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Abstract

Arguably, one of the stimuli that move human the most is music. What physically con-

sists in an array of sounds organized in time and frequency, is capable of evoking a rich

palette of emotions, thoughts and behaviors in the listener. Despite the complexity of

these psychological phenomena, however, music is also capable of evoking one of the

most basic psychophysiological reactions to stimuli in humans: pleasure. Thus, a rele-

vant question is how music, an arbitrary concatenation of sounds, ends up translated

into this unique affective experience. As with many other aspects of human behav-

ior, studying the brain function underlying this psychological phenomenon offers an

insightful view on this intriguing inquiry.

As of today, decades of research have been devoted to elucidate the neuropsychologi-

cal mechanisms through which music-evoked pleasantness takes place. From psycho-

logical models of emotion and affect to evidence-based neuroscientific theories, the

question of how music becomes pleasurable has been addressed from many differ-

ent disciplines, approaches and methodologies. As a result, the brain architecture and

mechanics underlying music evoked pleasantness have begun to be understood to

great detail. Perhaps the most important breakthrough has been to verify that music

engages the brain reward system, validating the idea that musical stimuli are indeed

a source of hedonic impact. Nevertheless, along the brain reward system work a num-

ber of cortical areas responsible for the perceptual processing of musical stimuli. Al-

together, this anatomical and functional interplay conforms an extensive network that

actively contributes to the pleasurable experience of listening to music. Furthermore,

other brain areas have been observed to be involved in these networks depending on
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the level of familiarity with the music stimuli, a factor that has been replicated to be

intimately associated with music reward processing.

As such, these networks utilize precise neural dynamics in order to transfer the in-

formation back and forth between the areas involved. A candidate mechanism for

this information transfer are neural oscillations. By synchronizing to the same inputs,

neuronal populations can pass information and process it efficiently to fulfill a task or

demand. The neural oscillations associated with music-evoked pleasantness are just

beginning to be understood. However, a common oscillatory signature ofmusical plea-

sure does appear consistently in the literature: theta oscillations. Nonetheless, whether

the different areas engaged in music reward processing are indeed synchronized by

these rhythms is yet to be determined. One goal of this thesis is to study whether theta

rhythms indeed synchronize relevant brain nodes during pleasant music listening. In

order to answer this question, in study 1 we acquired EEG signals from a cohort of par-

ticipants while they listened and rated a number of musical excerpts. After analysis of

the EEG data jointly with the self-reports, we observed that right frontal and temporal

signals were more synchronized by theta rhythms the more pleasant music was found.

These results converge with previous literature pinpointing right fronto-temporal con-

nectivity to be actively involved in the process of assigning value to music, as well as

with literature identifying theta rhythms as a correlate of music-evoked pleasantness

and related constructs.

Following this line of research, another goal of this thesis is to test whether the nodes

synchronized by theta rhythms during pleasant music listening are indeed related to

the music processing brain networks consistently replicated in the neuroimaging lit-

erature. For this purpose, in study 2 we acquired simultaneous fMRI-EEG recordings

with a similar paradigm to that of study 1. After replicating previous results identify-

ing a fronto-temporal music-related brain network in our fMRI data, we studied the

activity of this network in relation to theta synchronization as measured with EEG and

reported pleasantness. We observed that theta synchronization between frontal and

temporal signals was positively related to music-related brain function when music
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was reported to be liked the most, providing empirical evidence for the link between

the two phenomena.

Yet another intriguing question is whether liking for familiar music synchronizes sim-

ilar or different brain nodes by theta rhythms. Familiar music has been observed to

be liked more than unfamiliar music, suggesting qualitative and/or quantitative dif-

ferences in its processing. Indeed, previous research has revealed that in addition to

music processing areas, familiar music engages the parietal cortex. In study 3 we fa-

miliarized a cohort of participants with some music stimuli and had them rate the

excerpts 24h later along a new set of stimuli while their EEG was recorded. We found

that the right fronto-temporal theta connectivity profile found in the previous studies

was only associated with liking for novel music. Instead, temporo-parietal theta con-

nectivity was more engaged when liking familiar music. These results go in line with

previous research and pose the first attempt to our knowledge to study the familiarity

effect on musical liking from an oscillatory dynamics perspective.

Therefore, the research conducted in this thesis adds up to the state of the art in the

neuroscience of music-evoked pleasantness. We provide novel evidence for the role

of theta oscillations in synchronizing relevant brain nodes during pleasant music lis-

tening, as well as the different cortical nodes these rhythms synchronize depending

on the familiarity level with music. Particularly, fronto-temporal theta rhythms were

identified to be associated with music-evoked pleasantness overall, and with liking for

novel music specifically. We also provide evidence that in the particular case of fa-

miliar music, liking is supported by theta temporo-parietal synchronization. Last but

not least, our results also link empirically the fronto-temporal brain networks underly-

ing music perception as measured with fMRI with theta oscillations associated with

music-evoked pleasantness as measured with EEG. Altogether, the results presented

in this thesis contribute to the understanding of the brain networks involved in pleas-

ant and familiar music listening, insofar they corroborate theta rhythms as a means of

synchronization dynamics, opening up new windows for future research.



Resumen

Podría decirse que uno de los estímulos que más conmueven al ser humano es la

música. Lo que físicamente consiste en una serie de sonidos organizados en tiempo

y frecuencia, es capaz de evocar una rica amalgama de emociones, pensamientos y

comportamientos en el oyente. Sin embargo, a pesar de la complejidad de estos fenó-

menos psicológicos, la música también es capaz de evocar una de las reacciones psi-

cofisiológicas más básicas que los estímulos pueden despertar en los seres humanos:

placer. Por tanto, una cuestión relevante es cómo la música, una concatenación arbi-

traria de sonidos, acaba traduciéndose en esta experiencia afectiva única. Como ocurre

con muchos otros aspectos del comportamiento humano, estudiar la función cerebral

asociada a este fenómeno psicológico ofrece un punto de vista esclarecedor sobre esta

intrigante cuestión.

A día de hoy, se han dedicado décadas de investigación para dilucidar los mecan-

ismos neuropsicológicos a través de los cuales se produce el placer evocado por la

música. Desde modelos psicológicos de emoción y afecto hasta teorías neurocientífi-

cas basadas en evidencia empírica, la cuestión de cómo la música se vuelve placentera

se ha abordado desde muchas disciplinas, enfoques y metodologías diferentes. Como

resultado, la arquitectura del cerebro y la mecánica subyacente a el placer a la música

han comenzado a entenderse con gran detalle. Quizás el avance más importante ha

sido verificar que la música activa el sistema de recompensa del cerebro, validando la

idea de que los estímulos musicales son en efecto una fuente de impacto hedónico.

Sin embargo, junto al sistema de recompensa cerebral funcionan una serie de áreas

corticales responsables del procesamiento perceptual de los estímulos musicales. En
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conjunto, esta interacción anatómica y funcional conforma una red extensa que con-

tribuye activamente a la experiencia de escuchar música placentera. Además, se ha

observado que otras áreas del cerebro están involucradas en estas redes dependiendo

del nivel de familiaridad con los estímulos musicales, un factor íntimamente asociado

con el procesamiento de la recompensa musical, como así se ha replicado en la liter-

atura.

Como tal, estas redes utilizan dinámicas neuronales concretas para transferir la in-

formación entre las áreas involucradas. Un mecanismo candidato para explicar esta

transferencia de información son las oscilaciones neuronales. Al sincronizarse con los

mismos inputs, las poblaciones neuronales pueden comunicar información y proce-

sarla de manera eficiente para cumplir con una tarea o demanda. Las oscilaciones

neuronales asociadas al placer musical apenas han comenzado a entenderse. No ob-

stante, hay un correlato oscilatorio del placer musical que aparece consistentemente

en la literatura: las oscilaciones theta. Sin embargo, aún no se ha determinado si las

diferentes áreas involucradas en el procesamiento de recompensas musicales están

realmente sincronizadas a través de estos ritmos. Uno de los objetivos de esta tesis es

estudiar si los ritmos theta realmente sincronizan los nodos cerebrales relevantes du-

rante la escucha de música placentera. Para contestar esta pregunta, en el primer es-

tudio adquirimos señales de EEG en un grupo de participantes mientras escuchaban y

evaluaban una serie de fragmentosmusicales. Después del análisis de los datos de EEG

junto a las evaluaciones de placer, observamos que las señales frontales y temporales

derechas estaban más sincronizadas a través de ritmos theta cuanto más placentera

resultaba lamúsica. Estos resultados convergen con literatura previa que señala que las

redes fronto-temporales derechas participan activamente en el proceso de valoración

musical, así como con literatura que identifica los ritmos theta como un correlato del

placer evocado por la música y constructos relacionados.

Siguiendo esta línea de investigación, otro objetivo de esta tesis es probar si los nodos

sincronizados por ritmos theta durante la escucha de música placentera están real-

mente relacionados con las redes cerebrales de procesamiento musical normalmente

hayadas en la literatura de neuroimagen. Para ello, en el estudio 2 adquirimos registros
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simultáneos de fMRI-EEG en un paradigma similar. Después de replicar resultados an-

teriores identificando una red cerebral fronto-temporal relacionada con la música en

nuestros datos de resonanciamagnética funcional, estudiamos la actividad de esta red

en relación con la sincronización theta medida con EEG, y el placer evocado. Observa-

mos que la sincronización theta entre las señales frontales y temporales se relaciona

positivamente con la función cerebral relacionada con la música cuando se reporta

que ésta gusta más, proporcionando evidencia empírica del vínculo entre estos dos

fenómenos.

Otra cuestión importante es si el placer evocado por la música familiar sincroniza los

mismos o diferentes nodos cerebrales por ritmos theta. Se ha observado que la música

familiar gusta más que la música desconocida, lo que sugiere diferencias cualitativas

y/o cuantitativas en su procesamiento. De hecho, investigaciones anteriores han rev-

elado que, además de las áreas de procesamiento musical, la música familiar activa

la corteza parietal. En el estudio 3 familiarizamos a un grupo participantes con al-

gunos estímulos musicales y les pedimos que evaluaran los mismos fragmentos 24

horas después junto a un nuevo conjunto de estímulos mientras se registraba su EEG.

Encontramos que la connectividad theta fronto-temporal derecha encontrada en los

estudios anteriores solo se encontró asociada al placer evocado por música novel. En

cambio, un perfil de conectividad theta temporo-parietal se encontró más asociado al

placer cuando éste fue evocado por música familiar. Estos resultados estan en línea

con investigaciones previas y suponen el primer intento, a nuestro entender, en estu-

diar el efecto de familiaridad en el placer musical desde una perspectiva de dinámicas

oscilatorias.

Por todo esto, la investigación realizada en esta tesis contribuye a la vanguardia en la

neurociencia del placer musical. Proporcionamos evidencia novedosa sobre el papel

de las oscilaciones theta en la sincronización de los nodos cerebrales relevantes du-

rante la escucha de música agradable, así como los diferentes nodos corticales que

estos ritmos sincronizan según el nivel de familiaridad con la música. Particularmente,

se identificó que los ritmos theta fronto-temporales están asociados con el placer evo-

cado por la música en general, y específicamente con el placer evocado por la música
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nueva. También proporcionamos evidencia de que en el caso particular de la música

familiar, el placer está asociado con sincronización theta temporo-parietal. Por último,

aunque no menos importante, nuestros resultados también vinculan empíricamente

las redes cerebrales fronto-temporales relacionadas que subyacen a la percepción de

la música (medidas con fMRI) con oscilaciones theta asociadas al placer musical (me-

didas con EEG). En conjunto, los resultados presentados en esta tesis contribuyen a la

comprensión de las redes cerebrales involucradas en la escucha de música placentera

y familiar, en la medida en que corroboran los ritmos theta como medio de comuni-

cación neuronal, abriendo nuevas oportunidades para futuras investigaciones.



1. Introduction

1.1 Music-evoked pleasantness, a multidimensional
phenomenon

Pleasantness is evoked in human beings by a variety of stimuli, including basic needs

such as food andwater; and the resources that give access to these basic needs, such as

currency or credit. The former are referred to as primary reinforcers, defined as biolog-

ically determined and unconditioned, whereas the latter are referred to as secondary

reinforcers, defined as conditioned through association (Sescousse et al., 2013). Re-

ward processing of these stimuli has an evolutionary raison d’être, as it guarantees the

perpetuity of conducts that maximize survival.

The psychological mechanisms underlying this function are complex. The influential

theoretical account of Berridge et al., 2009 poses that the construct of reward can be

broken down into three different, though interlaced components: wanting, learning

and liking. While wanting and learning refer to the motivational and cognitive aspects

of reward, respectively, it is the liking component that explains the hedonic impact of

rewarding instances, hereby referred to as pleasantness.

Nonetheless, primary and secondary reinforcers are not the only stimuli associated

with hedonic experiences in humans. It is widely recognized that the arts are capable

of evoking pleasantness, as well as other activities that are social in nature (Vessel et al.,

2012). Importantly, such hedonic experiences, however aesthetic, are not dissociated

from motivation and learning. Experimental studies in psychology and neuroscience
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have shown that aesthetically evoked pleasantness can be accompanied by incentive

salience and cognition, similarly to basic reward processing (Gold et al., 2013). This has

led to the theorization of an additional, humanly unique, type of reinforcer: abstract

stimuli. Reward-processing of abstract stimuli is characterized by displaying no evident

contingencies between stimulus/action and outcome (Salimpoor et al., 2011). Despite

this apparent lack of utility, abstract reinforcers have been hypothesized to be evolu-

tionary advantageous for our species, as they would facilitate social processes such as

emotional expression and comprehension, and ultimately group cohesion (Koelsch,

2014).

Themost studied abstract reinforcer to date has beenmusic. Regarded as themost ab-

stract of aesthetic stimuli, music is capable of evoking powerful pleasurable and emo-

tional reactions in the listener despite its level of abstraction (Salimpoor et al., 2011).

The interest in music in the cognitive sciences is not limited to its rewarding and emo-

tional qualia, however. From perception to action, cognition to affect, and personality

to social behavior, music intrigues a variety of research topics due to its complex multi-

modal nature (Hallam et al., 2014). The complexity of music begins at the perception

of its acoustic features. The spectrum of single auditory events layers frequencies down

to intensity, beat, pitch and timbre percepts. When perceived as a stream, these ba-

sic features form patterns through repetition and segmentation, resulting in rhythmic,

melodic, timbric and dynamic content (Roeder, 2008). Organized over time, these

higher-level features can generate predictions and associations in the listener, as well

as become a source of surprise and salience (Tillmann et al., 2014).

These properties, along a system that comprehends them, are necessary to translate

acoustic percepts into reward. Nevertheless, the enjoyment of music cannot be re-

duced to mere acoustics and behavioral reactivity. The concepts previously explained

describe the necessary -rather than sufficient- processes that enable a much more

complex psychological phenomenon. Music-evoked pleasantness may emerge from

statistical contingencies, but also from positive associations with contexts or memories,

as well as from aesthetic evaluation (Juslin, 2013).
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It is this multifaceted nature that has motivated extensive research in music cogni-

tion and emotion. As we will see, the human brain is capable of integrating all these

psychological phenomena through complex information processing via key functional

structures and mechanisms. Therefore, the hedonic experience associated with music

listening can be rich and multifaceted while efficiently integrated through the encod-

ing and decoding of information carried out by the human brain.

1.2 Psychological aspects of music-evoked pleasantness

Different constructs can be explored in the study of music-evoked pleasantness, de-

pending on the level of analysis and dimensions of interest. While the concept of

pleasantness clearly resonates with the notions of emotion, feelings and affect, it also

extends to other neuropsychological phenomena. Particularly, reward processing and

its components are pivotal to explaining musical liking. Likewise, several other factors

that contribute to this experience can be investigated. Perception, predictive processes,

memory function and familiarity are all relevant determinants or moderators in finding

music pleasurable. Furthermore, all the involved mechanisms contribute and interact

to different extents depending on the context, individual and stimuli.

In the following sections the most relevant psychological processes and dimensions in

the literature of music-evoked pleasantness will be reviewed. First, the main models of

musical emotions and how these relate to the hedonic experience of listening tomusic

will be introduced. Second, the role of implicit knowledge in the cognitive processes

that precede music reward processing will be discussed. Third, the predictive coding

framework will be presented as a novel theoretical account that aims at explaining how

the perception of acoustic features can lead to rewarding instances through predictive

processes and memory mechanisms. It will be argued that this framework explains to

a great extent the affective nature of music as well as the importance of implicit knowl-

edge in music-evoked pleasantness in an integrated information processing system of

evolutionary relevance.
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1.2.1 Music and emotion

Music can arouse a complex palette of emotions in the listener. Importantly, these are

not limited to sentiments of attachment or detachment, but can also include expres-

sions such as sadness, joy or awe. Researchers and academics have tried to understand

and assort musical emotions over decades, if not centuries (Juslin and Sloboda, 2001).

A historical distinction in the literature is the difference between everyday emotions

and aesthetic emotions in musical contexts. The former range from basic emotions

(e.g. fear, anger, joy) to more complex ones (e.g. delight, pessimism, hope) and are not

specific to music or the arts in general, insofar they can be found in other life situations.

The latter, on the other hand, are thought to be unique to musical or artistic contexts

given their appreciative nature (e.g. awe, wonder, admiration; Juslin, 2013). This dis-

tinction, however, is controversial and its foundations have been called into question

(Skov and Nadal, 2020).

Another distinction, more relevant still, is that made between perceived emotions and

evoked emotions. Such dichotomy has been motivated by the attempt of explaining

conflicting emotional states, such as feeling positive emotions from music conveying

negative emotions (e.g. finding joy in listening to sad music). According to this view,

perceived musical emotions would be those emotions identified by the listener as

conveyed by music, whereas evoked musical emotions would be those experienced by

the listener in response to music (Kawakami et al., 2014). It would thus be possible

that an emotion is identified and transmitted (e.g. feeling happy by resonating with a

song conveying happiness), but also that music arouses feelings in the listener different

to the identified emotion as a product of associations and idiosyncrasies.

Therefore, the perceived emotions’ locus is external since its function is to understand

the emotions expressed by the emitter. In turn, the evoked emotion’s locus is inter-

nal and refers to the emotional reactions aroused by music in the receiver (Schubert,

2013). Music-evoked pleasantness would lie in the latter category. However, this now

classic distinction does not completely account for the possibility of liking music re-

gardless of its emotional content, since it assumes a positive emotional state that would
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be incompatible with “contagion” when negative emotions are perceived. On the con-

trary, one could argue that there are situations in which one does feel, and not only

perceive, negative emotions, and that these emotions coexist with feelings of pleas-

antness, nonetheless. This conundrum has been often described in the literature as

“mixed” emotions.

Models of emotionwhere evoked emotions are functionally dissociated fromapproach/

avoidance behavior have tried to resolve this conceptual confound. Schubert, 2013

proposes that musical emotions, both perceived and evoked, can be operationalized

in a bidimensional space composed by valence (the sign of the emotional instance,

ranging from negative to positive valuation) and arousal (the activation related to the

emotional instance, ranging from calm to exciting; Russell, 1980; Figure 4.1A). Per-

ceived emotional information can then be naturally mirrored into evoked emotions

with the listener feeling the same emotion as perceived, or on the contrary evoke dif-

ferent emotions than those conveyed by the music through personal associations or

idiosyncrasies (Juslin and Västfjäll, 2008; Figure 4.1B).

While in most situations the evoked valence dimension would naturally account for

pleasant and unpleasant reactions to stimuli, the case of music potentially dissociates

the two constructs. In order to resolve this discrepancy, Schubert, 2013 states that

evoked valence can be further broken down into emotional valence (sign of the emo-

tions felt by the listener) and affect valence (approach/avoidance toward music and

its associated emotional and cognitive states; Figure 4.1C). This validates the idea that

while it is natural to approach positive emotions and avoid negative ones in a wide

range of situations, it is also adaptive to approach negative emotional states in some

contexts (Garrido and Schubert, 2015). Furthermore, this resolution resonates well

with considering emotional and reward processing to be carried out by related, but in-

dependent systems, the latter more related to the construct of affect valence (Murray,

2007). All this is relevant because most of the EEG literature concerned with music-

evoked pleasantness has been conducted without disentangling liking from emotional

valence. As we will see in further sections, this is an important aspect in this thesis.
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Figure 1.1 A) Bidimensional circumflex model of emotion mirroring perceived and
evoked emotions. B) Perceived emotional events are mapped onto evoked emotional
events through contagion (mirroring) or idiosyncratic associations (dissociation). C)
Evoked valence can be further broken down into emotional valence (sign of the felt
emotion) and affect valence (approach/avoidance).

Discrete and dimensional models of emotion are useful insofar they make affective

phenomena explicit and operative. However, these models explain very little about the

mechanics behind these psychological phenomena. On the other hand, meticulous

research has been devoted to dissecting the candidatemechanisms thatmight explain

music-evoked emotions and pleasantness from sensation to affect. Juslin and his col-

leagues have proposed a framework to analyze and contextualize emotions evoked

by music: the BRECVEMA framework (Juslin, 2013). The acronym stands for its eight

proposed psychological mechanisms underlying music-evoked emotions: Brainstem

reflexes, Rhythmic entrainment, Evaluative conditioning, Emotional contagion, Visual

imagery, Episodic memory, Musical expectancy and Aesthetic judgment. Each one

of them would contribute differently to emotional and affective reactions to music.

From the BRECVEMA model stems that different mechanisms contribute indepen-

dently to evoking emotions over different timescales, in reaction to musical events (de-

fined as music-listener-context compounds). By the assumption that affect valence

must be supported by reward processing, evaluative conditioning and musical ex-

pectancy are plausible candidates to explaining music’s hedonic impact, given their

potential to assign value to percepts, memories and/or emotional reactions. On the
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one hand, evaluative conditioning is defined as a mechanism from which idiosyncratic

reactions can emerge through associations betweenmusic stimuli and other emotion-

ally signed events, internal or external (e.g. finding a music genre unpleasant because

it is associated with a context arousing negative feelings that one prefers to avoid). On

the other hand, musical expectancy is defined as a system that works over predictive

processes: it allows the generation of predictions based on prior learning of perceptual

contingencies and online monitoring of the accuracy of such predictions. As a conse-

quence, this online monitoring system results in surprise and realization dynamics.

These two mechanisms exhibit the predictive, salience, and realization/surprisal dy-

namics necessary to potentially trigger reward signals. Aesthetic judgment is also in-

teresting in these regards, insofar it can direct attention toward stimuli in order to

evaluate their significance. For instance, one could find pleasure in the realization of

salient predictions, or in moderate surprisal emanating from discrepancies between

top-down predictions and bottom-up percepts. On the other hand, one could also

enjoy listening to music that is paired with an episodic memory, whose positive emo-

tional content is salient and conditioned to pleasure. Yet another example would be

an individual that finds the emotional instances encoded into angry music relevant

because he/she seeks feeling that emotion at a moment in which it might be adaptive

to do so, rewarding the activation of such feelings. Finally, one could actively evaluate

music seeking for musical instances that meet certain subjective criteria and make on-

line predictions accordingly, arousing interest and evoking pleasantness when these

conditions are met. For all these dynamics to take place, however, there must be a

representational system that supports them, operating over both long-term and short-

term information and subject to learning. In the next sections we will see how the

acquisition and reactivation of implicit knowledge about music’s attributes and con-

tingencies as well as the active capacity of buffering over several sources of auditory

representations are key for music to become rewarding.



1.2 Psychological aspects of music-evoked pleasantness 15

1.2.2 The role of implicit knowledge

As we saw in the previous section, musical expectancy has been hypothesized as a

key mechanism in evoking pleasantness. This mechanism must thus rely on the lis-

tener’s past experience with music. In other words, the degree of pleasantness evoked

by music depends on the implicit knowledge that an individual posses about music

schemata and concrete pieces of music. This has been demonstrated in experiments

showing that familiarity with music is indeed intertwined with the degree of pleasure

it evokes. Most notably, this phenomenon has been observed in now classic experi-

ments studying what is known as the mere exposure effect. The mere exposure effect

refers to the observed increase in reported pleasantness in response to a stimulus af-

ter repeated exposure (Zajonc, 1968). This phenomenon has been replicated over the

years and has motivated theories and research about the role of implicit knowledge

and predictive processing in music’s hedonic impact. Importantly, this effect has not

only been observed behaviorally, but also at the physiological level in certain biological

correlates of pleasure.

Figure 1.2 The inverted U shape of musical appreci-
ation. Appreciation increases as a function of famil-
iarity and/or complexity up to a plateau, whereby
appreciation starts decaying with higher levels of fa-
miliarity and/or complexity.

The mere exposure effect does

not take place exclusively in mu-

sical contexts. It is a phe-

nomenon longtime observed in

psychology and has been repli-

cated with a variety of stim-

uli, aesthetic and non-aesthetic,

such as paintings, faces, words

or sounds (Zajonc, 2001). Such

preference can take place even

in the absence of conscious cog-

nition about the stimuli’s famil-

iarity (Kunst-Wilson and Zajonc,

1980). The strength and maxi-

mal preference vary between stimuli classes, but it is generally agreed that in the case
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of music one repetition is enough to observe the effect, and that it reaches its peak

after several repetitions (Peretz et al., 1998). It has also been observed that after many

repetitions have taken place the effect can reverse and induce a decrease in prefer-

ence, characterizing the exposure history by an inverted U shape (Chmiel and Schu-

bert, 2017; Figure 1.2).

