the contour task too difficult, the amplitude of their
N100m should have been attenuated in comparison with the
transposition task. However, no interaction between Group and
Task was observed for the N100m amplitude, thus suggesting that
participants’ attentional or task-related strategies did not have a
major influence on the amplitude differences in the present
N100m data; (ii) the sustained evoked responses data revealed
that task-related (the difficult contour task versus the easier trans-
position task) attentional modulation is preserved in congenital
amusia. Indeed, this task effect on sustained evoked responses is
in line with the hypothesis that the contour task should involve
more attentional processes than the transposition task, as these
responses are known to be modulated by attention (Picton
et al., 1978; Bidet-Caulet et al., 2007). As there were no signifi-
cant main effect of group and no significant interactions involving
the group factor, the data pattern suggests that amusic partici-
pants maintained a sustained attention level, even for the difficult
contour task.

For tones 2 to 6, increased latency of the N100m was observed
in frontal and temporal regions for the amusic group (relative to
the control group). It can be interpreted as reflecting delayed
encoding of S1 in the amusic brain as well as impaired high-
level processing and stimulus representations (e.g. delayed re-
sponses associated with difficulties to maintain tone sequences in
memory). The most interesting point of these data is the increased
Heschl's gyrus latency for tones 2 to 6 in the amusic group.
Together with the amplitude data, this finding provides the first
evidence of functional abnormalities in the auditory cortex in con-
genital amusia.
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To further assess the differences between the two participant
groups during the encoding of the melodies, we used dynamic
causal modelling to investigate the effective connectivity between
the frontal and temporal sources of the N100m. Most approaches
of connectivity in the MEG/EEG literature use functional measures,
such as phase-synchronization, temporal correlations or coherence,
to establish statistical dependencies between activities in two dif-
ferent cortical areas. Although functional connectivity can be used
to establish statistical dependency, it does not provide information
about the causal architecture of the interactions. In dynamic causal
modelling, this influence is parameterized in a causal model, which
can then be estimated using Bayesian inference. Using the same
underlying cortical architecture, but differing between participant
groups in the modulations of specific connection types, we
observed decreased intrinsic connectivity for amusics in both audi-
tory cortices relative to control subjects, as well as increased con-
nectivity in amusics between the two auditory cortices, as
previously observed with functional MRI (Hyde et al., 2011).
These abnormalities observed in both intrinsic and lateral connec-
tions in the auditory cortex provide additional evidence of func-
tional anomaly of the auditory cortex in amusia (together with the
observed delayed N100m responses). More precisely, the observed
hyper-connectivity between the two auditory cortices in the
amusic brain might be a marker of the primary deficit, as also
observed in other developmental disorders (see Wolf et al.,
2010 for dyslexia; Hyde et al., 2011 for converging evidence in
amusia) or rather reveal compensatory mechanisms of the amusic
brain. The latter would suggest that amusics might compensate for
an impoverished processing in the right auditory cortex by recruit-
ing the contralateral auditory cortex. These functional abnormal-
ities in both auditory cortices were associated to decreased right
frontal-to-temporal connectivity in amusics. This decreased right
fronto-temporal connectivity is in agreement with the functional
MRI data from Hyde et al. (2011), showing decreased connectiv-
ity between right inferior frontal gyrus and right superior temporal
gyrus in amusics in comparison with control subjects during pas-
sive listening. Note that our present data, which are based on the
effective connectivity approach (as opposed to functional connect-
ivity used in Hyde et al., 2011), allow us to more precisely ascribe
abnormal brain responses in amusics to reduced backward con-
nections, but not forward connections.

Maintenance of melodic information in
memory

To investigate neural correlates of maintenance of tone informa-
tion in memory, we have analysed oscillatory synchronization in
the gamma frequency during the retention period. We observed
enhanced gamma-power in the right dorsolateral prefrontal cortex
in control subjects in comparison with amusics for the difficult
contour task. This finding is in agreement with previous data
showing that high-level representations of task-relevant informa-
tion are reflected in the gamma-frequency (Jensen et al., 2007),
and that increased gamma-frequency power in fronto-temporal
areas is related with short-term memory processing (Kaiser
et al., 2003). This hypothesis is also supported by the task
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comparison for control subjects, showing that the contour task
recruited more strongly a bilateral frontal network involving the
inferior frontal gyrus. Moreover, this right-lateralized group effect
is in agreement with neuroimaging data showing that the dorso-
lateral prefrontal cortex participates in short-term memory and
working memory (Glahn et al., 2002; Jerde et al., 2011). Note,
however, that these modulations with tasks were not observed in
amusics, thus providing another evidence of altered processing of
melodic information in the amusic brain. In addition, for the easier
transposition task, increased gamma synchronization was observed
in the left inferior frontal gyrus and in the right temporo-parietal
junction in amusics in comparison with control subjects, suggesting
that the relative involvement of each hemisphere might differ be-
tween the two groups. The interaction between frontal and tem-
poro-parietal regions is known to be implicated in working
memory for musical material (Zatorre et al., 1994; Jerde et al.,
2011), and the present finding thus suggests that, in order to
perform as well as control subjects for the easier transposition
task, amusics had to recruit more strongly this network.
Following this hypothesis, we suggest that for the difficult contour
task, this compensatory strategy was not sufficient to overcome
the deficit in pitch memory.

Retrieval of melodic information

Source reconstruction of the event-related fields elicited by the
changed tone (difference wave between different trials and
same trials) allowed us to observe activity in bilateral superior
temporal gyrus and in the pars opercularis of the inferior frontal
gyrus (BA 44) in the control group. Observing that the same network
is recruited during encoding and retrieval of melodic information is in
line with research showing the role of these areas in music perception
and memory (Zatorre et al., 1994, 2002; Griffiths, 2001; Janata
et al., 2002a, b; Gaab et al., 2003; Peretz and Zatorre, 2005). The
present data revealed an abnormal recruitment of frontal (inferior
frontal gyrus) and temporal (superior temporal gyrus) regions
during the retrieval of melodic information in the amusic brain;
data that further reflect the functional correlates of the deficit in
short-term memory of melodic information in congenital amusia.

Convergence between functional and
anatomical data

MEG source locations revealing group differences were congruent
with bilateral fronto-temporal networks well-known to be involved
in short-term memory for pitch sequences (Zatorre et al., 1994;
Griffiths et al., 1999; Schulze et al., 2009), and attentive listening
to musical sequences (Janata et al., 2002b) (Table 3 and Fig. 12).
In the right superior temporal gyrus, anatomical group differences
were spatially congruent with the present MEG data, and activa-
tions peaks previously reported in positron emission tomography
(PET)/functional MRI studies investigating the active processing of
pitch sequences (i.e. short-term memory, attentive listening).
However, for frontal regions, anatomical and functional group dif-
ferences were observed in different parts of the inferior frontal
gyrus. VBM analyses (present data and data of Hyde et al.,
2006) revealed abnormal grey and white matter concentrations
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Table 3 MNI coordinates (mm) of fronto-temporal activations reported in previous functional MRI/PET and DTI studies

P. Albouy et al.

Reference Lobe

Region Contrasts Hemisphere X y z
Zatorre et al., 1994  Frontal Insula/inferior frontal gyrus  Tone judgement-  Right 38 20 5
pars opercularis passive melodies
Left —-31 22 8
Temporal  Superior temporal gyrus Passive melodies—scan-  Right 62 —-25 3
ner noise
Griffths et al., 1999  Frontal Inferior frontal gyrus, pars  Pitch memory task-  Right 30 26 2
opercularis resting
Right 40 18 8
Left —48 10 4
Temporal ~ Heschl's gyrus Right 66 —30 6
Janata et al., 2002a  Frontal Inferior frontal gyrus, pars Listen-resting state Right 45 1B B3
opercularis
Right -38 19 5
Temporal  Superior temporal gyrus Listen—resting state Right 60 19 5
Attend-resting state Left -60 —-15 5
Left —52 -19 5
Hyde et al., 2011 Frontal Inferior frontal gyrus, pars  Amusics-control ~ sub-  Right 34 32 2
opercularis jects, pitch changed —
fixed pitch
Temporal  Heschl's gyrus/planum  Pitch  co-variation in  Right 56 —-12 4
temporale control subjects
Planum temporale Pitch  co-variation in  Right 60 -—-18 8
amusics
Heschl's gyrus/planum Left —-44 -30 8
temporale
Loui et al., 2009 Frontal Inferior frontal gyrus, pars  Seed regions for  Right and left
opercularis tractography
Temporal  Posterior superior temporal Right and left
gyrus

The first three studies were run with typical individuals, whereas the last two studies compared amusics and control groups.

in the amusic brain in the anterior part of the right inferior frontal
gyrus (BA 45/47; Fig. 12), whereas the MEG data revealed func-
tional abnormalities in more posterior parts of bilateral inferior
frontal gyrus (BA 44) during encoding and retrieval of melodic
information (S1 and S2), and in a more dorsal part (BA9/46)
during the retention. The anterior part of the right inferior frontal
gyrus has also been shown to exhibit abnormal blood oxygen
level-dependant deactivation in the amusic brain during passive
listening to tone sequences (Hyde et al., 2011). The posterior
part of the inferior frontal gyrus was used by Loui et al. (2009)
as a seed region for DTI tractography revealing an anomalous
connectivity in the right arcuate fasciculus in congenital amusia
(Fig. 12 and Table 3).

For music processing, these different subregions of right inferior
frontal gyrus have been previously reported in typical individuals'
brains (e.g. Maess et al., 2001; Koelsch et al., 2002 for BA 44;
Levitin and Menon, 2003 for BA 45/47; Tillmann et al., 2003,
2006). Hyde et al. (2006, 2011) discussed their VBM and func-
tional MRI data of amusic participants in link with two subregions
involved in music perception and structure processing. They sug-
gested that BA 44 and BA 45/47 are part of the same network of
right inferior frontal cortex and are involved in pitch sequence
perception and integration. Similarly, Hagoort (2005) discusses
the role of the left inferior frontal gyrus in language processing
by regrouping BA 44, 45 and 47, notably their role in enabling the

integration of structural information. While for language process-
ing, subregions have also been specified for their respective roles
in syntactic processing and phonological memory (BA 44) and se-
mantic processing (BA 45/47) (Friederici, 2002, 2012), research in
music processing still needs to investigate more specifically the
respective roles of these subregions in right inferior frontal gyrus
for pitch perception and memory in both normal-functioning and
amusic brains.

Conclusion

In congenital amusics, N100m components were abnormal and
strongly delayed in bilateral inferior frontal gyrus and Heschl's
gyrus/superior temporal gyrus during the encoding of melodies,
frontal gamma synchronization was decreased during the retention
of melodic information, and fronto-temporal responses were
altered during the retrieval of this information. These functional
anomalies were related to abnormal grey matter and white matter
concentrations in the same brain regions and to a deficit in
memory processing observed at the behavioural level. This data
set is in agreement with current hypotheses about the role of
frontal and temporal structures (including auditory cortices) and
of the fronto-temporal pathway in music processing, as well as
its impairment in this ‘musical handicap’. The present study
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Figure 12 Comparison of MEG and VBM group differences observed in the present study (A in red and purple) with previous functional
MRI (B) and DTI (C) studies comparing control subjects and amusics and with activation peaks observed in previous studies using PET or
functional MRI in typical individuals (D) (Table 3). (B) Coordinates of the functional group difference in the right inferior frontal gyrus and
of pitch co-variation data for both amusics and control subjects in the auditory cortex (Hyde et al., 2011, circles; Table 3). (C) Approximate
location of the posterior inferior frontal gyrus (pIFG) and posterior superior temporal gyrus (pSTG) seed regions used in the tractography
study by Loui et al. (2009) (bold dotted lines and plain dotted line, respectively). Note that these regions were manually selected by a
neurologist who was blind concerning the protocol and previously reported activations. (D) Coordinates of activations obtained with pitch
material during auditory short-term memory tasks (Zatorre et al., 1994, squares; Griffths et al., 1999, triangles), attentive listening (Janata
et al., 2002, stars), and passive listening (Zatorre et al., 1994, squares). Right-oriented bars = short-term memory; left-oriented bar-

s = pitch perception and memory; horizontal bars = attentive listening; white background = passive listening. Activations are displayed on
the single subject T, image provided by SPM8. The figure depicts activation with coordinates that were 2 mm up or down the central slice.
R =right; L = left; A = anterior; P = posterior); PET = positron emission tomography.

improves our understanding not only of congenital amusia itself,
but also, more generally, of typical brain functioning related to
auditory perception and memory, as well as music processing. In
particular, control participants' data reveal that the same bilateral
fronto-temporal areas were recruited during the different stages of
encoding, maintenance and retrieval of auditory information, sug-
gesting the same networks are involved in these different aspects
of melody processing and memory representation. Research inves-
tigating the neural correlates of music processing is an expanding
research domain that also addresses the question of shared neural
correlates with language processing (Patel, 2003, 2008). This com-
parison can also be extended to the understanding of develop-
mental language impairments in parallel to the present musical
impairments (as previously suggested by Hyde et al., 2006).
Beyond providing new data for the understanding of the deficits
in the amusic brain, our data raises issues about the cerebral cor-
relates of developmental disorders in general, notably by

suggesting that cerebral correlates of related deficits can be
observed already in early brain responses. This later point repre-
sents a major contribution to the comprehension of neural correl-
ates underlying congenital amusia as previous data have suggested
that the functional neural anomaly mainly lies outside the auditory
cortex (Peretz et al., 2005, 2009; Moreau et al., 2009; Hyde
et al., 2011).
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Chapter V

When memory for tones differs from memory for
words: Evidence of separated neural resources for
tonal and verbal materials in congenital amusia

Objectives

In Study 1, we have shown that the amusic brain exhibited abnormal and strongly delayed
responses in bilateral Ventro-Lateral Pre-Frontal Cortex and Superior Temporal Gyri during the
encoding of melodies in a short-term memory task, along with right-lateralized functional anomalies in
the same areas and in the Dorso-lateral Pre-Frontal Cortex and Posterior Parietal Cortex during
retention and retrieval of melodic information. These abnormalities were in agreement with previously
reported functional and anatomical anomalies observed along the auditory-frontal pathway in the
amusic brain (Hyde et al., 2007; Hyde et al., 2006; Hyde et al., 2011; Loui et al., 2009; Mandell et al.,
2007) and with the network that was described as supporting pitch perception and memory in typical
individuals (see Chapter II). These findings have improved our understanding about the underpinnings
of the disorder and the functioning of the normal functioning brain for pitch processing.

Interestingly, while amusic individuals exhibit short-term memory deficit for pitch, their
performance in similar tasks for verbal material are preserved (Tillmann et al., 2009). Along these
lines if verbal and tonal short term memory are supported by a similar cortical network in the brain
(see Chapter II),

a question remains opened: how can we explain amusic individuals’ preserved abilities for verbal
memory?

Within this framework, Study 2 of this thesis used fMRI to investigate the cerebral correlates
of short-term memory for tonal and verbal material in congenital amusic individuals and their matched
controls in order to 1) further our understanding of the relationship between the cortical networks
supporting each material and 2) pursue the characterization of the cerebral correlates of memory

deficits for pitch in congenital amusia.

Article 2

When memory for tones differs from memory for words: Evidence of separated neural
resources for tonal and verbal materials in congenital amusia

In preparation
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Abstract

Congenital amusia is a lifelong disorder of pitch perception and memory. The pitch-specificity
of the short-term memory deficit has been demonstrated recently, notably by showing that while
amusic individuals exhibit strongly altered memory performance for tonal material, they show
preserved memory performance for verbal material. Studying congenital amusia is thus a unique
occasion to investigate whether verbal and tonal memories share the same neural resources. The
present study investigated the behavioral and functional cerebral correlates of tonal and verbal short-
term memory in congenital amusic individuals and their matched controls. During fMRI recordings,
participants performed perception and memory tasks with tones and words. In both tasks, two
sequences separated by a silent delay were presented. In the memory task, participants were required
to indicate whether the two sequences were the same or different. In the lower-level perception task
they were required to determine if the last two elements of the second sequence were the same or
different. As expected, behavioral results showed that amusic individuals exhibited strongly impaired
short-term memory performance in comparison to controls for tone sequences, but not for word
sequences. Functional data analyses contrasted, for each type of material (verbal, tonal), the brain
activations related to the memorization of the information with the brain activations related to the
perception of the information. For tonal memory, amusic individuals exhibited functional
abnormalities in the right Dorso-Lateral Pre-Frontal Cortex and abnormally increased activation in the
right Inferior Frontal Gyrus. In contrast, for verbal memory, amusic individuals exhibited brain
activations similar to the controls, with both groups recruiting the left Inferior Frontal Gyrus during
the retention of verbal information. These findings suggest the existence of separate neural resources

for verbal and tonal STM in the amusic brain, with a specific dysfunction for tonal material.
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Introduction

Short-term memory (STM) (along with working memory (WM)) is defined as a cognitive
ability allowing the retention and the manipulation of information for a short period of time (Baddeley,
2010; Cowan, 2008; D'Esposito, 2007; Logie and D'Esposito, 2007). For the specific case of verbal
STM, it has been proposed that the retention of verbal information (e.g., words, syllables or
phonemes) is supported by the Phonological loop (Baddeley and Hitch 1974, Valar, 2006), which is
supposed to involve at least two mechanisms: 1) a passive storage mechanism (phonological store)
that allows the retention of auditory or speech-based information for a short time period (Baddeley,
1992, 2010); and 2) an active rehearsal mechanism in which information is maintained for a longer
time period thanks to articulatory rehearsal processes (such as subvocal speech) (Baddeley, 1992,
2003b, 2010, 2012; Baddeley, 1986; Vallar, 2006; Vallar and Baddeley, 1984; Vallar and Papagno,

2002).

When investigating the cerebral correlates of verbal STM, neuroimaging studies (Buchsbaum
and D'Esposito, 2008; Buchsbaum et al., 2005) have suggested that rehearsal processes are supported
by cortical networks that are similar to those involved in speech perception and production (Schulze
and Koelsch, 2012). This hypothesis derives notably from the observation of activations of the Ventro-
Lateral-Pre-Frontal Cortex (VLPFC, i.e., Broca’s area, Brodmann’s area 44) (Awh et al., 1996; Fiez et
al., 1996; Gruber and von Cramon, 2003; Paulesu et al., 1993; Ravizza et al., 2004; Schulze and
Koelsch, 2012), in particular in the left hemisphere, along with the recruitment of anterior insular areas
(Bamiou et al., 2003; Chein and Fiez, 2001; Paulesu et al., 1993) and the cerebellum (Chen and
Desmond, 2005; Kirschen et al., 2005; Ravizza et al., 2004; Silveri et al., 1998) during STM tasks for
which subvocal rehearsal was the main strategy of maintenance. Furthermore, a role of the Posterior
Parietal Cortex (PPC), notably the inferior parietal lobule (IPL) and the Spt (Sylvian—parietal—
temporal, left posterior planum temporale) has been hypothesized in supporting the temporary storage
(passive phonological store) of verbal information (Buchsbaum and D'Esposito, 2008; Buchsbaum et
al., 2005; Hickok et al., 2003). Additionally to the cortical networks supporting passive storage and

rehearsal, other pre-frontal regions are recruited by verbal STM, notably the Dorso-Lateral-Prefrontal-
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cortex (DLPFC) (Curtis and D'Esposito, 2003; D'Esposito, 2007; Logie and D'Esposito, 2007; Owen,
2000) which is assumed to involve more complex mechanisms, such as, manipulating and/or

monitoring of information stored in memory (D'Esposito, 2007; Owen, 2000; Petrides, 1991, 1994).

In contrast to verbal material, the behavioral and cerebral correlates of STM for tonal material
have been much less investigated. It has been originally hypothesized that the temporary storage of
pitch is supported by a specialized subsystem in the brain (Berz, 1995; Deutsch, 1970b, 1975a;
Pechmann and Mohr, 1992; Salame and Baddeley, 1989). However, this hypothesis has been rapidly
challenged (Semal et al., 1996), for example by studies suggesting that tonal short-term memory might
recruit very similar mechanisms as those involved in the phonological loop (Schendel and Palmer,
2007; Williamson et al., 2010a). When investigating the cerebral correlates of pitch memory, a right-
lateralized network involving the VLPFC, the DLPFC and the insular cortex, along with the planum
temporale, the IPL, the supramarginal gyrus (SMG) and cerebellum (Foster et al., 2013; Foster and
Zatorre, 2010; Gaab et al., 2003; Griffiths et al., 1999; Holcomb et al., 1998; Zatorre et al., 1994) has
been observed. While the brains regions involved in pitch memory are highly comparable to those
recruited for the retention of verbal information, the findings suggested a potential specialization of
each hemisphere for different materials (see Peretz and Zatorre 2005). However, when directly
comparing the cortical networks involved in auditory STM for verbal and tonal materials either in
non-musicians or musicians, such a clear hemispheric specialization failed to be confirmed (Hickok et
al., 2003; Koelsch et al., 2009; Schulze and Koelsch, 2012; Schulze et al., 2011b). Based on these
findings, it was hypothesized that while verbal and tonal information share several subparts of more
general WM and STM brain networks, these two types of information are not necessarily processed in
the same way (Peretz & Zatorre 2005).

A way to explore this hypothesis is the investigation of individuals exhibiting congenital
pitch-related impairments (with other cognitive functions being unaffected) (Tillmann et al., 2013).
Such disorders have been referred to as congenital amusia, a lifelong deficit of music processing, that
cannot be explained by hearing loss, brain damage, or cognitive deficits (Ayotte et al., 2002; Peretz,

2013; Peretz et al., 2002; Stewart, 2011; Stewart et al., 2006; Tillmann et al., 2013). Interestingly,
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amusic individuals’ deficits along the pitch dimension have been recently traced down to impairments
in pitch memory (Albouy et al., in preparation; Albouy et al., 2013a; Albouy et al., 2013b; Gosselin et
al., 2009; Tillmann et al., 2009; Williamson et al., 2010b; Williamson and Stewart, 2010). While
amusic individuals showed strongly impaired STM performance for pitch sequences (in comparison to
their matched controls), they showed similar STM capacities for verbal material (Tillmann et al.,
2009; Williamson and Stewart, 2010). The investigation of the cerebral correlates of the pitch memory
deficit has revealed that the amusic brain exhibited abnormal and strongly delayed responses in
bilateral VLPFC and Superior Temporal Gyrus (STG) during the encoding of the melodies in a pitch
STM task, along with right lateralized functional anomalies in the same areas and in the DLPFC and
PPC during the retention and the retrieval of the melodic information (Albouy et al., 2013a). These
abnormalities were convergent with the previously reported functional and anatomical anomalies
observed along the auditory-frontal pathway in the amusic brain (Hyde et al., 2007; Hyde et al., 2006;
Hyde et al., 2011; Loui et al., 2009; Mandell et al., 2007) and with the network that was described as
supporting pitch perception and memory in typical individuals (Gaab et al., 2003; Hyde et al., 2008;
Peretz and Zatorre, 2005; Schulze et al., 2009; Zatorre et al., 1994). Although these findings have
improved our understanding of the underpinnings of the disorder, a question remains unresolved: if
verbal and tonal STM are supported by the same cortical networks in the brain, how can we explain
amusic individuals’ preserved abilities for verbal STM?

The present study aims to 1) further our understanding of the relationship between the cortical
networks supporting each material and 2) pursue the characterization of the cerebral correlates of
memory deficits for pitch in congenital amusia.

During functional Magnetic Resonance Imaging (fMRI) recordings, amusic individuals and
matched controls performed two tasks for both verbal and tonal material. For both tasks, two
sequences (either words or tone sequences) were presented sequentially with a separation by a silent
delay. In the memory task (either Memory Task for tones (MTt) or Memory Task for words (MTw)),
participants were required to indicate whether the two sequences were the same or different. In the
perception task (Perception Task for tones (PTt) or Perception Task for words (PTw)) participants
were required to indicate whether the last two elements of the second sequence were the same or
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different (regardless of the first sequence). The PT was designed as a control condition, for which
participants listened passively to the same stimuli (i.e., the first sequence) as those used in the MT, but
without actively encoding the information in memory. We expected impaired performance in amusic
participants relative to controls for the MTt and PTt, but not for the MTw and PTw. We recorded brain
activity using a sparse sampling approach (Belin et al., 1999) to minimize any BOLD response or
auditory masking due to MRI scanning noise. By contrasting the functional activations in the brain
associated to the memorization of the information (MT) with the functional activations related to the
perception of the information (PT) for each type of material, we explored the potential differences
between verbal and tonal memory in each group and between groups. Based on our previous MEG
results (Albouy et al., 2013a), we expected to observe functional abnormalities in right fronto-
temporal areas in amusic participants (compared to controls) for tonal memory.

Note: The results and the conclusions presented here are preliminary, and further analyses are

planned with the present data.
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Material and Methods

Participants and behavioral pre-tests

The data of the present study were acquired in two different fMRI centers, in Lyon (France)
and in Montreal (Canada) using identical scanners (3T Philips Achieva, with the same version update
R3.2.2) equipped with the same head coil (32 channels), and applying the same imaging parameters at
both sites. Similar systems were used for stimulus presentation. Note that all participants were native
French speakers. In this preliminary version of the manuscript, we have merged the data from the two
centers, without controlling for the potential effects of scanners (that would be minimal here as we
used exactly the same systems and parameters). Note that these additional analyses will be done in a

future version of the manuscript.

Participants

Eighteen amusic adults and 16 non-musician controls matched for gender, age, handedness,
educational background (calculated in years of education), and musical training (calculated in years)
participated in the study. The control group was composed of 12 individuals from Lyon and four
individuals from Montreal. The amusic group was composed of 13 participants from Lyon and five
from Montreal. Note that within each group, participants from Lyon and Montreal did not differ in
terms of handedness, years of education and musical training (ps > .66) but differed in terms of age
(amusic individuals : (t(16) = 3.02; p = .008; controls : t(14) = 4.65; p < .001), with the participants
from Montreal being older than the participants from Lyon in both groups (amusic individuals Lyon
mean = 37.07; SD= 13.64 years; controls Lyon mean = 33.16 SD = 10.22 years; amusic individuals
Montreal mean = 56.20; SD= 4.27 years; controls Montreal mean = 58.00 SD = 3.83 years). More
importantly, there was no difference between amusic and control groups for each city for all
demographic characteristics (Lyon all ps >.41; Montreal all ps > .13).

Group characteristics are presented in Table 1. All participants had right-handed laterality (as
assessed by Edinburgh handedness questionnaire) and reported no history of neurological or

psychiatric disease. They gave their written informed consent, and were paid for their participation.
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Moderate (35 dB loss at any frequency) or severe (more than 40 dB loss) peripheral hearing loss at the

frequencies of interest (between 250Hz to 1000Hz) was excluded using standard audiometry.

Behavioral pre-tests

All participants had been thoroughly evaluated on previous testing sessions with the Montreal
Battery of Evaluation of Amusia both in Lyon and Montreal. Participants were considered as amusic
when they obtained an average score on the MBEA below the cut-off score (23.4 on average across
the six tasks of the battery, maximum score = 30), the cut-off being two standard deviations below the
average of the normal population (Peretz et al., 2003). All amusic participants had scores below the
cut-off score, and all controls obtained scores higher than the cut-off score. The average MBEA scores
of the amusic group (ranging from 18 to 22.83) differed significantly from those of the control group
(ranging from 23.83 to 28.83; see Table 1).

To evaluate Pitch Discrimination Thresholds (PDT), all participants were tested with a two-
alternative forced-choice task with an adaptive tracking, using two-down/one-up staircase procedure
(see Tillmann et al., 2009 for details). The average PDT of the amusic group (ranging from 0.13 to
2.41 semitones) was higher (worse) than that of the control group (ranging from 0.05 to 0.67
semitones, see Table 1). In agreement with previous findings (Albouy et al., 2013a,b; Foxton et al.,
2004; Tillmann et al., 2009), we observed an overlap in pitch discrimination thresholds between

amusic and control groups (both in Lyon and in Montreal).
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Table 1: Demographic characteristics of participants and data in behavioral pre-tests. Results
on the Montreal Battery of Evaluation of Amusia (MBEA) are expressed as number of correct
responses (average over the six sub-tests of the battery, maximum score = 30). Pitch Discrimination
Thresholds (PDT) are in semitones. Data are reported as a function of group, and groups are

compared with t-tests; ‘NS’ refers to a non-significant difference (p>.05). Standard deviations are in

parentheses.
Characteristics Controls (n=16) Amusics (n=18) t-Test
Age in years 39.37 (14.24) 42.38 (14.60) t(32) = 0.60, p = .54 (NS)
Gender 9F, TM 11F, 7M NA
Education in years 13.75 (2.76) 15.05 (3.66) t(32) = 1.16, p = .25 (NS)
Musical education in years 0.68 (1.57) 0.83 (1.42) 1(32) =0.28, p =.77 (NS)
Musical battery
(MBEA, Peretz et al., 2003) 26.55 (1.56) 20.94 (1.53) 4(32) = 10.86, p < .0001
Pitch Discrimination Threshold
(PDT, Tillmann et al., 2009) 0.22 (0.16) 0.90 (0.88) 1(32) = 3.03, p = .004

Tasks for tone and word sequences (used in the fMRI recording session)

During the fMRI acquisition, congenital amusic individuals and matched controls performed
four tasks: a Memory Task for tones (piano tones, MTt), a Perception Task for tones (piano tones,
PTt), a Memory Task for words (monosyllabic words, MTw), and a Perception Task for words
(monosyllabic words, PTw).

All tasks involved two three-sound (words or tones) sequences (S1, S2), separated by a silent
retention period of 9000 ms. Note that as the retention period is very long, and based on reports
suggesting that amusic individuals exhibit increasing deficit in short-term memory tasks with
increasing delay(Williamson et al., 2010b), we choose such simple material (melodies of 3 tones thus
containing simple contour information) to allow amusic participants to perform above chance
level.For all sequences, the three sounds had a duration of 250ms and were presented successively
without inter-stimulus-interval. For the MTt and MTw, participants were required to indicate whether
the S2 sequence was identical or different from the S1 sequence. For the PTt and PTw participants

were required to passively listen to the S1 sequence and to be concentrated on the S2 sequence. They
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had to indicate, for the S2 sequence, if the two last elements of this sequence were same or different

(examples of S2 sequences for tones: G3-F3-F3 for a same trial, G3-F3-E3 for a different trial).

Tonal material

120 different three-tone melodies were created using eight piano tones differing in pitch height
(Cubase software, Steinberg); all used tones belonged to the key of C Major (C3, D3, E3, F3, G3, A3,
B3, C4). For half of the sequences, identical tones were repeated consecutively in the second and third
position of the melody (e.g., G3-F3-F3); for the second half, the melodies did not contain repetitive
tones. S1 melodies (presented as the first sequence) for the MTt and PTt were selected within this set

of melodies (60 melodies for the MTt and 60 melodies for the PTt).

Memory Tasks for tones — M Tt

During the MTt, participants were asked to indicate whether S1 and S2 melodies, presented in
pairs, were the same or different. For different trials, one tone of the S2 melody was different from the
S1 melody (in positions 1 to 3, equally distributed across trials) and created a contour-violation in the
melody. Note that the pitch interval size between the original tone in S1 and the changed tone in S2 in
was controlled in such a way that within the 30 different trials of the MTt, there were 50% of the trials
with a changed tone with a small interval size (with equal proportions of 1.5 tone, 2 tones and 2.5
tones, and equally distributed as a function of the position of the changed tone); and 50% of trials with
a large interval size (3 tones, 3.5 tones and 4 tones and equally distributed as a function of the position
of the changed tone).

There were 60 MTt trials (S1, silence, S2) separated in 30 same and 30 different trials. For the
30 same trials, 15 were composed of melodies that did not contain repetitive tones, and 15 contained
tone repetitions in the melodies (as mentioned above, identical tones repeated consecutively at the
second and third position of the melody). For the 30 different trials, 15 trials were composed of S1 and
S2 melodies that did not contain repetitive tones, and 15 trials were divided in two sets so that 7 trials
contained repetitive tones only within S1 melodies and 8 trials contained repetitive tones only within

S2 melodies.
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Perception Task tonal — PTt

Participants had to indicate whether the last two tones of the second melody (S2) were the
same or different. Note that a same/different task was chosen in order to overcome amusic individuals’
difficulties in indicating pitch direction (Foxton et al., 2004b; Liu et al., 2010).

As in the MTt there were 60 PTt trials (S1, silence, S2) separated in 30 same and 30 different
trials. The Same trials were divided into 15 trials with S1 and S2 melodies containing identical tones
repeated consecutively at the second and third position of the melody and 15 trials containing
repetitive tones only within the S2 melody. For the 30 different trials, 15 trials were composed of S1
and S2 melodies that did not contain tones repetition, and 15 trials were composed of S1 melodies

with repetitive tones only for S1 melodies.
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Figure 1: Examples of the stimuli used in the MTt and PTt. A. Example of a same trial for the MTt;
tones are represented as spectrograms and their frequencies are illustrated with the red lines. For
“same” trials S1 was repeated as the second melody of the pair (S2) after a 9000 ms delay. B.
Example of a different trial for the MTt. For “different” trials, the second melody of the pair changed
only for one tone (in position 1 to 3) that changed the melodic contour. C. Example of a same trial for
the PTt. For “same” trials the two last tones of S2 were identical. D. Example of a different trial for

the PTt. For “different” trials, the two last tones of S2 are different.

