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Abstract
Mapping the human auditory cortex with standard functional imaging techniques is

difficult because of its small size and angular position along the Sylvian fissure. As a

result, the exact number and location of auditory cortex areas in the human remains un-

known. In a first experiment, we measured the two largest tonotopic areas of primary

auditory cortex (PAC, A1 and R) using high-resolution functional MRI at 7 Tesla relative

to the underlying anatomy of Heschl’s gyrus (HG). The data reveals a clear anatomical–

functional relationship that indicates the location of PAC across the range of common

morphological variants of HG (single gyri, partial duplication and complete duplication).

Human PAC tonotopic areas are oriented along an oblique posterior-to-anterior axis with

mirror-symmetric frequency gradients perpendicular to HG, as in the macaque. In a sec-

ond experiment, we tested whether these primary frequency-tuned units were modulated

by selective attention to preferred vs. non-preferred sound frequencies in the dynamic

manner needed to account for human listening abilities in noisy environments, such as

cocktail parties or busy streets. We used a dual-stream selective attention experiment

where subjects attended to one of two competing tonal streams presented simultaneously

to different ears. Attention to low-frequency tones (250 Hz) enhanced neural responses

within low-frequency-tuned voxels relative to high (4000 Hz), and vice versa when at-

tention switched from high to low. Human PAC is able to tune into attended frequency

channels and can switch frequencies on demand, like a radio. In a third experiment, we

investigated repetition suppression effects to environmental sounds within primary and

non-primary early-stage auditory areas, identified with the tonotopic mapping design. Re-

peated presentations of sounds from the same sources, as compared to different sources,

gave repetition suppression effects within posterior and medial non-primary areas of the

right hemisphere, reflecting their potential involvement in semantic representations.



These three studies were conducted at 7 Tesla with high-resolution imaging. However, 7

Tesla scanners are, for the moment, not yet used for clinical diagnosis and mostly reside

in institutions external to hospitals. Thus, hospital-based clinical functional and structural

studies are mainly performed using lower field systems (1.5 or 3 Tesla). In a fourth ex-

periment, we acquired tonotopic maps at 3 and 7 Tesla and evaluated the consistency of a

tonotopic mapping paradigm between scanners. Mirror-symmetric gradients within PAC

were highly similar at 7 and 3 Tesla across renderings at different spatial resolutions. We

concluded that the tonotopic mapping paradigm is robust and suitable for definition of pri-

mary tonotopic areas, also at 3 Tesla. Finally, in a fifth study, we considered whether focal

brain lesions alter tonotopic representations in the intact ipsi- and contralesional primary

auditory cortex in three patients with hemispheric or cerebellar lesions, without and with

auditory complaints. We found evidence for tonotopic reorganisation at the level of the

primary auditory cortex in cases of brain lesions independently of auditory complaints.

Overall, these results reflect a certain degree of plasticity within primary auditory cortex

in different populations of subjects, assessed at different field strengths.

Keywords: auditory cortex imaging; tonotopy; ultra-high field; fMRI.



Résumé
La cartographie du cortex auditif chez l’humain est difficile à réaliser avec des tech-

niques d’imagerie fonctionnelle standard, étant donné sa petite taille et position angulaire

le long de la fissure sylvienne. En conséquence, le nombre et l’emplacement exacts des

différentes aires du cortex auditif restent inconnus chez l’homme. Lors d’une première

expérience, nous avons mesuré, avec de l’imagerie par résonance magnétique à haute

intensité (IRMf à 7 Tesla) chez des sujets humains sains, deux larges aires au sein du cor-

tex auditif primaire (PAC; A1 et R) avec une représentation spécifique des fréquences

pures préférées – ou tonotopie. Nos résultats ont démontré une relation anatomico–

fonctionnelle qui définit clairement la position du PAC à travers toutes les variantes du

gyrus d’Heschl’s (HG). Les aires tonotopiques du PAC humain sont orientées le long

d’un axe postéro-antérieur oblique avec des gradients de fréquences spécifiques perpen-

diculaires à HG, d’une manière similaire à celles mesurées chez le singe. Dans une

deuxième expérience, nous avons testé si ces aires primaires pouvaient être modulées,

de façon dynamique, par une attention sélective pour des fréquences préférées par rapport

à celles non-préférées. Cette modulation est primordiale lors d’interactions sociales chez

l’humain en présence de bruits distracteurs tels que d’autres discussions ou un environ-

nement sonore nuisible (comme par exemple, dans la circulation routière). Dans cette

étude, nous avons utilisé une expérience d’attention sélective où le sujet devait être atten-

tif à une des deux voies sonores présentées simultanément à chaque oreille. Lorsque le

sujet portait était attentif aux sons de basses fréquences (250 Hz), la réponse neuronale

relative à ces fréquences augmentait par rapport à celle des hautes fréquences (4000 Hz),

et vice versa lorsque l’attention passait des hautes aux basses fréquences. De ce fait, nous

pouvons dire que PAC est capable de focaliser sur la fréquence attendue et de changer de

canal selon la demande, comme une radio. Lors d’une troisième expérience, nous avons

étudié les effets de suppression due à la répétition de sons environnementaux dans les aires

auditives primaires et non-primaires, d’abord identifiées via le protocole de la première



étude. La présentation répétée de sons provenant de la même source sonore, par rapport

à de sons de différentes sources sonores, a induit un effet de suppression dans les aires

postérieures et médiales auditives non-primaires de l’hémisphère droite, reflétant une im-

plication de ces aires dans la représentation de la catégorie sémantique.

Ces trois études ont été réalisées avec de l’imagerie à haute résolution à 7 Tesla. Cepen-

dant, les scanners 7 Tesla ne sont pour le moment utilisés que pour de la recherche fonda-

mentale, principalement dans des institutions externes, parfois proches du patient mais pas

directement à son chevet. L’imagerie fonctionnelle et structurelle clinique se fait actuelle-

ment principalement avec des infrastructures cliniques à 1.5 ou 3 Tesla. Dans le cadre

dune quatrième expérience, nous avons avons évalués la cohérence du paradigme de car-

tographie tonotopique à travers différents scanners (3 et 7 Tesla) chez les mêmes sujets.

Nos résultats démontrent des gradients de fréquences définissant PAC très similaires à 3 et

7 Tesla. De ce fait, notre paradigme de définition des aires primaires auditives est robuste

et applicable cliniquement. Finalement, nous avons évalués l’impact de lésions focales

sur les représentations tonotopiques des aires auditives primaires des hémisphères intactes

contralésionales et ipsilésionales chez trois patients avec des lésions hémisphèriques ou

cérébélleuses avec ou sans plaintes auditives. Nous avons trouvé l’évidence d’une cer-

taine réorganisation des représentations topographiques au niveau de PAC dans le cas de

lésions cérébrales indépendamment des plaintes auditives. En conclusion, nos résultats

démontrent une certaine plasticité du cortex auditif primaire avec différentes populations

de sujets et différents champs magnétiques.

Mots-clé: imagerie du cortex auditif humain; tonotopie; haute résolution; IRMf.
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PAC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . primary auditory cortex

PC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . posterior commissure

PD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . partial duplication

PET . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . positron emission tomography

PM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . posteromedial

PP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . planum polare

PSC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . percent signal change

PT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . planum temporale

R (hR) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . primary auditory area

REP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . repetition

RH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . right hemisphere

ROI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . region of interest

RT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . primary auditory area

SAC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . secondary auditory cortex

sD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . severe deficits

SI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . sulcus intermedius

sMRI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . structural magnetic resonance imaging

SNR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . signal-to-noise ratio

SOC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . superior olive complex

STG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . superior temporal gyrus

STS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . superior temporal sulcus

TBI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . traumatic brain injury

TE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . echo time

Te1.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . primary auditory area

TI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . inversion time

TR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . repetition time
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Chapter 1

Introduction

1.1 General introduction

All along our life, auditory information is constantly flowing around us and processed

by the auditory cortex. Even before birth, our auditory system is already stimulated by

environment sounds from our relatives (our mothers voice) or their actions (her preferred

music). Thus, until our last breath, auditory information is vital for social interactions,

everyday life events, knowledge transmission, and human wellbeing. The auditory cortex

is crucial for sounds localization and discrimination, species-specific vocalization recog-

nition, scene analysis, and auditory memory and learning. However, little is known about

auditory processing networks. First, the auditory cortex is niched inside the superior

temporal plane which makes it difficult to access. In the last century, Kleist (1934) was

the first to compare cortical lesions related to auditory deficits with cytoarchitectonic ar-

eas defined by Brodmann thirty years earlier. He found that Brodmanns areas 22, 41,

42, and 52 were important for auditory processing. But the results were obtained with

post-mortem brains, which is difficult to extrapolate to normal functions. Second, during

evolution, speech development and gyrification constrained the auditory cortex into a rel-

atively confined region in the human brain, with several distinct functions relatively close

to or overlapping each other. Much auditory literature focuses the cortical organisation in

on monkey and shows evidence for a hierarchical auditory organisation (Kaas and Hack-

ett, 2000) with clear frequency gradients in the primary core (A1, R and possibly RT),

9
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and preferential responses to more complex sounds in the secondary belt and parabelt

regions. Only recently, due to technical advances in neuroimaging and cytoarchitectonic

techniques, have researchers been able to corroborate animal findings in humans.

In this introduction, I will briefly introduce some basis of the auditory system such as the

auditory pathway, auditory anatomy and tonotopic mapping. But also, a general view on

selective modulation of auditory responses by attention and stimulus repetition, and some

fMRI principles.

1.2 Auditory principles

Auditory pathways in healthy humans

Auditory information is initially decomposed by the basilar membrane of the cochlea

into a frequency-specific organization – named cochleotopy (or tonotopy). This decompo-

sition is transferred by the auditory nerve to the cochlear nucleus (CN) in the brainstem.

Auditory fibres cross majorly the brainstem to the contralateral superior olive complex

(SOC), but some of them also go to the ipsilateral SOC. From there, they project to the

central nucleus of the inferior colliculus (IC) in the midbrain and then to the medial genic-

ulate nucleus (MGN) of the thalamus. The ventral MGN receives inputs from central IC

nucleus and is part of the tonotopic ascending pathway, whereas medial and dorsal MGN

(in gray in Figure 1.1) receive inputs from tonotopic and non-tonotopic portions of the IC

(rainbow and gray regions in Figure 1.1). Finally, auditory fibres reach auditory cortices

in the superior temporal gyrus where they go either to the primary auditory cortex (PAC

or the core, mainly A1 and R, plus a possible third region RT; rainbow gradients in Figure

1.1) or to the secondary auditory cortex (SAC or the belt with several subfields; dark gray

regions in Figure 1.1) or higher order regions such as the parabelt (light gray in Figure
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Figure 1.1: Auditory pathway with frequency-specific topographic organization. Rainbow
bar: frequency gradients; CN: cochlear nucleus; SOC: superior olive complex; IC: inferior col-
liculus; MGN: medial geniculate nucleus; L: left; R: right; P: posterior; A: anterior; Med: medial;
Lat: lateral. Red arrows: inputs from left ear; green arrows: input from the right ear. Figure
modified from Saenz and Langers, 2013.

1.1) and others regions from the superior temporal plane (see next session). PAC and SAC

get fibres in parallel from ventral and dorsomedial MGN nucleus, respectively. Auditory

cortices process information primarily from the contralateral ear (thick arrows in Figure
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1.1), however they also have significant input from the ipsilateral ear (thin arrows) coming

from crossing fibres in the IC or in the corpus callosum (for review see Brugge, 2013; Di

Salle et al., 2003; Saenz and Langers, 2013). Auditory information is transferred along

the different auditory pathways by highly conservative and hierarchical processes before

reaching several subregions of the superior temporal plane.

Auditory cortex anatomy

The superior temporal gyrus (STG) can be divided into three parts: the planum tem-

porale (PT), Heschl’s gyrus (HG) and planum polare (PP, from posterior to anterior). Pi-

oneering post-mortem architectonic studies identified PAC in the STG based on its dense

myelination, thalamic connectivity and koniocortex (well-developed layer 4; Beck, 1928;

Brodmann, 1909; Campbell, 1905; Fleschig, 1908; Galaburda and Sanides, 1980; Mo-

rosan et al., 2001, 2004; Rivier and Clarke, 1997; von Economo and Horn, 1930; von

Economo and Koskinas, 1925; Wallace et al., 2002). PAC colocalises with the medial

two-thirds of the crest of HG with an elongated shape analogous to the core in monkey

(Hackett et al., 2001). However, the exact extent, size and gyral borders are not consistent

throughout the literature. In some studies, PAC expands until the PP and PT (Brodmann,

1909; von Economo and Horn, 1930; von Economo and Koskinas, 1925), whereas in oth-

ers it is confined to HG borders (Beck, 1928; Galaburda and Sanides, 1980; Morosan et

al., 2001, 2004) or encompassed inside HG (Rivier and Clarke, 1997; Wallace et al., 2002;

see Figure 1.2 and Baumann et al, 2013 for review). This variability in PAC definition and

localization is mainly due to technical differences, recent studies using more elaborated

architectonic and histochemical staining compared to early work from Brodmann. These

more recent techniques allowed more detailed parcellation of the STG with PAC being

one (Te1.0 or A1) or two (KAlt, KAm) regions surrounded by different number of SAC

subfields (Galaburda and Sanides, 1980; Morosan et al., 2001, 2004; Rivier and Clarke,
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Figure 1.2: Parcelation of the superior temporal cortex. Red: PAC; dark gray: SAC; light gray:
parabelt and high order regions. Figure adapted from Baumann et al., 2013.

1997; Wallace et al., 2002). However, despite the inconsistency in architectonic definition

of PAC, HG remains the major landmark for PAC localisation even though intersubject

and interhemisphere HG variability increases uncertainty in PAC delimitation. HG can be

either a single gyrus, either partially or completely duplicated by an intermediate sulcus
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(SI, Rademacher et al., 1993). In case of duplication, the posterior border of HG, the Hes-

chl’s sulcus (HS or HS1 for complete duplications), has been considered as part of PAC

whereas the second sulcus (HS2) was included in the PT (Penhune et al., 2003). As part

of the work done in this thesis, I have recently shown, with functional tonotopic mapping,

that PAC spanned both HS, and thus both HS are part of a continuum (Da Costa et al.,

2011).

Primary tonotopic representations

PAC can also been defined functionally by two tonotopic mirror-symmetric “high-

low-low-high” gradients of preferred frequency responses (upper panel, black arrows in

Figure 1.1). This tonotopic mapping has been widely explored in the animal literature

(Brugge and Merzenich, 1973; Kaas and Hackett, 2000; Morel and Kaas, 1992; Petkov et

al., 2006). In the monkey, the core (A1, R and RT) is oriented along a posterior-to-anterior

axis and is organized in three frequency gradients: a first high-to-low gradient (A1) fol-

lowed by reversal low-to-high (R), and then a third smaller and less distinct high-to-low

(RT). In the human, functional imaging studies revealed frequency gradients in the STG

(Da Costa et al., 2011; Formisano et al., 2003; Humphries et al., 2010; Langers and Dijk,

2012; Moerel et al., 2012; Schönwiesner et al., 2002; Striem-Amit et al., 2011; Talavage

et al., 2000; Woods and Alain, 2009; Woods et al., 2011). As in architectonic studies,

there is still inconsistency in gradient definitions. These studies did not consistently de-

scribe mirror-symmetric gradients along or across HG. Fortunately, a recent review from

Baumann et al. (2013) reconciled all these findings using comparison between seminal

results of monkey and human literature. Baumann and colleagues highlighted the fact

that posterior and anterior high frequency subfields are closer in the medial side com-

pared to the lateral side of HG, and conclude that the orientation of the tonotopic gradient

is oblique, going from the posteromedial to the anteriolateral bulck of the STG, and not
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parallel or perpendicular to HG (for more details, see Baumann et al., 2013). The border

between A1 and R colocalise with the central low frequency subfield and the koniocortex

of architectonic studies. Moreover, this low frequency subfield colocalised with the crown

of single HG or the SI of duplicated HG (Da Costa et al., 2011). RT high-to-low gradi-

ent and other nonprimary subfields (from belt areas) are less reliable in human studies,

mainly because these fields are less tonotopic and/or prefer more complex sounds. PAC

areas receive bottom-up inputs from lower auditory nuclei (as explained earlier in this

introduction), but can also be modulated by top-down inputs from auditory-related areas

during complex processes such as attention or semantic categorization.

In the section 3.1 of this thesis, I describe the high-resolution tonotopic mapping exper-

iments that have contributed to this improved understanding of auditory cortical organi-

sation in the human (Da Costa et al., 2011). Importantly, our study clearly demonstrated

that the primary tonotopic gradients consistently run across Heschl’s gyrus in the human

brain, and are thus consistent with the anterior-to-posterior orientation of the same gradi-

ents in the monkey. Further, our study demonstrated an unexpected anatomical–functional

relationship that indicated the location of PAC across the common morphological variants

of HG, which appeared to be part of a continuum rather than distinct subtypes.

In the section 3.4 of this thesis, I prove the reproducibility of these results at lower field

strength. Our comparison between the tonotopic mapping paradigm at 3T and 7T revealed

highly similar mirror-symmetric gradients within the primary auditory cortex across ren-

derings at different spatial resolutions. Therefore, the tonotopic paradigm is robust and

suitable for tonotopic studies, also at 3T, allowing a reliable identication of the primary

auditory cortex in healthy subjects, but also in patients as illustrated in the section 3.5 of

this thesis. Our preliminary study reported some tonotopic reorganisation at the level of

the primary auditory cortex in cases of brain lesions independently of auditory complaints.
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Selective attention modulation

In the beginning of the fifties, Cherry (1953) defined the “cocktail party problem”

with a simple question: “how do we recognize what one person is saying when others

are speaking at the same time?” During a conversation with distractive noise around, we

need top-down and bottom-up interactions to selectively focus our attention on a particu-

lar voice. An object of interest is selected based on its features (e.g. female or male voice,

low or high pitches) and then attention is switched between the object and the background

environment (for review, see Lee et al., 2013). In the auditory field, few studies investi-

gated object-based attention (for review: Shinn-Cunningham, 2008), but functional stud-

ies showed attention modulation in primary auditory regions (Bidet-Caulet et al., 2007;

Fujiwara et al., 1998; Hillyard et al., 1973; Jäncke et al., 1999; Oh et al., 2012; Paltoglou

et al., 2009, 2011; Rinne et al., 2008; Woldorff et al., 1993; Woods et al., 1984) and sec-

ondary auditory regions (Ahveninen et al., 2011; Petkov et al., 2004; Woods et al., 2009,

2010). Attention increases the contrast between target object and background noise (Fritz

et al., 2003, 2007) in an object-specific attention-modulated gain control manner. Beyond

the auditory cortex, attention activates a network amid superior temporal sulcus, middle

temporal gyrus, premotor cortex, and inferior parietal cortex (Shinn-Cunningham, 2008).

In the section 3.2 of this thesis, I asked whether neurons of the primary auditory cortex,

which show clear tuning to preferred frequencies, could filter sound information based

on selected frequency-content. If so, spectral filtering by attention could be an impor-

tant function of the primary auditory cortex, contributing to the downstream selection of

complex sound stimuli such as speech. We found that neural responses within low- or

high-frequency tuned regions of PAC were enhanced when subjects attention to low- or

high-frequency tones, respectively (Da Costa et al., 2013).
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Auditory repetition suppression

Auditory (but also other sensory modalities) repetition suppression is a response re-

duction measured after immediate single or several stimuli repetition (Grill-Spector et

al., 2006). This effect has been largely used to categorize the functional specificity of

brain areas to different types of stimuli (e.g. human voices, environmental sounds, mu-

sic instruments) using different imaging techniques (Altmann et al., 2007; Andics et al.,

2013; Bergerbest et al., 2004; Bourquin et al., 2012; De Lucia et al., 2010; Leaver and

Rauschecker, 2010; Petkov et al., 2009). Repetition suppression is mainly due to auto-

matic bottom-up processing such as adaptation. Auditory stimuli activate unspecific but

also stimulus-specific auditory regions. If the same stimulus is presented again once or

several times, neuronal activity will decrease – thus adapt – in regions categorizing this

stimulus and will remain constant in unspecific regions.

In the section 3.3 of this thesis, I use a repetition suppression paradigm to assess semantic

representation within early auditory cortical areas. Repetition of different environmental

sounds of the same source induced repetition suppression effects in the right posterior and

medial early-stage auditory areas, right posterior middle temporal gyrus, and repetition

enhancement in the anterior medial temporal gyrus. Thus, parts of the planum temporale

and medial Heshcl’s gyrus are likely to carry semantic representations of static environ-

mental sounds.

1.3 MRI principles

fMRI principles

Functional magnetic resonance imaging (fMRI), in combination with structural mag-
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netic resonance imaging (sMRI), is widely used to investigate brain functions and organ-

isation. fMRI measures spatially specific signal intensity changes correlated to different

cognitive states at a macroscopic level (voxel) compared to the underlying neuronal pop-

ulation (neurons and astrocytes). These signal intensity variations are an indirect measure

of brain metabolic activity, signalling changes in haemoglobin oxygenation. Haemoglobin

molecules are present in the brain either in their oxygenated or reduced state. When linked

to oxygen, these molecules do not alter magnetic properties of brain tissue. But once the

tissue has extracted the oxygen molecule, the haemoglobin became paramagnetic and lo-

cal magnetic field homogeneity is reduced, resulting in a diminution of the signal. The

measured signal depends on the homeostasis between the concentration of oxygenated

and reduced haemoglobin. When neurons get activated, the concentration of reduced

haemoglobin decrease and signal loss is diminished, inducing a signal increase. fMRI

measures the blood oxygenation level dependent (BOLD) hemodynamic response related

to oxygen consumption. This response can be divided into four components: the initial

dip briefly appearing in some brain regions after stimulus presentation, the rapid positive

increase correlated with increased oxygen consumption, the return to baseline associated

with blood flow decrease, and the post-stimulus undershoot caused by a temporal decou-

pling between blood flow recovery and blood volume decreases oxygen delivery (for a

nice review on auditory cortex imaging, see section 3 in Talavage et al., 2013).

High and ultra-high field imaging

Usually, fMRI experiments are done at high field strength (3 Tesla), but ultrahigh field

scanners (7 Tesla) are used more and more to explore specific brain regions of interest.

3 Tesla scanners allow whole brain imaging and are commonly used for global network

research, in healthy subjects and patients. However, this global view (generally with 3

mm isotropic spatial resolution) does not allow the investigation of more subtle differ-

ences inside a small region of the interest, such as the auditory subfields. For that, 7 Tesla
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machines allow higher resolution imaging, with the potential to a measure responses at

column-specific levels (De Martino et al., 2013a, 2013b; Yacoub et al., 2007). At 7 Tesla,

signal-to-noise ratio (SNR) and BOLD signal are increased and more specific to grey mat-

ter, due to a lesser amount of draining vein signals. This allows the use of smaller voxel

sizes (generally 1 – 2 mm isotropic resolution) and increases BOLD signal specificity (De

Martino et al., 2012; van der Zwaag et al., 2009, 2011). One caveat of ultrahigh field

imaging is increased signal drop-out around the sinus and mastoid cavities. To overcome

these limitations, one can either reduce the region of acquisition to areas that are not af-

fected by gradients, reduce the slice thickness, optimise slice orientation, use spin-echo

sequences, use rf-coils with larger number of coils or all together. Nevertheless, as men-

tioned, the use of 3 or 7 Tesla scanners depends on the question of interest. In some cases,

such as experiments with patients, practical constraints will dictate the scanner choice.

For example, the necessity to have medical devices in the same scanner will favour high

field imaging over ultrahigh field without medical safeguarding.

Phase encoding analysis

Classically, fMRI data are processed with a standard general linear model where the

measured signal corresponds to the modulation of the original data by experimental fac-

tors (plus some noise). This model fitted well conventional paradigms with stimuli pre-

sented randomly or pseudo-randomly during a session. However, at the beginning of the

nineties, a group from Stanford proposed a new model called phase-encoding or “travel-

ling wave” specific to phase-encoded paradigm. This group was trying to measure neu-

ronal activity in the visual cortex using stimuli presented continuously in a specified order.

They presented a circular checkerboard looming from a central position to the peripheral

part of the visual field and measured delayed responses characterised by different phases

(Engel et al., 1994; Engel, 2012). As the checkerboard slid towards the periphery, a trav-

elling wave of activity (orange-yellow wave in Figure 1.3) spread from the anterior to
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Figure 1.3: Travelling wave of activity.Voxels showing early activity preferred foveal stimuli
whereas late activity voxels preferred peripheral stimuli. Yellow colors correspond to peak of
activity related to stimulus presentation. Figure adapted from Engel, 2012.

posterior along the anterior calcarine sulcus. Thus voxels showing early activity preferred

foveal stimuli whereas late activity voxels preferred peripheral stimuli. This was the be-

ginning of the phase-encoding (retinotopic) history. Later on, studies on other sensory

modalities used comparable designs to measure topographic organisation in distinct re-

gions (tonotopy: Da Costa et al., 2011; Striem-Amit et al., 2011; Talavage et al., 2004;

somatosentory: Sanchez-Panchuelo et al., 2010).
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pression for voices is modulated by stimulus expectations. NeuroImage 69, 277 – 283.