This inverted U shape in preference behavior had already been observed in empirical

musicology as a function of exposure, originality and complexity (Chmiel and Schubert,

2017). This includes many studies reporting the mere exposure effect to take place

after several repetitions of various music excerpts belonging to various music styles

(Peretz et al., 1998). Johnson et al. (1985) established that this effect was present

even in the absence of conscious evaluation or recall in a study with amnesic patients,

which set out future research interested in the relation between affect and implicit

memory. Further developments were realized by Peretz et al. (1998), who in a series

of experiments systematically studied the mere exposure effect framed as an implicit

memory phenomenon by diverting attention toward other tasks during exposure. They

also studied the scope of the effect over time and feature space.

In their first experiment they demonstrated how this mere exposure effect resembles

the properties of implicit memory by showing an increase in preference for unfamil-

iar melodies after one repetition, but not for already familiar melodies (which already

displayed high preference and showed no increase headroom whatsoever); and con-

trary to explicit recognition, which displayed clear discrimination between exposed and

non-exposedmaterials, both familiar and unfamiliar (with familiarmelodies recognized

better overall than unfamiliar ones). Importantly, this differences in affect persisted af-

ter several months after two repeats, contrary to the effect on recognition. In other

words, exposure exerted different effects on affect and recognition, proving that one

mechanism cannot be explained by the other, and confirming that the two are indeed

dissociated.

In a second experiment, they established that the effect after one repetition could be

observed after 24 hours after exposure, but not after one month, for which a second
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repeat would be needed. Contrary to this, recognition after one repetition, although

attenuated, survived temporal decline over a period of a month. This added up to pre-

existing evidence about the two phenomena following different dynamics and defined

some of the temporal properties of the effect. In the last experiment they found that

the effect of exposure on liking was not affected by changing surface characteristics

such as timbre, contrary to recognition. This established that the processing of the im-

plicit realizations take place at the abstract level, rather than the perceptual level, as

had been previously thought (Peretz et al., 1998).

The series of experiments by Johnson et al. (1985) and Peretz et al. (1998) are impor-

tant insofar they set out that the mere exposure effect on musical liking happens at

the implicit, albeit abstract level of processing, contrary to what had been classically

hypothesized. This opened a whole new arena to explaining and studying the inverted

U shape profile of music-evoked pleasantness that classic authors had already estab-

lished (Peretz et al., 1998). In the following years similar studies where extended to

include more repetitions to characterize the scope of the effect and whether it de-

creases after reaching a plateau; to consider other modalities of implicit retrieval such

as musical complexity; and to utilize artificially constructedmusical grammars to study

the extent to which such effects are truly explained by learning and are not inherent

to certain musical attributes (Peretz et al., 1998; Loui et al., 2010; Loui, 2012).

Many studies since have supported the hypothesis that liking increases as a function

of familiarity (Chmiel and Schubert, 2017). The literature on whether the effect is in-

deed characterized as an inverted U shape has been more controversial, with mixed

results, but with more support than rejection overall (Chmiel and Schubert, 2017).

Importantly, many studies have reported similar results as a function of complexity in

addition to familiarity (Chmiel and Schubert, 2017), suggesting that both variables

could be one and the same at different levels of predictability. This would mean that

complexity is also subjective to the implicit knowledge an individual (or culture) has

acquired about music, rather than objective to music’s physical attributes. Thus, the in-

verted U shape of musical liking as a function of both familiarity and complexity could

be explained by common underlying mechanisms. However, both phenomena have
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been shown to take place simultaneously or independently (Madison and Schiölde,

2017). This has led to the theorization that the implicit knowledge re-activated during

music listening comes in the form of top-down predictions from two different, albeit

intertwined sources: schematic expectations (i.e. generic knowledge about encul-

tured rules of music) and veridical expectations (i.e. concrete knowledge about pieces

of music; Schubert and Pearce, 2016). Schematic expectations would thus underlie

subjective complexity through generalization, whereas veridical expectations would

underlie familiarity through recognition (Schubert and Pearce, 2016).

Furthermore, psychophysiological studies have since attempted to provide objective

biological markers of the mere exposure effect. It has been shown that physiologi-

cal arousal increases contingently with reports of evoked pleasantness, as reflected in

several variables (Salimpoor et al., 2009), with event-related skin conductance as the

milestone measure in this type of studies due to its ease of use and clear and repro-

ducible response. Accordingly, evidence shows that listening to familiar music induces

an increase in electrodermal activity (EDA) as compared to listening to unfamiliar mu-

sic; that repeated exposure to a piece of music increases its associated evoked EDA;

and that these emotional dynamics can happen even without conscious recall of the

experimental materials (van den Bosch et al., 2013). The effect of familiarity onmusical

liking, however, must be the result of particular information processing dynamics. In

the next sectionwewill see how the brain’s ability to generate predictions and compare

them to the environment could explain how implicit knowledge can be at the basis

of music-evoked pleasantness, accounting for the previously explained mechanisms of

expectancy and evaluative conditioning.

1.2.3 Predictive coding and reward processing

So far we have reviewed concepts such as familiarity, complexity, the inverted U shape,

implicit knowledge and schematic and veridical expectations. All these constructs can

be integrated in an information processing account of reward processing under the

predictive coding framework. This theoretical account states that reward function can

be explained as a predictive process: a stimulus or action raises expectations about
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a desirable outcome, which triggers reward signals if present. The hedonic impact of

these reward signals would be subject to salience and learning: non-salient predictions

and predictions that result in little learning are less likely to evoke pleasure, while salient

predictions and predictions that result in learning are more likely to become a source

of pleasantness (Schultz, 2016).

The above descriptionmatches nicely with the inverted U shape ofmusic-evoked pleas-

antness as a function of familiarity or complexity, which can be redefined as mu-

sical expectancy based on past implicit learning in the form of schematic expecta-

tions (i.e. rules of music) and veridical expectations (i.e. concrete music). Tentatively,

music-evoked pleasantness by evaluative conditioning (i.e. subject to associations be-

tween the stimuli and other rewarding outcomes) can be redefined as psychological

events displaying similar predictive dynamics. In combination with aesthetic judge-

ment, which can act as an attentional funnel, this framework covers the previously

proposed psychological mechanisms behind affect valence toward music, each one of

these contributing independently and in parallel to the final experience of experienc-

ing pleasure from music (Juslin, 2013).

Particularly, the link between musical expectancy and reward processing within the

predictive coding framework has drawn a lot of attention. From this theoretical stand-

point, it is assumed that humans acquire statistical relationships between acoustic

features through exposure, and that these associations crystallize at different levels of

concretion, from broad generalizations (e.g. frequent musical structures) to specific

contingencies (e.g. precise knowledge about pieces of music). When listening to mu-

sic -and based on this manifold musical knowledge- the agent would make online

predictions about how music will unfold. These top-down predictions will eventually

be compared to incoming bottom-up percepts to update the existing knowledge and

motivate learning (Gold, Pearce, et al., 2019).

From these assumption stems that musical predictions carry a given certainty level,

and that the magnitude of the resulting surprises is computed as the difference be-

tween predicted instances and the actual incoming instances, or prediction error (PE).
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Predictive certainty about musical events thus depends on the strength of the statis-

tical regularities and associations that the agent has captured to be present in music

through his/her learning history, while musical PE depends on how close these pre-

dictions are to the actual incoming stimuli. The more exposure to a piece of music

or to a musical style, the greater the certainty of the predictions and the smaller the

associated PEs, since accuracy is maximized (Salimpoor et al., 2015). Importantly, this

process happens at different scales both in time and feature space: pitch, harmony,

timbre, rhythm, intensity, etc.

However, while certainty and PE tend to change jointly over time, they are different

phenomena happening at different processing stages: certainty is a property of pre-

dictions, while PE is the result of comparing these predictions to the actual musical

events. The fact that certainty tends to increase while PE tends to decrease as a func-

tion of exposure can be explained by learning function: exposure strengthens musical

contingencies while increasing the chances of predictive success in future iterations.

Nevertheless, not every predictive instance falls along this trend: one can think of mu-

sical contexts where strong predictions are not met (e.g. a change in tonal mode that

breaks up with assimilated musical conventions); or conversely, where weak predic-

tions are met (e.g. the beginning of a passage after an undetermined interlude that is

correctly predicted). In fact, research has shown that these musical contexts can also

arouse pleasantness in addition to compromising certainty-PE instances, at least when

studying schematic expectations (Cheung et al., 2019).

Perhaps this is better understood under the parsimonious reformulation of Koelsch

et al., 2019. Predictions are made about some content within some context. Con-

texts carry precision about the “what” and “when” of future iterations. Subsequently,

surprise emerges from comparing this predicted content to the actual content. Thus,

the precision of the context matters in considering the relevance of surprisal events. In

other words, context precision filters out surprise such as that small PEs resulting from

uncertain predictions, great PEs from certain predictions, or moderate PEs from mod-

erately certain predictions are perceived as salient and motivate further exposure. In

turn, small PEs from certain predictions and great PEs from uncertain predictions are
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considered non-salient and thus disregarded, resulting in loss of motivation to keep on

listening.

Figure 1.3 Music evoked pleasantness as the product between predictive certainty and
prediction error. Both the inverted U shape and pleasantness evoked by correct pre-
dictions in imprecise contexts and surprises in precise contexts are accounted for by
this mathematical expression in the case of schematic expectations.

This has led to the realization that evoked pleasantness is better operationalized as

an interaction between certainty and PE (Hansen et al., 2017; Cheung et al., 2019),

as this would account for the inverted U-shape as a function of familiarity or com-

plexity, on the one hand, and all three contexts where hedonic impact is maximized,

on the other hand (i.e. low certainty-low PE, high certainty-high PE and intermediate

certainty-intermediate PE). It is worth noticing that all three contexts have something in

common: room for learning. In the first case, an uncertain prediction is rewarded when

it is confirmed, motivating further concretion; in the second case, a certain (schematic)

prediction is unconfirmed and rewarded to readjust prior knowledge; and in the third

case, put simply, both mechanisms come into play to some extent, since learning has

not yet been completed (Figure 1.3). It must be noted, however, that pleasantness out-

comes based on veridical expectations are expected to slightly differ from this model’s

predictions (for instance, it is unclear whether a radical change in the elements of
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a very familiar melody should evoke pleasantness). Nonetheless, the mere exposure

effect and the inverted U-shape as a function of familiarity could still be explained by

concrete cases in this model, with exposure resulting in an increase in context certainty

and a decrease in factual PE as veridical expectations gradually take over schematic ex-

pectations. Peak pleasantness would be evoked in the intersection between certainty

and PE in the listener’s history for a particular music piece (Hansen et al., 2017; Figure

1.4).

Figure 1.4 The inverted U shape is ac-
counted for in the case of veridical expec-
tations as a function of exposure. Adapted
from Hansen et al. (2017).

Importantly, this model is not tautologi-

cal: there are combinations of certainty

and PE that have little to no hedonic

impact. Particularly, the least evoked

pleasantness emerges in contexts with

low certainty and PE -where information

is incomprehensible- or in contexts with

high certainty and low PE -where learn-

ing is no longer possible. This taps onto

an interesting idea about the evolution-

ary raison d’être of music-evoked pleas-

antness: in addition to its social and emo-

tional utility, music might be rewarding

because it keeps learning function active

in the auditory system. It follows from this

hypothesis that it is adaptive to maintain

the auditory system in a dynamic influx

of stimulation that guarantees flexibility

and reconfiguration (Gold, Pearce, et al.,

2019). While this statement is only tentative, it is a sound argument in favor of infor-

mation processing accounts on the phenomenon.
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1.3 Music-related brain function and anatomy

The functional amalgam underlying music’s hedonic impact presented above must

naturally involve different brain mechanisms, each one supporting different informa-

tion processing operations at different processing stages. From sensation to affect,

through perception and representation, and along evaluation and action, music-evoked

pleasantness relies on very diverse neural populations to take place. Despite this ap-

parent functional segregation, the distinct neural areas involved in this complex phe-

nomenon happen to be well integrated and coordinated in response to the object

stimulus. Not only this is relevant to understanding how music perception and emo-

tion are implemented in the brain, but also offers an excellent example of how brain

function is better understood as emerging fromwell-orchestrated networks rather than

localized activations.

In this section the brain anatomy and function underlying music-evoked pleasantness

will be reviewed. First, a brief explanation of the theoretical accounts that view the

brain as a network and brain function as the interactive dynamics between its compo-

nents will be introduced. Second, the most influential literature about the key brain

areas, pathways and networks supporting the cognitive processes behind music per-

ception, comprehension and reward will be reviewed. Finally, the limitations of the

neuroimaging techniques that have been traditionally used to study music perception

and reward in the brain will be discussed. Regarding this last point it will be argued

that despite the strengths of these methods to study the brain spatial distribution of

the phenomena of interest, other techniques must be considered to characterize how

these brain interactions take place.

1.3.1 The brain as a network and brain function as network dynamics

Since functional neuroimaging techniques became widely accessible to researchers in

the cognitive sciences, knowledge about the brain patterns underlying the cognitive

processes long studied by psychologist has grown rapidly. What had been formerly in-

ferred by studying lesions in neurological patients, comparing static brain images from
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different individuals or guessing the sources of scalp brain electrodes, was now possible

to study by capturing intra-individual processes over time during performance of a task

thanks to techniques such as positron emission tomography (PET) or functional mag-

netic resonance imaging (fMRI). This technical breakthrough has since provided new

insights into many theories in cognitive psychology and neuroscience. Consequently,

fMRI designs have become the quintessential method in cognitive neuroscience re-

search as of today.

Until recently, however, functional neuroimaging research had dragged a modularity

bias from previous schools of thought in the brain sciences. Much research has been

devoted to identifying the different brain areas underlying the different cognitive func-

tions. This way of approaching cognitive function and its underlying brain activity feeds

both from classic theories stressing that human cognition is better understood as a col-

lection of clearly distinguishable modules and from attempts to map the human brain

into divisions based on anatomical features and/or cognitive function in isolation (Sut-

terer and Tranel, 2017). While this approach has been valuable insofar it has helped

identify the fundamental anatomic units of the functional organization of the brain, it

falls short of explaining more complex brain function beyond simple dissociable oper-

ations (Mišić and Sporns, 2016).

A different approach to interpreting task-related neuroimaging data has becomemore

popular in recent years. This new framework considers the whole brain, and not only

the different areas that compose it, as a multilayered network. According to this view,

cognitive function emerges from the different connectivity dynamics taking place be-

tween the nodes composing a given network that temporally ensembles in response

to a stimulus, operation or action demand (Bassett and Sporns, 2017). This way of

understanding brain function has been influenced by the fact that few cognitive pro-

cesses can be successfully attributed to a single brain area and that few single brain

areas appear to be exclusively devoted to a single cognitive process. Furthermore, brain

function has been observed to be shaped by the connectivity maps present in the cor-

tex, (Honey et al., 2007), providing tangible evidence of the brain as an intraconnected

organ that forms networks in response to external and internal demands.
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Importantly, while this approach challenges previous ontologies of brain function, it

does not completely override them. Instead, it broadens the extent to which we can

interpret cognition to emerge from brain activity. Considering a cognitive process to

be supported by a network rather than an area does not rule out specialization, insofar

highly specialized brain areas also constitute networks of neurons. Moreover, it is unde-

niable that some brain areas are better suited to carry on concrete information more

than others, given their biochemical features or topological organization (Sutterer and

Tranel, 2017). Likewise, the different communities composing a large-scale network

supporting a complex cognitive process can in turn perform suboperations, therefore

exhibiting some degree of specialization within a larger system (Sporns, 2007). There-

fore, while specialization does take place to different extents with certain brain areas

accounting for some fundamental operations, some higher-order processes emerge

from the connectivity dynamics of a given network. In some cases, these network

dynamics consist in putting together suboperations carried out by fundamental com-

munities. In some other cases, however, these operations emerge from widespread

interactions (Bassett and Sporns, 2017).

This theoretical framework has motivated broader interpretative efforts of whole-brain

neuroimaging data, as well as it has posed the inception of novel analysis techniques

that quantify connectivity between different brain areas and network dynamics as as-

sociated with tasks or states. These range from structural connectivity measures (i.e.

whether physical connections exist between areas and the strength and directionality

of such connections), functional connectivity measures (i.e. the extent to which two

or more areas co-activate during a task or state) to effective connectivity measures (i.e.

the causal influences and timing of an area on other areas during a task or state; Park

and Friston, 2013). In addition, network science has offered a new window to study

not only the links and the nodes of composing brain networks, but also their behavior

and topology (Rubinov and Sporns, 2010).

To date, functional connectivity has been themost studied brain network phenomenon

in fMRI designs. Functional connectivity is usually operationalized as statistical relation-

ships between activity in different brain areas during a task or state (Park and Friston,
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2013). While this type of connectivity does not convey information about the physical

pathways that connect different nodes nor about the influence nodes exert on each

other, it conveys important information about what nodes are jointly involved during

a cognitive process of interest and how this network behaves. Furthermore, effective

connectivity has proved to be challenging to elucidate from fMRI data given the diffi-

culty of inferring causality in data with strong temporal smoothing (Park and Friston,

2013).

Popular procedures to study functional connectivity include covariance metrics where

the co-dependency between twodifferent brain areas is computed over the time and/or

trials of a task or state (e.g. correlation, K. J. Friston, 1994); and mass-univariate psy-

chophysiological interactions (PPI), where the relationship between two different brain

areas is modeled as being moderated by a task condition, stimulus or behavioral vari-

able (K. J. Friston et al., 1997). More recently, multivariate techniques have been de-

veloped in order to capture dependencies between brain areas that go beyond the bi-

variate case, resulting in estimations of overall network activity. This is the case of blind

source separation methods, such as independent components analysis (ICA), which

find the underlying spatial-temporal patterns that characterize the engagement of

the different networks present in an fMRI dataset (Mckeown et al., 1998). Functional

connectivity measures, however, are not exempt of limitations. Given their mere cor-

relational nature, causal inferences drawn from functional connectivity results alone

can only be tentative (Sporns, 2007). However, as we will see in the following section,

these methodologies have contributed enormously to the understanding of the neural

substrates underlying music perception and liking.

1.3.2 From perception to pleasure in music: a network approach

Music perception and music evoked pleasantness are very good examples of how a

complex psychological phenomenon emerges from the coordination between differ-

ent brain areas and circuits. Auditory sensation begins in the outer ear, where sound

waves are funneled toward the eardrum, a sensitive membrane that shapes the ampli-

tude of the incoming frequencies. These filtered waves are amplified by three bones in
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the middle ear (malleus, incus and stapes) and transmitted to the inner ear’s cochlea

(Koelsch, 2013). In the cochlea, inner fluids oscillate in response to pressure changes

caused by the vibration of these bones. The changes in fluid dynamics are ultimately

captured by the hair cells located in the organ of Corti, a structure that traverses the

cochlea. When stimulated, these cells excite the auditory nerve causing action poten-

tials (Koelsch, 2013).

The frequency, duration and intensity (i.e. number of contributing neurons) of this fir-

ing results in the encoding of sound waves into information. This information is carried

through the auditory nerve into the brainstem, where information from both ears is

integrated. This integration is not only important for the ulterior information process-

ing carried by the brain, but also to encode information about the localization of the

sound. This is achieved by sending connections both contralaterally and ipsilaterally,

which meet in the olivary nuclei, where phase and intensity differences are computed

(Koelsch, 2013). This information is carried through the inferior colliculus to themedial

geniculate body of the thalamus (both integrative hubs for multimodal perception

and fast-responding behavior), which in turn project to the ipsilateral primary auditory

cortex (Koelsch, 2013).

In turn, the primary auditory cortex is part of the superior temporal gyrus (STG) and is

surrounded by belt and parabelt areas, which compose the auditory associative cor-

tex. It is in these two interlaced structures where the fundamental auditory information

is decoded into acoustic features and percepts. In addition, basic cognitive processing

of this information already takes place within this anatomic formation. Auditory short-

term memory, multimodal perception integration and fundamental sound-to-sound

associations engage the auditory cortex. While no absolute hemispheric specializa-

tion takes place, there is evidence for some functional dominances. The left auditory

cortex has been observed to be better at processing temporal information, while the

right auditory cortex seems to be better in the processing of frequency information

and chunking percepts (Koelsch, 2013).
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These auditory processing areas project ventral and dorsal streams toward frontal ar-

eas through the temporal and parietal lobes, respectively. This target areas, in turn,

project back to the seed auditory regions, constituting functional loops (Zatorre and

Salimpoor, 2013). Through the dorsal loop, the auditory cortex interacts withpremotor

and dorsolateral frontal cortices, while the ventral loop connects the auditory cortex

with the inferior frontal cortex (Figure 1.5). These loops are particularly important for

supporting auditory working memory. Auditory working memory allows the mainte-

nance and association of auditory information for longer periods than those possible

in auditory short-term memory (Zatorre and Salimpoor, 2013). Evidence suggest that

the ventral loop represents feature information, while the dorsal loop represents timing

information, in other words, the “what” and “when” of long auditory sequences (Zatorre

and Salimpoor, 2013).

Figure 1.5 Fronto-temporal auditory
streams. These loops are important in
supporting auditory working memory, with
the ventral loop representing “what” infor-
mation and the dorsal loop representing
“when” information. Adapted from Zatorre
and Salimpoor (2013).

Thanks to this network, auditory pat-

terns that go beyond single percepts

can be identified. Another function

enabled by these loops is that audi-

tory long-term memory can be retrieved

and coexist along incoming information

(Barton and Brewer, 2019). These are

the reasons music can be perceived as

such: a coherent palette of sounds where

both detected and learned relations be-

tween different frequencies and inten-

sities are organized over time and fre-

quency space resulting in melodies, har-

mony, groove, textures and dynamics (Za-

torre and Salimpoor, 2013). This buffer

also facilitates future percepts to be pro-

cessed and integrated. Through feedback connections, frontal nodes also exert top-

down influence on the auditory cortex by transferring the worked-up information, con-

stituting the neural basis for auditory expectancy (Zatorre and Salimpoor, 2013).
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This ability to form expectancy within the auditory system generates a constant flow

of top-down predictions about upcoming acoustic stimuli. These predictions have the

belt and parabelt areas of the auditory cortex as target, which in turn receive feedfor-

ward inputs from the primary auditory cortex through the ventral pathway (Zatorre and

Salimpoor, 2013). On the other hand, mismatches between top-down predictions and

bottom-up percepts are believed to be encoded in the same pathway following sim-

ilar dynamics in the opposite direction. This bottom-up PE signals would inform the

frontal nodes of the loop about violations in order to update the online, more abstract

representations being held in working memory (Schönwiesner et al., 2007; Zatorre

and Salimpoor, 2013).

All these computations must be ultimately exchanged with the mesolimbic reward

system in order to become a source of pleasure. The temporal cortex, however, does not

share direct connections with the subcortical basal ganglia. It is through the frontal

cortices belonging to the music perception network depicted above that auditory per-

cepts andmusical computations reach the reward system, possibly via theorbitofrontal

cortex (OFC) and the dorsolateral prefrontal cortex (dlPFC), structures thought to inte-

grate cortical and subcortical information (Haber., 2011; Jarbo and Verstynen, 2015).

An important part of this network is the striatum, a nucleus located in the basal gan-

glia. This structure also receives dopaminergic inputs from the substantia nigra/ventral

tagmental area (SN/VTA; Bolam et al., 2009) and has consistently been shown to re-

spond to musical rewards (Salimpoor et al., 2015). When musical information trans-

mitted from the prefrontal cortex (PFC) constitutes the anticipation or realization of a

reward, dopamine is released in the striatum (dorsally and ventrally, respectively), cor-

relating with responses constitutive of liking, wanting and learning (Salimpoor et al.,

2011; Gold et al., 2013; Salimpoor et al., 2015; Hansen et al., 2017; Figure 1.6).

Indeed, several studies have shown that the auditory cortex, the PFC and the striatum

form a functional complex during pleasant music listening. In a now seminal study,

Blood and Zatorre (2001) showed that when participants reported experiencing plea-

sure while listening to music, not only activity in the striatum emerged, but was also

accompanied by activity in the OFC and the medial prefrontal cortex (mPFC). Since,
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Figure 1.6 The meso-limbic reward network. The prefrontal cortex shares connections
with the striatum (Str) via the orbitofrontal cortex (OFC) and the dorsolateral prefrontal
cortex (dlPFC). Reward signals are encoded through dopamine release in the Str from
substantia nigra/ventral tagmental area (SN/VTA) projections.

other studies have extended this music-reward network to include superior temporal

and inferior frontal cortices, indicating that music perception areas are functionally in-

tertwined with those related to reward processing (e.g. in Brown et al., 2004; Menon

and Levitin, 2005; Koelsch et al., 2006). Functional connectivity between these struc-

tures has also been demonstrated in relation tomusic-evoked pleasantness. Salimpoor

et al. (2013) showed that prefrontal and temporal cortices exhibit greater functional

connectivity with the nucleus accumbens (NAcc; a key structure of the striatum) as

a function of musical value, operationalized as monetary utility. Ultimately, music-

related activity in the striatum and its associated hedonic value have been attributed

to the expectancy dynamics happening within auditory working memory (Zatorre and

Salimpoor, 2013). The dorsal and ventral striatum have been shown to engage dur-

ing the anticipation and realization of rewards, respectively (Salimpoor et al., 2011),

with these signals being intimately related to predictive certainty, PE and the interac-

tion between the two (Gold, Mas-Herrero, et al., 2019; Cheung et al., 2019; Shany et

al., 2019). Finally, individual differences in music-reward sensitivity have been linked

to the strength of both functional and structural connectivity (via OFC) between au-
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ditory processing areas and the NAcc (Martínez-Molina et al., 2016; Martínez-Molina

et al., 2019), providing ground evidence for the idea that the auditory and associative

cortices constitute a dedicated network along the brain reward system in response to

pleasurable music.