Verbal material

Six monosyllabic French words (material taken from Tillmann et al. 2009) were used: toux
(/tu/ - cough), loup (/lv/ - wolf), boue (/bu/ - dirt), mou (/mu/ - soft), golt (/gu/ - taste) and poux (/pu/ -
bug), spoken by a female voice. All recordings were adjusted to the pitch of 230 Hz (within the range
of the piano tones used in the MTt and PTt) with STRAIGHT, and equalized in loudness using
MATLAB software. The words were selected from a pool of recorded words on the basis of subjective
ratings indicating easy intelligibility (i.e., using a subjective scale from 1 (very easy to understand) to
5 (not easy to understand)) by eight native French speakers.

Sixty different sequences were created. For half of these sequences, identical words were
repeated consecutively in the second and third position of the sequence; the other half did not contain
word repetition within the sequence. S1 sequences for both MTw and PTw were selected within this

set of S1 sequences (30 for the MTw and 30 for the PTw).

Memory Task for words - MTw

During the MTw, participants were asked to indicate whether S1 and S2 sequences, presented
in pairs, were the same or different. For different trials, one word in the S2 sequence was different
from the S1 sequence (in positions 1 to 3, equally distributed across trials). Note that the changed tone
was selected from a list of remaining words that were not presented in the S1 sequence.

There were 30 MTw trials (S1, silence, S2) separated in 15 same and 15 different trials. For
same trials, 8 were composed of sequences that did not contain identical words repeated consecutively

at the second and third position of the sequence, the remaining 7 same trials contained repetitive words
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in the sequences. For the 15 different trials, 5 trials were composed of S1 and S2 sequences that did
not contain repetitive words, 5 trials contained repetitive words only within S2 sequences and the 5

remaining trials contained repetitive words only in the S1 sequences.

Perception Task - PTw

Participants had to indicate whether the last two words of the second sequence were the same
or different (regardless of the S1 sequence). Over the 30 PTw trials (S1, silence, S2), there were 15
same and 15 different trials. Same trials were divided into 8 trials with S1 and S2 sequences
containing repetitive words and 7 trials containing repetitive words only in the S2 sequences. For the
15 different trials, 8 were composed of S1 and S2 sequences that did not contain repetitive words and
the 7 trials were composed of S1 sequence with words repetition and S2 sequences without words

repetition.

Procedure

Amusic individuals and their matched control participants performed the MTt, PTt, MTw and
PTw during the fMRI recording. Presentation software (Neurobehavioral systems, Albany, CA, USA)
was used to run the experiment and to record button presses. In Lyon, the sound stimulation was
performed with MRI-compatible air plugs with foam ear tips (NordicNeuroLab). In Montreal, the
auditory stimuli were delivered binaurally via a MR-compatible pneumatic system and foam insert
earplugs (Etymotic Research, IL, USA). The level of sound presentation was equal for all participants
so that the sounds were presented at about 70 dB Sensation Level with a central position (stereo) with
respect to the participant’s head.

The experiment was divided into six different runs of 8 minutes and 37 seconds each: 4 runs
of tonal material, and 2 runs of verbal material. Within a run, MT and PT were presented alternatively
(i.e. 15 consecutive trials of MT and 15 consecutive trials of PT) the task order was counterbalanced
across runs and participants. In each run, 37 trials (each corresponding to one TR of the sparse
sampling protocol) were presented: /) 1 trial of visual instruction informing the participant about the
task to be performed for the first half of the run,2) 5 trials of silence (without auditory stimulation), 3)

15 trials of either MT or PT as a function of the run, 4) 1 trial of visual instruction informing the
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participant about the task for the second half of the run, and 4) 15 trials of either PT or MT as a
function of the run (e.g., Run 1: instruction-silence-PT-instruction-MT and Run 2: instruction-silence-
MT-instruction-PT).

During the acquisition, participants were required to keep their eyes closed. When they heard a
salient tone burst, they were required to open their eyes and look at the screen informing them about
the task they had to perform (either the Memory or Perception Task) for the first half of the run.
Participants then closed their eyes once they heard the tone burst again, informing them that the task
changed for the second part of the run. The runs were separated by 2-3 minutes of break. Note that
participants were informed orally by the experimenter about the material (tones or words) and the task
order before each run.

Within a run, for each trial, participants listened to the first three-element sequence with a total
duration of 750 ms (S1), followed by a silent retention period of 9000 ms, and then the second
sequence (S2, 750 ms). They were asked to indicate their answer by pressing one of two keys of a
response device with their right hand after the end of S2. They had 2000 ms to respond before the next
trial, which occurred 2500 ms to 3000 ms after the end of S2. As a function of the task, trials were
presented in a pseudo-randomized order with the constraint that the same trial type (e.g. same,
different) could not be repeated more than three times in a row. Before the fMRI acquisition,
participants performed a set of 15 practice trials for each task outside the scanner (with a simulation of

the scanner noise) with response feedback. No feedback was given during the experiment.
fMRI
JMRI parameters

At the beginning of the MRI session, a high-resolution T1-weighted 3D image was acquired
for each participant using a gradient-echo sequence (160 sagittal slices; time to repetition (TR), 8.2
ms; time to echo (TE) 3.8 ms; flip angle (FA), 8° matrix size, 240x240; field of view (FOV)

240x240mm’; voxel size, 1 x 1 x 1 mm’).
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The fMRI series were recorded via a gradient-echo EPI pulse sequence to measure whole-
brain oxygenation level-dependent (BOLD) signal (47 axial slices acquired in sequential order; TR,
14000 ms (volume acquisition in 3000 ms); TE, 30 ms; FA, 90°; 3 mm slice thickness; no gap; matrix
size, 80x79; FOV 240 x 240mm®; voxel size, 3 x 3 x 3 mm’). We used a sparse-sampling paradigm to
minimize any BOLD response or auditory masking due to MRI scanning noise (Belin et al., 1999).
Auditory events were synchronized with fMRI image volume acquisitions using Presentation software
(Neurobehavioral Systems), at a rate of one image per trial. Within different blocks, we aimed to
capture the hemodynamic response associated with two different processes: (a) the encoding of the
stimuli (Figure 2A, with fMRI volumes acquired 3500 to 4000 ms after the end of S1, i.e., at the
expected peak of the hemodynamic response for processing S1) and (b) the retention period of the
stimuli (Figure 2B), with fMRI volumes acquired 5500 to 6000 ms after the end of S1 aiming to
record the hemodynamic responses associated to the retention of the information in memory (while
decreasing the chance of capturing the cerebral activity related to the encoding of S1 stimulus). Note
that the encoding scans were performed only for the tonal material (2 runs) in order to explore if
amusic individuals’ altered responses observed during the encoding of the melodies with MEG
(Albouy et al., 2013a) could be observed with another imaging method, and the retention scans were

performed for both verbal and tonal materials (2 runs each).

-149-



A. Encoding scans (2 runs, tones only)
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B. Retention scans (2 runs for tones and 2 runs for words)
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Figure 2: Design for the fMRI experiment and timeline of events during two trials. S1 sequence (tones,
words or silence periods) lasted 750 ms and was followed by a constant 9000 ms delay during which
occurred 3000 ms of functional data acquisition which was followed by the S2 sequence (750ms).
Participants had 2000 ms to respond, the next trial occurring 2500 to 3000 ms after the end of S2.
Note that a 0 to 500 ms jitter was added at the beginning of the trial to maximize the detection of the
BOLD response to the task. As a function of the run, the acquisition of the whole brain volume was
realized at two different time periods. A. Encoding runs (4) (two runs, tones only) acquisition started
at 3500 to 4000 ms after the end of SI1. B. Retention runs (B)(two runs for tones and two runs for
words), the volume acquisition occurred just before S2 (at the end of the delay), the acquisition thus

starting at 5500 to 6000 ms after the end of SI. Grey bar, Imaged BOLD, colored dotted lines,
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Each run consisted of the acquisition of 5 volumes of silence, 15 volumes of MT (either MTt
or MTw as a function of the run), 15 volumes of PT (either PTt or PTw as a function of the run). All
together, we recorded 30 volumes of MTt, 30 volumes of PTt and 10 volumes of silence for the
Encoding runs. For the Retention runs, the overall data consisted in 30 volumes of MTt, 30 volumes of
PTt and 10 volumes of silence for the tonal runs, and in 30 volumes of MTw, 30 volumes of PTw and

10 volumes of silence for the verbal runs.

Preprocessing

All image preprocessing and statistical analyses were performed using the fMRI functions of
SPMS8 (Wellcome Trust Centre for Neuroimaging, http://www fil.ion.ucl.ac.uk/spm/, London, UK).
Before preprocessing, all images were checked for artifacts and automatically aligned so that the
origin of the coordinate system was located at the anterior commissure. Preprocessing included the
realignment of functional images and the co-registration of functional and anatomical data. We then
performed a spatial normalization (voxel size, 3x3x3) of the T1 and the EPI images to the Montreal
Neurological Institute templates provided with SPM8 (MNI EPI template and T1 template
respectively). Finally, images were spatially smoothed (Gaussian kernel, 8 mm full-width at half-

maximum (FWHM)).

Statistical analyses

Condition effects were estimated using a general linear model (Friston et al., 1995). Low-
frequency drifts were removed using a temporal high-pass filter with a cut-off of 128 s. As a sparse
sampling fMRI protocol was used, the data were not convolved with the hemodynamic response
function (HRF), and no low-pass filter was applied. At the first level, for each participant, changes in
brain regional responses were estimated by a general linear model and the following contrasts were
performed: 1) Each task (MTt, PTt, MTw, and PTw, respectively) versus Silence for Encoding and
Retentions scans, 2) Encoding scans versus Silence (MTt+PTt vs silence) and Retention scans vs
Silence (MTt + PTt vs Silence and MTw+PTw vs Silence) 3) MT versus PT for Encoding scans for

tonal material (MTt vs PTt) and MT versus PT for tonal and verbal material for Retention scans (MTt
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vs PTt and MTw vs PTw). We then analyzed within and between group effects at the second level. As
the analyses presented in the present paper are preliminary, we performed within group analyses in the
whole brain with areas of significant BOLD response determined with a lenient significant threshold
(either p < .001 or p <. 01 uncorrected, as a function of the contrasts, see Results). Note that we here
reported all the clusters activated in the whole brain for each contrast. Once the areas of activations
were determined for each group independently, these areas (either shared activations between groups,
or activations in one group only) were used as a Region of Interest (ROI) for the group comparisons (p

<.01 uncorrected).
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Results

Behavioral data

Performance

Performance was evaluated in terms of percentages of Hit-FAs (hit rate corresponding to the
number of correct responses for different trials / number of different trials*100; and the false alarm
rate corresponding to the number of incorrect responses for same trials / number of same trials*100).
Behavioral data were analyzed with a 2x2x2 ANOVA with Group as between-participant factor and
Material (Tones, Words), and Task (MT, PT) as within-participant factors. The main effect of Group
was significant (F(1,32) = 7.17, p = .009), amusic individuals showing decreased performance in
comparison to controls. The main effect of Task was significant (F(1,32) = 7.17, p = .009), with
decreased performance for MT in comparison to PT. The main effect of Material was not significant
(F(1,32) = 2.49; p = .12; but the interaction between Material and Group reached significance (F(1,32)
= 10.44; p = .002). Fischer’s LSD post-hoc tests revealed that amusic individuals’ performance was
decreased in comparison to controls for the Tonal Material (p = .0001), but not for the Verbal Material
(p = .80). For controls, performance for Verbal material was decreased in comparison to Tonal
material (p =.0002) while amusic individuals exhibited similar performance for both materials (p=.23).
Finally, note that the interaction between Material, Group and Task did not reach significance (F(1,32)
= 2.88, p = .09). These results are in line with Tillmann et al. (2009) showing preserved short-term
memory performance for Verbal Material, and altered performance for Tonal Material in congenital
amusia (see Figure 3A).

For the MTt, to assess the potential effect of pitch interval size in the changed tone of S2
(relative to the corresponding tone in S1) on performance, %Hit-FA for different trials were extracted
as a function of interval sizes, and analyzed with a 2x2 ANOVA with Group (amusic individuals,
controls) as between-participants factor and Interval size (small, large) as within-participant factor.
The main effects of Group (F (1, 32) = 17.00, p < .0001), and of Interval size (F (1,32) = 17.27, p <

.0001) were significant, but the interaction between Group and Interval size (F (1,32) = 0.15, p =.90)
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did not reach significance. This analysis revealed that participants’ performance was lower for small

interval size in comparison to large interval size (see Figure 3B).
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Figure 3 A. Performance of amusic and control groups (white, Controls; Grey, Amusic individuals) in
terms of Hits minus FAs, presented as a function of Material (Tonal, Verbal), Task (Memory Task;
Perception Task) and Group (amusic individuals n = 18, black circles; controls n = 16, white circles).
B. Performance of amusic and control groups for the Memory task for tones (MTt) in terms of % Hit-
FA for different trials as a function of interval size (small, large). Circles: amusic individuals’ and

matched controls’ individual performance.

Response times (RTs)

We analyzed response times (RTs) for correct responses only. Note that 2 amusic participants
and 1 control participant were excluded from this analysis because of average RTs superior to 2000 ms
(the time window that was dedicated to respond after the end of S2). Note however that we have
included these participants in the performance analysis to check whether they did the task accurately
(and respected the instructions). Additionally, note that the analysis of accuracy data without these
participants provides very similar results.
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RT data was analyzed with a 2x2x2x2 ANOVA with Group as between-participants factor and
Material (Tonal, Verbal), Task (Memory Perception) and Trial Type (Same, Different) as within-
participant factors. The main effect of Group was marginally significant F(1,29) = 4.10; p= .051,
amusic individuals (mean = 919.33; SD =240.62) exhibiting slower response times than did controls
(mean = 768.57; SD = 270.67) overall. The main effect of Trial Type was significant F(1,29) = 8.75; p
=.006 and revealed that participants responded faster for same trials (mean = 817.37; SD = 268.66) in
comparison to different trials (mean = 875.40; SD = 261.21). The main effect of Task was also
significant, participant showing shorter RTs for the MT (mean = 810.14; SD= 263.09) than for the PT
(mean = 882.63; SD= 265.03).

The main effect of Material was not significant (??), but most interestingly, the interaction
between Material and Group was significant F(1,29) = 7.23; p= .01. Fischer’s LSD post hoc tests
showed that while controls exhibited shorter RTs for Tonal material (mean = 720.75 ms; SD = 281.23)
than for Verbal material (mean = 816.40 ms; SD= 253.04; p = .015), amusic individuals did not show
this material effect (p = .23; mean Tonal = 941.37 ms; SD Tonal = 248.94; mean Verbal = 897.30 ms;
SD verbal = 231.86). Furthermore, note that controls’ RTs were shorter than amusic individuals’ RT

for Tonal material (p = .008), but not for verbal material (p =.31).

Correlation analyses

Two sets of analyses were performed: 1) correlations between the behavioral data recorded
during the fMRI acquisition (Hit-FAs, RTs for each task) and data of the pretest (MBEA, PDT); and 2)
correlations between the different measures of the tasks performed during the fMRI acquisition (M7,
PTt, MTw, PTw). To explore differences explained not only by the group differences defined via the
MBEA or the PDT, we focused on correlations that were significant over all participants and for at
least one of the two participant groups separately (amusic group or control group).

For the first set of analyses, data from the PDT was negatively correlated with participants’
performance in the PTt in amusic individuals (r(16) = -.52; p = .038) and in all participants (r(32)= -

.60; p <.0001) , but not in controls (r(14) =-.39; p = .15).
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For the second set of analyses, we observed a positive correlations between RTs (same and
different trials) for correct responses in the PTt and % Hit-FAs of the PTt in amusic individuals
(r(14)= .55, p = .027) and in all participants (r(29)= .65, p <.001). Additionally, in both controls and
amusic individuals, when comparing tonal and verbal material in the memory and perception tasks, we
observed positive correlations between RTs for correct responses in the MTt and the MTw (all ps <
.002) and positive correlations between RTs for correct responses in the PTt and PTw (all ps <. 001).
Note that these correlations involving RTs data remained significant when performing the same
analysis on same and different trials independently. Finally, accuracy data for the MTt and the PTt
were positively correlated in amusic individuals (r(16) = .71; p =.002), in all participants (r(32) = .72;

p <.0001), but not in controls (r(14) = .35; p =.17).

fMRI

Four main functional sets of analyses were performed. The first set explored the brain
activations in amusic individuals and controls when they were listening to melodies independently of
the task ([MTt + PTt > Silence], Encoding scans) and during Encoding of melodies ([MTt > PTt],
Encoding scans). The second set explored in amusic individuals and controls the potential differences
in terms of brain activity for the Encoding and the Retention of information for melodies in the context
of the STM task, ([Encoding scans (MTt>PTt) > Retention scans (MTt > PTt)] or [Retention scans
(MTt > PTt) > Encoding scans (MTt>PTt)]). The third set of analyses explored the brain activations
that were related to the Retention of tonal (Retention scans [MTt > PTt]) and verbal materials
(Retention scans [MTw > PTw]), respectively. The fourth set of analyses explored the potential
differences between the Retention of the two types of materials ([Retention Tonal (MTt>PTt) >
Retention Verbal (MTw > PTw)] and [Retention Verbal (MTw > PTw) > Retention Tonal

(MTt>PTt)]) in the context of the STM task.

Listening to melodies and Encoding of melodies

The first set of analyses was performed on the Encoding scans. Within group analysis was

performed in the whole brain (p< .001(unc)) and revealed that both groups (see Figure 4,a,b) showed
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enhanced activation in bilateral temporal regions encompassing both primary and secondary auditory
cortex (when listening to melodies in comparison to silence. The activations extended to the posterior
and anterior parts of the STG in both groups. Note however that, in comparison to controls, the amusic
group seems to recruit a more diffuse network, involving medial temporal areas, along with occipital,
parietal and cerebellar brain regions. The coordinates of activation peaks (and cluster size) are
presented in Table 2. Group comparisons were then performed with ROIs defined by the regions that
were activated in both groups. This network (as shown by the orange areas in Figure 4c) involved
bilateral Heschl’s Gyrus (HG), Planum temporale and posterior and anterior portions of the STG. The
group comparisons performed in these ROIs did not show any significant differences between the two

groups (Figure 4c).

Note additionally that the [MTt > PTt | contrast was then performed for the Encoding scans in
each group to assess whether supplementary activation could be observed when high-level processing
of information is required, notably as listening to melodies in the context of a memory task (active
encoding) could be hypothesized to involve more complex processes than simple perception.
However, no supra-threshold activation was observed in this analysis, in both amusic and control

participants, respectively.
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Listening to melodies: MTt+PTt > Silence
(Encoding scans)

a. Controls
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Figure 4. Functional imaging results for the Encoding scans: [(MTt + PTt) > Silence] contrast for

controls (a), amusic individuals (b), and for the group comparison (c) performed in ROIs (as indicated

with orange areas in the ¢ panel) corresponding to the regions that were activated in both groups for

this contrast. Results are displayed at p <0.001 (uncorrected) over the mean structural image of all

participants (axial slice) in the MNI space and over the single subject 3D render provided by SPM.

The areas of activation are detailed in Table 2. On figure c, the graphics show the average functional

data of the ROIs in both amusic individuals and controls in terms of % of signal change (MTt+PTt >

Silence). Grey amusic individuals, white, controls. Errors bars represent the SEM.
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Table 2. Areas of functional activations for the Encoding scans > silence (MTt + PTt > Silence)
contrast in controls and amusic individuals respectively. Coordinates are in the MNI space and
correspond to the peak of each cluster. HG, Heschl’s Gyrus, IPL, Inferior Parietal Lobule, PT,
Planum Temporale; STG, Superior Temporal Gyrus; MTG, Middle Temporal Gyrus; SMGQG, Supra-
Marginal Gyrus; R, Right, L, Left, H, Hemisphere

Contrast Lobe Region H T Xy Z mm mm3
Amusics MTt+PTt > Silence

Temporal HG, PT, STG R 6.09 48 -25 4 16764
5.80 51-16 1
5.72 60-13 1

MTG L 5.83 -66 -28 4 3510
PT, STG 427  -60-19 -5

Parietal IPL, SMG R 5.28 45 -49 49 1863
4.23 39 -43 37

Occipital Calcarine fissure L 4.73 9-76 -17 5508
Cerebellum  Lobule 6-L 4.66  -30-67-26

4.28 -6 -79 -14

Controls MTt+PTt > Silence
Temporal HG, PT, STG R 4.88 72-19 7 3834
4.30 54 11 -8
4.30 5422 1
HG, PT, STG L 7.65 -63-28 4 14391
6.72 -57-16 -5
6.48 -51-25 -2

Controls >Amusic individuals: MTt+PTt > Silence
%k %k % %k %k %

Encoding and Retention of melodies in a tonal STM task

The second set of analyses was performed on the Encoding scans and Retention scans for the
tonal material. We explored if the functional brain responses associated to memory processing for
tones (MTt> PTt) differed during the Encoding and the Retention steps of the STM task. Within group
analysis was performed in the whole brain (p< .001(unc)) and revealed that the control group (see
Figure 5a) showed increased activation in the right DLPFC for the Refention scans in comparison to
the Encoding scans (MTt>PTt). Amusic individuals however, did not exhibit significant differences
for Retention over Encoding of tonal information (MTt > PTt). The coordinates of activation peaks
(and cluster size) are presented in Table 3. Group comparisons were then performed using the ROI
defined by the regions activated in controls for this contrast. This analysis revealed that within the
right DLPFC, amusic individuals showed decreased activation in comparison to controls for the

Retention scans, but not for the Encoding scans (Figure 5b). Note that the reverse contrast ([ Encoding
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scans (MTt>PTt) > Retention scans (MTt > PTt)] did not show any significant effect in both amusic

individuals and controls.

' Retention of melodies
_ Retention (MTt>PTt) > Encoding (MTt>PTt)

a. Controls

=i
7= 40 (No supra-threshold voxels in amusics)

b. Controls > Amusics (RO activation in controls)

~ @[amusics
O controls

% of signal change

Encoding  Retention

Figure 5. Functional imaging results for the [Retention scans (MTt > PTt) >Encoding scans (MTt >
PTt)] contrast for controls (a), and for the group comparison performed within the ROI (as indicated
with an orange area in the (b) panel) corresponding to the region activated in controls for this
contrast (b). Results are displayed at p <0.001 (uncorrected) over the mean structural image of all
participants (axial slice) in the MNI space and on the single subject render provided by SPM. The
areas of activation are detailed in Table 3. On figure b, the graphic shows the average data of the ROI
in terms of % of signal change (MTt >PTt) for Encoding and Retention scans. Grey: amusic

individuals,; white: controls. Errors bars represent the SEM.
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Table 3. Areas of functional activations for the [Retention scans (MTt>PTt) > Encoding scans (MTt >
PTt)] contrast for controls only and for the Controls > Amusic individuals comparison. Coordinates
are in the MNI space and correspond to the peak of the cluster. DLPFC, Dorso-Lateral Prefrontal
Cortex, R, Right, L, Left, H, Hemisphere. * Absence of significant cluster.

Contrast Lobe Region H T Xyzmm mm3
Controls: Retention (MTt > PTt) > Encoding (MTt > PTt)

Frontal DLPFC R 3.38 42 23 40 4131
3.17 15 32 40
2.94 24 20 46

Amusisc: Retention (MTt > PTt) > Encoding (MTt > PTt)

% % * % % *

Controls > Amusics (ROI: activated region in controls)

Frontal DLPFC R 2.34 42 23 40 513

Retention of tone and word sequences

The third set of analyses was performed on the Retention scans for Verbal and Tonal data
independently. We explored the cerebral responses associated to memory processing of tones (MTt>
PTt) and words (MTw> PTw). For the tonal material, the within-group analysis was performed in the
whole brain (p< .01(unc)) and revealed that the control group (see Figure 6a, upper panel) showed
increased activation for the MTt in right and left DLPFC in comparison to the PTt, along with
increased activations in the left Supplementary Motor Area (SMA), left Middle Frontal Gyrus (MFQG),
left Pre-central Gyrus and left Temporal pole. In contrast, using the same significance threshold,
amusic individuals did not exhibit significant differences between MTt and PTt for the Retention scans
of the tonal STM task. Group comparisons performed using the ROIs defined by the activated regions
in controls revealed that amusic individuals showed significantly decreased activation (p<0.001) only
in the right and left DLPFC in comparison to controls (Figure 6A, lower panel).

For the verbal material, within-group analysis was performed in the whole brain (p<
.001(unc)) and revealed that both amusic individuals and controls showed increased activation in the
left VLPFC including the pars opercularis of the IFG (Figure 6B, upper panel) for the MTw in
comparison to the PTw. Group comparisons performed in ROIs defined by the shared regions between

the two groups did not reveal any significant differences between amusic individuals and controls for
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this contrast (Figure 6B, lower panel). The coordinates of activation peaks (and cluster size) are

presented in Table 4.

Retention of melodies Retention of word sequences
MTEPTE MTw=PTw
C : and amusics
-

Controls Amusics

Group co rison (R

Bamusics

Bamusics : " .. Bamusics
s Ocontrols

Ocontrols Ocontrols

% of signal change

% of signal change

Figure 6. A. Functional imaging results for the Retention scans for (A): tonal material for the MTt >
PTt contrast and (B): verbal material for MTw > PTw contrast. Data is presented for controls (A.
upper panel), controls and amusic individuals (B. upper panel) and for the group comparison
performed in the ROIs corresponding to the regions activated in controls for the MTt > PTt contrast
(4, lower panel) and in the ROI corresponding to the regions of activation shared between the two
groups (B, lower panel). Results are displayed at p <0.01 (uncorrected) for Tonal material (A) and p
<0.001 (uncorrected) for Verbal material over the mean structural image of all participants (axial
slice) in the MNI space and on the single subject 3D render provided with SPM. The areas of
activation are detailed in Table 4. On the lower panels, the graphics show the average ROIs data in
terms of % of signal change (MTt>PTt). Grey, amusic individuals, white, controls. Errors bars

represent the SEM.

-162-



Table 4 Areas of functional activations for the Retention scans for verbal and tonal material
respectively for the MT > PT contrast (MTt > PTt and MTw > PTw) in controls, amusic individuals
and for the Controls vs Amusic individuals contrasts (Note that the reverse contrast: Amusic
individuals > Controls did not yield significant clusters). Coordinates are in the MNI space and
correspond to the peak of each cluster. DLPFC, Dorso-Lateral Prefrontal Cortex; SMA,
Supplementary Motor Area; MFG, Middle Frontal Gyrus, IPL, Inferior Parietal lobule; SMG, Supra-
Marginal Gyrus, IFG, Inferior Frontal Gyrus;, R, Right, L, Left, H, Hemisphere. * Absence of

significant cluster.

Contrast Lobe Region H T Xxyzmm mm3
Controls Retention : MTt > PTt
Frontal DLPFC R 2.85 9 59 25 891

2.25 21 53 22 1080
2.53 18 35 46 1080
2.51 15 44 40
2.33 21 26 52

L 2.88 -6 50 37

SMA L 3.24 -6 252 2619
3.17 -3 -4 58
2.98 -6 11 64

MFG L 3.65 -36 53 7 2160

3.27 -39 47 13
2.50 -36 29 40

Pre-central gyrus L 3.03 -48 8 40 1350
2.54 -48 8 28

Temporal Temporal pole L 2.97 -45 20-20 810
2.66 -36 20 -32

Parietal IPL, SMG R 3.40 48 -49 -35 837

3.15 36 -46 -50
Controls > Amusics : Retention : MTt > PTt (ROIs: activation in controls)

Frontal DLPFC R 2.89 18 35 43 540
2.76 15 47 37
MFG, DLPFC L 3.37 -36 50 10 1188

3.20 -42 41 16
2.97 -33 56 4

Controls Retention : MTw > PTw

Frontal IFG pars triangularis L 3.98 -51 20 25 5670
Precentral gyrus 3.74 -48 8 34
2.78 -45 2 43
IFG pars triangularis 3.40 -45 38 7
IFG pars opercularis 3.43 -45 14 19

3.37 -48 11 22

Amusic individuals Retention : MTw > PTw

Frontal Post central gyrus L 3.72 -48 -13 34 837
3.57 -60 -1 13 1944
IFG pars opercularis 3.35 -60 11 19

2.71 -48 8 16

Controls > Amusics (ROI: activated region in controls)

% % * % * %
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Comparison between memory for tone and word sequences

The fourth set of analyses explored if the cerebral responses associated to memory processing
for tones (MTt> PTt) and words (MTw> PTw) differed in amusic individuals and controls and
between the groups (Retention scans). Regardless of the contrast ([Tonal > Verbal] or [Verbal >
Tonal]) controls did not show any significant differences between tonal and verbal material for these
analyses that were performed in the whole brain (p<.001(unc)).

For amusic individuals, the [Tonal > Verbal] contrast revealed that amusic individuals
exhibited increased activation in the right pars opercularis of the IFG for memory for tones in
comparison to memory for words (see Figure 7B, upper panel). For the reverse contrast ([Verbal >
Tonal]), amusic individuals showed increased activation in the left IFG along with activations in
temporo-occipital regions (see Figure 7B, upper panel).

Group comparisons performed using the ROIs defined by the activated regions in amusic
individuals for these contrasts revealed that, in comparison to controls, amusic individuals showed
increased activation in the right VLPFC for tonal material, but were not significantly different from
controls in the left IFG for verbal material (Figure 7A, lower panel). The coordinates of activation
peaks (and cluster size) are presented in Table 5.

Finally, we performed whole brain correlation analysis with the behavioral data. Interestingly
this analysis revealed that amusic individuals showed a negative correlation between performance in
the MTt and the % of signal change in the right VLPFC extending to the anterior STG for the contrast

MTt > PTt (Retention scans) see Figure 7C.
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Figure 7A. Functional imaging results for the Retention scans for the contrasts [Verbal Retention
(MTw>PTw) > Tonal Retention (MTt > PTt)](A) and [Tonal Retention (MTt>PTt) > Verbal Retention
(MTw > PTw)](B), for amusic individuals (A, B, upper panel), and for the group comparison
performed in the ROIs (as indicated with orange areas on A lower panel) defined by the regions that
were activated in amusic individuals for these contrasts (4,B, lower panel). Results are displayed at p
<0.001 (uncorrected) over the mean structural image of all participants (axial view) in the MNI space
and on the single subject 3D render provided with SPM. The areas of activation are detailed in Table
5. In lower panels (A, B), the graphics show the average ROIs data in terms of % of signal change
(MTt >PTt) for Tonal and Verbal Retention. Errors bars represent the SEM. C. Whole brain
correlation analysis between behavioral performance in the MTt and % of signal change for Retention
scans in amusic individuals (MTt>PTt). Results are displayed at p <0.001 (uncorrected) over the
mean structural image of all participants (axial view) in the MNI space and on the single subject 3D

render provided by SPM.
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Table 5 Areas of functional activations for the Retention scans for the comparison of Verbal and Tonal

memory (MT > PT) in Amusic individuals and for the Amusic individuals > Controls contrast. Is also

presented in the table the coordinates of the negative correlation between behavioral and functional

data in amusic individuals. Coordinates are in the MNI space and correspond to the peak of each

cluster. IFG, Inferior Frontal Gyrus;, MTG, Middle Temporal Gyrus, R, Right, L, Left, H, Hemisphere.