Baumann, S., Petkov, C.I., Griffiths, T.D., 2013. A unified framework for the organization
of the primate auditory cortex. Front. Syst. Neurosci. 7:11.

Beck, E., 1928. Die myeloarchitektonische Feldung des in ders Sylvischen Furche gele-
genen Teiles des menschlien Schlafenlappens. J Psychol Neurol 1 – 21.

Bergerbest, D., Ghahremani, D.G., Gabrieli, J.D.E., 2004. Neural Correlates of Auditory
Repetition Priming: Reduced fMRI Activation in the Auditory Cortex. J. Cogn. Neurosci.
16, 966 – 977.

Bidet-Caulet, A., Fischer, C., Besle, J., Aguera, P.-E., Giard, M.-H., Bertrand, O., 2007.
Effects of selective attention on the electrophysiological representation of concurrent
sounds in the human auditory cortex. J. Neurosci. Off. J. Soc. Neurosci. 27, 9252 – 9261.

Bourquin, N.M.-P., Spierer, L., Murray, M.M., Clarke, S., 2012. Neural plasticity associ-
ated with recently versus often heard objects. NeuroImage 62, 1800 – 1806.

Brodmann, K., 1909. Vergleichende Lokalisationslehre der Grosshirnrinde in ihren Prinzip-
ien dargestellt auf Grund des Zellenbaues., Leipzig: Barth. ed.

Brugge, J.F., Merzenich, M.M., 1973. Responses of neurons in auditory cortex of the
macaque monkey to monaural and binaural stimulation. J. Neurophysiol. 36, 1138 –
1158.

Brugge, J.F., 2013. Chapter 2 - Anatomy and physiology of auditory pathways and cor-
tex, in: Gastone G. Celesia (Ed.), Handbook of Clinical Neurophysiology, Disorders of
Peripheral and Central Auditory Processing. Elsevier, pp. 25 – 59.

Campbell, A.W., 1905. Histological studies on the localization of cerebral function. Cam-
bridge: University Press.

Da Costa, S., van der Zwaag, W., Marques, J.P., Frackowiak, R.S.J., Clarke, S., Saenz,
M., 2011. Human Primary Auditory Cortex Follows the Shape of Heschl’s Gyrus. J. Neu-
rosci. 31, 14067 – 14075.

De Lucia, M., Cocchi, L., Martuzzi, R., Meuli, R.A., Clarke, S., Murray, M.M., 2010. Per-
ceptual and semantic contributions to repetition priming of environmental sounds. Cereb.



22 CHAPTER 1. INTRODUCTION

Cortex N. Y. N 1991 20, 1676 – 1684.

De Martino, F., Moerel, M., van de Moortele, P.-F., Ugurbil, K., Goebel, R., Yacoub, E.,
Formisano, E., 2013a. Spatial organization of frequency preference and selectivity in the
human inferior colliculus. Nat. Commun. 4, 1386.

De Martino, F., Schmitter, S., Moerel, M., Tian, J., Ugurbil, K., Formisano, E., Yacoub,
E., de Moortele, P.-F. van, 2012. Spin echo functional MRI in bilateral auditory cortices
at 7 T: an application of B1 shimming. NeuroImage 63, 1313 – 1320.

De Martino, F., Zimmermann, J., Muckli, L., Ugurbil, K., Yacoub, E., Goebel, R., 2013b.
Cortical Depth Dependent Functional Responses in Humans at 7T: Improved Specificity
with 3D GRASE. PloS One 8, e60514.

Di Salle, F., Esposito, F., Scarabino, T., Formisano, E., Marciano, E., Saulino, C., Cirillo,
S., Elefante, R., Scheffler, K., Seifritz, E., 2003. fMRI of the auditory system: under-
standing the neural basis of auditory gestalt. Magn. Reson. Imaging 21, 1213 – 1224.

Engel, S.A., 2012. The development and use of phase-encoded functional MRI designs.
NeuroImage 62, 1195 – 1200.

Engel, S.A., Rumelhart, D.E., Wandell, B.A., Lee, A.T., Glover, G.H., Chichilnisky, E.J.,
Shadlen, M.N., 1994. fMRI of human visual cortex. Nature 369, 525.

Fleschig, P., 1908. Bemerkungen über die Hörsphäre des menschlichen Gehirns. Neurol.
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Chapter 2

Main research axes

In this thesis, I looked at the auditory cortex modulation, especially the plasticity of the
primary auditory areas with three major questions:

1. Can we define a clear tonotopic map of the primary auditory cortex using high
resolution imaging ?

2. Is the primary auditory cortex modulated by top-down mechanisms such as atten-
tion ?

3. Does repetition suppression modulate responses from primary and non-primary
early-stage auditory and auditory-related areas responses ?

In the following pages, I will show results answering to these questions and also present
some examples of how tonotopic maps are altered by brain injuries.
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Chapter 3

Results

In this chapter, I will present the results from my thesis in paper format as they have
been published or would be submitted. Each section is dedicated to one of the five projects
discussed here.

All the data presented here was acquired by myself alone or with Wietske van der Zwaag
or Melissa Saenz on two different MR scanners from the Centre d’Imagerie BioMédicale
of the Université de Lausanne, Université de Genève, Hôpitaux Universitaires de Genève
et de Lausanne, Ecole Polytechnique Fédérale de Lausanne at the Ecole Polytechnique
Fédérale de Lausanne (7 Tesla) or at the Centre Hospitalier Universitaire Vaudois, Lau-
sanne (3 Telsa). Data had been analysed by Melissa Saenz and I. The design were dis-
cussed and built by Melissa Saenz, Wietske van der Zwaag, Stephanie Clarke and myself.
The manuscripts were written by the same people with the respective collaborators.

In all studies, no healthy subjects were discarded due to neurological or psychological
diseases. They were all paid for their participation by a Swiss National Science Foun-
dation Grant 3200030-124897 from Stephanie Clarke. Patients were from the Service
of Neuropsychology and Neurorehabilitation of the Centre Hospitalier Universitaire Vau-
dois, Lausanne.
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Abstract

The primary auditory cortex (PAC) is central to human auditory abilities, yet its lo-
cation in the brain remains unclear. We measured the two largest tonotopic subfields of
PAC (hA1 and hR) using high-resolution functional MRI at 7 T relative to the underly-
ing anatomy of Heschl’s gyrus (HG) in 10 individual human subjects. The data reveals
a clear anatomicalfunctional relationship that, for the first time, indicates the location
of PAC across the range of common morphological variants of HG (single gyri, partial
duplications, and complete duplications). In 20/20 individual hemispheres, two primary
mirror-symmetric tonotopic maps were clearly observed with gradients perpendicular to
HG. PAC spanned both divisions of HG in cases of partial and complete duplications
(11/20 hemispheres), not only the anterior division as commonly assumed. Specifically,
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the central union of the two primary maps (the hA1 – R border) was consistently centered
on the full Heschl’s structure: on the gyral crown of single HGs and within the sulcal
divide of duplicated HGs. The anatomical-functional variants of PAC appear to be part
of a continuum, rather than distinct subtypes. These findings significantly revise HG as a
marker for human PAC and suggest that tonotopic maps may have shaped HG during hu-
man evolution. Tonotopic mappings were based on only 16min of fMRI data acquisition,
so these methods can be used as an initial mapping step in future experiments designed to
probe the function of specific auditory fields.

Introduction

Over 100 years ago human primary auditory cortex (PAC, Brodmanns Area 41) was
first identified based on its dense cellular structure (koniocortex) and myelination in post-
mortem tissue (Brodmann, 1909; Campbell, 1905; Fleschig, 1908; von Economo and
Koskinas, 1925). Today PAC is still not routinely identifiable in the living human brain.
The transverse gyrus of Hesch’s (HG, approximately medial two-thirds) located bilater-
ally on the temporal plane is an important but rough marker for PAC, not indicating exact
architectonic borders (Rademacher et al., 2001). Complicating the matter, HG has high
morphological variability across individuals and brain hemispheres. Duplications of HG,
ranging from partial to complete, are common (estimated occurrence 41%, Rademacher
et al., 1993), and architectonic evidence has never been clear about whether PAC occupies
one or both divisions of duplicated Heschl’s gyri. However, it is commonly assumed that
PAC occupies only the first (more anterior) division of HG duplications (Penhune et al.,
1996; Rademacher et al., 1993).

In the monkey, the primary auditory cortex is subdivided into three fields, A1, R and RT,
which together correspond to the architectonic core and each have primary-like features,
including direct thalamic input (ventral medial geniculate nucleus, Rauschecker et al.,
1997). The neurons of each field respond to tones over a limited frequency range and are
spatially arranged according to preferred frequencies – tonotopy (Brugge and Merzenich,
1973; Kaas and Hackett, 2000; Morel and Kaas, 1992). Along a posterior-to-anterior axis,
there is a continuous mapping of preferred frequencies from high to low (A1), followed
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by a reversed mapping of low back to high (R), followed by a third smaller mapping of
high back to low (RT). The borders between the individual fields are marked by rever-
sals in the frequency gradients. These tonotopic maps have been imaged in the macaque
with high-resolution functional MRI in good agreement with previous maps derived from
single-neuron recordings (Petkov et al., 2006). Unlike the human, the monkey temporal
plane is relatively flat (no HG, Hackett et al., 2001); thus, the monkey model does not
allow direct prediction of human PAC location relative to HG.

Human tonotopic maps have been challenging to obtain thus far because of their small
size relative to the spatial resolution of standard non-invasive neuroimaging techniques.
Using fMRI, Formisano et al. (Formisano et al., 2003) and others (Talavage et al. 2004;
Woods and Alain 2009; Humphries et al. 2010) confirmed the presence in humans of
at least two tonotopic maps with a mirror-symmetric “high-low-low-high” progression,
likely homologues of areas A1 and R. The human data so far have not been clear about
the spatial layout of tonotopic fields relative to HG, and no study has addressed the is-
sue of PAC location across the common anatomical variants of HG. Here, we measured
tonotopic maps individually in 10 human subjects using high-resolution fMRI (7T) and
found a striking and highly consistent relationship between the functional tonotopic maps
of PAC and the underlying anatomical shape of HG.

Materials and Methods

Subjects

Ten subjects (5 male, 5 female, ages 20 – 35) participated after giving written, in-
formed consent. No subject had a known hearing deficit or history of neurological or
psychiatric illness. Experimental procedures were approved by the Ethics Committee of
the Faculty of Biology and Medicine of the University of Lausanne.

MRI data acquisition

Blood oxygenation-level dependent (BOLD) functional imaging was performed with
an actively shielded 7 Tesla Siemens MAGNETOM scanner (Siemens Medical Solutions)



34 CHAPTER 3. RESULTS

located at the Centre d’Imagerie BioMédicale (CIBM) in Lausanne, Switzerland.

The increased signal-to-noise ratio (SNR) and available BOLD signal arising from the
use of ultra-high magnetic field systems (> 3T) allow the use of smaller voxel sizes in
fMRI. Also, the signal strength of venous blood is reduced due to a shortened relaxation
time, restricting activation signals to the cortical gray matter and thus improving the spa-
tial specificity of the BOLD signal (van der Zwaag et al., 2009, 2011). fMRI data were
acquired using an eight-channel head volume rf-coil (RAPID Biomedical) and an EPI
pulse sequence with sinusoidal read-out (Speck et al., 2008; 1.5 x 1.5 mm in-plane reso-
lution, slice thickness = 1.5 mm, TR = 2000 ms, TE = 25 ms, flip angle = 47◦, slice gap
= 1.57 mm, matrix size = 148 x 148, field of view 222 x 222, 30 oblique slices covering
the superior temporal plane, first three EPI images discarded). The sinusoidal shape of
the readout gradients reduces the acoustic noise produced by the scanner. A T1-weighted
high-resolution 3D anatomical image (resolution = 1 x 1 x 1 mm, TR = 5500 ms, TE
= 2.84 ms, slice gap = 1 mm, matrix size = 256 x 240, field of view = 256 x 240) was
acquired for each subject using the MP2RAGE pulse sequence optimized for 7T MRI
(Marques et al., 2010). Anatomical images were used to co-register functional scans and
to generate of cortical surface representations.

Auditory stimuli

Sound stimuli were generated using MATLAB and the Psychophysics Toolbox (www.
psychtoolbox.org) with a sampling rate of 44.1 kHz. Stimuli were delivered via MRI-
compatible headphones (AudioSystem, NordicNeuroLab) featuring flat frequency trans-
mission from 8 Hz to 35 kHz. Subjects were instructed to keep their eyes closed during
all scans.

To measure tonotopy (Figure 3.1), pure tone stimuli were presented to subjects in ordered
progressions from low frequencies to high: 88, 125, 177, 250, 354, 500, 707, 1000, 1414,
2000, 2828, 4000, 5657, and 8000 Hz (half-octave steps). Starting with the lowest fre-
quency, pure tone bursts of that frequency were presented for a 2 s block before stepping
to the next higher frequency until all 14 frequencies had been presented. This 28 s low-
to-high progression was followed by a 4 s silent pause, and this 32 s cycle was repeated
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15 times per 8 minute scan run. Each subjects participated in two 8 minute scan runs, re-
sulting in 30 frequency progressions per subject. Frequency progressions were designed
to induce a travelling wave of response across cortical tonotopic maps: responses should
peak first in regions preferring low frequencies and sequentially later in regions preferring
higher frequencies. As described further below, cross-correlation was used to determine
the time to peak of the response on a per-voxel basis. This procedure is equivalent to
the phase-encoded mapping techniques shown to be highly efficient in visual retinotopic
mapping (Engel et al. 1994; Sereno et al. 1995).

During each 2 s frequency block, eight tone bursts of the same frequency were presented.
Tone bursts were either 50 ms or 200 ms in duration (interstimulus interval = 50 ms) and
were alternated in pseudo-randomized order during the 2 s block, resulting in a rhythmic
pattern of tone onsets. This rhythmic pattern served to increase the perceptual salience of
the stimuli over the regular pattern of background scanner noise.

Perceived volume (a perceptual rather than physical quality of sound) varies widely as a
function of frequency, mostly due to peripheral sensitivities in the cochlea. After sound
system calibration, sound intensities were adjusted according to standard equal-loudness
curves (ISO 226, phon 65) to approximate equal perceived volume across all frequen-
cies. Actual sound intensities (62-84dB) matched the perceived volume of a 1000Hz tone
(reference frequency) at 65 dB. Sound levels were further attenuated (∼ 24 dB) by the re-
quired use of protective ear plugs. Background EPI scan noise was < 104 dB as measured
with an MR-compatible optical microphone (Sennheiser, MO 2000) and acoustic calibra-
tor (Cesva Acoustic Instruments). Scan noise was attenuated +30 dB by the headphone
ear cups and dense foam padding around the head used to stabilize position. Despite the
moderate sound intensities used, subjects reported hearing all tones over the background
noise at a clear and comfortable level.

Five of the 10 subjects also participated in two additional scan runs (30 frequency progres-
sions) in which tone frequencies progressed in reversed order from high-to-low in order
to verify that the order of stimulus presentation did not alter the observed layout of the
tonotopic maps. Data from one reversed-order scan run was discarded due to head motion
(second run of subject no. 10).
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Analysis

Brain Voyager QX software v2.3 (Brain Innovation) and MATLAB (R2008b) were
used for data analysis and display. Standard fMRI data preprocessing steps included lin-
ear tread removal, temporal high-pass filtering, and motion correction. Spatial smoothing
was not applied. Functional time-series were interpolated into 1 x 1 x 1 mm3 volumet-
ric space in registration with each subjects 3D Talairach-normalized anatomical data set.
Functional-to-anatomical registrations were all visually inspected for verification. Corti-
cal surface meshes were generated from the anatomical images using automated segmen-
tation tools in BrainVoyager QX. The resulting surface meshes were minimally inflated
(100 steps), just enough to allow viewing of the temporal plane while incurring the least
amount of spatial distortion.

Statistical analyses (using linear cross-correlation) were performed in volumetric space
(Figure 3.1.B) for each subject individually. A hemodynamic time-course was predicted
in response to the first 2-sec sound block of each stimulus cycle. This cyclical model func-
tion was shifted successively in time in 2 s increments (corresponding to the TR) to gener-
ate 14 time-lagged functions. Linear cross-correlation was applied (between all 14 model
functions and the measured fMRI time course) on a per-voxel basis. The time course was
averaged from the two scan runs per experiment (240 volumes). Each voxel was then
color-coded according to the lag function resulting in the highest correlation value with
its time course (winner-take-all). Correlation maps were projected onto partially-inflated
cortical surface meshes to facilitate viewing (Figure 3.1.C) and spatial smoothing of the
maps was not applied. Individual subject correlation maps are displayed in Figure 3.1
with a statistical threshold of p < 0.05 corrected for multiple comparisons using the false
discovery rate (FDR) method. Correlation values at this significance level were r > 0.17.
0.16 and 0.15 for the three data displays of Figure 3.1.C.

Group-averaged tonotopic maps (Figure 3.1.E) were generated using cortex-based align-
ment (Fischl et al., 2004) as implemented in BrainVoyager QX. This is a non-rigid align-
ment of cortical surface meshes across individuals based on the gyral and sulcal folding
patterns. Each subjects cortical surface meshes were aligned to a target mesh (separately
for left and right hemispheres) and the target meshes were chosen from a subject with
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intermediate HG anatomy (subject 2, partial HG duplication in each hemisphere). All
alignment were visually inspected. In all cases, the FTS (first tranverse sulcus, anterior
border of HG) aligned to the target FTS. In all cases when a single or partially duplicated
HG was present, the HS (Heschl’s sulcus, posterior border of HG) aligned to the target
HS. In the three cases of complete duplications, it was HS2 (the more posterior of the
two Heschl’s sulci) that aligned with the target HS. Thus, in all cases, the sulci bordering
the full Heschl’s structure aligned. Following cortex-based alignments, individual-subject
tonotopic maps were projected onto the target surface mesh so that all subjects maps were
in a common, aligned coordinate space where tonotopic maps were subsequently aver-
aged. The maps in Figure 3.1.E are the result of a direct averaging the lag and correlation
values across the 10 subjects at each surface coordinate. Maps are displayed with a cor-
relation threshold of r > 0.15, the average correlation value corresponding to p < 0.05
(FRD corrected) in the individual subject analysis.

Plots of primary auditory cortex (surface patches of figures 3.2 and 3.3)

Two tonotopic gradients with mirror-symmetry (“high-low-low-high”) were clearly
observed in all hemispheres. Our goal was to evaluate the spatial layout of these two pri-
mary tonotopic fields relative to the underlying anatomy of HG in each subject. To this
end, we manually selected contiguous patches of cortical surface containing the two pri-
mary gradients in each hemisphere (n = 20), and then plotted those surface patches with
gyral borders overlaid (Figures 3.2 and 3.3) as described next.

How were the regions plotted ?

All vertices within the contiguous selected regions were exported and plotted. Specif-
ically, five values were exported for each vertex: x, y, and z coordinates, a best-fitting lag
value (1-14), and a curvature value. The coordinates were plotted in the x-y plane and
collapsed across z-coordinates. Open circles show overlapping points in the collapsed
z-dimension. A color scale indicates the best-fitting lag value of each point.
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This 2D collapsed presentation (of partially inflated surface coordinates) was chosen,
rather than standard flat maps, to minimize anatomical distortion due to continued in-
flation or complete flattening. In particular, we chose to collapse across the z-direction to
preserve as well as possible x-y spatial relationships since there has been much interest in
the particular orientation of the tonotopic gradients within the x-y plane (see Discussion).
We find that previous human fMRI tonotopy studies have made this orientation difficult to
interpret by display of data on highly inflated or fully flattened surfaces that had significant
x-y spatial distortions. A disadvantage of our collapsed presentation is that the gradients
are somewhat squeezed in the direction orthogonal to HG, however as noted above data
points are plotted with open circles so that overlapping data points remain visible.

What statistical threshold was used ?

Within the plotted surface patches (Figures 3.2 and 3.3), no statistical threshold was
applied. This is because of the arbitrariness of selecting a voxel-wise correlation threshold
when the goal is to observe the pattern of data across all voxels within an area of interest.
Thus, the plots of Figures 3.2 and 3.3 show data from all vertices within the contiguous
selected regions, with no points excluded due to thresholding.

How were gyral borders drawn ?

Curvature values were calculated as implemented in BrainVoyager QX and correspond
to what is geometrically defined as mean curvature. Normal curvature is measured as 1/r
where r is the radius of an inscribed circle. A vertex on a 3D surface has an infinite num-
ber of normal curvatures, and the mean curvature is the average of the principal (max and
min) curvatures. The units are in 1/mm. Extracted curvature values identified each ver-
tex as convex (gyral) or concave (sulcal) on a continuous negative-to-positive scale and
are based on the original geometry of the surface mesh before inflation. To estimate gy-
ral/sulcal borders, we plotted binarized curvature values and drew edges at the transitions
from convexity to concavity. Edges were overlaid on the correlation maps, as demon-
strated in the lower left inset of Figure 3.2.
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Results

Anatomical variants of Heschl’s gyrus (HG) have been previously classified into three
subtypes (Abdul-Kareem and Sluming, 2008; Leonard et al., 1998). In the first subtype,
HG is single and has a smooth crown (single HG). It is bordered by the first transverse
sulcus (FTS) on the anterior side and Heschl’s sulcus (HS) on the posterior side. In the
second subtype, HG is partially divided along its length by a sulcus intermedius (SI). The
length of the SI can be short or long and its depth can vary, but the division is considered
partial if the SI does not extend down to the medial base of HG, leaving the two divisions
of HG connected by a common stem (partial duplication or common stem duplication).
In the third subtype, HG is fully divided by a sulcus extending all the way down to its
medial base, dividing the structure into two parallel gyri without a common medial stem
(complete duplication). In case of complete duplications the standard nomenclature of
the sulci differs and there are considered to be two Heschl’s sulci (HS1 and HS2): the
dividing sulcus is called HS1 and the sulcus behind the posterior division is HS2. The
20 hemispheres in our study (which were not preselected for anatomy) had the following
distribution of the three HG subtypes: 9 single gyri, 8 partial duplications, and 3 complete
duplications.

In 20/20 individual hemispheres, we clearly observed two mirror-symmetric frequency
progressions (high-low-low-high) in the region of HG. Figure 3.1.D shows maps in three
sample hemispheres (voxelwise statistical threshold p < 0.05, after FDR correction for
multiple comparisons). The two mirror-symmetric maps correspond with those first iden-
tified by Formisano et al. (2003) and are likely homologues of macaque areas A1 and R.
The more posterior of the two maps (high-to-low) corresponds to A1 and the anterior map
(low-to-high) corresponds to R. Here, we refer to these regions as human A1 (hA1) and
hR. Additional smaller frequency progressions were in some cases observed posterior and
anterior to the main two maps and these may correspond to non-primary auditory fields
(Rivier and Clarke, 1997); however these maps were less consistent and are not further
addressed here. The spatial layouts of the two primary tonotopic maps relative to HG
were consistent enough across subjects to be evident on group-averaged maps (n = 10)
that were combined using a cortex-based alignment (Figure 3.1.E).
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Figure 3.1: Tonotopic maps in auditory cortex. (A) Sound stimuli were pure tone bursts pre-
sented in cycled progressions from low frequencies to high: 88 to 8000Hz in half-octave steps.
Each 28s progression from low to high (red-to-blue color scale) was followed by a 4 sec stim-
ulus pause. Sound stimuli were designed to induce a traveling wave of response across cortical
tonotopic maps: fMRI responses peak sooner in map regions preferring low frequencies and pro-
gressively later in regions preferring higher frequencies. Linear cross-correlation analysis was
used to determine the temporal delay which best fit the observed fMRI response time-course od
each voxel and to assign a corresponding best frequency. (B) Analyses were performed in each in-
dividual subjects (n = 10) volumetric space. (C) Resulting color-coded maps were projected onto
each subjects cortical surface meshes. Surfaces were minimally inflated to expose the auditory
cortex on the temporal plane (D, E). In 20/20 hemispheres, two primary mirror-symmetric tono-
topic maps (high-to-low-low-to-high) were observed and 3 sample right hemispheres are shown.
The posterior (high-to-low) and anterior (low-to-high) maps contain the subregions human A1 and
R, respectively, and the low frequency union between the two maps is the hA1-R border (dotted
line). Group averaged tonotopic maps across all 10 subjects after cortex-based alignment indi-
cates the consistency of tonotopic map location relative to HG. Linear correlation threshold for all
subfigures r > 0.15.
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Figure 3.2: Spatial layout of PAC relative to HG. The two primary mirror-symmetric tonotopic
maps (“high-low-low-high”) containing hA1 and hR were identified and extracted from the cor-
tical surface meshes (n = 20 hemispheres) and are plotted here with the borders of HG indicated
(solid lines: anterior border = FTS, first transverse sulcus; posterior border = HS, Heschl’s sulcus).
In 9/20 hemispheres, HG was a single gyrus with a smooth crown. In 8/20 hemispheres (partial
duplications, *) a sulcus intermedius (SI) was present on the gyral crown (dotted lines) splitting
HG into two divisions that remained connected by a common medial stem. In 3/20 hemispheres
(complete duplications, **) a dividing sulcus was present that reached all the way down to the me-
dial base of HG so that the two divisions did not remain connected by a common medial stem (also
indicated with dotted lines). Note that in the case of complete duplications there is a difference in
the standard nomenclature and there are considered to be two Heschl’s sulci (HS1 and HS2): the
dividing sulcus (dotted line) is HS1 and the posterior border (solid line) is HS2. In some cases the
posterior end of the functional maps extended onto less prominent gyri of the planum temporale,
which are also indicated by dotted lines (outside the posterior border of HG) when present. These
plots reveal a continuous anatomical-functional relationship across the anatomical variants of HG,
as described in Results. As shown in the lower left inset, gyral/sulcal borders were drawn corre-
sponding to cortical surface transitions between convexity and concavity, as described in Material
and Methods.