Note, however, that most of the evidence explained above comes from studies that did

not tackle familiarity directly. As stated above, in addition to schematic knowledge,

music evoked pleasantness as a function of expectancy has also been hypothesized to

emerge from veridical knowledge. The neural correlates of this phenomenon have not

been extensively investigated, but some evidence exists supporting the idea that liking

for familiar music involves overlapping nodes with the music-network depicted above,

while other structures appear to be uniquely involved. It has been shown that frontal

nodes are also involved during familiar music listening (Freitas et al., 2018). In addition,

the left inferior parietal cortex (IPC) appears to be engaged as a function of familiarity

with music (Green et al., 2012; Figure 1.7), a network attributed to recollection and

memory retrieval of veridical knowledge (Vilberg and Rugg, 2008; Ciaramelli et al.,

2008). Another topic that has not been extensively explored is what neural mecha-

nisms might be underlying the functional networks found in these imaging studies.

Brain connectivity must take place by neural binding mechanisms, most likely neural

oscillations -a topic to which we shall return later. However, the physiological processes

captured by functional imaging are limited in inferring fine grained neural activity, as

we will see in the next section.

1.3.3 Caveats of neuroimaging to study network dynamics in music
cognition

Functional neuroimaging has contributed to understanding the complex network de-

picted above to a great extent of detail. Whole brain analyses as well as functional

and structural connectivity studies have revealed the network patterns underlying mu-

sic perception and music-evoked pleasantness. This has been demonstrated using a

variety of behavioral methods and designs, such as self-reported pleasantness ratings,

expressed value or individual differences in music reward sensitivity (e.g. Salimpoor
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Figure 1.7 Familiar music-listening network. In addition to frontal areas, the left inferior
parietal cortex is involved. Adapted from Green et al. (2012). IFG: inferior frontal gyrus;
IPL: inferior parietal lobe; MidFG: middle frontal gyrus; Postcentr. G: postcentral gyrus;
SMG: supramarginal gyrus.

et al., 2011; Salimpoor et al., 2013; Martínez-Molina et al., 2019). In addition, compu-

tational modeling of musical expectancy has been used to elucidate whether music

reward encoded in this brain network is indeed related to predictive processes (Gold,

Mas-Herrero, et al., 2019; Cheung et al., 2019; Shany et al., 2019). Furthermore, and

from a different optic, the neuroimaging study of music cognition has contributed

to understanding brain function because of the ideal window it offers to study com-

plex cognition, insofar it constitutes the integration of different cognitive phenomena

(Koelsch et al., 2013).

However, while fMRI offers great spatial resolution to identify areas and networks, its

temporal resolution is rather poor. It can be argued that this is due to fMRI’s low sam-

pling rate. Indeed, in order to provide high-resolution imaging, scanners must be set

to acquire samples at a rather slow acquisition time. On the other hand, lowering the

acquisition time closer to the scanner’s limit comes at the expense of undermining

its spatial resolution (Bandettini, 2002). In theory, higher sampling rates are possible

when focusing on regions of interest rather than whole brain imaging (Posse et al.,

2012). Using stronger magnetic fields (e.g. 7-tesla) also helps ameliorating the com-

promise between spatial and temporal resolution at higher sampling rates (Thanh Vu

et al., 2017). However, none of this solves the fact that the acquired brain signal in
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fMRI studies is also of rather slow response. As opposed to neurophysiological tech-

niques, fMRI does not measure the brain electric activity directly. Instead, it measures

the blood oxygenation level dependent (BOLD) response that precedes neural activity.

In other words, fMRI uses the blood that neurons need to draw upon firing as a proxy

of neural activity. Since oxygenated blood has a different magnetic behavior than de-

oxygenated blood, the scanner can detect changes in the oxygen carried by blood.

From this proxy we can infer brain activity by the assumption that the presence of

more oxygenated blood in a particular brain area or network means that those neural

populations are firing more. Since fMRI measures blood dependent activity, however,

the signals it captures follow a hemodynamic response function (HRF), which is char-

acterized by a rather long fluctuation, in the order of seconds (Bandettini, 2002).

This slow hemodynamic response makes it difficult to discern faster brain activity fluc-

tuations. This problem would persist even with high sampling rates, since only more

samples defining the HRF would be acquired. As a result, not only faster fluctuations

cannot be studied, but neither the neural mechanisms underlying brain connectivity,

since it can only be inferred statistically. This limitation, therefore, prevents the study

of finer-grained temporal dynamics in fMRI studies. This is particularly critical for the

study of music cognition and its neural correlates for two reasons. First, the complex

brain network engaged during music perception and music reward processing must

pose a rich functional interplay characterized by equally rich timing and oscillatory dy-

namics. Second, any attempt to relate musical features to brain activity must be able

to follow music’s timing and frequency information, when pertinent.

In constrast to fMRI, non-invasive neurophysiological techniques such as electroen-

cephalography (EEG) are adequate to study neural signals at a high temporal resolu-

tion, at the expense of a poor spatial resolution. Thus, in order to understand not only

what networks underlie cognition, but also how brain activity takes place, multimodal

approaches that combine multiple data sources must be addressed. One promising

multimodal approach is simultaneous EEG-fMRI recordings. This technique allows re-

searchers to acquire both fMRI and EEG signals simultaneously while human subjects

perform a task. Subsequently, a variety of signal processing routines and statistical



1.4 Oscillatory dynamics of music-evoked pleasantness and related constructs 34

analysis can be carried out in order to combine all data sources to elucidate both the

spatial distribution and its temporal dynamics underlying a cognitive phenomenon of

interest.

1.4 Oscillatory dynamics of music-evoked pleasantness and
related constructs

The rich functional interplay underlying music perception and its hedonic impact ex-

plained in previous sections must take on different mechanics to take place. It is now

clear that brain function is not reduced to activity in a single area. Likewise, brain ac-

tivity is not reduced to mere co-activations. Rather, the brain utilizes different mecha-

nisms so that neurons, or neural populations in a broader sense, can communicate a di-

verse corpus of information. This information transfer can be unimodal or multimodal,

sequential or in parallel, and unidirectional or multidirectional. In short, brain connec-

tivity needs a means of communication that enables all these dynamics efficiently over

time and space. The brain achieves this endeavor by exploiting the electrical nature of

neural activity, encoding and decoding information via multiband oscillations.

In this last section the oscillatory markers of music evoked pleasantness and related

constructs and processes will be reviewed. First, a summary of what neural oscilla-

tions consist in and what brain mechanics they have been hypothesized to support

will be addressed. Second, the neurophysiological literature studying music-evoked

pleasantness and related concepts such as consonance and emotional valence will be

reviewed. Finally, it will be discussed how evidence about the oscillatory dynamics un-

derlying familiarity and expectancy might elucidate the precise mechanics behind the

neurophysiological markers of music evoked pleasantness. This last point will be put

in perspective along evidence from fMRI studies as well.
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1.4.1 Brain oscillations as means of information transfer

Neurons respond to stimuli and other neurons, on the one hand, and exert influence

on other neurons, physiological processes and behavior, on the other hand. In a sim-

ple description, they can be considered as active nodes that receive input from other

nodes and send output to other ones. When a target neuron receives input from an

excitatory neuron, the target neuron depolarizes, making it more likely to reach the

threshold above which neurons fire. When this threshold is reached, a burst of elec-

trical activity called action potential happens within the neuron and is propagated

through its output connections. Conversely, when a target neuron receives input from

an inhibitory neuron, the target neuron hyperpolarizes, making it less likely to reach

the threshold that the neuron needs to cross in order to fire (Cohen, 2014).

Regardless of the influence that neurons exert on each other, their activity is expressed

as electric signals. Single cells ensemble into neural populations, which are character-

ized by proximal neurons behaving synchronously in response to the same inputs. The

summation of the activity in a neural population, be it excitatory or inhibitory, can be

observed as an overall field potential. The alternating interactions between excitatory

and inhibitory neural populations results in rhythmic electrical fluctuations that are

sustained over some period of time. These rhythms are what we call brain oscillations.

Neural oscillations can be observed as locked to a stimulus, action or operation. They

can also be observed as related to a stimulus, action or operation, though not locked

to it, or simply during resting state (Cohen, 2014).

In human neuroscience, brain oscillations have been classically associated with cogni-

tion. Using EEG ormagnetoencephalography (MEG), researchers have revealedmean-

ingful neural markers and dynamics of a variety of cognitive processes, otherwise hid-

den to observation. Whether thesemarkers are what cause cognition, or whether these

are epiphenomena contingent to the true underlying causes of cognition is still a mat-

ter of debate (Cohen, 2014). However, many authors advocate for understanding brain

oscillations as a means of information transfer between neurons. From this theoreti-

cal standpoint, neurons from the same or different neural populations would synchro-
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nize through the same rhythms in order to establish efficient communication channels

(Singer, 1993; Buzsáki and Draguhn, 2004; Fries, 2005; Akam and Kullmann, 2012).

Neural oscillations accomplish several functions. One function this mechanism sup-

ports is input responsivity. Different neural populations respond differently to differ-

ent frequency inputs. Thanks to this frequency specialization, both sensory and other

neural events can be processed selectively with high resolution. Two other important

functions of neural oscillations, crucial for network dynamics to take place, are neural

binding and representation. By synchronizing through the same frequencies, differ-

ent neural populations bind together forming functional ensembles. In turn, neural

ensembles encode and decode sensory and cognitive information using rhythms as

representational code. Finally, neural oscillations also serve the purpose of “rehearsing”

learned neural contingencies during resting states (Buzsáki and Draguhn, 2004).

Brain oscillations exhibit particular properties due to the physical, biological and chem-

ical constrains of neurons. For example, neighboring frequencies (i.e. close in frequency

space) and harmonic frequencies (i.e. integer multiples) are more likely to resonate

with each other than far-apart frequencies (Buzsáki and Draguhn, 2004). This property

organizes rhythms into frequency bands that capture different brain states. The canon-

ical frequency bands are delta (1-3 Hz), theta (4-8 Hz), alpha (8-12 Hz), beta (13-25

Hz) and gamma (26-80 Hz), although frequency ranges and sub-bands slightly differ

depending on the consulted classification work (Cohen, 2014; Buzsáki and Draguhn,

2004). This frequency organization facilitates alternation between states, with adja-

cent bands being functionally at odds; as well as multiband coding, with non-adjacent

bands interacting together for multimodal, parallel information processing (Buzsáki

and Draguhn, 2004).

Another property of neural oscillation is that their amplitude follows a 1/f law, this is,

that slower rhythms are more prominent than faster rhythms (Buzsáki and Draguhn,

2004). This property allows a hierarchical organization of neural activity, with slower

rhythms orchestrating faster rhythms. Moreover, slower rhythms are characteristic of

more distant connectivity patterns, while the opposite is true for faster rhythms. This is
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a result of the physical constrains posed by the brain circuitry. Far-off connections are

characterized by longer paths, resulting in longer transmission times. Consequently,

oscillatory cycles take longer to complete. Therefore, global and distal connectivity is

more likely characterized by slow oscillations, while local connectivity between close

areas or between neurons of the same population is more likely to take place via faster

rhythms (Buzsáki and Draguhn, 2004).

Signal processing of EEG or MEG signals, among other neurophysiological techniques,

offers a vast window to study brain oscillations and their relationship with cognition.

Three main approaches have been taken to study neural rhythms in cognitive neuro-

science: time-domain analysis, frequency-domain analysis and time-frequency do-

main analysis. Time-domain analysis focuses on the amplitude fluctuations of a signal

in relation to a stimuli or operation and is concerned about the precise timing of brain

processes. Frequency-domain analysis, on the other hand, focuses on how rhythmic

information in the brain is characterized in a particular period. Finally, time-frequency

analysis compromises the two approaches to approximate the timing of frequency

information fluctuations in the brain (Cohen, 2014).

Furthermore, the last two approaches (frequency and time-frequency analysis) can fo-

cus on two different aspects of rhythms: Power amplitude and phase information.

Power amplitude quantifies the presence of rhythmicity in a particular frequency present

in a signal. In turn, phase information is important to understand the state of the oscil-

latory cycles of a rhythm present in a signal. Knowing the oscillatory cycles of different

frequencies is crucial to infer how different brain areas synchronize: if the relationship

between cycles of a rhythm in two different brain signals is kept coherent over time

and/or over trials, it can be assumed that the source areas of those signals are syn-

chronized (Cohen, 2014). This makes the study of phase synchronization a powerful

tool to investigate the functional connectivity underlying cognition and its oscillatory

dynamics.
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1.4.2 Oscillatory dynamics of expectancy in the auditory domain

Before reviewing the existing literature tackling the oscillatory correlates of musical

liking it is worth reviewing those underlying the cognitive processes hypothesized to

precede it. This includes working memory and expectancy dynamics in the auditory

domain. Discussing these processes will help us understand candidate dynamics that

could explain how the different brain areas involved in music perception communi-

cate. Moreover, understanding these correlates will be useful for interpreting results

from experiments directly investigating the relationship between neural oscillations

and music-evoked pleasantness in further sections.

The functional interplay between temporal and frontal nodes that encodes and main-

tains working memory in the auditory domain has been revealed to work most effi-

ciently by synchronizing these loops through theta rhythms (Kaiser, 2015). This is also

true in the musical domain. In a simultaneous EEG, MEG and transcranial magnetic

stimulation (TMS), Albouy et al. (2017) demonstrated that theta power in the fronto-

temporal auditory stream predicts performance in active working memory manipula-

tion. Furthermore, they directly stimulated this pathway and found causal evidence for

more efficient rhythmicity in theta supporting better performance during a melodic

working memory task, as reflected in both power and phase synchronization between

its nodes. As previously mentioned, working memory’s ability to buffer information

beyond mere storage is what makes musical expectancy and pleasantness possible

(Zatorre and Salimpoor, 2013).

Indeed, predictive dynamics have also been associatedwith fronto-temporal theta con-

nectivity. Recasens et al. (2018) have proved in a MEG study that PEs following vio-

lations of acoustic patterns are computed within functional loops involving prefrontal

and auditory cortices and the hippocampus through theta rhythms. Furthermore, they

inferred directed theta and alpha connectivity from the auditory cortex toward the pre-

frontal cortex to underlie PE computation, while they also found evidence of directed

alpha connectivity from the hippocampus toward the auditory cortex underlying the

predictability of sounds (Figure 1.8). Indeed, the hippocampus has been found to
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help encode regularities and respond to violations in previous research (Barascud et al.,

2016). Interestingly, in the reward processing literature frontal theta power has been

related to reward PE, this is, to violations of predicted reward outcomes (Mas-Herrero

and Marco-Pallarés, 2014; Mas-Herrero and Marco-Pallarés, 2016).

Figure 1.8 Oscillatory dynamics associated with au-
ditory expectancy. Slow (theta-alpha) rhythms origi-
nating in the auditory cortex (Heschl’s gyrus) toward
the prefrontal cortex (ventromedial prefrontal cor-
tex) underlies prediction error computation in the
auditory domain. In turn, alpha rhythms originating
in the hippocampus toward the auditory cortex cor-
relates with predictability. Adapted from Recasens
et al. (2018).

In the musical domain, Omigie

et al. (2019) found that com-

putational simulations of unex-

pectedness (i.e. PE) predicted

slow oscillatory activity in the

STG and medial temporal gyrus

(theta, alpha and beta oscilla-

tory bands) in a study using

intracranial recordings. More-

over, they found these activa-

tions to be accompanied by sim-

ilar effects in the anterior cin-

gulate cortex (ACC) and insula,

areas classically associated with

arousal control, PE computation

and reward processing (Critchley

et al., 2001). Finally, while they

did not find evidence of simi-

lar effects in the inferior frontal

gyrus (IFG), they did report a

non-significant trend in these re-

gards. All in all, these results converge with previous and recent evidence from event-

related fields (ERFs) demonstrating that interactions between the STG, the IFG and the

hippocampus underlie predictive coding in the auditory and musical domains (Baras-

cud et al., 2016).
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All of the aforementioned literature focuses on expectancy dynamics converging from

different sources. However, little is known about potential differences in the oscilla-

tory and anatomic signatures between schematic and veridical expectations, neither

it is clear how these differences might relate to the processing of music-evoked pleas-

antness. As we had seen, familiarity with music seems to engage a slightly different

brain network during music listening. It is thus expected that the oscillatory dynam-

ics related to pleasantness bind different nodes when music is familiar as compared

to when expectations are predominantly schematic. Nevertheless, no study so far has

tasked the oscillatory binding mechanisms of musical familiarity or their relation to

those of music reward processing.

1.4.3 Oscillatory dynamics of musical valence, consonance and liking

Despite the great corpus of fMRI research devoted to understanding the brain anatomy

and function underlying music-evoked pleasantness, little research has been carried

out to understand the brain oscillatory dynamics associated with music’s hedonic im-

pact. In fact, most related research has been conducted operationalizing related, but

conflated concepts with music reward. The most used dimension has been evoked va-

lence in a circumflex model of emotion. However, this dimension has often been mea-

sured without specifying whether it tasked emotional valence (i.e. sign of the emotions

felt by the listener) or affect valence (i.e. approach toward music and/or the content it

evokes). This makes it difficult to discern or speculate about the precise cognitive and

affective processes behind the studied phenomenon.

However, this kind of research is valuable insofar it set out the methododology to study

EEG correlates of music-evoked pleasantness, as well as because it provided insightful

results that guide future research in the topic. One of the classic oscillatory markers

used in the study of evoked emotions is alpha asymmetry. This is computed by taking

the difference between alpha power from symmetric electrodes, often frontal. Frontal

alpha asymmetry has been related to both evoked positive valence and arousal during

music listening in several studies (Chabin et al., 2020), as well as in other emotional

contexts (Sammler et al., 2007). Some studies suggest that this phenomenon takes
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place because of a left-hemisphere predominance in the positive valuation of music

(Davidson, 1995), as well as a right-hemispheric predominance in alpha suppression,

which correlates negatively with arousal (Craig, 2005).

An oscillatory marker that consistently appears associated with evoked valence in the

literature is frontal theta power. Several studies have found that the greater evoked

valence reported by participants, the greater theta power is expressed over frontal areas

of the brain. Lin et al. (2010) found theta power to increase with positive valuation of

music over fronto-central areas. This effect was accompanied by a decrease in delta

power with reported evoked valence and an increase in both delta and theta with

evoked arousal. The positive relationship between frontal theta power and valence,

on the one hand, and arousal, on the other hand, has also been observed by Mikutta

et al. (2014) and Rogenmoser et al., 2016. It has been proposed that the source of

frontal theta power could be reward-related activity in the ACC, a functional node in

reward processing and emotional integration (Sammler et al., 2007; Marco-Pallarés et

al., 2015).

On the other hand, a handful of studies has determined a priori what music was most

likely pleasant or unpleasant based either on validated norms (e.g. Flores-Gutiérrez

et al., 2007; Flores-Gutiérrez et al., 2009) or using consonant and dissonant music as

proxies for pleasant and unpleasant music as proxies, respectively. In doing so, Samm-

ler et al. (2007) found frontal theta power to correlate with consonant music in an EEG

study. In another experiment with epileptic patients where direct intracranial record-

ings from areas of interest could be acquired, Omigie et al. (2015) found theta, alpha

and beta power to increase in the OFC and the auditory cortex with consonant chords

as opposed to dissonant chords. Furthermore, they found partial evidence of functional

connectivity in all three bands between OFC, the auditory cortex and the amygdala to

increase during processing of consonant chords.

The advantage of using predefined pleasant and unpleasant stimuli is that different

liking conditions can be predefined experimentally and controlled. The drawback,

however, is that individual idiosyncrasies that are difficult to control might arise. Af-
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ter all, music that is pleasant/unpleasant for most people does not necessarily have

to be pleasant/unpleasant for all people. Likewise, considering that consonant music

must be pleasant and dissonant music unpleasant for every individual regardless of

the piece of music is a bold assumption. The concept of consonance and its relation

to agreeability has been proven to be highly dependent on culture (McDermott et al.,

2016). Even within western culture, many modern music genres with millions of lis-

teners thrive on musical attributes long considered dissonant or discordant to more

traditional folk or classical music (e.g. metal music).

For all these reasons, pleasantness self-reports that are dissociated from emotional va-

lence and that are comparable across individuals with different musical preferences

should be preferred. Few studies have done so in the EEG literature. Among the few,

Nemati et al. (2019) observed that fronto-central theta activity was associated with

reported pleasantness (operationalized as affect valance), while parieto-occipital alpha

activity was also associated with pleasant music listening in comparison to neutral mu-

sic listening. In a high-density EEG study, Chabin et al. (2020), found that intense plea-

surable events (i.e. chills) positively correlated with source-localized OFC theta activity

as well as negatively with right central and temporal theta activity.

It is important to note that most of these studies are correlational, that is, offer very

little insight regarding the cognitive mechanisms that could explain the relationship

between the neural marker and the self-reported data. Nevertheless, the fMRI and

EEG literature reviewed in previous sections offer a window for interpretation. Espe-

cially noteworthy is the fact that the frontal and temporal neural networks and oscil-

latory dynamics of working memory and reward processes that explain expectancy

dynamics show a great degree of overlap with those identified during pleasant mu-

sic listening. This theoretical overlap tentatively converges with the previously exposed

idea that reward signals elicited by music ultimately emerge from expectancy dynam-

ics generated within auditory working memory loops.

All in all, frequency domain analysis has proved to be adequate to elucidate the neu-

rophysiological correlates of musical liking, since it is well suited to study oscillatory



1.4 Oscillatory dynamics of music-evoked pleasantness and related constructs 43

dynamics sustained over long periods of time, as opposed to event-related potentials

(ERPs) or time-frequency domain analysis, which are more suited to study time-locked

or event-locked responses. Most of the reviewed literature has focused on the power

amplitude dimension of brain oscillations, perhaps obeying the interest of identifying

what oscillatory rhythms characterize the phenomenon and their spatial distribution.

However, in order to study whether the rhythms associated with music-evoked pleas-

antness are indeed a binding mechanism between the different brain areas involved,

synchronization between their different signals must be investigated. Likewise, mul-

timodal studies are needed in order to empirically link these rhythms to the brain

networks typically identified in fMRI studies underlying music perception and reward.

Nevertheless, no phase synchronization study has been conducted in recent years re-

garding evoked pleasantness nor its underlying anatomic network. Finally, and as al-

ready stated in the previous section, the oscillatory dynamics underlying liking for fa-

miliar music have not been investigated to date, despite proving to be an important

variable directly interacting with music’s hedonic impact.



2. Research Objectives

In the previous pages the known-to-date psychological and neural aspects underlying

music evoked pleasantness have been introduced. From models of emotion, reward

processing and predictive coding to anatomical, functional and network brain science,

the most influential theoretical accounts and neuroscientific evidence explaining how

music’s hedonic impact is processed in the brain have been reviewed, as well as the role

of familiarity in modulating these neuropsychological phenomena. Nevertheless, it has

also been conveyed how little we know about the oscillatory dynamics underlying this

functional interplay, with a few exceptions pinpointing theta oscillations as rhythmic

correlates of musical liking and related constructs. Therefore, the aim of this thesis is

to study the role of theta rhythms in the synchronization of the brain areas underlying

musical pleasure and how familiarity might modulate this phenomenon. This main

goal can be subdivided in three subgoals:

2.1 Identifying what functional nodes theta rhythms synchro-
nize during pleasant music listening

Most previous research tackling the neural correlates of music-evoked pleasantness

has been conducted with functional neuroimaging methods. Thanks to this literature

we know that frontal and temporal areas involved in music perception also play an

active role in music reward processing in addition to the reward system (Zatorre and

Salimpoor, 2013). Nonetheless, while this corpus of evidence has revealed the anatom-

ical characteristics underlying this network with great spatial resolution, the temporal
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dynamics operating over these brain interactions are just beginning to be understood.

Frontal theta power has been observed to increasewhile listening to positively valenced

music (Lin et al., 2010; Mikutta et al., 2014; Rogenmoser et al., 2016), pleasant music

(Nemati et al., 2019; Chabin et al., 2020) and consonant music (Sammler et al., 2007;

Omigie et al., 2015). It is unclear, however, whether theta rhythms serve the purpose

of binding the nodes relevant for musical liking to take place.

The aim of study 1 was to identify the functional nodes that theta rhythms synchronize

during pleasant music listening. To this end, we exposed a cohort of participants to a

series of musical stimuli and required them to evaluate the degree of evoked pleas-

antness experienced while listening to the music. During the task, EEG signals were

acquired. We hypothesized that there would be a relation between theta synchro-

nization and liking, supporting the critical role of this mechanism in the process of

assigning value to music. For each musical excerpt we computed the average pleas-

antness rating and an index of phase synchronization between all theta signal pairs

over the corresponding time window. We then regressed theta synchronization in ev-

ery connection on reported pleasantness in order to pinpoint what functional pairs

significantly changed their degree of theta synchronization as a function of liking.

