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Abstract

:

The last decades have seen a proliferation of music and brain studies, with a major focus on plastic changes as the outcome of continuous and prolonged engagement with music. Thanks to the advent of neuroaesthetics, research on music cognition has broadened its scope by considering the multifarious phenomenon of listening in all its forms, including incidental listening up to the skillful attentive listening of experts, and all its possible effects. These latter range from objective and sensorial effects directly linked to the acoustic features of the music to the subjectively affective and even transformational effects for the listener. Of special importance is the finding that neural activity in the reward circuit of the brain is a key component of a conscious listening experience. We propose that the connection between music and the reward system makes music listening a gate towards not only hedonia but also eudaimonia, namely a life well lived, full of meaning that aims at realizing one’s own “daimon” or true nature. It is argued, further, that music listening, even when conceptualized in this aesthetic and eudaimonic framework, remains a learnable skill that changes the way brain structures respond to sounds and how they interact with each other.
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1. Introduction


Music listening is an experience that has been operationalized by psychologists and neuroscientists in recent decades as mainly concerning the auditory system and cognitive and affective functions. Research has for the most part focused on the perceptual and cognitive consequences of listening, linking it with the phenomenon of neuroplasticity or neural changes deriving from adaptation to new environmental demands as in the case of sensory deprivation or repeated exercise (see [1,2,3] for an overview). Consequently, music and musicians have been identified as a promising model for neuroplasticity [4], as the result of intense repeated exercise focused on the improvement of domain-specific skills. These neuroplastic changes, however, are not limited to the yearlong physical acts of motor practice with an instrument, as in the case of professional musicians. Merely listening to music in the course of days, or even hours and minutes, can result in modifications of the functioning of the brain [1,2,3,5]. In the context of the predictive coding theory of music, music listening is an active process of prediction and updating those predictions, which occurs at any exposure to new sounds over all temporal courses, from seconds up to an entire life [6,7]. This never-ending process is well exemplified by the famous cellist Pablo Casals who, when asked why he continued to practice at age 90, replied “Because I think I’m making progress”.



Listening to music, by definition, refers to the sensorial act of processing acoustic features by the auditory system. Hence, a description in terms of the objective acoustic characteristics may help to tackle some of the elusive aspects of possible causal relationships between music and its effects by describing at least the stimulus side of the music processing chain (input). Using neural correlates of stimulus processing could do the same for measuring also objectively the responses of each individual listener (output). For this, psychoacoustic research and computational developments are essential. Music listening, though, does not restrict itself to the sensorial act of processing objective features of sounds that act as triggers for passive recipients. It may be described also as an aesthetic experience, which, when referring specifically to music listening, is defined by Brattico & Pearce as “[an experience] in which the individual immerses herself in the music, dedicating her attention to perceptual, cognitive, and affective interpretation based on the formal properties of the perceptual experience” [8] (p. 49). Following this view, listening can be conceived as a sequence of “states” induced by active engagement with the music and by processes which can be labeled as “coping“ with the sounds [9,10]. Such definition of a musical aesthetic experience is strongly founded on empirical research but it is also in line with previous philosophical/phenomenological accounts aiming to describe the nature of the human relation to art in general as a subjective experience. Ingarden pointed to the role of the subject-driven experience, as a teleological experience to be instantiated in the concept of an encounter between the artist/performer and observer, holding a dynamic tension between the artwork as an ultimate, finished and fixed source (Ergon) and the experience as an individual process of apprehending and knowing (Energeia) [11,12] (see also [13]). Dewey, on the other hand, revoked the idea of the aesthetic experience as a question of mere knowledge and moved gradually in the direction of humans craving meaning in the sense of lived, embodied experiences with full involvement with the world. An experience, for Dewey, is a synonym for consummatory experience with the felt underlying quality of emotionally pervading the whole and giving it a sense of closure or resolution [14,15]. Mead stated that aesthetic experiences enhance the power to catch the enjoyment of the actual consummation of that experience; they are the basis for the development of self-consciousness through subjective sensations, emotions, and imagination, and are even necessary for understanding social life [16]. Dufrenne, one of the most distinguished researchers on the relationship among art, aesthetics, and phenomenology, presented three distinct categories of aesthetic perception—presence, representation and feeling—, thus providing a vast description of the essential aspects of the aesthetic experience with the aim to understand them also within the totality of the human experience [17,18].



Besides these philosophical definitions of the aesthetic experience, more operational definitions conceived in relation to visual art and stemming directly from empirical research were proposed by Marković, Pelowski, and Leder: according to them, the aesthetic experience brings together the biological basis of aesthetic preference and attraction and the neuroscientific study of awareness and special states of consciousness [19,20,21]. In line with this, our approach focused on the musical aesthetic experience identifies three major outcomes of aesthetic music listening: the experience of aesthetic emotions, such as, e.g., enjoyment, chills, nostalgia, awe, and being moved; aesthetic judgments as in the conscious evaluation of the beauty of the music, based on its formal properties; and a verdict of liking or preference, involving both the conscious liking/disliking of the music [8].



Intermediary processes between input and output, further, can substantially bias and modulate the final aesthetic responses to sounds. Among those, personality factors may have a critical role in eliciting emotional and physiological reactions, such as the propensity to experience aesthetic chills and thrills [22], though it can be questioned to which extent these personality characteristics act as dispositional traits that function as causal factors for the elicitation of a typical response. All these processes and modulating factors, finally, constitute a genuine aesthetic listening situation [23,24,25].



In sum, new research within the neuroaesthetic framework, besides focusing on perceptual and cognitive aspects of music listening in relation to prolonged sound exposure and practice in musicians, reaches out to capture the vast complexity of the music listening phenomenon. Here, we aim to provide a narrative overview of the recent research on music listening, with an effort to provide the latest organized and systematically structured knowledge on music listening as an aesthetic experience. For doing so, we will answer the following questions: (1) how does listening produce effects that go beyond the auditory system? (2) what is the relation between the style of music, its life-long exposure time, and the resultant effects on brain activity? (3) what is the role of the individual differences between listeners with their personality traits and individual listening history? and, (4) can modes of listening and strategies be reduced to their corresponding neural correlates? Our final goal is to determine whether musical styles and listening modes have an effect, both in the real-time situation of actual listening and by considering the lasting effects on the brain, and on allostatic loads and homeostatic regulation (see below for definitions of the terms).




2. Does the Music Matter? Acoustic Features as Candidate Elicitors of Induced Responses


There are different tonal, harmonic, and rhythmical-metrical systems and innumerable kinds of musical instruments around the world. Most of them can be related to basic principles of psychophysical and neurobiological processing of the sounds. The physical description of sound, further, is amenable to acoustic analysis and specific acoustic cues. It highlights the special importance of manipulations of acoustic frequency—as a central element of music-making [26] and timbre-related characteristics, such as the attack time, the spectral centroid, and the spectral flux [27]. Several acoustic features that capture timbral, rhythmical and tonal properties have been investigated in this regard, relying mainly on techniques from Music Information Retrieval (MIR).



A compilation of such features in the Matlab environment derived from psychoacoustic and MIR research is the MIRToolbox [28], which provides a feature set that can be classified into short- and long-term features. Short term features—defined as being within a 25 ms analysis window—include timbral properties such as zero crossing rate, spectral centroid, high energy-low energy ratio, spectral spread, spectral roll-off, spectral entropy, spectral flatness, roughness, RMS energy, spectral flux, and Sub-Band Flux; the latter include pulse clarity, fluctuation centroid, fluctuation entropy, musical mode, and key clarity. All these features are related to one of the traditional dimensions in music theory, such as pitch and tonality, rhythm, timbre, and dynamics (see Box 1 for clarification). Further reduction of the dimensionality of the features set by means of Principal Component Analysis has led to six components categorized as such and validated after listening tests: Fullness, Brightness, Activity, Timbral Complexity, Pulse Clarity, and Key Clarity [29,30].



Research combining MIR with music listening and brain measurements has identified several interesting mechanisms. First, an association between electrophysiological brain oscillations at narrow frequency bands and the time course of acoustic features has been identified and replicated. Indeed, rapid acoustical changes in real music—such as changes in brightness, root mean square (RMS) amplitude, zero-crossing rate, and spectral flux (see [31] for technical details)—induce transient evoked cortical responses [31,32], similar to the ones observed in relation to isolated simple sound feature changes, such as a new frequency, or timbre, or duration, or even contour, and meter [33,34,35,36]. Moreover, both in the peripheral and central auditory system magnitudes in acoustical features, such as, e.g., their sound intensity, are linearly related to evoked response amplitudes. Similarly, the repetition of a specific feature parameter is encoded and learned by the central auditory system. The linear-causal relation between auditory features and neurophysiological responses of the central auditory system can be quantified using electroencephalography (EEG). This holds for both the decrease of the main feature-dependent auditory-cortex response according to the amount of feature repetition (N1) and the increase of prediction error signals, namely the mismatch negativity (MMN) linked to the deviation of the error from the repetitive sound context.



Other studies combining music, MIR, and brain methods that utilized functional magnetic resonance imaging (fMRI) demonstrated that music listening recruits and connects large-scale brain networks of cerebral cortical, subcortical, and cerebellar cortical regions involved with audition, motor imagery, and planning as well as emotion [29,37,38,39].