Our goal was to evaluate the spatial layout of PAC relative to the underlying anatomy of
HG in each subject individually. To this end, we outlined the “high-low-low-high” maps
observed on each surface mesh (n = 20, see outlines on Figure 3.1.D) and plotted those
contiguous surface patches with gyral borders overlaid (Figure 3.2). Every surface voxel
within each patch is displayed and color coded according to preferred frequency, with no
points excluded due to thresholding. Cases of single gyri, partial duplications, and com-
plete duplications are indicated. The plots in Figure 3.2 show several patterns of interest.
First, it was evident in 20/20 hemispheres that tonotopic gradients ran perpendicular to
the long-axis of HG (correspondingly, map iso-frequency lines ran parallel to HG). Sec-
ond, in cases of partial or complete duplications, PAC (the combined maps of hA1+ hR)
clearly spanned both anterior and posterior divisions of HG, not only the anterior division
as commonly assumed. Third, consistent with previous architectonic reports, PAC was
not always limited by the outer borders of HG. In some cases (subjects 1, 2, 3, 6, and
7), the posterior map (hA1) continued a variable extent beyond Heschl’s sulcus (HS) onto
less pronounced gyri of the planum temporale.

Finally, and most surprisingly, there was a highly consistent relationship between the
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Figure 3.3: Results of reversed-order. Results of separate scans run in five of the same subjects
in which the tonotopic mapping stimuli were presented in reversed order (high frequencies-to-low,
rather than low-to-high). A consistent anatomical-functional relationship is observed.

spatial layout of the maps and the underlying shape of HG. On all single HGs (9/20 hemi-
spheres, subtype 1), the low frequency union between the two maps (the hA1 – R border)
occurred on the crown of the gyrus. In all cases of partial duplication (8/20 hemispheres,
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Figure 3.4: Heschl’s gyrus variants are part of a continuum, rather than distinct subtypes.
top row: Diagrams of hA1 (blue) and hR (orange) locations on cross-sections of Heschl’s gyrus.
hA1 is located on the posterior side or division of HG on single and duplicated gyri, respectively.
hR is likewise on the anterior side or division of HG. L and H depict the location of low and high
frequencies on the tonotopic maps - middle and bottom rows: Actual hA1 and hR locations in
axial and sagittal anatomical views from three sample subjects, as identified based on the func-
tional tonotopy data. The regions were selected on the cortical surface meshes and projected into
volumetric anatomical space. The border between hA1 and hR was defined along the elongated
low frequency representation between the two frequency gradients (i.e. at the gradient reversal).

subtype 2) the hA1 – R border occurred either in or very near the SI. In all cases of com-
plete duplication (3/20 hemispheres, subtype 3), the hA1 – R border also occurred within
the dividing sulcus (HS1) which thus appears to be a continuation of the pattern seen on
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partial duplications. As shown in Figure 3.3, reversing the order of stimulus presentation
during mapping (tones presented from high frequencies to low) did not influence the spa-
tial layout of the observed maps with respect these observed patterns.

This precise structural-functional relationship reveals that the anatomical variants of HG
are part of a continuum, rather than distinct subtypes as summarized in Figure 3.4. hA1
(the posterior high-to-low map) is located on the posterior side of HG when the gyrus is
single (Figure 3.4.A) and on the posterior division of HG when the gyrus is duplicated
(Figures 3.4.B and 3.4.C). hR (the anterior low-to-high map) is likewise located on the
anterior side or division of HG. The lower panels of Figure 3.4 show the actual locations
of hA1 and hR in three sample subjects, as identified by their own functional tonotopic
mappings. The regions correspond to the coordinates of the subjects “high-low-low-high”
contiguous surface patches projected into each subjects own native anatomical space. The
border between hA1 and hR was defined along the reversal between the two primary fre-
quency gradients (as demonstrated on the group-average map in Figure 3.1.E).

Figure 3.5.A shows the relationship between frequency representation and cortical cur-
vature values across all PAC surface voxels of all single HG hemispheres (means and
SE bars computed over all voxels of all 9 hemispheres combined, number of voxels =
10,400). The curvature value of each voxel is a measure of the voxels local concavity
versus convexity on the cortical surface mesh before inflation. Negative values are con-
vex (gyral) and positive values are concave (sulcal). There was a significant correlation
between frequency and curvature values: correlation values, R, were computed over all
voxels of each of the nine hemispheres separately (hence n = 9) and were significantly dif-
ferent from zero (mean positive correlation value r = 0.34; p < 0.0005, t-test). Thus, we
found a systematic relationship in that frequencies near the union of the mirror-symmetric
maps (i.e. low frequencies) tend to occur on a gyrus (HG) and those frequencies farthest
from the union (i.e. high frequencies) tend to occur in sulci. A similar relationship (Figure
3.5.B, number of voxels = 9763) was also observed in cases of partial duplication (n = 8,
mean r = 0.34, p < 0.005, t-test); however, the pattern was fully disrupted (Figure 3.5.C,
number of voxels = 3932) in cases of complete duplications (n = 3, mean r = -0.15, t-test).
Interestingly, the union of mirror symmetric retinotopic maps on a gyrus also occurs in
the visual system at the V1/V2 border (Van Essen 1997; Rajimehr and Tootell 2009, see
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Figure 3.5: Tonotopy relative to curvature of HG. Curvature index vs. preferred frequency
values of all surface voxels within the two primary tonotopic maps, across all subjects hemispheres
with a (A) single HG (B) partial duplication, and (C) complete duplication. Positive curvature
values indicate concavity (sulcal), and negative values indicate convexity (gyral). Systematically,
low frequencies tend to be represented on a gyrus (HG) and high frequencies within adjacent
sulci. Error bars indicate S.E.M. (D) Diagram showing how a fold between mirror symmetric
maps brings equivalent topographic points on the two maps closer together in space (in the case
of a single gyrus). (E) Actual tonotopy data on HG from a sample subject for comparison, sagittal
slice view.

Discussion). The analysis here of map value versus curvature value is similar to that of
Rajimehr and Tootells (2009) quantification of this structure-function relationship in the
visual cortex.

Discussion

These data reveal a striking and highly consistent relationship between the tonotopic
maps of hA1 and hR and the underlying anatomy of Heschl’s gyrus. These findings sig-
nificantly revise HG as a marker for human PAC and suggest that tonotopic maps may
have shaped HG during human evolution, as discussed below.
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It is important to note that the mapping of human auditory cortex is not yet complete.
Based on the monkey model, a third smaller primary field (RT) is expected anterior to R,
as well as additional gradients outside the primary core (non-primary belt fields). These
additional fields have been imaged with fMRI in the macaque in good agreement with pre-
vious single-unit recordings (Petkov et al., 2006). Additional tonotopic fields have been
imaged in the human as well, but they are seen less reliably than the main two gradients
(Humphries et al., 2010; Striem-Amit et al., 2011; Talavage et al., 2004; Woods et al.,
2009). We also observed, in some cases, additional frequency reversals anterior to hR
(see Figure 3.1.D, example 1) and posterior to hA1 (Figure 3.1.D, example 3). Potential
reasons that these fields are imaged less reliably in the human could be that these fields
are small, less strictly tonotopic, not optimally driven by pure tones, and/or different from
monkeys.

It is also important to note that the lateral and medial boundaries of PAC are still unclear.
Human PAC is expected on the medial two-thirds (approximately) of HG, with nonpri-
mary architectonic regions occupying the lateral end of HG (Rivier and Clarke, 1997). In
the macaque, iso-frequency bands of the core gradients continue laterally and medially
into the belt fields, so it is not expected to be able to discern the lateral and medial borders
of the primary core based solely upon tonotopic maps. The observed tonotopic patterns
extended the full lateralmedial extent of HG. Thus, it is very likely that the lateral edges
of the maps include some portion of lateral belt fields, and also possible that the medial
edge includes a small portion of medial belt. A functional method of determining the hu-
man corebelt boundary remains to be demonstrated. A recent study estimates the corebelt
boundary at a fixed spatial extent from the centre of auditory activation (Chevillet et al.,
2011), but this does not reveal exact boundaries nor take into account individual differ-
ences.

PAC spans both divitions of duplicated Heschl’s gyri

We find that human PAC covers both divisions of duplicated Heschl’s gyri, not only
the first (more anterior) division as commonly assumed (Rademacher et al., 1993; Pen-
hune et al., 1996). This distinction affects a broad literature that uses anatomical criteria
to estimate the size of human PAC (and the adjacent planum temporale) in relation to
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brain laterality, language and music abilities, and auditory-related pathologies, including
dyslexia, autism, and schizophrenia (for review, see (Abdul-Kareem and Sluming, 2008).
By current convention, only the anterior division of duplicated HGs is included in PAC
measurements (Emmorey et al., 2003; Gage et al., 2009; Hubl et al., 2010; Leonard et
al., 2001; Penhune et al., 1996; Rademacher et al., 1993; Schneider et al., 2002, 2009;
Warrier et al., 2009; Wong et al., 2008) with the posterior division assigned instead to the
planum temporale (Dorsaint-Pierre et al., 2006). The criteria proposed by Penhune et al.
(1996) (to consider only the anterior division as part of PAC if there is an SI extending
half the length of HG) would wrongly exclude the posterior division of PAC (the entire
hA1 subfield) in 7 out of 20 of our cases.

It is important to note that our study does not aim to propose a new set of anatomical cri-
teria for estimating PAC size. We corroborate previous architectonic reports (Morosan et
al., 2001) that PAC is not always contained within the anatomical borders of HG. In par-
ticular, PAC in many cases extended posteriorly onto the planum temporale. We concur
with previous assertions that estimating PAC size based on gross anatomical landmarks is
prone to error (Abdul-Kareem and Sluming, 2008).

Tonotopic gradients run across Heschl’s gyrus

A leading model has been that tonotopic gradients run parallel to HG, rather than
perpendicular. This model stems from architectonic reports (Hackett et al., 2001) that
claim that human primary auditory cortex forms an elongated strip (posteromedial-to-
anterolateral) along HG, the shape of which appears similar to the elongated auditory
core in monkeys (posterior-to-anterior), which contains the three tonotopic fields A1, R,
and RT. Thus, it was expected that human tonotopic gradients were rotated compared to
the macaque and would be found running along (or parallel to) HG rather than across it.
This model was somewhat supported by MEG measurements (Romani et al., 1982) and
chronic microelectrode recordings (Howard et al., 1996) placing high frequencies me-
dially on HG and low frequencies laterally on HG (thus potentially accounting for the
low-to-high map of A, but not R). Those recording methods were limited by poor local-
ization accuracy and by limited sampling, respectively.
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On the other hand, tonotopic gradients measured with fMRI have repeatedly appeared
to run across HG, consistent with the posterior–to–anterior orientation in the macaque
(Formisano et al., 2003; Humphries et al., 2010; Striem-Amit et al., 2011; Talavage et
al., 2004; Woods et al., 2009). However, data have often been unclear and interpreta-
tion has been made difficult by display on highly inflated or fully flattened surfaces with
distorted spatial relationships. For example, despite gradients appearing to run across
HG, Formisano et al. (2003) concluded that gradient orientation was “posteromedial-to-
anterolateral”, thus apparently confirming the model of parallel gradients. Our mappings
lead us to strongly conclude that the primary tonotopic gradients run across HG, rather
than along it, and that this orientation is highly consistent across individuals (n = 20 hemi-
spheres) and across the morphological variants of HG.

It should also be noted that the gradients do not have to be strictly perpendicular and could
be tilted in a number of orientations. The maps of hA1 and hR could run along an axis
across HG that is tilted posteromedial (PM)-to-anterolateral (AL), or likewise, tilted pos-
terolateral (PL)-to-anteromedial (AM). Another intriguing possibility is that the core axis
is curved (as in the macaque, Kaas and Hackett, 2000) with the map of hA1 angled PM-
to-AL and the map of hR angled PL-to-AM. Such a curved orientation would help explain
why the low-frequency representation often appears wider laterally and could explain the
earlier interpretation of MEG data. The exact orientation depends on how one establishes
the starting (high) and end (low) points of the gradients, which is not obvious since the
high- and low-frequency representations are not distinct points but rather iso-frequency
bands that continue into nonprimary belt areas. The exact orientations may be clarified
by future mapping studies that can distinguish core from belt regions, thus giving a better
estimate of gradient starting and end points.

Measuring tonotopy with BOLD fMRI

In single-neuron recordings in animals, neuronal frequency tuning is characterized at
threshold volume levels (characteristic frequency, CF), and tuning tends to broaden pro-
gressively as sound volume increases (Phillips et al., 1994). This leads to the question of
how frequency tuning can be measured with fMRI, which requires the use of suprathresh-
old stimuli to illicit robust responses. Recent high-field fMRI studies (Petkov et al., 2009,
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2006; Tanji et al., 2010) using suprathreshold stimuli (70-90 dB) have imaged multiple
tonotopic fields in the macaque (including A1, R, RT, and belt areas) that matched the
expected location, size, and gradient orientations known from previous electrophysiolog-
ical and anatomical measures. As such, the BOLD response may be measuring (1) subtle
preferences at high stimulus intensities and/or (2) the tuning of some neurons that remain
sharp at high intensities. Such neurons have been reported in primary auditory cortex of
the awake macaque (Recanzone et al., 2000) and in more recent studies that suggest the
tuning is sharper in awake compared to anesthetized animals and more invariant to stim-
ulus intensity (Bartlett et al., 2011; Sadagopan and Wang, 2008). Intracranial recordings
on HG in alert humans show sharp frequency tuning at suprathreshold stimulus levels
(Bitterman et al., 2008).

In the macaque, the cortical representation in A1 is ∼1 octave/mm. Given that our map-
ping stimuli (in humans) spanned 7 octaves (88-8000 Hz), associated maps would be
expected to span at least 7 mm each (14 mm total for hA1 + hR), if not more consider-
ing human cortical expansion. The topological distance across our maps of hA1 + hR
(angled across HG) was 27.6 ± 3.9 mm (mean ± SD), thus indicating sufficient space
across HG to accommodate the expected length of two primary frequency gradients. In
terms of limitations of fMRI imaging, there still remains an unknown impact of scanner
noise on the cortical response to sound. The impact can be reduced with sparse scanning
techniques (Humphries et al., 2010; Petkov et al., 2009) but with a significant trade-off
in scan time. Also, it is unknown whether different physiological properties at different
parts of the map differentially influence the BOLD response.

Comparison to architectonic measures of human PAC

After a century of mapping cortical architecture (Campbell, 1905; Clarke and Rivier,
1998; Fullerton and Pandya, 2007; Galaburda and Sanides, 1980; Hackett et al., 2001;
Morosan et al., 2001; Rademacher et al., 1993; Rivier and Clarke, 1997; Sweet et al.,
2005; von Economo and Horn, 1930; von Economo and Koskinas, 1925; Wallace et al.,
2002), it appears that human PAC is not uniform, and multiple subdivisions have been pro-
posed. The central regions of PAC show the strongest primary (koniocortical) features.
von Economo and Horn (1930) noted that within PAC, the densest packing of granular
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cells is found on the crown of HG (referring to single gyri); and Hackett et al. (2001)
found that the most prominent core region fell along the SI (referring to partial duplica-
tions). Our data suggest that this region of densest cellular structure (the crown of single
gyri and the SI of duplicated gyri) may correspond to the low-frequency representation at
the border between hA1 and hR.

Mirror-symmetric maps meet on a gyrus: parrallel with visual cortex

Interestingly, the data reveal a previously unknown organizational parallel with the
visual cortex: the union of mirror-symmetric tonotopic maps (the hA1– R border) occurs
on the crown of the gyrus in humans, just as the union between mirror-symmetric retino-
topic maps (the V1/V2 border) occurs on a gyrus in humans and macaques (Rajimehr and
Tootell, 2009; Van Essen, 1997). This phenomenon in the visual system has been the pri-
mary argument for the hypothesis (Van Essen, 1997) that cortical folds occur as a result of
axonal tension between highly interconnected regions during development. According to
this hypothesis, interconnected mirror-symmetric maps are pulled together during devel-
opment (Figure 3.5.D and 3.5.E), resulting in compact cortical wiring. Indeed, monkey AI
and R are highly interconnected between matching tonotopic locations (Morel and Kaas,
1992; Morel et al., 1993). While this hypothesis could explain the emergence of HG, it
would not explain the variable existence of the SI. It is also possible that there are differ-
ences in cortical architecture (e.g., cell density, cortical thickness) linked to the region of
low-frequency representation that make this region more likely to fold.

Heschl’s gyrus is a cortical fold that is specific to human evolution: the macaque auditory
cortex has mirror-symmetric tonotopy but is flat (no transverse gyri), chimpanzees may
have a primitive transverse gyrus, and humans typically have 1-2 HGs per hemisphere
(Hackett et al., 2001). Cats and rodents also have multiple tonotopic fields with gradi-
ent reversals (Hackett et al., 2011; Schreiner and Winer, 2007). Thus, mirror-symmetric
tonotopy apparently preceded HG phylogenetically and may have guided the formation
of HG during human evolution, as additional folding occurred to meet increased demand
for cortical surface. It is not known whether HG duplications affect auditory processing.
Interestingly, HG duplications are more common in the left hemisphere of expert phoneti-
cians (Golestani et al., 2011) and in individuals with Williams syndrome (Wengenroth et
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al., 2010).

Future directions

On a final note, the functional specializations of A1 and R remain unknown in monkey
and human. Because tonotopic maps required only 16 min of fMRI data acquisition, these
methods can be used as an initial mapping step in future studies of the specific auditory
fields, much like the use of retinotopic mapping in visual cortex (Wandell and Winawer,
2011). Identification of these auditory fields is a necessary first step toward further study
of the function, evolution, and plasticity of the human auditory cortex.
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Abstract

Cocktail parties, busy streets, and other noisy environments pose a difficult challenge
to the auditory system: how to focus attention on selected sounds while ignoring others?
Neurons of primary auditory cortex, many of which are sharply tuned to sound frequency,
could help solve this problem by filtering selected sound information based on frequency-
content. To investigate whether this occurs, we used high-resolution fMRI at 7 Tesla to
map the fine-scale frequency-tuning (1.5 mm isotropic resolution) of primary auditory
areas A1 and R in six human participants. Then, in a selective attention experiment, par-
ticipants heard low- (250 Hz) and high- (4000 Hz) frequency streams of tones presented at
the same time (dual-stream) and were instructed to focus attention onto one stream versus
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the other, switching back and forth every 30 s. Attention to low-frequency tones enhanced
neural responses within low-frequency-tuned voxels relative to high, and when attention
switched the pattern quickly reversed. Thus, like a radio, human primary auditory cortex
is able to tune into attended frequency channels and can switch channels on demand.

Introduction

The “cocktail party” problem (Cherry, 1953) refers to the challenge of auditory se-
lective attention: how to focus attention onto selected sounds in a noisy background? In
studies of visual attention, much evidence points toward a “feature-based” mechanism by
which attention to a particular visual feature enhances the response of visual cortical neu-
rons tuned to that feature, thus strengthening the neural representation of attended stimuli
relative to unattended stimuli (Maunsell and Treue, 2006; Saenz et al., 2002; Treue and
Martnez Trujillo, 1999). In the auditory system, the most ubiquitous feature to which cor-
tical neurons are tuned is sound frequency. Here we test whether frequency-tuned units of
human primary areas A1 and R are modulated by selective attention to preferred versus
nonpreferred sound frequencies in the dynamic manner needed to account for human lis-
tening abilities. Such an early-stage filtering mechanism could contribute to downstream
selection of spectrally complex auditory stimuli like speech. Previous human studies sug-
gest that attention modulates responses in the region of primary auditory cortex (EEG:
Hillyard et al., 1973; Woldorff et al., 1993; Woods et al., 1984. MEG: Fujiwara et al.,
1998. fMRI: Jäncke et al., 1999; Rinne et al., 2008. EcoG: Bidet-Caulet et al., 2007)
including frequency-specific enhancement (Oh et al., 2013; Paltoglou et al., 2009). Other
fMRI studies suggest that attentional modulation occurs predominantly in secondary, and
not primary, auditory cortical areas (Ahveninen et al., 2011; Petkov et al., 2004; Woods
et al., 2010). Differences across studies may relate to the variety of spatial, featural, and
multisensory attentional tasks used. However, previous human studies have not performed
fine-scale frequency mappings needed to identify A1 and R in individual subjects (as we
aim to do here with high-resolution fMRI).

Single-neuron recordings in A1 of rats and ferrets show that attention to a target tone amid
distractor sounds reshapes the frequency-tuning profiles of individual neurons (Atiani et
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al., 2009; David et al., 2012; Fritz et al., 2003, 2005; Jaramillo and Zador, 2011). While
the specific modulatory effects vary (see Discussion), attention tends to enhance the con-
trast between responses to target and non-target frequencies. One caveat is that the ani-
mals require many weeks of specific task training and thus the effects potentially involve
long-term learning mechanisms, in addition to the flexible and transient attentional mech-
anisms needed to account for dynamic human listening skills.

Here, we test for attentional modulation of frequency-tuned units in human primary audi-
tory cortex using a two-step approach. First, we use high-resolution fMRI at 7T to map
the fine-scale frequency tuning of human primary auditory areas hA1 and hR in individ-
ual subjects. Second, we test whether frequency-tuned units are modulated by attention
to preferred versus nonpreferred frequencies in a dynamic selective attention task. The
results demonstrate robust frequency-specific attentional modulation in primary auditory
cortex – these effects outweighed more modest effects of spatial attention and were large
relative to stimulus-driven changes.

Materials and Methods

Six subjects (ages 25 – 40, 2 males) with no known hearing deficit participated after
giving written, informed consent. Experimental procedures were approved by the Ethics
Committee of the Faculty of Biology and Medicine of the University of Lausanne.

MRI data acquisition and data analysis

Blood oxygenation level-dependent (BOLD) functional imaging was performed with
an actively shielded 7 Tesla Siemens MAGNETOM scanner (Siemens Medical Solutions)
located at the Centre d’Imagerie BioMédicale in Lausanne, Switzerland. The increased
signal-to-noise ratio and available BOLD associated with ultra-high magnetic field sys-
tems (> 3 T) allow the use of smaller voxel sizes in fMRI. The spatial specificity of the
BOLD signal is improved because the signal strength of venous blood is reduced due to
a shorted relaxation time, restricting activation signals to cortical gray matter (van der
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Zwaag et al., 2009, 2011). fMRI data were acquired using an 8-channel head volume RF-
coil (RAPID Biomedical GmbH) and a continuous EPI pulse sequence with sinusoidal
read-out (1.5 x1.5 mm in-plane resolution, slice thickness = 1.5 mm, TR = 2000 ms, TE
= 25ms, flip angle = 47◦, slice gap = 1.57 mm, matrix size = 148 x 148, field of view
222 x 222, 30 oblique slices covering the superior temporal plane). A T1-weighted high-
resolution 3D anatomical image (resolution = 1 x 1 x 1 mm, TR = 5500 ms, TE = 2.84
ms, slice gap = 1 mm, matrix size = 256 x 240, field of view = 256 x 240) was acquired
for each subject using the MP2RAGE pulse sequence optimized for 7T MRI (Marques et
al., 2010).

Standard fMRI data preprocessing steps were performed with BrainVoyager QX v2.3
software and included linear trend removal, temporal high-pass filtering, and motion cor-
rection. Spatial smoothing was not applied. Functional time-series data were interpo-
lated into 1 x 1 x 1mm volumetric space and registered to each subjects 3D Talairach-
normalized anatomical dataset. Cortical surface meshes were generated from each sub-
jects anatomical dataset using automated segmentation tools in BrainVoyager QX.