2.2 Understanding the neural networks underlying theta syn-
chronization during pleasant music listening

Functional neuroimaging has revealed that music perception is characterized by a

brain network involving portions of the temporal lobe, such as the STF, and of the PFC,

such as the IFG. This network, in turn, interacts with the brain reward system when

music is found pleasurable (Salimpoor et al., 2015). On the other hand, theta rhythms

have been associated with the cognitive processes thought necessary formusic-evoked

pleasantness to take place, such as auditory predictive coding and working memory

(Kaiser, 2015; Recasens et al., 2018; Albouy et al., 2017; Zatorre and Salimpoor, 2013).

It can thus be hypothesized that the fronto-temporal loops in this music network bind

via theta rhythms in order to process the information that is utterly relevant in find-
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ing music pleasurable. Nevertheless, whether the anatomic interactions and the theta

rhythms that have been associated with musical liking are indeed intertwined has not

been tested empirically to date.

The aim of study 2 was to understand how theta rhythms are related to music-related

functional anatomy during pleasant music listening. The procedure was nearly identi-

cal to that of study 1, only this time both fMRI and EEG signals were acquired simulta-

neously. We hypothesized that the self-reported pleasantness ratings would moderate

the relationship between music-related fMRI activity and fronto-temporal theta syn-

chronization, providing evidence for the idea that all three phenomena are indeed

intertwined. In order to test this hypothesis we extracted the activity of a music net-

work engaged during the experiment as well as EEG theta synchronization signals. We

then studied whether the pleasantness ratings significantly modulated the relation-

ship between music-related fMRI activity and theta synchronization between the EEG

nodes.

2.3 Studying how familiaritymodulates theta synchronization
during pleasant music listening

Familiarity and expectancy have been some of themost researched factorsmoderating

music-evoked pleasantness. In its simple experimental form, it has been observed that

themere exposure effect results in an increase in evoked pleasantness by familiarmusic

as compared to unfamiliar one. This suggests that when veridical knowledge comes

into play, in addition to schematic knowledge, the processes that linkmusic perception

with pleasantness are enhanced. Evidence revealing the network mechanics behind

this phenomenon, however, is scarce. In addition to prefrontal areas, parietal activity

has been observed to underlie pleasantness evoked by familiar music (Green et al.,

2012). Nevertheless, whether theta rhythms also play a part in assembling this network

is unclear.

The aim of study 3was to study the relationship between theta synchronization and the

mere exposure effect onmusic-evoked pleasantness. In this study we exposed a cohort
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of participants to a series of musical stimuli and registered their self-reported pleasant-

ness and EEG activity 24 hours later while listening to this same music plus a new set

of unfamiliar stimuli. We hypothesized that familiarity with music would moderate the

relationship between liking and theta synchronization, with different connections syn-

chronizing differently depending on whether music was familiar or unfamiliar. In order

to test this hypothesis, we computed the average liking rating for each music stimu-

lus as well as theta synchronization between EEG signals. We then run moderation

analyses in order to explore what theta connections significantly exhibited different

dynamics as a function of pleasantness in the two familiarity conditions.



3. Results



Fronto-temporal theta phase-synchronization
underlies music-evoked pleasantness

3.1 Study 11

3.1.1 Abstract

Listening to pleasant music engages a complex distributed network including pivotal

areas for auditory, reward, emotional and memory processing. On the other hand,

frontal theta rhythms appear to be relevant in the process of giving value to music.

However, it is not clear to which extent this oscillatory mechanism underlies the brain

interactions that characterize music-evoked pleasantness and its related processes.

The goal of the present experiment was to study brain synchronization in this oscil-

latory band as a function of music-evoked pleasantness. EEG was recorded from 25

healthy subjects while they were listening to music and rating the experienced de-

gree of induced pleasantness. By using a multilevel Bayesian approach we found that

phase synchronization in the theta band between right temporal and frontal signals

increased with the degree of pleasure experienced by participants. These results show

that theta fronto-temporal synchronization plays a key role in music-evoked pleasant-

ness.

3.1.2 Introduction

Listening to music is a powerful source of pleasure for most human beings. This plea-

surable experience is often associated with the activation of areas of the brain reward

network (Blood and Zatorre, 2001), via dopaminergic activation of the dorsal and ven-

tral striatum in the anticipation and realization of peak pleasurable musical events,

respectively (Salimpoor et al., 2011). However, music-evoked pleasantness is not only

explained by reward-related striatal activation, but engages a broader neural network,
1This study has been published in Ara, A., & Marco-Pallarés, J. (2020). Fronto-temporal theta phase-

synchronization underlies music-evoked pleasantness. NeuroImage, 212. Text, tables and figures are a
reproduction of the article.



3.1 Study 1: Fronto-temporal theta phase-synchronization
underlies music-evoked pleasantness 50

including perceptual, associative and emotional areas. Indeed, the temporal lobe is

crucial in the processing of auditory inputs (Koelsch, 2014) and previous studies have

found that the functional interaction of this area and the ventral striatum is pivotal in

giving value to musical stimuli (Salimpoor et al., 2013) and in the pleasurable experi-

ence of listening to music (Martínez-Molina et al., 2016). In addition, the PFC also plays

a role in this mechanism. The ventromedial prefrontal cortex (vmPFC), OFC and IFG

have all been related to the processing of pleasant music listening (Blood and Zatorre,

2001; Brown et al., 2004; Menon and Levitin, 2005; Koelsch et al., 2006). It has also

been found that people experiencing frissons withmusic present higher structural con-

nectivity between the posterior portion of the supratemporal gyrus (suTG) and mPFC

than those people that do not experience them (Sachs et al., 2016). Furthermore, a

recent study has linked the structural connectivity between the supratemporal cor-

tex and the OFC, as well as between the OFC and the ventral striatum, with individual

differences in music-evoked pleasantness sensitivity and the activation of the NAcc in

response to pleasant music (Martínez-Molina et al., 2016). Limbic structures such as

the amygdala, the hippocampus and the insula also appear to be involved in the pro-

cessing of music-evoked pleasantness (Blood and Zatorre, 2001; Koelsch et al., 2006).

Within the broader topic of music-evoked emotions, it has been revealed that more

complex psychological states and their associated brain correlates underlie pleasur-

able reactions to music. Familiarity, high emotional valence, as well as domain-specific

emotions such as wonder and joy all appear to be related to activity in the striatum,

although each construct relates to slightly different cortical and limbic structures, such

as the OFC, the insula or the amygdala (Trost et al., 2012). The specific acoustic fea-

tures and time-courses of music appear to be important in music-evoked emotions as

well. Tightly related constructs to pleasantness, such as evoked valence or dissonance,

correlate with the activity of the amygdala and the NAcc (Trost et al., 2014). Notewor-

thy is the proposal by Trost and Frühholz (2015) on the role of the temporal-limbic

system, which includes the amygdala and the hippocampus, in orchestrating affective

responses to music along personal preferences, memory associations and aesthetic

evaluations.
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The coordination of such distant brain areas involves a complex interplay of brain inter-

actions. In order to coordinate all these distant structures the brain needs amechanism

to couple their respective activities efficiently. Neural oscillations have been proposed

to fulfill such task (Buzsáki and Draguhn, 2004). By synchronizing to the same inputs,

different brain areas are able to oscillate in one or several frequency ranges, thus facil-

itating coordination among those areas supporting a particular function. Allegedly, it

has been proposed that slow rhythms would be a neural marker of more distant brain

interactions, whilst faster rhythms would imply more local synchronization due to the

natural constrains posed by structural connections (Buzsáki and Draguhn, 2004).

Despite the growing body of literature unraveling the anatomic interactions supporting

music-evoked pleasantness, little is known about the oscillatory dynamics underlying

these functional networks, and the consistence among the different results is limited.

Among the few, Sammler et al. (2007) observed an increase in frontal theta power

during consonant music listening as opposed to dissonant music in an EEG study.

Other studies have consistently reported a positive relationship between theta power

and positive valence (Lin et al., 2010; Mikutta et al., 2014; Rogenmoser et al., 2016). In

addition, Omigie et al. (2015) found consonant chords to be related to greater power

in the theta-alpha-low beta range in intracranial electrodes placed over the OFC. Both

consonance and evoked valence were considered to be related to pleasantness by the

respective authors.

In the present experiment we sought to study the oscillatory dynamics of the brain in-

teractions underlying music-evoked pleasantness using EEG. To this purpose, we mea-

sured phase-synchronization between EEG signals. Many different indexes are avail-

able to study phase-synchronization in EEG research, all presenting advantages and

disadvantages (Bastos and Schoffelen, 2016). We chose the inter-site phase clustering

(also known as phase locking value in the literature) for being easily computed over

time and maximally sensitive to phase synchronization (Cohen, 2014). We focused on

the theta oscillatory band since it has previously been associated with music-evoked

pleasantness in the power domain (Sammler et al., 2007; Rogenmoser et al., 2016; Lin

et al., 2010; Omigie et al., 2015), and because given the far-off anatomic landmarks of
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music-evoked pleasantness, we assume that slow rhythms would be the ideal commu-

nication mechanism of such segregated network (Buzsáki and Draguhn, 2004). Pre-

vious studies have addressed the oscillatory dynamics of EEG when listening to music

by computing the oscillatory power of different frequency bands over time in relation

to musical and emotion attributes (Jäncke et al., 2015). Nevertheless, we consider the

study of phase-synchronization appropriate in the context of the current experiment

given our assumptions regarding neural rhythms and anatomic interactions.

In order to analyze the data, we propose a multilevel Bayesian approach to overcome

the statistical challenges of the study of the brain synchronization using EEG, in par-

ticular dealing with non-normal multilevel-structured data and multiple testing. In ex-

perimental paradigms where each participant is exposed to and responds to different

stimuli there are usually two levels of inference, at the individual and the group level.

Doing the analysis separately or computing summary statistics for each participant

may result in information loss (Bryk and Raudenbush, 1988). Multilevel modeling tack-

les this by estimating effects at all levels of inference, where individual effects inform

group level effects and vice-versa (Baayen et al., 2008). In addition, different response

distributions can easily be implemented in this modeling framework, which allows for

more appropriate analyses when the data are not normally distributed (Stroup, 2012).

Finally, Bayesian inference has gained popularity in this modeling framework, as it al-

lows to quantify epistemic uncertainty and incorporate prior beliefs to the statistical

problem at hand (Kruschke, 2015).

Particularly, Bayesian inference is useful in contexts where mass-univariate models

must be run, such as in EEG research, because multiple testing does not inherently

pose a problem in terms of type-I error inflation. This is the case because the same null

hypothesis is not tested several times under the same theoretical distribution, thus

inflating the probability of rejecting it by chance. Instead, the likelihood that a param-

eter of interest is relevant for explaining each data set is explored, with the prior believe

that the contrary is more probable, and a decision is made on whether a null effect is

excluded from the resulting posterior distributions (Han and Park, 2018). Hypothesis

testing thus consists in deciding whether the parameter of interest has an effect in
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predicting each data set after Bayes’ rule is applied, rather than checking several times

whether a test statistic is extreme enough under the same theoretical null distribution

(Kruschke, 2015). This procedure typically results in more conservative decisions as

compared to using uncorrected frequentist thresholds, but less than those yielded by

standard p-value corrections (Han and Park, 2018).

Therefore, the goal of the present study was to determine the oscillatory neuronal

connectivity underlying the pleasurable experience associated with listening to mu-

sic. Based on previous literature, we hypothesized that oscillatory activity in the theta

bandwould play a role in this process. In addition, we also introduce amodeling frame-

work to deal with the problems associated with multilevel responses, non-normally

distributed data and multiple testing in the study of EEG synchronization.

3.1.3 Materials and methods

Participants

Twenty-five right-handed individuals (M = 22.32 years old, SD = 2.66, 19 women) par-

ticipated in the experiment. All participants were chosen to roughly have similar music

preferences toward indie, pop, electronic and folk music genres as assessed with the

Short Test of Music Preferences revised (STOMP-R, Rentfrow and Gosling, 2003; cut-off

≥ 4) as well as similar profiles of music reward and physical anhedonia as assessed with

the Barcelona Music Reward Questionnaire (BRMQ, Mas-Herrero et al., 2013, cut-off >

64) and the Physical Anhedonia Scale (PAS, Chapman et al., 1976, males cut-off < 28,

females cut-off < 20), respectively. None of the participant had received formal training

in music for more than three years. All participants gave written informed consent and

were paid 10€ per hour. All procedures were approved by the local ethical committee.

Stimuli

Sixtymusical fragments formed a pool of stimuli fromwhich the experimental excerpts

were taken. The stimuli consisted in fragments of 45s from commercially available
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songs of several music genres including indie, pop, electronic, folk and experimental

music (see Table 3.1 in the appendix for the complete list of songs). These stimuli were

selected to be likely unfamiliar and to elicit variable degrees of pleasantness based on

the results of a pilot study with a separate sample of individuals. The 45-s fragments

were chosen to be representative of the whole musical pieces (e.g. that they included

more than one theme, that variations took place and/or that several instruments were

present).

Experimental procedure

Participants listened to 30 music excerpts randomly drawn from the pool of stimuli to

avoid effects to be explained by common musical attributes of a fixed set of stimuli

across subjects. Participants were asked to rate the degree of evoked pleasantness

on a continuous basis while listening to each excerpt with as many responses as they

wanted. Responses were given via the numeric keys of a computer keyboard with the

following equivalences: 1: ‘I don’t like it’; 2: ‘I like it a little’; 3: ‘I like it moderately’; 4: ‘I

like it a lot’; and 5: ‘I experience frissons’. Response keys had to be held for as long as a

particular rating applied for the individual. Participants had to look to a fixation cross

during the course of the excerpts. If no response was given after half the stimulus was

presented, that trial was halted and automatically rejected. After each excerpt had

finished participants responded to a series of 7-point Likert scales: the overall liking for

the musical fragment, its evoked valence and arousal, its perceived familiarity and the

number and intensity of frissons, if experienced. Only the overall liking item is used in

this study, where 1 meant ‘I despise this song’ and 7 ‘I love this song’. Exceptionally,

one participant listened to all 60 excerpts. In order to make data from this participant

comparable to the rest of the sample, only the first 30 excerpts were considered for

this participants.

Self-reported data

In order to have ametric index of online evoked pleasantness we computed the average

of every response given for each excerptweighted by the amount of time each response
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was held. This index was compared to the overall liking Likert scale in order to be

validated.

EEG data acquisition

EEG was recorded from the scalp (0.01 Hz high-pass filter with a notch filter at 50 Hz;

250 Hz sampling rate) using a BrainAmp amplifier with tin electrodes mounted on

an Easycap (Brain Products©), at 61 standard positions (Fp1/2, AF3/4, Fz, F7/8, F5/6

F3/4, F1/2, FCz, FT9/10, FT7/8, FC5/6, FC3/4, FC1/2, Cz, T7/8, C5/C6, C3/4, C1/2, CPz,

TP9/10, TP7/8, CP5/6, CP3/4, CP1/2, Pz, P7/8, P5/6, P3/4, P2/1, POz, PO7/8, PO3/4,

Oz, O1/2) and left and right mastoids. An electrode placed at the lateral outer canthus

of the right eye served as an on-line reference and an electrode at the infraorbital ridge

of the right eye was used to monitor vertical eye movements. Electrodes impedance

were kept below 10 kΩ during the whole session.

EEG signal processing

EEG was re-referenced off-line to the linked mastoids and band-pass filtered from 0.1

to 45 Hz. Subsequent processing steps are depicted in Figure 3.1. Epochs consisted in

the whole time frame of each listening and were baseline-corrected using the average

of the whole time window. Artifacts in these epochs were identified and corrected

using ICA. Epochs with absolute mean amplitude higher than 100 μV after ICA cor-

rection were rejected. Three subjects were excluded from the analysis because of poor

physiological data quality. The surface Laplacian transform was applied to these data

in order to reduce volume conduction and make the data reference-free (Perrin et al.,

1989). To avoid effects of surprise at the beginning and end of the song, the first and

last 2s were removed from the epochs for subsequent analysis. Time-frequency de-

composition was computed on each epoch using 5-cycle complex Morlet wavelets in

the frequency band of interest (theta: 4–8 Hz). Phase values for each electrode and

frequency were obtained over time from this decomposition.
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Figure 3.1 Signal processing diagram.

The inter-site phase clustering (ISPC) over time was computed for each epoch as an

index of phase synchronization between signals. This index describes the consistency

in phase difference between two signals over time and is defined as:

𝐼𝑆𝑃 𝐶𝑓 = |𝑛−1
𝑛

∑
𝑡=1

𝜖𝑖(𝜙𝑖𝑡−𝜙𝑗𝑡)| (3.1)

where f is a given frequency, n is the number of time points and ϕit and ϕjt are the

phases of two given signals at a given time point (Cohen, 2014). This was done for ev-

ery frequency and every combination of two electrodes. Finally, ISPCs were averaged

across frequencies. We excluded from subsequent analysis connections involving pe-

ripheral electrodes (Fp1, Fp2, FT9, FT10, TP9 and TP10) and connections where the

two electrodes were less than 6 cm apart from each other, since these most likely re-

flect residual artifactual activity and volume conduction, respectively. This reduced the

number of analyzed connections from 1830 to 1289.
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Statistical analysis

In order to validate the time-weighted reported pleasantness measure, a generalized

Bayesian multilevel linear model with this index as response variable, overall liking as

explanatory variable and varying intercepts and slopes per subject was performed. A

student-t likelihood function was assumed to explain the data in order to accommo-

date outliers (µ: identity; prior on σ: student-t, µ = 0, σ = 10, ν = 3; prior on ν: gamma, α =

2, β = 0.1). Weakly informative priors were placed over the intercept and slope (normal,

µ = 0, σ = 1), as well as over the varying effects (gamma, α = 2, β = 2). To test the group-

level slope to be non-zero a 95% highest density interval (HDI) was used to check the

inclusion of the null hypothesis (H0: β1=0) in the posterior assuming a region of prac-

tical equivalence (ROPE) of ±0.01 (Kruschke, 2015). The reported point estimate (β1)

corresponds to the mode of the posterior.

Figure 3.2 Distribution of ISPC values in theta
pooled across subjects and connections. The his-
togram and its overlying line represent the values’
densities.

In order to investigate the re-

lationship between reported pleas-

antness and phase synchroniza-

tion in theta, mass-univariate

Bayesian multilevel beta regres-

sion models with ISPCs as re-

sponse variables, (standardized)

time-weighted reported pleas-

antness as explanatory variable

and varying intercepts and slopes

per subject were performed for

every two-electrode combina-

tion. A beta likelihood function

with the logit link function was

assumed to explain the data (µ: logit(x); prior on ϕ: gamma, α = 0.01, β = 0.01), since

ISPC values are non-normally distributed in the unit interval (Figure 3.2). Weakly in-

formative priors were placed over the overall intercepts and slopes (normal, µ = 0, σ

= 1), as well as over the varying effects (gamma, α = 2, β = 2). Before the analysis was
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performed, bivariate outliers per connection and subject were identified and removed

using bagplots (Rousseeuw et al., 1999). To test the group-level slopes to be non-zero

a 95%HDI was used to check the inclusion of the null hypothesis (H0: β1=0) in the pos-

teriors assuming a ROPE of ±0.01. Reported point estimates correspond to the mode

of the posteriors.

Posterior distributions were approximated using 5 Markov chains of 1000 samples

with no thinning, burning-in the first 200 samples. The No-U-turn sampler algorithm

was used to draw samples. All chains were initialized at 0. All models converged as

indicated by Gelman’s split-R-hat equaling 1 (Gelman et al., 2013).

3.1.4 Results

Self-reported data

The distribution of the time-weighted reported pleasantness index per excerpt and

subject is displayed in Figure 3.3. Figure 3.4 shows the relationship between time-

weighted reported pleasantness and the overall liking Likert scale for every individual

(thin blue lines) as well as at the group level (thick black line). Time-weighted reported

pleasantness was highly predicted by the overall liking scale at the group level (β1 =

0.52, 95% HDI = 0.49–0.55). Thus, this on-line continuous index is consistent with an

overall recall measurement of evoked pleasantness.

EEG phase synchronization

Figure 3.5 shows the non-zero results of the phase-synchronization analysis in theta.

Two non-zero right fronto-temporal connections showed an increase in synchroniza-

tion with greater degrees of reported pleasantness at the group level (AF4-T8: β1 =

0.04, 95% HDI = 0.02–0.06; F4-T8: β1 = 0.04, 95% HDI = 0.02–0.06). Coefficients are

expressed in log-odds.
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Figure 3.3 Distribution of time-weighted self-
reported pleasantness per subject (top) and excerpt
(bottom).

In order to compare these re-

sults with standard frequentist

approaches, we represented the

results of the mass-univariate

regressions using different fre-

quentist alpha levels (see Figure

3.6 in the appendix). As it can be

seen, an uncorrected alpha level

of 0.05 yields several connec-

tions, which are reduced if the

alpha level is more restrictive.

Only the rather arbitrary alpha

level of 0.001 yields the same re-

sults as the proposed Bayesian

approach. Importantly, none of

the connections survived stan-

dard Family Wise or False Dis-

covery Rate corrections, deemed

too restrictive. Therefore, in con-

trast to the use of an arbitrary p-

value or overly restrictive correc-

tions to ameliorate the multiple

testing problem, the proposed Bayesian approach yields non-inflated results with un-

corrected inference standards.

3.1.5 Discussion

The goal of the present experiment was to study the oscillatory dynamics of the brain

interactions underlying music-evoked pleasantness. To this purpose, we analyzed the

relationship between phase synchronization of EEG signals in an oscillatory band of in-
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terest (theta) and reported pleasantness in a multilevel design where each participant

listened to and rated several music stimuli.

Figure 3.4 Time-weighted (on-line) self-reported
pleasantness regressed on likert scale (off-line) self-
reported pleasantness. Thin blue lines represent
each participant’s regression line. The thick black
line represents the group-level regression line. Ob-
servations (jittered) are shown for illustration pur-
poses.

We found increased synchro-

nization between right tempo-

ral and right frontal nodes with

higher degrees of reported pleas-

antness. These results are in

agreement with previous find-

ings showing the involvement

of a cortical network associated

with the process of giving value

tomusic, which includes tempo-

ral and frontal areas (Salimpoor

et al., 2013; Sachs et al., 2016;

Martínez-Molina et al., 2019).

In addition, frontal and parietal

activations have been found in

emotional control, both in reac-

tion tomusic (Rogenmoser et al., 2016), and in general (Heller, 1993; Davidson, 2004).

Interestingly, frontal and temporal areas have also been related to recognition pro-

cesses during music listening, and to recognition of positively valenced music in par-

ticular (Altenmüller et al., 2014). Indeed, memory retrieval and working memory in

musical contexts are tightly related to frontal function (Zatorre et al., 1994; Zatorre et

al., 1996; Halpern and Zatorre, 1999; Zatorre and Halpern, 2005) and emotional pro-

cessing (Eschrich et al., 2008). The results are also consistent with previous findings on

the right hemispheric dominance in music processing (Zatorre and Gandour, 2008;

Zatorre et al., 2002; Hyde et al., 2008; Özdemir et al., 2006; Martínez-Molina et al.,

2016). Nevertheless, it is important to note that there is also evidence showing that

inter-hemispheric interactions are necessary for normal music processing (Schuppert

et al., 2000), as well as research showing no hemispheric specialization (e.g. Jäncke

and Alahmadi, 2016).
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Figure 3.5 Non-zero connections in theta
(top) and their corresponding prediction
plots (bottom). Straight lines and their rib-
bons represent predictions of the response
variables at each value of the explanatory
variable following parameter estimates and
their 95% HDIs, respectively. Predictions
are made on the original scale of the vari-
ables.

In a different line of research, phase

synchronization between temporal and

frontal nodes has also been found in

theta during auditory working memory

tasks (Kaiser, 2015). Working memory,

in turn, has been hypothesized to play

an important role in music-evoked pleas-

antness, as it would allow the forma-

tion of musical patterns andmulti-modal

structures that go beyond single auditory

events (Zatorre and Salimpoor, 2013).

Low-frequency synchronization between

temporal and frontal nodes has also been

related to auditory and musical PE com-

putation (Recasens et al., 2018; Omigie

et al., 2019). Different accounts have pro-

posed a key role of expectancies and PEs

in the pleasurable experience of listen-

ing to music. For example, Salimpoor

et al. (2015) proposed that the process

of listening to music involves the gen-

eration of expectations. The resolution

of such expectations would induce PEs

which would be coded by dopaminergic

neurons in a similar way as reward PEs.

Regarding this latter interpretation, however, it must be noted that not all studies re-

port activation in reward core areas, at least when studying the broader construct of

evoked valence (e.g. Trost and Frühholz, 2015).

Although in this study we focused on theta, it must be noted that other frequency

bands have been related to music listening elsewhere. For instance, the alpha band

has been found to increase in power during music perception (Sammler et al., 2007;
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Baumgartner et al., 2006). In addition, faster rhythms such as beta and gamma os-

cillations also exhibit an increase in power during music perception (Sammler et al.,

2007; Martin et al., 2018). Future studies could be devoted to exploring these bands

using appropriate settings (specially in the case of high-frequency analysis). On the

other hand, frontal theta rhythms also appear to modulate evoked arousal, in addition

to valence, suggesting a possible interaction between the two emotional dimensions

(Sammler et al., 2007; Mikutta et al., 2012; Mikutta et al., 2014).