Box 1. Overview of the feature set of the MIRToolbox for acoustic information retrieval [28,30] and their Principal Component Analysis dimensional reduction [29] (see also [40]).











	 

	
TIMBRAL FEATURES




	 

	
Zero Crossing rate (ZCR): number of time-domain zero crossings or sign-changes of the signal per unit of time




	 

	
Spectral centroid: geometric center on the frequency scale of the amplitude spectrum, indicating the average amount of the energy




	 

	
High-energy-low energy ratio: ratio of energy content below and above 1500 Hz.




	 

	
Spectral entropy: quantifies the spectral complexity and irregularity of energy distribution in the frequency domain




	 

	
Spectral roll-off: the frequency below which a specified percentage (cutoff) of the total spectral energy exists (85% by default)




	 

	
Spectral flux: dynamic variation of spectral information by measuring how quickly the power spectrum of a signal is changing




	 

	
Spectral spread: standard deviation of a spectrum




	 

	
Spectral flatness: tonality coefficient or Wiener entropy of a spectrum that qualifies how tone-like a sound is as opposed to being noise-like




	 

	
Sub-Band Flux: measure of fluctuation of frequency content (prominent partials) in different sub-bands of the spectrum




	 

	
Roughness: estimate of sensory dissonance




	 

	
LOUDNESS




	 

	
Root Mean Square Energy (RMS): measure of instantaneous energy contained in the signal, obtained by taking the square root of sum of the squares of the amplitude




	 

	
TONAL FEATURES




	 

	
Mode: strength of major or minor mode




	 

	
Key clarity: measure of tonal clarity




	 

	
RHYTHMIC FEATURES




	 

	
Fluctuation centroid: geometric mean of the fluctuation spectrum that represents the global repartition of rhythm periodicities within the range of 0–10 Hz, indicating the average frequency of these periodicities




	 

	
Fluctuation entropy: Shannon entropy of the fluctuation spectrum that represents the global repartition of rhythm periodicities, measuring the noisiness of the fluctuation spectrum.




	 

	
Pulse clarity: estimate of clarity of the pulse













There are, in this regard, two auditory pathways in the central nervous system: the classical pathways from the inner ear to the auditory cortex, and pathways to the reticular activating system, with connections to the limbic system and the autonomic nervous system (see Figure 1). The pituitary-adrenal neuroendocrine system is involved in the secretion of corticosteroids, which have a major role in the management of stress through the sympathetic-adrenal system that mediates the secretion of catecholamine, adrenaline, and noradrenaline [41,42].



Music listening, further, is not simply a causal input-output chain, with stimuli leading to predictable perceptual and cognitive responses in the listener [44]. Along with the effects of music as described in the previous section, music listening causes affective and physiological reactions, linked to an aesthetic experience. The most studied ones are thrills (see [45,46,47,48,49,50] for an overview), which are considered the most common and least differentiated aesthetic responses of the “aesthetic trinity,” which besides the thrills, also includes aesthetic awe and the state of being moved [51,52]. They have been described both in terms of objective bodily processes and subjective bodily sensations, either as warm chills, when characterized by terms as warmth, smiling, happiness, stimulated and relaxed (warm chills), cold chills with terms as coldness, frowning, sadness and anger and moving chills with terms as a lump in the throat, tears, affection, tenderness, being moved and intensity [53].



Much can be learned, regarding musical experiences, from research on arousal and valence perception in emotional vocalizations across diverse animal classes and human beings, as prototypical examples of modulation of specific acoustic parameters. The link with music may seem obvious—at least for certain kinds of music—but systematic research on this topic is still waiting for additional research. Much is to be expected here from the broader domain of acoustic roughness and typical applications in human and animal screams.



The ultimate aim of the acoustic modulations in these typical vocalizations is to facilitate correct identification of heightened arousal and emotional content, to make it possible to perceive potential levels of threat or danger and to react adaptively. It is a process that appears to be dominant over verbal content, seen from an evolutionary point of view [54]. Among such emotional vocalizations in human beings screaming, has received a lot of scholarly interest, due to its quasi-universal practical relevance as one of the most important alarm signals for survival. The acoustical features are well-documented either through waveform and spectrogram representations and more recently also by using modulation power spectrum (MPS), as a useful tool that provides a neurally and ecologically relevant parameterization of sounds by displaying the frequencies of temporal and spectral modulations in the spectrogram (see Figure 2). It can be defined as a two-dimensional Fast Fourier Transform of a spectrogram that shows the irregularity of a sound and the power of its temporal and spectral modulations. As such, it provides a fingerprint of the sound, which is a much more effective identifier than mere pitch or loudness representation (see [55] for technical details).



MPS descriptions of human screams show that they cluster within a restricted portion of the acoustic space with a modulation rate between 30 and 150 Hz. [55,56,57]. They correspond to the perceptual attribute of roughness, which is a typical feature of both natural and artificial alarm signals (e.g., buzzers, horns), with the aim to boost detection by occupying a privileged acoustic niche that is easily segregated from other signals. Musical instruments, on the other hand, are characterized by much more complex spectrotemporal features, especially when they operate within the roughness range. Acoustic roughness and screams, further, activate the primary auditory cortex and the amygdalae. These structures are linked to the neural coding mechanisms that enable quick responses to acoustic cues, which are related to auditory salience and potential danger and so are critical for a rapid appraisal to ensure biological efficiency [58]. Other features that modulate or accentuate speech and/vocalizations are increased loudness and high pitch, but although they contribute to potential fear responses, they are not sufficiently distinctive to evoke the specific involved emotions.



In this regard, it has been hypothesized that arousal-related universals may be shared also by music [60] with specific acoustic cues that seem to affect the ratings of arousal. Examples are the fundamental frequency (F0), harmonics-to-noise ratio (HNR), the spectral center of gravity (SCG), and duration [61,62,63]. They may be considered major underlying mechanisms for the affective outcomes of musical stimuli. Indeed, distinct MPS parameter values characterize consonant and dissonant musical intervals, with dissonant intervals generating stronger modulations in the lower half of the roughness window (30 to 80 Hz) to elicit temporal modulations that are exploited to communicate danger [59].



A distinction can be made between those elementary perceptual features of the sounds that produce hedonic sensations by themselves and those that are perceived as being threatening or potentially harmful. There is, in fact, a major difference between so-called relaxing, calming, and soothing music or sounds and stimulating or exciting music. Play-songs and lullabies are typical examples of the first [64] but the findings for relaxing classical music, in general, are not yet conclusive at this moment [65]. Techno music, on the other hand, has been found to belong to the second category of arousing signals [66]. Also, certain styles of rock music, with human screams that resemble natural alarm signals, are characterized by high roughness [58]. In many cases the aesthetics of pop, rock, techno, and metal—sometimes referred to as the “sound-as-power approach—are also concerned about the distribution, balance and dynamics of spectral energy to create a saturated, dense sound [40,67,68].



The impact of these acoustic features is evident even when listening to music without any attentional resources, such as when music is heard in the background while listeners are concentrating on other primary tasks. This type of listening is termed incidental and is by default ongoing even during early sleep stages (when most external stimulation processing is hindered and filtered out), as an adaptive way of monitoring the environment for potential dangers [69].



Some of the above-described acoustic features are more compelling than others—with low-level features being processed in a quasi-automatic way—, and even high-level emotional and cognitive processes are not functioning independently from the acoustical characteristics of the music. It might be tempting, therefore, to conceive of the relationship between the acoustic features of the music and the evoked responses in the listener in terms of a mathematical function, with as the domain all possible input values, as the range of all possible outcomes, and claiming a unique relationship or one-to-one mapping between input and output as the transfer function. Such a causal-linear relationship, however, has proven to be somewhat illusionary. Besides the universal psychophysical commonalities at the lowest levels of perception, there are many intermediary modulating factors—including intrapersonal, interpersonal, and external factors—, which may influence the actual outcome of the listening process [1,70]. Yet, it remains tempting to conceive of music listening in terms of the axiom of psychobiological equivalence, which addresses the central question of whether there is some lawfulness in the coordination between sounding stimuli and the response of music listeners in general [71]. It invites us to argue for an operational approach, which contains three elements: an objective description of the acoustic features of the music and their possible role as elicitors, a description of the possible modulating factors—both external/exogenous and internal/endogenous ones—, and a continuous and real-time description of the responses by the listener, both in terms of their psychological reactions and their physiological correlates.




3. From Incidental Listening to Full-Fledged Aesthetic Experience: The Role of Individual Factors


Responses to sound features can vary widely among individuals, depending on several modulating factors. Among them, the most studied that relate to person-specific characteristics or “internal context” are expertise, internal state, mood, personality, and attitude. The factors that relate to the listening situation, also described as “external context” are the physical and social environment, specifically whether being in a concert hall or at home, or whether being alone or with others [70,72]. Hence, when analyzing the different ways those factors affect music listening, there exist considerable differences in the ways listeners deal with music, ranging from incidental listening to an attentive skillful situation up to a life-changing aesthetic experience. We will herewith review evidence on the different types of person- and context-dependent listening experiences.