Auditory stimuli

Sound stimuli were generated using MATLAB and the Psychophysics Toolbox (www.
psychtoolbox.org) with a sampling rate of 44.1 kHz. Stimuli were delivered via MRI-
compatible headphones (AudioSystem, NordicNeuroLab) featuring flat frequency trans-
mission over the stimulus range. Sound intensities were adjusted to match standard equal-
loudness curves (ISO 226) at phon 85: the sound intensity of each pure tone stimulus
(ranging from 88 to 8000 Hz) was adjusted to approximately equal the perceived loud-
ness of a 1000 Hz reference tone at 85 dB SPL (range of sound intensities: 8297 dB SPL).
Sound levels were further attenuated (∼22 dB) by protective ear plugs. Subjects reported
hearing sounds clearly over background scanner noise and were instructed to keep eyes
closed during fMRI scanning.
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Tonotopic mapping step

For tonotopic mapping, pure tones (88, 125, 177, 250, 354, 500, 707, 1000, 1414,
2000, 2828, 4000, 5657, and 8000 Hz; half-octave steps) were presented in ordered pro-
gressions, following our previously described methods (Da Costa et al., 2011). Briefly,
starting with the lowest (or highest) frequency, pure tone bursts of that frequency were
presented for a 2 s block before stepping to the next consecutive frequency until all 14
frequencies had been presented. The 28 s progression was followed by a 4 s silent pause,
and this 32 s cycle was repeated 15 times per 8 min scan run. Each subject participated in
two scan runs (one low-to-high progression and one high-to-low progression), and result-
ing maps of the two runs were averaged. The frequency progressions were designed to
induce a travelling wave of response across cortical tonotopic maps (Engel, 2012). Linear
cross-correlation was used to determine the time-to-peak of the fMRI response wave on
a per-voxel basis, and to thus assign a corresponding best frequency value to each voxel.
Analyses were performed in individual-subject volumetric space and results were then
projected onto same-subject cortical surface meshes.

As shown in Figure 3.6.A, two tonotopic gradients with mirror symmetry (“high-low-
low-high”) were clearly observed running approximately across Heschl’s gyrus in both
hemispheres of all subjects (Da Costa et al., 2011; Formisano et al., 2003; Humphries et
al., 2010; Langers and Dijk, 2012; Striem-Amit et al., 2011; Woods et al., 2009), the more
posterior “high-to-low” gradient corresponding to human A1 (hA1) and the more anterior
“low-to-high” gradient corresponding to hR. In macaque auditory cortex, fields A1 and R
receive parallel thalamic input and are both considered part of the primary auditory core
(along with a possible third, smaller field, RT, which has not yet been reliably confirmed in
the human), and the relative functions of the two fields remain unknown (Hackett, 2010).
We manually outlined a contiguous patch of cortical surface containing the two primary
gradients corresponding to hA1 and hR using drawing tools within BrainVoyager QX, as
illustrated with dotted lines (Figure 3.6.A). The exact borders were not dependent upon
the particular correlation threshold used for display since the overall pattern was observ-
able across a large range of display thresholds. Anterior and posterior borders were drawn
along the outer high-frequency representations. Lateral and medial borders were conser-
vatively drawn to include only the medial two-thirds of Heschl’s gyrus, in accordance with
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human architectonics (Hackett, 2010; Rivier and Clarke, 1997). Tonotopic responses ex-
tending onto the lateral end of Heschl’s gyrus may include non-primary belt regions. The
border between hA1 and hR was drawn across the length of the low-frequency gradient
reversal.

Once selected on the cortical surface, the hA1 and hR regions were projected into the
same-subjects 1 x 1 x 1 mm interpolated volumetric space to generate 3D regions of in-
terest (ROIs). The 3D ROIs were generated with a width of 3 mm (-1 mm to +2 mm
from the white/gray matter boundary). All volumetric voxels (1 x 1 x 1 mm interpolated)
falling within the 3D ROIs were labelled with a best-frequency map value, and were sub-
sequently analyzed in the selective attention experiment. Data analysis for the selective
attention experiment was thus performed in volumetric space without loss of the acquired
spatial resolution.

Selective attention (dual-stream experiment

During the selective attention experiment (Figure. 3.6.B), the same subjects attended
to one of two competing tonal streams presented simultaneously to different earsone
stream consisted of low-frequency tone bursts (250 Hz) and the other, high (4000 Hz).
Ear-side, i.e., whether low-frequency tones were presented to the left or right side, was
counterbalanced across runs. By design, this allowed the comparison of any effects of
frequency-specific attention (“attend high” vs “attend low” collapsed across sides) to ef-
fects of spatial-selective attention (“attend contralateral” vs “attend ipsilateral” collapsed
across frequencies). Every 30 s, subjects were cued to switch attention from one stream
to the other. The brief auditory cue, appearing at the beginning of each block, was the
MAC OSX system voice saying “low” or“high”. Each scan run consisted of twelve 30 s
blocks (6 per condition), and there were four scan runs per subject. The physical stimulus
did not change across compared conditions, only the attentional state.

Each stream had a temporal pattern similar to Morse code making the task comparable
to tuning into one of two competing tonal conversations at a time: patterns consisted of
pseudorandomly intermixed long (300 ms) and short duration (75 ms) ramped tone bursts
separated by blank intervals (75 ms). In each stream independently, the patterns were
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presented in a series of two-interval forced choice trails (2-IFC). During each trial, a ran-
domly generated 5- or 6-element pattern (interval 1) was presented followed by a second
5- or 6-element pattern (interval 2) that was either identical to the first or a shuffled per-
mutation of the first, and subjects made a “same” or “different” judgment within the cued
attended stream only. The duration of interval 1was up to 1350 ms (depending on the
generated pattern) and the second interval started 2 s after onset of interval 1 (minimum
interstimulus interval of 750 ms). Subjects had 1 s after the offset of interval 2 to enter
their response by pressing one of two keys with the right hand. A new trial began every
4.7 s and each 30 s block had six trials. The sequence of the first interval, and whether the
second interval was the same or different, was independently randomized in each stream
every trial. Thus, subjects could perform the task only by attending to the cued stream.
The starting condition was counter-balanced across subjects.

Before scanning, subjects participated in a brief training session (30 min). The patterns
in the 2-IFC task could be either 5- or 6-element in length (6 being more difficult) and
were for adjusted during training per subject to achieve performance that was well-above
chance but not at ceiling. The number of elements used was then fixed per subject: 4
of the 6 subjects were given 6-element sequences. Percent correct performance was the
same for attend high and attend low trials during fMRI scanning (See Results), indicating
no difference in task difficulty across conditions.

Single-stream experiment

Next, we asked: How does attending to one of the two concurrent frequency streams
compare with hearing that frequency stream alone (i.e., complete disappearance of the ig-
nored stimulus)? In the same subjects, we ran a second version of the experiment (single-
stream experiment) in which the stimuli and task were the same as the first experiment
except that the ignored stream was physically removed during each block. The stimulus
physically alternated between a single attended high-frequency stream (4000 Hz) in one
ear and a single attended low-frequency stream (250 Hz) in the other ear: “high versus
low”. Hence, response modulations would include both stimulus-driven and attentional
effects. Each subject performed four runs of the single-stream experiment alternately
interleaved with the four runs of the dual-stream experiment. Single-stream runs were
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counterbalanced for ear-side and starting block in the same manner as the dual-stream
experiment.

Results

Figure 3.7.A plots fMRI time courses recorded during the selective attention (dual-
stream) experiment, across subjects and hemispheres (n = 12). Specifically, time courses
were extracted from all volumetric primary auditory cortex voxels (hA1 and hR com-
bined) labelled as having best frequencies of 250 Hz in red and 4000 Hz in blue on a
per-subject, per-hemisphere basis based on the individuals own tonotopic mapping (mean
number of 250 Hz-tuned voxels: 320 ± 140 SD; 4000 Hz-tuned voxels: 115 ± 55 SD
across subjects and hemispheres). Each plotted time courses is an average of the 12 ex-
tracted time courses (one per-subject, per-hemisphere). As can be appreciated by eye, the
responses of 4000 Hz-tuned voxels increased during the attend high condition and de-
creased during the attend low condition, while in 250 Hz-tuned voxels, the opposite pat-
tern of modulation was seen. The stimulus itself and task difficulty did not change across
blocks (task performance: attend low blocks = 89.3 ± 9.1% SD; attend high blocks = 87.3
± 7.4% SD across subjects, p = 0.59, paired t-test), and thus we attribute this modulation
in primary auditory cortex to frequency-selective attention.

Next, we show response modulation not only within the 250 and 4000 Hz best-frequency
voxels, but across all primary auditory cortex voxels with all frequency preferences (from
88 to 8000 Hz in half-octave bins). The bars in Figure 3.7.B indicate the mean differ-
ence between attend high blocks and attend low blocks (adjusted 4 s for hemodynamic
delay) across all voxel bins (means and SE bars computed over individual responses per-
subject, per-hemisphere, n = 12). Overall, the responses of frequency-tuned units were
enhanced by attention to preferred versus non-preferred frequencies. Response modula-
tions were highly significant in 250 Hz and 4000 Hz voxels (p < 0.0005 and p < 0.00005,
respectively, t test) and Figure 3.7.B shows the overall tuning profile of the frequency
attention-effect. Data from hA1 and hR voxels from both hemispheres are combined here
since the pattern of modulation was qualitatively similar and individually significant when
analyzed separately in hA1 and hR voxels (A1, p < 0.001 and p < 0.01; R, p < 0.001 and
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Figure 3.6: A. Tonotopic mapping was used to indentify primary auditory cortex in each subject
individually (n = 6). In each hemisphere (n = 12), two mirror-symmetric gradients (high-to-low
and low-to-high) corresponding the primary areas hA1 and hR were manually outlined on the
medial two- thirds of Heschl’s gyrus (one same right hemisphere shown). Each voxel within
the selected region was labeled according to its preferred frequency between 88 and 8000 Hz in
half-octave steps. B. Next, in the selective attention (dual-stream) experiment, low (250 Hz)- and
high (4000 Hz)-frequency patterned tonal streams were presented concurrently to different ears.
Subjects were cued to attend to only one stream at a time, alternating the attended stream every 30
s (blocks of attend high vs attend low). A 2-IFC experiment was used to focus attention on the cue
stream (see Materials and Methods). The stimulus itself did not change across blocks, only the
attentional state. Ear-side was counterbalanced across runs allowing the comparison of effects of
frequency-specific attention (attend high vs attend low collapsed across sides) to effects of spatial-
selective attention (attend contralateral vs attend ipsilateral collapsed across frequencies).

p < 0.001 for 250 Hz and 4000 Hz voxels, respectively) and in left and right hemispheres
(LH, p < 0.005 and p < 0.01; RH, p < 0.01 and p < 0.005 for 250 Hz and 4000 Hz
voxels). Further, to verify the reliability of our manual ROI selection, we subsequently
had three experimenters (S.D.C., W.V.D.Z., and M.S.) independently draw the primary
auditory cortex ROI: inter-rater overlap was high (RH, 0.87; LH, 0.84; Dice coefficient),
and the pattern of results was unchanged when we reanalyzed only those voxels which
overlapped all three selections (p < 0.0001 and p < 0.00001 and for 250 Hz and 4000 Hz
voxels, respectively).

The data plotted so far compare responses to attend high versus attend low conditions,
regardless of stimulus side. Next, we look at the effect of attending to contralateral versus
ipsilateral sides, regardless of stimulus frequency. Figure 3.7.C plots the mean difference
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Figure 3.7: A. Mean fMRI time courses during the dual-stream selective attention experiment
(across all subjects and hemispheres, n = 12) smoothed with a Gaussian (half-width 8 s). Time
courses were extracted from all voxels of primary auditory cortex labeled as preferring 250 Hz
(light gray) and 4000 Hz (dark gray) in each subject and hemisphere based on individual sub-
ject tonotopic mappings.The responses of 4000 Hz-preferring voxels increased during attend high
blocks and decreased during attend low blocks, and vice versa for 250 Hz-preferring voxels. B.
Frequency attention. Bars show the mean difference in response between attend high and attend
low blocks across all voxel bins in primary auditory cortex with all frequency preferences. C. Spa-
tial attention. Bars show the mean difference in response between attend contralateral and attend
ipsilateral blocks. D. Modulation in single-stream experiment. Bars show the mean difference in
response between high and low blocks measured in separate scans in which the stimulus physi-
cally alternated between high-only and low-only streams. Note change in y-axis scale. Comparing
the amplitudes in B and C, feature-selective attention outweighed effects of spatial attention by
a factor of 5. Comparing the amplitudes of B and D, frequency attention modulation was 18.6%
as large as stimulus-driven modulation in 250 Hz voxels and 56.2% as large in 4000 Hz voxels, a
robust modulatory effect. Error bars show SEM across all subjects and hemispheres, n = 12.

in response between attend contralateral and attend ipsilateral blocks across all voxel bins.
A general response increase for attending the contralateral side is observed (spatial atten-
tion effect). The profiles of frequency-attention and spatial-attention effects are different:
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the effects of frequency-selective attention (Figure 3.7.B) are largest in voxels near the fre-
quencies used (250 and 4000 Hz) and taper off gradually in voxels tuned to neighboring
frequencies, while the effects of spatial attention (Figure 3.7.C) are similar in magnitude
across voxels with all frequency preferences. The effects of frequency-selective attention
outweighed the more modest effects of spatial-selective attention by a factor of 4.9 in 250
Hz voxels and a factor 5.8 in 4000 Hz voxels.

Finally, we address the question: how does focusing attention onto one of two compet-
ing stimuli compare with making the ignored stimulus physically disappear? In separate
interleaved experimental runs (single-stream experiment), the stimulus physically alter-
nated between a single attended high-frequency stream in one ear and a single attended
low-frequency stream in the other ear (high vs low). Figure 3.7.D plots the mean differ-
ence in response between high and low blocks in the single-stream experiment across all
voxel bins. Task scores indicated no difference in difficulty across blocks (low = 94.2 ±
3.8% SD, high = 93.9 ± 2.6% SD across subjects, p = 0.8, paired t test). Next, we compare
the modulation amplitudes of Figure 3.7.B (in which only attentional state alternated) to
the modulation amplitudes of Figure 3.7.D (in which the physical stimulus alternated). In
250 Hz voxels, we see that attentional modulation was 18.6% as large as modulation due
to physically alternating the stimulus; and in 4000 Hz voxels it was 56.2% as large. The
difference in percentages between 250 Hz and 4000 Hz voxels reflects the denominator:
the modulation due to physically alternating the stimulus was stronger in low-frequency
voxels compared with high-frequency voxels, consistent with previous reports of weaker
BOLD responses to high-frequency stimuli for reasons not fully understood (Langers and
Dijk, 2012). In either case, frequency-selective attention can be regarded as a powerful
modulatory effect.

Discussion

We demonstrated that neural activity within human primary auditory cortex (hA1 and
hR) is strongly and dynamically modulated by attention to preferred versus nonpreferred
sound frequencies. These effects of frequency-attention outweighed more modest effects
of spatial-attention by a factor of ∼5 and were up to 56% as large as when physically
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removing the competing stimulus. The frequency-attention effect was largest in voxels
near the specific attended frequencies (250 Hz and 4000 Hz) and tapered off gradually in
voxels tuned to neighboring frequencies. The results suggest that, like a radio, primary
auditory cortex can tune into attended frequency channels and can rapidly switch channels
to meet task demands.

These results are consistent with the previous human fMRI study by Paltoglou et al.
(2009) that showed frequency-specific attentional modulation of auditory cortex, although
with a less detailed frequency mapping. Interestingly, Oh et al. (2012) demonstrated
frequency-specific modulation of auditory cortex during imagery of low- versus high-
frequency tones, which may rely on related mechanisms of top-down modulation. Our
study adds to the previous findings by performing high-resolution, fine-scaled frequency
mappings which allow us to (1) unambiguously identify primary auditory cortical fields,
and (2) characterize the tuning of attentional effects as a function of frequency prefer-
ence. Our findings are also novel in that the experimental design allowed comparison of
frequency-attention effects to spatial attention and stimulus-driven effects.

The degree of attentional modulation observed in a region likely depends on the extent to
which the underlying neurons encode the features of the attended target, and it may not be
surprising that we observed greater modulation to shifts in attended frequency compared
with shifts in attended location. Across many species, primary auditory cortex contains
a fine-grained representation of sound frequency and is organized tonotopically (Bartlett
et al., 2011; Bitterman et al., 2008; Guo et al., 2012), but spatial tuning is notably broad
and a cortical topographic organization has not been found (Recanzone et al., 2000). Uni-
laterally presented sounds are known to induce a significant bilateral fMRI response in
human auditory cortex (van der Zwaag et al., 2011). However modestly, we did observe
spatial attention effects in A1 and R; and previous studies have shown spatially-driven
attentional modulation in auditory cortex (Rinne et al., 2008, 2012). It is possible that
spatial attentional modulation would be greater with a task that required more use of spa-
tial information.

Our results (both dual stream and single stream) showed a fairly broad frequency-tuning at
the voxel level, larger than what is expected of some individual neurons. This broad tun-
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ing could be related to a population level mixture of narrowly and broadly tuned neurons
(∼ 104 – 105 neurons per cubic mm in cortex). In rat A1 the precise tonotopic orga-
nization of middle cortical layers is degraded in the superficial and deep cortical layers,
where many irregularly tuned neurons are found (Guo et al., 2012). Additionally, broad-
ened frequency-tuning is expected at high stimulus sound intensities (Guo et al., 2012;
Tanji et al., 2010), an effect which originates at the basilar membrane. However, it should
be noted that sharp frequency tuning, on the order of 1/12th of an octave, was found to
suprathreshold sound stimuli in a large proportion of A1 single neurons in alert humans
(intra-cranial depth electrodes, Bitterman et al., 2008), and in awake-behaving marmosets
(Bartlett et al., 2011). Thus we expect that some component of our population BOLD
response in humans arises from sharply frequency-tuned neurons.

Comparison to single-neuron studies of auditory attention

The observed attentional modulation in the BOLD response could reflect both neural
enhancement and suppression, and recent findings from single-neuron recordings in ani-
mals emphasize the role of both in the modulation of A1 receptive fields. For example,
in ferret A1, individual frequency-tuning profiles were rapidly reshaped when animals at-
tended to target tones amid distractor sounds (Atiani et al., 2009; David et al., 2012; Fritz
et al., 2003, 2005, 2007). In many cases, neurons tuned near the target frequency showed
enhanced responsiveness to best frequency and those tuned to background frequencies
showed suppression, but, interestingly, target frequency suppression could be evoked un-
der different behavioral contexts (David et al., 2012). In rat A1, neurons showed enhanced
responses during attention to target tones matching the neurons best frequency (Jaramillo
and Zador, 2011), but also showed broad suppression during performance of an auditory
task compared with passive listening (Otazu et al., 2009). Thus, it seems that A1 uses
multiple strategies, not limited to target response enhancement, to sharpen the represen-
tation of attended stimuli relative to background. It is not straightforward to relate these
single-neuron findings in animals to BOLD population results in humans, except to say
that a combination of attention-related excitatory and inhibitory mechanisms could con-
tribute to the observed BOLD modulation. One difference between our study and the
single-neuron studies cited here is that the effects in animals followed many weeks of
specific task training and could persist minutes to hours after task completion (Fritz et
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al., 2003, 2007). Thus, the effects in animals possibly depend upon long-term learning
mechanisms, in addition to short-term flexible attentional mechanisms. Our study demon-
strates dynamic and transient (target shifting every 30 s) attentional modulation of A1 and
R using a task that required only limited training in humans.

Comparison to feature-based attention in visual cortex

Our findings are broadly consistent with “feature-based” models of attention, from
the visual cortex literature, which propose that responses are enhanced in neurons whose
feature-selectivity matches the current attentional focus (Maunsell and Treue, 2006; Saenz
et al., 2002; Treue and Martnez Trujillo, 1999). In visual cortex, feature-based attention
has been shown to modulate both stimulus-evoked responses and spontaneous baseline
activity in the absence of a stimulus (macaque single unit: Luck et al., 1997; Reynolds
et al., 1999; human fMRI: Serences and Boynton, 2007). Thus, feature-based attention
could serve both to strengthen the neuronal representation of an attended target and/or
increase the detectability of an anticipated target if its features are known in advance.
Likewise it is possible that attention to a sound frequency could modulate the baseline
activity of auditory cortex neurons in the absence of a stimulus.

Broader significance

Frequency is one featural cue out of several, including position, trajectory, timbre, in-
tensity, and temporal cues, that likely contribute to speech selection (Zion-Golumbic and
Schroeder, 2012). Responses to attended speech patterns are enhanced and responses to
unattended speech patterns suppressed at higher levels of auditory cortex (Kerlin et al.,
2010; Mesgarani and Chang, 2012) and age-related deficits in speech comprehension in
noise are linked to impaired attentional mechanisms in older adults (Passow et al., 2012).
Spectral filtering by attention may be an important function of the primary auditory cor-
tex, contributing to downstream selection of spectrally complex auditory streams such as
speech.
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Abstract

Environmental sounds are highly complex sounds, whose processing depends on top-
down and bottom-up processing. The regions involved in their recognition are classically
assed with repetition effect paradigms. A repeated exposure to a sound of the same sound
source yields a lower neuronal activity in their semantic representation than the initial ex-
posure. Here, we assessed repetition effects to environmental sounds within primary and
non-primary early-stage auditory areas, which were first identified by means of tonotopic
mapping. Repeated presentations of sounds from the same sources, as compared to dif-
ferent sources, gave sufficient repetition suppression effects within posterior and medial
non-primary areas of the right hemisphere. Thus, parts of the planum temporale and me-
dial Heschl’s gyrus are likely to carry semantic representations.
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Introduction

Human primary auditory cortex (PAC) always colocalize with the medial two-thirds
of Heschl’s gyrus (HG) in the temporal plane and does not seem to be restricted by archi-
tectonic borders (Galaburda and Sanides, 1980; Morosan et al., 2001; Rademacher et al.,
2001; Rivier and Clarke, 1997). Using functional magnetic resonance imaging (fMRI),
several studies showed a common continuous mapping of preferred frequencies in mon-
keys (Baumann et al., 2010; Petkov et al., 2006) and in humans (Da Costa et al., 2011;
De Martino et al., 2013; Formisano et al., 2003; Humphries et al., 2010; Moerel et al.,
2012; Striem-Amit et al., 2011; Talavage et al., 2000, 2004; Woods et al., 2009). Primary
subfields are organised in frequency gradients from high to low (A1) and low to high (R)
frequencies, with a frequent low frequency cluster at the union of A1and R. Another gra-
dient from high to low frequencies (RT) is consistently found in monkeys and less often
in humans (for review, see Baumann et al., 2013; Saenz and Langers, 2013; Talavage et
al., 2013).

At ultra-high field (7 Tesla), signal-to-noise ratio (SNR) and BOLD signal are increased,
which supports small voxel size imaging. Also, the signal strength of venous blood is re-
duced because of the short relaxation times, restricting activation signals to cortical gray
matter and thus improving spatial specificity (van der Zwaag et al., 2009a, 2009b). All
together, these technical advances are beneficial for fMRI-based tonotopic mapping of the
relatively small individual human fields which requires high spatial resolution (Da Costa
et al., 2011; De Martino et al., 2013; Formisano et al., 2003; Moerel et al., 2012; Yacoub
et al., 2007).

Environmental sounds (such as voices, natural sounds, human non-vocalizations, musi-
cal instruments, vehicles and animals) are highly complex sounds categorized extremely
fast (70 ms after stimulus onset, Murray et al., 2006) and without effort due to the top-
down and bottom-up interactions (Lewis et al., 2009) along hierarchical ventral and dor-
sal pathways (Griffiths and Warren, 2004; Warren et al., 2002). Environmental sounds
activate primary (Altmann et al., 2010; Andics et al., 2013; Belin et al., 2000; Bidet-
Caulet et al., 2005; Bourquin et al., 2012; Doehrmann et al., 2008; Engel et al., 2009;
Leaver and Rauschecker, 2010; Moerel et al., 2012; Sharda and Singh, 2012; van der



3.3 SEMANTIC REPRESENTATION IN EARLY-STAGE AUDITORY AREAS 81

Zwaag et al., 2011; Woods et al., 2011) and non-primary auditory areas (Altmann et al.,
2007; Belin et al., 2000; Bergerbest et al., 2004; Bourquin et al., 2012; De Lucia et al.,
2010, 2012; Doehrmann et al., 2008; Latinus and Taylor, 2012; Leaver and Rauschecker,
2010; Murray et al., 2006; Viceic et al., 2006; Woods et al., 2011; Zatorre and Belin,
2001). Most of these studies used repetition suppression paradigms (Grill-Spector et al.,
1999, 2006) where immediate repetition of the stimulus induced a reduction of activity in
stimulus-specific regions in a bottom-up manner. The hierarchical model of sound recog-
nition postulates that early stages decompose auditory information according to acoustical
spectrotemporal features, whereas later stages are more dedicated to semantic processing
(Altmann et al., 2010). Thus, semantic repetition effects should be absent in early-stage
auditory areas, in particular in belt areas.