Contrast Lobe Region H T Xy z mm mm3
Amusics Retention: Tonal (MTt > PTt) > Verbal (MTw > PTw)
Frontal  IFG pars opercularis R 2.97 54 20 -5 837
IFG pars orbitalis 2.58 48 26 -11
Controls Retention: Tonal (MTt > PTt) > Verbal (MTw > PTw)
% % * *
Amusics >Controls Tonal Retention : MTt > PTt (ROIs: activation in amusic individuals)
Frontal  IFG pars opercularis R 2.21 57 17 -2 756
Amusics Retention: Verbal (MTw > PTw) > Tonal (MTt > PTt)
Frontal  IFG pars opercularis L 3.11 -56 14 6 783
Temporal MTG R 3.05 66 -40 1 459
Occipital Cuneus R 3.34 15 -85 37 675
L 3.18 -4 -70 24 486
Controls Retention: Verbal (MTw > PTw) > Tonal (MTt > PTt)
* % % %
Amusics: Negative correlation (%oHit-FA MTt and % signal change (Retention scans (MTt > PTt))
Frontal  IFG pars opercularis R 3.75 51 8-11 5076
Insula 2.43 33 20 -2
Temporal MTG R 2.37 57 -1-20

2.21 57 -7-20
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Discussion

The present study investigated the cerebral correlates of tonal and verbal STM in congenital
amusic individuals and their matched controls. Using fMRI, we explored participants’ brain responses
associated to 1) the encoding of melodic information in memory, and 2) the retention of verbal and
tonal materials in STM. Behavioral results showed that amusic individuals exhibited strongly impaired
performance in comparison to controls for tonal STM, but not for verbal STM. The functional results
showed that the pitch memory deficits in the amusic brain can be observed in the DLPFC and VLPFC
during the retention of tonal material. Interestingly, the functional data revealed that while amusic
individuals exhibit altered brain functioning for the retention of tonal material, they show preserved
brain activations for the retention of verbal material in STM. This result could be interpreted as
suggesting separate neural resources for verbal and tonal STM in the amusic brain. This hypothesis
received support in the final analysis, in which we directly compared the fMRI brain responses
associated to the retention of verbal and tonal sequences in STM: while amusic individuals recruited
differently the same networks for each material, controls showed no significant differences in terms of

brain activity between the two materials.

STM deficit for tones but not for words in congenital amusia

In comparison to controls, amusic participants’ performance was unimpaired for verbal
material (for both the MTw and the PTw), but was impaired for tonal material (MTt and PTt). This
observation is in agreement with the behavioral data reported by Tillmann et al. (2009) who suggested
that the STM deficit in amusia is pitch-specific. Interestingly, like in Tillmann et al. (2009) study,
controls exhibited increased performance for tonal material in comparison to verbal material, while
amusic individuals did not, thus suggesting that for controls the MTt is considered as an easier task
than the MTtw. Based on this assumption, observing similar performance between the two groups for
verbal information but strongly decreased performance for the tonal information in amusic individuals
represents evidence for the pitch-related STM deficit in congenital amusia, but not a general STM
deficit, which would affect verbal STM too. It might be argued, nevertheless, that amusic individuals’

decreased attention, interest or involvement in tonal tasks could explain their decreased performance
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for the MTt. However, amusic individuals did not show differences in terms RTs for the verbal and
tonal tasks. Furthermore, a positive correlation was observed between RTs data of verbal and tonal
tasks in both groups, thus suggesting that similar attentional resources (or implication) are recruited
for the two materials in amusic individuals and controls.

In addition, based on two observations of the present study, and in line with Tillmann et al.
(2013), we propose that pitch discrimination deficits can be excluded as the origin of the impaired
STM performance: 1) several amusic individuals’ pitch thresholds (12 out of 18 amusic individuals)
were comparable to controls’ pitch thresholds (see also Tillmann et al., 2009); and 2) impaired short-
term memory for the MTt was observed in amusic individuals (in comparison to controls) even for the
changed tones with large interval sizes (i.e., the large changes were superior to all amusic individuals’
PDT). These three observations allow us to argue that the deficit in short-term memory performance
for the MTt was not merely a consequence of increased PDT in amusic individuals.

It should be noted however, that in contrast to previous studies (Albouy et al., 2013a; Albouy
et al., 2013b; Foxton et al., 2004b; Tillmann et al., 2009), we observed an overlap between amusic
individuals’ and controls’ performance for the MTt. Based on a recent study (Albouy et al., in
preparation), we make the hypothesis that this effect is due to the lack of complexity of melodies used
in the present experiment. Indeed, the tones sequences were composed of only 3 tones and half of the
pairs contained repetitive tones, thus decreasing the contour complexity of the to-be compared
material for the MTt. Thus observation of overlap (or not) in short-term memory tasks might be a
function of the complexity of the material or the difficulty of the task: no overlap in terms of
performance was observed between controls and amusic individuals for longer sequences (5-tones in
Tillmann et al., 2009 and Albouy et al., 2013b; 6-tones in Albouy et al., 2013a, 5 tones in Gosselin et
al., 2009), while overlap has been observed for simpler material (as for the pitch discrimination data).
Note, however, that we choose such simple material as the delay between the to-be compared
melodies in the present experiment was very long (this long delay was need for the sparse sampling
acquisition). As it is well known that amusic individuals’ STM abilities decreased with increasing
retention delay (Williamson et al., 2010), we used simple 3-tone sequences in order to allow amusic

participants to exhibit STM performance for tones superior to chance level despite the long delay.
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Listening to melodies in congenital amusia

The first set of fMRI analyses investigated whether amusic individuals functional brain
responses can differ from that of controls for listening to melodies (Encoding scans, [MTt + PTt >
Silence]) and for the active encoding of tonal information in memory (Encoding scans, MTt > PTt).
This later analysis was done in order to pursue the characterization of the encoding deficits in
congenital amusia. While Hyde et al. (2011) have observed near normal cortical functioning in the
auditory cortices in the amusic brain during passive listening of melodies, Albouy et al. (2013a) have
shown altered and delayed responses in the same areas during the active encoding of melodic
information in the context of a STM task.

In the present study, when contrasting the brain responses related to listening to melodies
(MTt + PTt > Silence), we observed that, in line with the data from Hyde et al. (2011), both amusic
individuals and controls recruited bilateral temporal regions covering both primary and secondary
auditory areas. Additionally, when exploring group differences in ROIs corresponding to the common
activated areas in the two groups, no differences were observed between amusic individuals and
controls. This result suggested that when listening to melodies amusic individuals showed near normal
brain activity in bilateral auditory cortices. We then explored whether supplementary activation could
be observed when high level auditory processing of information is required, under the assumption that
listening to melodies in the context of a memory task (active encoding) involves more complex
processes than simple perception ([MTt > PTt] Encoding scans only). However, in both amusic
individuals and controls participants no significant difference between the two tasks was observed in
this analysis of the encoding scans. This result contrasts with the conclusions of Albouy et al (2013a)
who proposed that altered brain responses in the auditory cortex support the STM deficits for tones in
amusia. However, it should be noted that these discrepant findings could arise from differences in the
methodology used in the two studies. The altered responses observed in the MEG study were related
to the latency of the brain responses, amusic individuals exhibiting delayed responses (from 20 to 40
ms) in comparison to controls. While these fine temporal differences could be well estimated using the
high temporal resolution imaging technique of the MEG, they are not measurable with low temporal

resolution imaging methods (such as fMRI).
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Retention of melodic information in congenital amusia

To investigate neural correlates of maintenance of tonal information in memory and compare
it to the network involved in encoding processes, we compared the functional brain responses recorded
during Encoding and Retention scans of tonal STM (MTt > PTt). While no differences were observed
for the Encoding > Retention contrast, we observed enhanced brain activation in the right DLPFC in
controls for the Retention > Encoding comparison. This finding is in agreement with previous data
showing a strong implication of the DLPFC in the retention of information in STM (Curtis and
D'Esposito, 2003; D'Esposito, 2007; Logie and D'Esposito, 2007; Petrides, 1991, 1995a) and more
specifically for pitch memory processing (Peretz and Zatorre, 2005; Zatorre et al., 1994). Interestingly
this area was not activated in amusic individuals as revealed by the direct comparison between amusic
individuals’ and controls’ functional data. This result is in agreement with Albouy et al. (2013a) study
showing that while controls recruited the right DLPFC during the retention delay of the melodic
contour task, as revealed by an analysis of gamma-band activity in the MEG data, (peak at x = 45 y =
31 z = 25 in Albouy et al. 2013a; x = 42 y = 23 z = 40 in the present study) amusic individuals did
not. In line with this observation, we thus propose that this finding reflects altered high-level

representations and/or manipulation of task-relevant information in memory in the amusic brain.

Retention of tone and word sequences in congenital amusia

We first explored the networks activated by the retention of verbal and tonal information
independently. To this aim, we examined the MT > PT contrasts for the Retention scans for Verbal
and Tonal tasks separately. Interestingly, for the verbal material, amusic and control groups showed
increased activation in the left VLPFC for the MTw in comparison to the PTw and no significant
differences of BOLD signal changes were observed between the two groups in this region. Observing
a recruitment of several parts of the left IFG for verbal memory is in line with numerous neuroimaging
studies that have hypothesized this region as supporting subvocal rehearsal mechanisms of verbal
STM (Awh et al., 1996; Fiez et al., 1996; Gruber and von Cramon, 2003; Paulesu et al., 1993; Ravizza
et al., 2004; Schulze and Koelsch, 2012). This result thus comfort the dominant hypothesis suggesting
the existence of similarities between the cortical networks supporting STM for words on the one hand

and speech perception and production on the other hand. In addition it suggests that STM processing
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for verbal material in the amusic brain is preserved and recruits similar networks to that observed in
controls. We can thus propose that in congenital amusia, there is not a general STM deficit that could
be overcome for verbal material thanks to explicit, verbal strategies (which don’t apply for tonal
material).

For tonal material, within-group analyses revealed that the control group showed increased
activation the right and left DLPFC for the MTt in comparison to the PTt, along with increased
activations in the left SMA, the left MFG, the left Pre-central Gyrus and the left Temporal pole.
Interestingly, these regions were not activated when contrasting Retention and Encoding scans in the
previous analysis (MTt > PTt) thus suggesting an implication of these brain areas in both mechanisms.
This hypothesis is in agreement with neuroimaging studies that have hypothesized a role of this
network in manipulating information not only during the retention of information but also during its
encoding, even though to a lesser extent (Bidet-Caulet et al., 2009; D'Esposito, 2007; Khan and Muly,
2011). More importantly, amusic individuals did not recruit this network more strongly for MTt than
for PTt, and the comparison of amusic individuals and controls brain responses in these regions
revealed (as in the previous analysis) that amusic individuals showed decreased activation in
comparison to controls only in the right and left DLPFC for tonal material. Observing comparable
networks in amusic individuals and controls for verbal material, but altered responses in amusic
individuals for tonal material provide the first evidence of the specificity of the STM deficit for pitch

in the amusic brain.

Comparison between memory for tone and word sequences in congenital amusia

To explore more precisely this hypothesis, the last analysis of the present study compared
STM (MT > PT Retention scans) processes in amusic individuals and controls for verbal and tonal
materials. In controls, regardless of the contrast (either [Tonal > Verbal] of [Verbal > Tonal]), no
differences were observed between the two materials, thus suggesting that the retention of tone and
word sequences shares, to some extent, a common network. This hypothesis had previously received
support in studies that have compared auditory STM processing for verbal and tonal information in

typical listeners (Hickok et al., 2003; Koelsch et al., 2009; Schulze and Koelsch, 2012; Schulze et al.,
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2011a) and that have observed a considerable overlap of neural resources underlying STM for both
materials.

In contrast to the control group, amusic participants showed significant differences in terms of
functional activation for both [Tonal > Verbal] and [Verbal > Tonal] comparisons. For the [Tonal >
Verbal] contrast, amusic individuals showed increased activation in the right VLPFC (BA 44). For the
reverse contrast [Verbal > Tonal], amusic individuals showed increased activation in the left VLPFC
along with activations in temporo-occipital regions. Group comparisons performed in these ROIs
revealed that, in comparison to controls, amusic individuals showed increased activation in the right
VLPFC for tonal material, but did not exhibit difference in terms % of BOLD signal change in the left
VLPFC for verbal material. Additionally, this contrat also suggest altered recruitment of the right
VLPFC in amusic individuals in comparison to controls for tonal material- as the contrast used tonal
material as a baseline for the comparison. This result further supports that amusic individuals and
controls recruit similar cortical networks for the memory of verbal material, but not for tonal material.

The observation of activation in the right VLPFC for tonal memory in amusic individuals
could be considered as a marker of the impaired STM abilities for tones in congenital amusia. This
hypothesis received support in the observed negative correlation between amusic individuals’
performance in the MTt task and the percentages of signal change in the right VLPFC for the MTt >
PTt contrast (Retention scans). By considering this differential recruitment of frontal areas between
amusic individuals and controls for tonal material (amusic individuals recruiting mostly the VLPFC
and controls the DLPFC), we propose that additionally to the deficits previously observed in the
encoding steps of STM (based on the MEG data of Albouy et al., 2013a), amusic individuals are also
impaired in the retention steps of memory for pitch. fMRI studies have indeed suggested a differential
role of the DLPFC and VLPFC in STM (D'Esposito, 2007; Logie and D'Esposito, 2007; Owen, 2000).
Owen (2000) has proposed that the VLPFC plays a general role in memory, in which it is supposed to
trigger active low-level encoding strategies (such as rehearsal), and to initiate explicit retrieval of
information from long-term memory. In contrast, the DLPFC has been hypothesized to mediate more
complex types of processing and could be considered as a specialized region where stimuli or events,
which have been first interpreted and maintained in other association cortical areas, can be re-coded,

monitored, and manipulated (D'Esposito, 2007). Observing that for tonal material, amusic individuals
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recruit mostly brain areas that are supposed to be more strongly involved in low-level memory
processes (encoding, rehearsal for the VLPFC), and observing that altered responses in regions
requiring high-level memory (monitoring and manipulation for the DLPFC) mechanisms let us to
argue that amusic individuals STM deficit is related to the transformation of tonal information into

high level memory representation.

Conclusion

The findings of the present study confirmed the memory deficits in amusic individuals for
tonal material and showed for the first time that the brain mechanisms supporting the retention of
verbal information seem to be preserved in congenital amusia. However, several questions remain
unresolved: while the tonal and verbal memory mechanisms involve the same cortical structures, few
is known about the dynamic of the processing and how these regions interact in terms of network
activity. Further investigation is thus necessary to understand the dynamic of the retention processes

for verbal and tonal memory.
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Chapter VI
Building pitch memory traces in congenital amusia

Objectives

Results of Study 2 confirmed the implication of a right fronto-temporal network in amusic
individuals’ pitch memory deficit. Additionally, it provided further insights in our understanding of
the cerebral correlates of the deficits, notably by showing that retention processes differ between
verbal and tonal materials in the amusic brain.

While Study 2 improved our understanding about the cerebral correlates of the retention
deficits, the hypothesis of the altered encoding (Study 1) needs further support. In Study 1, for the
encoding of the first melody of the pair, the amusic brain elicited strongly delayed N100m
components in bilateral auditory cortices and the inferior frontal gyri, reflecting delayed encoding of
the information that might impair the following processing steps. Additionally, the effective
connectivity patterns between these two regions were altered in the amusic brain, as assessed by
Dynamic Causal Modeling (David et al., 2006). This observation supports the assumption that amusic
individuals might show delayed and altered functioning in the early steps of the memory processing
(encoding, echoic memory, building of the pitch memory traces) leading to the observed impairments
in the pitch dimension (for both pitch discrimination and memory tasks).

Along these lines, Study 3 tried to pursue the characterization of amusic individuals' deficits
by specifically exploring their pitch encoding abilities. We manipulated sound characteristics that have
been previously shown to facilitate the encoding of the information, to assess whether amusic
individuals could benefit (or not) of such manipulations in pitch discrimination and short-term

memory tasks.

Article 3

Building pitch memory traces in congenital amusia

In preparation
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Abstract

Congenital amusia is a lifelong disorder of music perception and production primarily
characterized by impairments along the pitch dimension, notably in pitch discrimination and memory.
Previous psychoacoustic research on typical listeners has demonstrated that the discrimination of two
short sounds (< 300 ms) differing in pitch is improved when a silent gap is inserted between the to-be-
compared sounds (Inter Stimulus Interval). The present study investigated the construction of pitch
memory traces in congenital amusia by systematically manipulating sound characteristics (Tone
Duration, Inter Stimulus Interval and Stimulus Onset Asynchrony) in single tone comparison and tone
sequence comparison tasks. Congenital amusic individuals and matched controls performed two tasks
for which they had to indicate whether elements presented in pairs (either single tones or tone-
sequences) were the same or different. In Experiment 1, amusic individuals’ and controls’ abilities for
single tone comparison (pitch discrimination with tones being presented without Inter-Stimulus-
Interval) were investigated as a function of Tone Duration (100 ms, 350 ms) for two Pitch Interval
Sizes (100 cents, 200 cents). In Experiment 2, participants’ short-term memory performance for tone
sequences were investigated as a function of Tone Duration (100 ms, 350 ms), Inter Stimulus Interval
(present or absent) and Stimulus Onset Asynchrony for two different Sequence Lengths (3-tone and 4-
tone sequences). For both experiments, when the time given to encode the auditory information was
too short, amusic individuals exhibited strongly impaired performance as compared to their matched
controls. However, when Tone Duration and/or Inter Stimulus Interval increased, a major
improvement in terms of accuracy was observed in both amusic individuals and controls. Most
interestingly, when the time dedicated to encode the information was long enough, amusic individuals
were able to reach comparable performances as those of controls for the two experiments. Based on
these results, we argue that pitch perception and memory deficits in congenital amusia could be
mediated by strong impairments in the construction of memory traces for short tones, associated to
deficits in the retention of the information.

Key words: Tone Deafness, short-term memory; single tone comparison, pitch
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1. Introduction

Congenital amusia (Peretz and Hyde, 2003) refers to lifelong deficits in music perception and
production. Amusic individuals have difficulties detecting someone singing out-of-tune (including
themselves), detecting a wrong or out-of-tune note and recognizing familiar tunes without the help of
lyrics (Ayotte et al., 2002; Peretz, 2013; Stewart, 2011; Tillmann et al., 2013). Unlike acquired amusia
following brain damage (Nicholson et al., 2002; Nicholson et al., 2003; Patel et al., 1998; Peretz,
1993; Peretz, 2002; Peretz et al., 1997; Steinke et al., 2001; Tillmann et al., 2007), congenital amusia
occurs without brain injury and despite normal performance on tests of intelligence and normal
cognitive functioning (see Peretz et al., 2002, Foxton et al., 2004, for extensive testing). The most
widely investigated hypothesis about the core deficit in congenital amusia is that the musical deficits
arise from altered pitch processing, with deficits in pitch discrimination and short-term memory.

Pitch discrimination deficits were observed with numerous behavioral approaches (Ayotte et al.,
2002; Foxton et al., 2004b; Hyde and Peretz, 2004; Peretz et al., 2002), showing that amusic
individuals exhibit difficulties in detecting pitch changes in simple tone sequences (for changes
smaller than one semitone, whereas controls detected changes of a quarter of a semi-tone; Hyde &
Peretz, 2004) and show elevated pitch discrimination thresholds in comparison to controls (Foxton et
al., 2004b; Tillmann et al., 2009). Additionally, short-term memory deficits for pitch have been
reported for amusic individuals: amusic individuals’ performance in delayed comparison tasks is more
affected than that of controls by increasing durations of the retention interval between single tones
(Gosselin et al., 2009; Williamson et al., 2010b) and by increasing length of to-be compared tone
sequences (Gosselin et al., 2009). Amusic individuals also exhibit increased sensitivity to interference
caused by irrelevant tones presented during the retention interval (Gosselin et al., 2009; Williamson et
al., 2010). When investigated with a conventional “span” memory task (Williamson and Stewart,
2010), or with delayed comparison tasks (Tillmann et al., 2009) performance was found to be
impaired in congenital amusic individuals for musical material, but not for verbal material.

The first pitch discrimination studies have led to the assumption that congenital amusia arises

from a failure to extract pitch attributes with sufficient accuracy. This lack of precision in the first
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sensory steps of auditory processing is bound to affect tonal coding and pitch-related processing in
general, in turn leading to higher-level deficits such as altered pitch memory abilities (Peretz, 2013;
Stewart, 2011; Tillmann et al., 2013). However, this view has been challenged by the observation that
some amusic individuals exhibited pitch discrimination thresholds in the range of controls (Foxton et
al., 2004; Tillmann et al. 2009; Albouy et al. 2013a,b), suggesting that, to some extent, amusic
individuals’ are able to extract pitch attributes as well as do controls. In addition, the used memory
tasks were constructed with pitch changes that exceeded amusic participants’ psychophysically
measured pitch difference detection thresholds, thus pointing on deficit unrelated to pitch
discrimination impairments. Along these lines, Tillmann et al. (2013) have introduced an alternative
hypothesis for the origin of the amusic individuals’ deficits that extends beyond perceptual
impairments. They proposed that amusic individuals’ pitch perception deficits could be traced down to
impairments in pitch memory (Albouy et al., 2013a; Albouy et al., 2013b; Gosselin et al., 2009;
Tillmann et al., 2009; Williamson et al., 2010b; Williamson and Stewart, 2010). In this memory
hypothesis, impaired memory for pitch affects performance also in lower-level pitch tasks, such as
pitch discrimination measures, as these still require the comparison of two or more events presented
sequentially.

This hypothesis calls for further research investigating which step of pitch memory processing
might be altered in congenital amusia. Auditory memory has been described as relying on several
processing steps in which information has to be 1) extracted by the perceptual systems (extraction of
the auditory attributes) (Bregman, 1990), 2) maintained in echoic memory, also referred as an internal
representation of the sound or pre-perceptual auditory storage (where a first memory trace is
maintained for duration of the stimulus for up to about 300 ms (Cowan, 1984; Massaro, 1972)) and 3)
stored in auditory short-term memory for several seconds or minutes (Baddeley, 2010).

Under this memory model, it should be noted that pitch discrimination and memory might at least
share the first two mechanisms, which is supported by the fact that in the auditory domain (as well as
in other perceptual domains), “discrimination” and “memory” processes are deeply interrelated. Pitch
perception in a discrimination paradigm is the relation between the memory traces of a previous
stimulus and a stimulus belonging to the present (Demany and Semal, 2007). Similarly, in the context
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of tone sequences, each tone of the sequence has to be kept in memory (internal representation) to
allow for the construction of an efficient memory trace that can then be actively maintained in short-
term memory.

Evidence for relations between “discrimination” and “memory” processes has been provided in
various domains. For example, in a classic memory span task, the length of the sequences that can be
correctly recalled varies as a function of how ‘discriminable’ the different sounds are. A classic
example for verbal material is called the phonological similarity effect (Baddeley, 1986). It
corresponds to the fact that longer sequences of syllables can be recalled when the syllables are
phonologically dissimilar than when they share common phonemes. Similar phenomena have been
reported outside the domain of language, notably for pitch and loudness sequences (Cousineau et al.,
2009, 2010; McFarland and Cacace, 1992; Williamson et al., 2010a).

This hypothesis of the interrelation between pitch discrimination and short-term memory
processes thus requires investigating which step of pitch memory processing might be altered in
amusic individuals. A recent study (Albouy et al., 2013a) allowed shedding some light on this issue. In
a delayed melody comparison task, thus relying heavily on short-term memory processes, functional
abnormalities were observed in the amusic brain for the encoding of melodic information. When
encoding the first melody of the pair, the amusic brain elicited strongly delayed N100m components in
bilateral auditory cortices and inferior frontal gyri, reflecting delayed encoding of the information that
might impair the following processing steps. Additionally, the effective connectivity patterns between
these two regions were strongly altered in the amusic brain, as assessed by Dynamic Causal Modeling
(David et al., 2006). This observation supports the assumption that amusic individuals might show
delayed and altered functioning in the early steps of the memory processing (encoding, echoic
memory, building of the pitch memory traces) leading to the observed impairments in the pitch
dimension (for both pitch discrimination and memory tasks).

In the present study, we sought to test specifically the contribution of an impaired construction of
pitch memory traces to the pitch discrimination and memory impairments in congenital amusia. For
short sounds (<300 ms), the amount of time required by normal listeners to construct an appropriate
memory trace of that sound can exceed the duration of the sound itself (Demany and Semal, 2007).
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Indeed, the detection of frequency changes between successive short tones is facilitated by the
introduction of a silent gap between the tones. The increased difficulty without gap is referred to as
“backward masking effect” (Massaro and Loftus 1996; Massaro & Idson, 1977; Demany & Semal,
2005) and illustrates the importance of sufficient processing time for the construction of an
appropriate internal representation (or memory trace) of the sound.

Based on this observation, the present study aims to test the timing of the elaboration of this
internal representation in amusic individuals, and how it affects their performance for both single tone
comparison and short-term memory tasks for melodies. Ten amusic individuals and ten matched
control participants were required to indicate whether elements (either single tones or melodies)
presented in pairs were the same or different. We systematically manipulated the Tone Duration, and
the Inter-Stimulus-Interval (ISI) (resulting in the manipulation of Stimulus Onset Asynchrony and the
presence or not of a silent gap between the tones) of tones in tone pairs and tone sequences to assess 1)
whether such manipulations would affect amusic individuals’ performance on single tone comparison
and short-term memory for melodies differently or on both processes similarly; 2) whether optimal
stimulus parameters could be found in order to allow amusic individuals to reach controls’

performance level for both single tone comparison and memory for melodies.
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2. Materials and Methods

2.1 Participants

Ten amusic participants and ten non-musician controls matched for age, handedness,
educational background (calculated in years of education), and musical training (calculated in years)
participated in the study. Amusic group (age ranging from 62 to 72) and control group (age ranging
from 61 to 75) were both composed of ten right-handed francophone participants. Moderate (30 dB
loss at any frequency) or severe (more than 40 dB loss) peripheral hearing loss in the frequency of
interest (between 250 Hz and 1000 Hz) was excluded using standard audiometry, and all participants
reported no history of neurological or psychiatric disease. Participants gave their written informed
consent, and were paid for their participation. All participants had been thoroughly evaluated in
previous testing sessions with the Montreal Battery of Evaluation of Amusia and with the Pitch
Change Detection task (PCD, see Table 1 and Figure 3 right panel) from Hyde and Peretz (2004).
Participants were considered as amusic if they obtained an average score on the MBEA below the cut-
off score (23.4 on average across the six tasks of the battery, maximum score = 30), the cut-off being
two standard deviations below the average of the normal population (Peretz et al., 2003). All amusic
participants except one had scores below the cut-off score and all controls obtained scores higher than
the cut-off score. The amusic participant who obtained an average score superior (23.83) to the cut-off
score (23.4) was included as his average score on the pitch subtests of the MBEA (21) was below the
average melodic sub-tests’ cut-off score (21.6). The average scores of the amusic group (mean =
19.69, SD = 2.56; ranging from 15.33 to 23.83) differed significantly from those of the control group
(mean = 26.75, SD = 1.08; ranging from 24.80 to 28; see Table 1).

All participants had previously been tested with the PCD task, in which participants are
required to detect a pitch change (from 25 cents (0.25 semitone) to 300 cents (3 semitones)) within the
context of a five-tone sequence (isochronous, and otherwise monotonic, see Hyde & Peretz 2004 for
details, tones played at a pitch level of C6 (1047 Hz), tone duration = 100ms; ISI = 250ms, SOA =

350 ms).
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Table 1. Demographic characteristics of participants and their data in behavioral pretests. Results for
the Montreal Battery of Evaluation of Amusia (MBEA) are expressed as number of correct responses
(average over the six sub-tests of the battery, maximum score = 30). Pitch Change Detection (PCD)
scores were calculated in terms of percentage of Hits (correct response in different trials) minus
percentage of false alarms (FA) (incorrect response in same trials) in each group of participants.
Data are reported as a function of group, and groups are compared with t-tests; ‘NS’ refers to a

non-significant difference (p>0.05). Standard deviations are in parentheses.

Characteristics Controls (n=10) Amusics (n=10) t-Test

Age in years 65.10 (4.40) 67.10 (3.5) (18) = 1.12, p = .27 (NS)

Gender 7 female, 3 male 5 female, 5 male

Education in years 15 (3.77) 16.5 (2.49) 1(18) = 1.04, p = .30 (NS)
Musical education in years 1.60 (1.42) 1.42 (0.96) t(18) = 0.36, p = .71 (NS)
MBEA (cut off score = 23.4) 26.75 (1.08) 19.69 (2.56) 1(18) = 8.01, p < .0001

Peretz et al. (2003)

Pitch Change Detection
Hyde & Peretz (2004)

25 cents (1/4 semitone) 90.94 (10.80) 31.87 (21.13)  #(18) = 7.87, p <.0001
50 cents (1/2 semitone) 94.55 (9.56) 70.49 (22.66)  #(18) = 3.02, p =.006

100 cents (1 semitone) 95.37 (9.84) 89.35(14.30)  #(18) = 1.09, p = .28 (NS)
200 cents (2 semitones) 95.37 (10.71) 95.47 (3.64) 1(18) = 0.02, p = .97 (NS)
300 cents (3 semitones) 95.38 (9.76) 95.75 (4.68) 1(18) = 0.10, p = .91 (NS)

2.2 Set-up

The experiments took place in a sound-attenuated booth and auditory stimuli were presented
via SENNHEISER HD 280 pro headphones at participant’s “comfortable” sound level. Presentation
software (Neurobehavioral systems, Albany, CA, USA) was used to control the presentation of stimuli
and record participants’ responses given by mouse button presses. Participants performed Experiment
1 first followed by Experiment 2 on the same day of testing, and the testing session lasted

approximately one hour.
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2.3. Experiment 1: Single Tone Comparison

Participants had to determine whether two piano tones presented without Inter-Stimulus-

Interval (ISI) were the same or different.

A. B.
Same Trial Different Trial
c 3 = 3
= = 2 =
c c
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Time Time

t = tone duration in ms A = pitch interval size in cents

Figure 1: Examples of the stimuli used in the single tone comparison experiment (Experiment
1). Participants made pitch same/different judgments on pairs of tones. A. Example of a same trial;
tones are represented as amplitude waveforms and as spectrograms with their frequencies being
illustrated by a red line. B. Example of a different trial. The tones had a duration (t) of 100 ms in
Conditions 1 and 2, and of 350 ms in Conditions 3 and 4. A corresponds to the Pitch Interval Size in
different trials, which was either 100 cents (in Conditions 1 and 3) or 200 cents (in Conditions 2 and

4) up or down. Note that the tones were presented without I1SI.

2.3.1. Material

The experiment was divided in four conditions, for which we manipulated Tone Duration and
Pitch Interval Sizes. For Conditions 1 and 2, each tone had a duration of 100 ms, for Conditions 3 and
4, each tone had a duration of 350 ms (see ¢ in Figure 1). There were 64 trials for each Condition (32
same, 32 different). For different trials, the second tone was either 100 cents (Condition 1 and

Condition 3, see A in Figure 1), or 200 cents (Condition 2 and Condition 4) upper or lower than the
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first tone®. On half (16) of the different trials, the pitch changes were presented in the ascending
direction, and on the other half (16), in a descending direction.

Tone pairs were created using eight piano tones differing in pitch height (Cubase software,
Steinberg); all used tones belonged to the key of C Major (C3, D3, E3, F3, G3, A3, B3, C4). For same
trials, each of the eight tones of the set was used to create same pairs (e.g. C3-C3), which were thus
presented four times each. For different trials, the tone pairs were created as function of the pitch
interval sizes. For Condition 1 and 3 (A = 100 cents, corresponding to one semitone), among 16 up-
trials, 8 were composed of E£3- F3 pair, and 8 of B3-C4 pair, which are the only two one-semitone
intervals in the C Major key. For the down condition, among 16 trials, 8 were composed of F3-E3 pair
and the other 8 of the C4- B3 pair. For Conditions 2 and 4 (A = 200 cents, corresponding to one tone),
among 16 up-trials, there were 4 trials of each of the following pairs C3-D3, D3-E3, F3-G3, and G3-
A3. For the down trials, among 16 trials, there were 4 trials of each following pairs D3-C3, E3-D3,

G3-F3, and A3-G3.

2.2.2. Procedure

Trials were blocked by condition, and the blocks were separated by 2-3 minutes of break. The
order of presentation of the conditions was counterbalanced across participants. Participants were
informed of the manipulation we made for each condition (i.e., short tone duration, etc.). They were
asked to indicate their answers by pressing one of two mouse buttons with their right hand after the
end of the auditory stimulation. There was no time limit to respond, and participants pressed the
middle mouse button to launch the next trial. No feedback was given during the experiment. Within
each block (Condition), the trials were presented in a pseudo-randomized order; the same trial type
(i.e. same, different) could not be repeated more than three times in a row and similar tone-pairs (i.e.
E3- F3 for different trials) could not be repeated twice in a row. Before each condition, participants

performed a set of 4 practice trials with feedback.

* The choice of these interval sizes were based on data of the PCD of our participants showing that amusic
individuals reached normal pitch detection performance for pitch interval sizes of 100 cents (and more) for tones
of 100 ms duration and of 250 ms ISI (resulting in 350ms SOA). The 200 cents pitch change interval was thus
chosen as a control material for which we hypothesized normal detection abilities in amusic individuals (even for
a short duration).
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2.3. Experiment 2: Short-term memory tasks with tone sequences

Participants performed a melodic short-term memory task for which they had to compare two
tone sequences (S1 and S2) separated by a silent retention period of 2000 ms. Sequences were
composed of either of 3 or 4 piano tones.

2.3.1. Material

There were four Conditions (for each sequence length) based on the manipulation of Tone
Duration and Inter-Stimulus-Interval. The duration of the tones was either 100-ms (Conditions 1 and
2) or 350-ms (Conditions 3 and 4), and they were presented either without ISI (Conditions 1 and 3) or
with ISI (Conditions 2 and 4), resulting in a range of different Stimulus Onset Asynchronies (SOAs,

see Table 2).