Based on the literature (see [1,70] for a broad overview) it is possible to identify specific factors that determine the individual differences in how listening occurs. They relate to innate characteristics and ontogenetic development, combining innate disposition with natural maturation and external mediation. There is no space to go into detail here, but much of the “individual difference literature” on personality and cognitive traits has drawn on the Big 5 personality traits—Extraversion, Agreeableness, Conscientiousness, Emotional Stability/Neuroticism, and Openness to experience [73]—and the role of trait empathy. Underlying personality traits have been found to mediate physiological and psychological reactions to different styles of music [22,48,65,74,75]. Empathy, on the other hand, is another factor that shapes the musical experience. It consists of two distinctive elements, coined as the affective and cognitive element, which can trigger emotional reactions, which are evoked by observed emotions of others (affective empathy) or entail a cognitive recognition or understanding without necessarily experiencing them (cognitive empathy) [76,77,78,79,80,81,82,83].



As to the ontogenetic development, accumulating exposure to sounds is the first factor at play: listeners who can draw on a lifetime’s experience can make sense of music in ways that children or teenagers cannot. There is, in this regard, the importance of each individual learning history, which may be driven by internal or external forces such as innate curiosity, the tendency to invest in exploratory behavior, and the urge to master (intrinsic motivation) or to comply with the demands of parents and/or educational institutions (external motivation). The cumulative effect of these forces may result in levels of sophistication that outreach those of simple natural maturation.



Directly in relation to the individual lifetime experience with sounds, one way of listening is what could be termed skillful, namely the listening skills acquired by exposure towards achieving expertise. While motor advances in “skill acquisition” of professional musicians, who learn fine motoric abilities specific to their instrument, are obvious in executive expert behavior, as in virtuoso performing, advances of experts are less obvious in internalized forms of behavior, such as listening to music. Musicians, though, are better at psychoacoustic processing. They show better pitch acuity than nonmusicians, and a better capacity to understand speech in a noisy environment or to extract the prosody contour of speech [84]. In terms of brain mechanisms that underlie skillful listening in music experts, meta-analyses demonstrate an enlarged volume of the gray matter for primary and non-primary auditory regions in the temporal lobes [85]. Neurophysiological measures also demonstrate the faster and stronger synchronization of neuronal assemblies when responding to sounds and to errors of sounds in musicians as opposed to nonmusicians.



Related to such skillful listening is cognitive mastering, a crucial stage of information processing that leads to the aesthetic outcomes of judgments and emotions as the outcome of knowledge and understanding [86,87]. Professional musicians, e.g., have access to different cognitive strategies and auxiliary representations of music in comparison with musical laymen. They show auxiliary mental representations of music as the result of training and practice and use larger and more complex neuronal networks than non-professionals with, among others, left hemisphere activation, attributed to the recruitment of inner speech by naming pitches and harmonies more or less automatically while listening. This points in the direction of brain substrates of music processing that are the outcome of ways of listening rather than being amenable to fixed music centers [88].



A further step of the journey into the music listening experience occurs with an intensification of the engagement with the sounds. It is somewhat related to the transition from mere hedonic pleasure to eudaimonic experience, with a shift from mere reactivity to auditory stimuli to a full-fledged aesthetic listening experience. Hedonic pleasure aims at pleasure or personal happiness, with a focus on the experience of pleasant feelings and a balance between positive and negative affect; the eudaimonic experience, on the contrary, is inspired by Aristotle’s instigation to realize one’s own “daimon” or true nature and has broader goals such as the realization of the potentials and mechanisms through which we achieve personal growth to make meaning and seek performances in our life [89,90,91]. Neuroimaging studies confirm the qualitative nature of the differences between incidental or even skillful listening and aesthetic listening, with a gradually enhanced functional connectivity between important perceptual-cognitive, attentional and reward networks of the brain and more in particular between mesolimbic and orbitofrontal reward circuits, the auditory cortex and the prefrontal cortex ([1,2], for a review of findings also related to the aesthetic experience of figurative arts, see [92]). The concept of reward, however, can take on different forms, as aesthetic rewards are highly abstract in nature. They are mostly culture-dependent and involve cognitive components with a critical role for learning and social influences, thus recruiting higher-order and more complex regions of the evolved brain [93,94].



Listeners, in their search for rewarding stimuli, may behave as biological beings who have recourse to their neural apparatus for coping with sounds. This involves the neural mechanisms for evaluation of the environment in terms of threats and dangers, but also for the search of possible benefits for survival [10,71]. The latter include, among others, the generation of affective reactions—both positive and negative—, which may be considered to have adaptive functions. Positive affect, in particular, has consequences for the expansion of cognitive and emotional resources, which are not merely subjectively felt, but which can be measured also by objective means [95]. As such, it is possible to conceive of music in terms of biologically rewarding stimuli and to link music listening with the findings from stress research—both its positive/rewarding and negative/aversive aspects—, and its connections between life experience, emotion, and health outcomes.



On the positive side, there is, first and foremost, the empowering impact of music—both in the short and long term—, besides its curative and protective effect. The long-term effects are the easiest to assess as they can be assessed from neuroplastic changes that occur after repeated listening or playing; the short-term effects, on the contrary, are mainly related to the benefits of having an aesthetic experience or simply enjoying the music, even for physical and mental health (see [43,96], for an overview).



While the power of music to elicit emotional reactions and regulate the subjective emotional state is widely acknowledged, this power is highly variable across individuals with their distinct dispositional traits. For instance, in one of our previous studies [97], listening to a relaxing music track (vs. a control noise track balanced in amplitude modulations with the music) was more effective in individuals with higher scores in anxiety trait and lower scores in emotional control trait from the Big Five personality model. Several attempts have been made to link aesthetic chills to another Big Five personality trait, namely “openness to experience”—broadly characterized as comfort with novelty and motivation for cognitive exploration—[50] or to the reinstatement of social contact after separation or loss, in the case of cold chills—as a kind of thermoregulatory underpinning of social motivation [22,98].



In general, it has been found that a distinction can be made among listeners between chill responders and non-responders [99]. Chill responders seem to show a preference for less intensive stimuli, they like approval and positive emotional input from their environment rather than seeking thrill and adventure, and they listen to music mostly alone and separated from their surroundings rather than in social settings [46]. The neural basis of these individual differences between emotional and non-emotional responders, however, is not yet totally understood [5]. Even if it has been postulated that warm and cold chills are pursued and sought after by specific populations [46]. The whole discussion, however, can be better contextualized within the corresponding distinction between two kinds of listeners which can be classified as empathizers vs. systematizers, with the former focusing on the affective aspects of the music by identifying emotions and responding emotionally, and the latter tending to find structures and organization behind the music such as formal structures, regularities, patterns and rule systems [53,100].



Besides traits that should predispose to specific ways of listening, there seems to be also a modulation of perceptual and affective responses to music by psychological states, as exemplified in specific listening modes. Evidence exists, in this regard, for the role of cognitive vs. affective listening modes that can be adopted at the moment by participants during experimental sessions. In an event-related potential study by Brattico et al. [101] participants were induced by a visual prompt to switch between two listening modes when presented with 5-chord sequences ending with congruous, mildly incongruous, or highly incongruous chords: one mode was termed “cognitive” since it required the judgment of correctness of the chords, and another mode was termed “affective” since it required the judgment of the liking or disliking of the chords. While the early error-related response to the ambiguous and incongruous chords did not differ according to listening modes, later neural responses clearly differentiated the modes. Even a neural response before the chord listening started was observed indicating a mode-specific attentional resource allocation (see also [102]).



Neuroimaging findings with fMRI confirmed the involvement of distinct neural mechanisms depending on listening modes. Liu et al. [25] asked listeners to perform three judgments of pop/rock 15-s clips in separate stimulation blocks: one involving a non-evaluative judgment (determining the gender of the singer), one involving an explicit evaluative aesthetic judgment (deciding whether they liked or did not like the clip), and one involving no judgment at all (passive listening only). Non-evaluative listening increased connectivity in the auditory-limbic brain network. In turn, the evaluative judgment strengthened intercommunication only between areas related to auditory processing and action observation, and between higher-order structures involved with visual processing.



In another fMRI study, Bogert et al. [103] modulated the visual instructions related to 4-s music clips, asking to pay attention either to the numbers of instruments playing in the clip (implicit condition) or to explicitly classify the emotions conveyed by the music (explicit condition). The implicit condition (contrasted with the explicit one) of music listening activated bilaterally the inferior parietal lobule, premotor cortex, as well as reward-related areas such as the caudate (dorsal striatum) and ventromedial frontal cortex. In contrast, dorsomedial prefrontal, and occipital areas, previously associated with emotion recognition and cognitive processing of music, were active during a listening mode focused on explicitly judging the musical emotions expressed in the clips.



In conclusion, evidence shows that aesthetic music listening, contrasted with incidental or even skillful listening, is characterized by attentional focus, namely the act of paying attention to the music with the aim to reach an evaluation [104]. This attentive internal state allows for the first initial fast reactions to sounds to become available for conscious appraisal and evaluation [25,70].