While no repetition priming effects are expected in the primary or belt regions, several
of the previously mentioned studies observed repetition priming effects within primary
and belt areas (Altmann et al., 2007a, 2007b, 2010; Belin et al., 2000; Bergerbest et al.,
2004; Bidet-Caulet et al., 2005; Doehrmann et al., 2008; Engel et al., 2009; Latinus et al.,
2011; Leaver and Rauschecker, 2010; Moerel et al., 2012, 2013; Sharda and Singh, 2012;
Woods et al., 2011). This discrepancy between the model and repetition priming results
could be explained by (1) the involvement of belt areas in the recognition pathway, which
implies that these areas already code for sound meaning and display repetition priming
effects or (2) semantic repetition priming effects, which occur outside the hierarchical
organised pathways, indicating possibly the existence of two parallel sound recognition
pathways. Here, we have tested these hypotheses with high-resolution functional auditory
imaging of environmental sounds processing within primary and non-primary auditory
cortex regions.

Materials and Methods

Subjects

Ten subjects (6 female, mean ages 23.9 ± 3.7) with normal hearing and no history
of neurological or psychiatric illness participated in the study. Written, informed con-
sent forms were signed by all subjects after a brief oral description of the protocol. The
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Ethics Committee of the Faculty of Biology and Medicine of the University of Lausanne
approved all experimental procedure. Eight subjects were right-handed, one left-handed
and one ambidextrous.

MRI data acquisition and data analyis

Imaging was performed with an actively shielded 7 Tesla Siemens MAGNETOM
scanner (Siemens Medical Solutions, Erlangen, Germany) located at the Centre dImagerie
BioMédicale (CIBM) in Lausanne, Switzerland. Functional data was acquired using an
32-channel head volume rf-coil (RAPID Biomedical, Germany) and an EPI pulse se-
quence with sinusoidal read-out (Speck et al., 2008; 1.5 x 1.5 mm in-plane resolution,
slice thickness = 1.5 mm, TR = 2000 ms, TE = 25 ms, flip angle = 47◦, slice gap = 1.57
mm, matrix size = 148 x 148, field of view 222 x 222, 30 oblique slices covering the
superior temporal plane, first three EPI images discarded). The sinusoidal shape of the
readout gradients reduces the acoustic noise produced by the scanner. A T1-weighted
high-resolution (resolution = 1 x 1 x 1 mm, TR = 5500 ms, TE = 2.84 ms, TI1 = 2350
ms, TI2 = 0 ms, slice gap = 1 mm, matrix size = 256 x 240, field of view = 256 x 240)
3-D anatomical image was acquired for each subject using the MP2RAGE pulse sequence
optimized for 7T (Marques et al., 2010). Anatomical images were used to co-register to
functional scans and to generate of cortical surface representations.

Preprocessing steps were performed with BrainVoyager QX v2.3 software and included
standard linear trend removal, temporal high-pass filtering, motion correction, but no spa-
tial smoothing. Functional time-courses were interpolated into 1 x 1 x 1 mm volumetric
space and registered to each subjects 3D Talairach-normalized anatomical dataset. Cor-
tical surface meshes were generated from each subjects anatomical using automated seg-
mentation tools of the program. Data analysis for the repetition priming experiment was
performed in volumetric space using a GLM approach. A group-averaged contrast sound
vs. rest was generated using cortex-based alignment (Goebel et al., 2006). This is a non-
rigid alignment of cortical surface meshes across individuals based on the gyral and sulcal
folding patterns. Each subjects cortical surface meshes were aligned to a target mesh (sep-
arately for left and right hemispheres) which had intermediate HG anatomy (partial HG
duplication in the left hemisphere and a large single gyrus in the right hemisphere). All
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alignments were visually inspected.

Auditory stimuli

Sound stimuli were generated using MATLAB and the Psychophysics Toolbox (www.
psychtoolbox.org). Stimuli were delivered binaurally via MRI-compatible headphones
(Insert Earphones, SensiMetrics, MA, USA) featuring flat frequency transmission from
100 Hz to 8 kHz. Sound intensities were adjusted to match standard equal-loudness curves
(ISO 226) at phon 95: the sound intensity of each pure tone stimulus (ranging from 88
to 8000 Hz) was adjusted to approximately equal the perceived loudness of a 1000 Hz
reference tone at 95 dB SPL (range of sound intensities: 87-101 dB SPL). Sound levels
were further attenuated (∼35 dB) by silicone ear plugs (Etymotic Research Inc., ER38-
15SM). Subjects reported hearing sounds clearly over background scanner noise and were
instructed to keep their eyes closed during fMRI scanning.

Tonotopic mapping

Pure tones (88, 125, 177, 250, 354, 500, 707, 1000, 1414, 2000, 2828, 4000, 5657,
and 8000 Hz; half-octave steps with a sampling rate of 44.1 kHz) were presented in or-
dered progressions, following our previously described methods (Da Costa et al., 2011,
2013). Each subject performed two tonotopic sessions with ascending and descending
progressions (low to high and high to low frequencies, respectively). Pure tone bursts
were presented for a 2 s block in consecutive steps until all 14 frequencies had been pre-
sented. The 28 s progression was followed by a 4 s silent pause, and this 32 s cycle
was repeated 15 times per 8 min scan run. Resulting maps of the two runs were averaged.
This paradigm is designed to induce travelling waves of response across cortical tonotopic
maps (Engel, 2012). Linear cross-correlation was used to determine the time-to-peak of
the fMRI response wave on a per-voxel basis, and to thus assign a corresponding best
frequency value to each voxel. Analyses were performed in individual-subject volumetric
space and results were then projected onto same-subject cortical surface meshes.

Similar to the example shown in Figure 3.8.B, two tonotopic gradients with mirror sym-
metry (“high-low-low-high”) were clearly observed in both hemispheres of all subjects
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(Da Costa et al., 2011, 2013; Formisano et al., 2003; Humphries et al., 2010; Langers and
Dijk, 2012; Moerel et al., 2012; Striem-Amit et al., 2011; Woods and Alain, 2009), A1
is defined by the more posterior “high-to-low” gradient corresponding and R by the more
anterior “low-to-high” gradient. In macaque auditory cortex, fields A1 and R receive par-
allel thalamic input and are both considered part of the primary auditory core.

fMRI repetition suppression experiment

Environmental sounds of 500 ms were extracted from BBC sound effects (following
Bourquin et al., 2013) using Adobe Audition (Adobe Systems Software Ireland Ltd.).
Amplitudes, sampling frequencies and linear rise/fall times were normalized with the
same routine for all sounds (16 bits, 44.1 kHz, 50 ms rise/fall times). Monophonic sounds
were duplicated into stereophonic sounds and tested with a sound recognition task in five
subjects outside the MRI. This constrains our dataset to sounds that were correctly named
with high confidence by all subjects. Sounds were manually classified, according to their
number of repeats, into two groups: repetition group (REP group, i.e. eight or more dif-
ferent exemplars) and control group (CTRL group, i.e. less than eight exemplars, max
seven). Sounds subsets of each group were randomly selected and frequency distributions
were compared using t-tests. Differing sounds were then removed from the database.
This operation was performed several times until less than 1% of significant differences
between subsets was obtained (for more details see Aeschlimann et al., 2008 and Knebel
et al., 2008). This procedure yielded a total of 323 environmental sounds (64 REP sounds
and 259 CTRL sounds). Semantic categories (animal vocalizations, human-made sounds,
tools, music instruments, and natural scene-like sounds) were equally distributed in both
groups. Sounds from the REP group were never repeated in the CTRL group.

Subjects listened passively to sounds during fMRI acquisitions. A block design with al-
ternating blocks of sounds of the same semantic category (REP) and sounds of different
semantic categories (CTRL) was presented. REP blocks were made of eight different
repetitions of the same semantic object (i.e. eight baby cries of different babies), with in
total 8 REP clocks or 64 REP sounds per run. CTRL blocks had 8 different exemplars of
different categories randomly selected at the beginning of each run (8 different semantic
objects x 8 blocks = 64 out of the 259 CTRL sounds). Sounds were presented bilaterally
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during 500 ms with an ISI of 1500 ms during 16 s and followed by a 14 s silent pause
at the end of each block. Each fMRI run consisted of 16 blocks of 30 s (8 REP and 8
CTRL, 8 minutes in total). Two runs, with the same sequence of sounds, were acquired
both before and after tonotopic mapping runs. Sound onsets were synchronized with the
scanner trigger.

Fixed-effect multi-subject GLM group analysis of all individual time-courses highlighted
regions preferring environmental sounds vs. rest (Figure 3.8.A). This contrast was used
to define group average regions of interest (see further in the text and Figures 3.8.B and
3.15.A).

Individual ROIs

Individual tonotopic maps used to define subject-specific ROIs. Maps created with an
intermediate threshold (r > 0.13, equivalent to p = 0.05) in order to obtain a region of
activation that covered most of the superior temporal gyrus (STG). We then manually out-
lined a contiguous patch of interest (general auditory cortex ROI, AC; LH: 1400.87 mm2

± 321.35, and RH: 1364.58 mm2 ± 189.15) of cortical surfaces including the two pri-
mary gradients, surrounding non-primary areas, and planum temporale (PT) using draw-
ing tools within BrainVoyager QX (external outlines in Figure 3.9). This patch of interest
was subdivided in the following steps: first, primary subfields A1 and R were localized,
and the anterior and posterior borders thereof were drawn along the outer high-frequency
representations, while lateral and medial borders were set so as to cover only the medial
two-thirds of Heschl’s gyrus (in accordance with human architectonics; Hackett et al.,
2011; Rivier and Clarke, 1997). The border between A1 and R was then drawn perpen-
dicular to the low-frequency gradient reversal. Exact borders of A1 and R were not depen-
dent upon the particular correlation threshold. Second, we divided the non-primary area
surrounding A1 and R into eight subfields. The common border between A1 and R was
extended until the outlines of AC, dividing it into anterior and posterior parts. The same
was done for the anterior and posterior borders of the primary subfields. This resulted
in six small fields along Heschl’s gyrus and two moderate ones, anterior and posterior to
Heschl’s gyrus, which were finally divided along the posterior-anterior axis into medial
and lateral subfields. In consequence, our initial AC region was subdivided into ten fields
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Figure 3.8: A. Main effect of environmental sound presentations during the repetition suppression
experiment displayed on a reference brain. Fixed-effect multi-subject GLM group analysis of
all individual time-courses highlighted regions preferring environmental sounds vs. rest bilateral
STG, right posterior STS and posterior MTG (see Table 3.2). B. Exemplar individual tonotopic
map (FDR corrected q < 0.05, r > 0.20). In each hemisphere, two mirror-symmetric gradients
(high-to-low and low-to-high) corresponding the primary areas A1 and R run across Heschl’s
gyrus (black solid lines) or the intermediate sulcus (dashed lines).

per hemisphere which were named according to their position along posterior-anterior and
medial-lateral axes: M1, L1, M2, A1, L2, M3, R, L3, M4, and L4 (fore more details, see
Table 3.1 and Figure 3.9). L1 and M1 are found in the anterior portion of the planum
temporale; L2 and L3 on lateral Heschl’s gyrus; M2, M3 and M4 in the insula; and L4
in the planum polare. In total, twenty individual ROIs covering primary and non-primary
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auditory cortices were defined based on the tonotopic maps.

Labels Talairach coordinates Mean areas Corresponding area
[x ± std y ± std z ± std] (mm3) ± std

right A1 [44 ± 4 - 20 ± 3 9 ± 2] 145.71 ± 27.00 PAC
right R [44 ± 4 - 21 ± 3 10 ± 2] 133.35 ± 31.58 PAC
right L1 [56 ± 4 - 28 ± 4 12 ± 3] 212.07 ± 126.06 LA
right L2 [57 ± 3 - 17 ± 3 7 ± 3] 125.97 ± 24.99 ALA
right L3 [52 ± 4 - 10 ± 3 4 ± 2] 148.14 ± 20.16 ALA – AA
right L4 [44 ± 4 - 10 ± 5 0 ± 3] 213.67 ± 97.77 AA
right M1 [46 ± 4 - 30 ± 2 16 ± 3] 136.31 ± 33.29 PA
right M2 [38 ± 3 - 29 ± 2 16 ± 3] 67.35 ± 20.57 –
right M3 [34 ± 2 - 25 ± 2 14 ± 3] 65.75 ± 20.41 –
right M4 [35 ± 3 - 20 ± 2 7 ± 4] 119.92 ± 71.61 ∼ MA
S1a [56 ± 4 - 39 ± 4 13 ± 3] 308.11 –
S1b [56 ± 6 - 39 ± 6 5 ± 3] 362.59 –
C1 [44 ± 5 - 53 ± 6 21 ± 5] 747.17 –

left A1 [-40 ± 3 - 24 ± 3 9 ± 2] 138.67 ± 30.27 PAC
left R [-39 ± 3 - 21 ± 3 9 ± 2] 106.00 ± 25.05 PAC
left L1 [-52 ± 4 - 29 ± 4 11 ± 3] 246.53 ± 69.66 LA
left L2 [-52 ± 3 - 18 ± 3 6 ± 2] 140.07 ± 38.11 ALA
left L3 [-47 ± 4 - 11 ± 4 4 ± 2] 165.28 ± 38.47 ALA – AA
left L4 [-40 ± 4 - 12 ± 6 0 ± 3] 209.44 ± 105.22 AA
left M1 [-40 ± 3 - 34 ± 3 14 ± 3] 155.71 ± 59.12 PA
left M2 [-34 ± 2 - 30 ± 2 15 ± 3] 62.58 ± 22.41 –
left M3 [-31 ± 2 - 26 ± 2 15 ± 3] 59.66 ± 15.78 –
left M4 [-32 ± 2 - 20 ± 2 8 ± 4] 100.23 ± 48.17 ∼ MA

Table 3.1: Mean Talaraich coordinates of all ROIs with standard deviations, and their correspond-
ing areas defined by cytoarchitechtonic studies (Rivier and Clarke, 1997; Wallace et al. 2002).
PAC: primary auditory cortex; LA: lateral auditory area; ALA: anterolateral auditory area; AA:
anterior auditory area; PA: posterior area; MA: medial auditory area.

These regions of cortical surfaces were projected into the same-subjects 1 x 1 x 1 mm in-
terpolated volumetric space to generate 3D regions of interest (ROIs). The 3D ROIs were
generated with a width of 2 mm (-1 mm to 1 mm from the vertex centre). Individual time-
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courses from the 3D-ROIS were subsequently analyzed in the repetition effect experiment.

Figure 3.9: Auditory cortex ROIs. A. Primary and secondary areas of an exemplar subject (same
areas than in Figure 3.8.B). Tonotopic mapping was used to indentify primary and secondary
auditory cortex (AC) in each hemisphere at a threshold of p = 0.05. The AC was then subdivided
according borders of primary areas A1 and R into 10 ROIs per hemisphere: M1, L1, M2, A1, L2,
M3, R, L3, M4, and L4. B. Corresponding regions according to Rivier and Clarke (1997) and
Wallace et al. (2002).

Group ROIs

Group average contrast environmental sounds vs. rest was set at threshold p < 0.05.
Activation outside AC was found in the bilateral posterior superior temporal gyrus (STG),
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posterior middle temporal gyrus (MTG) and precentral gyrus. Only right MTG and STG
survived to Bonferroni correction (p < 0.05), other activated regions were considered due
to partial volume effects. Thus, we manually outlined a continuous patch of interest and
split it into anterior and posterior regions (S1a, posterior STG, and S1b, posterior MTG;
purple and pink patches in Figure 3.15.A; S1a area: 362.59 mm2; S1b area: 308.11 mm2).
We also delineated a third, control, region (C1, green patch; C1 area: 747.17 mm2) that
did not show any activation for environmental sounds vs. rest. This region should show no
repetition effect at all. C1 was selected posterior to S1a and S1b, of the same size as the
S1a/S1b clusters and overlapping with the right angular gyrus. As for individual ROIs, the
group ROIs were labelled with their region name and projected into the reference brain 1
x 1 x 1 mm interpolated volumetric space. Individual time courses of these regions were
subsequently analyzed in the repetition suppression experiment.

Time-course analysis

Functional individual time-courses were extracted for each voxel, ROI and hemi-
sphere. Using home-made Matlab scripts, they were baseline corrected and averaged
in space and in time, separating conditions, in order to have two final time-courses (one
for REP and one for CTRL, with 15 time points each) per ROI, hemisphere and subject.
These later ones were then averaged across subjects and used in the remaining analysis.

Plateau definition

We assumed that whether the sound was followed by a repetition or not, the hemody-
namic response will have the same behaviour at onset, only the plateau will differ between
CTRL and REP conditions. BOLD signal intensities of consecutive time frames were sub-
tracted pairwise to calculate their relative slopes (tn+1 − tn). We tested our hypothesis on
the slope values using paired t-tests against 0. Positive p values indicate a rise period,
negative values a decay and null values a plateau (Figure 3.10). We restricted our results
in time to a minimum of two consecutive time frames.
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Figure 3.10: Plateau definition during repetition (A) and control (B). BOLD signal dynamics
illustrate the slope between two consecutive time-points. Paired t-tests pointed out three different
periods: rise from 2 to 6 s, plateau from 6 to 18 s, and decay from 18 to 22 s. Shades of blue
correspond to positive slopes (rise), orange-red to negative slopes (decay) and white to flat curves.

Results

Main effect of environmental sounds

Group analysis of all individual time-courses of the repetition suppression experiment
(Figure 3.8.A) highlighted several clusters preferring environmental sounds vs. rest in
bilateral superior temporal gyrus (STG), right posterior superior temporal sulcus (STS),
bilateral posterior middle temporal gyrus (MTG) and precentral gyrus. However, only bi-
lateral STG, right posterior STS and right posterior MTG survived Bonferroni correction
(p < 0.05, see Table 3.2).

Early-stage auditory areas

Individual phase-encoding analysis of the time-courses of the tonotopy runs repro-
duced the same mirror-symmetric tonotopic gradients (Figure 3.8.B and Figure 3.9.A) as
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Region Talairach coordinates t score p value
[x, y, z]

right STG [ 62 -25 14] 14.07 p < 0.01
right posterior STG [ 57 -35 14] 10.83 p < 0.01
right posterior MTG [ 61 -32 04] 7.89 p < 0.01
left STG [-39 -31 10] 14.62 p < 0.01

Table 3.2: Main effect of environmental sounds. Centroid coordinates of activation clusters, t
scores and p values. Only regions surviving a Bonferroni correction at 0.05 were considered.

previously published with other subjects (Da Costa et al., 2011). The “high-low-low-high”
reversals colocalise with primary areas A1 and R and were used as reference to parcel the
tonotopic patch of activity into the remaining auditory areas (Table 3.1 and Figure 3.9).

Time frame by time frame paired t-tests revealed significant differences (p < 0.05, uncor-
rected) in slopes during the same time periods for all conditions and hemispheres: a rise
between 2 – 6 s, a plateau between 6 – 18 s, and a decay between 18 – 22 s (Figure 3.10).

A 2 x 2 ANOVA on individual repetition suppression time-courses revealed a main ef-
fect of condition for L1, M1 and M2 ROIs between 16 – 18 s after block onset ( Figure
3.11.A) and a main effect of hemisphere for M1 ROI between 14 – 18 s (Figure 3.11.B),
respectively. An interaction Hemisphere x Condition was found in A1, M1, M2 and M3
between 10 – 18 s (Figure 3.11.C).

Repetition effects in auditory-related areas

Group average repetition suppression time-courses are plotted for each condition (REP:
blue line; CTRL: red line) and ROI inside the right (Figure 3.12) and left supratemporal
plane (Figure 3.13). Irrespective of number of repetitions, we found BOLD signal gradi-
ents along posterior-to-anterior and medial-to-lateral axes in both hemispheres: postero-
lateral fields showed greater changes in time than antero-medial ones.
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Time frame by time frame paired t-tests revealed significant differences (p < 0.05, un-
corrected) between conditions for L1, M1, M2, and M3 ROIs in the right hemisphere
between 10 – 22 s after block onset (Table 3.3 and Figure 3.14.A, right) and between
hemispheres for M1 and M2 between 8 – 18 s (Figure 3.14.B, left) during REP blocks.
No significant differences were found between conditions in left hemisphere ROIs or be-
tween hemispheres during control.

Group ROIs outside the supratemporal plane

Group average repetition suppression time-courses of C1, S1a and S1b are plotted for
each condition in Figure 3.15. As expected, C1 did not show any repetition effect and thus
our paradigm was inducing suppression only in regions processing auditory objects. S1a
and S1b showed both the same tendency, however S1b had clearly higher BOLD response
during REP blocks.

Discussion

We measured response modulation by environmental sounds in primary and secondary
auditory areas. All sounds induced activation in bilateral superior temporal gyrus, right
posterior middle and superior temporal gyrus. A closer inspection revealed semantic rep-
etition effects within posterior-medial early-stage auditory areas of the right hemisphere.
Sound repetition suppression effects have been measured previously in the superior tem-
poral plane along the ventral pathway, preferentially in the left hemisphere. However
these semantic priming effects were not related to activity within belt areas but more to
a hierarchical assemblage of semantic representations along the ventral pathway. Here,
we hypothesised the existence of a distinct semantic pathway for environmental sounds
processing.
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Figure 3.11: Time frame by time frame 2x2 ANOVA. A. Main effect of condition was found in
M1 18 s after block onset (p < 0.05, uncorrected). B. Main effect of hemisphere also highlighted
the same ROI between 14 – 18 s (p < 0.05, uncorrected). C. Hemisphere x Condition interaction
was found in AC, M1, and M3 between 10 – 18 s (p < 0.05, uncorrected). Differences during
rise and decay periods (grey boxes) were not taken in account. We considered only results with a
minimum of two consecutive time frames and three adjacent areas statistically different within the
time window defined in Figure 3.10.
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Figure 3.12: Group average time-courses of the two conditions in right hemisphere ROIs.
BOLD signal changes (in %) were plotted across time points of the block. Error bars represented
standard errors across all subjects. A. BOLD signal changes in primary auditory areas A1 and R.
B. BOLD signal changes in non-primary areas. Blue and red lines stand for repetition and control
time-courses, respectively. Dashed lines marked the end of the stimuli presentation. See materials
and methods for more details.

Figure 3.13: Group average time-courses of the two conditions in left hemisphere ROIs.
BOLD signal changes (in %) were plotted across time points of the block. Error bars represented
standard errors across all subjects. A. BOLD signal changes in primary auditory areas A1 and R.
B. BOLD signal changes in non-primary areas. Blue and red lines stand for repetition and control
time-courses, respectively. Dashed lines marked the end of the stimuli presentation. See materials
and methods for more details.
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Figure 3.14: A. Significant differences between REP and CTRL blocks (p < 0.05) in the right
(RH) and left hemisphere (LH). Time by time paired t-tests showed higher activity in right L1, M1,
M2 and M3 ROIs between 10 – 18 s. No significant differences were found in the left hemisphere.
B. Significant differences between hemispheres during REP (left) and CTRL (right) blocks. M1
and M2 ROIs responded more to REP blocks in the left hemisphere between 8 – 18 s. No sig-
nificant differences were found for CTRL blocks. Shades of blue correspond to REP blocks (A)
or RH (B) and orange-red to CTRL blocks (A) or LH (B). We considered valid results only if a
minimum of two consecutive time frames were statistically different. We considered only results
with a minimum of two consecutive time frames and three adjacent areas statistically different.

Dual pathway for sound recognition

Our results showed greater activity for environmental sounds in posterior-medial early-
stage areas corresponding to or near the anterior planum temporal, which is considered
a computational hub for auditory information (Griffiths and Warren, 2004). Moreover,
these areas were also related to sound recognition (Altmann et al., 2007, 2010; Andics et
al., 2013; Belin et al., 2000; Bergerbest et al., 2004; Bourquin et al., 2012; Engel et al.,
2009; Lewis and Talkington, 2012; Lewis et al., 2009; Lucia et al., 2010; Remedios et al.,
2009; Sharda and Singh, 2012; van der Zwaag et al., 2011; Viceic et al., 2006; Woods et
al., 2011; and Table 3.3), but are also in contradiction with other seminal repetition prim-
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Figure 3.15: ROIs outside right auditory cortex. A. Group average contrast environmental
sounds vs. rest showed activation in the right posterior MTG. This region was split into anterior
and posterior regions (S1a, in purple, and S1b in pink). We also delineated a third region (C1,
in green) which did not pop out with the former contrast in order to check if our paradigm was
specific for repetition suppression. B. Group average time-course in C1. C. Group average time-
course in S1a and S1b. B-C. BOLD signal changes (in %) were plotted across time points of
the block. Error bars represented standard errors across all subjects. Blue and red lines stand for
repetition and control time-courses, respectively. See materials and methods for more details.

ing studies (Altmann et al., 2007a, 2007b, 2010; De Lucia et al., 2010; Doehrmann et al.,
2008; Riecke et al., 2011; Scott, 2005; Staeren et al., 2009). It is commonly assumed that
the left superior temporal plane is more semantic and the right more acoustic (Murray
et al., 2008; Schönwiesner et al., 2005). Recently, Angenstein and Brechmann (2013)
stated that previous lateralization effects could be due to top-down task-related modula-
tion (Angenstein and Brechmann, 2013). Our results are related to passive listening of
environmental sounds, thus, previous results in the left hemisphere could be due to the



3.3 SEMANTIC REPRESENTATION IN EARLY-STAGE AUDITORY AREAS 99

experiment task more than bottom-up processing per se. Moreover, activation in the right
posterior-medial belt areas could perfectly confirm a rapid early semantic recognition of
well-known sounds. Thus, the information will enter in the superior temporal plane by
primary auditory areas and then pass to posterior-medial areas before getting into the ven-
tral pathway areas such as right MTG.