Table 2: Characteristics of the short-term memory tasks for tone sequences, note that for the
Conditions 2 and 3 the SOA (onset to onset) is equal allowing us to disentangle the contribution of

Tone Duration, ISI, or SOA in amusic individuals’ short-term memory performance.

Experiment 2: Short Term Memory Tasks Condition I Condition 2 Condition 3 Condition 4

Tone Duration (¢) in ms 100 100 350 350
Inter Stimulus Interval (ISI) in ms 0 250 0 350
Stimulus Onset Asynchrony (SOA) in ms 100 350 350 700
Overall sequence length 3 Tone sequences 300 800 1050 1750
Overall sequence length 4 Tone sequences 400 1150 1400 2450

For each sequence length, 128 different melodies (presented as the first sequence, S1) were
created using the same piano tones as those used in Experiment 1. For each Condition, there were 32
trials (S1, silence, S2), with 16 same and 16 different trials. Participants were asked to indicate
whether S1 and S2 melodies were the same or different. For different trials, one tone in the S2 melody

was different from the S1 melody (the change could occur in positions 1 to 3 of the 3-tone sequences,
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and in positions 2 or 3 of the 4-tone sequences, equally distributed across trials) and created a contour-
violation in the melody”.

For different trials, the Pitch Interval Sizes (see A in Figure 2B) were controlled in such a way
that no significant differences of interval sizes were observed between all conditions and all sequence
lengths used in Experiment 2 (all ps > .09; mean Pitch Interval Size across all conditions = 671 cents

(6.71 semitones); SD = 117 cents (1.17 semitones); ranging from 480 cents to 793 cents).
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A = pitch interval size (cents)
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Figure 2: Examples of the musical stimuli used in the short-term memory task for the 3-tone
sequence length. A. Example of a same trial; tones are represented as spectrograms and their
frequencies are illustrated with the red line. B. Example of a different trial. For “same” trials SI was
repeated as the second melody of the pair (S2) after a 2000 ms delay. For ‘“different” trials, the
second melody of the pair changed only for one tone (in position 1 to 3 for the 3-tone sequences and in

position 2 and 3 for the 4-tone sequences) that changed the melodic contour.

® Note that for the 4-tone sequences, the changed tone occurred only in position 2 or 3 to make the task easier,
notably by providing participants with two contour change indices, with the preceding tone and the following

tone (see Tillmann et al., 2009).
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2.3.2 Procedure

Experiment 2 was performed with the same procedure as Experiment 1. Trials were blocked
by condition, the order of presentation was counterbalanced between participants, and the blocks were
separated by 2-3 minutes of break. Participants were also informed of the stimulus characteristic for
each condition (i.e short tone duration, etc.) and were asked to respond by mouse button presses with
their right hand after the end of the auditory stimulation. As in Experiment 1, there was no time limit
to respond, participants pressed the middle mouse button to launch the next trial and no feedback was
given during the experiment. Within each block (condition), the trials were presented in a pseudo-
randomized order; with the same constraints as in Experiment 1. Additionally, for different trials, trials
with a changed tone in S2 in the same position in the sequence could not be repeated twice in a row.
As in Experiment 1, participants performed a set of 4 practice trials with feedback before starting each

block (condition).
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3. Results

3.1. Experiment 1: Single tone comparison

Results are depicted in Figure 3 as percentage of Hit rate (correct response for different trials)
minus percentage of False Alarm rate (FA, incorrect response for same trials). Performance was
significantly above chance (i.e., above a Hit-FA value of 0), for all conditions and groups (t-tests, all
ps <.0001), except for Condition 1 (t =100 ms and A = 100 cents) in the amusic group (t(9) = 1.52, p
=.16).

Hit-FAs were analyzed with a 2x2x2 ANOVA?® with Group (amusic individuals, controls) as
between-participants factor and Tone Duration (t = 100 ms or 350 ms) and Pitch Interval Size (A =
100 cents or, 200 cents) as within-participant factors. The main effect of Group was significant:
F(1,18) =44.15 ; p <.0001, with poorer performance on average in amusic individuals (mean = 42.93
; SD =35.62) than in controls (mean = 85.63; SD = 18.21). The main effect of Tone Duration was also
significant: F(1,18) = 175.22 ; p <.0001, with better mean performance for the long Tone Duration (t
= 350 ms; mean = 82.44 ; SD = 19.31) than for the short Tone Duration (t = 100 ms; mean = 45.16 ;
SD = 37.54). There was a significant main effect of Pitch Interval Size: F(1,18) = 20.03 ; p < .0001,
showing that performance for the large Pitch Interval Size (A =200 cents; mean = 70.63; SD = 34.18)
was higher than performance for the small Pitch Interval Size (A = 100 cents; mean = 57.97; SD =

35.82).

Interestingly, the Tone Duration by Group interaction was significant F(1,18) = 39.96 ; p <
.0001 and further modulated by Pitch Interval Size F(1,18) =4.37; p = .05. Fischer LSD post hoc tests
revealed that while amusic individuals showed higher performance for long tone duration in
comparison to short tone duration for both pitch interval sizes (all ps <. 0001) controls, showed the
same pattern only for small pitch interval size (A = 100 cents) (p= .05) but for large interval size (p
=.35) (A = 200 cents). Furthermore, while amusic individuals’ performance was decreased in

comparison to controls for the Conditions 1, 2 and 3 (all ps < .01), they tended to be unimpaired in

® Note that we tested if the samples (controls and amusic individuals) were derived from a population normally
distributed for the measures of interest for both Experiments 1 and 2 using Kolmogorov-Smirnov tests. These
analyses revealed that all data were normally distributed (p > .20).
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comparison to controls’ performance (p = .08, see Figure 3A) for the easiest Condition, as shown by
the reached performance level (Condition 4: long Tone Duration (t = 350 ms) and large Pitch Interval
(A =200 cents).

Finally, this analysis revealed that in the amusic group, performance was higher for the
Condition 3 (t = 350 ms; A = 100 cents) in comparison to Condition 2 (t = 100ms; A = 200 cents,
amusic individuals p <.001; controls p =.05), meaning that they processed better a small pitch change
in long tones than a large pitch change in short tones.

To assess the potential differential benefit of Tone Duration and Pitch interval size in both
groups and between groups we performed the following subtractions on the accuracy data : 1)
Condition 2-Condition 1 allowing us to explore the benefit of Pitch Interval size in short tones; 2)
Condition 3- Condition 1 allowing us to investigate the benefit of Tone Duration for small pitch
changes. Note that we performed these subtractions as Condition 2 differs from Condition 1 (the most
difficult condition) only on the size of the Pitch Interval Size, while Condition 3 differed from
Condition 1 only on Tone Duration. The resulting data were analyzed with a 2x2 ANOVA with Group
as between participant factor and Type of benefit (Pitch Interval Size, Tone Duration) as within
participant factors.

The main effect of group was not significant (F(1,18) = 1.82, p = .19). However the main
effect of Type of benefit was significant (F(1,18) =45.93, p <.0001) and further modulated by Group
F(1,18) = 17.76; p < .0001). Fischer LSD post hoc test revealed that while amusic individuals showed
stronger benefit of Tone Duration as compared with controls (p = .005), the benefit of Pitch Interval
Size was not different between the two groups (p > .58). In addition, amusic individuals benefited
more from increasing Tone Duration in comparison to increasing Pitch interval size (p< .0001), while
this effect was not significant in controls (p = .08). These results thus suggest a strong involvement of
Tone Duration in improving pitch discrimination abilities (or single tone comparison) in amusic

individuals rather than Pitch Interval Size.
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Figure 3. Left Panel: Amusic and controls performance for the Single Tone Comparison Task of
Experiment 1 presented as a function of Tone Duration (t) and Pitch Interval Size (A).Right Panel
Amusic individuals’ and controls’ performance for the PCD. Black circles, controls; white circles,
amusic individuals, colored circles, individual data. Error bars indicate the standard errors of the
means, SEM; dotted lines link conditions with similar SOA and Pitch Interval sizes in the two

experiments (present Experiment 1 and PCD from Hyde & Peretz, 2004).

Finally, some conditions of Experiment 1 and the PCD share several characteristics (Tone
Duration, SOA, and Pitch interval size), even so the tasks were different (either single tone
comparison or pitch change detection within a 5 tone monotonic sequence). Conditions 3 and 4 of
Experiment 1, the SOA was set to 350 ms as in the PCD (PCD Tone Duration = 100 ms, ISI = 250 ms,
SOA = 350 ms; Condition 3 and Condition 4 of Experiment 1 here, Tone Duration t =350 ms, ITI = 0;

SOA = 350 ms). However, the tow experiment differed in terms in of the presence or absence of a
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silent gap (ISI) between tones (for the same SOA). It is thus interesting to compare data from the two
experiments to assess if the absence of a silent gap between the tones could facilitate amusic
individuals’ pitch discrimination abilities. Observing higher performance in conditions of Experiment
1 in comparison to the PCD would suggest a benefit of an absence of silent gap on pitch
discrimination abilities. In contrast observing higher performance for the PCD in comparison to
Experiment 1 would suggest a benefit of the presence of repetitive tones in the PCD task, that offers a
stronger reference when the changed tone occurs.

We thus compared the results obtained in the conditions 3 and 4 of this study to previously
collected PCD data on the same participants for the two Pitch interval sizes (A 100 cents; A 200 cents)
(Figure 3, right panel). Before presenting this analysis, note, that as previously reported in Hyde &
Peretz (2004), amusic individuals’ performance was impaired for pitch changes smaller than one
semitone (see Table 1 and Figure 3 right panel), while controls showed ceiling performance for
changes as small as 0.25 semitones.

Data were analyzed with a 2x2x2 ANOVA with Group as between participant factor and Task
(Conditions 3 and 4 of Experiment 1, PCD) and Pitch interval size (A 100 cents, A 200 cents) as within
participant factors. The main effect of group was significant F(1,18) = 13.53; p = .001 as well as the
main effect of Pitch Interval Size (F(1,18) = 14.79; p =.001. As well as the main effect Task F(1,18) =
8.64; p=.008

All two-way interactions were significant (all ps < .02), as was the 3-way interaction between
Group, Task and Pitch Interval Size (F(1,18) = 6.07; p = .02). As our question was whether amusic
individuals would obtain comparable performance in the two Tasks (Experiment 1, PCD) for both
Pitch Interval Sizes (A = 100 cents, A = 200 cents), we performed planned comparisons to explore this
interaction. This analysis revealed that for both Pitch interval sizes, amusic individuals’ performance
in Experiment 1 were lower than their performance in the PCD (all ps < .0001), while controls’
performance in Experiment 1 was only decreased relative to the PCD for the A 100 cents Pitch interval

Size (p= .03).
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3.2. Experiment 2 : Short-term memory tasks for tone sequences

For the short-term memory tasks, Hits-FAs were also computed. Note that one amusic
participant was excluded from this analysis as his average performance was 3SD below his group
mean for the Condition 4) in both 3-Tones (3.4 % Hits-FA) and 4-Tones sequences (0% Hits-FA). In
the remaining participants (9 amusic individuals, 10 controls) performance was significantly above
chance, for each condition and each sequence length in each group (t-tests, all ps <.0001). Data were
analyzed with a 2x2x4 ANOVA with Group (amusic individuals, controls) as between-participant
factor and Sequence Length (3-tones, 4-tones); and Condition (1, 2, 3, 4) as within-participant factors.

The ANOVA revealed that the main effect of Group was significant, F(1,17) = 4.88, p = .04,
with control participants (mean = 80.54; SD = 16.73) reaching higher performance levels than did
amusic participants (mean = 67.83; SD = 25.18). The main effect of Sequence Length was significant,
F(1,17) = 38.87, p < .0001, all participants showed higher performance levels for 3-tone sequences
(mean = 80.59; SD = 19.50) than for 4-tone sequences (mean = 68.46; SD = 22.84, see Figure 4). The
main effect of Condition was also significant F(1,17) = 33.49, p < .0001, and revealed that both
amusic individuals and controls exhibited decreased performances for Condition 1 in comparison to
the other Conditions (2, 3, 4; all ps < .0001). Finally, the interaction between Condition and Group
F(3,51)=4.53, p=.006 was significant.

Fisher LSD post hoc tests were carried out and revealed that amusic individuals were impaired
in comparison to the control group for Conditions 1 and 2 (all ps <.04; t = 100 ms) but not for
Conditions 3 and 4 (all ps > .11, t =350 ms).

The last significant interaction observed here did not involve the group factor and was the
Sequence Length by Condition interaction £(3,51) = 5.80, p = .034. Post hoc test revealed that
performance was significantly decreased in 4-Tone sequences in comparison to 3-Tone sequences for
all conditions (all ps < .005) except for Condition 3 (p = .12). Finally, note that there were no
significant differences between Conditions with the same SOA (Conditions 2 and Condition 3 on
Figure 4, see Table 2) for the 3-tone sequences (p = .82), and this effect was marginally significant for

the 4-tone sequences (p = .07).
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Figure 4: Amusic and controls performance for the short-term memory tasks (Experiment 2) in terms
of percentage of Hits minus FAs presented as a function of Sequence Length (3-Tone Sequences, 4-
Tone Sequences), Tone Duration (t =100ms, t =350ms) and ISI (0-250-350ms). Note that the resulting
SOA for the different Conditions were as follows (see Table 2): Condition 1 = 100 ms,; Conditions 2
and 3 = 350 ms, Condition 4 = 700 ms. Note additionally that the overall sequence lengths varied as
function of the manipulations.1) for the 3 Tone Sequences : Condition 1: 300 ms, Condition 2 = 8§00
ms, Condition 3 = 1050 ms,; Condition 4 = 1750 ms. 2) for the 4 Tone Sequences : Condition 1: 400
ms, Condition 2 = 1150 ms; Condition 3 = 1400 ms; Condition 4 = 2450 ms. Black lines, controls;
white lines, amusic individuals, circles individual data. Evror bars indicate the standard errors of the

means, SEM.
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3.3. Correlations

Two sets of analyses were performed: 1) correlations between the behavioral data in
Experiments 1 and 2, respectively (Hit-FA, for each of the four Conditions in each experiment) and the
pretest data (MBEA, PCD); and 2) correlations between data of the Experiments 1 and 2. To explore
differences explained not only by the group differences defined via the MBEA or the PCD, we
focused on correlations that were significant over all participants and for at least one of the two
participant groups separately (amusic group or control group).

3.3.1. MBEA: For Experiment 1 (single tone comparison), average scores in the MBEA were
positively correlated with Condition 2 (Tone Duration t = 100 ms; A = 200 cents) in amusic
individuals r(8) = .65; p = .03; and all participants r(18) = .93;p <.0001.

For Experiment 2 (short term memory task), average scores in the MBEA were positively
correlated with Condition 2 (t = 100 ms, ISI = 250 ms) and Condition 3 (t = 350 ms, ISI = 0 ms) for
both sequence lengths (all ps < .024); these correlation were observed in amusic individuals, and over
all participants.

3.3.2. PCD: For Experiment 1 (single tone comparison), data of the PCD for the most
difficult condition (PCD = 25 cents) were positively correlated with the data of Conditions 2, 3 and 4
in amusic individuals and all participants (all ps <.001). For Experiment 2(short term memory task),
data of the PCD for the 25 cents condition were positively correlated with data of Condition 2 (t = 100
ms; ISI = 250 ms) for the 3-tone sequences for amusic individuals r(7) = .66; p = .05 and all
participants r(17) = .64; p = .002. None of the correlations was significant in controls participants
certainly due to a ceiling effect in the data of this group.

3.3.3. Correlations between Experiments 1 and 2: Several correlations were significant; as

Tone Duration was the shared stimulus parameter manipulated between Experiments 1 and 2, we
present here only correlations between measures for the same Tone Duration.

a)  For t =100 ms: data of Condition 1 (t =100 ms; ISI = 0 ms) and Condition 2 (t = 100 ms;
ISI =250 ms) of Experiment 1(single tone comparison), were positively correlated with Condition 1 (t

=100 ms; ISI = 0 ms) of 3-tones sequences and Condition 1 (t = 100 ms; ISI = 0 ms) and 2 (t = 100
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ms; ISI = 250 ms) of the 4 tones sequences (all ps<.001) of Experiment 2(short term memory task).
Note that these correlations were observed in control participants, amusic participants and over all
participants.

b) For t = 350 ms, data of Condition 3 (t =350 ms; A = 100 cents) and Condition 4 (t = 350
ms; A = 200 cents) of Experiment 1(single tone comparison) were positively correlated with data of
Condition 3 (t = 350 ms; ISI = 0 ms) of 3-tone sequences only (all ps <.001) of Experiment 2(short
term memory task). Note that the correlation between Condition 3 in Experiment 1 and Condition 3 in
Experiment 2 for the 3-tone sequences was observed in amusic individuals and all participants; and
that the correlation between Condition 4 in Experiment 1 and Condition 3 in Experiment 2 was
observed in controls and in all participants.

Finally we explored the correlations between tasks comprising the same SOA (Condition 3
and 4 of Experiment 1 (single tone comparison) with Conditions 2 and 3 of Experiment 2 (short-term
memory task). This analysis revealed that Condition 3 of Experiment 1 was positively correlated with
Condition 2 in Experiment 2 for the 3-Tone sequences and Condition 2 and 3 for the 4-Tone
sequences (all ps <.01). Note that these correlations were observed in controls and over all participants

(except the Condition 3 for the 4-Tone sequence that was observed also in amusic individuals).

-198-



3 Discussion

The present study investigated amusic individuals’ performance for single tone comparison
and short-term memory task for melodies as a function of stimulus characteristics (Tone Duration, ISI,
SOA, Sequence Length, Pitch interval size). For the comparison of either single tones or short
melodies (pitch-patterns), clear improvements in terms of accuracy were observed in both amusic and
controls with increasing Tone Duration and/or ISI. These benefits were observed independently of
task difficulty (Pitch Interval size for Experiment 1; Sequence Length for Experiment 2). Most
interestingly, we observed that when enough time is given to encode the pitch information, amusic

individuals are able to reach performance that is comparable to that of controls in both tasks.

Experiment 1 investigated whether Tone Duration (equal to SOA in this experiment as there
was no silent ISI) could affect amusic individuals’ single tone comparison (or pitch discrimination)
abilities for two different Pitch Interval Sizes (A = 100 cents or A = 200 cents). Data of Experiment 1
revealed that amusic participants showed altered performance in comparison to controls for single tone
comparison, but that these impairments seemed to be strongly related to Tone Duration. While amusic
individuals showed impaired performance (as compared to controls) for the short Tone Duration (t =
100 ms), their performance were not different from those of controls for the long Tone Duration (t =
350 ms). By comparing the benefit of Tone Duration and of Pitch Interval size respectively, we
observed that the increase of Tone Duration had a more important benefit on amusic individuals’
performance than had the increase of Pitch Interval Size.

The benefit of Tone Duration is in line with numerous psychoacoustic studies (Carbotte, 1973;
Demany and Semal, 2005; Massaro, 1972; Massaro and Idson, 1977; Small and Campbell, 1962;
Sorkin, 1966; Tanner, 1961) showing that auditory discrimination abilities benefit from increasing
SOA (or here Tone Duration). This effect can be explained in terms of “backward masking” (Demany
and Semal, 2005; Demany and Semal, 2007; Massaro and Idson, 1977; Massaro and Loftus, 1996).
When normal listeners are not given the several hundreds of milliseconds that they need to construct
the “internal representation” of the pitch of a newly heard sound, the representation of this sound is

altered. Massaro (1972; Massaro & Loftus, 1996) proposed that this internal representation constitutes
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a “pre-perceptual auditory store” (or echoic memory), where the sound’s trace is maintained for a
fixed duration independently of the sound itself. If a second sound is presented very soon after the first
one, the perceptual analysis of the first sound would be prematurely stopped (the second sound
replacing the first one in the pre-perceptual auditory store).

In agreement with these results in normal listeners, Experiment 1 showed that amusic
individuals also benefit from long tone durations. The fact that the benefit is stronger for amusic
individuals than for control suggests that the time constraints might differ between the two groups,
with amusic individuals needing more time than controls to construct a proper ‘internal representation’
(or pre-perceptual auditory storage) of the sounds. The long tones would allow for such efficient
representation to emerge, and would in turn lead to increased discrimination capacities. Finally, it
should be noted that amusic individuals’ performance for both Pitch Interval Sizes in Experiment 1 (A
= 100 cents, A = 200 cents) even for the long Tone Duration (t = 350 ms) were decreased in
comparison to data of the PCD for the same Pitch Interval Sizes. This probably reflects the fact that in
the PCD a repetitive sequence of five tones is used (with only the fourth tone being possibly different
from the others), instead of a tone pair comparison as required here. In the PCD, the repetitive tones
might allow for the construction of an efficient representation of the “standard” tone, and hence
facilitate the comparison with the changing tone.

Based on these first conclusions observed with a single tone comparison task (or pitch
discrimination task), our study explored whether this benefit of Tone Duration, ISI, and SOA on
performance could be transposed to more complex tasks, such as short-term memory processing of
pitch patterns. Experiment 2 assessed whether participants’ short-term memory performance could
vary as a function of Tone Duration (100 ms, 350 ms), Inter Stimulus Interval (present or absent) and
Stimulus Onset Asynchrony for two different Sequence Lengths (3-Tones and 4-Tones sequences).

For the short Tone Duration (t = 100 ms), amusic individuals’ performance was decreased in
comparisons to controls, as previously observed in numerous studies (Albouy et al. 2013a,b; Gosselin
et al. 2009; Tillmann et al., 2009; Williamson et al., 2010). Furthermore, this impairment was more
important for 4-tone sequences than for 3-tone sequences. This observation is in line with Gosselin et
al. (2009) results, showing that amusic individuals were more sensitive to increasing memory load
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than controls. The negative impact of increasing memory load also observed in controls is supported
by several studies in typical listeners demonstrating that the length of the to-be-remembered
information has an impact on short-term memory abilities (Akiva-Kabiri et al., 2009; Demany and
Semal, 2007; Grimault et al., 2009; Watson et al., 1990).

For both sequence lengths (3-tones, 4-tones), we demonstrated that Tone Duration and ISI
influenced participants’ short-term memory performance: amusic and control groups showed better
performance for conditions with long Tone Duration and/or with the insertion of a silent ISI
(Conditions 2, 3 and 4) in comparison to the condition with short-tone duration and without ISI
(Condition 1). Additionally, while amusic individuals showed strongly impaired performance in
comparison to controls for the short Tone Duration (Conditions 1 and 2), they were performing as well
as controls for the long Tone Duration (Condition 3 and 4). This result is of interest because it allows
hypothesizing that the SOA is the principal effect, whit a small benefit (non-significant) of the absence
of ISI (all SOA being filled with a tone) This received support in the observation that, while
Conditions 2 and Condition 3 have the same SOA (see Table 2), amusic individuals showed impaired
performance in comparison to controls for Condition 2 (short tone with ISI), but not for Condition 3
(long tone, without ISI).

As in Experiment 1, these improvements in short-term memory processing suggest that
increasing the time given to encode auditory information leads to a better construction of an ‘internal
representation in a pre-perceptual auditory store’ (Massaro, 1972) of each tone of the to-be
remembered sequence, leading to an efficient memory of the tone sequence. This result suggests that
amusic individuals could strongly improve their short-term memory capacities for tone sequences,
when the time dedicated to encode the pitch information is long enough.

Based on the findings in both experiments and on the positive correlations observed between
data of Experiments 1 and 2, we argue that congenital amusic individuals’ deficits in both single tone
comparison (or pitch discrimination) and short-term memory tasks could share the same impairments
related to the encoding of pitch in tones of short duration. The hypothesis of a link between pitch
discrimination and memory performance has already received support from Demany & Semal (2007)
who proposed that pitch discrimination and pitch memory share the same mechanisms as 1) perception
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in a discrimination paradigm is based on the relation between a stimulus belonging to the present
stimulus and memory traces of previous stimuli, and 2) in the context of a pitch pattern, each tone of
the sequence has to be kept in memory to allow for the construction of an efficient memory trace. Here
we can thus formulate the hypothesis that amusic individuals’ impaired pitch abilities, either for pitch
discrimination or pitch memory, could be related to their impaired encoding of short tones.

We will now set this hypothesis in a broader context, notably by considering previous studies
that have investigated either pitch discrimination and/or short-term memory processing in congenital
amusia. It should be noted that, in these studies (presented in Table 3), a large range of different tone
durations, ISI, and SOA have been used (i.e., tone durations from 125 ms to 700 ms, and SOA from
125 to 1200 ms).

Table 3: Sound characteristics in terms of tone duration, ISI and SOA in ms from previous studies in
congenital amusia investigating either pitch change detection, pitch discrimination, pitch direction

and delayed matching-to-sample tasks (DMST, i.e. short-term memory tasks) for pitch patterns.
Table 3

Study Task Tone Duration ISI SOA

Peretz et al., 2002

Pitch Discrimination 700 0 700
Hyde & Peretz, 2004

Pitch Change Detection 100 250 350
Foxton et al., 2004

Segmented pitch change detection 250 100 350

Gliding pitch change detection 250 NA

Pitch direction determination 250 NA

DMST for pitch patterns 250 0 250

Streaming 125 0 125
Jones et al., 2009

Difference Limen for frequency 250 500 750

DMST for pitch patterns 200 150 350

Liu et al., 2010
Pitch change detection

Pitch direction discrimination 600 600 1200
Gosselin et al., 2009

DMST for pitch patterns 300 0 300
Tillmann et al., 2009
Albouy et al., 2013b

DMST for pitch patterns 500 40 540

Pitch Discrimination Thresholds 100 150 250
Williamson et al., 2010

Single Tone Comparison 200 Ot 200 to

15000 15200

Albouy et al 2013a
DMST for pitch patterns 250 0 250
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Interestingly, by using such diverse material, these studies have revealed that while some
amusic individuals exhibited pitch discrimination threshold in the range of controls, no overlap in
terms of performance has been observed between the two groups for short-term memory task for tone
sequences (delayed pitch patterns in Table 3).

For tasks requiring pitch discrimination (as well as pitch change detection or pitch direction
judgments), the hypothesis of delayed construction of pitch memory traces (internal representation) for
short tones could explain that in cases of long SOA (or long tone duration) some amusic individuals
are able to reach performance levels that are comparable to those of controls.

However, it might be argued that this hypothesis is not sufficient to interpret the previously
reported deficits in pitch memory. Indeed, tone duration and or/SOA used in the studies that have
shown memory deficits in amusia were rather long (from 250 to 540ms SOA), thus challenging the
main conclusion of the present study. We propose that additional processing steps of auditory short-
term memory are impaired in amusic individuals. In the present study, the tones sequences were
composed of only 3 or 4 tones thus constituting a rather simple material in terms of contour
information and of memory load. In previous studies, the sequences were longer (5 tones in Gosselin
et al., 2009; Tillmann et al., 2009 and Albouy et al., 2013b; 6 tones in Albouy et al., 2013a), thus
leading to more complex material.

The use of pitch patterns leads to more complex contour information that has to be encoded in
memory (Dowling, 1991; Dowling and Fujitani, 1971). According to this view, we could hypothesize
that, for complex pitch patterns, amusic individuals are impaired in other processing steps of auditory
memory processing. This hypothesis found support in Albouy et al. (2013a) study: during the retention
of contour information, the recruitment of a fronto-temporo-parietal network (D'Esposito, 2007;
Schulze and Koelsch, 2012), which is well-known for short-term memory is altered in the amusic
brain.

Alternatively, it could be hypothesized that increasing tone duration is sufficient to help the
encoding of short sequences, but could be not sufficient for longer sequences. According to this
hypothesis, also for the short sequences, long tone duration might not fully restore a ‘normal pitch
memory trace’(which is nevertheless sufficient for encoding less complex contour material).
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All together, we thus propose that the present study provides first behavioral evidence of
impaired auditory encoding of pitch information for short tones in congenital amusia, and that this
impairment contributes to the observed pitch perception and memory deficit. In addition, we proposed
that these mechanisms cannot support all the previously reported memory impairments and that pitch
perception and memory deficits in congenital amusia could be also mediated by impairments in the

short-term retention of pitch information.
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Chapter VII Does tonality boost short-term memory
in congenital amusia

Objectives

All together the results from studies 1, 2 and 3 have suggested that pitch-related deficits in
congenital amusia could be mediated by impaired encoding of pitch information for short tones (Study
1, Study 3) along with impairments in short-term retention of pitch information (Study 1, Study 2).
These studies thus suggested that in the context of a short-term memory task, the amusic brain is
impaired in all processing steps, that is encoding, retention and retrieval of melodic information (see
Study 1).

Study 4 investigated if these short-term memory impairments could be boosted in congenital
amusia by exploiting their implicit knowledge about musical structure. It had been shown that non-
musicians’ implicit knowledge of musical regularities can improve short-term memory for tone
information (Schulze et al., 2012). Based on studies reported in Chapter III showing preserved implicit
processing in amusic individuals, Study 4 investigated whether it can influence their short-term

memory for pitch material.

Article 4

Does tonality boost short-term memory in congenital amusia?
Brain Research 1537:224-32.
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ABSTRACT

Congenital amusia is a neuro-developmental disorder of music perception and production.
Recent findings have demonstrated that this deficit is linked to an impaired short-term
memory for tone sequences. As it has been shown before that non-musicians' implicit
knowledge of musical regularities can improve short-term memory for tone information,
the present study investigated if this type of implicit knowledge could also influence
amusics' short-term memory performance. Congenital amusics and their matched con-
trols, who were non-musicians, had to indicate whether sequences of five tones, presented
in pairs, were the same or different; half of the pairs respected musical regularities (tonal
sequences) and the other half did not (atonal sequences). As previously reported for non-
musician participants, the control participants showed better performance (as measured
with d’) for tonal sequences than for atonal ones. While this improvement was not
observed in amusics, both control and amusic participants showed faster response times
for tonal sequences than for atonal sequences. These findings suggest that some implicit
processing of tonal structures is potentially preserved in congenital amusia. This observa-
tion is encouraging as it strengthens the perspective to exploit implicit knowledge to help
reducing pitch perception and memory deficits in amusia.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction help of lyrics) or to detect that someone (including themselves)
sings out of tune. This deficit, which affects individuals in their
Congenital amusia is a lifelong disorder of music perception everyday life (McDonald and Stewart, 2008), cannot be

and production that has been estimated to affect about 4% of  explained by peripheral hearing loss, brain lesions, or general
the general population (Ayotte et al., 2002; Peretz and Hyde, cognitive or social impairments (Ayotte et al.,, 2002).

2003; Peretz et al., 2002; Stewart, 2006, 2008, 2011). Amusic

Seminal studies of congenital amusia (Foxton et al., 2004;

individuals are unable to recognize a familiar tune (without the =~ Peretz and Hyde, 2003; Peretz et al, 2002) have led to the
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assumption that this condition is based on a disorder of fine-
grained pitch processing, with amusic individuals exhibiting
elevated pitch discrimination thresholds. Pitch discrimina-
tion difficulties in amusics were observed in simple tone
sequences (for changes smaller than two semi-tones,
whereas controls detected changes of a quarter of a semi-
tone; Hyde and Peretz, 2004) and with various psychoacoustic
approaches (Foxton et al, 2004). Recent studies have
extended these findings by showing that amusic individuals
may display impaired short-term memory for pitch, even in
the absence of elevated pitch discrimination thresholds
(Albouy et al., 2013; Gosselin et al., 2009; Tillmann et al.,
2009; Williamson et al., 2010; Williamson and Stewart, 2010).

Evidence for a short-term memory deficit in congenital
amusia was obtained using pitch comparison tasks both for
single tones and for tone sequences. For single tones, a
stronger sensitivity to interference (irrelevant tones pre-
sented during the silent retention period between to-be-
compared tones) in short-term memory tasks was observed
in amusic participants in comparison to controls (Gosselin
et al., 2009; Williamson et al., 2010). Further support for a
short-term memory deficit for single tones was provided by
Williamson et al. (2010) who showed that amusic participants
had a steeper decline in performance with increasing reten-
tion delay between two tones than did controls.

Amusics' short-term memory deficit for pitch was also
shown for tone sequences, where amusics showed a greater
decrease in performance, relative to controls, with increasing
length of the to-be-remembered sequences, thus revealing
amusics' sensitivity to memory load (Gosselin et al., 2009).
The specificity of the short-term deficit for musical material
was shown by Tillmann et al. (2009) who compared short-
term memory performance for sequences of tones, timbres,
and words. The results indicated that amusic participants
performed worse than controls for tone and timbre
sequences (see also Marin et al., 2012), but not for words,
thus providing evidence that amusics' memory deficit is
selective to the musical domain.