4. Neural Mechanisms of Coping with the Sounds


The effects of music listening can be studied from two perspectives: the psychological level of well-being and enjoyment and its underlying physiological and neurological correlates. Though it is possible to conceptually distinguish both perspectives, they are quite intertwined with the neurological level being the ultimate explaining mechanism for the generation of the aesthetic emotion of enjoyment. This is clear from recent studies within the emerging field of neuroaesthetics and neuroaesthetics of music, which try to understand the neural modulating factors that underlie aesthetic experiences in general and positive emotional responses to the music [8,58,92,105,106,107,108,109,110]. It is a challenging new field that aims at explaining musical behavior in terms of stimuli, brain physiology, and motor responses [40]. Several topics, however, are still under discussion, such as the role of neurotransmitters as dopamine in the occurrence of arousal peaks, the relation between pleasure and aesthetic reactions, the claim that all aesthetic-related reactions can be ultimately reduced to biological origins [111] and the distinction between aesthetic pleasure as a core pleasure evoked in subcortical brain processes as against conscious liking that involves also evaluating judgments which originate in higher-order cortical structures [25].



Much is to be expected here from a naturalistic approach to musical sense-making and a conception of listening in terms of “coping” with the sounds [10,112] with the aim to explore how an ordinary sensory experience can be transformed into an aesthetic experience. Two components of core affect seem to be involved in this transition, namely arousal and valence, both of which are triggered by the visceral and peripheral sensory systems. They can be defined as mental representations of bodily changes that can be valued as hedonic pleasure or displeasure with some degree of arousal [87,113] by considering the empowering impact of music, its role in arousal enhancement, and its function in stress regulation and reduction, either in a positive or negative sense.



4.1. Aesthetic Listening and the Generation of Pleasure


Neuroscience has provided major insights into the positive effects of aesthetic music listening by focusing on the localization and connectivity of so-called hedonic hotspots in cortical and subcortical regions of the brain, and by examining the role of neurotransmitters in the modulation of the physical and physiological responses to the music.



The generation of pleasure—both in its sensorial and conscious aspects— depends mainly on a network of strongly connected hedonic hotspots within the mesolimbic pathway. They have adaptive values by helping us to want, to like, and to learn about stimuli that may possibly ensure survival, and are found along the reward circuitry in the nucleus accumbens (NAcc), the insula, the orbitofrontal cortex (OFC) and the ventral pallidum [114,115]. The subcortical hedonic hotspots are responsible for the simple and spontaneous core liking reactions to pleasurable stimuli, whereas the involvement of cortical prefrontal structures is needed for the conscious feelings of wanting or incentive salience during the appetitive phase [95,116], this network shows an interplay between more evolved neocortical areas and evolutionary older areas of the brain.



Most investigations, however, have concentrated on cortical and subcortical “telencephalic sites” of aesthetic and emotional processing, such as, e.g., the dorsal and ventral striatum and amygdala, somewhat in line with a very recent meta-analysis on music listening and imagery (see Figure 3) [117]. Yet some evolutionary older levels, such as the brain stem, which houses several auditory processing mechanisms as well as core mechanisms for homeostatic regulation, have been left out to some extent, due partially to the technical difficulties of brain stem imaging, but also to the lack of theoretical frameworks for its role in hearing as related to the mechanism of homeostasis [26]. These older levels are important, however, in the sense that a distinction has been proposed between fast and slow routes of affective evaluative processes: the fast route is a primary route to the positive or negative appraisal or evaluation of stimuli, relying on quick and automatic brain responses, mostly below the level of consciousness and originating mainly in the brainstem, the primary sensory cortices, and the limbic system; the slow route, on the contrary, involves the evolutionary more evolved structures of the brain, such as the prefrontal cortex with outcomes such as the conscious liking or appraisal of a piece of art or music [118,119,120].



Besides these structural issues, neurochemical research has also identified the impact of neurotransmitters on the affective aspects of music listening. The study of combined psychophysical, neurochemical, and hemodynamic effects, in particular, may reveal peaks in the autonomic nervous system activity, which explain also the effects of music on mood (e.g., [97]. Studies with ligand-based position emission tomography—using radioligand raclopride that binds with dopamine—have shown that strong emotional responses to music lead to dopamine release in the mesolimbic striatal system together with sensory regions for auditory reception while listening to highly pleasurable music [93,94].



Some findings have been even more ground-breaking, with an unforeseen functional dissociation between the “anticipatory phase” of peak emotional experiences with dopaminergic activity in the caudate nucleus, and the “consummatory phase” of the actual experience with activity in the nucleus accumbens. This dopamine release, immediately before the climax of emotional experiences, in the caudate, is of considerable importance, as this region is highly interconnected with limbic regions such as the amygdalae, hippocampus, cingulate and ventromedial prefrontal cortex, which all mediate emotional responses. The findings point also to the direction of two distinct anatomical pathways that play different but complementary roles in the emotional experience of music, mapping somewhat onto the “wanting” and “liking” dimension of music appreciation ([121], see also [92]).



Care should be taken, however, not yet to generalize too much about the role of dopamine release. Even if it underlies both the appetitive and consummatory phases of reward, the peak of the pleasure experience and the hedonic properties or subjective pleasure that is associated with obtaining a reward may depend on the release of other neurotransmitters such as endogenous opioid peptide releases in the hedonic hotspots in the nucleus accumbens, which is a region that is implicated also in the euphoric components of psychostimulants such as, e.g., cocaine [65,115,122,123,124,125] (see also [26]). This could challenge the common view that dopamine is causally related to music-evoked pleasure through the engagement of the hedonic hotspots in favor of a milder claim that it should arise from motivational signals and cognitive appraisal so as to increase the attractiveness of the surrounding environment and to strengthen the efficacy of rewarding stimuli [125]. As such, it should intervene in the processing of diverse types of pleasures, as is the case in aesthetic experiences [65,115]. Somewhat generalizing, it can thus be stated that listening to pleasurable music is associated with activation of the NAcc and its interactions with brain structures that regulate autonomic, emotional, and cognitive functions. There is, as such, a strong link between emotional and cognitive systems which link the orbitofrontal cortex with mesocorticolimbic dopaminergic circuitry (NAcc and VTA) [65].




4.2. Music Listening, Stress, and Allostatic Load


Music, as a candidate elicitor, does not always contribute to pleasure. As a vibrational phenomenon, it may put stress on the body and the brain, it can have a role in maintaining, restoring, or even disrupting the homeostatic balance, and can, in the worst case, even become a source of allostatic load. It makes sense, therefore, to conceive of music listening in terms of “coping behavior” (see above) with a major distinction between adaptive and maladaptive ways of listening [10,126].



The concept of adaptation, first, is very useful. According to Selye—a pioneer in the study of stress—, life is a process of adaptation to the circumstances in which we exist, and health and happiness depend on the successful adjustments to the ever-changing conditions of this environmental surrounding world [127,128]. Healthy functioning, in this view, requires ongoing adjustments and alternations of the internal physiological milieu through physiological systems that exhibit fluctuating levels of activity to respond and adapt to the solicitations of the environment [129]. Stress research, however, has traditionally focused on failures in this process, emphasizing the role of allostatic load, which, in its etymological sense, means “stability through change”, thus emphasizing the constant dynamism of our internal physiology [130]. It can be defined as the cumulative wear and tear of the strain of physiological effects of multiple forms of adversity on several organs and tissues, due to the overactive or inefficient management of the stress responses. Allostasis, then, reflects the consequences for risk of pathology, such as organ system breakdown, compromised immune response, cardiovascular dysfunction and disease, elevated cortisol and insulin secretion, accumulation of abdominal fat, loss of bone minerals, reproductive impairments, decreased neurogenesis, increased neuronal cell death and associated atrophy in the limbic system ([131], see also [132]).



Two major kinds of allostatic load have been identified thus far: “physiological reactivity”, as in the case of acute shifts and elevations in physiological activity in response to threatening stimuli, and “chronic elevations” beyond the basal operating ranges, operating mainly in the absence of challenging stimuli. Conditions as hypertension and diabetes are typical examples. The picture, however, is not exclusively negative as it is also possible to conceive of optimal allostasis. It is a challenging approach that has marked a kind of paradigm shift in stress research by focusing not exclusively on failures in the adaptation process [129]. An operational approach to such optimal allostasis, therefore, should include not only the maintenance of load indicators in normal operating ranges but also the measurement of selected brain opioids such as β-Endorphins and leucine and methionine enkephalins, which have powerful effects in counteracting negative emotions and favoring positive ones [133,134]. The release of dopamine from the catecholamine systems, the central nervous system opioid peptides, and oxytocin are also of particular importance in this regard (see [129] for an overview).



The effects of allostatic load, further, are reflected in biological stress responses, such as the neuroendocrine, autonomic, and immune system responses, which put high strains on the mobilization from the hypothalamic-pituitary-adrenal axis [65], with a corresponding cascade of hormone secretions, going from the hypothalamic-driven release of corticotropin-releasing factor (CRF), to the pituitary-driven release of corticotropin to the adrenal-driven release of cortisol [129,135]. Activation of the sympathetic nervous system by stress-inducing stimuli, further, results in the release of catecholamines such as norepinephrine and epinephrine, driven by the medulla of the adrenal gland. The immune function, finally, can be compromised by the workings of these hormones and transmitters.



The above-described neurotransmitter-mediated neural activity within the reward pathways, on the other hand, regulates emotions and mood through changes in autonomic and physiological responses during music listening. This often leads to a relaxed smoothened state through psychological processes of decentering and non-attachment, so as to decouple the “sensory” and “affective” components of stressors with a resulting reduction of the sympathetic tone and suppression of mobilization by the hypothalamic-pituitary-adrenal axis. The aim of such decentering is to decrease stress responses to innocuous cues and to foster a rapid return to physiological and emotional baseline situations in response to real threats. Such reductions should then be visible across physiological mediators such as the adrenomedullary catecholamines (epinephrine and norepinephrine), adrenocortical glucocorticoids (cortisol), pituitary hormones (ACTH, prolactin, and growth hormones), and cytokines from cells of the immune system (IL-1, IL-6, and TNF-α) [136].