Technical considerations

We attribute the discrepancies between our results and previous studies to a lack of
spatial resolution in the superior temporal plane. The imaging studies previously men-
tioned did all apply spatial smoothing (2 to 6 mm FWHM) and were acquired at low
(Belin et al., 2000; Bergerbest et al., 2004; Woods et al., 2011) or high field strengths
(Altmann et al., 2007a, 2007b, 2010; Bidet-Caulet et al., 2005; Doehrmann et al., 2008;
Engel et al., 2009; Latinus and Taylor, 2012; Leaver and Rauschecker, 2010; Moerel et
al., 2012; Sharda and Singh, 2012; Staeren et al., 2009) with large voxels size (2-3 mm
or more). Our high resolution findings are close to results from Altmann et al. (2008,
adaptation in the right lateral HG), so we can speculate that high temporal and spatial
resolution is mandatory for such fast and subtle early-stage processing.

Limitations

Our fMRI experiment was designed for a simple contrast analysis. Retrospectively,
the stimulus onset could have been jittered in order to sample the hemodynamic response
more densely. The gain in spatial and temporal resolution provided by the continuous 7T
imaging strategy should be sufficient.

Our regions of interest are manually defined according to the preferred frequency gradi-
ents. As we can see in Figure 3.8.B, a third low frequency (red) cluster is found anteriorly
to R. This third high-to-low frequency reversal could be the homologue of the RT areas in
the monkey (Rauschecker et al., 1997). Thus, our parcellation could be more elaborated
on the anterior side of HG, with three regions instead of two (M4 and L4). Alternatively,
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to overcome this experimenter-related definition, we could take advantage of high resolu-
tion imaging to acquire high resolution individual R1 maps, as has been done previously
at lower field strength (Dick et al., 2012; Lutti et al., 2013), though that would only help in
the definition of A1 and R and still define a manual threshold as the T1 maps have slow-
varying borders, much like the tonotopic maps. However, the overlap between myelin and
tonotopic maps would help to consolidate region definitions.

Finally, repeated and non-repeated environmental sounds had similar spectral intensities.
However, we did not control for spectral distributions of consecutive blocks. Thus, our
results could also be related to sensitivity to acoustic changes instead of semantics per
se (Latinus et al., 2011), although the long gap between blocks and the presence of the
scanner sound makes such a history effect unlikely.

Future directions and conclusions

In this study, we considered frequency preferences and semantic processing separately.
One could investigate a hypothetical link between frequency distributions and categories
distributions by computing category-specific correlations. Or, otherwise, we could evalu-
ate time courses variations related to semantic processing in different frequency bins.

Our results give some evidences for a dual semantic processing pathway in auditory belt
areas. These areas could behave differently if environmental sounds are perceived at dif-
ferent spatial positions. One could speculate that spatial semantic processing will involve
posterior-lateral belt areas in the dorsal pathway. Thus, posterior belt areas would be
where ventral and dorsal pathways cross-over.

Furthermore, recent results from our lab showed attention modulation effects in primary
auditory areas during pure tones processing (Da Costa et al., 2013). One could hypothe-
size that (1) attention could also modulate auditory belt areas during semantic processing
and that (2) this effect should be different in strength than in primary auditory areas.
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Finally, several cognitive processes are impaired or slowed down with age. Grady et al
(2011) showed evidence for decreased adaptation effects in elderly people during sound
location and identity processing with environmental sounds (Grady et al., 2011). This
experiment was performed at high field. Thus, these effects could be precisely due to
downregulation of posterior-medial belt areas related to aging.
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Abstract

Functional magnetic resonance imaging (fMRI) techniques have dramatically evolved
during the past twenty years. Specifically, ultra-high magnetic fields (7T and more) and
rf-coil improvements facilitated recent results in the auditory processing field such as
mapping of clear tonotopic gradients in primary cortices (Da Costa et al., 2011) and in the
inferior colliculus (De Martino et al., 2013). However, 7T scanners are, for the moment,
not yet used for clinical diagnosis and mostly reside in external institutions, sometimes
close to hospitals but not directly at patients bed. Thus, clinical functional and structural
studies are mainly using hospital-based high fields systems (3T). Here, we acquired tono-
topic maps in 5 subjects at 3T and 7T in order to evaluate the consistency of a tonotopic
mapping paradigm between scanners. Mirror-symmetric gradients within the primary
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auditory cortex were highly similar at 7T and 3T across renderings at different spatial res-
olutions. Thus, the tonotopic paradigm is robust and suitable for tonotopic studies, also at
3T, allowing a reliable identification of the primary auditory cortex.

Introduction

Human primary auditory cortex (PAC, Brodmanns area 41) was initially identified
based on its dense cellular structure (koniocortex), myelin content, and thalamic con-
nectivity in postmortem brains (Brodmann, 1909; Campbell, 1905; Fleschig, 1908; von
Economo and Horn, 1930; von Economo and Koskinas, 1925). However, PAC is still not
easily identified in the living human brain. Human PAC definition differs in size, shape
and extend across studies but PAC always colocalizes with the medial two-thirds of Hes-
chl’s gyrus (HG, approximately 3 cm) in the temporal plane and is not restricted by gyral
architectonic borders (Galaburda and Sanides, 1980; Morosan et al., 2001; Rademacher
et al., 2001; Rivier and Clarke, 1997). HG is highly variable across individuals and hemi-
spheres, it can be either single, partially or completely duplicated (Rademacher et al.,
1993). Using functional magnetic resonance imaging (fMRI), several studies showed
a common continuous mapping of preferred frequencies in monkeys (Baumann et al.,
2010; Petkov et al., 2006) and in humans (Da Costa et al., 2011; Formisano et al., 2003;
Humphries et al., 2010; Striem-Amit et al., 2011; Talavage et al., 2000, 2004; Woods
et al., 2009), independent of gyrification. Primary subfields are organised in frequency
gradients from high to low (A1) and low to high (R) frequencies, with a consistent low
frequency cluster at the union of A1 and R. Another gradient from high to low frequencies
(RT) appeared consistently in monkey, but less often in humans (for review see Baumann
et al., 2013; Saenz and Langers, 2013; Talavage et al., 2013).

fMRI tonotopic mapping of individual relatively small human fields requires high spatial
resolution which is more easily achieved at high field (Da Costa et al., 2011; De Martino
et al., 2013b; Formisano et al., 2003; Moerel et al., 2012; Yacoub et al., 2007). Ultra
high field scanners (7T) allow increased signal-to-noise ratio (SNR) and BOLD signal,
and thus small voxel sizes. Short relaxation times reduces venous blood signal and ac-
tivation signal is restricted to cortical gray matter with a benefit for spatial specificity
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(van der Zwaag et al., 2009). However, among the more than 35 human 7T scanners
spread around the world (Ugurbil, 2012) and used in research, only a few are available
for clinical applications. Most of these infrastructures are used in research institutions
far away from the patients bed and doctors office. So today lower field scanners (3T)
are prominently used for patients in acute phase or with large disabilities. Several lower
field imaging studies showed tonotopic maps in healthy subjects (Engelien et al., 2002;
Humphries et al., 2010; Schönwiesner et al., 2002; Seifritz et al., 2006; Talavage et al.,
2000, 2004; Upadhyay et al., 2007; Woods et al., 2009; Yang et al., 2000) or tinnitus
patients (Langers, 2013; Langers et al., 2012). Some of these studies looked at individual
data, but their broader activations were insufficient to explore tonotopic variations without
smoothing (Humphries et al., 2010; Langers and Dijk, 2012; Langers, 2013; Moerel et al.,
2012; Schönwiesner et al., 2002; Upadhyay et al., 2007). However, there are still open
questions on primary auditory cortex plasticity which can be solved only with clinical
imaging at lower fields. Here, we acquired tonotopic maps in five subjects at both 3T and
7T using an efficient travelling wave paradigm in order to evaluate the consistency of the
maps between scanners.

Materials and Methods

Subjects

Five subjects (2 male, 3 female, ages 26 – 40) were scanned after providing written,
informed consent. None of the subjects had hearing deficits or neurological or psychiatric
illnesses. The ethics Committee of the Faculty of Biology and Medicine of the University
of Lausanne approved all experimental procedures.

MRI data acquisition

Functional imaging was performed with actively shielded 7T Siemens MAGNETOM
and 3T Siemens MAGNETOM TRIO whole-body scanners (Siemens Medical Solutions)
located at the Centre d’Imagerie BioMédicale (CIBM) and the Centre Hospitalier Univer-
sitaire Vaudois (CHUV) in Lausanne, Switzerland.
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7T data were acquired using an 8-channel head volume rf-coil (RAPID Biomedical, Ger-
many). An EPI pulse sequence with sinusoidal read-out was used for fMRI data as de-
scribed in (Da Costa et al., 2011); with the following parameters : 1.5 x 1.5 mm in-plane
resolution, slice thickness = 1.5 mm, TR = 2000 ms, TE = 25 ms, flip angle = 47◦, slice
gap = 1.57 mm, bandwidth = 1877 Hz, matrix size = 148 x 148, field of view (FOV) 222
x 222 mm, 30 oblique slices covering the superior temporal plane, first three EPI images
discarded). The use of a sinusoidal shape of the readout gradients reduces the level of
acoustic noise introduced by the scanner image acquisition.

3T data were acquired using a 12-channel head volume rf-coil (RAPID Biomedical, Ger-
many). fMRI data were acquired using the same EPI pulse sequences, using differing
spatial resolution (1.8 and 2.4 mm isotropic voxels) to compensate the drop in SNR. A
TR of 2000 ms, flip angle 80 and slice gap of 10% were used for both acquisitions. For
the 1.8 mm isotropic data, TE = 39 ms, matrix size 108 x 108, FOV 194 x 194 mm and
bandwidth 759 Hz/Px were used. 25 slices were acquired per volume to reach identical
coverage to the 7T acquisition. For the 2.4 mm isotropic data, TE = 40 ms, matrix size 80
x 80, FOV 192 x 192 mm and bandwidth 762 Hz/PX were used. 19 slices were acquired
per volume to reach identical coverage to the 7T acquisitions. The readout bandwidth was
kept constant for the two 3T acquisitions to achieve identical acoustical noise properties
in both runs.

T1-weighted high-resolution 3-D individual anatomical images were acquired for each
subject and field strength using the MP2RAGE pulse sequence (7T: resolution = 1 x 1 x 1
mm, TR = 5500 ms, TE = 2.84 ms, slice gap = 1 mm, TI1 = 0 ms, TI2 = 2350 ms, matrix
size = 256 x 240, field of view = 256 x 240; Marques et al., 2010; 3T: resolution = 1 x 1
x 1 mm, TR = 5000 ms, TE = 2.89 ms, slice gap = 1 mm, TI1 = 0 ms, TI2 = 1850 ms,
matrix size = 256 x 240, field of view = 256 x 240).

Auditory stimuli

MATLAB (The Mathworks, R2008b) and the Psychophysics Toolbox (www.psych-
toolbox.org) were used to generate sound stimuli with a sampling rate of 44.1 kHz. They
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were presented to the subjects via MRI-compatible headphones (AudioSystem, Nordic-
NeuroLab, same system in both scanners) with flat frequency transmission from 8 Hz to
35 kHz. Subjects were asked to keep their eyes closed during the entire experiment.

The stimulus design was built up in order to have a travelling wave of activity across the
auditory cortex (Engel, 2012). Progressions of pure tones from 88 to 8000 Hz in half-
octave steps (88, 125, 177, 250, 354, 500, 707, 1000, 1414, 2000, 2828, 4000, 5657, and
8000 Hz) were presented as in our previous experiment (Da Costa et al., 2011, 2013).
Each progression started with pure tone bursts of the lowest frequency during 2 seconds,
and then stepped to the next consecutive frequency until the highest one was reached, or,
alternatively, a descending progression was used (8000 to 88 Hz). Each cycle consisted
of a 28 s progression followed by a 4 s silent pause and was repeated 30 times in total
(15 times per scan run). For each subject, two functional runs were acquired (one low-
to-high and one high-to-low progression) at 7T (1.5 mm resolution) and four functional
runs at 3T (1.8 and 2.4 mm resolution, both high to low and low to high). Results were
averaged across high-to-low and low-to-high runs in the individual anatomical space. The
sound system was calibrated and sound intensities were adjusted according to standard
equal-loudness curves (ISO 226, phon 65, equal perceived volume across all frequen-
cies). The scanner noise was attenuated by approximately 30 dB by the headphones and
foam padding around the head. All tones were clearly perceived over the background
noise by all subjects.

Analysis

Data analysis and display were done using Brain Voyager QX software v2.3 (Brain
Innovation) and MATLAB. Preprocessing steps included linear trend removal, temporal
high-pass filtering and motion correction. No spatial smoothing was applied. Functional
time-series were registered with each subjects Talairach-normalized anatomical data and
interpolated to a 1 x 1 x 1 mm3 volumetric space. Functional-to-anatomical coregistra-
tions were all visually verified. Anatomical images were segmented in BrainVoyager QX.
Cortical surface meshes were generated and minimally inflated (100 steps) in order to fa-
cilitate the view of the temporal plane.
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Voxel-by-voxel linear cross-correlations were performed individually in the volumetric
space. The initial 2-seconds sound block onset within the progression was convolved
with the hemodynamic response function (HRF) and shifted successively every TR to
generate 14 time-lagged functions. Voxels were colour-coded according to the best fitting
lag function (higher correlation value). Individual resulting maps were projected onto
cortical surface meshes, without applying spatial smoothing. A tonotopic map of an ex-
emplar control subject is displayed in Figure 3.16 with a statistical threshold of r < 0.13
(p = 0.05, uncorrected).

Primary areas definition

A cortical patch containing A1 and R was manually outlined in the partially-inflated
surface meshes using drawing tools within BrainVoyager QX, as illustrated with dotted
lines (Figure 3.16.B). Anterior and posterior borders were drawn along the middle of
high-frequency representations, and lateral and medial borders were restricted to the me-
dial two-thirds of HG (Rivier and Clarke, 1997; Hackett, 2011). While this is our best
estimation of the expected location of PAC, the lateral border may include nonprimary
belt areas. The common border between A1 and R was drawn along the low-frequency
gradient (from medial to lateral). Our goal was to compare tonotopic maps at different
fields and resolutions in each subject. To this end, we used the individual patch of inter-
est defined with the 7T functional data to extract cortical surface data spanning the two
primary gradients in each hemisphere of the two 3T resolutions. Each individual cortical
surface (n = 10) was displayed with gyral borders overlaid (Figure 3.17).

Tonotopic spatial layouts

Once exported into Matlab, each vertex included in the each patch was linked to five
values: the three axis coordinates (x, y, and z), a best-fitting lag value (corresponding
to preferred frequency) and a curvature value. Coordinates were collapsed across the z-
dimension and displayed projected onto the x-y plane. All voxels of the patch were plotted
as open circles with a colour scale representing the best-fitting lag value. No statistical
threshold was applied.
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Frequency distribution

3D regions of interest (ROIs) were generated by projecting A1 and R cortical surfaces
onto the individual 1 x 1 x 1 mm interpolated volumetric space. All voxels within the sub-
jects ROIs were labelled according to the best-frequency map value and extracted for each
hemisphere and resolutions.Tonotopic maps were quantified in percentage of best-fitting
lag values per total number of voxels in each hemisphere, and plotted in bar graphs. The
same colour code was used as for the tonotopic spatial layout maps.

Frequency-related time-course variations

The time courses from all voxels within the subjects ROIs were labelled according to
the best-frequency map value and extracted for each hemisphere and resolutions. Once
exported into Matlab, each time-course was normalized, grouped into frequency bins of
same best-frequency value, and then averaged.

Results

As shown in Figure 3.16, “high-low-low-high” tonotopic gradients were clearly mea-
sured across HG in both individual hemispheres. Posterior high-to-low and anterior low-
to-high gradients corresponds to human A1 and R, respectively.

The extent of the regions with significant main effect of tones differed between resolutions
and field strength (at a fixed threshold of p = 0.05, uncorrected, Figure 3.16.B and 3.16.C).
Regions with a significant main effect of tones were comparable for the 1.5 mm/7T ac-
quisition (mean area RH: 1490 mm2 ± 750; mean area LH: 1035 mm2 ± 379) and the
2.4 mm/3T acquisition (mean area RH: 1771 mm2 ± 287; mean area LH: 1261 mm2 ±
447). Patch sizes for the 1.8 mm/3T acquisition (mean area RH: 661 mm2 ± 293; mean
area LH: 579 mm2 ± 198) were half of either of these.
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Figure 3.16: Tonotopic maps in the primary auditory cortex of subject 2. A. Color-coded
tonotopic maps were projected onto each subjects cortical surface meshes (minimally inflated).
Mirror-symmetric tonotopic gradients (high-to-low-low-to-high) were observed for all subjects,
resolutions and field strengths. Posterior (high-to-low) and anterior (low-to-high) maps delimited
A1 and R areas (dotted lines). B-C. Enlargement of the region delimited by the white squares.
Individual tonotopic maps in the left and right hemispheres (r > 0.13, p = 0.05) at 7T (B) and 3T
(C). RH: right hemisphere; LH: left hemisphere.

Figure 3.17: Spatial layout of primary auditory areas relative to HG. Primary surface patches
were selected from cortical surface meshes and plotted with HG borders (solid lines: first tem-
poral sulcus and Heschl’s sulcus) and intermediate sulcus (dashed lines) in case of partial (*) or
complete duplications (**). Open circles show overlapping voxels in the collapsed z-dimension.
Colour scale indicates best-fitting lag value of each point with low frequencies in red and high fre-
quencies in blue. Gyral and sulcal borders were estimated from the curvature values and overlaid
on tonotopic maps (for more details, see Da Costa et al., 2011).
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Figure 3.18: Frequency distributions in left and right hemispheres at 1.5 mm/7T (A),
1.8mm/3T (B), and 2.4mm/3T (C). Tonotopic average maps were quantified in percentages of
best-fitted frequency per total number of voxels. Each bar represents the percentage of voxels
dedicated to a specific frequency and error bars the standard errors across subjects and runs. Fre-
quency distributions peak around 707 Hz in all resolutions, field strengths and hemispheres (with
sharper peak at 3 than 7 Tesla). Paired t-tests between frequencies showed significant differences
between hemispheres in the 1.8mm/3T maps for 4000 Hz (*, p < 0.01, uncorrected) and between
1.5mm/7T and 1.8mm/3T maps for 2828 Hz (�, p < 0.01, uncorrected).
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Figure 3.19: Frequency-related time course variations for the low-to-high runs averaged ac-
cording to preferred frequency at 1.5 mm/7T (A), 1.8mm/3T (B), and 2.4mm/3T (C). Time
courses of the low-to-high runs were extracted for each best-fitted lag value and averaged across
blocks, according preferred frequency and across subjects. BOLD signal changes responses peak
first for low frequencies voxels than for high frequencies, then return to baseline. The same analy-
sis was done for the high-to-low runs with reverse pattern (figure not shown). Consistent with our
design, this pattern perfectly reproduces a travelling wave of response.
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Figure 3.20: Percent signal changes variations in left and right hemisphere at 1.5 mm/7T
(A), 1.8mm/3T (B), and 2.4mm/3T (C). Amplitude ratios from frequency-related time courses
are displayed in percent signal changes (PSC) variations per frequency bin. A significant differ-
ence was found between hemispheres only at 2.4 mm for 2828 Hz (*, p < 0.01, uncorrected).
Other significant differences appeared between 1.5mm/7T and 2.4mm/3T for 88 and 2828 Hz in
the left hemisphere and from 177 to 354 Hz in the right hemisphere (�, p < 0.01, uncorrected),
between 1.5mm/7T and 1.8mm/3T only in the right hemisphere for 135 and 500 Hz(•, p < 0.01,
uncorrected) and between 1.8mm/3T and 2.4mm/3T only in the left hemisphere for 88 Hz (••,p <
0.01, uncorrected). Error bars represent standard errors across subjects.
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On Heschl’s gyrus, the activation pattern was highly similar between 7T and 3T acqui-
sitions (Figure 3.17). Ordered tonotopic high-low-low-high progressions with reversal at
mid-HG and clear iso-frequency stripes along the long axis of HG were apparent in all
frequency maps independent of spatial resolution or field strength.

In Figure 3.18, each bar represents the percentage of voxels dedicated to a specific fre-
quency and the error bars the standard errors across subjects. Preferred frequency distri-
butions peaked around 707 Hz in all resolutions and field strengths (with a sharper peak
at 3T than at 7T, Figure 3.18.B and 3.18.C). A frequency-by-frequency 3 x 2 (resolution
x hemisphere) ANOVA on the preferred frequency distributions revealed a main effect of
resolution (p < 0.05, uncorrected). Paired t-tests between resolutions showed significant
differences in the left hemisphere 5657 Hz bin between 1.5 and 1.8 mm (p < 0.01, uncor-
rected, � in Figure 3.18.A and 3.18.B). Significant differences between hemispheres were
found only in the 1.8mm/3T distributions for the 4000 Hz (p < 0.01, uncorrected, * in
Figure 3.18.B).

Mean time course per frequency bin was plotted against time with the same colour code
as in frequency distributions plots (Figure 3.19). Consistent with our stimulus design,
frequency-related BOLD responses reproduce a travelling wave of activity along time
evolution: as expected, low frequencies voxels peaked earlier than high frequencies vox-
els for the low-to-high runs. The opposite pattern (high first and low last) was found for
the high-to-low runs (figure not shown).

Amplitude ratios between the maximum and the minimum of the frequency-related time
courses were computed and plotted in bar graphs with the same colour code (Figure 3.20).
Error bars represent standard errors across subjects. PSC values were overall larger at 7T
than 3T, as expected (van der Zwaag et al., 2009). PSC variations changed between res-
olutions and scanners. BOLD signal amplitudes formed a dip near background scanner
noise frequency (corresponding to the readout bandwidth and therefore acoustic signal
peak of the sequence, 1877 Hz) at 7T, whereas both resolutions showed moderately flat
distributions with moderate tendency of peak around 707 Hz at 3T. A longer TE was used
at 3T than at 7T, as the grey matter T2* and thus optimal TE for BOLD fMRI is signif-
icantly longer at 3T. So the read-out gradients could be switched slower, moving max-



3.4 TONOTOPIC GRADIENTS IN HUMAN PAC AT 3 AND 7T 123

imum scanner noise contributions to approximately 750 Hz. A frequency-by-frequency
3 x 2 (Resolution x Hemisphere) ANOVA on PSC variations showed, a main effect of
resolution (p < 0.05, uncorrected, from 88 to 500 Hz and for 2828 and 8000 Hz), a main
effect of hemisphere (p < 0.05, uncorrected, for 707, 1000 and 2000 Hz), but no interac-
tion Resolution x Hemisphere. Paired t-tests between resolutions showed differences for
several frequency PSC variations (p < 0.01, uncorrected; between 1.5 and 2.4 mm in LH:
�; between 1.8 and 2.4 mm in LH: ••; between 1.5 and 2.4 mm in RH: �; and between
1.5 and 1.8 mm in RH: •; Figure 3.20). A frequency-by-frequency paired t-test between
hemispheres showed significant difference only at 2.4 mm (p < 0.01, uncorrected; *). The
mean of the signal variations was higher in the right hemisphere but not significant (p >

0.05, uncorrected; mean of 1.5 mm LH: 2.08 % ± 0.38; mean of 1.5 mm RH: 2.53 % ±
0.25; mean of 1.8 mm LH: 1.55 % ± 0.28; mean of 1.8 mm RH: 1.68 % ± 0.17; mean of
2.4 mm LH: 1.05 % ± 0.14; mean of 2.4 mm RH: 1.45 % ± 0.24). Several subjects did
not have any voxels with a preferred frequency corresponding to one of the two extreme
frequencies (preferring voxels for 88 Hz were found for 3/5 at 1.5 mm in RH, 5/5 at 1.5
mm in LH, 5/5 at 1.8 mm in RH, 5/5 at 1.8 mm in LH, 3/5 at 2.4 mm in RH and 3/5 at 2.4
mm in LH; preferring voxels for 8000 Hz were found for 5/5 at 1.5 mm in RH, 5/5 at 1.5
mm in LH, 4/5 at 1.8 mm in RH, 5/5 at 1.8 mm in LH, 4/5 at 2.4 mm in RH and 4/5 at 2.4
mm in LH).