Importantly, the pitch changes used in the aforemen-
tioned short-term memory studies exceeded the amusics'
psychophysically measured pitch discrimination thresholds.
The findings therefore point to a memory-based deficit for
pitch that extends beyond a perceptual impairment. In
addition, it is relevant to note that while some amusics
exhibited normal pitch discrimination thresholds (Albouy
et al.,, 2013; Foxton et al.,, 2004; Tillmann et al., 2009), all
amusic participants displayed impairments in pitch memory
tasks. These observations have led to the working hypothesis
that the core deficit in congenital amusia is an impairment of
short-term memory for pitch, and that this impairment may
be accompanied by an impairment of fine-grained pitch
processing at the perceptual level.

Interestingly, despite explicit processing deficits, recent
behavioral data have provided evidence for some spared
implicit pitch processing in congenital amusia. Using a
priming paradigm, Tillmann et al. (2012a) revealed that some
musical knowledge is indeed preserved in congenital amusia,
in particular about the syntactic-like functions of chords in
the Western musical system (see also Omigie et al., 2012).
Similarly, a recent study investigating amusics' perception of

musical emotions has also suggested some spared musical
structure processing related to mode (major, minor) (Paquette
et al., 2011). Further evidence for implicit tonal processing in
amusia has been provided by Tillmann et al. (2012b), showing
that amusic individuals can differentiate between tonal and
atonal musical pieces. Taken together, these studies reveal
that amusics might possess more tonal knowledge than
previously thought on the basis of their performance in tasks
requiring explicit judgments, such as the detection of a single
(out-of-key) tone or the memory-storage of melodies. These
data sets thus suggest that congenital amusics might have
acquired some knowledge about musical structures by mere
exposure to music that obeys to tonal rules, as previously
reported for non-musician listeners (Bigand and Poulin-
Charronnat, 2006; Tillmann et al., 2000).

In light of the recent evidence for some spared implicit
knowledge of tonal structures in congenital amusia, the
question arises as to whether amusics' tonal knowledge
might also benefit their short-term memory for tone
sequences (i.e., for tonal sequences in comparison to atonal
sequences). For other materials, such as verbal material or
spatial patterns (Bor et al., 2003; Savage et al., 2001), it has
been shown that material that is structured leads to better
short-term and working memory performance than unstruc-
tured material. Similarly, the inherent structure of music, as
based on the regularities of the Western tonal system,
improved the maintenance of tone sequences in short-term
memory for musician and non-musician listeners (in com-
parison to atonal sequences, Schulze et al., 2012).

The present study investigated amusics' short-term memory
for tonal and atonal sequences using the five-tone (tonal and
atonal) melodies of Schulze et al. (2012). By comparing the
processing of structured and unstructured musical material,
we aimed to investigate amusics' implicit tonal knowledge
and its impact on short-term memory. Eleven amusic parti-
cipants and eleven matched controls (all non-musicians)
were recruited based on prior testing with the Montreal
Battery of Evaluation of Amusia (MBEA, Peretz et al., 2003).
Before the short-term memory task, all participants were
tested with a two-alternative forced-choice task (using a
staircase procedure) to determine their pitch discrimination
thresholds (PDT, see Tillmann et al., 2009). Participants'
short-term memory abilities for sequences of digits were
evaluated using classic forward and backward digit span
tests (Wechsler, 1997) to ensure that participants' perfor-
mance did not differ for non-musical auditory material. For
the main musical short-term memory test, we used a delayed
matching-to-sample paradigm where participants had to
determine whether tonal or atonal melodies (of five tones)
presented in pairs were the same or different.

2. Results
2.1. Pre-tests

2.1.1. Montreal battery of Evaluation of amusia (MBEA)

All participants were tested with the MBEA (Peretz et al,,
2003). To be considered as amusic, participants had to obtain
an average score on the MBEA below the cut-off score (23 on

(2013), http://dx.doi.org/10.1016/j.brainres.2013.09.003
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average across the six tasks of the battery, maximum
score=30) that is two standard deviations below the average
of the normal population. All amusics obtained scores at or
below the cut-off score and all controls obtained scores
higher than the cut-off score. The average scores of the
amusic group (mean=21.15, SD=1.58; ranging from 18 to 23)
differed significantly from the scores of the control group
(mean=27.68, SD=.66; ranging from 26.5 to 28.6; t(20)=12.58,
p<.0001).

2.1.2.  Pitch discrimination threshold (PDT)

PDTs were determined using a two-alternative forced-choice
task with an adaptive tracking, two-down/one-up staircase
procedure (see Tillmann et al., 2009, for details). The average
PDT of the amusic group (mean=1.32 semitones, SD=1.29;
ranging from .13 to 4 semitones) was higher (worse) than
that of the control group (mean=.25 semitones, SD=.27;
ranging from .06 to .95 semitones, t(20)=2.68, p=.01). An
overlap in the pitch thresholds between amusic and con-
trol groups was observed, in agreement with previous
findings (Albouy et al., 2013; Foxton et al., 2004; Tillmann
et al., 2009).

2.1.3. Digit span

Participants' short-term memory abilities for sequences of
digits were investigated with the digit span tests from the
Wechsler test (Wechsler, 1997), which measures the max-
imum number of items that participants can repeat after a
single presentation, with the recall being either made in the
order of presentation or backwards. For the forward task,
controls' mean was 6.54 items (SD=.68) and amusics' mean
was 6.36 items (SD=.80). For the backward task, controls'
mean was 4.63 items (SD=.80) and amusics' mean was 4.54
items (SD=.93). Digit span data were analyzed with a 2 x2
ANOVA with Group (amusics, controls) as between-
participants factor and Task (forward, backward) as within-
participant factor. A significant effect of Task (F(1, 20)=382.40,
p<.0001, MSE=38.20) was observed: performance was lower
for the Backward task than for the Forward task. There was
no significant effect of Group (F(1,20)=.23, p=.63, MSE=.20)
and no significant interaction between Group and Task
(F(1,20)=.82, p=.49, MSE=.023). These findings thus suggest
normal short-term memory abilities in amusics for non-
musical material (see also Foxton et al., 2004; Marin et al,,
2012; Omigie and Stewart, 2011; Stewart, 2011; Williamson
and Stewart, 2010).

2.2.  Short-term memory task: performance (d' and c)

Performance in the short-term memory task was analyzed
using signal detection theory by calculating, for each partici-
pant and for each condition (tonal or atonal), the discrimina-
tion sensitivity (d)) and the response bias (c'). For each
participant, these analyses were based on hit rate (ie,
number of correct responses for different trials/number of
different trials) and false alarm rate (i.e., number of incorrect
responses for same trials/number of same trials). Positive

1The correction of d’ and c¢ measures used .01 for cases
without false alarms and .99 for the maximum number of hits.

values for c arise when the miss rate (incorrect responses for
different trials/number of different trials) exceeds the false
alarm rate. Positive values thus indicate a tendency to answer
“same”, negative values indicate a tendency to answer
“different”, and c-values around 0 suggest the absence of a
response bias. d’ and ¢ were analyzed respectively with a 2 x 2
ANOVA? with Group (amusic, control) as the between-
participants factor and Tonality (tonal, atonal) as the
within-participant factor.

For d’ (Fig. 1A), the main effect of Group was significant,
F(1,20)=37.38, p<.0001, MSE=1.1, with control participants
reaching higher performance levels than did amusic partici-
pants (controls: mean=2.93, SD=.99; amusics: mean=1.00,
SD=.81). The main effect of Tonality was also significant,
F(1,20)=8.00, p=.010, MSE=.34, with higher performance
levels for tonal sequences (mean=2.22; SD=1.51) than for
atonal sequence (mean=1.22; SD=1.09). Finally, the Tonality-
by-Group interaction was also significant, F(1,20)=8.94,
p=.007, MSE=.34: planned comparisons revealed that only
control participants showed the advantage in performance
for tonal sequences (mean=3.45; SD=1.02) over atonal
sequences (mean=2.42; SD=.65; p=.001) and not the amusic
participants (p=.91; tonal sequences: mean=.99, SD=.63;
atonal sequences: mean=1.01, p=.98). It is important to note
that while amusics' performance was decreased in compar-
ison to control participants' performance for both tonal
(F(1,20) = 45.46; p<.0001) and atonal sequences (F(1,20) =
15.40; p<. 0001), their performance was still above chance
level (d’=0) for both conditions (tonal: t(10)=5.12, p<.001;
atonal: t(10)=3.40; p=.007).

To investigate whether the observed deficit in short-term
memory performance was related to amusics' impaired PDT,
we performed the same analysis by dividing the amusic
group into two sub-groups based on their PDT, with one
subgroup composed of the six amusic participants with a PDT
in the control range (from .06 to .95 semitones), and the
remaining five amusics with elevated PDT composing the
other group (ranging from 1.3 to 4 semitones, see stars in
Appendix Table 1, Fig. 1B). The d’ data were further analyzed
with a 3 x 2 ANOVA with Group (amusics with elevated PDT,
amusics with normal PDT, and controls) as the between-
participants factor and Tonality (tonal, atonal) as the within-
participant factor. The main effect of Group was significant,
F(2,19)=19.73, p<.0001, MSE=42.76, with control participants
reaching higher performance levels than did amusic partici-
pants of the two groups (amusics with normal PDT:
mean=1.25, SD=.37, p<.0001; amusics with elevated PDT:=
mean=.69, SD=.23, p<.0001; controls: mean=2.93, SD=.99).
Note that no significant differences were observed between
the two subgroups of amusics (p=.22). The main effect of
Tonality failed to reach significance, F(1,19)=3.76, p=.06,
MSE=1.17, but the interaction between group and tonality
was significant, F(2,19)=6.22, p=.008, MSE=3.88: planned
comparisons revealed that only control participants showed
the advantage in performance for tonal sequences (p<.0001;

2We tested if the samples (controls and amusics) were derived
from a population normally distributed for the measures of
interest using the Kolmogorov-Smirnov test. These analyses
revealed that all data were normally distributed (all ps>.10).
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Fig. 1 - (A) Performance of amusic and control groups in terms of d’, presented as a function of Tonality (tonal, atonal) and
Group (amusics n=11; controls n=11). (B) Performance of amusic participants, separated in amusics with elevated PDT (n=5)
and amusics with normal PDT (n=6), in terms of d’, presented as a function of Tonality (tonal, atonal) and amusic sub-group.

Error bars indicate the standard errors of the means; SEM.

mean=3.45; SD=1.02) over atonal sequences (mean=2.42;
SD=.65; p=.001) and not the amusic participants (p=.24 for
amusics with normal PDT; tonal sequences: mean=1.05,
SD=.65; atonal sequences: mean=1.44, SD=1.16; p=.26 for
amusics with elevated PDT; tonal sequences: mean=.90,
SD=.68; atonal sequences: mean=.49, SD=.37). This addi-
tional result thus confirms that the impaired STM perfor-
mance was not related to amusics' PDT. Moreover, the data
pattern showed that only the amusic group with elevated
PDTs showed a numerical tendency for increased d’ values
for tonal sequences in comparison to the atonal sequences.

For c¢ (Fig. 2), we observed that the response bias was
significantly superior to zero in each condition for both
groups, revealing the participants' general tendency to
respond “same” for tonal and atonal sequences (amusics,
tonal: t(10)=5.17, p<.001, mean=.81, SD=.51; atonal: t(10)=
6.56, p<.001, mean=.72, SD=.36; and controls, tonal: t(10)=
3.76, p=.004, mean=.39, SD=.34; atonal: t(10)=3.72, p=.004,
mean=.64, SD=.57). The 2 x 2 (Group x Tonality) ANOVA on c
data did not reveal any significant main effect (p=.14 for
Group and p=.45 for Tonality), and the Group-by-Tonality
interaction failed to reach significance (p=.12)°.

2.3.  Short-term memory task: response times (RTs)

RTs were measured from the end of the second tone
sequence of each pair, and thus reflected decision times for
the memory task (see Appendix Table 2). For each participant,
RTs that were slower than 3SD of the individual participant's
mean were excluded (note that only few trials were excluded
for each participant; amusics: mean=.85D=.12; controls:
mean=1.7SD=.48). For each group, one participant was
excluded due to average RTs of 2SD above the group mean.
To check that the exclusion of two participants did not
change the results for d’ and c reported above, we performed

3 For control participants only, the pattern of average bias data
was similar to that observed for non-musician listeners in
Schulze et al. (2012), revealing that control participants' positive
response bias was decreased for tonal sequences compared to
atonal sequences. However, the Group-by-Task interaction did
not reach significance here (p=.12).

2.00 + M tonal
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(2]
(]
=2 1.00 A
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amusics controls

Fig. 2 - Bias data for amusic and control groups in terms of ¢
(error bars indicating SEM), presented as a function of
Tonality (tonal, atonal) and Group (amusics n=11; controls
n=11). Note that all biases where positive thus revealing a
general tendency to respond “same” in both groups.
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Fig. 3 - RTs (RTs) for all responses (correct and incorrect
trials) in amusic and control groups in ms (error bars
indicating the standard error of mean; SEM), presented as a
function of Tonality (tonal, atonal), Trial type (same,
different), and Group (amusics n=10; controls n=10).

the same analyses as above with the remaining 20 partici-
pants: these analyses revealed the same result pattern.

RTs were analyzed with a 2x2x2 ANOVA with Group
(amusics, controls) as the between-participants factor, and
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Fig. 4 - Scatter plot of RTs in ms for tonal sequences (same
trials, correct responses) against performance (d’) for tonal
sequences. The correlation between these two variables is
significant across all subjects and in the amusic group (see
text for details). Note that without the outlier amusic
participant (data point at d'=.17; RT=1677 ms), this
correlation remained significant in all participants
(r(17)=—.88; p<.0001) and in amusics participants only
(r(7)=—.71; p=.03).

Tonality (tonal, atonal) and Trial type (same, different) as the
within-participant factors. For RTs of all trials (i.e., including
correct and incorrect responses; Fig. 3), the main effect of
Group was significant, F(1,18)=33.73, p<.0001, MSE=164,812,
revealing overall slower RTs for amusic participants (mean=
1013 ms, SD=253) than for control participants (mean=
485 ms, SD=153). In addition, the main effect of Trial type
was significant, F(1,18)=4.93, p=.039, MSE=24,479, with
slower RTs for different trials (mean=788 ms, SD=64) than
for same trials (mean=710 ms, SD=101). Most interestingly,
the main effect of Tonality was significant F(1,18)=5.27,
p=.034, MSE=25,858, with slower RTs for atonal trials
(mean=790 ms, SD=71) than for tonal trials (mean=708 ms,
SD=103). None of the interactions were significant (all
p>.112).

In a second step, we analyzed RTs for correct responses
only. For controls, the error rate was 23.13% for different trials
and 3.75% for same trials. However, the error rates of amusics
were higher than for controls, with an error rate of 58.44% for
the different trials and of 13.44% for same trials. This is in
agreement with previous data showing that amusics mainly
fail to detect differences rather than performing false alarms
in short-term memory tasks (Tillmann et al., 2009). Because
of the high error rates for different trials in the amusic
group, the additional ANOVA on correct RTs was performed
for same trials only. A 2 x2 ANOVA (Group x Tonality) con-
firmed the significant main effect of Group, F(1,18)=25.76,
p<.0001, MSE=105,968, and Tonality, F(1,18)=10.05, p=.005,
MSE=8569, and the absence of a significant interaction,
F(1,18)=.03, p=.87, MSE=8569 (for controls, tonal sequences=
398+94 ms, atonal sequences=486+144 ms; for amusics,
tonal sequences=916+315ms, atonal sequences=1014+
315 ms). The effect of tonality observed for both groups thus

provided evidence for an advantage of tonal structure in
amusics.

2.4.  Correlation analyses

Correlation analyses were performed with eleven partici-
pants per group, except for correlations with RTs data for
which two participants were excluded (one control and one
amusic were excluded because of average RTs more than 2SD
above their group mean). Two sets of analyses were per-
formed: (1) correlations between the behavioral data in the
short-term memory task (d', ¢, RTs for each condition,
difference between tonal and atonal sequences for d, ¢, and
RTs) and data from the pre-tests (MBEA, PDT, and digit span);
and (2) correlation between the different measures (e.g., d’,
RTs) of the behavioral data in the short-term memory task.
To explore differences explained not only by the group
differences defined via the MBEA, we focus on correlations
that were significant over all participants and for at least one
of the two participant groups separately (amusic group or
control group). For the first set of analyses, none of the
correlations between data from the pre-tests and the beha-
vioral data in the short-term memory task met these criteria,
possibly due to the lack of variance within groups in the pre-
tests (see Appendix Table 1).

For the second set of analyses, a negative correlation
between d’ and RTs was observed for tonal sequences only.
For tonal sequences, increasing d’ was observed with decreas-
ing RTs for all responses (correct and incorrect, same and
different trials). This correlation was significant in amusic
participants (r(8)= —.65, p=.044) and across all participants
(r(18)= —.86, p<.0001). This pattern of negative correlations
for tonal sequences was also observed between d’ and RTs for
same trials only (correct and incorrect responses): it was
significant in amusics: r(8)=.—78, p=.007, and across all
participants r(18)=.—88, (p<.0001). Moreover, this pattern of
negative correlations between d’ and RTs for tonal sequences
also extended when considering RTs of same trials for correct
responses only (Fig. 4): amusics: 1(8) = .— 74, p = .014; controls
r(8) = .—43, p = .21; all participants r(18) = .—83, p < .0001) In
contrast, for atonal sequences, none of the correlations
between RTs and d’ were significant (all p>.44).

3. Discussion

The present study investigated the effect of tonal structure
on short-term memory performance in congenital amusics
and non-musician matched controls. More specifically, we
explored whether amusics' previously reported implicit
knowledge about tonal structure (Gosselin et al, 2011,
Omigie et al., 2012; Paquette et al, 2011; Tillmann et al,,
2012a,b) could improve short-term memory performance for
tone sequences, as previously shown in non-musician lis-
teners by Schulze et al. (2012).

For the non-musician control participants of the present
study, short-term memory performance (d') differed for struc-
tured (tonal) compared to unstructured (atonal) sequences.
This is in agreement with the findings of Schulze et al. (2012),
and confirms that the tonal structure helps non-musician

(2013), http://dx.doi.org/10.1016/j.brainres.2013.09.003
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listeners to improve encoding and/or maintaining of pitch
information.

In comparison to controls, amusic participants were
impaired in the short-term memory task for both tonal and
atonal sequences, and the presence of tonal structures did
not benefit their short-term memory recognition. This finding
is in agreement with previous evidence for amusics' short-
term memory deficit for tonal material (Albouy et al., 2013;
Gosselin et al., 2009; Tillmann et al., 2009; Williamson et al.,
2010, Williamson and Stewart, 2010). In addition, the obser-
vation of normal short-term memory abilities in amusics for
sequences of digits provides further evidence for the specifi-
city of the deficit to the musical domain (thus supporting the
findings of Tillmann et al., 2009, who showed normal short-
term memory performance in amusics for sequences of
words; see also Williamson and Stewart 2010). As in previous
studies (Albouy et al., 2013; Foxton et al., 2004; Tillmann et al.,
2009), several amusics' pitch discrimination thresholds (PDT)
were comparable to controls' PDT, thus excluding pitch
discrimination deficits as the sole origin of the impaired
short-term memory performance.

Analysis of the d’ results suggested that tonality did not
help amusic participants to overcome their short-term mem-
ory deficit for melodies. It is relevant to note that previous
studies have mostly used tonal material to bring out short-
term memory deficits in amusics (Gosselin et al., 2009;
Tillmann et al., 2009). Based on this observation, it could be
argued that group differences observed in these studies could
be linked to the fact that control participants benefit from the
presence of tonal structures (based on their “experience/
expertise with music”), whereas the amusics do not. How-
ever, our study (see also Foxton et al., 2004) demonstrated
that even with unstructured material, amusics showed
poorer performance in comparison to controls, thus provid-
ing new evidence supporting the hypothesis that the core
deficit in amusia is related to memory processing of pitch
material in general.

However, even though tonality did not improve amusics'
short-term memory performance (no benefit in d’ and c) in
comparison to atonal sequences, some potential benefit of
tonality was observed in the RTs data, suggesting that
amusics processed the tonal information to some extent.
For both amusics and controls, RTs were faster for tonal
sequences than for atonal sequences. This observation
received further support from the correlation analyses that
revealed a negative correlation between performance (d’') and
RTs only for tonal sequences (i.e., faster responses for higher
d’) and not for atonal sequences. This type of negative
correlation was significant both for all participants and for
amusics alone. The observation of this correlation for tonal
sequences only can be interpreted as an additional marker of
the potential benefit of tonality for amusics. The present
findings thus support the hypothesis that amusics process
the tonality of the material to some degree, which then
influences short-term memory performance for the tone
sequences (as revealed in RTs). It remains unclear, however,
whether this effect of tonality is specifically related to an
improvement of short-term memory abilities. This benefit of
tonality could also be a marker of a facilitatory effect for more
global cognitive processes, such as encoding or decision

making. Nevertheless, this tonal benefit observed for melo-
dies in controls (and the potential benefit observed in amu-
sics) can be related to results reported by Dowling (1991),
suggesting that the various components of a melody (inter-
val, contour, and tonality) are encoded as an integrated
whole. This might lead to a stronger memory trace for tonal
melodies than for atonal melodies (as observed in Schulze
et al., 2012), with atonal melodies missing the benefit of the
integration in a tonal framework. This hypothesis thus
further predicts that amusics' short-term memory abilities
might be improved for more complex tonal material (e.g.,
chord sequences or harmonized melodies, in contrast to
single melodic lines as used in the present study). In a related
vein, Tillmann et al. (2012b) used musical pieces (containing
melodic and harmonic information) to reveal normal cate-
gorization abilities of tonal and atonal pieces in amusics.
Using similarly rich material, increased short-term memory
accuracy for tonal sequences might also be observed in
amusics.

In the present study, differences in the processing of tonal
and atonal materials in amusics were revealed in the RTs
data, which provides an indirect measure of participants'
processing in the memory task. The observation of differ-
ences between explicit and implicit processing (as revealed
by direct measures (here, accuracy) and indirect measures
(here, RTs), respectively) does not imply that different knowl-
edge representations are involved as these differences might
be “in degree rather than in kind” (Cleeremans and Jiménez,
2002; Destrebecqz and Cleeremans, 2003). Along these lines,
for a case of acquired amusia, Tillmann et al. (2007) proposed
that tonal knowledge representations can be conceived as
graded representations, with implicit knowledge referring to
a representation that is less (or not) available to conscious-
ness, while still influencing perception and behavior.

The present results show that amusics can process tonal
material to some degree and provide converging evidence
with recent data using indirect measures to show that amusic
individuals have acquired some structural knowledge of the
Western tonal system (Omigie and Stewart, 2011; Tillmann
et al., 2012a) and can process tonality so as to differentiate
tonal and atonal structures (Tillmann et al., 2012b) and to
distinguish major and minor mode melodies (Gosselin et al.,
2011; Paquette et al,, 2011). These data can also be related to
the unconscious pitch tracking capacities of the amusic brain
revealed by EEG (Peretz et al., 2009), showing amusics' near-
normal ability to detect pitch irregularities (mistuning) in a
musical context, even though amusic individuals cannot
detect these irregularities explicitly (see also Moreau et al,,
2013). These studies have implications for the development
of training and rehabilitation programs of impaired musical
functions, notably by encouraging strategies that tap into
spared implicit processing resources.

4, Conclusion

In the present study, we investigated whether previously
reported implicit knowledge about tonal structures in amusia
(Gosselin et al., 2011; Paquette et al., 2011; Tillmann et al,,
2012a,b) could facilitate short-term memory processing.

(2013), http://dx.doi.org/10.1016/j.brainres.2013.09.003
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A benefit was observed in the response time data: both
amusics and controls processed the tonal material faster
than the atonal material. However tonality facilitated the
recognition accuracy only in controls. This data suggests that
some implicit processing of tonal structures is preserved in
congenital amusia, supporting the perspective to exploit
implicit knowledge to help reducing pitch perception and
memory deficits in congenital amusia.

5. Experimental procedures
5.1. Participants

Eleven amusic adults and eleven non-musician controls
matched for gender, age, handedness, educational back-
ground (calculated in years of education starting from the
first year of primary school in the French system (i.e.,
children are then approximately 6 years old)), and musical
training (calculated in years) participated in the study. Both
the amusic group (seven women; mean age=236.90, SD=10.98
years, ranging from 20 to 54; educational background=14.90,
SD=1.44 years; musical training=.95, SD=1.73 years) and the
control group (seven women; mean age= 36.18, SD=10.10
years, ranging from 24 to 51; mean education=15, SD=2.60
years; musical education=.36, SD=.80 years) were composed
of ten right-handed participants and one left-handed parti-
cipant. Moderate (25 dB loss at any frequency) or severe (more
than 35 dB loss at any frequency) peripheral hearing loss was
excluded using standard audiometry, and all participants
reported no history of neurological or psychiatric disease.
Participants gave their written informed consent, and were
paid for their participation. Before performing the main
short-term memory task, all participants were tested with
the MBEA and with a two-alternative forced-choice task
(using a staircase procedure) to evaluate their pitch discrimi-
nation thresholds (PDT, see Tillmann et al., 2009).

5.2. Digit span

Participants' short-term memory abilities for non-musical
auditory material were estimated using classic forward and
backward digit span tests (Wechsler, 1997). These tests
evaluate the extent to which an individual can repeat in
forward and backward orders a series of numbers, which is
presented in increasing length from two to eight digits. Series
of digits were presented vocally to the participants by the
experimenter with approximately 1s delay between each
element of the series, and the participant was asked to repeat
the series in either forward or backward order. Each sequence
length was tested twice (but with a different list). If the
participant succeeded for a given length, she/he was given
a longer list (increased by the addition of one item). The test
was stopped following two errors for a given series' length,
and the digit span score was defined as the length of the
longest list that was remembered correctly. Forward digit
span was always tested first and was then followed by the
testing of the backward digit span.

5.3.  Material for the short-term memory task

Stimuli were the five-tone sequences from Schulze et al.
(2012), comprising 16 tonal and 16 atonal sequences: the
tonally-structured sequences were created by using a set of
tones from the C major scale in equal temperament: C4
(262 Hz), D4, E4, F4, G4, and A4 (440 Hz). All tones belonged
to one tonality (C major), and their progression respected
musical structures as defined by the Western tonal system.
The atonal sequences were created by using another set of
eight tones: B3 (247 Hz), C4, C#4, E4, F4, F#4, G4, and G#4
(415 Hz). These tones did not belong to a single tonality and
did not have an obvious tonal structure, so that a tonal
interpretation in a particular key would be relatively difficult
or impossible. The key-finding algorithm proposed by Krum-
hansl and Schmuckler (cited in Krumhansl, 1990) was used to
analyze the strength of tonal centers established by the
melodic contexts in both sets of melodies (see Schulze
et al.,, 2012, for details). The probability of occurrence of each
note (for tonal and atonal sequences separately) was corre-
lated with the tone profiles of the 12 major and 12 minor
keys, respectively (these tone profiles resulted from subjec-
tive judgments of listeners on how well a probe tone fits with
a preceding tonal context; Krumhansl and Kessler, 1982). The
maximum positive correlation provides an indication of the
most strongly established key, and the maximum negative
correlation indicates the least likely key. For our material,
the maximum correlation for the tonal sequences was, as
expected, with the C major key: r(10)=.85; p<.001. The
correlations for atonal sequences with all major or minor
keys were all inferior to .18 (ns).

The tonally structured sequences and the atonal
sequences were matched for various parameters: melodic
contour, frequency of occurrence of the tones, range between
highest and lowest tones. The stimuli were created with the
software Digital performer, Cubase 5.1 (Steinberg) and a
Halion Sampler (Steinberg) using an acoustic piano timbre.
For both tonal and atonal sequences, each tone had a
duration of 500 ms, presented with an inter-stimulus interval
of 20ms. Sequences were presented in pairs, and the
sequences of a pair could be either the same or different.
For the different pairs, two non-adjacent tones were
exchanged so that the melodic contour was preserved (e.g.,
CAFEG-CAGEF). The first tone of the second sequence
was never changed. Presentation software (Neurobehavioral
Systems, Albany, CA, USA) was used to present the stimuli
and to record participants' responses.

5.4. Procedure of the short-term memory task

Participants listened to pairs of tone sequences presented
with two loudspeakers placed in front of them in a dimly-lit
and sound-attenuated testing booth. For each trial, a first
sequence (e.g., F G D E C) was presented, and after 3s of
silence, a second sequence was presented with all tones
being either in the same order or not (e.g, F G C E D).
Participants were instructed to compare the two sequences
and to press one of two mouse buttons to indicate whether
the two sequences were the same or different (with “same”
being defined as all tones played correctly in the same order).

(2013), http://dx.doi.org/10.1016/j.brainres.2013.09.003
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At the beginning of the experiment, the task was explained
with one same trial and one different trial. Error feedback was
given only for these practice trials.

The experiment consisted of 64 trials, each melody (16
tonal, 16 atonal) was used as S1 once in a same trial and once
in a different trial. A pseudo-randomized presentation was
used so that: (1) the same tone sequence was not presented
consecutively in a “same” and a “different” trial, and (2) the
type of trial (same/different) changed after at most 3 trials
(i.e., no more than three consecutive “same” or “different”
trials). To choose the order of the sequences, eight different
orders were created and presented randomly across partici-
pants using a Latin square design. The experiment lasted
approximately 15 min, excluding the pre-tests (MBEA, PDT,
and digit span) which took place during previous testing
sessions for the MBEA and PDT, and on the day of testing
for the digit span.
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Table 1: Amusic individuals and controls’ individual data for the pre-tests and for the main short-term
memory task. Pre-tests: MBEA: average score of the six subtests of the Montreal Battery of
Evaluation of Amusia (max 30); PDT: Pitch Discrimination Threshold (in semitones); Digit span:
scores for forward and backward tests (max 8 items). Main short-term memory task: d’, accuracy; c,
bias (positive values indicate a tendency to answer “same”, negative values indicate a tendency to

answer “different”), and percent of correct responses as function of Trial Type (Same, Different),

Appendix Table 1

presented separately for tonal and atonal sequences.

Pre-tests Digit span Main short-term memory task % correct % correct
responses : responses :
Tonal sequences  Atonal sequences
MBEA PDT forward backward d'tonal d'atonal ctonal ¢ same different same different
atonal
Al 20.67 0.2 7 4 0.38 0.26 1.34 1.02  93.75 12.5 87.5 18.75
A2 | 20.83 4 6 4 0.83 0.36 0.73 0.5 87.5 37.5 75 37.5
A3 215 0.14 6 4 1.56 1.64 0.11 033 81.25 75 87.5 68.75
A4 22 1.3 8 5 1.85 0.89 0.61 044 9375 62.5 81.25 50
A5 21 0.75 6 7 1.22 0.4 0.93 0.69  93.75 37.5 81.25 31.25
A6 18.83 2.6 6 4 0.65 0 1.21 0.16  93.75 18.75  56.25 43.75
A7 18 0.13 7 4 1.16 2.82 0.09 0.92 75 68.75 100 68.75
A8 2133 241 7 5 1.18 0.38 1.74 1.34 100 12.5 93.75 12.5
A9 | 23.17 2.18 6 5 0 0.86 1.15 1.1 87.5 12.5 93.75 25
Al0| 225 025 5 4 1.85 2.82 0.61 092  93.75 62.5 93.75 68.75
All| 22.83 0.64 6 4 0.17 0.73 0.4 0.52  68.75 37.5 81.25 43.75
Cl 28.67 0.67 7 5 3.86 2.64 0.4 1 100 93.75 100 62.5
Cc2 28.17  0.17 7 5 3 2.82 0.83 0.92 100 75 100 68.75
C3 27.83  0.25 6 4 3.86 2.64 0.4 1 100 93.75 100 62.5
C4 27 0.07 7 4 4.65 2.48 0 1.08 100 100 100 56.25
C5 28.17  0.08 7 5 3 233 0.83 1.16 100 75 100 50
Cco6 26.83  0.15 6 5 2.68 221 0.19 -0.43  93.75 87.5 73.33 93.75
Cc7 26.5 0.11 7 5 4.65 2.02 0 0.52 100 100 93.75 68.75
C8 28.17 021 5 3 3.48 2.48 0.59 1.08 100 87.5 100 56.25
Cc9 27.83 0.1 7 6 4.65 3.86 0 -0.4 100 100 93.75 100
Cl0| 275 0.9 7 4 1.38 1.15 0.85 0.58 93.75  43.75 87.5 50
Cl1 | 27.83 0.12 6 5 2.68 2.02 0.19 0.52  93.75 87.5 93.75 68.75
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Appendix Table 2

Table 2: Individual RTs data for amusic individuals and controls for all trials and for correct responses
presented as a function of Tonality (tonal. atonal) and Trial Type (same. different). Note that A1 and

C10 were excluded from the analysis because of average response times of 2 SD above the group

mean.
RTs for all responses RTs for correct responses
tonal atonal tonal atonal
tonal different same different same same
A2 704.94 1061.35 955.81 904.08 714.26 932.85
A3 703.23 830.99 114891 936.45 746.37 1014.14
A4 686.22 969.19 579.01 994.47 646.55 564.68
A5 1021.40 1323.47 1460.38 1301.16 1040.50 1377.00
A6 1021.06 656.53 1400.97 1204.98 1062.23 1171.97
A7 930.79 860.24 1111.13 1031.29 867.38 1111.13
A8 681.19 1084.12 704.81 839.96 681.19 704.81
A9 1104.92 1065.57 925.51 1044.71 1058.88 933.27
Al0 669.91 811.04 733.42 839.65 669.91 733.42
All 1426.56 1883.32 1429.41 1478.71 1677.10 1597.65
Cl 358.69 642.49 431.96 469.29 358.69 431.96
2 539.05 793.03 773.80 1012.17 539.05 773.80
C3 448.00 566.35 425.86 571.43 448.00 425.86
Cc4 394.05 380.83 636.85 620.47 394.05 636.85
C5 424.38 683.78 524.39 715.54 424.38 524.39
C6 378.02 402.24 465.24 388.39 339.89 416.93
Cc7 257.33 179.33 298.89 334.41 257.33 310.67
C8 549.74 566.23 591.64 650.31 549.74 591.64
9 300.01 200.39 331.92 213.25 300.01 331.92
Cll1 469.68 296.52 423.29 722.70 376.57 423.29
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Chapter VIII Boosting pitch encoding with
audiovisual interactions in congenital amusia

Objectives

Results of Study 3 (see also Study 1) have suggested that pitch processing deficits in
congenital amusia could be mediated by strong impairments in the construction of memory traces for
short tones. This hypothesis was supported by the observation of increased performance in amusic
individuals in both pitch discrimination and short-term memory tasks for tone sequences when the
time dedicated to encode pitch information was long enough. According to these results, we have thus
proposed that pitch-related deficits in congenital amusia could be mediated by impaired encoding of
pitch information for short tones (Study 1, Study 3) along with impairments in the short-term retention
of pitch information (Study 1, Study 2, Study 4, Tillmann et al., 2013).