Hence, music can have a mediating role in the interactions between these physiological organ systems with a possible regulation of systemic stress hormone levels. Two markers of the HPA axis—ß-endorphin and cortisol—, have been found to decrease as the result of engaging with music, but not all findings point in the direction of lowering levels of activation. Stimulating music, e.g., can induce increased levels of plasma cortisol, ACTH, prolactin, growth hormone, and norepinephrine [65].



Generalizing a little, it can be stated that music can regulate stress, arousal, and emotions by initiating reflexive brainstem-mediated responses, which include heart rate, blood pressure, skin conductance, and muscle tension [137]. A distinction should be made, however, between those levels of stress that are perceived as harmful or annoying and those that are experienced as being beneficial for better coping behavior. It is a conception that is related to the psychobiological model of arousal, which states that enjoyment is optimal at intermediate arousal levels.



Applied to music, this means that it makes sense to attune ourselves to sound environments and sonic landscapes, including music, that provides stimulation in the optimal arousal zone [10,138,139], allowing us to cultivate positive adaptive reactions to beneficial stressors as well as to avoid possible distress triggered by harmful stimuli. It brings us to Selye’s concept of eustress, which he contrasted with distress, as the syndrome that is triggered by unspecific harmful stimuli or activities [127,128,140]. Eustress represents the pleasant stress of fulfillment, including both the properties of the stressor, considered to be beneficial in that case, the effort that is valued in terms of positive valence, and the effects that guarantee no damaging outcomes. Stressors, then, can be considered beneficial when they do not exceed the capacity for the maintenance or restoration of homeostasis [141].



Both negative-aversive and positive-rewarding stress, however, is associated with increased activation of the HPA axis. It means, finally, that aesthetic engagement with music reveals a unique neural architecture that connects physiological responses typical of stress to the combination of positive and negative affect, which leads ultimately to an expansion of our cognitive-emotional states. This is exemplified most typically in the experience of awe and aesthetic chills, which are characterized by vastness and the need for accommodation [142,143].





5. Conclusions


In this paper, we have focused on how certain individual, cultural, and acoustic factors affect music listening with a special focus on their neurobiological underpinnings, somewhat in line with a very recent meta-analysis on music listening and imagery (see Figure 3), which conceives of music mainly as a sensorimotor and cognitive process, but leaving out most of the affective and even more the aesthetic aspects of the experience, such as judgment and eudaimonia [117]. Starting from recent developments for the acoustic description of music and ways of listening, we have elaborated on the possible effects of music, which may be modulated or even biased considerably by the personality and learning history of each individual listener. By stressing the role of ontogenetic development, we have pointed out the malleability and learnability of listening as a skill. A distinction should be made, however, between skillful listening, as exemplified in expert listeners with formal musical training, and aesthetic listening, which adds some additional level of musical engagement to this level of sophistication. As such, the musical-aesthetic experience is considered a privileged and target example of musical engagement, in the sense that it combines empathic/emotional listening with aesthetic valuing and high-level cognitive processing. In neurological terms, this combines both cortical and subcortical processing of the musical stimuli with major connections between three regions, namely the auditory cortex, the prefrontal cortex involved in moral judgment, and the limbic and paralimbic regions of the emotional brain. It has been argued, moreover, that continuous and ongoing engagement with music with an aesthetic attitude can induce neuroplastic changes, both in the short and long term, with structural and functional modification of the brain as a possible outcome. The picture that emerges, finally, is a new approach to music listening that ties together arguments from distinct disciplines, but which all converge in the direction of a comprehensive aesthetic approach that maneuvers elegantly between biological and cultural perspectives (see also [19,20,21]). The focus of this paper, however, was on the former rather than the latter. Yet it opens up additional perspectives for future research.







Author Contributions


The paper was conceived originally by M.R. who wrote the initial draft of the paper. After initial proposals by M.R., E.B. selected the main goal of the review and gave major contributions in structuring and writing the subsequent versions of the paper as well as prepared the figure. P.V. provided additional comments and was also helpful in critically reviewing and streamlining the paper. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Reybrouck, M.; Brattico, E. Neuroplasticity beyond Sounds: Neural Adaptations Following Long-Term Musical Aesthetic Experiences. Brain Sci. 2015, 5, 69–91. [Google Scholar] [CrossRef] [PubMed]

	



Reybrouck, M.; Vuust, P.; Brattico, E. Brain Connectivity Networks and the Aesthetic Experience of Music. Brain Sci. 2018, 8, 107. [Google Scholar] [CrossRef] [PubMed]

	



Reybrouck, M.; Vuust, P.; Brattico, E. Music and Brain Plasticity: How Sounds Trigger Neurogenerative Adaptations. In Neuroplasticity: Insights of Neural Reorganization; Chaban, V., Ed.; InTech: Rijeka, Croatia, 2018; pp. 85–103. [Google Scholar]

	



Münte, T.F.; Altenmüller, E.; Jäncke, L. The musician’s brain as a model of neuroplasticity. Nat. Rev. Neurosci. 2002, 3, 473–478. [Google Scholar] [CrossRef]

	



Sachs, M.E.; Ellis, R.E.; Schlaug, G.; Loui, P. Brain connectivity reflects human aesthetic responses. Soc. Cogn. Affect. Neurosci. 2016, 11, 884–891. [Google Scholar] [CrossRef] [PubMed]

	



Vuust, P.; Ostergaard, L.; Pallesen, K.J.; Bailey, C.; Roepstorff, A. Predictive coding of music–brain responses to rhythmic incongruity. Cortex 2009, 45, 80–92. [Google Scholar] [CrossRef] [PubMed]

	



Koelsch, S.; Vuust, P.; Friston, K. Predictive Processes and the Peculiar Case of Music. Trends Cogn. Sci. 2019, 23, P63–P77. [Google Scholar] [CrossRef]

	



Brattico, E.; Pearce, M. The Neuroaesthetics of Music. Psychol. Aesthet. Creat. Arts 2013, 7, 48–61. [Google Scholar] [CrossRef]

	



Reybrouck, M.; Eerola, T. Music and its inductive power: A psychobiological and evolutionary approach to musical emotions. Front. Psychol. 2017, 8, 494. [Google Scholar] [CrossRef]

	



Reybrouck, M.; Podlipniak, P.; Welch, D. Music Listening as Coping Behavior: From Reactive Response to Sense-Making. Behav. Sci. 2020, 10, 119. [Google Scholar] [CrossRef]

	



Ingarden, R. Aesthetic Experience and Aesthetic Object. Philos. Phenomenol. Res. 1961, 21, 289. [Google Scholar] [CrossRef]

	



Ingarden, R. Phenomenological Aesthetics: An Attempt at Defining Its Range. J. Aesthet. Art Crit. 1975, 33, 257–269. [Google Scholar] [CrossRef]

	



Szyszkowska, M. Roman Ingarden’s Theory of Aesthetic Experience. From Idea to Experience and Back. In Roman Ingarden and His Times; Czakon, D., Michna, N., Sosnowski, L., Eds.; Księgarnia Akademicka: Krakow, Poland, 2020; pp. 225–240. [Google Scholar]

	



Dewey, J. Art as Experience; Minton, Balch & Company: New York, NY, USA, 1934. [Google Scholar]

	



Alexander, T. Dewey’s Philosophy of Art and Aesthetic Experience. Arts Teach. 2016, 2, 59–67. [Google Scholar]

	



Mead, G. The nature of aesthetic experience. Int. J. Ethics 1926, 36, 382–393. [Google Scholar] [CrossRef]

	



Dufrenne, M. Phénoménologie de L’expérience Esthétique; Presses Universitaires de France: Paris, France, 1953. [Google Scholar]

	



Milhorim, T.; Telles, T. Aesthetic perception in Dufrenne’s phenomenology: Possible contributions to psychology. Psic. Estud. 2018, 23, 137–146. [Google Scholar] [CrossRef]

	



Marković, S. Components of aesthetic experience: Aesthetic fascination, aesthetic appraisal, and aesthetic emotion. i-Perception 2012, 3, 1–17. [Google Scholar] [CrossRef] [PubMed]

	



Pelowski, M.; Markey, P.; Forster, M.; Gerger, G.; Leder, H. Move me, astonish me … delight my eyes and brain: The Vienna Integrated Model of top-down and bottom-up processes in Art Perception (VIMAP) and corresponding affective, evaluative, and neurophysiological correlates. Phys. Life Rev. 2017, 21, 80–125. [Google Scholar] [CrossRef] [PubMed]

	



Leder, H.; Belke, B.; Oeberst, A.; Augustin, D. A model of aesthetic appreciation and aesthetic judgments. Br. J. Psychol. 2004, 95, 489–508. [Google Scholar] [CrossRef]

	



Maruskin, L.; Thrash, T. The Chills as a Psychological Construct: Content Universe, Factor Structure, Affective Composition, Elicitors, Trait Antededents, and Consequences. J. Pers. Soc. Psychol. 2012, 103, 135–157. [Google Scholar] [CrossRef]