An important novelty of this study is the Bayesian multilevel models used to analyze

the data. The application of this methodology had a double pursuit: first, themultilevel

structure of the models allowed us to analyze the data taking into account both levels

of inference (individual and group) simultaneously. This framework also allowed the

adoption of appropriate assumptions about the distribution of the data (e.g. that ISPC

values follow a beta distribution). Second, the use of this approach ameliorated the

multiple testing problem by virtue of the statistical properties of Bayesian estimation.

Another methodological issue that we addressed is how music-evoked pleasantness

was operationalized. In most previous related literature, music-evoked pleasantness

was assumed to be related to the positive end of the valence dimension in a circum-

flex model of emotion (e.g., see Lin et al., 2010 or Rogenmoser et al., 2016). Whilst

this holds true for most research in emotion, evoked pleasantness is sometimes found

to be dissociated from valence in musical contexts (e.g. liking sad music, Sachs et al.,

2015). This dissociation has often been attributed to the difference between perceived

emotions (i.e. emotions identified by the listener) and evoked emotions (i.e. emotions

evoked in the listener; Kawakami et al., 2014). According to this view, pleasant feel-

ings to music belong to the realm of evoked emotions. This would justify paradigms

using (evoked) valence to measure pleasantness. However, this dissociation can also

be observed within evoked emotions themselves (e.g. liking music that makes one

sad), which has motivated a different theoretical framework to resolve this confound.

Schubert (2013) explains that in musical contexts evoked valence can be further bro-

ken down into two distinct dimensions, namely emotion valence (i.e. emotions felt

by the listener) and affect valence (i.e. approach/avoidance toward these emotions).
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From this standpoint, if the researcher seeks to study pleasant/unpleasant responses

to music independently of the emotions evoked, music-evoked pleasantness should

be operationalized as affect valence. Sammler et al. (2007) and Omigie et al. (2015)

did so in using consonant and dissonant music as proxies for pleasant and unpleasant

music. Nonetheless, because of the previously mentioned idiosyncrasies, individual

differences may arise in such paradigms, where some people may like or dislike the

music employed to a different extent, or even dislike/like music thought to be pleas-

ant/unpleasant by the researcher. We argue that continuous self-reported pleasant-

ness ratings, albeit subjective and less controlled, are better suited to capture these

nuances regardless of emotion valence and music preferences. Although continuous

ratings have been demonstrated to influence the extent to which neural signals re-

spond to music and its associated states (Markovic et al., 2017), they seem well suited

to study evoked emotions in musical contexts, where these most likely vary as music

dynamics unfold (Arjmand et al., 2017).

The present study also presents a number of limitations. One of the most important

is the low spatial resolution of EEG and its incapacity to capture subcortical signals.

Nonetheless, it is clear from the literature that the striatal and limbic systems are piv-

otal in the process of giving value to music. The techniques here employed thus offer

an incomplete picture of the brain mechanisms involved in such function. Subsequent

studiesmust address this by combining different technical modalities, such as simulta-

neous EEG-fMRI recordings. This approachwould benefit fromboth the good temporal

resolution of EEG and the good spatial resolution of fMRI, providing a more complete

picture of the processes studied. Furthermore, the fact that subjects evaluated the

stimuli while listening to them might have imposed an active listening strategy, which

could have influenced our results and interpretations (Jäncke et al., 2018). Yet another

limitation is the fact that we studied the overall oscillatory dynamics of the music frag-

ments, being these portions of their complete counterparts, rather than their specific

time-courses over the whole pieces. The related acoustics and emotional features and

how they unfold over longer periods of time can offer a rich and complementary view

on the study of music-evoked pleasantness (e.g. Arjmand et al., 2017; Sturm et al.,

2014; Sturm et al., 2015; Jäncke et al., 2015; Martin et al., 2018).
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3.1.6 Conclusions

In summary, the pleasurable experience associated with listening to music is associ-

ated with interactions between right temporal and frontal areas with theta rhythms as

means of communication. This functional and anatomical interplay adds up to existing

literature showing the involvement of frontal and temporal areas and theta rhythms in

the process of giving value to music and its related neuropsychological mechanisms.

The latter must be furthered researched using more controlled paradigms and finer

grained operationalizations, as well as multimodal neuroimaging techniques.
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3.1.7 Appendix

Artist Track
Anjulie Boom

Atari Teenagers New Blood
Atari Teenagers Street Grime

Basshunter All I ever wanted
Baz Corden Hearts and Rainbows
Blinding The Island
Buffalo Dub trees

Caro Emerald Just One Dance
Cashmere Cat Mirror Maru
Combforce Semantic Field

Conrad Schinitzer Wurm
Daft Punk The Game Has Changed
Dua Lipa Blow Your Mind (Instrumental)
Errors A Rumor in Africa

Finally Awake Gone Away
Florence + The machine Dog days are over (instrumental)

James Arthur Coming Home for Summer
James Welsh Nowt
JRY ft. Rooty Pray

Kaskade ft. Martina of Dragonette Fire your new shoes
Klingande Jubel (original mix)
KSHRM Kashmir (original mix)

Linkin Park Heavy (instrumental)
Linkin Park Battle Symphony (instrumental)

Marina and the Diamonds Hollywood (instrumental)
Martin Solveig and GTA Intoxicated (instrumental)

Martin Solveig ft. Sam White +1
Maybeshewill Opening

Metric Combat Baby (instrumental)
Metric Speed the collapse

Table 3.1 List of songs used in the experiment. Songs labeled as instrumental are
instrumental versions of songs originally written with lyrics.
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Artist Track
Moguai ft. Cheat Codes Hold On

Mumdance Shook
Mumdance Take time

Nine Inch Nails 8 ghosts I
Nine Inch Nails 14 ghosts II
Núria Graham Unknown
Paloma Faith Black and Blue
Paloma Faith Only Love Can Hurt Like This (instrumental)
Passenger Bullets
Quarta 330 Digital lotus flower

Richard Devine Pallete
Richard Devine Reneanalogueseq
Robin Bengtsson Constellation Prize
Robin Dtjiernberg Rain (Didrick remix)

Roco Dealer
S-Type Billboard (Lido Remix)
Scooter Maria (I like it loud)
Scooter My gabber

Sia Alive (instrumental)
Special D Alive (instrumental)
Special D You

Stargate ft. Pink and Sia Waterfall (instrumental)
Stephen Marley Hey Baby (instrumental)

Subshock Evangelos All Right
The Mad Trist Pay the Piper

TNGHT Goooo
Triana Park Iron Blue

Ulver Darling, didn’t we kill you?
Venetian Snares Öngyilkos Vasárnap

ZAYN Fool For You (instrumental)

Table 3.2 (continuation)
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Figure 3.6 Significant connections in theta under the frequentist framework with dif-
ferent alpha levels. Red lines indicate positive relationships and blue lines negative
relationships. No connection survived standard family-wise error or false discovery rate
corrections.



Music-evoked pleasantness modulates theta
synchronization within a fronto-temporal

music-related network

3.2 Study 2

3.2.1 Abstract

Music processing and its associated hedonic value is characterized by a complex inter-

play of brain activations in relevant perceptual, cognitive and affective areas. Theta

rhythms (4-8 Hz), on the other hand, have been recently proposed as a means of

synchronization between this network’s temporal and frontal nodes in the process of

giving value to music. Nonetheless, this association has not been established empir-

ically yet. In the present experiment, fMRI and EEG signals were recorded simulta-

neously while participants listened to a series of music excerpts and rated the de-

gree of experienced pleasantness on a continuous basis. Subsequently, the fMRI net-

works associated with music-listening were extracted using group independent com-

ponent analysis (gICA) and exerted to statistical analysis to study their relation with

EEG theta synchronization and how evoked pleasantnessmightmodulate this relation-

ship. Music-related brain function as measured with fMRI was characterized by frontal

and temporal co-activations. In addition, the relation between this fMRI network and

fronto-temporal/parietal theta synchronization as measured with EEG was modulated

by evoked pleasantness, showing an upward trend for music that was liked the most,

and otherwise for music that was liked the least. These results show that theta fronto-

temporal/parietal synchronization plays an important role in music-evoked pleasant-

ness and the brain networks that support it.

3.2.2 Introduction

Music is arguably a very pleasurable stimulus for humans. However, it differs from pri-

mary reinforcers (which cover basic needs) or secondary reinforcers (which give access
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to the former) in so that it presents no evident adaptive advantages. For this reason,

the mechanisms whereby pleasure emerges from music have motivated extensive re-

search over decades. From a functional perspective, consistent results indicate that

brain areas involved in working memory, auditory perception and reward processing

are all entangled in the process of giving value to music. Auditory areas such as the

STG and Heschl’s gyrus; frontal areas such as the OFC and the IFG; as well as the

ventral and dorsal striatum; are all involved in music-evoked pleasantness (Koelsch,

2014). Core areas in reward processing such as the NAcc in the ventral striatum have

been reported to coactivate along auditory and frontal function areas during pleasant

music listening (Blood and Zatorre, 2001). Furthermore, functional connectivity be-

tween auditory, frontal and reward processing structures is related to the associated

value of music (Salimpoor et al., 2013), being the strength of white matter connec-

tivity between these areas related to individual differences in music-reward sensitivity

(Martínez-Molina et al., 2019). Moreover, magnetic stimulation/inhibition of fronto-

striatal pathways during music listening modulates music-evoked pleasantness (Mas-

Herrero et al., 2018), similar to the way dopaminergic agonism/antagonism leads to a

respective increased/decreasedmusic-related hedonic experience (Ferreri et al., 2019).

Therefore, frontal and temporal cortices work together along the reward system during

positive valuation of music.

Despite all this knowledge about the brain areas involved in music reward processing,

it is unclear what are the neural dynamics involved in the coordination of the differ-

ent nodes of such extensive network. It has been proposed that a suitable means of

communication between brain areas is oscillatory synchronization. By oscillating in the

same frequencies, different neural populations bind together and encode/decode rep-

resentational information in order to accomplish a common task (Buzsáki andDraguhn,

2004). Interestingly, previous studies on music have consistently related frontal and

fronto-temporal theta oscillations (4-8 Hz) to music-evoked pleasantness or related

constructs. Frontal theta power has been observed to increase following consonant

as opposed to dissonant music (Sammler et al., 2007; Omigie et al., 2015) and with

positive valence in circumflex models of emotion (Lin et al., 2010; Mikutta et al., 2014;

Rogenmoser et al., 2016). Moreoever, fronto-temporal theta phase synchronization
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has been associated with reported evoked pleasantness during music listening (Ara

and Marco-Pallarés, 2020). On the other hand, both frontal theta power and fronto-

temporal theta phase synchronization have also been related to pivotal processes for

music perception and evaluation, such as auditory working memory and PE computa-

tion (Zatorre and Salimpoor, 2013; Kaiser, 2015; Recasens et al., 2018; Omigie et al.,

2019). Therefore, theta oscillations could be responsible for the synchronization of the

different brain regions identified to be involved in musical pleasure in the aforemen-

tioned neuroimaging literature.

However, whether the brain networks associated with music reward processing in the

neuroimaging literature, on the one hand, and theta synchronization, on the other

hand, are indeed intertwined has never been researched empirically. Indeed, the large-

scale networks supporting this orchestration of cognitive and affective processes must

work through slow rhythms, due to the physical constrains posed by far-off interactions

(Buzsáki and Draguhn, 2004). One way to address this inquiry is to test whether the re-

lationship between music-related functional connectivity as measured with fMRI and

theta synchronization as measured with EEG is modulated by behavioral responses

of pleasantness, combining the advantages of the two techniques. On the one hand,

fMRI’s excellent spatial resolution allows the identification of relevant areas and net-

works engaged during a task. On the other hand, EEG’s fine temporal resolution allows

the study of the associated neural oscillations.

Therefore, the goal of the present study was to establish whether there is a relationship

between theta phase synchronization as measured with EEG and music-related brain

function as measured with fMRI; and whether this relation is modulated by evoked

pleasantness. To reach this goal, we used simultaneous fMRI-EEG recordings which

combine fMRI’s excellent spatial resolution with EEG’s fine temporal resolution and

capability of detecting oscillatory dynamics. We hypothesized that theta oscillatory

synchronization as measured with EEG would be related to music-related brain net-

works as measured with fMRI, particularly when music evokes pleasant feelings in the

listener.
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3.2.3 Materials and Methods

Participants

Twenty right-handed individuals (M = 23.95 years old, SD = 4.13, 16 women) partici-

pated in the experiment. All participants were chosen to roughly have similar profiles

of music reward and physical anhedonia as assessed with the BMRQ (Mas-Herrero et

al., 2013; cut-off > 64) and the PAS (Chapman et al., 1976; males cut-off < 28, fe-

males cut-off < 20), respectively. None of the participant had received formal training

in music for more than three years. All participants gave written informed consent and

were paid 10€ per hour. Two participants were dropped from the study for different

reasons: one participant recordings were severely artifacted and another participant

decided to halt participation amidst the experiment. All procedures were approved by

the local ethical committee.

Stimuli

Stimuli consisted in 12 fragments of 60s from well-known classical music pieces (see

Table 3.3 of the appendix for the complete list of pieces employed). Six stimuli were

selected to be very pleasant and other 6 to be moderately pleasant according to the

norms collected by Martínez-Molina et al. (2016). The 60s fragments were chosen to

be representative of the whole musical pieces (e.g. that they included more than one

theme, that variations took place and/or that several instruments were present).

Experimental design

Before entering the scanner, participants were exposed to the 12 music excerpts in

random order. Exposing participants to the music outside the scanner had the pursuit

of making sure that all participants had listened to every music piece at least once.

In the scanner, participants were exposed again to the same music fragments in ran-

dom order and were asked to rate the degree of evoked pleasantness on a continuous

basis with as many responses as they wanted in an event-related design. Responses
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were given via two fMRI-compatible two-button controls, one held in each hand, with

the following equivalences: left thumb: I don’t like it; left index: I like it moderately;

right index: I like it a lot; right thumb: I experience frissons. Response keys had to be

held for as long as a rating applied for the individual. We introduced periods of rest

in between excerpts. The event-related design was divided in two identical runs and

went as follows: 15s of rest, 6 blocks of music (60s) followed by rest (30s), and a final

block of 15s of rest. Figure 3.10 of the appendix shows the distribution of the average

reported pleasantness (average of every response weighted by the time each response

is held) per subject and excerpt. Figure 3.11 of the appendix shows the average time

courses of the pleasantness ratings provided by all individuals for each excerpt with

their associated dispersion.

fMRI data acquisition

Whole brain fMRI data were acquired using a 3T Trio scanner at the Mind, Brain and

Behavior Research Centre in Granada (Spain). Functional images were obtained with

a T2-weighted echo planar imaging sequence, with a repetition time (TR) of 2000

ms (two runs of 285 scans) and 35 descendent slices with a thickness of 3’5 mm3

(echo time = 25 ms; flip angle = 80º; voxel size = 3’5 mm3; matrix size = 68 x 68). In

order to reduce susceptibility artifacts in the OFC and the anterior parts of the ventral

striatum, slices were oriented with an angle of 30⁰ with the plane intersecting the

anterior and the posterior commissures (Weiskopf et al., 2006). High resolution T1-

weighted anatomical images were acquired after the functional task (192 slices; image

matrix = 256 x 256; voxel size = 1mm3; TR = 2500ms; echo time = 3.69ms, flip angle =

7°). Inside the head coil, participants’ heads were padded to restrict excessive motion.

EEG data acquisition

EEG was recorded from the scalp (0.01 Hz high-pass filter with a notch filter at 50

Hz; 1000 Hz sampling rate) using an fMRI compatible BrainAmp amplifier with fMRI-

compatible electrodes mounted on an Easycap (Brain Products©), at 31 standard po-

sitions (Fp1/2, Fz, F7/8, F3/4, FC5/6, FC1/2, Cz, T7/8, C3/4, TP9/10, CP1/6, CP1/2, Pz,
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P7/8, P3/4, POz, Oz, O1/2). FCz served as the on-line reference and AFz served as

ground. Electrode impedances were kept below 20 kΩ during the whole session. ECG

was also recorded with an electrode placed as far down as possible on the back of the

subjects along the paravertebral line. This electrode is necessary to clean out the car-

dioballistic artifact present in the EEG from simultaneous fMRI-EEG recordings. fMRI’s

TRs were registered in the EEG data with a specific trigger for subsequent data align-

ment.

fMRI signal processing

Pre-processing of whole brain images was carried out using the SPM12Matlab toolbox

(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/). Functional runswere first slice timing-

corrected (descending order, sinc interpolation, reference slice = 17) and realigned,

and a mean image was created. The T1 image was co-registered to this mean im-

age and segmented into gray matter by means of unified segmentation. Next, data

were normalized via 4th degree B-spline interpolation. Finally, functional volumes

were smoothed with an 8-mm ’full-width-at-half-maximum’ kernel.

To study the brain networks involved in music processing, spatial gICa was carried

out on the complete data set using the GIFT Matlab toolbox (https://trendscenter.org/

software/gift/). Data were entered per subject and session accordingly. Before applying

the algorithm, the number of independent components (ICs) was estimated to be 37

using the GIFT dedicated tool (the median across subjects was used as criterion). The

regular stability analysis and the Infomax algorithm were chosen to fit the ICA. Prior

to model fitting, processing steps included removing the image mean per time point;

applying a mask to each subject/session to filter out voxels smaller than the average

of the whole session in the first functional image; and employing a standard princi-

pal components analysiswith a two-step reduction approach where dimensionality is

first reduced at the subject level to then do so at the group level (number of principal

components were set to 1.5 times the number of ICs at step 1: 37x1.5 = 56; and to

the number of ICs at step 2: 37). The algorithm was fitted with the following param-

eter values: block = 129, stop = 1-6, weight = 0, lrate = 0.005, maxsteps = 512, anneal

https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://trendscenter.org/software/gift/
https://trendscenter.org/software/gift/
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= 0.9, annealdeg = 60, momentum = 0; and with sphering and bias applied. Finally,

the gICA back-reconstruction procedure was applied to project individual time courses

and spatial maps, which were then converted to Z-scores.

EEG signal processing

Electrodes TP9 and TP10 were dropped because they mainly contained heartbeat sig-

nals. Electrode FC6 was also dropped because of poor data acquisition across sessions.

The gradient artifact induced by fMRI fields was removed from all signals using Brainvi-

sion Analyzer©’s Template Drift Compensation algorithm (continuous artifact, average

baseline correction, offset from TR marker = 0ms, templates per head position = 3). Af-

ter the artifact was removed, signals were downsampled to 200 Hz, low-pass filtered

at 35 Hz (FIR filter) and stop-band filtered at 17.5 Hz (bandwidth = 0.5 Hz). EEG was

further high-pass filtered at 1 Hz, and ECG was high-pass filtered between 0.001 Hz

and 1 Hz depending on the subject to optimally detect heartbeat in the next process-

ing step (IIR filter, order = 8). Next, the cardioballistic artifact induced by the effect of

the MRI fields on heartbeat signals captured by EEG was removed from all EEG sig-

nals using Brainvision Analyzer’s dedicated algorithm (pulse properties: pulse length

(ms) = 750±250; template search: time range (s) = 0-25, coherence = 0.6, amplitude

range = 0.2-1.2; correction details: whole data used to compute time delay, pulses

per average = 21). Before correction was applied, visual supervision was performed on

the heartbeat template, and rectified if needed. Data were then epoched from –2s to

4s with respect to TR markers. Therefore, each epoch was 6s long, containing the TR

corresponding to the fMRI volume of interest, plus the previous and next TRs to avoid

edge artifacts in subsequent processing steps. Finally, ICA was used to remove resid-

ual artifactual activity and other artifacts such as blinks and muscular noise (epochs

visually identified as too noisy were not considered for model fitting). After ICA cor-

rection, epochs visually identified as still noisy were marked as bad and electrode FC6

was interpolated.

In order to compute phase synchronization between signals the surface Laplacian

transformwas applied in order to reduce volume conduction andmake the data reference-



3.2 Study 2: Music-evoked pleasantness modulates theta synchronization
within a fronto-temporal music-related network 75

free (Perrin et al., 1989). Time-frequency decomposition was computed on each elec-

trode and epoch using 5-cycle complex Morlet wavelets in the frequency band of inter-

est (theta: 4–8 Hz). Phase values for each electrode and frequency were obtained from

this decomposition over the time corresponding to each fMRI volume (i.e. excluding

the first and last 2s of each epoch). To study synchronization between EEG signals the

ISPC over time was computed for each one of these segments (Cohen, 2014). ISPCs

were computed for every combination of two signals and every frequency, excluding

Fp1/2 signals (likely reflecting residual blink and saccade activity) FC5/6 signals (likely

unreliable due to FC6’s interpolation, see above) and neighboring connections (i.e., less

than 6 cms apart, likely reflecting residual volume conductivity). Finally, ISPCs were

averaged across frequencies. The result was a time course of phase synchronization

between EEG signals of the same length as fMRI measurements (i.e. 570 time points)

for each considered electrode pair (25 × 24 – neighboring connections = 251 connec-

tions).

Model pre-processing

In order to time-match the self-reported ratings with the BOLD signals, self-reported

pleasantness ratings were convolved with the canonical HRF after orthogonalizing re-

sponses per subject (demeaned and scaled to SD = 1) and coding passages with no

music and/or no responses with zeros (Figure 3.7A). Observations from both sessions

were concatenated.

The group independent components (gICs) time courses were band-pass filtered be-

tween 0.01 and 0.1 Hz (zero-phase-lag butterworth filter, order = 10) and pre-whitened

according to the covariance structure of an autoregressive process of order 1 (AR(1)) to

remove autocorrelation of the residuals, per subject (Figure 3.7B). Observations from

both sessions were concatenated.

Phase synchronization time courses were also processed per subject. First, observa-

tions corresponding to segments marked as bad were linearly interpolated. Next, time

courses were band-pass filtered between 0.01 and 0.1 Hz (zero-phase-lag butterworth
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filter, order = 10) and pre-whitened according to the covariance structure of an AR(1).

These series were then convolved with the HRF. Finally, and since filtering centers sig-

nals at zero, the means of the unprocessed time courses were added to return them to

their original center (Figure 3.7C). Observations from both sessions were concatenated.

The moderation effect of reported pleasantness on the relation between brain func-

tion and theta phase synchronization was operationalized as a statistical interaction

between reported pleasantness and brain activity. It has been stressed that interac-

tions between psychological variables and BOLD activity happen at the neural level,

faster than hemodynamic responses (Gitelman et al., 2003). Accordingly, the interac-

tion termwas computed as the product between the un-convolved pleasantness series

(Figure 1.3.7D top) and the deconvolved gICs series (Figure 3.7Dmiddle). The latter was

achieved by convolving the series with a deconvolution kernel. This was computed as

the dot product between the gICs series and the inverse of the circulant matrix of the

HRF function. This is:

𝐷 = 𝑥𝐶′ (3.2)

whereD is a deconvolved gIC series, x is a gIC series and C’ is the inverse of the circulant

matrix C, which is defined as:

𝐶 =
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(3.3)

where c is the HRF (right-padded with zeros to match the gICs series length) and

n is the vector index. The interactions between the deconvolved gICs series and the

un-convolved pleasantness series were again convolved with the HRF for subsequent

analyses (Figure 3.7D bottom).
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Figure 3.7 Examplemodel pre-processing for one gIC and one participant. A) Pleasant-
ness ratings before processing (shaded, right y-scale) and after being convolved (high-
lighted, left y-scale). B) Music-related gIC (fMRI) before processing (shaded) and after
being filtered and pre-whitened (highlighted). C) Theta ISPC-time series (EEG) before
processing (shaded) and after being interpolated, filtered, pre-whitened, convolved and
back-mean-centered (highlighted). D) The moderation effect was operationalized as
the convolved interaction between the unconvolved pleasantness series and the de-
convolved, processed music-related gIC (highlighted elements). Observations corre-
sponding to the first 7 and last 8 volumes of each session are not displayed.

After all processing was applied, observations corresponding to the first 7 and last 8

volumes of each session per subject were dropped. These observations corresponded

to extra resting time at the beginning and end of each session and could contain edge

artifacts.
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Statistical Analysis

fMRI feature selection

In order to keep subsequent analyses grounded onmusic-related brain function, mass-

univariate Bayesian multilevel robust regression models were carried out with the pro-

cessed gICs series as response variables; the convolved experimental design as explana-

tory variable (music vs. rest); and varying intercepts and slopes per subject. A student-t

likelihood function was assumed to explain the data in order to accommodate poten-

tial outliers (µ = identity; prior on σ: student-t: µ = 0, σ = 10, ν = 3; prior on ν: gamma: α =

2, β = 0.1). Weakly informative priors were placed over the overall intercepts and slopes

(normal, µ = 0, σ = 1), as well as over the varying effects (gamma, α = 2, β = 2). To test

the group-level effects to be non-zero a 95% HDI was used to check the inclusion of

the null hypothesis (H0: β1 = 0) in the posteriors assuming a ROPE of ± 0.1. Reported

point estimates correspond to the mode of the posteriors.