Discussion

Reliable tonotopic maps of sufficient resolution to distinguish frequency bands were
obtained at both 3T and 7T with the proposed 16-minute scan paradigm. 3T tonotopic
maps contain enough information to be used as a valid tool for future studies aiming to
understand frequency representations in auditory cortex of healthy and patient subjects, at
least at the spatial resolutions available at 3T.

Tonotopic gradients within primary auditory cortex

The presence of tonotopic gradients within the primary auditory cortex is consistent
with previous mappings in humans at low (Dick et al., 2012; Seifritz et al., 2006; Ta-
lavage et al., 2000, 2004; Woods et al., 2010), high (Humphries et al., 2010; Langers and
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Dijk, 2012; Moerel et al., 2012; Striem-Amit et al., 2011; Yang et al., 2000) or ultra-high
fields (Da Costa et al., 2011; De Martino et al., 2013; Formisano et al., 2003; Moerel
et al., 2013). However, the orientation of the gradient in relation to the axis of Heschl’s
gyrus differed between studies. Several studies revealed mirror-symmetric gradients par-
allel (Formisano et al., 2003; Schönwiesner et al., 2002; Seifritz et al., 2006; Talavage
et al., 2000; Yang et al., 2000), perpendicular (Humphries et al., 2010; Striem-Amit et
al., 2011; Talavage et al., 2004) or oblique in respect to the long axis of Heschl’s gyrus
(Da Costa et al., 2011; Langers and Dijk, 2012; Moerel et al., 2013; Woods et al., 2010).
Our 3T tonotopic mappings run across the Heschl’s gyri with a slight angle towards the
lateral side of the structure, consistent with our previous results at 7T. Overall, our results
are in line with the “oblique configuration model” of primary tonotopic gradients which
has been confirmed in both non-human primate and human studies (Baumann et al., 2013).

Lateralization in tonotopic gradients within primary auditory cortex

The initial goal of this study was to test if the tonotopic paradigm used at 7T (Da
Costa et al., 2011) was also suitable for tonotopic studies at 3T. However, our results also
allowed a comparison between right and left processing of pure tone bursts. The primary
auditory cortices in the healthy subject are not expected to process pure tones differently
(unlike speech sounds), and thus frequency representations and signal variations are ex-
pected to be the same between hemispheres. Our results supported this definition, we
found no significant differences between hemispheres for pure tone burst processing both
in the frequency distributions and signal changes.

Tonotopic gradients outside primary auditory cortex

Our results showed evidence for frequency-specific gradients beyond primary areas
consistent with results from other studies (Formisano et al., 2003; Humphries et al., 2010;
Moerel et al., 2012, 2013; Schönwiesner et al., 2002; Talavage et al., 2000, 2004). How-
ever, these gradients are less robust at 3T, since their signal intensity is blurred by the
overall noise, reducing their small size in the case of the 1.8 mm and the fact that they are
less frequency-specific per se. This could explain why results differed between studies,
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in addition to others aspects such as type of acquisition and paradigms. Higher SNR and
resolution imaging at 7T increase the separation between BOLD signal from primary and
non-primary areas. Thus, clear tonotopic gradients outside primary auditory cortex could
be measured only at 7T with a reasonable statistical threshold.

Methodological issues

The major characteristics of the tonotopic maps within primary auditory cortex re-
mained constant over field strengths and resolutions. Small differences in tonotopic maps
between different spatial resolutions and field strengths could be related to several tech-
nical features. First, we used the same audio system (AudioSystem, NordicNeuroLab) in
both scanners, but not the exact same device, leading to a possibility in calibration differ-
ences between sound systems. However, sound calibration was performed the same way
with both pieces of equipment and subjects confirmed a clear perception of the sounds
inside both scanners. Second, 3T and 7T datasets were acquired during different sessions
and with different rf-coils. Even though, there might be small positioning differences
between acquisitions at different scanners, these should not lead to any systematic dif-
ferences between the tonotopic maps. Third, voxel size differed between acquisitions,
leading to different SNR levels and partial volume effects. While SNR values between
the 1.5 and 2.4 mm datasets were roughly comparable, SNR in the 1.8 mm dataset was
notably lower, resulting in a marked decrease in the patch displaying a significant result to
the travelling wave paradigm. Because of lower spatial resolution attainable at 3T, partial
volume effects are expected to be larger at 3T than for the 7T 1.5 mm dataset. The larger
voxels (especially 2.4 mm) would be less specific than smaller ones, which could explain
why 3T maps had blurred and somewhat less organised (especially at 2.4 mm) frequency
distributions. The gain in signal contrast combined with small voxel size contributed to
finer frequency representations (and broader frequency distributions) at 7T. Nevertheless,
the 3T 1.8 mm resolution tonotopic maps within primary auditory cortices gave reliable
results, equivalent to tonotopic maps acquired with smaller (1.5 mm isotropic voxels,
Langers and Dijk, 2012) or larger voxels size (2 or 3 mm isotropic voxels, Humphries et
al., 2010; Moerel et al., 2012; Striem-Amit et al., 2011) with longer stimulus protocols.
Fourth, independent of resolution and scanner used, no spatial smoothing was applied
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during preprocessing or statistical analysis. Spatial smoothing increases statistical signif-
icance, but in counterpart lowers frequency-specificity, resulting in smoother tonotopic
maps with broader response functions as illustrated in Moerel et al. (2012). Their 2
mm resolution acquisitions smoothed with a 3 mm FWHM resulted in frequency-specific
regions as large as in our 2.4 mm tonotopic maps, but with less robust frequency repre-
sentations.

Conclusion

Overall, our data demonstrated clear tonotopic gradients within primary auditory cor-
tex without smoothing in a 16-minute scan session at 3T as well as at 7T. Thus, this
passive tonotopy protocol could be used straightforwardly used as a primary auditory
cortex localizer in further studies with healthy subjects. Patients with large impairments
should equally be able to perform this experiment without significant effort, opening new
possibilities to study auditory plasticity in new patient populations. Non-primary tono-
topic gradients were more apparent at ultra high field, suggesting that the choice of field
strength used should be carefully considered depending on the question of interest for a
given auditory fMRI experiment.
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Abstract

The human primary auditory cortex comprises two mirror-symmetric tonotopic repre-
sentations, which are modulated by attention in normal subjects, suggesting a top-down
influence on the processing within primary auditory cortex. Here, we investigated whether
focal brain lesions alter tonotopic representations in the intact ipsi- and contralesional pri-
mary auditory cortex. We acquired tonotopic maps in three patients with hemispheric or
cerebellar lesions, without or with auditory complaints, and compared them to a group
of five healthy subjects. We found evidence for tonotopic reorganisations at the level of
the primary auditory cortex in cases of brain lesions independently of auditory complaints.
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Introduction

Auditory information is a key element of daily social interactions, which is processed
along a complex hierarchical pathway involving the cochlear nucleus, inferior colliculus
(IC), medial geniculate body of the thalamus (MGB), primary and secondary auditory
areas and auditory-related high order regions (reviewed in Saenz and Langers, 2013).
Thalamic-cortico and cortico-thalamic connections between the thalamus and the audi-
tory cortex represent the shortest feedback loop of the auditory system (Suga and Ma,
2003). Brainstem nuclei are key interactions sites with other non-auditory regions such as
the cerebellum or visual areas (Petacchi et al., 2011; Ramnani, 2006). Low level nuclei,
primary and secondary auditory areas are organised according to frequency preferences
(cochleotopy or tonotopy), reflecting, thus, a conservative relay of the auditory informa-
tion from the cochlea till the auditory cortex.

The primary auditory cortex (PAC) itself is functionally defined according to frequency
preferences – tonotopic representations – within the medial two-thirds of the Heschl’s
gyrus (HG), and has been mapped in vivo at ultra-high (Da Costa et al., 2011; De Martino
et al., 2013; Formisano et al., 2003) and lower (< 7 T) fields (Da Costa et al., in prep;
Humphries et al., 2010; Langers and Dijk, 2012; Moerel et al., 2012; Schönwiesner et al.,
2002; Seifritz et al., 2006; Striem-Amit et al., 2011; Talavage et al., 2000, 2004; Woods
et al., 2010). The primary mirror-symmetric gradients are robustly mapped despite differ-
ences in scanner field strength (Da Costa et al., in prep) and HG configurations (Da Costa
et al., 2011).

The tonotopic organisation of PAC can change during lifetime, both through ascending
and descending plasticity. Ascending plasticity is related, for example, to auditory ex-
perience (Kilgard and Merzenich, 2002; Kilgard et al., 2001; Moore and Gockel, 2011;
Pandya et al., 2005; Recanzone et al., 1993; Suga and Ma, 2003; Weinberger, 2004),
cochlear lesions (Gu et al., 2012; Irvine, 2007; Moore and Shannon, 2009), tinnitus or hy-
peracusis (Gu et al., 2010; Langers and Dijk, 2012; Langers et al., 2012; Langers, 2013).
Deactivation of primary auditory cortex showed descending-related response modulations
in the MGB (Antunes and Malmierca, 2011; Suga and Ma, 2003; Tang et al., 2012),
IC (Nakamoto et al., 2008, 2010; Salvi et al., 2000), secondary regions (Carrasco and
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Lomber, 2013; Carrasco et al., 2013), and contralateral primary areas (Carrasco et al.,
2013).

A general model for cortical plasticity implied that map reorganisations depend on the
balance between excitatory and inhibitory inputs at a synaptic level (Buonomano and
Merzenich, 1998; Irvine, 2007; Weinberger, 1995, 2004). Thus, a deprived area can be-
come sensitive to sensory inputs from surrounding areas, to which it was irresponsive
before the lesion. Human lesions studies showed some evidences for plasticity of audi-
tory networks, such as loss of parallel processing (Adriani et al., 2003a, 2003b) or ipsi-
and contralateral reorganisations of specialized networks (Alain et al., 2005; Lazard et al.,
2013; Saur et al., 2006; Scheffler et al., 1998; Schofield et al., 2012). Thus, tonotopic
plasticity is probably also influenced by postlesional reorganisation occurring after focal
ischemic lesions, although this has never been considered in human.

Here, we investigated whether focal brain lesions alter tonotopic representations in the
intact primary auditory cortices. We acquired tonotopic maps in three patients with brain
or cerebellar lesions with or without auditory complaints and compared them to a group
of five healthy subjects. We hypothesised that tonotopic maps are influenced by plastic
reorganisation due to brain lesions, but not necessarily correlated with auditory deficits.

Materials and Methods

Patients and control subjects

Five healthy volunteers (3 women, 2 men; age 24 – 39) with no history of neurological
or auditory problems and three patients (2 women, 1 man; age 19 – 52) from the Service
of neuropsychology and neurorehabilitation of the CHUV participated in the experiment
after oral explanation and provision of written informed consent as approved by the Ethics
Committee of the Faculty of Biology and Medicine of the University of Lausanne.
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Patient 1

Patient 1, student, suffered a cerebellar haemorrhage in the right superior vermis (Ta-
ble 3.4 and Figure 3.21, P1) from an arteriovenous malformation. Detailed neuropsy-
chological examination revealed mild difficulties in executive attentional functions and
mnesic fatigue. The patient reported changes in behaviour after injury, predominantly
difficulties in playing piano or listening to music. She complained about sound percep-
tion deficits such as different perception between left and right ears. These complaints
were certified later during the audiometry test (Figure 3.22, done one year after injury)
where low frequencies (125, 250, and 1000 Hz) were louder in the right ear and high fre-
quencies (4000 Hz) were louder in the left ear. She also showed location deficits for the
1000 Hz. In overall, she showed incoherence between sounds presented to the right ear.
Tonotopic data was acquired 13 months after injury.

Patient 2

Patient 2, specialized teacher, suffered a traumatic brain injury (TBI) after falling from
a ladder. A CT-scan after injury revealed a subdural hematoma in right frontoparietal cor-
tex and in left temporal cortex (Table 3.4). Only the latter was apparent on the anatomical
data acquired on her (Figure 3.22, P2). A detailed neuropsychological examination after
injury revealed difficulties in attentional functions. Four months after injury, her perfor-
mances were retested and returned to norm but with some tiredness (Table 3.4). However,
she complained about difficulties during social interactions and sound localization, but
also sounds intolerance and sensation of blocked ears. An audiometry test revealed nor-
mal hearing. Tonotopic data was acquired 6 months after injury.

Patient 3

Patient 3, salesman, suffered a stroke in the right fronto-operculum (Table 3.4 and
Figure 3.21, P3) with left facio-brachio-crural hemisyndrome and right hemineglect. A
detailed neuropsychological examination revealed a mild impairment in executive atten-
tional functions and working memory as well as fatigue. The audiometry test in this
patient was normal (Figure 3.22). Tonotopic data was acquired 19 months after injury.
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Figure 3.21: Lesions shown at the site of their greatest extent. Anatomical images were trans-
formed into Talairach space.

MRI data acquisition

Imaging sessions of 30 minutes were performed with an actively shielded 3 Tesla
Siemens MAGNETOM TRIO whole-body scanners (Siemens Medical Solutions) located
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Figure 3.22: Pure tone audiometry. Results of Patient 1 (P1), Patient 2 (P2) and Patient 3 (P3)
are represented in red, green and blue, respectively.

at the Centre d’Imagerie BioMédicale (CIBM) in the Centre Hospitalier Universitaire
Vaudois (CHUV) in Lausanne, Switzerland.

Two functional datasets were acquired using a 12-channel head volume rf-coil (RAPID
Biomedical, Germany) and an EPI pulse sequence (1.8 x 1.8 mm in-plane resolution, slice
thickness = 1.8 mm, TR = 2000 ms, TE = 39 ms, flip angle = 80◦, slice gap of 10%, matrix
size 108 x 108, field of view 194 x 194 mm, bandwidth of 759 Hz/PX, 25 slices parallel to
the Sylvian fissure). Anatomical T1-weighted high-resolution images were acquired for
each subject using the MP2RAGE pulse sequence (resolution = 1 x 1 x 1 mm, TR = 5000
ms, TE = 2.89 ms, TI1 = 1800 ms, TI2 = 0 ms, slice gap = 1 mm, matrix size = 256 x 240,
field of view = 256 x 240; Marques et al., 2010).

Auditory stimuli

MATLAB (The Mathworks, R2008b) and the Psychophysics Toolbox (www.psych-
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toolbox.org) were used to generate sounds stimuli (44.1 kHz, 16 bits), which were de-
livered via MRI-compatible headphones (AudioSystem, NordicNeuroLab) featuring flat
frequency transmission from 8 Hz to 35 kHz. Subjects had eyes closed during the entire
scan session.

Our tonotopy fMRI paradigm was set up so as to create a travelling wave of BOLD re-
sponses through primary auditory cortex (Engel, 2012). For that, we used progressions of
pure tones (88 to 8000 Hz, in half-octave steps), presented as described previously (Da
Costa et al., 2011, Da Costa et al. in prep). Progressions lasted 28 s and started with a 2 s
block of pure tone bursts of the lowest (or highest) frequency and consecutively stepped
forward until the last, highest, (or lowest) frequency. In between progressions, a 4 s silent
pause was presented and this 32 s cycle was presented 15 times per scan session (8 min
each). Both healthy subjects and patients performed two scan sessions (one crescendo
and decrescendo progression). Resulting individual maps of the two runs were averaged
across high-to-low and low-to-high runs.

The sound intensities were adjusted to equal perceived loudness across all frequencies
(ISO 226, phon 65) and matched the perceived volume of a 1000 Hz reference frequency
at 65 dB. The scanner noise was attenuated by approximately 30 dB by the headphones,
earplugs and foam padding around subjects head. All healthy subjects and patients re-
ported clear and comfortable perception of all tones despite background scanner noise.

Analysis

Data display and analysis were performed with Brain Voyager QX software v2.3
(Brain Innovation) and MATLAB. Linear tread removal, temporal high-pass filtering, and
motion correction was applied during the preprocessing. We did not use spatial smooth-
ing. Time-series of the functional data were registered to individual anatomical data in
the Talairach space and interpolated to a 1 x 1 x 1 mm3 volumetric space. Verification of
functional-to-anatomical registrations was done visually. Anatomical images were used
to generate cortical surface meshes (one for each hemisphere) with automated segmenta-
tion tools in BrainVoyager QX. Resulting meshes were slightly inflated (100 steps, with
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minimal amount of spatial distortions) in order to improve visibility of the temporal plane.

Linear cross-correlation analyses were performed for each subject in the volumetric space.
A cyclical model function was designed based on the first 2 s frequency onset of each cycle
and convolved with a canonical hemodynamic function. This model function was shifted
every TR (2 s) in order to generate consecutive 14 time-lagged functions. Voxel-by-voxel
linear cross-correlations were computed between the 14 cyclical model functions and the
measured time-courses of 240 volumes. Using a winner-take-all approach, each voxel
was colour-coded according to its highest correlation value (best-fitting lag value). In-
dividual resulting correlations maps were projected onto individual partially-inflated sur-
face meshes without any spatial smoothing. Individual correlation maps of an exemplar
healthy subject and the patients are displayed in Figure 3.23 with a statistical threshold p
≤ 0.05.

Primary regions definition

In each healthy subject and patient hemisphere, we manually defined a contiguous
cortical surface including primary regions, A1 and R, using BrainVoyager QX drawing
tools (dashed lines in Figure 3.23). The exact borders were independent of the statistical
threshold. Anterior and posterior borders were delimited by the middle of high-frequency
representations, and lateral and medial borders by the medial two-thirds of HG (in agree-
ment with human architectonics: Hackett et al., 2011; Rivier and Clarke, 1997). The
union border between A1 and R was delimited across the low-frequency representation.
Tonotopic regions surrounding the patch of interest probably include non-primary belt re-
gions.

Our goal was to compare ipsi- and contralateral tonotopic maps in patients and in healthy
subjects. To this end, we manually selected patches of cortical surfaces containing the two
primary gradients in each preserved and damaged hemisphere (n = 6), and plotted them
with gyral borders overlaid (Figures 3.24, for borders definition see Da Costa et al., 2011).
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Tonotopic spatial layouts

Data from the cortical patches was exported into Matlab with coordinates (x, y, z),
a best-fitting lag value (1 to 14), and a curvature value for each vertex. Open circles in
Figure 3.24 show overlapped voxels collapsed in the z-dimension and plotted onto the
x-y plane without any statistical threshold. Each voxel was colour-coded according its
best-fitting lag value.

Frequency distributions

Primary auditory cortical surfaces were projected into individual 1 x 1 x 1 mm Ta-
lairach space in order to generate 3D regions of interest (ROIs) and a best-frequency
value was ascribed to each voxel. Number of voxels attributed to a given frequency band
was plotted as red, green and blue lines for each patient and in black for the control group
average. Then, we computed the difference between the frequency distributions for each
patient and the controls average (Patient - Controls) and plotted the resulting ratio in bar
graphs with the same colour-code as used the in spatial layouts in Figure 3.24.

Percent signal change variations

Time courses within the individual ROIs were extracted into Matlab, normalized, and
grouped according the best-frequency values. Resulting BOLD signal changes were then
averaged across blocks. Amplitude ratios between the maximum and the minimum values
were computed and plotted as red, green and blue lines for each patient and in black for
the control group average. As for the frequency distributions, we computed the difference
between the PSC variations for each patient and the controls average (Patient - Controls)
and plotted the resulting ratio in bar graphs with again the same colour coding as in Figure
3.24 and 3.25.
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Results

Tonotopic subfields

On visual inspection, all patients had orderly tonotopic representations within both pri-
mary auditory cortices, including mirror-symmetric “high-low-low-high” gradients (Fig-
ures 3.23 and 3.24, in an exemplar subject and the three patients). Tonotopic maps were
not comparable at identical statistical threshold as Patient 2 and 3 maps included only
low-frequency representations at p = 0.05 (r > 0.13). Thus, statistical thresholds were
set a p = 0.05 (r > 0.13) for Patient 1 and p < 0.05 (r > 0.11) for Patient 2 and 3 to
obtain patches of approximately equal spatial extent, including the high-frequency repre-
sentations. For Patient 1 and 2, the tonotopic organisation was less clear in the left than
in the right hemisphere, whereas for Patient 3, tonotopic organisation was clearer in the
left hemisphere. Thus, frequency representations contralateral to the cerebellar lesion and
ipsilateral to brain lesions were less frequency-specific than those found in the opposite
hemisphere.

Relative representations of frequencies within primary auditory cortices

Frequency distributions of the control group (n = 5) followed normal distribution with
a peak around 500 Hz in both hemispheres (Figure 3.25.A). Individual distributions in
patients tended to be flatter and to peak at different frequencies than control subjects. The
frequency distributions from all patients peaked at 707 Hz, with a second peak for Patient
2 at 250 Hz. Paired t-tests revealed no significant left-right difference in any of the con-
trols subjects and patients frequency distributions. Paired t-tests between control group
and individual patients frequency distributions showed differences in frequency represen-
tations for all patients (* in Figure 3.25.B; paired t-tests, p < 0.05 Bonferroni corrected;
Patient 1 LH: no significant differences; Patient 1 RH: 8000 Hz; Patient 2 LH: 177 and
250 Hz; Patient 2 RH: 250 Hz; Patient 3 LH: 177, 250 and 8000 Hz; Patient 3 RH: 250,
500 and 8000 Hz).
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Relative signal variations within primary auditory cortices

Group averaged percent signal changes variations of the controls showed a pseudo-
flat distribution across frequency bins with no differences from the mean (mean signal
variation in primary auditory cortex across time and frequency, p = 1; Table 3.4 and Fig-
ure 3.26.A). PSC variations in Patient 1 peaked at 1414 Hz contralateral to the lesion.
Mean PSC across frequencies were comparable between hemispheres, but different be-
tween controls and patients (Table 3.4). Paired t-tests between patients and controls PSC
variations showed significant differences in frequency signals in Patient 1 and Patient 2 (*
in Figure 3.26.B; paired t-tests, p < 0.05 Bonferroni corrected; Patient 1 LH: 88, 1000,
1414 and 8000 Hz; Patient 1 RH: 2828 and 4000 Hz; Patient 2 LH: 250 and 2828 Hz;
Patient 2 RH: 88 and 8000 Hz), but not in Patient 3. Only signals for 1000 and 1414
Hz were significantly higher in patients compared to controls (p < 0.05, Bonferroni cor-
rected), other significant PSC variations were in favour of the controls (Figure 3.26).

Average controls Patient 1 Patient 2 Patient 3

Right hemisphere 1.68% ± 0.17 1.22% ± 0.40 1.09% ± 0.51 1.29% ± 0.35
Left hemisphere 1.55% ± 0.28 1.29% ± 0.77 1.13% ± 0.40 1.22% ± 0.33

Table 3.4: Mean percent signal variation across time and frequencies in controls and pa-
tients. Mean % ± std.
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Discussion

Our goal was to investigate tonotopic gradients within primary auditory cortex in brain
damaged patients with/without auditory complaints. Our results revealed maintained
tonotopic gradients in ipsi- and contralesional hemispheres, despite partial alteration of
the relative frequency representations. Low frequencies tended to be more represented in
primary auditory cortices both ipsi- and contralateral to the lesion. Percent BOLD signal
changes for frequencies around 1000 Hz were enhanced contralaterally to cerebellar le-
sion and decreased ipsilaterally to hemispheric lesions.

Tonotopic gradients are maintained by neural wiring

Acoustic information is initially decomposed and mapped at lower auditory nuclei,
such as medial geniculate body of the thalamus (MGB), inferior colliculus, superior oli-
vary complex and cochlear nuclei, according to temporal and spectral features before
reaching primary and secondary auditory areas. Feature-selective hierarchical coding is
preserved by vertical ascending thalamo-cortical and horizontal cortico-cortical connec-
tions all along the auditory pathway in healthy subjects. Neurons of ventral and dorso-
lateral MGB project to relays in layers IV/IIIb, and I/III/IV of primary and secondary
auditory areas, respectively (for review, see Brugge, 2013). From primary and secondary
areas, the acoustic information flow is spread to auditory-related regions via horizontal
connections (Brugge et al., 2003; Liegeois-Chauvel et al., 1991). In this study, patients
had no injury in areas implicated in the auditory pathway. Our results gave evidence that,
despite plastic changes in the remaining cortex due to local brain injury (see below), fre-
quency representations in patient primary auditory cortex are maintained by strong intact
hierarchical connections. Although, there is also evidence for adult auditory plasticity in
human and animal models (Buonomano and Merzenich, 1998; Irvine, 2007; Weinberger,
1995, 2004) that may account for more specific representation modifications.