	



Brattico, E.; Bogert, B.; Alluri, V.; Tervaniemi, M.; Eerola, T.; Jacobsen, T. It’s sad but I like it: The neural dissociation between musical emotions and liking in experts and laypersons. Front. Hum. Neurosci. 2016, 9, 676. [Google Scholar] [CrossRef]

	



Liu, C.; Abu-Jamous, B.; Brattico, E.; Nandi, A.K. Towards Tunable Consensus Clustering for Studying Functional Brain Connectivity During Affective Processing. Int. J. Neural. Syst. 2017, 27, 1650042. [Google Scholar] [CrossRef]

	



Liu, C.; Brattico, E.; Abu-Jamous, B.; Pereira, C.; Jacobsen, T.; Nandi, A. Effect of Explicit Evaluation on Neural Connectivity Related to Listening to Unfamiliar Music. Front. Hum. Neurosci. 2017, 11, 611. [Google Scholar] [CrossRef] [PubMed]

	



Habibi, A.; Damasio, A. Music, Feelings, and the Human Brain. Psychomusicology 2014, 24, 92–102. [Google Scholar] [CrossRef]

	



Chartrand, J.-P.; Peretz, I.; Belin, P. Auditory recognition expertise and domain specificity. Brain Res. 2008, 1220, 191–198. [Google Scholar] [CrossRef]

	



Lartillot, O.; Toiviainen, P. MIR in Matlab (II): A Toolbox for Musical Feature Extraction from Audio. In Proceedings of the 8th International Conference on Music Information Retrieval, Vienna, Austria, 23–27 September 2007; Available online: http://ismir2007.ismir.net/proceedings/ISMIR2007_p127_lartillot.pdf (accessed on 19 October 2021).

	



Alluri, V.; Toiviainen, P.; Jääskeläinen, I.P.; Glerean, E.; Sams, M.; Brattico, E. Large-scale brain networks emerge from dynamic processing of musical timbre, key and rhythm. NeuroImage 2012, 59, 3677–3689. [Google Scholar] [CrossRef]

	



Toiviainen, P.; Alluri, V.; Brattico, E.; Wallentin, M.; Vuust, P. Capturing the musical brain with Lasso: Dynamic decoding of musical features from fMRI data. Neuroimage 2014, 88, 170–180. [Google Scholar] [CrossRef]

	



Poikonen, H.; Alluri, V.; Brattico, E.; Lartillot, O.; Tervaniemi, M.; Huotilainen, M. Event-related brain responses while listening to entire pieces of music. Neuroscience 2016, 312, 58–73. [Google Scholar] [CrossRef] [PubMed]

	



Haumann, N.T.; Lumaca, M.; Kliuchko, M.; Santacruz, J.L.; Vuust, P.; Brattico, E. Extracting human cortical responses to sound onsets and acoustic feature changes in real music, and their relation to event rate. Brain Res. 2021, 1754, 147248. [Google Scholar] [CrossRef] [PubMed]

	



Vuust, P.; Brattico, E.; Seppänen, M.; Näätänen, R.; Tervaniemi, M. The sound of music: Differentiating musicians using a fast, musical multi-feature mismatch negativity paradigm. Neuropsychologia 2012, 50, 1432–1443. [Google Scholar] [CrossRef]

	



Caclin, A.; Brattico, E.; Tervaniemi, M.; Näätänen, R.; Morlet, D.; Giard, M.H.; McAdams, S. Separate neural processing of timbre dimensions in auditory sensory memory. J. Cogn. Neurosci. 2006, 18, 1959–1972. [Google Scholar] [CrossRef]

	



Yabe, H.; Tervaniemi, M.; Sinkkonen, J.; Huotilainen, M.; Ilmoniemi, R.J.; Näätänen, R. Temporal window of integration of auditory information in the human brain. Psychophysiology 1998, 35, 615–619. [Google Scholar] [CrossRef]

	



Seppänen, M.; Brattico, E.; Tervaniemi, M. Practice strategies of musicians modulate neural processing and the learning of sound-patterns. Neurobiol. Learn. Mem. 2007, 87, 236–247. [Google Scholar] [CrossRef] [PubMed]

	



Toiviainen, P.; Burunat, I.; Brattico, E.; Vuust, P.; Alluri, V. The chronnectome of musical beat. NeuroImage 2020, 216, 116191. [Google Scholar] [CrossRef] [PubMed]

	



Burunat, I.; Toiviainen, P.; Alluri, V.; Bogert, B.; Ristaniemi, T.; Sams, M.; Brattico, E. The reliability of continuous brain responses during naturalistic listening to music. NeuroImage 2016, 124, 224–231. [Google Scholar] [CrossRef]

	



Burunat, I.; Tsatsishvili, V.; Brattico, E.; Toiviainen, P. Coupling of action-perception brain networks during musical pulse processing: Evidence from region-of-interest-based independent component analysis. Front. Hum. Neurosci. 2017, 11, 230. [Google Scholar] [PubMed]

	



Brattico, P.; Brattico, E.; Vuust, P. Global Sensory Qualities and Aesthetic Experience in Music. Front. Neurosci. 2017, 11, 159. [Google Scholar] [CrossRef]

	



Kraus, K.S.; Canlon, B. Neuronal connectivity and interactions between the auditory and limbic systems. Effects of noise and tinnitus. Hear. Res. 2012, 288, 34–46. [Google Scholar] [CrossRef]

	



Welch, D.; Fremaux, G. Understanding Why People Enjoy Loud Sound. Semin. Hear. 2017, 38, 348–358. [Google Scholar]

	



Reybrouck, M.; Podlipniak, P.; Welch, D. Music and Noise: Same or Different? What Our Body Tells Us. Front. Psychol. 2019, 10, 1–13. [Google Scholar] [CrossRef]

	



Ruud, E. Music in therapy: Increasing possibilities for action. MAiA 2008, 1, 46–60. [Google Scholar]

	



Blood, A.; Zatorre, R. Intensely pleasurable responses to music correlate with activity in brain regions implicated in reward and emotion. Proc. Natl. Acad. Sci. USA 2001, 98, 11818–11823. [Google Scholar] [CrossRef]

	



Grewe, O.; Nagel, F.; Kopiez, R.; Altenmüller, E. Listening to Music as a Re-Creative Process: Physiological, Psychological, and Psychoacoustical Correlates of Chills and Strong Emotions. Music Percept. 2007, 24, 297–314. [Google Scholar]

	



Halpern, D.; Blake, R.; Hillenbrand, J. Psychoacoustics of a chilling sound. Percept. Psychophy. 1986, 39, 77–80. [Google Scholar] [CrossRef] [PubMed]

	



Panksepp, J. Affective Neuroscience: The Foundations of Human and Animal Emotions; Oxford University Press: Oxford, UK, 1998. [Google Scholar]

	



Panksepp, J.; Bernatzky, G. Emotional sounds and the brain: The neuro-affective foundations of musical appreciation. Behav. Proc. 2002, 60, 133–155. [Google Scholar] [CrossRef]

	



Silvia, P.; Nusbaum, E. On Personality and Piloerection: Individual Differences in Aesthetic Chills and Other Unusual Aesthetic Experiences. Psychol. Aesthet. Creat. Arts 2011, 5, 208–214. [Google Scholar] [CrossRef]

	



Konečni, V.J. The aesthetic trinity: Awe, being moved, thrills. Bull. Psychol. Arts 2005, 5, 27–44. [Google Scholar]

	



Konečni, V.; Wanic, R.; Brown, A. Emotional and Aesthetic Antecedents and Consequences of Music-Induced Thrills. Am. J. Psychol. 2007, 120, 619–643. [Google Scholar] [CrossRef] [PubMed]

	



Bannister, S. Distinct varieties of aesthetic chills in response to multimedia. PLoS ONE 2019, 14, e0224974. [Google Scholar] [CrossRef]

	



Reybrouck, M.; Podlipniak, P. Preconceptual spectral and temporal cues as a source of meaning in speech and music. Brain Sci. 2019, 9, 53. [Google Scholar] [CrossRef] [PubMed]

	



Elliott, T.M.; Theunissen, F.E. The modulation transfer function for speech intelligibility. PLoS Comput. Biol. 2009, 5, e1000302. [Google Scholar] [CrossRef] [PubMed]

	



Chi, T.; Gao, Y.; Guyton, M.C.; Ru, P.; Shamma, S. Spectrotemporal modulation transfer functions and speech intelligibility. J. Acoust. Soc. Am. 1999, 106, 2719–2732. [Google Scholar] [CrossRef]

	



Theunissen, F.E.; Elie, J.E. Neural processing of natural sounds. Nat. Rev. Neurosci. 2014, 15, 355–366. [Google Scholar] [CrossRef] [PubMed]

	



Brattico, E.; Varankaité, U. Aesthetic empowerment through music. Music Sci. 2019, 23, 285–303. [Google Scholar] [CrossRef]

	



Arnal, L.; Flinker, A.; Kleinsch midt, A.; Giraud, A.-L.; Poeppel, D. Human Screams Occupy a Privileged Niche in the Communication Soundscape. Curr. Biol. 2015, 25, 2051–2056. [Google Scholar] [CrossRef]

	