Along this line we aimed to explore how and whether congenital amusic individuals’ pitch
encoding abilities could be boosted by using a new approach in the domain that consists in facilitating
amusic individuals’ pitch encoding with multisensory integration. In Study 5, we thus explored
whether the first processing steps could be boosted by presenting simultaneous uninformative visual
information during the encoding of the pitch information This study was based on previous studies
showing that the combination of sensory information across senses can enhance perceptual abilities

(Ernst and Bulthoff, 2004; Stein and Meredith, 1993).

Article 5
Boosting pitch encoding with audiovisual interaction in congenital amusia

In preparation
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Abstract

Previous research has shown that multisensory facilitatory interaction is maximally effective
when responses to unisensory modalities are weak. In congenital amusia, deficits in music perception
are currently understood as being mediated by the impaired encoding of pitch. The present study
investigated if audiovisual facilitation could be observed in congenital amusia and boost amusic
individuals’ pitch encoding abilities in a pitch change detection task. Amusic individuals and their
matched controls, who were non-musicians, performed two Tasks. In Task 1, they were required to
detect auditory, visual or audiovisual stimuli as rapidly as possible. In Task 2, they were required to
detect (as accurately and as rapidly as possible) a pitch change (with different pitch interval sizes)
within a sequence of five identical tones that was presented either only auditorily (A condition), or
with simultaneous uninformative visual signal presented on the screen (AV condition). Results of Task
1 revealed that, as previously reported for typical listeners, both amusic and control participants
exhibited audiovisual facilitation (shorter response times for audiovisual stimuli than for either
auditory or visual stimuli). Most interestingly, no differences were observed between the two
participant groups in terms of bimodal facilitation, thus showing for the first time that amusic
individuals have preserved visual and audiovisual integration capacities. Results of Task 2 revealed
that for the pitch detection task, both amusic individuals and controls benefited from simultaneous
visual information in terms of accuracy (better performance for the AV condition in comparison to the
A condition). Moreover, participants of both groups exhibited shorter response times in the AV
condition than in the A condition. These audiovisual benefits in terms of response times were observed
for different ranges of difficulty for each group (that is, for different pitch interval sizes of the changed
tone). These findings suggest that amusic individuals can benefit from multisensory integration to
improve their pitch processing abilities and that this benefit varied as a function of the range of
difficulty. This study constitutes the first step towards the perspective to exploit multisensory
paradigms to help reducing pitch-related deficits in congenital amusia. In addition this study
demonstrated for the first time that uninformative visual stimulation can boost pitch encoding in
typical listeners, thus providing a new evidence of facilitative effect of audiovisual integration upon
pitch perception.
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1. Introduction

It is well established that the combination of sensory information across senses can modify the
qualitative perceptual experience (Calvert and Thesen, 2004; Ernst and Bulthoff, 2004; Jousmaki and
Forss, 1998; McGurk and MacDonald, 1976; Shams et al., 2000; Stein and Meredith, 1993; von
Kriegstein, 2012), even by disturbing (Bertelson and Radeau, 1981) or by enhancing perception (von
Kriegstein, 2012). For the latter point, benefits of multisensory integration upon perception were
observed in various processes, from very simple mechanisms (such as speeding reaction times (Gielen
et al., 1983; Hershenson, 1962; Posner et al., 1976)) to more complex processes (such as facilitating
learning (Seitz et al., 2006)). In the specific case of audiovisual interaction, the simultaneous
presentation of auditory information has been shown to improve visual performance, such as
discriminating briefly flashed visual patterns (Vroomen and de Gelder, 2000), detecting a dimly
flashed light (Frassinetti et al., 2002a; Frassinetti et al., 2002b; Teder-Salejarvi et al., 2005) or
boosting visual detection thresholds (Caclin et al., 2011). In a related vein, it has been shown that
congruent visual stimuli could improve auditory performance (von Kriegstein, 2012), by improving
speech intelligibility in the presence of other distracting sounds (Ross et al., 2007; Sumby and Pollack,
1954; von Kriegstein, 2012) or by improving sound localization (Shelton and Searle, 1980).

Interestingly, recent research has shown that these intersensory effects depend on the
participants’ performance when the modalities are presented in isolation. For example, an
improvement of visual localization performance by concurrent auditory stimulation has been observed
only under conditions of induced myopia (Hairston et al., 2003). Similarly, it has been proposed that
cochlear-implanted deaf participants integrate audiovisual information better than normal-hearing
participants (Rouger et al., 2007). Recently, Caclin et al. (2011) observed an audiovisual benefit upon
visual detection thresholds only in myopic participants with a poor visual-only performance. These
effects were associated to the inverse effectiveness principle of multisensory integration (Stein and
Meredith, 1993), which states that such interactions are maximally effective when the responses to the
unimodal constituents are weak. Further supports for this hypothesis could be found in the study by

Giard and Peronnet (1999) in which the behavioral gain in processing bimodal (relative to unimodal)
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stimuli was associated with increased activity (neural interactions) in the cortex of the weaker
unisensory modality (Giard and Peronnet, 1999).

Based on these principles, the present study aimed to explore the effectiveness of facilitatory
audiovisual interaction in a condition of impaired auditory processing that has been referred to as
congenital amusia (Peretz, 2013; Peretz and Hyde, 2003; Stewart, 2011; Tillmann et al., 2013).
Congenital amusia is a lifelong disorder of music perception and production. Amusic individuals are
unable to recognize a familiar tune (without the help of lyrics) or to detect that someone (including
themselves) sings out of tune. This disorder cannot be explained by peripheral hearing loss, brain
lesions, or general cognitive impairments (Ayotte et al., 2002; Peretz, 2003; Peretz et al., 2002; Peretz
and Hyde, 2003). Hyde and Peretz (2004) have reported pitch discrimination difficulties in simple tone
sequences in congenital amusia for pitch changes smaller than 1/2 tone, whereas controls could detect
changes of a 1/8 of a tone (Hyde and Peretz, 2004). Converging evidence for a deficit in fine-grained
pitch processing was obtained with an independent sample of amusic participants and with various
psychoacoustic approaches (Foxton et al., 2004b). These studies led to the assumption that congenital
amusia arises from a failure to extract pitch information with sufficient accuracy. This lack of
precision in the first processing steps of auditory perception is bound to affect tonal coding and pitch-
related processing in general, in turn leading to higher-level deficits, such as altered pitch memory
abilities (Peretz, 2013; Stewart, 2011; Tillmann et al., 2013).

Interestingly, recent findings went beyond this view notably by proposing that pitch
perception impairments in this disorder could be mediated by altered construction of pitch memory
traces (Albouy et al., in preparation; Albouy et al., 2013a; Tillmann et al., 2013). This hypothesis was
supported by the observation of increased performance in amusic individuals in both pitch
discrimination and short-term memory tasks for tone sequences when the time dedicated to encode
pitch information was sufficiently long. According to these results, and based on previously reported
functional abnormalities in the amusic brain (Albouy et al., 2013a; Hyde et al., 2011), pitch-related
deficits in congenital amusia could be mediated by impaired auditory encoding of pitch information

(Albouy et al., in preparation; Tillmann et al., 2013).
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In the present study, we explored for the first time the potential effectiveness of multisensory
interactions in improving congenital amusic individuals’ abilities in the auditory encoding of pitch
information. We hypothesize that appropriate audiovisual information might boost pitch perception in
individuals suffering from this lifelong disorder. Indeed, audiovisual facilitative interactions involving
pitch have already been reported in the literature. For example, auditory pitch and visual vertical
positions have been described as synthetically corresponding dimensions (Melara and O'Brien, 1987),
which means that judging pitch height is easier when low and high tones are paired with visual stimuli
of corresponding lower or higher positions along a vertical axis (Lidji et al., 2007; Rusconi et al.,
2006). However, it is also possible to obtain audiovisual facilitation even with uninformative stimuli,
particularly for participants with impaired performance in the modality of interest: For example,
Caclin et al. (2011) observed that uninformative sounds (i.e., sounds conveying no information about
the answer to be given in the visual task) can improve visual detection thresholds in myopic
participants with poor visual-only performance, — a facilitation effect that was not observed in normal-
seeing participants and myopic participants with good visual-only performance. Along these lines, the
main objective of the present study was to assess whether audiovisual facilitatory interactions
(improving auditory performance with uninformative visual stimulation) could boost amusic
individuals’ performance in a pitch change detection task. It is relevant to note that in addition to
investigate for the first time the potential benefit of multisensory integration in congenital amusia, this
study also examines the potential benefit of uninformative visual stimulation upon pitch perception in
typical listeners (our non-musician matched controls), question which, to our knowledge, has not been
investigated so far. Finally, in addition to the investigation of pitch processing in relation to multi
sensory integration, and as a preliminary step to guide the interpretation of the data, we also assessed
for the first time whether audiovisual integration capacities in a simple detection task were preserved
or altered in congenital amusic individuals as compared with controls.

Participants performed two tasks. In Task 1, we tested amusic individuals’ and controls’
abilities in detecting auditory (A), visual (V), and Audiovisual (AV) stimuli with a speeded detection
paradigm. In Task 2, we tested the effect of uninformative visual stimuli upon pitch change detection
within five tone sequences, in amusic individuals and matched controls. The auditory task was adapted
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from Hyde and Peretz (2004)’s study of pitch change detection in congenital amusia (see above). The
focus of interest is the facilitatory influence of uninformative visual stimuli on auditory pitch
processing for the amusic individuals (impaired in the auditory modality, that is on pitch processing),
thus representing the mirror situation of previous work from our group in visually-impaired

participants (Caclin et al., 2011).
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2. Material and Methods

2.1. Participants

Sixteen amusic adults and sixteen non-musician controls matched for gender, age,
educational background (calculated in years of education starting from the first year of primary school
in the French system, about 6 years old), and musical training (calculated in years) participated in the
study. The amusic group was composed of fourteen right-handed participants and two left-handed
participants and the control group was composed of fifteen right-handed participants and one left-
handed participant. Moderate (25 dB losses at any frequency) or severe (more than 35 dB loss at any
frequency) peripheral hearing losses were excluded using standard audiometry, and all participants
reported no history of neurological or psychiatric disease. Participants gave their written informed
consent, and were paid for their participation. In a previous testing session, all participants were tested
with the Montreal Battery of Evaluation of Amusia (Peretz et al., 2003) and with a two-alternative
forced-choice task (using a staircase procedure) to evaluate their pitch discrimination thresholds
(Tillmann et al., 2009). Participants’ demographic characteristics and data from the pre-tests are

presented in Table 1.

2.2. Montreal Battery of Evaluation of Amusia (MBEA)

All participants were tested with the MBEA (Peretz et al., 2003). To be considered as amusic,
they had to obtain an average score on the MBEA below the cut-off score (23.4 on average across the
six tasks of the battery, maximum score = 30), the cut-off being two standard deviations below the
average of the normal population (Peretz et al., 2003). All amusic individuals obtained scores below
the cut-off score and all controls obtained scores higher than the cut-off score. The average scores of
the amusic group (ranging from 18 to 23) differed significantly from the scores of the control group

(ranging from 23.83 to 28.83).

2.3. Pitch Discrimination Threshold (PDT)

PDTs were determined using a two-alternative forced-choice task with an adaptive tracking,

two-down/one-up staircase procedure (see Tillmann et al., 2009, for details). The average PDT of the
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amusic group (ranging from 0.13 to 4 semitones) was higher (worse) than that of the control group
(ranging from 0.05 to 0.95 semitones). In agreement with previous findings, we observed an overlap in
pitch thresholds between amusic and control groups, (Albouy et al., 2013a; Foxton et al., 2004b; Jones

et al., 2009b; Liu et al., 2010; Tillmann et al., 2013; Tillmann et al., 2009).

Table 1: Demographic characteristics of participants and data in behavioral pretests. Results on the
Montreal Battery of Evaluation of Amusia (MBEA) are expressed as number of correct responses
(average over the six sub-tests of the battery). Pitch Discrimination Threshold (PDT) scores are
reported semitones. Data is reported as a function of group, significance levels on corresponding t-

tests; ‘NS’ refers to a non-significant difference (p> .05). Standard deviations are in parentheses.

Characteristics Controls (n=16) Amusics (n=16) t-Test

Age in years 34.75 (10.69) 34.87 (12.49) NS

Gender 10 female, 6 male 10 female, 6 male

Education in years 14.65 (2.41) 13.87 (2.06) NS

Musical education in years 0.56 (1.36) 0.71 (1.48) NS

MBEA (Peretz et al., 2003)

Mean score (cut off score = 23.4) 26.75 (1.08) 21.17 (1.51) 1(30)=12.32, p <.0001
Pitch Discrimination Threshold (Tillmann et al., 2009)

Threshold in semitones 0.24 (0.22) 1.12 (1.11) t(30) = 3.06, p = .004

2.4.  Experimental set-up for Tasks 1 and 2

The experiment took place in a sound-attenuated booth. Presentation software
(Neurobehavioral systems, Albany, CA, USA) was used to control the presentation of stimuli and
record participants’ responses given by mouse button presses. The mouse was directly connected to
the parallel port of the computer (interrupt signals) thus providing precise RTs measurements. A 36 x
27 em® CRT computer screen (1024 x 768 pixels) was located 95cm in front of the participant. The
screen background color was grey and had a luminance of 20 cd/m”. The visual stimuli were white
disks (150-pixel diameter) of 60 cd/m’ luminance for the two Tasks. Auditory stimuli were piano
tones (see below) presented using two speakers located at each side of the screen at a level of 70 dB

SPL A, measured at the participants’ head using a Briiel & Kjer type 2239 sonometer.
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2.5. Task 1: speeded detection of auditory, visual and audiovisual stimuli

Congenital amusics and matched controls performed one block of a simple detection task
comprising visual, audio, and audiovisual stimuli. Participants were required to press the left mouse
button as rapidly as possible when a stimulus appeared (V, A, or AV) independently of the nature of
the stimulation. They responded with their right hand by clicking on the left mouse button with their
index finger (note that for the three left-handed participants, they were free to use their left hand, but
all were right-handed mouse users). The sound stimulation was a piano tone of 100 ms duration,
played at the pitch level of C6 (1047 Hz), and synthesized using a Roland SC 50 sound canvas
(Roland Corporation, Los Angeles, California). The visual stimulation was a white disk presented at
the center of the screen (diameter = 150 pixels) for a duration of 100 ms. There were 90 trials in total
with 30 trials per condition (A, V, AV), the trials were presented in a pseudo-randomized order with
the constraint that the same trial type (i.e. A, V, AV), could not be repeated more than three times in a
row. Note that for the AV condition, auditory and visual stimuli were presented simultaneously.
Participants were given 1000 ms to respond after the onset of any stimulus (disk, sound, disk and
sound simultaneously). Inter-trial-intervals varied from 1000 to 2000 ms randomly. Before the main
task, participants performed a set of 15 practice trials. We measured the Response Times (RTs) for
each trial, calculated from the onset of the stimulus to explore in both groups if a potential benefit of

AV integration (shorter RTs) could be observed in comparison to unimodal stimulations (A,V).

It is widely admitted that observing shorter RTs (on average) for a bimodal condition (i.e. AV)
in comparison to unimodal conditions (i.e. A, V) does not necessarily reflect cross-modal integration
per se. It had been argued that this multisensory benefit could result instead from statistical facilitation
(Raab, 1962). Statistical facilitation reflects the fact that, for each trial, participants could benefit from
the fastest modality between the two unimodal stimulations. As a participant responds to whichever of
two stimulus modalities (here A and V) that is processed first, the RT in the combined-stimulus

situations is based on the distribution of the minima between RTs of the two stimulus modalities

(Figure 1).
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Figure 1. Statistical facilitation from Raab's model (modified from Raab, 1962). Distribution of RTs of
two stimulus modalities A(t) and V(t), are shown on the left panel. The distributions of minima, F(1),
(right panel), are calculated as: F(t) = A(t) ftoo V(t)dt + V(t) ftooA(t)dt. When A(t) and V(t) do not
overlap (upper panel), the mean of the distribution of F(t) is equal to that of A(t), providing no
statistical facilitation. When the two stimulus distributions overlap more, for example when the mean
of V(t) is about 1 SD greater than that of A(t), the mean of F(t) is shortened. When the two
distributions overlap completely, the greatest shortening of the mean of F(t) is observed, (lower

panel), this effect being referred to as statistical facilitation.

This effect has lead to the Race Model hypothesis for simple RTs, stating that a race between
the two unimodal stimulations could explain bimodal facilitation: when investigating the RTs to either
a V signal or an A signal, mean RT is shortened when both signals are presented simultaneously

relative to when only one is presented.
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To avoid this problem and to quantify a proper multisensory effect on RTs, Miller (1982)
proposed that combined stimulations (audiovisual in the present case) have to produce RTs that are
shorter than those predicted by race models. In this view, RTs distribution must be as

P (RTAV <t) > [P (RTA <t) + P (RTV <t)]

where P (RT <t) represent the density function of cumulative probabilities of the RTs (Miller’s

inequality, 1982).

For the present Task, we thus tested whether RTs distributions would satisfy this inequality. It is
important to note that the inequality can be violated only when the value of t is relatively small. As t
gets larger, the P (RTAV <t) goes to a maximum of 1 while the /P (RTA <t) + P (RTV <t)] goes to a
maximum of 2. Thus, for large t the inequality is sure to hold, but in the opposite direction: P (RTAV
<t) < [P (RTA <t) + P (RTV <t)] (Miller, 1982). Therefore, in the present study, the tests of interest
focus on small t values.

Furthermore, it should be noted that the violation of Miller’s inequality is only applicable when
investigating bimodal facilitation in a single participant. For group studies, it does not guarantee that
the bimodal facilitation is not due to variability of the distribution of participants’ RTs (sampling bias).
To statistically evaluate audiovisual facilitation in a group of participants and to avoid sampling bias
issues, we assumed that as the application of Miller’ inequality uses RTs distributions, and not
averaged data, the distributions of different participants have to be merged without losing information
about their auditory, visual and audiovisual distributions. For this aim, we used a well-known
clustering method for distributions (Vincent, 1912), known as Vincentization, that allows testing
Miller’s inequality in a group of participants. This method involves calculating a given fractile limit of
the group distributions by performing an average of the data of this fractile limit for all participants of
the group. This method allows avoiding variability associated to absolute differences in terms of RTs
between participants and to highlight distributions differences in all participants of the group. We thus
have calculated, for each participant, the sum of the RTs distributions of the unimodal data (A+V, the
cumulative sum of this sum of distributions is two). The first half of the resulting sum of distributions

(i.e., up to the point where the cumulative sum reached one) was then divided in 20 equal Fractiles
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(providing 19 values corresponding to RT limits between the 20 Fractiles) and performed the same
clustering for the distribution of audiovisual RTs. We were thus able to statistically test the differences

between audiovisual data and data resulting from of the sum of unimodal distributions of RTs (A+V).

2.6 Task 2 : Pitch Change Detection Task for Audio and Audiovisual material

The Pitch Change Detection task (PCD) was an adaptation of the pitch task used in Hyde &
Peretz (2004, stimuli by courtesy of the authors). Participants performed the PCD in two different
conditions (either Audio only, A, or with uninformative visual stimuli: Audiovisual, AV). In both
conditions, they had to indicate within a sequence of 5 isochronous tones, whether the fourth tone was
changed in pitch in comparison to the other tones of the sequence. The stimuli were 100 ms piano
tones played at C6 (1047 Hz, same piano tone as the one used in Task 1) presented with a 250 ms
Inter-Stimulus-Interval (that is, an SOA of 350 ms), leading to a total sequence length of 1500 ms. For
different trials, the fourth tone was displaced by either a 1/4 tone, a 1/8 tone or a 1/16 tone (12.5, 25,
and 50 cents respectively, with 100 cents corresponding to a 1/2 tone) upward or downward from C6.
Participants were asked to press as rapidly as possible the right mouse button when they detected a
change in the sequence and the left mouse button when they were unable to detect a change. They
responded with their right hand by clicking on the left mouse button with their index finger and on the
right mouse button with their middle finger. In the first condition (A), participants performed the PCD
with the auditory stimulation only. In the second condition, they performed the PCD with
simultaneously presented uninformative visual stimuli displayed on the screen (AV). The visual
stimulation consisted in 5 disks (with the same characteristics as the disk used in Task 1) appearing
consecutively from the left to the right (x1 =-384, x2 =-171, x3 =0, x4 = -171, x5 = -384, in pixels
relative to the screen center) of the screen at the middle of its vertical axis. Each visual disk appeared
for a duration of 100 ms simultaneously with one of the auditory stimuli. It is of importance to note
that the visual stimulation is uninformative with respect to whether or not an auditory change was
present in the sequence (for a similar procedure, see Caclin et al., 2011).
For each condition (A, AV), there were 192 trials, with 96 trials without changed tone and 96 trials

with a changed tone (with equal proportion (16 trials) of each of the 6 types of pitch changes). There
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were two blocks of 96 trials each (48 trials without a changed tone, 48 trials with a changed tone with
equal proportion of all types of pitch changes) for each condition (A, AV). Conditions were presented
in alternating blocks with the starting condition being counterbalanced across participants (A, AV, A,
AV or AV, A, AV, A). Note that matched participants (a given amusic with his matched control)
performed the tasks with the same block order. The blocks were separated by 2-3 minutes of break.
Within a block, trials were presented with several constraints: the same trial type (i.e. trial with a
changed tone, trial without a changed tone), could not be repeated more than three times in a row, and
trials with a changed tone with the same pitch interval size (either 1/4 tone, 1/8 tone or 1/16 tone)
could not be repeated twice in a row.

For each trial, after the auditory stimulation (that lasted 1500 ms) a question mark (“?”’) appeared on
the screen, and participants had 2000 ms to respond before the start of the next trial. Participants were
informed about the condition order and were asked to respond as accurately and as rapidly as possible
once the question mark appeared. Before the task, participants performed one practice block of each

condition with a set of 15 trials with feedback.
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3. Results

3.1. Speeded detection of Auditory, Visual and Audiovisual stimuli (Task 1)

RTs data was transformed using natural logarithm for each trial (in order to normalize the
distribution). RTs analyses were performed on the mean of the RTs for each condition and participant.
Note that data from one control participant were excluded from this analysis as her average RTs (mean
=5.94 (~379.93 ms)) was 2SD above the mean of her group (5.82 (~336.97 ms)) for the A condition.
RTs were analyzed with a 2x3 ANOVA with Group (amusics, controls) as between-participants factor
and conditions (A, V, AV) as within-participant factor. The ANOVA revealed a significant main effect
of condition (F(2,58)= 114.60, p <.0001), with shorter RTs for the AV condition in comparison to the
A and the V conditions (all ps < .0001). Additionally, note that the RTs for the A condition were
significantly shorter than for the V conditions (p = .01). No significant Group differences (F(1,29) =
0.80; p=.37) or interaction between Group and Condition (F(2,58) = 0.38; p=.68) were observed (see

Figure 2).
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Figure 2: Reaction times of amusic and control groups (black, amusics; white, controls) as a function
of the three conditions (Visual, V; Audio, A; Audiovisual; AV).Left y axis corresponds to the RTs
transforms on which the statistics were performed; Left y axis corresponds to the RTs data in ms.

Errors bars represent SEM.
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To assess whether the benefit of the AV condition was related to multisensory integration
processes, we tested Miller’s inequality with a 2x2x19 ANOVA with Group (amusics, controls) as
between-participants factor and conditions (Audio+Visual, A+V and Audiovisual, AV) and Fractiles
(19 values corresponding to RT limits between the 20 Fractiles) as within-participant factors. The
ANOVA revealed 1) a significant main effect of condition (F(1,29)=43.73, p < .0001), with shorter
RTs in AV in comparison to A+V; 2) an expected significant effect of Fractiles (F(18,522) =392.95, p
<.0001); and 3) a significant interaction between Condition and Fractiles (F(18,522) = 28.73, p <
.0001). To analyze this interaction, Fischer LSD post hoc tests were performed and revealed that RTs
for AV were shorter in comparison to A+V for fractiles 1 to 17 (all ps <. 0001) and were slower for
fractiles 18 and 19 (all ps <.0001) (Note that these differences for the longer fractiles are a non-
interesting and unavoidable side-effect of the procedure used to create the A+V distribution, see
Methods). No significant effect of Group was observed (p = .29), nor any interactions involving the
Group factor (all ps > .62) (see Figure 3).

In a second step, we analyzed RTs for unimodal data (V and A) to assess whether RT
distributions for A and V conditions could be different between amusic individuals and controls.
Similarly to what has been done above for the AV and A+V RT distributions, A and V RT
distributions were vincentized in 20 fractiles. RTs for unimodal stimulations (A or V) were analyzed
with a 2x2x19 ANOVA with Group as between-participants factor and Condition (A, V) and Fractiles
as within-participant factors. The main effect of condition was significant (F(1,29) = 7.31, p = .049)
with shorter RTs for the A condition in comparison to the V condition. The interaction between
Fractiles and Condition (A, V) was significant (F(18,552) = 17.05, p < .0001), and was further
modulated by Group, as indicated in the three-way interaction between Group, Fractiles and Condition
(F (18,522) = 3.95; p<.0001). Post-hoc tests revealed that amusic individuals presented shorter RTs in
the A condition in comparison to the V condition for fractiles 1 to 11 (all p values < .001) and the
inverse pattern (RTV< RTA) for fractiles 16 to 19 (all ps <.001). For controls, shorter RTs in the A
condition (in comparison to the V condition) was observed for the fractiles 1 to 7 (all p values < .001)
and no significant differences were observed between RTs of A and V conditions for fractiles 8 to 19
(all p>.09). None of the direct comparisons between groups reached significance (all ps >.21).
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Figure 3: Density functions of cumulative probabilities for RTs in audio, A; visual,V; Auditory +
Visual, A + V; and AudioVisual, AV conditions. A. Density functions for all participants. B. Density

functions for control participants. C. Density functions for amusic participants.
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3.2. Pitch Change Detection Task for Audio and Audiovisual material

3.2.1. Performance

One control participant did not understand the PCD task (she responded every two trials) and
was thus excluded from the analysis. Performance in the PCD task was analyzed using signal detection
theory by calculating, for each participant, each Condition (A, AV) and each Interval Size (1/4 tone,
1/8 tone, 1/16 tone), discrimination sensitivity with ¢’ and the response bias ¢”. For each participant,
these analyses were based on z-values of the hit rate (i.e., number of correct responses for trials with a
changed tone / number of trials with a changed tone) and the false alarm rate (i.e., number of incorrect
responses for trials without a changed tone / number of trials without a changed tone). Positive values
for ¢ arise when the miss rate (incorrect responses for trials with a changed tone / number of trials with
a changed tone) exceeds the false alarm rate. Positive values thus indicate a tendency to answer “no
change detected”, negative values indicate a tendency to answer “change detected”, and c-values
around 0 suggest the absence of a response bias.

d’ and ¢ were analyzed separately with a 2x2x3 ANOVA with Group (amusics, controls) as
between-participants factor and Condition (A, AV) and Interval Size (1/4 tone, 1/8 tone, 1/16 tone) as
within-participant factors.

Performance was significantly superior to chance level (d’=0) in each condition for each group
(all ps <.001, see Figure 4A). The main effect of Group was significant, (F(1,29) =4.53, p = .04), and
revealed that control participants reached higher performance levels than did amusic individuals. The
main effect of condition was significant (F(1,29) = 5.13, p = .03) revealing that participants reached
higher performance level for the AV condition in comparison to the A condition. The main effect of
Pitch Interval Size (F(2,58) = 38.96, p <.0001) was also significant and further modulated by Group
(F(2,58) = 4.01, p = .02). Fischer LSD post hoc tests revealed that amusic individuals showed
decreased performance with decreasing Pitch interval size (all ps < .0001), while controls reached

similar performance for 1/4 and 1/8 tone intervals (p = .34), but decreased performance for 1/16 tone

” The correction of d” and ¢ measures used .01 for cases without false alarms and .99 for the maximum number
of hits.
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interval (all ps < .001). Moreover, note that amusic individuals showed decreased performance in
comparison to controls for 1/8 (p = .03), and 1/16 (p = .002) (i.e., the most difficult) interval sizes, but
not for the 1/4 tone interval (p = .37). Note that no other significant effects or interactions were
observed (all ps > .69).

For ¢ (Figure 4B), the response bias was significantly superior to zero in each condition for
both groups, revealing participants’ general tendency to respond “no change detected” for both A and
AV conditions (all ps <.01). However, note that the main effect of Condition was significant (F(1, 29)
= 5.68, p = .02) with higher positive ¢ values for the AV condition than for the A condition. The main
effect of Pitch Interval size (F(2,58) = 38.80, p <.0001) was significant as and was further modulated
by Group (F(2,58) = 3.96, p =.024). Post hoc test revealed that amusic individuals showed increased
bias with decreasing Pitch interval size (all ps < .001), while controls showed similar bias data for 1/4
and 1/8 tone intervals (p = .33) and increased bias for 1/16 tone interval (p < .001). Moreover, note
that amusic participants’ and controls’ bias data did not differ for all pitch interval sizes (all ps > .13).

No other significant effects or interactions were observed (all ps > .37).
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Figure 4. A. Participants performance in terms of d’ presented as a function of Group
(amusics, controls), Pitch Interval Size (1/4 tone, 1/8 tone, 1/16 tone) and Condition (A, AV). B. Bias
data for amusic and control groups in terms of ¢, presented as a function of Pitch Interval Size (1/4
tone, 1/8 tone, 1/16 tone) and Condition (A, AV). Note that all biases where positive thus revealing a

general tendency to respond “no change” in both groups.

Additional analyses were performed by investigating the effect of the Trial Type (with a
changed tone, without changed tone) in participants’ performance. We analyzed the percentage of
correct responses with a 2x2x2 ANOVA, with Group as between-participants factor and Condition (A,

AV), and Trial Type (with changed note, without changed note) as within-participant factors.
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In addition to the main effect of Group (F(1,29)= 4.84; p=.03), the effect of Trial Type was
significant (F(1,29)= 16.79; p < .0001) revealing that participants’ performance was decreased for
trials with a changed note in comparison to trials without a change note. Note that the Group by Trial
Type interaction was marginally significant (F(1,29)= 3.08; p = .06). Observing that both amusic and
controls showed decreased performance for trials with changed tone in comparison to trials without
change suggests that participants missed pitch changes rather than hearing non-existing changes (thus
fitting with other data in the literature reporting increased miss-rates rather than FA-rates in congenital

amusia, Tillmann et al., 2009; Albouy et al., 2013b).

3.2.2. Response Times (RTs)

As in Task 1, analyses were performed on the transformed RTs. We analyzed RTs for correct
responses only to assess whether a facilitative effect of AV stimulation could be observed. In a first
step, we investigated the effect of the Trial Type, and then explored the RTs as a function of the Pitch
Interval size in the different trials to assess if a potential benefit of the AV condition could be related
to task difficulty.