Joint fMRI-EEG analysis

In order to investigate the relation between music-related brain function and theta

phase synchronization, as well as the moderation effect of music-evoked pleasantness,

mass-univariate Bayesian multilevel beta regression models were carried out with the

processed phase-synchronization series as response variables; the processed music-

related gIC series, pleasantness series and interaction term as explanatory variables;

and varying intercepts and slopes per subject. A beta likelihood function with the

logit link function was assumed to explain the data since ISPC-time values are non-

normally distributed in the unit interval (µ: logit(x); prior on ϕ: gamma, α = 0.01, β =

0.01). Weakly informative priors were placed over the overall intercepts and slopes

(normal, µ = 0, σ = 1), as well as over the varying effects (gamma, α = 2, β = 2). To test

the group-level moderation effects to be non-zero a 95% HDI was used to check the

inclusion of the null hypotheses (H0: β1, β2, β3 = 0) in the posteriors assuming a ROPE

of ± 0.01. Reported point estimates correspond to the mode of the posteriors.
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In addition, we set out to repeat the analysis of any potential non-zero effects in theta

in three other frequency bands (alpha: 9-12 Hz, beta: 13-25 Hz and gamma: 26-40

Hz) in order to test the specificity of effects in this frequency band, following the same

processing pipelines (see EEG signal processing and model pre-processing sections).

Bayesian inference specification

The choice of Bayesian inference and the generalized linear model to estimate the pa-

rameters of interest obeyed the pursuit of ameliorating the multiple testing problem

posed by mass-univariate analyses without incurring in neither arbitrary or overly re-

strictive post-hoc corrections usually associated with frequentist statistics, as well as as-

suming appropriate distributions for the dependent variables. These goals are achieved

by virtue of Bayesian inference’s statistical properties (see Ara andMarco-Pallarés, 2020

for a similar case). Given that this procedure is conservative, nonetheless, we repeated

the joint fMRI-EEG analysis under the frequentist framework using different alpha lev-

els in order to compare potential results to those of more liberal procedures.

Posterior distributions were approximated using 6 Markov chains of 2000 samples

with no thinning, burning-in the first 1000 samples. The No-U-turn sampler algorithm

was used to draw samples. All chains were initialized at 0. All models converged as

indicated by Gelman’s split-R-hat equaling 1 (Gelman et al., 2013).

3.2.4 Results

fMRI feature selection

In order to identify music-related brain function in the form of networks, we performed

gICA on the fMRI signals and predicted the extracted components from the exper-

imental design (music vs. rest). Only one gIC was predicted by the experimental

design (gIC: β1 = 0.15, 95% HDI = 0.14-0.16) and was considered as music-related

brain activity. Figure 3.8A shows the cortical activations map of this music-related

gIC, thresholded above a z-score of +1 and a cluster size of 50 voxels. Music-related

co-activations included both STG, portions of both rostral motor cortices (RMCs), por-
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tions of the right IFG, as well as portions of the left cerebellum and the vermis (not

shown). Figure 3.8B shows the average time course of the music-related gIC (across

subjects) along the (convolved) experimental design. To check specific coordinates

please visit this study’s dedicated NeuroVault profile through the following link: https:

//neurovault.org/collections/HXMGAUPT/.

Joint fMRI-EEG analysis

In order to test whether music-related brain function is associated with theta

Figure 3.8 A) Music-related gIC spatial activations
(STG: superior temporal gyri; RMC: rostral motor cor-
tex; rIFG: right inferior frontal gyrus; lCB: left cerebel-
lum). B) Average time course (across subjects) of the
(unprocessed) music-related gIC along the (uncon-
volved) experimental design.

synchronization andwhether this

relation is moderated bymusical

liking, we computed phase syn-

chronization between EEG sig-

nals and predicted it from activ-

ity in a music-related brain net-

work, reported pleasantness and

the interaction between the two.

Main effects in the liberal fre-

quentist analysis suggested fronto-

parietal and fronto-occipital theta

connectivity to decrease in syn-

chronization with greater music-

related brain function (see Fig-

ure 3.12 in the appendix for a

comparison using different al-

pha levels). In the more con-

servative Bayesian analysis, only

one of the fronto-occipital con-

nections showed a non-zero decrease in theta synchronization with greater music-

related brain function (Figure 3.9; FC1-O2: β1 = -0.03, 95% HDI = -0.05-[-0.01]). No

main effects of pleasantness were found to be non-zero in the Bayesian analysis.

https://neurovault.org/collections/HXMGAUPT/
https://neurovault.org/collections/HXMGAUPT/
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In addition, interaction effects in the liberal frequentist analysis suggested fronto-temporal,

fronto-parietal and fronto-occipital theta connections to bemore associatedwithmusic-

related brain function as reported pleasantness increased. In the more conservative

Bayesian analysis, two fronto-temporal/parietal connections showed a non-zero inter-

action between music-related function and reported pleasantness, consisting in an

increase in theta synchronization with greater music-related brain function when mu-

sic was reported to be liked the most, as compared to when music was reported to be

liked the least (Figure 3.9; F4-T8: β3 = 0.04, 95% HDI = 0.01-0.08; FC1-CP6: β3 = 0.05,

95% HDI = 0.01-0.08). Coefficients are expressed in log-odds.

None of the effects found in the Bayesian analyses were replicated in alpha, beta or

gamma, indicating specificity of these effects in the theta oscillatory band.

3.2.5 Discussion

The goal of the present experiment was to study the link between theta phase synchro-

nization andmusic-related brain function, as well as how this relationmight be related

to evoked pleasantness. We did so by employing fMRI-EEG simultaneous recordings

in an experimental design where a cohort of participants listened to a series of mu-

sical fragments while reporting the degree of experienced pleasure, with rest periods

between excerpts.

By studying fMRI gICs we found that music-related brain function (as opposed to

rest in silence) mainly consisted in temporal (STG) and frontal (RMC and the IFG) co-

activations, replicating previous findings (Zatorre et al., 1994). Most importantly, in our

Bayesian analyses results we found that fronto-temporal/parietal phase synchroniza-

tion in the theta band increased with greater music-related brain function whenmusic

was liked the most and decreased otherwise. In other words, when music was experi-

enced to be most pleasant the right temporal and frontal nodes of a music-processing

network synchronized more efficiently through theta rhythms. In turn, music that was

liked the least was characterized by these nodes being less synchronized in this fre-

quency band. This suggests that while fronto-temporal connectivity was consistently
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present during music listening, it was theta rhythmicity within this network what was

modulated by evoked pleasantness. Interestingly, the location of both the EEG con-

nectivity and the music-related gIC activations support the idea that theta oscillations

are involved in the functional connectivity between the right temporal lobe and the

frontal nodes of this network (e.g. RMC and IFG).

Figure 3.9 A) Non-zero main effects of music-related brain function (left) and inter-
action effects between music-related brain function and reported pleasantness (right)
on theta phase synchronization. B) Corresponding prediction plots. Straight lines and
their ribbons represent group-level predictions of ISPC-time across music-related gIC
activity fixed at two representative values for high and low reported pleasantness (mean
sample liking ± its associated standard deviation), following parameter estimates and
their 95% HDIs.

Indeed, it has already been established that frontal and temporal brain function un-

derlies music perception (Zatorre et al., 1994) and its associated hedonic value (Blood
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and Zatorre, 2001). Moreover, several electrophysiological studies have revealed that

frontal and fronto-temporal theta rhythms are related to music-evoked pleasantness

(Ara and Marco-Pallarés, 2020) or similar constructs such as consonance or evoked va-

lence (Sammler et al., 2007; Omigie et al., 2015; Lin et al., 2010; Mikutta et al., 2014;

Rogenmoser et al., 2016). In the present study we provide evidence that these two

phenomena are indeed intertwined.

Our results also indicate a relative right-hemispheric dominance of this interaction ef-

fect. Particularly, the medial frontal activations of our gIC of interest displayed a right-

hemispheric dominance, and we only found changes in theta phase synchronization

between connections involving right temporal signals during pleasant music listening.

This goes in line with previous research showing a right hemisphere dominance in mu-

sic processing (Zatorre et al., 2002; Özdemir et al., 2006; Hyde et al., 2008; Zatorre and

Gandour, 2008; Martínez-Molina et al., 2016). Nevertheless, there is also evidence that

inter-hemispheric interactions are necessary for normal music processing (Schuppert

et al., 2000). In our results, in fact, temporal and motor activations were found bi-

laterally, showing no hemispheric specialization whatsoever, and one EEG connection

involved a left frontal node during pleasant music listening. This suggests a relative

specialization of the right hemisphere in the processing of music, but not total speci-

ficity.

Right fronto-temporal loops have been hypothesized to support the necessary predic-

tive processes to encode, maintain and decode musical representations within audi-

tory working memory (Zatorre and Salimpoor, 2013). Indeed, functional connectiv-

ity between temporal, frontal and reward processing areas increases during pleasant

music listening (Salimpoor et al., 2013). Interestingly, frontal theta activity and fronto-

temporal theta synchronization have also been related to workingmemory and predic-

tive coding in the auditory domain (Kaiser, 2015; Recasens et al., 2018; Omigie et al.,

2019) The PEs generated in this process have been hypothesized to trigger the reward

signals associated with music-evoked pleasantness (Salimpoor et al., 2015). Particu-

larly, salient musical PEs, as opposed to excessive or insufficient PEs, would comprise
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an intermediate state between predictability and surprise responsible of pleasant re-

sponses (Hansen et al., 2017).

The relationship between theta rhythms and music-related brain function in this study

(as well as others) is consistent with theories stating that slow rhythms are an optimal

mechanism for large-scale connectivity between brain areas (Buzsáki and Draguhn,

2004). Given that we demonstrated liking effects on fronto-temporal synchronization

to be intertwined with fronto-temporal brain function and theta oscillations, a tenta-

tive interpretation of our results is that theta oscillatory synchronization is the neural

mechanisms underlying the computation of the PEs mediating musical enjoyment.

We also found parietal signals to synchronize with frontal signals in our moderation

results. Anatomically, the fronto-temporal loops underlying auditory working memory

and expectancy operate over two functional streams: a ventral pathway representing

the “what” and a dorsal pathway the “when” of auditory events (Zatorre and Salimpoor,

2013). The former connects the STG with the IFG along the temporal lobe, while the

latter connects the STG with the mPFC via the parietal lobe (Rauschecker and Scott,

2009), supporting the potential synchronization between dorso-frontal and parietal

EEG nodes, in contrast to more medial fronto-temporal connectivity.

Finally, in studying how music-related brain function directly related to theta rhythms,

we found that fronto-parietal and fronto-occipital synchronization decreased with ac-

tivity in the music network, being significant only one fronto-occipital connection in

the more conservative Bayesian approach. It is difficult to determine the nature of this

negative relationship in the extent of this study. One possibility is that frontal, parietal

and occipital sites are less synchronized by theta rhythms when the brain engages in

the processing of music because of the disengagement of other networks that operate

in this frequency band.

The present study presents several novelties in the neuroscientific study ofmusic-evoked

pleasantness. By acquiring fMRI-EEG co-registered data we could study contingent

brain and EEG signals in the same experimental session. This acquisition modality, in

combination with gICA and multilevel modeling, allowed us to infer multimodal pro-
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cesses common to a group of participants, while fully capturing phenomena taking

place within individuals (i.e. how brain function and EEG signals respond to differ-

ent degrees of evoked pleasantness). Furthermore, by adopting a generalized linear

modeling framework, appropriate assumption about the distribution of the data could

be made (i.e. that ISPC-time values follow a beta distribution). Finally, the choice of

Bayesian inference to estimate the parameters of interest ameliorated the multiple

testing problem posed by mass-univariate analysis by virtue of its statistical properties

(Ara and Marco-Pallarés, 2020).

There are also limitations to our study. While our experimental design and signal pro-

cessing methods allowed us to study how EEG signals and cortical activity relate to

self-reported pleasantness ratings during music listening, it could not directly capture

the more nuanced mechanics hypothesized to underlie music-evoked pleasantness

such as predictive coding and PE computation, neither it captured reward signals in

the striatum associated with peaks of pleasurable activity. Paradigms where induced

pleasantness is experimentally controlled and predictive processes are operationalized

are needed along co-registered data to test the extent of these claims. Non-invasive

brain stimulation/inhibition paradigms can also offer an interesting window to test the

results here presented in a more experimentally controlled manner. Another limita-

tion of this study is the fact that subjects evaluated the stimuli while listening to them,

whichmight have imposed an active listening strategy. This might have influenced our

results and interpretations (Jäncke et al., 2018). In this same line, continuous ratings

have been demonstrated to influence the extent to which neural signals respond to

music and its associated states (Markovic et al., 2017). However, we argue that when

no control can be exerted over pleasantness or its associated psychological mecha-

nisms, continuous ratings over time seem well suited to study music-evoked emotions,

where these most likely vary as music dynamics unfold (Arjmand et al., 2017).

3.2.6 Conclusions

In summary, in this study we show that fronto-temporal theta phase synchronization as

measured with EEG is associated with music-related brain function as measured with



3.2 Study 2: Music-evoked pleasantness modulates theta synchronization
within a fronto-temporal music-related network 86

fMRI, withmore synchronization following greater brain activity whenmusic is reported

to be most pleasant. These results provide empirical evidence that two phenomena

associated with music-evoked pleasantness in the literature are indeed intertwined,

namely fronto-temporal theta oscillations and fronto-temporal brain networks. Further

research must be conducted to unveil the concrete neuropsychological mechanisms

underlying these brain and physiological interactions during pleasant music listening.
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3.2.7 Appendix

Title Composer
Symphony No.9, Op.125, Mov.2 Beethoven
Mazurka in A minor, Op.17, No.4 Chopin

New World Symphony No.9, Mov.4 Dvorak
Firebird Suite, Finale Stravinsky

Dance Of The Sugar Plum Fairy Tchaikovsky
The four seasons ”Spring” Mov.1 Vivaldi
The four seasons ”Winter” Mov.1 Vivaldi

Symphony No.4 in B Flat major, Op.60, Mov.2 Beethoven
Symphony No.38 in C major Mov.3 Haydn

Für Elise Beethoven
Violin Sonata in A Major Mov. 1 Fauré

The Planets - Venus, The Bringer of Peace Holst

Table 3.3 List of musical pieces used in the experiment.
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Figure 3.10 Distribution of time-weighted average reported pleasantness per subject
(top) and excerpt (bottom).
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Figure 3.11 Average pleasantness time courses given for each excerpt. Straight lines
represent the mean rating across participants at each time point (in TRs) and the rib-
bons around them represent these expectations ± their associated standard deviations).
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Figure 3.12 Significant connections in theta under the frequentist framework with dif-
ferent alpha levels for A) main effects of liking, B) main effects of music-related brain
function and C) the interaction term. Red lines indicate positive relationships and blue
lines negative relationships. No connection survived standard p-value corrections.



Different Theta Oscillatory Networks Underlie
Pleasantness Evoked by Familiar

and Unfamiliar Music

3.3 Study 3

3.3.1 Abstract

Music-evoked pleasantness has been extensively reported to bemodulated by familiar-

ity. Nevertheless, while the brain oscillatory dynamics underlying the process of giving

value to music are beginning to be understood, little is known about how familiarity

might modulate the oscillations associated with music-evoked pleasantness. The goal

of the present experiment was to study the influence of familiarity in the relation be-

tween theta phase synchronization andmusic-evoked pleasantness. EEGwas recorded

from 22 healthy participants while they were listening to both familiar and unfamil-

iar music and rating the experienced degree of evoked pleasantness. By exploring

interactions, we found that right fronto-temporal theta synchronization was positively

associatedwithmusic-evoked pleasantness when listening to unfamiliar music. On the

contrary, inter-hemispheric temporo-parietal theta synchronizationwas positively asso-

ciated with music-evoked pleasantness when listening to familiar music. These results

shed some light on the possible oscillatory mechanisms underlying fronto-temporal

and temporo-parietal connectivity and its relationship with music-evoked pleasant-

ness and familiarity.

3.3.2 Introduction

Music is undoubtedly a powerful source of pleasure for most human beings, despite

its abstract nature. While multiple factors may contribute to music’s hedonic impact,

its relation to familiarity has drawn the attention of researchers across disciplines. Evi-

dence suggests a trend in liking familiar music more than unfamiliar one (Chmiel and

Schubert, 2017), indicating that familiarity is an important modulator of music evoked
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pleasantness. This has been traditionally observed in behavioral experiments describ-

ing a “mere exposure” effect on musical appreciation, consisting in an increased liking

response formusic that had been previously heard due to implicit psychological mech-

anisms (Peretz et al., 1998). This effect has been classically attributed to a reduction

in perceived complexity. In other words, with repeated exposure, the listener implicitly

learns the attributes and contingencies of the stimuli and therefore perceives them as

less complex and more likeable (Berlyne, 1971). Indeed, influential theories propose

that when individuals listen to music, they make predictions about how it is going

to unfold based on both schematic expectations (implicit knowledge about the en-

cultured rules of music) and veridical expectations (factual knowledge about concrete

pieces of music) (Tillmann et al., 2014). When these predictions are compared to the

actual incoming information, reward signals are believed to be triggered as a function

of the certainty of the predictions and the surprisal of the outcomes (Salimpoor et al.,

2015). In the case of music-evoked pleasantness as a function of factual familiarity, the

most pleasurable musical events would be characterized by a compromise between

predictability and surprise (Hansen et al., 2017). As individuals are exposed to music,

predictions are updated, and so is their associated hedonic value. Familiarity effects

on music evoked pleasantness could thus be explained by an increase in predictive

precision as veridical expectations come into play, at least while there is still room for

surprise.

Consistent with this theoretical account, neuroscientific research has associated the

pleasurable experience of listening to music with predictive coding in the auditory do-

main via fronto-temporal loops (Salimpoor et al., 2015), as well as with the brain reward

system via dopaminergic activation of the striatum (Salimpoor et al., 2011). The differ-

ent nodes comprising this network carry out relevant functions for music perception

to take place. On the one hand, the temporal lobe is crucial in the processing of audi-

tory inputs (Koelsch, 2014). On the other hand, the PFC is a pivotal area for emotional

control (Rogenmoser et al., 2016), the processing of time information (Abrams et al.,

2011) and working memory (Zatorre et al., 1994) in the musical domain. Functional

streams assembling these two structures have been hypothesized to underlie auditory

working memory, which in turn enables the predictive dynamics ultimately necessary
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for music to become rewarding (Zatorre and Salimpoor, 2013). Indeed, temporal areas

such as the STG and Heschl’s gyrus along prefrontal areas such as the vmPFC, OFC and

the IFG all have been related to pleasant music listening (Blood and Zatorre, 2001,

Brown et al., 2004, Menon and Levitin, 2005, Koelsch et al., 2006). Moreover, both

structural and functional connectivity between temporal and frontal nodes and the

striatum have been found to be modulated by music-evoked pleasantness and indi-

vidual differences inmusic-reward sensitivity (Salimpoor et al., 2013, Sachs et al., 2016,

Martínez-Molina et al., 2016).

The oscillatory dynamics of the brain interactions underlying music-evoked pleasant-

ness have also been studied. Most notoriously, both frontal theta power and fronto-

temporal theta synchronization have been related to music-evoked pleasantness and

related constructs (Rogenmoser et al., 2016, Sammler et al., 2007, Lin et al., 2010,

Mikutta et al., 2014, Omigie et al., 2015, Ara and Marco-Pallarés, 2020). Interestingly,

frontal and fronto-temporal theta rhythms have also been related to working mem-

ory and expectancy in the auditory and musical domains (Kaiser, 2015, Recasens et

al., 2018), suggesting further evidence in favor of the predictive coding hypothesis of

music-evoked pleasantness.

Despite this corpus of evidence, the neural underpinnings underlying liking for (factu-

ally) familiar music have not been extensively investigated. Among the few, an fMRI

study by Green et al. (Green et al., 2012) linked listening to previously exposed music

during a liking task to an increase of activity in the dlPFC cortex and the IPC. The au-

thors interpreted this functional interplay as underlying unintentionalmemory retrieval

of familiar content into working memory upon re-exposure. Regarding music-related

familiarity, Jagiello et al. (2019) also found greater late amplitudes over frontal and

parietal sites to be related to familiar music listening in an ERP study, phenomena re-

lated to recognition processes elsewhere (Yonelinas, 2002). Moreover, in a metanalysis

by Freitas et al. (2018), listening to familiar music was found to be associated with ac-

tivity in the left superior frontal gyrus, the ventral lateral nucleus of the left thalamus

and the left medial frontal gyrus; while listening to unfamiliar music was associated to

activity in the left insula, right cingulate cortex and right middle frontal gyrus. Inter-
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estingly, there is a great amount of overlap between the engaged areas found in these

studies and the areas consistently found to be related to music-evoked pleasantness

in other lines of research, particularly over frontal cortices. This would support the idea

that familiarity and evoked pleasantness are indeed interlaced during music listening.

Nonetheless, some degree of spatial differentiation is also observed, suggesting that

other brain mechanisms may come into play when listening to and liking familiar mu-

sic.

While the literature commented above identifies the spatial and temporal signatures of

the studied phenomenon, these fMRI and ERP studies do not tackle the neural mech-

anisms that might explain how the different brain areas underlying liking for familiar

music bind together. In these regards, neural oscillations have been hypothesized to

be the means of communication between the different nodes of a brain network un-

derlying cognition, with slow rhythms particularly well suited to synchronize distant

brain areas (Buzsáki and Draguhn, 2004). To date, however, the connectivity dynam-

ics between the brain nodes associated with liking for familiar music have not been

addressed, neither their oscillatory signature.

In the present experiment we studied theta cortical rhythms associated with music-

evoked pleasantness as modulated by familiarity. In order to reach a good compro-

mise between ecologic validity and experimental control, we induced familiarity in an

exposure session using (likely) unknown music stimuli that otherwise were naturalistic

and conforming to the participants’ preferences. Motivated by a connectivity approach

and based on the results of previous studies (Ara and Marco-Pallarés, 2020, Green et

al., 2012, Jagiello et al., 2019) and physiological plausibility (Buzsáki and Draguhn,

2004), we focused our analysis on theta synchronization between frontal, temporal

and parietal signals. We hypothesized that the association between fronto-temporal

theta synchronization and music-evoked pleasantness would be modulated by famil-

iarity. In addition, we expected other connectivity patterns to show up as a result of

taking familiarity into account.
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3.3.3 Materials and methods

Participants

Twenty-two right-handed individuals (M = 21.86 years old, SD = 2.36, 17 women) par-

ticipated in the experiment. All participants were chosen to roughly have similar music

preferences toward indie, pop, electronic and folk music genres as assessed with the

STOMP-R (cut-off ≥ 4; Rentfrow and Gosling, 2003) as well as similar profiles of music

reward and physical anhedonia as assessed with the BRMQ (cut-off > 64; Mas-Herrero

et al., 2013) and the PAS (males cut-off < 28, females cut-off < 20; Chapman et al.,

1976), respectively. None of the participant had received formal training in music for

more than three years. All participants gave written informed consent and were paid

10€ per hour. All procedures were approved by the Bioethical Comission of the Uni-

versity of Barcelona and all experimental procedures were carried out according to the

relevant guidelines and regulations.

Stimuli

The musical stimuli used in this study were the same as in study 1 (see 3.1). Sixty

musical fragments formed a pool of stimuli fromwhich the experimental excerpts were

taken. The stimuli consisted in fragments of 45s from commercially available songs of

several music genres including indie, pop, electronic, folk and experimental music.

These stimuli were selected to be likely unfamiliar and to elicit variable degrees of

pleasantness based on the results of a pilot study with a separate sample of individuals.

The 45s fragments were chosen to be representative of the whole musical pieces (e.g.

that they included more than one theme, that variations took place and/or that several

instruments were present).

Experimental procedure

The experimental design is depicted as a diagram in Figure 3.13. The experiment was

divided in two sessions with a 24h inter-session lapse: an exposure session and an
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experimental session. In the exposure session, participants were exposed to 30 music

excerpts randomly drawn from the pool of stimuli. After each excerpt had finished par-

ticipants responded to a 7-point Likert familiarity scale, where 1 meant “I have never

heard this song before”, 2 meant “it sounds familiar but I cannot recognize it”, 3 meant

“I have listened to this song once”, 4 meant “I have listened to this song a few times”,

5 meant “I have listened to this son numerous times”, 6 meant “I have listened to this

song a lot” and 7 meant “I know this song to perfection”. In the experimental session

participants listened to the same materials plus a set of 30 novel excerpts, in random

order, and were asked to rate the degree of evoked pleasantness on a continuous basis

while listening to each excerpt with as many responses as they wanted. Responses

were given via the numeric keys of a computer keyboard with the following equiva-

lences: 1: “I don’t like it”; 2: “I like it a little”; 3: “I like it moderately”; 4: “I like it a lot”; and

5: “I experience frissons”. Response keys had to be held for as long as a particular rating

applied for the individual. Participants had to look to a fixation cross while listening to

the excerpts. If no response was given after half the stimulus was presented, that trial

was halted and automatically rejected from all conditions for that subject. After each

excerpt had finished participants responded to the same Likert familiarity scale.