Filippi, P.; Congdon, J.; Hoang, J.; Bowling, D.; Reber, S.; Pašukonis, A.; Hoeschele, M.; Ocklenburg, S.; de Boer, B.; Sturdy, C.; et al. Humans recognize emotional arousal in vocalizations across all classes of terrestrial vertebrates: Evidence for acoustic universals. Proc. R. Soc. B. 2017, 284, 20170990. [Google Scholar] [CrossRef] [PubMed]

	



Briefer, E. Vocal expression of emotions in mammals: Mechanisms of production and evidence. J. Zool. 2012, 288, 1–20. [Google Scholar] [CrossRef]

	



Taylor, A.; Reby, D. The contribution of source–filter theory to mammal vocal communication research. J. Zool. 2010, 280, 221–236. [Google Scholar] [CrossRef]

	



Altenmüller, E.; Schmidt, S.; Zimmermann, E. Toward the Evolutionary Roots of Affective Prosody in Human Acoustic Communication: A Comparative Approach to Mammalian Voices. In Evolution of Emotional Communication: From Sounds in Nonhuman Mammals to Speech and Music in Man; Altenmüller, E.; Schmidt, S.; Zimmermann, E. Oxford University Press: Oxford, UK, 2013; pp. 116–132. [Google Scholar]

	



Persico, G.; Antolini, L.; Vergani, P.; Costantini, W.; Nardi, M.T.; Bellotti, L. Maternal singing of lullabies during pregnancy and after birth: Effects on mother–infant bonding and on newborns’ behaviour. Concurrent Cohort Study. Women Birth 2017, 30, e214–e220. [Google Scholar] [CrossRef]

	



Chanda, M.; Levitin, D. The neurochemistry of music. Trends Cogn. Sci. 2013, 17, 179–193. [Google Scholar] [CrossRef] [PubMed]

	



Gerra, G.; Zaimovic, A.; Franchini, D.; Palladino, M.; Giucastro, G.; Reali, N.; Maestri, D.; Caccavari, R.; Delsignore, R.; Brambilla, F. Neuroendocrine responses of healthy volunteers to ‘techno-music’: Relationships with personality traits and emotional state. Int. J. Psychophysiol. 1998, 28, 99–111. [Google Scholar] [CrossRef]

	



Račić, L. On the aesthetics of rock music. Int. Rev. Aesthet. Sociol. 1981, 12, 199–202. [Google Scholar] [CrossRef]

	



von Appen, R. On the aesthetics of popular music. Mus. Today 2007, 8, 5–25. [Google Scholar]

	



Atienda, M.; Cantero, J.L.; Dominguez-Marin, E. Mismatch negativity (MMN): An objective measure of sensory memory and long-lasting memories during sleep. Int. J. Psychophysiol. 2002, 46, 215–225. [Google Scholar] [CrossRef]

	



Brattico, E.; Bogert, B.; Jacobsen, T. Toward a neural chronometry for the aesthetic experience of music. Front. Psychol. 2013, 4, 1–21. [Google Scholar] [CrossRef]

	



Reybrouck, M. Musical universals and the axiom of psychobiological equivalence. In Topicality of Musical Universals/Actualité des Universaux Musicaux; Leroy, J.-L., Ed.; Editions des Archives Contemporaines: Paris, France, 2013; pp. 31–44. [Google Scholar]

	



Hargreaves, D.J.; North, A.C. Experimental aesthetics and liking for music. In Series in Affective Science. Handbook of Music and Emotion: Theory Research Applications; Juslin, P.N., Sloboda, J.A., Eds.; Oxford University Press: Oxford, UK, 2010; pp. 515–546. [Google Scholar]

	



Digman, J. Personality structure: Emergence of the five-factor model. Annu. Rev. Psychol. 1990, 41, 417–440. [Google Scholar] [CrossRef]

	



Chamorro-Premuzic, T.; Furnham, A. Personality and music: Can traits explain how people use music in everyday life? Br. J. Psychol. 2007, 98, 175–185. [Google Scholar] [CrossRef] [PubMed]

	



Rentfrow, P.J.; Goldberg, L.R.; Levitin, D.J. The structure of musical preferences: A five-factor model. J. Pers. Soc. Psychol. 2011, 100, 1139–1157. [Google Scholar] [CrossRef] [PubMed]

	



Hurlemann, R.; Patin, A.; Onur, O.; Cohen, M.; Baumgartner, T.; Metzler, S.; Dziobek, I.; Gallinat, J.; Wagner, M.; Maier, W.; et al. Oxytocin enhances amygdala-dependent, socially reinforced learning and emotional empathy in humans. J. Neurosci. 2010, 30, 4999–5007. [Google Scholar] [CrossRef]

	



Huron, D.; Vuoskoski, J. On the Enjoyment of Sad Music: Pleasurable Compassion Theory and the Role of Trait Empathy. Front. Psychol. 2020, 11, 1060. [Google Scholar] [CrossRef]

	



Lackner, C.L.; Bowman, L.C.; Sabbagh, M.A. Dopaminergic functioning and preschoolers’ theory of mind. Neuropsychologia 2010, 48, 1767–1774. [Google Scholar] [CrossRef]

	



Shamay-Tsoory, S.G.; Aharon-Peretz, J. Dissociable prefrontal networks for cognitive and affective theory of mind: A lesion study. Neuropsychologia 2007, 45, 3054–3067. [Google Scholar] [CrossRef] [PubMed]

	



Shamay-Tsoory, S.G.; Aharon-Peretz, J.; Perry, D. Two systems for empathy: A double dissociation between emotional and cognitive empathy in inferior frontal gyrus versus ventromedial prefrontal lesions. Brain 2009, 132, 617–627. [Google Scholar] [CrossRef]

	



Shamay-Tsoory, S.G. The neural bases for empathy. Neuroscientist 2011, 17, 18–24. [Google Scholar] [CrossRef]

	



Eerola, T.; Vuoskoski, J.; Kautiainen, H. Being moved by unfamiliar sad music is associated with high empathy. Front. Psychol. 2016, 7, 1176. [Google Scholar] [CrossRef] [PubMed]

	



Vuoskoski, J.; Eerola, T. The Pleasure Evoked by Sad Music is Mediated by Feelings of Being Moved. Front. Psychol. 2017, 8, 439. [Google Scholar] [CrossRef]

	



Liang, C.; Earl, B.; Thompson, I.; Whitaker, K.; Cahn, S.; Xiang, J.; Fu, Q.-J.; Zhang, F. Musicians Are Better than Non-musicians in Frequency Change Detection: Behavioral and Electrophysiological Evidence. Front. Neurosci. 2016, 10, 464. [Google Scholar] [CrossRef]

	



Criscuolo, A.; Pando-Naude, V.; Bonetti, L.; Vuust, P.; Brattico, E. Rediscovering the musician’s brain: A systematic review and meta-analysis. bioRxiv 2021. Preprint. [Google Scholar] [CrossRef]

	



Perlovsky, L. Musical emotions: Functions, origins, evolution. Phys. Life Rev. 2010, 7, 2–27. [Google Scholar] [CrossRef] [PubMed]

	



Brattico, E. From pleasure to liking and back: Bottom-up and top-down neural routes to the aesthetic enjoyment. In Art, Aesthetics, and the Brain; Huston, J., Nadal, M., Mora, F., Agnati, L., Cela Conde., C.J., Eds.; Oxford University Press: Oxford, UK, 2015; pp. 303–318. [Google Scholar]

	



Altenmüller, E. How Many Music Centres Are in the Brain? In The Cognitive Neuroscience of Music; Peretz, I., Zatorre, R., Eds.; Oxford University Press: Oxford NY, USA, 2003; pp. 346–353. [Google Scholar]

	



Lent, R. Toward a Unifying Theoretical and Practical Perspective on Well-Being and Psychosocial Adjustment. J. Couns. Psychol. 2004, 51, 482–509. [Google Scholar] [CrossRef]

	



Ryff, C. Psychological well-being in adult life. Curr. Dir. Psychol. Sci. 1995, 4, 99–104. [Google Scholar] [CrossRef]

	



Waterman, A. Two Conceptions of Happiness: Contrasts of Personal Expressiveness (Eudaimonia) and Hedonic Enjoyment. J. Pers. Soc. Psychol. 1993, 64, 678–691. [Google Scholar] [CrossRef]

	



Nadal, M.; Skov, M. Introduction to the Special Issue: Toward an Interdisciplinary Neuroaesthetics. Psychol. Aesthet. Creat. Arts 2013, 7, 1–12. [Google Scholar] [CrossRef]

	



Zatorre, R.J.; Salimpoor, V.N. From perception to pleasure: Music and its neural substrates. Proc. Natl. Acad. Sci. USA 2013, 110, 10430–10437. [Google Scholar] [CrossRef]

	



Belfi, A.; Loui, P. Musical anhedonia and rewards of music listening: Current advances and a proposed model. Ann. N. Y. Acad. Sci. 2020, 1464, 99–114. [Google Scholar] [CrossRef] [PubMed]

	



Kringelbach, M.; Berridge, K. Towards a functional neuroanatomy of pleasure and happiness. Trends Cogn. Sci. 2009, 13, 479–487. [Google Scholar] [CrossRef] [PubMed]

	