RTs data for correct responses were analyzed with a 2x2x2 ANOVA with Group as between
participant factor and Condition (A, AV), and Trial Type (with changed note or without changed note)
as within-participant factors. Analyses revealed a significant main effect of Group (F(1,29)= 16.48;
p<.0001), with shorter RT in controls than in amusic individuals. The main effect of Trial Type was
significant (F(1,29)= 38.58; p < .0001), showing shorter RTs for trials with a changed tone in
comparison to trials without change. Finally, the main effect of Condition was significant (F(1,29)=
19.09; p <. 001) and revealed that participants showed shorter RTs for the AV condition in comparison

to the A condition (Figure 5). No other effects or interactions were significant (all ps > .25).
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Figure 5: RTs for correct responses presented as function of Trial Type, Group, and

Condition.

To assess if the observed benefit of AV condition on the RTs could be related to task
difficulty, we analyzed the RTs data for trials with a changed tone as function of the pitch interval
size. As in the previous analysis, we investigated RTs for correct responses only.

RTs data were analyzed with a 2x2x3 ANOVA with Group as between participant factor and
Condition (A, AV) and Pitch Interval Size (1/4 tone, 1/8 tone, 1/16 tone) as within participant factors.
The ANOVA revealed that additionally to the main effect of Group (F(1,29)= 15.76; p < .0001), the
main effect of Pitch Interval Size ((F(2,58)= 39.32; p <.0001) was significant revealing that RTs for
the larger (i.e., easier) Pitch Interval Size (1/4 tone) were shorter than the other Pitch Interval Sizes
(1/8 tone, 1/16 tone, all ps < .0001) and that RT 1/8 tone interval size were shorter than for 1/16 tone
interval size (p <.001).

The main effect Condition was significant (F(1,29)=11.93; p <.001) revealing shorter RTs for
the AV condition in comparison to the A condition. More interestingly, the three-way interaction
between Group, Condition and Pitch Interval Size (F(2,58) = 4.51; p = .01) was significant. Fisher
LSD post-hoc tests were carried out and revealed that the benefit of the AV condition (shorter RTs)

compared to the A condition was observed for different Pitch Interval Sizes depending on the group.
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For amusic individuals, shorter RTs in the AV condition in comparison to the A condition were
observed for 1/4 tone and 1/8 tone (all ps < .001), but not for the 1/16 (p= .16) while controls showed
this benefit of AV condition for 1/8 tone (p= .005) and 1/16 tone (p < .0001) pitch intervals, but not

for the 1/4 tone interval (p = .15, see Figure 6).
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Figure 6. RTs for correct responses for trials with changed tone presented as a function of Group,

Condition for each Pitch Interval size (1/4 tone; 1/8 tone; 1/16 tone).

3.3. Correlations

Three sets of analyses were performed: 1) correlations between data from the pre-tests
(MBEA, PDT) and data from Tasks 1 and 2 (RTs, magnitude of the AV benefit in Task 1, d’, ¢, RTs,
difference between AV and V conditions for d’, ¢, and RTs); 2) correlations between the different
measures (e.g., d’, RTs) of the behavioral data in Tasks 1 and 2 and; 3) correlations between the
different measures (e.g., d’, RTs) of Task 2. To explore differences explained not only by the group
differences defined via the MBEA or the PDT, we focus on correlations that were significant over all

participants and for at least one of the two participant groups separately (amusic group or control

group).
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Correlation analyses were performed with all participants but note that one control participant
was excluded from Task 1 and one other control participant was excluded from Task 2 (see Results).
For the first set of analyses two correlations were observed:

1) data of the MBEA was positively correlated with performance on Task 2 for both AV and A
conditions. Note that these correlations were observed in controls (A condition (r(13) = .63; p =.01);
AV condition (r(13) = .52; p =.04)) and over all participants for A condition r(29) = .54; p =.002; for
AV condition (r(13) = .41; p =.02)) but not in amusic participants (all ps >.15) .

2) Data of the PDT was negatively correlated with performance data of Task 2 for both AV
and A conditions. These correlations were observed in controls (A condition (r(13) = -.52; p =.04); AV
condition (r(13) = .57; p =.02) and over all participants (A condition (r(29) = .44; p =.01); AV
condition (r(13) =.45; p =.01)) but not in amusic participants (all ps >.20).

For the second set of analyses, none of the correlations between data from Task 1 and Task 2
were significant.

For the third set of analyses, a negative correlation between the AV benefits in terms of accuracy
(difference between AV and A conditions for d’, a positive value corresponding to AV>A
performance) and RTs benefits (difference between AV and A conditions for RTs, a negative value
corresponding to faster RTs for the AV in comparison to the A condition) was observed. This
correlation was significant in amusic participants (r(14) = -.55, p = .02) and across all participants
(r(29) = -.51; p = .004) and was only marginally significant for controls (r(13) = -.44, p = .09) (see
Figure 7). In addition, note that for both groups, data for the AV and A condition were positively
correlated (all ps < .001) for both performance and RTs data (all ps <. 0001). Finally performance data

and RTs for each condition and each interval size were negatively correlated (all ps <.001).
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Figure 7. Scatter plot of the benefit in terms of RTs for the AV condition in comparison to the A
condition (In(RTs) AV- In(RTs) A, correct responses) against the benefit in terms of performance for
the AV condition in comparison to the A condition (d’ AV- d’ A). The correlation between these two
variables is significant across all participants and in the amusic group (see results for details). Note
that without the two outliers (amusic participants, data points at x1 = 0.81; yl =-1.27 and x2 = 1.03;
y2 = -0.24), this correlation remained significant in all participants (v(27) = -.43; p = .17) but only

marginally significant in amusic participants only (r(12) = -.45; p = .09).
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4. Discussion

The present study investigated whether audiovisual integration could improve pitch processing
abilities in congenital amusia. Results of Task 1 revealed that both amusic individuals and controls
exhibited audiovisual facilitation (shorter response times for audiovisual stimuli than for either
auditory or visual stimuli) and no differences were observed between the two participant groups in
terms of facilitation. Results of Task 2 revealed that for the pitch detection task, participants of both
groups exhibited higher performance and shorter response times in the AV condition than in the A
condition. For RTs, these audiovisual benefits were observed for different ranges of difficulty for each
group (that is, for different pitch interval sizes of the changed tone) thus suggesting that optimal
multisensory facilitation could be observed only within an appropriate range of unimodal
performance.

Task 1 investigated for the first time if simple auditory and visual processing are preserved in
congenital amusia and if AV facilitation could be observed in this deficit. By using a speeded
detection task for visual, audio and audiovisual stimuli, we observed that both amusic individuals and
controls exhibited shorter RTs for AV stimuli in comparison to the unimodal stimuli (A, V). More
interestingly, by exploring Miller’s inequality for RTs distributions, we observed that this benefit was
related to multisensory integration processes (rather than statistical facilitation (Raab, 1962)) as RTs
were shorter for the AV distribution in comparison to the A+V distribution in all participants and in
each group independently.

These results are in line with numerous studies showing that the combination of auditory and
visual information enhances perceptual abilities as revealed by response times (Ernst and Bulthoff,
2004; Gielen et al., 1983; Hershenson, 1962; Posner et al., 1976; Stein and Meredith, 1993) in typical
listeners. This effect is known since a long time and has been historically interpreted by the energy-
summation hypothesis (Nickerson, 1973), which assumed that the energy from the two stimuli, in the
context of a bimodal presentation, is combined and leads to more rapid processing in early stages of
the perceptual process (such as sensory encoding), as suggested by the shorter detection times. This
hypothesis has received support from the observation of cross-connections between early sensory
areas, as for example demonstrated for connections from the auditory to the visual cortex (Falchier et
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al., 2002; Rockland and Ojima, 2003). Moreover, this hypothesis is in line with the observation that
the superior colliculus, a subcortical structure involved in orienting to external stimuli, contains many
neurons responding to bi- or trimodal stimuli, and could mediate cross-modal improvements in simple
detection tasks (Stein and Meredith, 1993). Furthermore, in a study using the speeded detection task
together with recordings of Event-Related Potentials (ERPs) (Fort et al., 2002), it had been evidenced
that audiovisual interactions take place both in sub-cortical and cortical-structures. These studies thus
suggest that the multisensory integration is performed in the first steps of the perceptual process, thus
facilitating the early encoding of either visual or auditory information. Note, however, that an
alternative explanation was the preparation-enhancement hypothesis, which was also proposed by
Nickerson (1973), who assumed that facilitation could also concern more later stages of processing:
one unimodal stimulus (referred to as ‘accessory’) enhances and prepares the processing of the other
‘obligatory’ stimulus. The differentiation between the role of early and later steps of multisensory
integration is still under debate, but one might assume that multimodal facilitation could rather be
considered as a combination of both processes (Bauer, 2008), involving local and long distance
synchronization and communication between brain areas.

Interestingly for the purpose of the present study, we observed comparable AV facilitation in
amusic individuals and controls. This observation let us to argue that multisensory integrating systems
(either in the early or later stages of the processing) for visual and auditory information are preserved
in the amusic brain. Moreover, the direct comparison between A and V conditions showed that, as for
control participants, amusic individuals showed shorter detection times for the A stimuli in
comparison to the V stimuli. This result is convergent with the hypothesis suggesting that amusic
individuals present altered encoding of tones only when those have to be memorized (altered memory
traces of tones leading to impairments in pitch discrimination and memory, see Albouy et al., in
preparation and Albouy et al., 2013a) but present preserved sensory extraction of sound information in
a simple context. Taken together, results from Task 1 allow us to conclude that amusic individuals
processes A, V and most importantly AV information as well as typical listeners, thus permitting the

exploration of bimodal benefits on amusic individuals’ abilities in processing pitch material.
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To this aim, in Task 2, we used a pitch change detection task for which amusic individuals
were previously shown to be impaired (Albouy et al., in preparation; Hyde and Peretz, 2004) in
comparison to controls. As expected, amusic individuals showed decreased performance (as measured
with d’) in comparison to controls for the small Pitch interval sizes (1/8 tone; 1/16 tone), but not for
the large interval size (1/4 tone). While this finding is in agreement with previous evidence for amusic
individuals’ pitch perception deficit (Albouy et al., in preparation; Albouy et al., 2013b; Ayotte et al.,
2002; Foxton et al., 2004b; Jones et al., 2009b; Liu et al., 2010; Peretz et al., 2002; Tillmann et al.,
2011c; Tillmann et al., 2009), it differs in some points with previous studies using the same PCD task
and showing that amusic individuals are impaired in detecting changes smaller than 1/2 tone (see
Hyde and Peretz, 2004 and Peretz and Hyde 2003). In the present study, amusic individuals were able
to perform the task as well as controls for the 1/4 tone interval thus differing from Hyde and Peretz
(2004) study. Based on the observation that performance in the PCD task was related to participants’
pitch discrimination thresholds in the present study (see the negative correlation between d’ in Task 2
and PDT), this inter-study difference might be due to the better pitch thresholds in the amusic group
from Lyon in comparison to the amusic group from Montreal (as revealed by the overlap in PDT
values between amusic individuals and controls in the present study, see Methods). In addition to these
differences between amusic and controls in terms of performance, both groups exhibited decreased
performance with increasing task difficulty (decreasing Pitch Interval Size). This effect was also
reflected in the response bias data ¢ showing participants’ increasing tendency to respond ‘no change
detected’ in the sequences with increasing task difficulty.

Interestingly, a benefit in terms of performance (d’) was observed for the bimodal (AV) in
comparison to the unimodal (A) condition. This result demonstrates for the first time that visual
synchronous stimulation can help amusic participants to improve their pitch processing abilities. The
present finding confirms the hypothesis that amusic individuals process the visual stimuli as well as
controls, and are able to use it to enhance their pitch perception performance for the tone sequences.
Moreover, thanks to controls’ data, we demonstrated here that uninformative visual stimulation can
boost typical listeners’ pitch discrimination (or encoding) abilities, an effect which, to our knowledge,
has never been demonstrated before.

246-



In addition to this benefit of the multisensory integration in terms of accuracy, RTs data
confirmed that amusic individuals and controls used the visual information in the auditory pitch
change detection. For both amusic individuals and controls, RTs were faster for the AV condition than
for the A condition. Moreover, this benefit of multisensory integration on RTs was related to the
benefit observed on performance as revealed by a negative correlation between d’ benefit (d” AV-d’A)
and RTs benefit (RTs AV-RTs A) (see Figure 7).

When exploring RTs, we observed that the AV benefit was related to task difficulty and varied as
a function of pitch interval sizes in both participant groups. We observed that amusic individuals and
controls did not show the benefit on RTs of the AV condition in comparison to the A condition for the
same pitch interval sizes (reflecting task difficulty): while controls had shorter RTs for 1/8 tone and
1/16 tone pitch changes, amusic individuals exhibited shorter RTs for the 1/4 tone and 1/8 tone
interval sizes, but not for the 1/16 tone pitch changes, that is the most difficult task. This finding is line
with several pieces of evidences suggesting that multisensory interactions depend on the participant’s
performance when the modalities are presented in isolation (Caclin et al., 2011; Hairston et al., 2003;
Rouger et al., 2007; Serino et al., 2007) and was observed in particular when the unisensory
performance is poor (difficult task). As proposed by Caclin et al. (2011), this could be understood as a
law of inverse effectiveness (Stein and Meredith, 1993), but at the population or participant scale. This
observation found support in the data of controls which showed AV benefit only for the most difficult
tasks, but not for the easiest task. Similarly, amusic individuals did not benefit from the AV condition
for the smallest pitch interval size, that is the most difficult task. This result suggests that to observe a
benefit of bimodal stimulation, participants have to be in an appropriate range of performance. These
observations suggest that to observing AV improvement, the range of efficiency is related to
participants’ performance, and in consequence, to the difficulty of the task. Moreover, as for the
simple detection Task 1, it should be noted that audiovisual interactions have the same influence on
both participant groups, as revealed by the RTs data in the same range of unimodal performance.

The present study thus demonstrates that amusic individuals are able to process and benefit from
multisensory information to speed up detection as well as improving pitch processing. Although the
cerebral dynamics of these processes remain to be investigated, it might be argued that uninformative
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visual stimuli influence either early or late levels of cortical processing, by potentially amplifying and
boosting the brain responses to auditory signals. The results presented here concerned both accuracy
and RT data, that is encouraging in further investigating the implication of multisensory integration for
the development of training and rehabilitation programs of impaired musical functions in this lifelong
disorder. Finally, note that the modulation of effectiveness of the AV benefits with task difficulty was
observed only in RTs, which could be considered as an indirect measure. Further work is thus needed
to explore whether this benefit in terms of performance could vary with difficulty for both low level

(sensory encoding) and high-level processes (such as memory) in congenital amusia.
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Chapter IX Discussion and Perspectives

For the last decade, research in neuroscience has increasingly used music as a tool to explore
human cognition and brain functioning. This research area is considerably expanding and raises
questions about neural correlates underlying the processing of specific aspects of music (e.g.,
perception of pitch, rhythm, timbre etc.) and more general cognitive functions (working memory,
mental imagery, auditory processing etc.). Within this general framework, the present PhD work
aimed to improve our understanding about how humans perceive and memorize complex sound

structures through two main approaches:

Axis 1) by investigating the behavioral and neural correlates of auditory perception and
memory for tonal and verbal sequences in congenital amusia as compared to the normally functioning

brain and;

Axis 2) by investigating how and whether congenital amusic individuals’ pitch perception and

memory abilities could be improved.

These investigations have revealed anatomical and functional abnormalities in the amusic
brain and have provided the first steps toward the perspective to develop tools of rehabilitation for this
developmental disorder. The discussion sections of the Chapters IV to VIII of this thesis have already
pointed out the major implications of each of the studies presented.

The aim of the present section is twofold: 1) presenting a short summary of the general
conclusions that could be made on the basis of this PhD work by linking the studies together and 2) by
setting this work into a broader context, notably by presenting how our research could improve the

understanding of auditory perception and short-term memory in the normally functioning brain.

9.1. General discussion

9.1.1. Axis 1: Behavioral and neural correlates of auditory perception and memory for tonal and
verbal sequences

Behavior

Axis 1 contained three studies (Study 1, 2 and 3) using behavioral approaches together with
multimodal neuroimaging methods (VBM, MEG, fMRI). Behavioral results have confirmed the short-
term memory deficit for tones in congenital amusia and have explored the potential link between the

pitch perception and pitch memory deficits in this developmental disorder.
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First, by investigating amusic individuals’ performance in a short-term memory task for either
verbal or tonal material (Study 2), we observed similar performance between amusic and control
groups for verbal information, but strongly decreased performance for the tonal information in amusic
individuals. This result let us argue that amusic individuals present a pitch-related short-term memory
deficit, but not a general short-term memory deficit, which would affect verbal memory too (Tillmann
et al., 2009; Williamson and Stewart, 2010).

Second, by combining short-term memory tasks for tone sequences with pitch discrimination
(Study 1 and 2) or pitch change detection (Study 3) measurements in the same participants, we
investigated whether, as previously hypothesized (Hyde and Peretz, 2004; Peretz and Hyde, 2003), the
abnormalities in pitch perception underlie the phenomenon of congenital amusia (see Chapter III). We
observed that amusic individuals were strongly impaired in short-term memory performance for tone
sequences in comparison to controls, without overlap between the two groups (except in Study 2 for
which we used very simple material). In contrast, measures of pitch discrimination thresholds showed
large overlaps between amusic and control participants with numerous amusic participants exhibiting
pitch thresholds in the range of those of the controls. Based on this observation, we argued that, as
suggested by Tillmann et al. (2013), the pitch memory deficit in amusic individuals could not be
related solely to impaired discrimination of tones. Moreover, data from Study 3 allowed us to propose
that the pitch perception deficit in congenital amusia could be related to an impaired construction of
pitch memory traces of short-tones. When the time dedicated to encode information was too short,
amusic individuals exhibited strongly impaired performance in comparison to controls for both pitch
discrimination and pitch memory tasks. In contrast, when the time dedicated to encode the information
was long enough, amusic individuals were able to reach performance comparable to that of controls in
both tasks. Observing these group differences only for short tone duration suggests that amusic
individuals exhibit an altered construction of memory traces of short tones (encoding) that affect their
pitch perception and memory abilities. In this view, it might be argued that pitch discrimination, pitch
direction and pitch memory deficits constitute combined elements in congenital amusia (Tillmann et
al., 2013), these pitch-related deficits being related to an impaired encoding of short tones (Study 3).
All together, we thus propose that congenital amusia could be supported by impaired auditory
encoding of pitch information, and that this impairment contributes to some extent to the observed
pitch perception and memory deficit. To further examine the short-term memory deficit for tone
sequences in congenital amusia, we have used neuroimaging approaches (Study 1, Studyv2). These
studies have investigated whether altered brain functioning could support the deficits in congenital
amusia as a function of the three processing steps of the short-term memory task:

1) Encoding, the processes whereby information is registered (Cowan, 1984); 2) Storage or
Retention, corresponding to the maintenance and manipulation of information over time; (Baddeley,
1992, 2000, 2003a, 2010, 2012; Baddeley, 1986; Baddeley and Hitch, 1974; Champod and Petrides,
2007, 2010; D'Esposito, 2007; D'Esposito et al., 1999; Vallar and Baddeley, 1984); and 3) Retrieval,

which refers to the accessing of the information stored in memory (Baddeley, 1986).
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Neural Correlates

Study 1 combined MEG and structural MRI recordings to test the hypothesis of functional and
anatomical abnormalities in amusic individuals’ brains related to their pitch perception and memory
deficits. During the encoding of the information, amusic individuals and control participants recruited
both primary and secondary auditory cortices as well as inferior frontal areas. These results were
provided converging evidence with numerous studies (Curtis and D'Esposito, 2003; D'Esposito, 2007;
Khan and Muly, 2011; Owen, 2000), suggesting that in addition to the involvement of primary sensory
areas, the VLPFC plays a general role in memory by triggering active low-level encoding strategies.
By comparing amusic individuals and control participants’ brain responses, we observed that, in line
with the anatomical abnormalities observed in the right fronto-temporal network (Hyde et al., 2007,
Hyde et al., 2006; Mandell et al., 2007) in terms of white and grey matter concentrations (see also
Study 1), the amusic brain exhibited abnormal and strongly delayed responses in bilateral VLPFC and
STG during the encoding of melodies in the short-term memory task. As revealed by Dynamic Causal
Modeling (David et al., 2006), these abnormal responses were supported by dysfunctional connectivity
between and within several brain areas, the amusic brain notably exhibiting 1) increased lateral
connectivity between left and right auditory cortices; 2) decreased intrinsic connectivity in both
auditory cortices, and 3) decreased right fronto-temporal backward connectivity (Hyde et al., 2011).
These observations allow us to make the assumption that amusic individuals’ deficits in short-term
memory are supported by delayed and altered brain functioning during the first steps of memory
processing (encoding, echoic memory, building of the pitch memory traces), participating to
impairments in the following steps of short-term memory (Retention, Retrieval). Moreover, they
suggest that, in the normal functioning brain, dynamic fronto-temporal interactions are necessary to
efficiently construct an appropriate memory trace of the auditory information in the context of a short-
term memory task.

Along these lines, Study 3 tried to pursue the characterization of controls and amusic
individuals' pitch encoding abilities with a behavioral approach. By manipulating sound characteristics
that have been previously shown to facilitate the encoding of the information (Demany and Semal,
2008), we observed that for pitch discrimination of single tones and for short-term memory of tone
sequences, when the time given to encode the auditory information was too short, amusic individuals
exhibited strongly impaired performance as compared to their matched controls. This result is fully in
line with the conclusions made in Study 1 and suggests that in comparison to controls, amusic
individuals showed altered encoding of short sounds. Interestingly, however, when tone duration
and/or Inter Tone Interval (or Inter Stimulus Interval, ISI) increased within the tone sequences, a
major improvement in terms of accuracy was observed particularly in amusic individuals but also in
controls participants. In line with Study 1, it could be hypothesized that this improved encoding
abilities could be associated to more a efficient connectivity between the right VLPFC and STG
allowing the construction of an appropriate memory trace of the sounds (due to long-enough

presentation of the to-be-encoded tone) in the amusic brain (see Figure 23).
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The following steps of the processing of information in memory (retention and retrieval) were
investigated in Study 1 and 2. In Study 1, by analyzing oscillatory synchronization in the gamma
frequency during the retention period of the short-term memory task, we observed enhanced gamma-
power in the right DLPFC in control participants in comparison to amusic participants. This finding
was in agreement with previous data showing that high-level representations of task-relevant
information are reflected in the gamma-frequency (Jensen et al., 2007), and that increased gamma-
frequency power in fronto-temporal areas is related with short-term memory processing (Kaiser et al.,
2003). Moreover, this finding is in line with previous data showing a strong implication of the DLPFC
in the retention of information in short-term memory (Curtis and D'Esposito, 2003; D'Esposito, 2007;
Logie and D'Esposito, 2007; Petrides, 1991, 1995a) and more specifically for pitch memory (Peretz
and Zatorre, 2005; Zatorre et al., 1994). This recruitment of the right DLPFC during retention of tonal
information was less observed in amusic individuals (in comparison to controls), thus providing
another evidence of altered processing of melodic information in the amusic brain. This altered
recruitment was also observed in Study 2 that used fMRI to investigate the cerebral correlates of
auditory short-term memory for tonal and verbal materials. When contrasting brain activations related
to the retention of tonal information as compared to the encoding of this information, we observed
enhanced brain activation in the right DLPFC in controls. However, this area was not activated in
amusic individuals as revealed by the direct comparison between amusic participants’ and control
participants’ functional data, reflecting altered high-level representations and/or altered manipulation
of task-relevant information in memory in the amusic brain.

Interestingly, when investigating brain activation related to the retention of verbal information
as compared to tonal information, we observed that both amusic and control participants showed
increased activation in the left VLPFC. This result is in line with numerous neuroimaging studies that
have hypothesized this region as supporting subvocal rehearsal mechanisms of verbal short-term
memory (Awh et al., 1996; Fiez et al., 1996; Gruber and von Cramon, 2003; Paulesu et al., 1993;
Ravizza et al., 2004; Schulze and Koelsch, 2012). Moreover, it suggests that, as observed
behaviorally, short-term processing for verbal material in the amusic brain is preserved and recruits
similar networks to those observed in controls. Moreover, in a broader context, observing similar brain
activations between amusic individuals and control participants for verbal material but not for tonal
material suggests that memory for tones and words do not recruit the same networks.

Finally, when directly contrasting brain activity related to tonal and verbal memory (Tonal >
Verbal), we observed that amusic participants activated the right VLPFC: the activation in this region
was negatively correlated with amusic individuals’ performance in the memory task for tones. This
observation suggests that the recruitment of the rVLPFC during the retention of tonal information
could be considered as a marker of the impaired memory abilities for tones in congenital amusia. By
considering this differential recruitment of frontal areas between amusic and control participants for
tonal material (amusic individuals recruiting mostly the VLPFC and controls the DLPFC), we have

proposed that additionally to the deficits previously observed in the encoding steps of short-term
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memory (based on the MEG data of Study 1), amusic individuals are also impaired in the retention
steps of memory for pitch. This hypothesis is supported by numerous fMRI studies that have
suggested a differential role of the DLPFC and VLPFC in short-term memory (D'Esposito, 2007;
Logie and D'Esposito, 2007; Owen, 2000). While the VLPFC is known to play an active role in low-
level encoding strategies, the DLPFC has been hypothesized to mediate more complex types of
processing such as the retention and manipulation of complex material (D'Esposito, 2007). Observing
that for tonal material, amusic individuals recruit mostly brain areas that are supposed to be more
strongly involved in low-level memory processes (encoding for the VLPFC), and observing that
altered responses in regions requiring high-level memory (monitoring and manipulation for the
DLPFC) mechanisms let us argue that amusic individuals’ short-term memory deficit is related to the
transformation of tonal information into high level memory representation (see Figure 23).

Finally, the retrieval of the information from memory was studied in Study 1 by exploring the
source reconstruction of the event-related fields elicited by the changed tone in the second melody of
the short-term memory task. We observed activity in bilateral STG and in the VLPFC in the control
group (note that this recruitment was less extended in amusic individuals). Observing that the same
network is recruited during encoding and retrieval of melodic information is in line with numerous
research showing the role of these areas in music perception and memory (Gaab et al., 2003; Griffiths
et al., 1999; Griffiths et al., 2000b; Janata et al., 2002a; Janata et al., 2002b; Peretz and Zatorre, 2005;
Tillmann et al., 2003; Zatorre et al., 2002; Zatorre et al., 1994). The data from Study 1 revealed an
abnormal recruitment of frontal (VLPFC) and temporal (STG) regions during the retrieval of melodic
information in the amusic brain, - data that further reflect the functional correlates of the deficit in
short-term memory of melodic information in congenital amusia. All together, Studies 1, 2 and 3 have
improved our understanding about the behavioral and neural correlates of the pitch perception and
short-term memory deficits in congenital amusia. These studies suggested that in the context of a
short-term memory task, the amusic brain is impaired in all processing steps, that is encoding,
retention and retrieval of melodic information. In the second Axis of this PhD, we wanted to benefit
from these novel findings to explore, with two different approaches, the potential tools of

rehabilitation of this developmental disorder.
9.1.2. Axis 2: Boosting pitch perception and memory in congenital amusia

Exploiting amusic individuals’ implicit knowledge of the musical system

Study 4 investigated whether amusic individuals’ short-term memory impairments could be
attenuated by exploiting their implicit knowledge about musical structures. Based on a previous study
(Schulze et al., 2012) showing that non-musicians’ implicit knowledge of musical regularities can
improve their short-term memory for tone information (Schulze et al., 2012) and based on studies
reported in Chapter III showing some preserved implicit musical processing in amusic individuals, we
investigated whether implicit knowledge of musical structures can influence amusic individuals’ short-

term memory for pitch material. This was done by investigating amusic and control participants’
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short-term memory abilities for tone sequences that respected musical regularities (tonal sequences) as
compared to tone sequences that did not respect these regularities (atonal sequences). As previously
reported for non-musician participants, the control participants showed better performance for tonal
sequences than for atonal ones. However, this was not observed for the amusic participants. These
results suggested that tonality did not help amusic participants to overcome their short-term memory
deficit for melodies.

However, even though tonality did not improve amusic individuals’ short-term memory
performance in comparison to atonal sequences, some potential benefit of tonality was observed in
their response times data, suggesting that amusic individuals processed the tonal information at least to
some extent. For both amusic and control participants, response times were faster for tonal sequences
than for atonal sequences. We interpreted this finding as supporting the hypothesis that amusic
individuals process the tonality of the material to some degree, which then influences short-term
memory performance for the tone sequences (as revealed in response times). We have assumed that
this tonal benefit observed for melodies in controls (and the potential benefit observed in amusic
individuals) can be related to results reported by Dowling (1991), suggesting that the various
components of a melody (interval, contour, and tonality) are encoded as an integrated whole
(Dowling, 1991). This might lead to a stronger memory trace for tonal melodies than for atonal
melodies (as observed in Schulze et al. 2012), with atonal melodies missing the benefit of the
integration in a tonal framework. This hypothesis thus further predicts that amusic individuals’ short-
term memory abilities might be improved for more complex tonal material (e.g., chord sequences or
harmonized melodies, in contrast to single melodic lines as used in the present study). However,
whether this effect of long-term knowledge impacted either encoding, retention or retrieval of the

information is not determined yet and will need future investigations.
Investigating the benefit of multisensory integration

Finally, the last study of the present PhD work investigated whether amusic individuals’ pitch
encoding abilities could be boosted via multisensory integration. As presented above, results of Study
1 and 3 have suggested that pitch processing deficits in congenital amusia could be mediated by strong
impairments in the construction of memory traces for short tones (encoding). Along these lines, Study
5 aimed to explore how and whether congenital amusic individuals’ pitch abilities could be boosted by
using a new approach in the domain that consists in facilitating amusic individuals’ pitch encoding
with multisensory integration. By using a simple speeded detection task for auditory, visual or audio-
visual cues, we observed that both amusic individuals and controls exhibited audio-visual facilitation
(shorter response times for audio-visual stimuli than for either auditory or visual stimuli) and no
differences were observed between the two participant groups in terms of facilitation. This effect
suggested that both groups of participants are able to encode better multimodal information than uni-
modal ones during the first steps of the perceptual process, thus facilitating the early processing of
either visual or auditory information. As we observed comparable audio-visual facilitation in amusic
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individuals and control participants, we argued that multisensory integrating systems for visual and
auditory information are preserved in the amusic brain and thus permit the exploration of such
bimodal benefits on amusic individuals’ abilities in processing pitch material. To this aim, amusic and
control participants performed a pitch change detection task for which amusic individuals were
previously shown to be impaired (Hyde and Peretz, 2004) in comparison to control participants.
Amusic and control participants were required to detect a pitch change (with different pitch interval
sizes) within a sequence of five identical tones that was presented either only auditorily (A condition),
or with simultaneous uninformative visual information presented on the screen (AV condition). As
expected, amusic individuals showed decreased performance in comparison to controls for the small
pitch interval sizes, but not for the large interval size and both groups exhibited decreased performance
with increasing task difficulty (decreasing Pitch Interval Size). However, no differences in terms of
performance were observed between the unimodal and bimodal conditions in terms of performance.
This suggests that visual uninformative synchronous stimulation did not help amusic participants to
improve their pitch processing abilities.

Interestingly, even though the AV condition did not improve amusic individuals’ performance
for the pitch detection task, in comparison to the A condition, some benefit of the multisensory
condition was observed in the response times data, suggesting that amusic individuals and controls
used the visual information in the auditory pitch change detection task to some extent. Furthermore,
this effect was related to task difficulty and varied as a function of the participant group: control
participants showed the AV benefits for the difficult (small) interval size and amusic participants
showed the AV benefit for the easy (large) interval size. This finding was line with several pieces of
evidences suggesting that multisensory interactions depend on the participant’s performance when the
modalities are presented in isolation (Caclin et al., 2011; Hairston et al., 2003; Rouger et al., 2007;
Serino et al., 2007) and was observed in particular when the uni-sensory performance (for the task-
relevant dimension, here pitch) is poor (difficult task). This result suggests that to observe a benefit of
bimodal stimulation, participants have to be in an appropriate range of performance. However, the
results presented in Study 5 concerned only reaction times data, and further work is thus needed to
explore whether this benefit could be transposed to amusic individuals’ performance for both low level
(sensory encoding) and high-level processes (such as memory processing) in congenital amusia.
Observing such improvements would have implications for the development of training and

rehabilitation programs of impaired musical functions in this disorder.
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Figure 23: Summary of the general conclusions of studies 1 to 5 presented as a function of
encoding, retention and retrieval phases of the short-term memory task. Grey Boxes: conclusions that
could be made for the normal functioning brain; Blue boxes: conclusions that could be made for the
amusic brain. The question marks “?” illustrate hypotheses that have emerged from our results.