Self-reported data

In order to have a metric index of online evoked pleasantness for each trial in the ex-

perimental session we computed the average of every response given for each excerpt

weighted by the amount of time each response was held. For the statistical analysis

of the EEG data, these data were dichotomized per subject by the means of a median

split in order to ease model-fit and interpretation (excerpts rated below the median

were coded as “least liked”, while excerpts rated equally or above the median were

coded as “most liked”). The familiarity Likert scale was used to reject trials identified by

the individuals to be familiar the first time they were presented (rejection cut-off > 2)

from all conditions.
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Figure 3.13 Experimental design diagram. During exposure, participants listened to
30 music stimuli randomly taken from a pool of 60 stimuli and rated their familiarity
with the materials after each excerpt had been presented. Twenty-four hours later,
participants listened to the same stimuli plus another 30 novel ones while continuously
reporting the degree of pleasantness evoked. After each excerpt had been presented,
participants rated their familiarity with the materials.

EEG data acquisition

EEG was recorded from the scalp during the second session (0.01 Hz high-pass filter

with a notch filter at 50 Hz; 250 Hz sampling rate) using a BrainAmp amplifier with

tin electrodes mounted on an Easycap (Brain Products©), at 61 standard positions

(Fp1/2, AF3/4, Fz, F7/8, F5/6 F3/4, F1/2, FCz, FT9/10, FT7/8, FC5/6, FC3/4, FC1/2, Cz,

T7/8, C5/C6, C3/4, C1/2, CPz, TP9/10, TP7/8, CP5/6, CP3/4, CP1/2, Pz, P7/8, P5/6,

P3/4, P2/1, POz, PO7/8, PO3/4, Oz, O1/2) and left and right mastoids. An electrode

placed at the lateral outer canthus of the right eye served as an on-line reference and

an electrode at the infraorbital ridge of the right eye was used to monitor vertical eye

movements. Electrode impedances were kept below 10 kΩ during the whole session.

EEG signal processing

The same signal processing procedures used in study 1were applied to this study’s EEG

data. EEGwas re-referenced off-line to the linkedmastoids and band-pass filtered from

0.1 to 45 Hz. Epochs consisted in the whole time-window of each listening and were
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baseline-corrected using the average of the whole fragment. Artifacts in these epochs

were identified and corrected using ICA. Epochs with absolutemean amplitude higher

than 100 μV after ICA correction were rejected. One subject was excluded from the

analysis because of poor physiological data quality. The surface Laplacian transform

was applied to these data in order to reduce volume conduction and make the data

reference-free (Perrin et al., 1989). To avoid effects of surprise at the beginning and

end of the song, the first and last 2s were removed from the epochs for subsequent

analysis. Time-frequency decomposition was computed on each epoch using 5-cycle

complexMorlet wavelets in the frequency band of interest (theta: 4–8 Hz). Phase values

for each electrode and frequency were obtained over time from this decomposition.

Then, ISPC-time was computed for each epoch as an index of phase synchronization

between signals .This was done for every frequency in the band of interest and all

electrode pairs involving frontal, temporal and parietal signals (AF3/4, Fz, F7/8, F5/6

F3/4, F1/2, FCz, FT7/8, FC5/6, FC3/4, FC1/2, Cz, T7/8, TP7/8, CP5/6, CP3/4, CP1/2,

Pz, P7/8, P5/6, P3/4, P2/1, POz, PO7/8, PO3/4). Finally, ISPCs were averaged across

frequencies. We excluded from subsequent analysis connections involving peripheral

electrodes (Fp1/2, FT9/10, TP9/10) and connections where the two electrodes were

less than 6 cm apart from each other, since these most likely reflect residual artifactual

activity and volume conduction, respectively.

3.3.4 Statistical Analysis

Self-reported data

In order to investigate whether participants found target music presented in the ex-

perimental session (old music) more familiar than in the exposure session and as com-

pared to novel music in the experimental session a Bayesian multilevel ordinal regres-

sion model was carried out with reported familiarity as response variable, condition as

explanatory variable and varying intercepts and slopes per subject. A cumulative like-

lihood function with the probit link function was assumed to explain the data in order

to treat the Likert scale as ordinal (µ = probit(x), σ = 1). Weakly informative priors were
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placed over the latent variable’s thresholds and slopes (normal: µ = 0, σ = 1), as well as

over the varying effects (gamma: α = 2, β = 2). The reference explanatory condition was

targetmusic in the experimental session (oldmusic). Therefore, the difference between

target music in the experimental session and in the exposure session was quantified by

coefficient β1. The difference between old music and novel music in the experimental

session was quantified by coefficient β2. The difference between novel music in the

experimental session and target music in the exposure session was quantified by the

difference between slopes (β2 - β1). To test the group-level differences to be non-zero a

95% HDI was used to check the inclusion of the null hypotheses (H0: β1, β2, β2-β1 = 0)

in the posteriors assuming a ROPE of ±0.01. The reported point estimates correspond

to the mode of the posteriors.

In order to investigate the difference between conditions of the experimental session

(new vs. old) in reported pleasantness, a generalized Bayesian multilevel linear model

was carried out with reported pleasantness as response variable, condition as explana-

tory variable and varying intercepts and slopes per subject. A student-t likelihood func-

tion was assumed to explain the data in order to accommodate outliers (µ = identity;

prior on σ: student-t: µ = 0, σ = 10, ν = 3; prior on ν: gamma: α = 2, β = 0.1). Weakly

informative priors were placed over the intercept and slope (normal: µ = 0, σ = 1), as

well as over the varying effects (gamma: α = 2, β = 2). To test the group-level slope to be

non-zero a 95% HDI was used to check the inclusion of the null hypothesis (H0: β1 = 0)

in the posterior assuming a ROPE of ±0.01. The reported point estimate corresponds

to the mode of the posterior and quantifies the difference between conditions with

new music as the reference explanatory condition.

EEG phase synchronization

In order to investigate the effects of music-evoked pleasantness on theta synchroniza-

tion as moderated by familiarity in the experimental session, mass-univariate Bayesian

multilevel beta regression models were carried out with ISPCs as response variables,

dichotomous liking, familiarity condition and their interaction as explanatory variables

and varying intercepts and slopes per subject. A beta likelihood function with the logit
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link function was assumed to explain the data since ISPC-time values are non-normally

distributed in the unit interval (µ = logit(x); prior on ϕ: gamma: α = 0.01, β = 0.01). Weakly

informative priors were placed over the overall intercepts and slopes (normal: µ = 0, σ

= 1), as well as over the varying effects (gamma: α = 2, β = 2). The moderation effects of

familiarity on the relationship between liking and ISPCs were quantified by coefficients

β3. To test the group-level moderation effects to be non-zero a 95% HDI was used to

check the inclusion of the null hypotheses (H0: β3 = 0) in the posteriors assuming a

ROPE of ±0.01. When a non-zero interaction was found, post-hoc posterior inspec-

tion was carried out according to the model in order to explore non-zero differences

between least liked and most liked reports in each familiarity condition (H0: PH = 0;

PHnew_most-new_least = β1, PHold_most-old_least = β1 + β3) with a 95% HDI assuming a ROPE

of ±0.01. Only connections exhibiting non-zero results in these post-hoc explorations

are considered. Reported point estimates correspond to the mode of the posteriors.

Bayesian inference specification

We used Bayesian inference in order to ameliorate the multiple testing problem posed

by mass-univariate analyses without having to employ arbitrary thresholds nor the

overly restrictive post-hoc corrections usually associated with frequentist statistics. This

is achieved by virtue of Bayesian inference’s statistical properties (see Ara and Marco-

Pallarés, 2020 for a similar case). In addition, the generalized linear model allowed us

to make appropriate assumptions about the dependent variables’ distributions.

Posterior distributions were approximated using 5 Markov chains of 2000 samples

with no thinning, burning-in the first 1000 samples. The No-U-turn sampler algorithm

was used to draw samples. All chains were initialized at 0. All models converged as

indicated by Gelman’s split-R-hat equaling 1 (Gelman et al., 2013).
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3.3.5 Results

Self-reported data

Figure 3.14 shows the familiarity ratings for the excerpts listened the first day (expo-

sure), their repetition the second day (old music) and the new songs listened the sec-

ond day (new music). As can be seen, ratings for the exposure and new music were

mainly 1 (“I had never heard this song before”) or 2 (“it sounds familiar but I cannot

recognize it”), while for the old music the most selected rating was 3 (“I have listened

to this song once”). This was further corroborated by the statistical analysis showing

that familiarity ratings were higher for target music in the experimental session than in

the exposure session (β1 = -2.34, 95% HDI = -2.67 - [-2.02]) and as compared to novel

music’s in the experimental session (β2 = -2.14, 95% HDI = -2.46 - [-1.79]) Coefficients

are expressed in standard deviation units. These results demonstrate that participants

correctly recognized those songs presented the day before.

Figure 3.14 Distribution of average proportion of responses given for each familiarity
rating across subjects in each familiarity condition (1: “I had never heard this song be-
fore”; 2: “it sounds familiar but I cannot recognize it”; 3: “I have listened to this song
once”; 4: “I have listened to this song a few times”; 5: “I have listened to this son numer-
ous times”, 6: “I have listened to this song a lot” and 7: “I know this song to perfection”).
Music recognized as familiar in the exposure session and in the new music condition
of the experimental session are excluded from all conditions (rejection cutoff > 2).



3.3 Study 3: Different Theta Oscillatory Networks Underlie
Pleasantness Evoked by Familiar and Unfamiliar Music 102

In addition, time-weighted reported pleasantness was higher for old songs than for

new songs in the experimental session (β1 = 0.12, 95% HDI = 0.01 - 0.24). Figure 3.15

shows that the liking rates for all the participants were higher for the excerpts that

were previously listened to than for the new ones. The distribution of time-weighted

reported pleasantness per excerpt and subject is displayed in Figure 3.17 of the ap-

pendix.

EEG phase synchronization

Two right fronto-temporal connections exhibited a non-zero increase with reported

pleasantness in the new condition only (AF4-FT8: β3 = -0.08, 95% HDI = -0.13 - [-

0.02], PHnew_most-new_least = 0.05, 95% HDI = 0.02 - 0.09; AF4-T8: β3 = -0.08, 95% HDI

= -0.13 - [-0.02], PHnew_most-new_least = 0.06, 95% HDI = 0.01 - 0.10). In addition, two

right-temporal to left-parietal connections exhibited a non-zero increase with reported

pleasantness in the old condition only (T8-CP5: β3 = 0.14, 95% HDI = 0.06 - 0.22,

PHold_most-old_least = 0.08, 95% HDI = 0.01 - 0.14; CP5-TP8: β3 = 0.16, 95% HDI = 0.07

- 0.24, PHold_most-old_least = 0.10, 95% HDI = 0.03 - 0.16). Coefficients are expressed in

log-odds. Results are displayed in Figure 3.17. In order to compare these results with

standard frequentist approaches using different alpha levels please see Figure 3.18 in

the appendix.

3.3.6 Discussion

The goal of the present experiment was to study effects of familiarity andmusic-evoked

pleasantness on phase synchronization between frontal, temporal and parietal signals

in the theta oscillatory band. We exposed a cohort of participants to a set of musical

fragments andmeasured their EEG signals and evoked reported pleasantness 24h later

in a second listening session, along a set of novel musical fragments.

Familiarity ratings for target stimuli were significantly greater in the experimental ses-

sion than in the exposure session and as compared to novel stimuli in the experimental

session, indicating that familiarity was indeed induced. Consistent with previous liter-
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Figure 3.15 Time-weighted self-reported pleasantness in the two familiarity conditions
of the experimental session (new vs old). Thin blue lines represent each participant’s
increase. The thick black line represents the group-level increase. Dots represent pa-
rameter estimates.

ature, liking for old songs was significantly greater than for new songs, revealing that

one repetition and 24h of consolidation was enough to induce the mere exposure ef-

fect of exposure on liking. Seminal studies had already demonstrated that this effect

is observed with as few as one repetition, even when explicit recognition fails (Peretz

et al., 1998, Johnson et al., 1985). In the context of the current study, we consider

the presence of the mere exposure effect relevant, since it demonstrates that famil-

iarity was not only induced, but also interlaced with self-reported pleasantness, thus

making subsequent analysis of EEG data pertinent.

In the EEG synchronization analysis, we observed an increase in right fronto-temporal

theta synchronization with greater reported pleasantness for unfamiliar musical frag-

ments. Conversely, liking for familiar music revealed greater theta synchronization be-

tween right temporal and left parietal signals. These results suggest that different theta

connectivity patterns are involved in the process of giving value to music depending

on whether the stimuli are familiar or unfamiliar to the listener.
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Figure 3.16Non-zero resultsA)with their corresponding prediction plotsB) in the theta
connections of interest. Straight lines represent predictions of the response variables in
each liking × familiarity condition of interest following parameter estimates. Predictions
are made on the original scale of the dependent variable.

Right fronto-temporal cortices have been found to co-activate during pleasant music

listening and to be related to reward-processing areas during peak pleasurable events

(Blood and Zatorre, 2001, Salimpoor et al., 2013). Furthermore, frontal and parietal

areas have been related to emotional control in reaction to music (Rogenmoser et al.,

2016). Fronto-temporal loops also underlie workingmemory and PE processing in the

auditory and musical domains (Kaiser, 2015, Recasens et al., 2018), functions hypoth-

esized to be involved in music-evoked pleasantness by enabling the temporal repre-
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sentations and predictive dynamics necessary for music perception and its subsequent

affective evaluation (Salimpoor et al., 2015).

In addition, theta oscillations have been revealed to play a role in music-evoked pleas-

antness. Frontal theta power has been associated with music-evoked pleasantness

and related constructs such as evoked positive valence and musical consonance (Ro-

genmoser et al., 2016, Sammler et al., 2007, Lin et al., 2010, Mikutta et al., 2014,

Omigie et al., 2015). Importantly, right fronto-temporal theta synchronization in simi-

lar areas to the ones found in Ara and Marco-Pallarés (2020) was observed to increase

with reported pleasantness when listening to novel music. These consistent results

suggest that music-evoked pleasantness critically depends on right fronto-temporal

connectivity when the musical stimuli are unknown, possibly due to the processing of

schematic expectations while music is unfolding within auditory working memory.

On the other hand, frontal and parietal cortices have been reported to correlate with

music-induced familiarity. This functional complex has been interpreted to underlie

memory retrieval of known musical materials (Green et al., 2012). Likewise, EEG ac-

tivity over right frontal and left parietal regions has been related to familiar music lis-

tening (Jagiello et al., 2019) and left temporo-parietal theta activity is thought to be

involved in recognition memory (Jacobs et al., 2006). We found theta synchroniza-

tion between right temporal and left parietal signals to increase with liking for familiar

music. This association suggests that music-evoked pleasantness relies more strongly

on the neuropsychological mechanisms emerging from these connections when the

musical stimuli are known, possibly recognition processing in the form of veridical ex-

pectations in the auditory domain.

It is difficult to determine from these results whether both connectivity profiles are

completely dissociated in different familiarity conditions, or whether they work in com-

munion but assuming different roles in each context. A tentative interpretation is

that both fronto-temporal and temporo-parietal theta connections are engaged dur-

ing music listening, but positive valuation of the stimuli relies on fronto-temporal con-

nectivity when music is novel and shifts its focus over temporo-parietal connectivity
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as music becomes familiar. Positive value would thus be assigned to efficient online

predictive processing in the former case (schematic expectancy) and to efficient recog-

nition in the latter (veridical expectancy). This latter case would be associated with a

greater likelihood of reporting the most evoked pleasantness, considering our behav-

ioral results and previous evidence (Chmiel and Schubert, 2017). It must be noted,

however, that a variety of evidence exists showing how liking for music correlates with

fronto-temporal activations using potentially familiar stimuli (e.g. Blood and Zatorre,

2001; or Martínez-Molina et al., 2016). Therefore, while we show a predominance of

these connections during positive valuation of unfamiliar music, we cannot completely

rule out its involvement in the valuation of familiar music.

It is also interesting to note that our results add up to several studies pointing out

certain right hemispheric dominance in music processing (e.g. Zatorre and Gandour,

2008, Zatorre et al., 2002, Hyde et al., 2008, Özdemir et al., 2006, Martínez-Molina et

al., 2016 or Ara and Marco-Pallarés, 2020), since all our results involve right temporal

nodes, and frontal nodes are also right-lateralized. This right-hemispheric dominance

could be attributed to the specialization of right temporal and frontal areas in pitch

perception and auditory working memory, as well as in the detection of pattern vi-

olations (Zatorre and Salimpoor, 2013). However, evidence showing no hemispheric

specialization also exists (e.g. Jäncke and Alahmadi, 2016), as well as research noting

that inter-hemispheric interactions are needed for normal music listening (Schubert

and Pearce, 2016). Therefore, the involvement of the left temporal lobe cannot be

completely ruled out in music-related cognition. Instead, we interpret our results as

showing a relative right hemisphere dominance, rather than an absolute specializa-

tion.

The present study is not absent of limitations. While the use of EEG provided us with a

good temporal resolution to study oscillatory dynamics, it lacks the appropriate spatial

resolution to make more precise anatomical inferences, neither it captures the subcor-

tical signals associated with the process of giving value to music. Multimodal experi-

ments are necessary to replicate and link the results here present with reward signals in

the striatum during peak pleasurable events, as well as to precise the cortical localiza-
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tion of the EEG signals. Other limitations include the fact that subjects evaluated the

musical stimuli while listening to them, which might have imposed an active listening

strategy (Jäncke et al., 2015), and analyzing the data relative to the whole music frag-

ments rather than studying the particular EEG, behavioral and acoustic time-courses,

which may offer a complementary view on how temporal dynamics of interest unfold

(e.g. see Arjmand et al., 2017, Sturm et al., 2014, Sturm et al., 2015, Jäncke et al.,

2018, Martin et al., 2018). Finally, we only counted on one repetition and 24h of con-

solidation to induce familiarity. While this resulted to be enough to observe the mere

exposure effect and differences in the EEG data, more repetitions and tests would be

necessary to see the extent to which these effects are stable or change over time.

3.3.7 Conclusions

Considering our results, the relation between music-evoked pleasantness and tempo-

ral theta synchronization is moderated by familiarity, with fronto-temporal connectivity

underlying liking for novel music and temporo-parietal connectivity underlying liking

for familiar music, the latter being associated with greater liking responses. These dis-

tinct mechanisms could be reflecting how positive valuation of musical stimuli shifts

its focus from schematic expectations to veridical expectations as music becomes fa-

miliar. This claim must be furthered researched with the appropriate paradigms and

methodology.
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3.3.8 Appendix

Figure 3.17 Distribution of time-weighted self-reported pleasantness per subject (top)
and excerpt (bottom).
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Figure 3.18 Significant connections in theta under the frequentist framework with dif-
ferent alpha levels forA) effects of liking for novel music and B) effects liking for familiar
music. Red lines indicate positive relationships and blue lines negative relationships.
No connection survived standard p-value corrections.



4. Discussion

In the three studies presented in this thesis we empirically addressed a number of re-

search inquiries regardingmusic-evoked pleasantness and its associated brain rhythms.

Particularly, these consisted in identifying what brain nodes theta rhythms synchronize

during pleasant music listening and their associated anatomic activations, as well as

the modulatory effect of familiarity on these connectivity topologies. In order to test

the extent of our hypotheses, neuroimaging and physiological techniques were used

along behavioral paradigms.

In the following sections the results of these three studies will be discussed in an inte-

grative fashion. It will be evaluated to which extent the research inquiries have been

answered as well as how they relate to each other. Furthermore, the theoretical contri-

butions of this thesis to the state of the art of the neuroscience of music reward will be

drawn. Likewise, the methodological aspects present in this thesis will be commented,

paying attention to both advantages and caveats. Finally, future directions in the topic

given the results and discussion will be proposed.

4.1 Research inquiries and experimental results

Motivated by previous literature in the topic of music-evoked pleasantness and its neu-

ral substrates, three research inquiries were set out in this thesis. The first one consisted

in identifying what functional nodes theta rhythms synchronize during pleasant mu-

sic listening, following studies that had identified theta power to correlate with music-

evoked pleasantness and related constructs. In the first study we tried to answer this
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question by exposing a cohort of participants to several music stimuli while they re-

ported the degree of evoked pleasantness in real time in an EEG design. After de-

termining the overall theta phase synchronization between all considered electrodes

and the overall liking response for every excerpt across subjects we examined how and

where these two phenomena were associated. We found that the more music was

liked, the more synchronized right fronto-temporal nodes were by theta oscillations.

Previous literature had already revealed that right fronto-temporal connectivity is not

only relevant in music perception (Zatorre et al., 1994) but also play an active part in

music-reward processing (Blood and Zatorre, 2001). This importance resides in that

these loops allow the processing of patterns that go beyond simple auditory percepts

in a working memory system (Zatorre and Salimpoor, 2013). Ultimately, reward sig-

nals responding to musical stimuli have been related to the predictive and monitoring

dynamics generated within this system (Salimpoor et al., 2015), processes that oper-

ate through theta rhythms in these connections (Kaiser, 2015; Recasens et al., 2018;

Omigie et al., 2019). In study 1 we provide evidence that right fronto-temporal theta

connectivity is actively involved in the process of assigning value to music, adding up to

previous literature pointing out at frontal theta rhythms as a correlate of music-evoked

pleasantness (Sammler et al., 2007; Omigie et al., 2015; Lin et al., 2010; Mikutta et al.,

2014; Rogenmoser et al., 2016).

The second inquiry consisted in understanding the neural networks underlying theta

synchronization during pleasant music listening. While in the first study we identi-

fied fronto-temporal theta synchronization to be related to musical liking, converging

with previous evidence identifying fronto-temporal networks to be actively involved in

music perception and reward (Blood and Zatorre, 2001), the link between these fMRI

and EEG findings had not been empirically tested. In the second study we investi-

gated the relationship between activity in music-related fMRI networks and EEG theta

synchronization. In order to do so we exposed a cohort of participants to a series of

musical excerpts alternated with periods of rest while they rated the degree of evoked

pleasantness in a simultaneous fMRI-EEG design. We then investigated how theta
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synchronization was associated with music-related fMRI activations and how musical

liking moderated this relationship.

Firstly, we identified an fMRI network that was consistently engaged during music lis-

tening that included both STG and RMCs as well as a portion of the right IFG, con-

sistent with previous neuroimaging literature (Zatorre et al., 1994). Most importantly,

fronto-temporal/parietal theta synchronization within this music-related network was

modulated by evoked pleasantness, with more synchronization being related to music

processing the more music was liked. Coherently with our hypotheses, study 2 shows

that while fronto-temporal networks are always engaged during music listening, it is

theta rhythms within these loops that are related to affective reactions to music. On

the other hand, right-hemispheric specialization in this study was not clear, with left

nodes also being involved in our findings.

Finally, our third inquiry consisted in studying how familiarity modulates theta syn-

chronization during pleasant music listening. Familiarity has been one of the phe-

nomena observed to be most influential on music-evoked pleasantness (Chmiel and

Schubert, 2017) and neuroimaging studies had revealed that listening to (factually) fa-

miliar music engages a slightly different network than otherwise (Green et al., 2012). In

the third study we explored whether the theta brain connectivity found during pleas-

antmusic listening was different depending on whethermusic was novel or familiar. In

order to do so, we familiarized a cohort of participants with some musical stimuli and

registered their EEG and liking responses to these excerpts 24 hours later along a new

set of musical stimuli. We then studied what nodes theta rhythms synchronized as a

function of evoked pleasantness during novel ad familiar music listening, respectively.

Firstly, we confirmed that participants were familiarized with the excerpts presented

during exposure. In addition, we replicated previous findings indicating that famil-

iar music is overall preferred over novel music (Johnson et al., 1985; Peretz et al.,

1998). Most importantly, by looking at interactions between familiarity and liking

we revealed that the right fronto-temporal theta topology found in studies 1 and 2

appeared to be related to liking for novel music, while liking for familiar music was
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related to temporo-parietal theta synchronization instead. These results are consistent

with literature showing that parietal cortices are involved in familiar music listening

(Green et al., 2012). Therefore, in study 3 we provided evidence that temporal nodes

are engaged in different theta connectivity topologies depending on familiarity dur-

ing pleasant music listening, with frontal nodes involved in liking for novel music and

parietal nodes involved in liking for familiar music.

Figure 4.1 Fronto-temporal theta synchronization found across all three studies. (left:
dorsal view. right: right lateral view). Right fronto-temporal connections increased
in theta synchronization with greater music-evoked pleasantness in studies 1 and in
study 3 for the case of novel music. Likewise, right fronto-temporal theta synchro-
nization engaged to a greater extent within a music-related brain network the more
musical liking took place in study 2, in addition to a cross-hemispheric fronto-parietal
connection. Color intensity represents overlapping connections across the studies.

Altogether, the empirical results of this thesis show that theta rhythms are relevant

for synchronizing key brain nodes during pleasant music listening. Particularly, fronto-

temporal theta connectivity was consistently found to be associatedwithmusic-evoked

pleasantness across all three studies (Figure 4.1). Nonetheless, the third study revealed

that this topology is more associated with liking for novel music than with familiar

music. Familiarity was not controlled in the first and second studies, and while in the

first study melodies were overall likely unfamiliar, this was not the case in the second
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study, where some melodies were classical anthems. Therefore, while in study 3 we

provide evidence of fronto-temporal theta connectivity being more strongly involved

in liking for novel music, we cannot completely rule out their involvement in overall

musical liking, given the results of studies 1 and 2 -a topic to which we shall return

later.