Tonotopic maps are modulated by diaschisis-like neural plasticity

After a stroke event, imaging techniques, such as PET of MRI, measured a reduced
metabolism or cerebral blood flow in a region connected to the injured area, due to loss of
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Figure 3.23: Tonotopic maps within the primary auditory cortex. A. Inflated right hemisphere
with typical mirror-symmetric gradients “high-low-low-high” of a healthy subject (C1) at 3 Tesla.
B. Enlargement of the region within the white box. C – E. Patients tonotopic maps in both hemi-
spheres. Statistical thresholds were set at p ≤ 0.05 in order to cover progression gradients in all
subjects. Dashed lines delimited the primary areas A1 and R. C1: healthy control; P1: Patient
1; P2: Patient 2; P3: Patient 3; H: clusters preferring high frequencies; L: clusters preferring low
frequencies; LH: left hemisphere; RH: right hemisphere.

excitatory inputs in the latter and increased inhibition in the former region. This phe-
nomenon is called diaschisis and is related to changes in cortico-cerebellar, thalamo-
cortical intra- and interhemispheric connectivity (Engelhardt and Gomes, 2013) and reg-
ulation mechanisms of inhibitory and excitatory receptors, GABAA and NMDA, respec-
tively. Neurons surrounding focal lesions became more excitable because of an imbalance
between NMDA upregulation and GABAA downregution (Gaucher et al., 2013; Sacco et
al., 2009; Schiene et al., 1996). These inhibition downregulation effects could explain a
general signal changes reduction in both hemispheres for all patients.

BOLD signal intensities within primary auditory areas were generally higher in patients
than in controls, which is in agreement with findings on hyperacusis patients with higher
activation in primary auditory cortex than subjects with normal hearing. Sound-related
activations increases with decreasing sound-level tolerance (Gu et al., 2010). However,
another auditory paradigm (such as environmental sounds against scanner noise) should
be used to test whether BOLD signal increase is related to the frequency preferences
per se or to general higher BOLD responses independent of the stimuli used. Moreover,
sound-level tolerance was correlated to activation in the inferior colliculus and medial
geniculate body of the thalamus. But theses signal increases could also be related to at-
tentional effects as demonstrated in selective auditory experiments (Da Costa et al., 2013;
Paltoglou et al., 2011; Rinne et al., 2007, 2008). Thus, hyperactivity in primary auditory
cortex might be due to auditory aversive conditioning, which reinforces aberrant auditory
activity (Gu et al., 2010). Gu et al. (2010) also found correlations between anterolateral
areas (anterolateral HG and ALA) and sound-level tolerance. This would explain auditory
complaints for Patient 2 but not necessarily for Patient 1. Animal and patient studies (Gu
et al., 2010; Salvi et al., 2000) proposed that the response elevation might be related to an
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Figure 3.24: Primary auditory areas spatial layouts relative to HG. Cortical surface meshes
were used to extract primary surface patches which were plotted then with HG borders. Overlap-
ping voxels collapsed z-dimension are shown with open circles. Colour scale represents frequency
preferences (low frequencies in red and high frequencies in blue). First row: spatial layout of an
exemplar control subject, C1. Other rows: spatial layouts from Patient 1 (P1), Patient 2 (P2), and
Patient 3 (P3). Solid lines: Heschl’s sulcus and first temporal sulcus. Dashed-lines: intermediate
sulcus. *: HG partial duplication; **: HG complete duplication.
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Figure 3.25: Frequency distributions. Tonotopic average maps were quantified in percentages
of best-fitted frequency per total number of voxels. Each bar represents the percentage of voxels
dedicated to a specific frequency and error bars the standard errors across subjects and runs. A.
Mean frequency distribution of a control group (n = 5, black line; error bars represent standard
errors across subjects) and for each patient (red, green and blue lines). All curves peaked at 707
Hz, with a double peak for P2 (green line). Paired t-tests of the frequency distributions showed no
differences between left and right hemispheres (p > 0.01, uncorrected). B. In order to visualize
differences in frequency distributions, we computed the difference between frequency distributions
of each patient and the control group. Positive values corresponded to distributions higher in
patients compared to controls and negative values the opposite. Significant differences between
patients and controls are marked by asterisks (paired t-tests, p < 0.05, Bonferroni corrected). P1:
Patient 1; P2: Patient 2; P3: Patient 3; Ctls: controls; LH: left hemisphere; RH: right hemisphere.

Figure 3.26: Percent signal changes (PSC) variations. A. Amplitude ratios from frequency-
related time courses are displayed in PSC variations per frequency bin. In black, average PSC for
control group (n = 5) for right and left hemisphere. Error bars represent standard errors across
subjects. Other colors, PSCs for each patient in right and left hemispheres. B. PSC variation
differences between patients and controls. As for frequency distributions differences, we computed
the difference between controls group and individual PSC variations. Positive values corresponded
to PSC variations higher in the control group compared to the patient and negative values the
opposite. Significant differences between patients and controls are marked by asterisks (paired
t-tests, p < 0.05, Bonferroni corrected). P1: Patient 1; P2: Patient 2; P3: Patient 3; Ctls: controls;
LH: left hemisphere; RH: right hemisphere.
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abnormal gain within the auditory pathways linked to a GABA-mediated inhibition. This
phenomenon could be similar to a phantom sensation in amputees (Cook et al., 2004).

Tonotopic maps are influenced by diaschisis-like cerebellar-cortical effects

Patient 1 had a cerebellar lesion within the right superior vermis. According to various
connectivity atlases, this region may be part of the cerebellar lobule V in the SUIT atlas,
which is involved in motor control (Diedrichsen et al., 2009; O’Reilly et al., 2010). In-
deed, during the acute phase, the patient presented a dysdiadococinesia, which is typically
related to cerebellar lesion and rescued by physiotherapy treatments. This region is also
functionally connected to the STG and other regions of the attention network (Bernard
et al., 2012; Buckner et al., 2011; Pastor et al., 2008; Sang et al., 2012). The cerebel-
lum was considered mainly as a motor coordinator (Manni and Petrosini, 2004; Stoodley
et al., 2012), however recent studies showed its involvement in more elaborate cogni-
tive processes (for review, D’Angelo and Casali, 2013). The cerebellum is not directly
linked to the cerebrum. The descending cerebro-cerebellar pathway has one intermediate
relay in the olivary complex at the level of the pons, whereas the ascending connections
go through two relays, one in the deep cerebellar nuclei and the second in the thalamus
(Ramnani, 2006). Cerebro-pontine-cerebellar connections with the temporal lobes are
relevant in timing judgement, working memory, attention switching and language pro-
cessing (D’Angelo and Casali, 2013; Filippi et al., 2011; Lockwood et al., 1999; Petacchi
et al., 2011, 2005; Rao et al., 1997). More specifically, human case studies reported pitch
discrimination and hearing deficits after a right superior cerebellar artery infarction (Bail-
lieux et al., 2010; Lee et al., 2008; Parsons et al., 2009). Thus, cerebellar lesions could
induce diaschisis effects in the contralateral pontine nuclei which relay the disturbance to
high order areas such as primary auditory cortex. The inferior colliculus nucleus hyper-
activity could be related to hyperactive responses in the auditory cortex, as shown in the
animal model (Salvi et al., 2000).

Tonotopic maps reorganisation affect auditory scene analysis pathways

Auditory complaints from Patient 1 and 2 may be related to auditory scene analysis
problems. The auditory system is permanently playing with the decomposition of a com-
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plex mixture of auditory information (Bregman et al., 1990). This auditory scene stream-
ing involves fast top-down (attention) and bottom-up (salience) processes (Gutschalk and
Dykstra, 2013) within lower and higher order regions. These cortico-cortico, thalamic-
cortical and cortico-thalamic connections are also important in auditory plasticity and
learning.

At the brainstem level, descending connections adjust grouping or dissociating of auditory
representations in the IC (Nakamoto et al., 2010; Salvi et al., 2000; Suga and Ma, 2003),
and enhance representations of incoming auditory information in the MGB (Scharinger et
al., 2013; Suga and Ma, 2003; von Kriegstein et al., 2008). The MGB is considered as
a cognitive hub dealing with short-term auditory learning (Scharinger et al., 2013), fast
time-varying auditory features at phoneme level (Alain et al., 2005; Suga and Ma, 2003;
von Kriegstein et al., 2008), and connecting primary as well as secondary auditory areas
(Hackett et al., 2011). MGB dysfunction leads to deficits in dyslexia or imperceptions of
environmental sounds (such as speech, music, etc; Daz et al., 2012; Kaga et al., 2000), and
hyperactivity of the MGB medial neurons make primary auditory neurons less sensitive
to fine auditory signals. Moreover, left MGB, auditory cortex and planum temporal are
involved in speech separation and identification (Alain et al., 2005). Disregulation of this
thalamic-cortical auditory network could explain partially auditory complaints in Patient
2, but not necessary in Patient 1.

At the cortical level, regions from the auditory selective attention network may be affected
by diaschisis effects related to the lesion site or other regions sharing the same pathways.
The left inferior parietal lobule (IPL) is important for several attentional aspects such
as short-term memory comparison during figure-ground segregation and phoneme cate-
gorization (Cohen, 2009; Guenther et al., 2004; Husain et al., 2006; Leff et al., 2009;
Scharinger et al., 2013; Teki et al., 2011; Turkeltaub and Branch Coslett, 2010). Distur-
bance of the left IPL would explain auditory complaints in Patient 2 but not in Patient 1.
However, auditory short-term memory is important in determining sentence-level speech
comprehension ability, thus we can hypothesise that Patient 1 has also impairments in this
network maybe due to hyperactivation of the auditory cortex, but our results do not allow
such straightforward conclusions.
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Overall, results from Patient 2 are clearly interpretable in relation to her auditory com-
plaints and lesion site in the lateral portion of HG. Several evidences from the literature
showed implication of this region in pitch extraction and processing, and complex sounds
perception and categorisation (Bermudez et al., 2009; Griffiths and Warren, 2002; John-
srude et al., 2000; Liegeois-Chauvel et al., 1991; Patterson et al., 2002; Schnwiesner et
al., 2005; Zatorre and Belin, 2001). Thus, her auditory complaints are directly due to the
lesion itself rather tonotopic maps reorganisation. Signal increases are due to diaschisis-
like cerebral effects as well for Patient 3. The same for Patient 1, her cerebellar lesion
colocalised with regions communicating with nuclear relays involved in pitch discrimi-
nation (Baillieux et al., 2010; Lee et al., 2008; Parsons et al., 2009), which, if impaired
by diaschisis-like cerebellar effects induced higher signal intensities in primary auditory
areas.

Limitations

Our patient results showed a tendency to increase/decrease signal intensities of fre-
quencies within the speech spectral range (from 500 to 2000 Hz) depending on lesion
site. Disturbances in speech spectra representations could explain difficulties and com-
plaints related to the impaired social interactions in Patient 1 and 2. However, tonotopic
mapping functionally measures low level pure tone discrimination by both ears. More
complex sounds, such as environmental sounds (animals, human vocalizations, instru-
ments, tools, etc), or tasks (compared to passive listening) might be more appropriate to
test (non-)primary auditory cortex modulations, and to link these effects to auditory com-
plaints and an eventual laterality effect.

Moreover, we should acknowledge that our control group had a mean age (32.2 years)
younger than Patient 2 and 3, and older than Patient 1. Frequency distributions in Patients
2 and 3 might be also affected by age-related plasticity. To certify this hypothesis we
should acquire more age-matched control subjects and retest frequency distributions.

In order to disentangle the implication of higher-order attention from top-down effects,
we should test attention modulation of primary auditory areas for pitch and speech pro-
cessing in the same patient subset or in a larger patient population. Moreover, differences
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in grey matter volume in the auditory cortex, as a result of the lesion, could be corre-
lated to auditory complaints. A recent study showed that increased grey matter volume
in temporal cortex is associated with difficulties in auditory processing (Erb et al., 2012).
Thus, in a future experiment, we could investigate the correlation between grey matter
and thickness in stroke patients with or without auditory complaints and correlate these to
different neuropsychological auditory scores or frequency/signal variations.

Conclusion

The passive tonotopic paradigm was only 16min long and was used easily as an initial
localizer of the primary auditory cortex. Patients with brain lesions were able to per-
form it without significant effort, which offered the possibility to study auditory plasticity
in stroke patients without or with auditory complaints. Our preliminary results demon-
strated tonotopic reorganisation in stroke patients in cases of brain lesions independently
of auditory complaints which could potentially linked to diaschisis-like neural plasticity.
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Chapter 4

General discussion

In this thesis, I showed that, in healthy young controls, (1) there is a anatomical-
functional continuum between Heschl’s gyrus variants and the primary auditory cortex,
assessed at high and standard imaging resolution (Da Costa et al., 2011; Da Costa et
al., in preparation), (2) primary auditory tonotopic areas responses can be modulated
by top-down mechanisms such as attention (Da Costa et al., 2013), (3) auditory cortex
processes auditory information differently depending on semantic category (Da Costa et
al., in preparation), and also that (4) primary auditory frequency maps are modulated by
diaschisis-like neuronal plasticity after brain injury (Da Costa et al., in preparation). The
relevance and the scope of each study are described in the corresponding sections. Here,
I will focus on the possible future studies.

4.1 Going one step beyond tonotopy at high resolution

In the first study, we defined the primary auditory cortex based on functional mapping
of frequency preferences. Tonotopic maps were easily measured due to advantages from
high resolution imaging and phase-encoding analysis. The combination of both tech-
niques enabled clear and robust measured frequency gradients within and outside primary
auditory cortices. Frequency gradients are commonly used to identify anterior and poste-
rior borders of primary areas. However, medial and lateral borders definitions are more
experimenter-dependant. These limits can be subjectively set to the medial two-thirds
of Heschl’s gyrus, based on previous cytoarchitechtonic or probabilistic studies on post-
mortem brains (Galaburda and Sanides, 1980; Morosan et al., 2001, 2004; Rademacher et
al., 2001; Rivier and Clarke, 1997; Schleicher et al., 2009; Wallace et al., 2002), but
they will differ anatomically from subjects one. New protocols, including sequences
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mapping tissue properties such as proton densities for R1 contrast imaging, would (1)
increase robustness of primary auditory areas definition and (2) be applied individually
taking in account all types of Heschl’s gyrus variants (see introduction). Recent studies
with promising results illustrated this favourable combination at lower fields (Dick et al.,
2012; Lutti et al., 2013; Sigalovsky et al., 2006; Wasserthal et al., 2013). Thus, one could
speculate that the combination of ultra-high field proton density and fine tonotopic map-
ping could improve auditory areas subdivisions.

Alternatively, ultra-high field imaging could be used to highlight fine connectivity be-
tween primary auditory cortex and other auditory regions. Connectivity is usually in-
vestigated at high field strength with resting state functional connectivity analysis, diffu-
sion imaging or task-related functional imaging. However, with the Human Connectome
Project, there is some hope for new sequences development at ultra-high fields (Ugurbil et
al., 2013). Thus, we could develop and use diffusion spectrum imaging (DSI) sequences
to investigate primary auditory cortex connections by (1) using A1 and R areas as seed re-
gions and looking at general connectivity with a whole brain approach or (2) focusing only
on the superatemporal plane and investigating local connectivity between primary and belt
areas (as in Fan et al., 2013). In the tonotopy studies, we gained in spatial resolution by
scanning only a portion of the temporal lobe. Maybe restricting the DSI acquisition to a
slab including only the temporal lobe will increase the resolution and power of the con-
nectivity pattern by revealing discreet connections masked by large connectivity fibres in
a whole brain approach.

High spatial resolution was deterministic in the tonotopic results where frequency prefer-
ences were mainly restricted to primary and secondary auditory areas. Consequently, we
used a region of interest approach where only a slice of 45 mm centred on the auditory
cortex was acquired. For higher processes such as attention, a whole brain approach with
the technical advances in sequence developing could be an alternative. Top-down mod-
ulations are apparent in primary auditory regions, however, they could also be correlated
to others regions of the attention network. Whole brain functional imaging (De Martino
et al., 2011) will give the global view of the network and open possibilities for more
elaborate analysis, such as dynamic causal modelling (DCM), highlighting attentional
modulations at different levels of the network (as in Walz et al., 2013). In counterpart,



4.2 ATTENTION MODULATION IN PATIENTS 165

scan sessions will last longer and resolution benefits will not be sufficient enough to jus-
tify such approach at 7T compared to standard 3T acquisitions.

In this thesis, the main auditory region studied was the supratemporal plane. However,
one could investigate the entire auditory pathway simultaneously with the same paradigm
by orienting the acquisition slice perpendicular to the AC-PC plane or slightly tilted by
few degrees in order to cover auditory cortices and lower level nuclei such as the inferior
colliculus and medial geniculate body. Time-course amplitudes are smaller in brainstem
relays than in cortical auditory areas (Sigalovsky and Melcher, 2006), thus we should per-
form this study at ultra-high field. For the moment, only separate tonotopic mapping of
these regions was performed at ultra-high field (Da Costa et al., 2011; De Martino et al.,
2013; Formisano et al., 2003). Thus, there is already some evidence that tonotopic map-
ping could be achieved in multiple locations along the auditory pathways within the same
subject and acquisition, with, of course, some technical challenges such as field inhomo-
geneities, heart beat and motion artefacts. These latter could be attenuated if we monitor
them in parallel during MR acquisitions.

4.2 Attention modulation in patients

In the patient study, diaschisis-like neuronal plasticity induced tonotopic maps reor-
ganisation. However, these maps rearrangements could be also modulated by top-down
modulations. In order to test this hypothesis, whole brain acquisitions are necessary. De-
spite a loss in spatial resolution, a whole brain approach, more elaborated analysis such
as DCM, event-related designs or diffusion tensor imaging (DTI) could highlight eventual
changes in higher order auditory-related areas (as in Han et al., 2013). Thus, regions cor-
related with high signal variations in the primary auditory cortex should be functionally
connected together.

These maps rearrangements could be also due to auditory attentional deficits, which could
perhaps be overridden by attentional training on pure tones. In parallel, auditory atten-
tional plasticity could also be another aspect (Ahveninen et al., 2011; Bidet-Caulet et al.,
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2007; Fujiwara et al., 1998; Hillyard et al., 1973; Jäncke et al., 1999; Oh et al., 2013; Pal-
toglou et al., 2009, 20011; Petkov et al., 2004; Rinne et al., 2008; Woldorff et al., 1993;
Woods et al., 1984, 2009). In my second study, primary auditory responses are nicely
modulated by attention effects. Do these effects last long enough to induce plasticity after
long sessions of training? In order to test this hypothesis, we could design a protocol with
several-days training sessions where healthy young and old subjects would be trained for
1 hour per day always with the attention paradigm (2-IFC task) including a wide bat-
tery of tones. Functional and structural MRI data could be acquired prior and after the
training period. This protocol could be part of a short project such as a master project.
Behavioural results such as short response times and high percentage of correct responses
should reflect good learning and attention modulation in both groups, as we should not ex-
pect any differences between young and old healthy subjects (Lawo and Koch, 2012). The
contrast between functional sessions (pre-post training) should highlight attention-related
areas such as the inferior parietal lobule (Huang et al., 2013; Larson and Lee, 2014) or
attention modulation effect of primary auditory areas could be increased with training.
Once behavioural and imaging hypothesis are verified, a further step will be to test the
same learning plasticity in elderly and/or in patients with mild or severe impairments,
with maybe some design adjustments depending on patients attentional load. We should
keep in mind that stroke or traumatic brain injured patients are easily prone to fatigue,
which could reduce or even completely wash-out the expected attentional effects. Thus,
we should scan a large heterogeneous patient population before stating final conclusions.
But, we could nevertheless speculate that patients will have longer response times, worse
percentage of correct responses prior to training (Keller et al., 1995; Swick et al., 2004),
and intermediate response times, above chance lever in the last session. Auditory attention
paradigms could be a new set of tools for rehabilitation in stroke patients with auditory
complaints or major hyperacusis.

Functional imaging lacks in temporal resolution. However, combining whole brain and
EEG imaging on patients in the same protocol with the same experimental task and
paradigm could also give insights on attentional deficits within early-stage processing
time windows corresponding to bottom-up processes, but also within later higher-order
processing time windows (Walz et al., 2013). Furthermore, difficulties in patients with
auditory complaints could be related to a slowing down of the same processes. Thus, this
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would be another important aspect to investigate in elderly auditory processing.

4.3 Repetition suppression effects related to position

In the third experiment, we showed that the repetition of static environmental sounds,
appearing at the same position (in the middle or in front of subjects head, induced repeti-
tion suppression in right posterior and medial early-stage auditory areas, but also in right
superior and middle temporal gyri. We could use the repetition suppression paradigm as
control for a new experiment where repetitions will be position-liked. Repetition blocks
made of different sounds of the same source positioned at different angles in the azimuth
plane vs. control blocks of different sounds of different sources will give the dynamic
semantic repetition effect. This should highlight the same regions than our previous ex-
periment (right posterior and medial early-stage auditory areas). Repetition blocks made
of different sounds of the same source positioned at different angles in the azimuth plane
vs. control blocks of different sounds of the same source at the 0◦ of the azimuth will
give the position repetition effect. We speculate that this contrast should highlight clearly
regions of the “where” pathway posterior to those from dynamic and static semantic rep-
etition effects, such as posterior planum temporal. This would be in accordance with
previous findings from sound localization studies (for review, Ahveninen et al., 2014). A
whole brain acquisition with this complex paradigm could identify other regions also in-
volved in semantic repetition suppression effects, such as the inferior parietal lobule. This
global view could confirm the “what” and “where” pathways, but also maybe emphasize
more subtle differences within the “where” pathways. Interestingly, functional connec-
tivity analysis with seed regions from the dynamic and static semantic repetition effects
could reinforce distinction between early subdivision of the where pathway.

Repetition suppression effects were measured in early-stage auditory areas which are con-
nected to lower auditory relays. Evidences from patient studies showed that the inferior
colliculus is important for sound source localization and lateralization (Aharonson et al.,
1998; Brugge, 2013; Furst and Algom, 1995; Furst et al., 2000; Litovsky et al., 2002). So,
are repetition suppression effects specific to early-stage processing or low level decom-
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position? To answer this question, we could repeat the repetition suppression experiment
or a more complex version with focal fMRI acquisition centred on the midbrain. Due to
relatively high distortions around this region, we should record in parallel heart beat and
respiratory movements and include them as covariates during the analysis.

4.4 How to overcome current limitations ?

In all studies from this thesis, the acquisition slab was limited to the regions within or
parallel to the Sylvian fissure. This poses no problem as long as we focus on primary and
secondary auditory areas within the supratemporal plane. Even more, this was necessary
and useful to demonstrate tonotopic preferences and fine repetition suppression effects
within early-stage auditory areas. Whole brain acquisitions will draw attention to regions
correlated with early-stage auditory areas and broader networks. In the attention study, we
deliberately focused on primary and non-primary areas. Thus, we did not cover regions
implicated in the attention network such as the temporoparietal junction or the inferior
frontal gyrus, neither lower relays such as the medial geniculate body.

Another limitation in this thesis was the number of patients in the last study, which was
initiated only a few months before the end of my thesis. Results are based on a small
heterogeneous group of three patients. In order to strengthen our conclusions, we should
acquire a large number of patients, with a range of lesion types. A large database of
tonotopic maps in patients with or without auditory complaints might clarify why certain
patients develop specific auditory complaints and others not.
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Chapter 5

General conclusion
The data presented in this thesis revealed four organisational principles of the hu-

man auditory cortex. First, there is a clear continuous anatomicalfunctional relationship
within all range of HG morphological variants. Tonotopic mirror-symmetric primary gra-
dients (A1 and R) are perpendicular to HG and spanned both divisions of HG in cases of
duplications. Moreover, the common low frequency union between A1 and R was consis-
tently centred on the gyral crown of single HGs and within the sulcal divide of duplicated
HGs. Second, primary auditory neurons, tuned to preferred frequencies, could filter se-
lected sound information based on frequency-content. Neural responses within the low-
or high-frequency-tuned voxels were enhanced depending on subjects attention to low-
or high-frequency tones, respectively. This pattern was quickly reversed by subjects at-
tentional switch. Third, patients with brain lesions were able to perform the tonotopic
paradigm without significant effort. This offered the possibility to study auditory plastic-
ity in stroke patients without or with auditory complaints. Our preliminary results demon-
strated that tonotopic maps reorganised independently of auditory complaints potentially
via diaschisis-like neural plasticity. Finally, the passive tonotopic paradigm could be used
straightforwardly as an initial localizer of primary tonotopic auditory cortex, and hence
give access to a better understanding of the surrounding non-primary areas. Therefore,
we were able to show that environmental sounds are differentially processed by right pos-
terior and medial early-stage auditory areas. Repetitions of the different sounds of the
same source induced repetition suppression effects in the right posterior and medial early-
stage auditory areas, right posterior middle temporal gyrus, and repetition enhancement
in the anterior medial temporal gyrus. Thus, parts of the planum temporale and medial
Heshcl’s gyrus are likely to carry semantic representations of static environmental sounds.
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“We only hear the questions we are able
to find an answer.”

Friedrich Nietzsche