All together, the five studies presented in this PhD work have improved our understanding of
the behavioral and cerebral correlates of congenital amusia and have paved the way towards some

rehabilitation strategies of this disorder. These general conclusions are summarized in Figure 23.
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Moreover, our work has allowed making several conclusions concerning more general
questions about short-term memory. In the following section, we will thus elaborate on these
conclusions and propose perspectives for the study of each processing step underlying auditory short-
term memory (Encoding, Retention, Retrieval) in order to 1) improve our understanding of behavioral
and functional underpinnings of the disorder of congenital amusia, 2) further our comprehension of
auditory perception and memory in general 3) help the design of rehabilitation tools for this disorder
that could further be transposed to other pathologies that share deficits on the processing of the pitch

dimension in the auditory signal (such as cochlear hearing loss).

9.2.Perspectives: Encoding of pitch information

9.2.1. Pitch encoding and fronto-temporal connectivity

Data from Studies 1 and 3 suggest that altered encoding of short tones might lead to the
deficits observed in congenital amusia. In Study 1 (see Chapter IV), using a classic short-term memory
task with melodies, we observed functional abnormalities during the encoding of melodic information:
the amusic brain elicited abnormal (decreased and delayed) N100m components in bilateral Inferior
Frontal Gyrus (pars opercularis) and Superior Temporal Gyri. Furthermore, these abnormal responses
were associated with connectivity as revealed by Dynamic Causal Modeling (David et al., 2006). This
observation supports the assumption that amusic individuals might show delayed and altered
functioning in the early steps of memory processing (encoding, echoic memory, building of the pitch
memory traces, see Study 3), leading to the observed impairments for the processing of the pitch
dimension (for both pitch discrimination and memory tasks).

Our data suggest that causal interactions between the right inferior frontal cortex and the right
auditory cortex support the encoding of pitch patterns. This observation is in agreement with the
contemporary hypothesis in neuroscience suggesting that both perception and memory processes are
supported by dynamic interactions between different brain areas (Friston et al., 2003; Garrido et al.,
2007; Rauschecker and Scott, 2009; Varela et al., 2001).

For the case of auditory perception, our results are in line with Garrido et al. (2007) study who
proposed that auditory evoked brain responses are mediated by interactions between fronto-temporal
cortical areas and suggested that late event-related components (> 100 ms) are especially driven by
backward connections (as observed in Study 1). They proposed that forward and backward
connections have a differential role in auditory perception: backward connections are supposed to play
a critical role in providing top-down predictions of bottom-up sensory input (Friston, 2003), while
forward connections rather support only bottom up processes (Penny et al., 2004). This hypothesis was
notably supported by studies suggesting that cortical feedback is necessary in recognition tasks
(Lamme and Roelfsema, 2000) or discrimination tasks of visual stimuli (Hupe et al., 1998) that require

the comparison of a previously presented stimulus to a new stimulus arriving in the perceptual system.
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By considering the role of forward and backward connections, our work thus suggests that the
encoding of melodic contour patterns, which need to keep a trace of a previously presented stimulus in
memory in order to compare it (top-down) to a sound occurring later (bottom up), are supported by
backward connections between inferior frontal regions and auditory cortices.

In Study 1, we have proposed that this altered functioning of the backward connections in the
amusic brain might lead to an impairment in the construction of short-term memory traces of tones,
and could explain other pitch-related impairments in congenital amusia, such as their pitch
discrimination deficit. Discrimination and memory processes are deeply interrelated as both processes
require the construction of a relation between the memory traces of a previous stimuli and a stimulus
belonging to the present. Study 3 tested the contribution of impaired pitch encoding to the pitch
discrimination and memory impairments observed in congenital amusia. By manipulating stimulus
characteristics, Study 3 has demonstrated that amusic individuals exhibited strongly impaired
performance (as compared to their matched controls) for pitch discrimination and short-term memory
tasks when the time dedicated to encode the information was short. However, amusic individuals were
able to reach performance comparable to that of controls for the two experiments when the time
dedicated to encode the information was long enough (here from 350 to 700 ms). Based on these
results, we argue that pitch perception and memory deficits in congenital amusia could be mediated by
strong impairments in the construction of memory traces for short tones, - a phenomenon that reflected
in delayed functioning of the auditory cortex and altered connectivity between frontal and temporal
regions.

However, it should be noted that no differences between amusic individuals and controls were
observed when analyzing the listening (without task) and encoding (in a short-term memory task) of
melodies in Study 2 (i.e., the fist melody of the pair). When contrasting the brain responses related to
the encoding of melodies, both groups recruited bilateral temporal regions covering both primary and
secondary auditory areas. While we have discussed in Study 2 that these discrepant findings could
arise from the different methodologies used in Studies 1 and 2, an alternative hypothesis needs to be
considered as in Study 2 up to now, we have not performed connectivity analyses yet. In Hyde et al.’s
(2011) study, altered fronto-temporal connectivity in the amusic individuals’ brain was observed
during passive listening. Although this study did not explore causal interactions, it suggests that
altered functioning in terms of network communication exists in the amusic brain, even for low-level
processing of pitch information.

This hypothesis can be investigated with a high temporal resolution method (such as MEG),
notably by comparing the cerebral correlates of passive listening for pitch in amusic individuals and
controls to high-level processing of the same stimuli (i.e., for memorization). We have started such
investigation with the data of Study 1 (unpublished data, see Figure 24). We briefly present here data
from one amusic participant (age, 28 years; education, 18 years; musical education 0 year) and one
control participant (age, 35 years; education, 15 years, musical education 0 year) who have passively

listened to a train of monotone and isochronous tones (using G3, tone duration 250 ms, the tone in the
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middle of the tone set of the first sequence in Study 1; separated by a 2s-ISI). This bloc of passive
listening was added after the acquisition of the memory task data (note recordings of passive listening

will be also acquired after a memory task).

z | §
¥4 4 Y
.5: .‘J “"’. "'

0 100 200 300 ms

----- Control Contour Task (study 1)
————— Control Passive Listening (unpublished data)

— Amusic Contour Task (study 1)
—— Amusic Passive Listening (unpublished data)

Figure 24. ERF at a right hemisphere MEG sensor (MRT 42, ‘MEG Right Temporal) for the first
tone of the first sequence in the Contour task of Study 1 and the passive listening of single tones for

one control and one amusic participant.

In these two participants, we observed a modulation of the N1m amplitude as a function of the
task: the N1m amplitude was larger for the Confour Task than for passive listening. This effect is well
known and could be associated to the involvement of additional components underlying attentional
processes in the Contour task in comparison to passive listening (Giard et al., 1988). Moreover, we
observed that the amusic’s brain response was decreased in comparison to the control’s responses for
both signals, suggesting that differences between the two groups could be observed even during
passive listening of pitch information, although the between-subject difference is less pronounced in
the passive listening condition. These data are preliminary, and call, of course, for further investigation
in a group of amusic individuals and their matched controls. By performing distributed source
modeling of these signals and by investigating the potential differences in terms of connectivity
between high-level processing (memory) and low-level processing (passive listening), we should be
able to determine if altered and delayed responses associated to altered fronto-temporal connectivity
could be observed even during passive listening of pitch in congenital amusia. Note that in this future

study, we should also use the same material (a single tone comparison for the memory task and a
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single tone as passive listening) just to make sure that if a difference is observed, it is not due to the
fact that listeners know that there will be a full sequence following the first tone (as is Study 1).

Finally, it should be noted that to pursue the characterization of the deficits in this developmental
disorder, further research investigating the encoding of other types of information (such as verbal
material) are needed, notably by exploring if the delayed responses observed in Study 1 for tones,

could be considered as a general impairment of auditory encoding or are specific for pitch.

9.2.2. Pitch encoding and hemispheric specialization

In addition to the description of the implication of dynamic interactions between distant
cortical regions in pitch encoding, several results of our research suggest that the encoding of musical
information in the brain is lateralized (hemispheric asymmetry while both are involved). Notably, in
Study 1, the altered functional responses, along with the anatomical abnormities, mainly involved the
right hemisphere. As described in the introduction (see Chapter I, II, III), numerous studies have
hypothesized a specific role of the right hemisphere in the processing of musical information. This was
notably based on the observed musical deficits occurring after right hemispheric brain lesions (see
Chapter 111, section 3.1 pages 80 to 82), and suggested by neuroimaging studies in typical listeners
showing that the right hemisphere supports the processing of pitch information (Griffiths, 1999;
Griffiths et al., 1999; Hyde et al., 2008; Janata et al., 2002a; Janata et al., 2002b; Koelsch et al., 2005;
Koelsch et al., 2009; Peretz and Zatorre, 2005; Schulze et al., 2009; Schulze et al., 2011a; Schulze et
al., 2011b; Stewart et al., 2008; Tillmann et al., 2003; Tillmann et al., 2006; Zatorre et al., 2002;
Zatorre et al., 1994).

It the present discussion section, we propose another approach that allows the investigation of
the relative involvement of each hemisphere in the encoding of pitch information, notably by
analyzing which brain regions of the involved cerebral network are disengaged in the processing. This
can be investigated by analyzing alpha oscillations (8-13 Hz) in neurophysiological data (such as EEG
or MEG). Recent findings have suggested that the amplitude of alpha-oscillations reflects the level of
cortical inhibition (or the level of cortical excitability) (Klimesch et al., 2007). The alpha inhibition
hypothesis proposes that a small-amplitude of alpha-oscillations is a signature of regions of active
neuronal processing, whereas large-amplitude alpha-oscillations reflect the inhibition and
disengagement of task-irrelevant cortical areas. The core phenomenon supporting this hypothesis is
the alpha-amplitude suppression, also known as event-related desynchronization. Event-related
desynchronization appears in sensory areas that are processing external stimuli and reflects a state of
high cortical excitability (Palva and Palva, 2007). Event-related synchronization (increased amplitude)
is observed in areas that are not related to the processing of the stimulus and reflects a state of
inhibition (comparatively low excitability) (Meyer et al., 2013; Obleser and Weisz, 2012; Obleser et
al., 2012). The basic principles underlying this inhibition hypothesis can be illustrated by considering
the phase of oscillatory activity together with the level of excitation of single neurons. In this view,

alpha-oscillatory activity is induced by inhibitory cells and reflects rhythmic changes between phases
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of maximal and minimal inhibition. When investigating short-term memory for pitch, alpha
oscillations have been shown to increase in the left hemisphere during the retention of information
(van Dijk et al., 2010), thus suggesting that the left hemisphere is to some extent less involved in the
processing of pitch than the right hemisphere (see also Obleser et al., 2012).

Along these lines, by investigating alpha oscillations during the first melody of a pair in a
short-term memory task, we thus would be able to pursue the characterization of hemispheric
specialization for pitch encoding. We have performed a first step of this investigation, by performing
additional analyses of the data of Study 1 (poster, Albouy P, Caclin A and Tillmann B: Altered alpha-
activity related to impaired short-term memory of tone sequences in congenital amusia. Presented at
BIOMAG 2012 conference, Paris, France, 26-30 August 2012, Figure 25). To assess the relative
involvement of each hemisphere in the encoding of pitch information in the short term memory task,
we have explored if enhanced alpha-oscillations (synchrony) could be observed in cortical areas
specialized in processing unrelated to our task (e.g., visual cortical areas), thus allowing participants to
focus on auditory processing. In this additional analysis, we did not make the distinction between
evoked and induced oscillations (in contrast to the analyses we have performed for the gamma
oscillations, see Study 1) and assessed whether event-related alpha synchronization could differ
between the two hemispheres as well as between tasks and groups in the data of Study 1.

We have performed the same preprocessing steps and analyses as described in Study 1 for
gamma oscillations, but here we investigated a different frequency band (8-11Hz) and used a different
time window of interest (i.e., to study the encoding of melodies 500 to 1500 ms after the onset of the
first tone of the first sequence, see Study 1). To localize the neural sources in the frequency band of
interest and explore the potential differences between tasks and groups, we applied an adaptive spatial
filtering or beamforming technique (Dynamic Imaging of Coherent Sources, DICS, see Study 1).

For each trial, we estimated the power in the 9-11 Hz frequency band at each volumetric
element for both active (encoding) and baseline periods (-1000 to 0) before the onset of the first tone
of the first sequence), and we computed the log ratio between these two power values to determine the
extent of the emerging alpha oscillations. In this preliminary analysis, after normalization of each
brain in the MNI space, statistical comparisons were performed to compare groups for each task, with
two sided t-tests, corrected for multiple comparisons using cluster-level statistics, as implemented in

Fieldtrip.
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Figure 25: A. Examples of the musical stimuli used for different trials of the Contour Task (CT) and

the Transposition Task (TT) of Study 1. The second melody of the pair changed by only one tone in CT
(indicated by the red square) and was a transposition of the first melody in TT (example of the pitch-
up condition). B. Cortical meshes showing regions where alpha-power was significantly superior in
controls in comparison to amusic individuals for the first sequence of the pair. Red regions represent
significant p-values for the comparison controls > amusic individuals (two sided t-tests corrected
using cluster-based multiple comparison) in controls (upper panel) and amusic individuals (lower
panel). Note that data were baseline-corrected using a -1000 to 0 ms time window before the onset of
the first tone of the first melody. C. Behavioral performance for the contour Task (upper panel) and
Transposition Task (lower panel) in terms of Hits minus FAs (see Study 1), presented as a function of
the group (controls, amusic individuals); data of Study 1. Black: average performance of amusic

individuals; Grey: average performance of controls; circles: participants’ individual performance.

For the contour task of Study 1, controls showed increased alpha synchronization (relative to
baseline) in the left DLPFC and VLPFC (BA9/46, BA 44, BA45) in comparison to amusic participants
along with increased alpha synchronization in the left auditory cortex, left temporal lobe, left Middle
Temporal Gyrus and left supramarginal gyrus. Interestingly, no differences were observed between the
two groups in the right hemisphere. For the Transposition Task, which was the easier control task of

Study 1, controls showed increased alpha synchronization only in the left temporal pole and in the
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MTG in comparison to amusic individuals. Note that no differences were observed for the amusic
individuals > controls contrast.

These results, interpreted in the context of the alpha inhibition hypothesis, suggest that during
the encoding of the difficult contour task (CT) controls (in comparison to amusic individuals) exhibit
reduced excitability in several regions of the left hemisphere that could be thus considered as unrelated
to the task (left auditory-fronto-parietal areas). This group difference also suggests that in amusic
individuals, the left hemisphere could be involved in the processing of pitch information, by playing a
role in compensatory mechanisms to the altered mechanisms in the right hemisphere (see Study 1).
Interestingly, these group differences were less extended for the easier task, thus suggesting that the
degree of inhibition of the left hemisphere is related to task difficulty.

These preliminary results on alpha-oscillation are encouraging because they are consistent
with the results presented in Study 1, notably showing increased gamma oscillations in the right
hemisphere during the retention of the contour information in controls. Thus observing increased alpha
oscillation (reduced excitability) during the encoding of melodies and increased gamma oscillations
(increased excitability) in the right hemisphere during the delay in controls suggest that mechanisms
underlying pitch processing mainly involve the contribution of right cortical areas. In addition, this
analysis adds a new piece of evidence for the understanding of congenital amusia. It suggests that the
neurophysiological mechanisms underlying the encoding processing of pitch material differ between
the two groups, in particular for the relative involvement of the two hemispheres. This conclusion is
also in line with the DCM analysis showing altered connectivity in amusic individuals in the right

hemisphere.

9.3. Perspectives: Retention of pitch and verbal information

To explore the cerebral correlates of the deficits in pitch processing in congenital amusia,
Studies 1 and 2 have investigated the retention mechanisms of pitch information with two different
methods. Interestingly, both studies have highlighted the role of the right DLPFC during the storage

(or manipulation) of pitch information.

9.3.1. Cortical networks supporting the retention of pitch and verbal information

Study 2 investigated short-term memory for tonal material and verbal material in congenital
amusic individuals and their matched controls with fMRI. In addition to investigating pitch memory,
this study thus assessed whether amusic individuals’ cerebral network underlying normal-level
performance with verbal material is similar to the network engaged by matched control participants.

For tonal memory, amusic individuals exhibited abnormally decreased brain responses in the
right DLPFC and abnormally increased activation in the right VLPFC. In contrast, for verbal memory,
amusic individuals showed brain activations similar to the brain activations of controls, with both

groups recruiting the left inferior frontal regions during the retention of verbal information.
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These findings suggest separate neural resources for verbal and tonal short-term memory in
the amusic brain, with a specific dysfunction for tonal material.

For controls however, the dissociation between verbal and tonal memory were less conclusive
(see also Schulze and Koelsch, 2012). While the investigation of the cerebral correlates of the
retention of each material revealed lateralization specificity (right DLPFC for tonal material and left
DLPFC and VLPFC for verbal material), the direct comparison between the two materials revealed no
activation differences. One might thus conclude that the maintenance of verbal and tonal information
share the same network. However, several questions remain unresolved: while verbal and tonal
information seem to involve the same cortical structures, few is known about the dynamic of the
processing and how these regions interact in terms of network activity. Further investigation is thus
necessary to understand the dynamic of the retention processes for verbal and tonal memory. To this
aim, we are currently performing a new study with high-resolution technique and high temporal

resolution, that is intracranial electroencephalography.

To date, we have recorded 19 drug-resistant epileptic patients, candidate for surgery with
either left lateralized, right lateralized or bilateral implantations in the auditory cortex and in the
DLPFC, VLPFC and PPC. These patients performed short-term memory tasks that contained either
tone sequences, word sequences or timbre sequences (material from Study 1 and 2, and from Tillmann
et al., 2009). We added a passive listening session of the tone sequences to assess the memory-
specificity of the effect for this material. Additionally, for all materials, we manipulated the strength of
the memory load (number of elements in the to-be-encoded sequence from 3 elements to 6 elements)
as well as the duration of the silent retention period between the to-be-compared sequences (from
2000 ms to 8000 ms).

The data of this study are still under analysis but will permit, by the comparison of each
material, to precisely define the dynamic of the retention processes of tonal information, and compare
it to the dynamic of the retention processes for other types of material (verbal, timbre). Interestingly,
thanks to the quality of the iEEG signal (Lachaux et al., 2012), we will be able to link the functional
data for each trial with the behavioral performance, thus allowing us a posteriori to determine
functional markers that could predict performance in our tasks of interest (see Figure 26). Note that in
addition to the cerebral correlates of retention of auditory information, the data of this study will also
allow a more precise investigation of the cerebral correlates of encoding and retrieval of the auditory

information.
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Figure 26: lllustration of raw data obtained in a participant with an electrode in the right Heschl’s
Gyrus. Data are represented for two short-term memory tasks for two 6-tone sequences separated by a
silent delay (same characteristic as stimuli used in the Contour Task in Study 1) for (A) a long
retention period and (B) a short retention period. The time lines or trials are shown with black
arrows: S1, onset of the first tone of the first sequence; S2, onset of the first tone of the second
sequence, Response, Participant response times. Plots correspond to single-trial gamma (30-40Hz)
power with trials sorted according to RTs (fastest to slowest response times). Black circles show
response times for each trial (i.e., latency of button press after the end of the S2 sequence). As
observed here, this method allows us to explore the link between brain oscillations (as well as event-

related responses) with behavior (performance, responses times) at the level of each trial.

9.3.2. Linking BOLD and electrophysiological signals

Comparing the results of Studies 1 and 2 is also interesting from a methodological point of
view as the comparison allows hypothesize that the BOLD signal and the electrophysiological signal
(in the present case gamma oscillations) measure the same cerebral mechanisms. It has been suggested
that the fMRI method (with high spatial, but poor temporal resolution) and electrophysiological
measures (with poor spatial, but high temporal resolution) are complementary (Lachaux et al., 2007).
In the fMRI signal, the activity of a small neural population is measured as hemodynamic values
during a relatively long time window (over seconds), in contrast to electrophysiological approaches,
where the signal corresponds to a composite high-temporal resolution signal with a complex
organization in time and frequency (Lachaux et al., 2012). Over the last decade, several advances in
the linkage between the two methods came from animal studies combining simultaneous
hemodynamic and spikes/local field potential measurements (Kayser et al., 2004; Kim et al., 2004;

Logothetis et al., 2001; Niessing et al., 2005).
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These studies have shown a close correspondence between the BOLD signal and the gamma
band component of the Local Field Potential, in both monkey and cat visual cortex. In humans,
Lachaux et al. (2007) combined fMRI and intra-cranial EEG recordings of the same epileptic patients
during a semantic decision task. They observed a close spatial correspondence between the regions of
fMRI activations and the recording sites showing EEG energy modulations in the gamma range. Based
on these results, the observed convergence between the data of Study 1 (MEG) and Study 2 (fMRI)
strongly supports that the increase of local gamma activity is related to an increase of the BOLD signal

(Lachaux et al., 2012; Lachaux et al., 2007; Niessing et al., 2005).

9.4. Perspectives: Retrieval of pitch information

In the present PhD work, only Study 1 has investigated the cerebral correlates of the retrieval of
pitch information. Source reconstruction of the Event Related Fields elicited by the changed tone in
the second sequence of the contour task (the difference wave between different trials and same trials)
allowed us to observe activity in bilateral STG and pars opercularis of the IFG (BA 44) in the control
group. This result suggests that the same network is recruited during encoding and retrieval of melodic
information, and is in line with numerous studies showing the role of these areas in music perception
and memory (Owen, 2000; Gaab et al. 2003; Griffiths, 2001; Zatorre et al., 1994, 2002; Peretz &
Zatorre 2005). Additionally, this data revealed an abnormal recruitment of frontal (IFG) and temporal
(STG) regions during the retrieval of melodic information in the amusic brain, - data that further
reflect the functional correlates of the deficit in the STM of melodic information in congenital amusia.

While this study furthers our understanding about the cerebral correlates underlying the retrieval
of melodic information, it did not inform us about the dynamic of this network. Further work is thus
needed to understand whether frontal and temporal cortices causally interact in retrieval.

To explore this question, we have performed with the data of Study 1 a new DCM analysis based
on the retrieval of melodic information (poster, Albouy P, Mattout J, Sanchez G, Tillmann B and
Caclin A (2013) -Altered encoding and retrieval of melodies in congenital amusia: Dynamic Causal
Modeling of MEG data presented at the 19th Annual Meeting of the Organization for Human Brain
Mapping June 16-20, 2013 Seattle, WA, USA). To this aim, we have explored the group differences in
the event-related responses associated to the changed tone in the second sequence of the contour task.
As in Study 1, to characterize the two participant groups with a high signal-to-noise ratio and to
investigate the putative differences in effective connectivity between the groups, we compared and
modeled the difference between the grand average data of the controls (average over the nine
participants) and the grand average data of the amusic individuals (average over the nine participants).
Note that this analysis was realized only on correct different trials with the same number of trials in
each group (adjusted for each matched participant). The models were based on the same network
architecture as used for the encoding of the melodic information (see Study 1). We assumed four
sources, modeled as equivalent current dipoles (ECDs), over left and right primary auditory cortices
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(A1), left and right pars opercularis of the inferior frontal gyrus (IFG). Using these sources, we
constructed the following DCM: An extrinsic input entered bilaterally to the primary auditory cortices
(A1), which were connected to their ipsilateral IFG. Inter-hemispheric (lateral) connections were
placed between left and right A1. All connections were reciprocal (i.e., connected with forward and
backward connections or with bilateral connections) (see Figure 27).

Given this network architecture, we used a factorial design and a family inference approach to
assess various types of connection modulations to explain the group differences in auditory evoked
responses (control participants defined the baseline). Factor 1 refers to the modulation of intrinsic
connectivity in bilateral auditory cortices (and includes two families (or levels), corresponding to
models where these intrinsic connections were modulated (or not) between the two groups). Factor 2
refers to the modulation of lateral connections between the two auditory cortices (two families: models
which included modulation or not). Factor 3 refers to the type of connections between auditory and
frontal areas that are modulated (namely forward, backward, or both forward and backward
connections) or not (four families). Factor 4 refers to the hemispheric location of the above modulated
connections, either in the right hemisphere, the left hemisphere, or both (3 families). We thus fitted
and compared 48 models. Assuming equal prior probabilities over models, we used Bayesian model
selection (BMS) to compare model families (Penny et al., 2010). This rests upon the free energy (or
approximate marginal likelihood or evidence) for each model, and yields a posterior probability

associated with each model family.
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Figure 27 A. Example of the musical stimuli used for different trials of the Contour Task (CT) of Study
1. The second melody of the pair changed by only one tone in CT (indicated by the red square) B.
Grand average of a left temporal MEG sensor (MLT42) for a 0 to 700 ms time window after the onset
of the changed tone in S2 for the Contour Task for each group and each type of trial. For controls
(left). Green dotted line: Different Trials, correct responses; blue dotted line: Same Trials, correct
responses, green plain line: Difference Wave (Different trials — Same Trials for correct responses).

For amusic individuals (right). Red dotted line: Different Trials, correct responses; purple dotted line:
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Same Trials, correct responses; red plain line: Difference Wave (Different Trials — Same Trials for
correct responses). Two-sample t-tests were performed at each time sample on sensor amplitudes in
the 0 to 700 time window in the two groups of participants. p-values are reported across time in the
lower panel with blue for p < .05, green for p < .01; and red for p < .001. Note that only effects
lasting longer than 15 ms were reported (ref Guthrie & Buchwald).

C. Source reconstruction of the brain responses specifically evoked by the changed tone in S2.
Cortical meshes show bilateral regions that were significantly different from baseline (as indicated by
the brown areas). These regions were the bilateral STG as well as the opercular part of the Inferior
Frontal Gyrus (see Table 2). The surrounding panels correspond to the grand average of source data
for each region and for the time window where the inversion was performed (0 to 700 ms after the
changed tone onset, as indicated by a) for the control group (green) and the amusic group (red). Two
sample t-tests were performed at each time sample and for each region on source amplitude in the 100
to 600 ms time window (as indicated by b) in the two groups of participants. p-values are reported
across time below the source amplitudes with blue for p < .05; green for p < .01; and red for p <
.001. Note that only effects lasting longer than 15 ms were reported.

D. DCM results. Results of the four family-wise inferences. For each inference, the posterior
probability of each model family is depicted. For each comparison, the family associated with a high
posterior probability (p > .99) could be retained as the winning family. As each comparison yields a
clear winning family, we could identify a winning model.

Winning model. Dashed arrows indicate modulated connections (i.e., connections that differ between
groups) and solid arrows indicate fixed connections. Significant changes in effective coupling between
controls and amusic individuals are specified (in black: amount of coupling change between groups;

in red: corresponding relative coupling with amusic individuals coupling expressed in % of control

coupling).

Posterior estimates obtained with the winning model enabled us to conclude that, compared to
controls, amusic participants showed an abnormally decreased lateral connectivity between the two
auditory cortices, decreased intrinsic modulations in both auditory cortices, and decreased forward
connectivity between the right inferior frontal gyrus and the right auditory cortex. Based on this
result, we thus argue that while encoding and retrieval recruit the same brain regions, the dynamic of
interaction between these regions is different. Based on Garrido et al. (2007), we suggest that encoding
of auditory information is supported by top-down processes requiring feedback connections between
the inferior frontal gyrus and the auditory cortex, while retrieval (which involve also online
comparison with the preceding sound) could be considered more as a cooperation of bottom up and
top-down processes involving interactions between the two auditory cortices as well as forward

connection between the auditory cortex and the inferior frontal gyrus.
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9.5. Conclusions

9.5.1. Functional and anatomical data

All together, this PhD work suggests that amusic individuals’ pitch deficits are related to
impairments in the construction of short-term memory traces and in altered retention of pitch
information for a short time period. These deficits are associated altered functioning of the auditory
cortex along with altered recruitment of fronto-parietal regions in each step of the processing of short-
term memory: that is encoding, retention and retrieval of information. Additionally, our findings have
also allowed improving our understanding of the normally functioning brain. An overview of the

results discussed in the present general discussion section is depicted in Figure 28.

Amusics vs Controls

Anatomical studies | Functional studies
a. VBM / Cortical Thickness ; c. fMRI (passive listening) |d. Short term memory
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Eanay (group differences)
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Figure 28. Upper panel: Brain regions observed in anatomical and functional studies comparing

control participants and amusic individuals (white: no group difference; color: group difference). a)
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Coordinates of the anatomical group differences observed with VBM (Hyde et al., 2006 (black),
Mandell et al., 2007 (orange); Study 1) and Cortical thickness (Hyde et al., 2007 (green)) approaches.
b) Approximate location of the posterior inferior frontal gyrus (pIFG) and posterior superior temporal
gyrus (pSTG) seed regions used in the tractography study of the arcuate fasciculus by Loui et al.
(2009) (bold dotted lines and plain dotted line, respectively). Note that these regions were manually
selected by a neurologist who was blind concerning the protocol and previously reported activations.
Group differences were observed only in the right hemisphere (yellow color). c¢) Coordinates of the
functional group differences observed with fMRI in the right inferior frontal gyrus (Hyde et al., 2011,
purple circle), whereas in the auditory cortices both amusic individuals and control exhibit similar
BOLD activity to pitch variations (Hyde et al., 2011, white circles). d) Coordinates of the functional
group differences during a short-term memory task (Study 1, MEG, blue hexagons, Study 2, fMRI,
orange hexagones).
Lower panel: activation peaks observed in studies using PET (Positron Emission Tomography) or
functional MRI to investigate music processing in typical individuals. Coordinates of activations
obtained with pitch material for a) auditory short-term memory tasks (Zatorre et al., 1994, diamonds,
Griffths et al., 1999, triangles;, Gaab et al., 2003, circles, Schulze et al., 2009, squares); b) attentive
listening (Janata et al., 2002, stars) and passive listening (Patterson et al., 2002, pentagons).
All activations are displayed on the single subject T1 template provided by SPMS. The figure displays
activations with coordinates that were 6 mm up or down the central slice and 6 mm left or right of the
lateral slices for the upper panel, and £ 16 mm for the lower panel. R = right; L = left; A = anterior;
P = posterior).

9.5.2.  Perspective of rehabilitation

Beyond the understanding of amusic individuals’ perceptual and memory processes and their
cerebral underpinnings, the present PhD work has also intended to pave the way towards rehabilitation
tools for amusic individuals. Studies 4 and 5 have tried to boost pitch short-term memory and pitch
discrimination, respectively, with two approaches that are different than approaches started to be used
in other teams (singing lessons (Anderson et al., 2012), or passive listening in children (Mignault
Goulet et al., 2012)).

By exploring implicit knowledge related to musical structure (that requires knowledge about
the Western tonal system), in a short-term memory task (Study 4), we have shown that some implicit
knowledge is preserved in congenital amusia and could be potentially used to improve their short-term
memory abilities. However, we were not able to assess which step of the processing benefited from
this knowledge, and this could constitute a next step of investigation with neurophysiological methods.
Moreover, in the task used in Study 4, amusic individuals’ performance was strongly impaired in
comparison to controls, thus suggesting that the task was too difficult to observe benefit in terms of

accuracy. Based on the conclusions made in Study 3, in would be interesting to test the same paradigm
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with a more simple material (shorter sequence, slower timing etc.) that amusic individuals can encode
efficiently.

Finally, Study 5 tried to boost pitch processing in congenital amusia with multisensory
interactions. While amusic individuals (and controls) did not benefit from simultaneous visual
information in terms of accuracy, we observed a benefit of audio-visual integration in terms of
response times. More interestingly, this benefit was modulated as a function of task difficulty. These
results are thus encouraging and call for future research that will lead to design a tool for congenital
amusia rehabilitation.

Such rehabilitation programs could be based on a perceptual learning procedure that could be
boosted using facilitatory multisensory interactions. Perceptual learning consists in an improvement of
the discrimination of a perceptual attribute, after several training sessions with a particular perceptual
task. It has been observed in all sensory modalities, for a variety of attributes (Gilbert et al., 2001). For
example, and interestingly, training with tasks requiring pitch sequence comparison leads to
improvements in pitch-contour (i.e. melodic) perception (Foxton et al., 2004a). Neurophysiological
studies have revealed that perceptual training can lead to plastic changes up to the level of primary
sensory cortices, even in adult subjects: converging evidence has been obtained from animal
(Recanzone et al., 1993; Schoups et al., 2001) and human (Schiltz et al., 1999) studies. Such
perceptual training procedures have been found efficient for the rehabilitation of perceptual deficits,
for example using a task that is training contrast sensitivity in the case of amblyopia (Polat et al., 2004;
Polat et al., 2009). Other successful approaches include auditory-based training procedures for the
rehabilitation of language-learning impairment (Tallal, 2004). Finding similarly efficient procedures in
congenital amusia could then be further transposed to pathologies that share deficits for the processing
of the pitch dimension in the auditory signal, such as cochlear hearing loss (in particular for people

receiving cochlear implants (Cousineau et al., 2010) or individuals with dyslexia (Kujala et al., 2003).
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