Another consistency across all three studies is thatwe found a relative right-hemispheric

dominance of the brain nodes associated with musical liking. This specialization was

unequivocal for frontal and temporal nodes synchronized by theta rhythms in study 1

and in the case of liking for novel music in study 3. In addition, in study 2 this spe-

cialization was observed for temporal and parietal nodes that were theta-synchronized

with frontal nodes as a function of music-related brain function and liking, as well as in

music-related IFG activations. Finally, in study 3 only right temporal nodes were theta-

synchronized with parietal nodes in relation to liking for familiar music. Importantly,

these results are not only consistent across all studies comprising this thesis, but they

are also consistent with a growing corpus of literature showing that the processing of

music in the brain is right-lateralized to some extent (Zatorre et al., 2002; Özdemir et

al., 2006; Hyde et al., 2008; Zatorre and Gandour, 2008; Martínez-Molina et al., 2016).

4.2 Theoretical implications

4.2.1 The role of theta oscillatory activity in music reward

Throughout this thesis it has been conveyed the relevance of theta rhythms in the

coupling of brain areas involved in the process of assigning value tomusic. The results of

studies 1, 2 and 3 add up to existing literature showing that theta oscillations increase

as a function ofmusic-evoked pleasantness or related constructs (Sammler et al., 2007;

Omigie et al., 2015; Lin et al., 2010; Mikutta et al., 2014; Rogenmoser et al., 2016),

especially over frontal areas. The EEG and fMRI sites we identified to be synchronized

by theta rhythms as a function ofmusic-evoked pleasantness had also been pinpointed

in other lines of research to be actively involved in the processing of music perception

(Zatorre et al., 1994), music reward (Blood and Zatorre, 2001) and music recognition
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(Green et al., 2012). In addition, fronto-temporal synchronization in the theta band

had been related to working memory and predictive dynamics in the auditory domain

(Kaiser, 2015; Recasens et al., 2018; Albouy et al., 2017; Omigie et al., 2019), processes

hypothesized to be intimately intertwined with music hedonic’s impact (Zatorre and

Salimpoor, 2013; Salimpoor et al., 2015).

We adopted a connectivity approach to analyze the brain data in all three studies. We

particularly focused on oscillatory phase synchronization as a candidate physiological

mechanism that integrates the areas involved in music-evoked pleasantness. In or-

der to do so, we analyzed long segments of EEG data and studied them along the

overall associated liking response. In addition to this, we acquired fMRI data in study

2 along EEG’s to identify the anatomic networks associated with music listening and

their relationship with liking and the EEG data. This connectivity approach had the ad-

vantage of capturing how different brain areas work together in relation to a cognitive

phenomenon of interest, rather than simply identifying the brain nodes involved. How-

ever, given the correlational nature of the designs presented in this thesis, we cannot

infer empirically what precise cognitive operations underlie the observed relationship

between theta synchronization and music-evoked pleasantness. Nonetheless, previ-

ous findings as well as theories on the topic offer a window for interpretation. Firstly,

the fronto-temporal connections characteristic of all three studies are consistent with

findings showing temporal areas and frontal areas to engage during music listening

(Zatorre et al., 1994). While the temporal lobe is crucial in the processing of auditory

percepts, it is through interactions with the frontal lobe that auditory streams are rep-

resented. These fronto-temporal loops are the basis of auditory working memory and

are responsible for processing auditory patterns that go beyond single auditory events,

such is the case of music (Barton and Brewer, 2019).

These fronto-temporal loops take place via two different, though converging streams:

the ventral pathway, which connects belt and parabelt areas of the temporal lobe with

the inferior frontal cortex along the temporal lobe; and the dorsal stream, which does

so through the parietal lobe and dorsally along the frontal lobe. These two loops have

been hypothesized to encode information about the “what” and “when” of auditory
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events, respectively. These streams are bidirectional, this is, frontal areas also project

back to the temporal seeds. This allows the system to not only enable bottom-up

perception and working memory, but also to generate top-down predictions (Zatorre

and Salimpoor, 2013). Likewise, bottom-up projections are not only responsible for

transmitting sensory information up to planning systems, but also for monitoring and

encoding how close incoming information is to the aforementioned top-down predic-

tions (Schönwiesner et al., 2007).

These working memory and expectancy processes have been hypothesized to enable

the ulterior reward processing of musical stimuli, through decoding of certainty and

surprise interactions (Salimpoor et al., 2015). This information would be ultimately

encoded by the brain reward system to motivate learning (Gold, Mas-Herrero, et al.,

2019). A recent metaanalysis by Mas-Herrero, Maini, et al. (2021) shows that indeed

these frontal and temporal areas work along the brain reward system during pleas-

ant music listening, similarly to other types of rewards such as food. The fact that

the reward system is both responsive to music and to other rewards but through dif-

ferent neural pathways supports the idea that the reward system is a common hub

accessed via different routes depending on the nature of the input (Marco-Pallarés

and Mas-Herrero, 2015). The utility of this input can thus vary from ensuring intake of

nutrients (i.e. food) or keeping the auditory system engaged and flexible to better un-

derstand our environment (i.e. music). Our results overlap to a great extent with these

results displaying specific frontal and temporal activations during music reward pro-

cessing, pinpointing a physiological mechanism through which communication be-

tween these cortical areas might take place. Moreover, and coinciding with the idea

thatmusic reward is intertwined with auditory expectancy and workingmemory, it has

been observed that fronto-temporal connectivity underlying auditory workingmemory

and expectancy takes place through rhythmic synchronization in theta (Kaiser, 2015;

Recasens et al., 2018; Omigie et al., 2019). In our studies, we found that theta syn-

chronization of these areas was also related to music-evoked pleasantness as reported

by participants. Thus, given previous findings and theories, a tentative interpretation of

our findings is that this relationship is explained by those predictive processes directly

related to music reward processing that take place within fronto-temporal loops.
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In the present thesis we focused on theta rhythms (4-8 Hz) to study synchronization

because they had already been observed to increase in power as a function of musi-

cal liking and related constructs in previous studies over frontal areas (Sammler et al.,

2007; Omigie et al., 2015; Lin et al., 2010; Mikutta et al., 2014; Rogenmoser et al.,

2016). Given the distance between the different nodes involved in these topologies,

slow rhythms pose the most likely synchronization and information transfer mecha-

nism. Following the interpretation of Buzsáki and Draguhn (2004), slow rhythms are

better suited to transmit information between distal areas, since the physical constrain

posed by cycling over long connectionsmakes it unlikely for fast rhythms to synchronize

efficiently. We wanted to test to which extent these oscillations could be synchronizing

relevant areas for music processing and reward. Indeed, theta rhythms were observed

to synchronize far-off relevant brain nodes in all three conducted studies, partially val-

idating our physiological assumptions. In addition to auditory working memory and

expectancy, theta rhythms have been identified as a key physiological mechanism in

hippocampal working memory (Tesche and Karhu, 2000) and in cognitive control over

frontal areas, a cognitive process associatedwith PE computation (Cavanagh and Frank,

2014). Therefore, it seems that this oscillatory band is particularly well suited to foster

contextual information. It must be noted that in our studies we analyzed brain ac-

tivity over long segments of music listening, rather than event-related activity. Thus,

a complementary interpretation of our results is that we captured a more sustained

process integrating contextual information, with more successful integration of music

being associated with more chances of evoking pleasure. Indeed, theta rhythms have

been proposed to maintain information in working memory while integrating it with

new inputs, especially in the temporal lobe and the hippocampus (Tesche and Karhu,

2000).

The nodes we identified in our studies are part of a wider network that includes reward

related areas such as the NAcc (Blood and Zatorre, 2001; Brown et al., 2004; Menon

and Levitin, 2005; Koelsch et al., 2006; Salimpoor et al., 2013; Salimpoor et al., 2011;

Martínez-Molina et al., 2016; Martínez-Molina et al., 2019). Thus, our results along

this literature shows that these cortical networks take on affective significance beyond

music comprehension. Given the techniques and designs used in this thesis we did
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not capture how these cortical networks synchronize with the brain reward system.

Whether the frontal areas that serve as integrative hubs to pass on musical informa-

tion synchronize with the reward system via theta rhythms is yet to be determined.

Evidence from human intracranial recordings point to alpha oscillations as a candidate

physiological mechanism supporting reward processing (Lega et al., 2011), but further

research is needed to determine the precise rhythms operating in reward-related ar-

eas in response to musical stimuli. Another commonly area reported in the literature

on music-evoked pleasantness and that we did not observe in our neuroimaging data

is the vmPFC (Mas-Herrero, Maini, et al., 2021). This area has been hypothesized to

be an integrative hub where different sensory inputs are processed similarly so that

their hedonic impact can be evaluated on a common scale by the brain reward sys-

tem (Kringelbach and Radcliffe, 2005). In fact, the fronto-temporal slow synchroniza-

tion underlying PE computation observed in Recasens et al. (2018) operated over the

vmPFC, supporting the idea that expectancy dynamics are evaluated for likability. In

our neuroimaging data, however, neither this area nor the NAcc were observed, prob-

ably because these were extracted as a function of music perception alone, regardless

of hedonic impact. A complete model of the neural oscillations synchronizing all the

areas involvedmust also include both subcortical and cortical regions of the reward sys-

tem, with slow rhythms in the theta-alpha range as candidate dynamics for coupling

the different paths of the network.

4.2.2 Oscillatory networks of familiar and novel music

In addition to the correlational methodology of studies 1 and 2, in study 3 we famil-

iarized participants with some stimuli in an experiment designed to compare liking

between novel and familiar music. In this experiment, participants were exposed to

a set of novel stimuli and tested 24 hours later for the likeability of the same stimuli

along a set of novel ones. This design allowed us to observe effects of familiarity on lik-

ing with only one repetition, replicating previous findings (Peretz et al., 1998), as well as

to tease apart two different connectivity topologies underlying musical liking depend-

ing on the familiarity treatment. To our knowledge, this poses the first attempt in the
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literature to study how different brain areas synchronize during pleasant music listen-

ing in response to familiar and unfamiliar excerpts, adding up to an otherwise classic

line of research studying how musical liking an familiarity are intertwined (Chmiel and

Schubert, 2017).

Particularly, we found right fronto-temporal theta synchronization to increase as a func-

tion of liking only when participants listened to novel music. This was virtually the same

topology found in study 1, where we used likely unfamiliar music. In turn, increased

temporo-parietal synchronization was observed when participants reported to like fa-

miliar music. Parietal activations have been observed in the literature in response to

familiar music (Green et al., 2012, Jagiello et al., 2019), and left temporo-parietal theta

rhythms have been attributed to recognition memory elsewhere (Jacobs et al., 2006).

Indeed, the parietal cortex has been identified to be crucial for the recognition of famil-

iar materials across a different number of modalities (Green et al., 2012). Nonetheless,

we also found fronto-temporal theta synchronization within music-related brain func-

tion to be modulated by liking using well known classical music in study 2. Therefore,

we cannot attribute the processes underlying musical liking to opposing networks de-

pending on whether the stimuli are familiar for the listener, despite the results of study

3.

Instead, we propose that these two different networks underlie the processing of dif-

ferent, though not exclusive, expectancy sources. Fronto-temporal loops would un-

derlie the processing of schematic expectations (i.e. abstract, statistical rules), while

temporo-parietal would underlie the processing of veridical expectations (i.e. recog-

nition of familiar materials). According to this model, in studies 1 and 2 we observed

liking as a function of schematic expectations supported by fronto-temporal connectiv-

ity, even when some degree of familiarity with the stimuli could be expected. In study

3, however, participants were exposed to the familiar stimuli 24 hours before test in

a similar experimental setting. It is possible that under these circumstances veridical

expectations took over when listening to recognized stimuli, while schematic expec-

tations only took place with novel music. Thus, it is expected that in more ecologic

contexts the two networks coexist, and even interact, to different extents. In fact, the
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parietal lobe acts as a mediator in the dorsal stream between the temporal lobe and

the frontal lobe (Rauschecker and Scott, 2009). This stream has been hypothesized to

process the “when” information of auditory stimuli. While timing information is impor-

tant in schematic expectations as well, it could be possible that veridical information

enhances this source of predictions through the parietal lobe as it interacts with the

areas along this stream to convey when familiar musical events will take place.

An important aspect to note throughout this thesis is that we used naturalistic stimuli,

taking a more ecologically valid approach. Along self-reported data, this allowed us to

study affect valence responses in an ecological fashion without assuming a priori the

likability of the stimuli, as had been done in other studies (Sammler et al., 2007; Omigie

et al., 2015). In addition, this was particularly relevant in study 3 where we familiarized

participants with some stimuli to investigate how liking and familiarity are intertwined.

While controlled stimuli are well suited to study brain responses to concrete musical

events, we argue that naturalistic stimuli are more adequate when studying sustained

brain responses to familiar music. This ensures that every attribute characteristic of

music is present in the materials, facilitating the familiarization process.

Finally, and on a different note, it is important to stress that music is not the only “ab-

stract reinforcer” that has been studied in the literature. Other modalities of art have

also drawn the attention of researchers in the cognitive and brain sciences. Interest-

ingly, while common mechanisms could be expected to underlie liking for different

types of aesthetic stimuli (e.g. music and pictorial art), other seem to be domain-

specific (Tiihonen et al., 2017). For instance, while the relationship between complexity

and evoked pleasantness may follow similar patterns in both the auditory and visual

domains, complexity might mean very different things in each case. While in music

this might be more related to the observer’s learning history, in pictorial art it could

be more related to how physically rich the stimulus is. Furthermore, other psycho-

logical processes can take place to different extents depending on the art form. For

example, pictorial art might be more prone to convey a concept subject to aesthetic

evaluation, whereas the acoustic aspects of music could make it more prone to condi-

tioning. Likewise, while different stimuli can engage the brain reward system in similar
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ways, the access routes must be naturally different, given the different sensory systems

(Marco-Pallarés and Mas-Herrero, 2015). These different routes and the different cog-

nitive operations that they support likely operate over different oscillatory dynamics in

order to transfer the information efficiently. For example, in this thesis theta rhythms

were identified as a means of communication between relevant areas associated with

musical liking, while other lines of research have identified beta rhythms over occipital

areas to be related to positive evaluation of pictorial stimuli after aesthetic judgment

(Cela-Conde et al., 2013).

4.3 Statistical framework

An important novelty in this thesis was the statistical analytic framework employed.

In all three studies we chose to analyze our data with multilevel modeling under the

generalized linear model framework and using Bayesian inference. Analyzing the data

in a multilevel fashion allowed us to retain every observation from each subject while

performing inferences at the group level. Other procedures to make inferences at the

group level about phenomena happening within individuals work on summary statis-

tics or two-level procedures. While these procedures are convenient inmany situations,

they carry the disadvantage of not explaining variance at the individual level, thus re-

sulting in loss of statistical power and parameter specificity (Baayen et al., 2008).

Multilevel modeling, on the other hand, is inherently parametric. This means that as-

sumptions about the distribution of the explained data must be made. And while

data is usually normally distributed in most cognitive neuroscience applications, this

is not always the case. For instance, the phase synchronization metric that we used in

all three studies (ISPC) is expressed as a rate in the unit interval, and visual inspection

revealed that this index is not normally distributed. For this reason we adopted the

generalized linear model to analyze all data in our studies. This type of models link

predictors to the explained data assuming appropriate distributions (Stroup, 2012).

Thus, by adopting this framework we could faithfully approximate phenomena of in-
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terest, for example assuming that ISPC values are Beta-distributed or that Likert scales

are ordinal and not continuous.

Last but not least, all our statistical models were estimated using Bayesian inference,

in contrast to the classic frequentist framework usually used in cognitive neuroscience.

This proved to be a good conservative procedure for null-hypothesis testing that did

not need arbitrary thresholding or overly restrictive corrections to keep potential false

alarms from dominating results in our mass-univariate analyses. Because of the statis-

tical properties of Bayes rule, specifying informative priors around the null hypothesis

resulted in shrinkage of the likelihood toward it, making it more difficult for weak re-

sults to turn non-zero even when using standard, uncorrected criteria (Han and Park,

2018). Moreover, looking at the likelihood of parameter estimates given the data in-

stead of computing multiple test statistics with the same degrees of freedom also

made the multiple testing problem conceptually less problematic (Kruschke, 2015).

4.4 Limitations

The present thesis is not absent of limitations. Most of them have already been dis-

cussed in each study’s discussion as well as in this section. However, there are a num-

ber of limitations common to all studies comprising this thesis that are worthmention-

ing. Firstly, all of our experiments studied music-evoked pleasantness in a correlational

manner. While this was useful insofar it allowed us to successfully study sustained

brain responses during pleasant music listening, this approach is not appropriate to

tackle the more concrete cognitive operations underlying pleasant reactions to music,

such as the certainty associated with the anticipation of musical events or the surprise

generated when musical events take place. More controlled paradigms are needed to

track finer-grained neural responses to pleasurable musical events. On the other hand,

in study 3 we used an experimental manipulation to induce familiarity with some of

the musical materials. This allowed us to successfully induce familiarity to study its

relation with music-evoked pleasantness and theta synchronization of different brain

areas. However, from this design it was not possible to assess the effects of long-term
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familiarization with music on liking response and these connectivity topologies. De-

signs manipulating the number of repetitions and/or the interval between sessions

would be needed to do so.

Another important limitation is the type of connectivity measures used in this thesis.

We set out to use a connectivity approach to analyze our brain data and its relation with

musical affective phenomena, for which we used different measures. However, these

synchronization and network measures are all informative of functional connectivity.

This was valuable insofar it allowed us to easily elucidate connectivity patterns in an

exploratory fashion in the spatial domain. However, given the statistical formulation of

these indexes, we did not tackle the physical streams that could support the studied

brain interactions, nor the causality that the different nodes exert on each other. Other

type of measures are needed along the appropriate designs to take a closer look at the

temporal dynamics of the brain oscillatory synchronization underlying musical liking,

such as effective connectivity indexes.

Finally, although our choice of analytic framework posed a number of advantages,

somemodeling aspects still need to be refined. Particularly, we used amass-univariate

approach for our brain data instead of fullymodeling commonalities across effects. This

latter approach would make it possible to protect results against false alarms without

having to specify multiple informative priors over multiple null hypotheses, which can

be considered arbitrary, since common hierarchical distribution could be constructed

empirically. However, this type of models are computationally challenging, specially

when the response variable is not normally distributed and the number of brain sites

is numerous. Future advances in computer software and hardwarewill make it possible

to implement this type of models more efficiently in the future.

4.5 Future Directions

The findings and discussions presented throughout this thesis open up a number of

questions to be addressed in future research endeavors. First of all, it must be re-

searched whether the expectancy dynamics generated within auditory working mem-
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ory are indeed at the basis of the theta-synchronized fronto-temporal and temporo-

parietal connections associated with music-evoked pleasantness in our studies, as con-

vergence with other lines of research suggests (Recasens et al., 2018). Whether brain

activity in frontal, temporal and reward areas is related tomusical liking through predic-

tive certainty, PE or an interaction between the two has been researched in fMRI stud-

ies with promising results (Gold, Pearce, et al., 2019; Cheung et al., 2019; Shany et al.,

2019). However, to date no study has tested empirically to which extent the oscillatory

correlates of affect valence underlie the associated expectancy dynamics computed in

cortical loops and ultimately encoded by the brain reward system. In these regards,

some experimental and computational approaches are promising to study predictive

coding and schematic knowledge acquisition in musical contexts along brain oscilla-

tory data. For instance, it remains unclear whether changes in theta synchronization

between relevant areas during pleasant music listening reflect PE computation. Since

its inception, the Information Dynamics of Music model (IDyOM; Pearce, 2018) has

proved to be useful in simulating the otherwise unobserved predictive dynamics be-

hind music perception and reward (Gold, Pearce, et al., 2019; Gold, Mas-Herrero, et al.,

2019). Using this model important hypotheses have already been proven true, such

as that musical PEs are generated in temporal cortices via theta rhythms (Omigie et

al., 2019) and that these predictive dynamics, when salient, are ultimately encoded

by the NAcc, correlating with liking response (Shany et al., 2019). It would be inter-

esting to test whether musical expectancy quantified by this model would be useful

in explaining the theta connectivity found to be associated with musical liking in this

thesis.

Another interesting question is how the schematic and veridical expectations hypothe-

sized to be at the basis of music reward processing are acquired. In order to study this

learning process a promising approach is the design of experimental paradigms us-

ing artificial grammars and learning protocols. Studies using artificial grammars have

revealed that humans are capable or generalizing a musical artificial grammar after

a short period of exposure (e.g. 30 minutes), as well as recognizing and developing

preference for artificial familiar melodies (Loui et al., 2010; Loui, 2012). Future studies

employing artificial grammars with more and longer sessions of training could eluci-
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datewhether generalization effects on liking can also take placewith enough exposure,

providing evidence for the assumption that musical liking is indeed learned. Together

with the proper neuroimaging techniques these designs could reveal what changes in

brain function accompany changes in learning and liking response.

Other brain networks and dynamics beyond the scope of this thesis also deserve fur-

ther exploration. One unknown is how the oscillatory dynamics studied in this thesis

relate to the mesolimbic reward system. Despite being such an important part of the

music reward literature, we did not observe the subcortical activity usually associated

with musical liking (e.g. in the NAcc). This was due to the limitations of our analytic

methods to capture subcortical areas, particularly due to our focus on cortical synchro-

nization. Future studies must be conducted with different designs that allow to study

how hedonic signals in the subcortical brain reward system are associated with the

cortical oscillatory dynamics identified in this thesis. In these regards, one interesting

method is brain stimulation, where activity in different brain areas can be disrupted

or boosted along their associated neural paths during performance of a task. As an

example, Mas-Herrero et al. (2018) successfully modulated the liking response of par-

ticipants duringmusic listening using transcranial magnetic stimulation (TMS) over the

left dlPFC, which in turn directly modulated fronto-striatal function. In a subsequent

neuroimaging study, the same authors proved that this stimulation indeed modulated

activity in the NAcc and its connectivity with temporal and frontal areas (Mas-Herrero,

Dagher, Farrés-Franch, et al., 2021). Thus, similar procedures can be used in the future

to test whether these findings are replicated in the oscillatory domain.

On a different note, in the introduction it was conveyed that in addition to auditory

expectancy, another candidate cognitive mechanism that could contribute to music-

related affect valence is evaluative conditioning. This is described as a mechanisms

through whichmusical stimuli can be associated with other external or internal events,

such as memories, emotions or other stimuli evoking pleasure (Juslin, 2013). It was

thus proposed that music-reward processing could also emerge from these associa-

tions. However, this idea has not been explored in the literature nor in this thesis. In

order to test the extent to which these high order associations can engage the brain
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reward system experiments inducing the generation of pleasant elements associated

with music must be conducted. It will also be interesting to see the brain spatial dis-

tribution and oscillatory dynamics of these associative-driven liking responses.



5. Conclusions

The aim of this thesis was to better understand the oscillatory dynamics associated

with music-evoked pleasantness. In order to do so, we set out three experiments to

elucidate what brain nodes are synchronized by theta rhythms during pleasant mu-

sic listening, which relation these rhythms have with the music processing network,

and the modulation effect of familiarity on these connections. In all our experiments

participants listened to naturalistic music stimuli while rating the degree of evoked

pleasantness in real time, which allowed us to study sustained oscillatory dynamics

and their relation to affect valence in response to music. In addition, in experiment 3

participants were familiarized with some of the materials 24h prior to the experimen-

tal session in order to further study whether different theta connectivity topologies

underlie the processing of pleasant familiar and novel music, respectively.

Grounded on a connectivity approach we made some important discoveries. Firstly,

we found that theta synchronization between right frontal and temporal areas in-

creasedwith reported pleasantness in study 1. In addition, in study 2we found that this

fronto-temporal theta synchronization, was only associated with music-related fronto-

temporal networks when music was reported to be liked. In this study music-related

networks were extracted using blind source separation of fMRI signals, which were

acquired simultaneously with the EEG data, and included both STG, both RMCs and

portions of the right IFG. From these results we interpreted that theta rhythms are a key

oscillatory mechanisms in the coupling of the brain areas involved in music listening,

particularly relevant when music is pleasurable for the listener.
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Altogether, these findings add up to a growing body of literature pointing out that

frontal and temporal brain areas are actively involved in music-reward processing and

that theta rhythms are key to this process. In addition, these findings also converge

with other lines of research and theories. Particularly, theta synchronization between

frontal and temporal areas has been found to be at the basis of expectancy dynam-

ics and working memory in the auditory system. This does not only converge with

our findings in the spatial and frequency domains, but also with theories stating that

music-evoked pleasantness is precisely enabled by the expectancy dynamics taking

place within auditory working memory, processes supported by these fronto-temporal

loops. Future studies must be devoted to test whether these information processing

accounts are indeed at the basis of the results found in this thesis.

Finally, in study 3 we found that these fronto-temporal theta connections were more

related to pleasantness evoked by novel music than pleasantness evoked by familiar

music, which was instead related to temporo-parietal theta synchronization. These

results are consistent with previous research showing that parietal brain function is

associated with familiar music listening along other music-related areas. We propose

that while fronto-temporal loopsmight bemore related to the processing of schematic

expectations, temporo-parietal loopsmight be the source of veridical expectations dur-

ing music listening. More efficient theta synchronization within these loops would be

associated with increased liking response, congruent with literature on the effect of

familiarity on music-evoked pleasantness. Future research will elucidate the extent of

these hypotheses and how these two networks interact.
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