MacDonald, R.; Kreutz, G.; Mitchell, L. (Eds.) Music Health and Wellbeing; Oxford University Press: Oxford, UK, 2012. [Google Scholar]

	



Quarto, T.; Blasi, G.; Pallesen, K.J.; Bertolino, A.; Brattico, E. Implicit Processing of Visual Emotions Is Affected by Sound-Induced Affective States and Individual Affective Traits. PLoS ONE 2014, 9, e103278. [Google Scholar] [CrossRef] [PubMed]

	



Panksepp, J. The Emotional Sources of “Chills” Induced by Music. Music Percept. 1995, 13, 171–207. [Google Scholar] [CrossRef]

	



Goldstein, A. Thrills in response to music and other stimuli. Physiol. Psychol. 1980, 8, 126–129. [Google Scholar] [CrossRef]

	



Garza Villarreal, E.A.; Brattico, E.; Vase, L.; Østergaard, L.; Vuust, P. Superior Analgesic Effect of an Active Distraction versus Pleasant Unfamiliar Sounds and Music: The Influence of Emotion and Cognitive Style. PLoS ONE 2012, 7, e29397. [Google Scholar]

	



Brattico, E.; Jacobsen, T.; De Baene, W.; Glerean, E.; Tervaniemi, M. Cognitive vs. affective listening modes and judgements of music–An ERP study. Biol. Psychol. 2010, 85, 393–409. [Google Scholar] [CrossRef]

	



Ellison, D.; Moisseinen, N.; Fachner, J.; Brattico, E. Affective versus cognitive responses to musical chords: An ERP and behavioral study. Psychomusicology 2015, 25, 423. [Google Scholar] [CrossRef]

	



Bogert, B.; Numminen-Kontti, T.; Gold, B.; Sams, M.; Numminen, J.; Burunat, I.; Lampinen, J.; Brattico, E. Hidden sources of joy, fear, and sadness: Explicit versus implicit neural processing of musical emotions. Neuropsychologia 2016, 8, 393–402. [Google Scholar] [CrossRef]

	



Hodges, D.A. The neuroaesthetics of music. In The Oxford Handbook of Music Psychology; Hallam, S., Cross, I., Thaut, M., Eds.; Oxford University Press: Oxford, UK, 2016; pp. 247–262. [Google Scholar]

	



Brattico, E. The Neuroaesthetics of Music: A Research Agenda Coming of Age. In The Oxford Handbook of Music and the Brain; Thaut, M., Hodges, D., Eds.; Oxford University Press: Oxford, UK, 2020; pp. 364–390. [Google Scholar]

	



Brown, S.; Dissanayake, E. The arts are more than aesthetics: Neuroaesthetics as narrow aesthetics. In Neuroaesthetics; Skov, M., Vartanian, O., Eds.; Baywood: Amityville, NY, USA, 2009; pp. 43–57. [Google Scholar]

	



Chatterjee, A. Neuroaesthetics: A Coming of Age Story. J. Cogn. Neurosci. 2010, 23, 53–62. [Google Scholar] [CrossRef]

	



Leder, H. Next Steps in Neuroaesthetics: Which Processes and Processing Stages to Study? Psychol. Aesthet. Creat. Arts 2013, 7, 27–37. [Google Scholar] [CrossRef]

	



Pearce, M.T.; Zaidel, D.W.; Vartanian, O.; Skov, M.; Leder, H.; Chatterjee, A.; Nadal, M. Neuroaesthetics: The Cognitive Neuroscience of Aesthetic Experience. Perspect. Psychol. Sci. 2016, 11, 265–279. [Google Scholar] [CrossRef]

	



Zaidel, D.W. Brain and art: Neuro-clues from intersection of disciplines. In Neuroaesthetics; Skov, M., Vartanian, O., Eds.; Baywood: Amityville, NY, USA, 2009; pp. 153–170. [Google Scholar]

	



Zaidel, D.; Nadal, M. Brain intersections of aesthetics and morals: Perspectives from biology, neuroscience, and evolution. Perspect. Biol. Med. 2011, 54, 367–380. [Google Scholar] [CrossRef] [PubMed]

	



Reybrouck, M. Musical Sense-Making. Enaction Experience and Computation; Routledge: Abingdon, NY, USA, 2021. [Google Scholar]

	



Lindquist, K.; Wager, T.; Kober, H.; Bliss-Moreau, E.; Feldman Barrett, L. The brain basis of emotion: E meta-analytic review. Behav. Brain Sci. 2012, 35, 121–143. [Google Scholar] [CrossRef]

	



Peciña, S.; Smith, K.; Berridge, K. Hedonic hot spots in the brain. Neuroscientist 2006, 12, 500–511. [Google Scholar] [CrossRef]

	



Ferreri, L.; Mas-Herrero, E.; Zatorre, R.; Ripollés, P.; Gomez-Andresa, A.; Alicarta, H.; Olivé, G.; Marco-Pallarés, J.; Antonijoan, R.; Vallei, M.; et al. Dopamine modulates the reward experiences elicited by music. Proc. Natl. Acad. Sci. USA 2019, 116, 3793–3798. [Google Scholar] [CrossRef]

	



Kringelbach, M.L. The Pleasure Center. Trust your Animal Instincts; Oxford University Press: Oxford, UK, 2009. [Google Scholar]

	



Pando-Naude, V.; Patyczek, A.; Bonetti, L.; Vuust, P. An ALE meta-analytic review of top-down and bottom-up processing of music in the brain. Sci. Rep. 2020, 11, 20813. [Google Scholar] [CrossRef]

	



Jacobsen, T.; Schubotz, R.I.; Hofel, L.; Cramon, D.Y. Brain correlates of aesthetic judgment of beauty. Neuroimage 2006, 276–285. [Google Scholar] [CrossRef]

	



LeDoux, J.E. Emotion, memory and the brain. Sci. Am. 1994, 270, 50–57. [Google Scholar] [CrossRef]

	



Power, M.; Dalgleish, T. Two routes to emotion: Some implications of multilevel theories of emotion for therapeutic practice. Behav. Cogn. Psychother. 1999, 27, 129–141. [Google Scholar] [CrossRef]

	



Salimpoor, V.N.; Benovoy, M.; Larcher, K.; Dagher, A.; Zatorre, R. Anatomically distinct dopamine release during anticipation and experience of peak emotion to music. Nat. Neurosci. 2011, 14, 257–262. [Google Scholar] [CrossRef]

	



Berridge, K.C. Motivation concepts in behavioral neuroscience. Physiol. Behav. 2004, 81, 179–209. [Google Scholar] [CrossRef] [PubMed]

	



Berridge, K.C. The debate over dopamine’s role in reward: The case for incentive salience. Psychopharmacology 2007, 191, 391–431. [Google Scholar] [CrossRef] [PubMed]

	



Berridge, K.; Kringelbach, M. Affective neuroscience of pleasure: Reward in humans and animals. Psychopharmacology 2008, 199, 457–480. [Google Scholar] [CrossRef] [PubMed]

	



Wise, R. Dopamine, learning and motivation. Nat. Rev. Neurosci. 2004, 5, 483–494. [Google Scholar] [CrossRef] [PubMed]

	



Miranda, D.; Claes, M. Music listening, coping, peer affiliation and depression in adolescence. Psychol. Music 2009, 37, 215–233. [Google Scholar] [CrossRef]

	



Selye, H. The Stress of Life; McGraw-Hill: New York, NY, USA, 1956. [Google Scholar]

	



Selye, H. Stress without Distress; Springer Science and Business Media LLC: Berlin, Germany, 1976. [Google Scholar]

	



Ryff, C.; Singer, B. The Contours of Positive Health. Psychol. Inq. 1988, 9, 1–28. [Google Scholar] [CrossRef]

	



Sterling, P.; Eyer, J. Allostasis: A new paradigm to explain arousal pathology. In Handbook of Life Stress Cognition and Health; Fisher, J., Reason, J., Eds.; Wiley: New York, NY, USA, 1988; pp. 629–649. [Google Scholar]

	



McEwen, B.S. Stress, adaptation, and disease. Allostasis and allostatic load. Ann. N. Y. Acad. Sci. 1998, 840, 33–44. [Google Scholar] [CrossRef]

	



Vago, D.; Silbersweig, D. Self-awareness, self-regulation, and self-transcendence(S-ART): A framework for understanding the neurobiological mechanisms of mindfulness. Front. Hum. Neurosci. 2012, 6, 296. [Google Scholar] [CrossRef] [PubMed]

	



Panksepp, J. Brain opioids-A neurochemical substrate for narcotic and social dependence. In Theory in Psychopharmacology; Cooper, S., Ed.; Academic: New York, NY, USA, 1981; pp. 149–175. [Google Scholar]

	



Panksepp, J. Neurochemical control of moods and emotions: Amino acids to neuropeptides. In Handbook of Emotions; Lewis, M., Haviland, J.M., Eds.; Guilford: New York, NY, USA, 1993; pp. 87–106. [Google Scholar]

	



Sapolsky, R.M. Stress in the wild. Sci. Am. 1990, 262, 116. [Google Scholar] [CrossRef] [PubMed]

	



McEwen, B. Central effects of stress hormones in health and disease: Understanding the protective and damaging effects of stress and stress mediators. Eur. J. Pharmacol. 2008, 583, 174–185. [Google Scholar] [CrossRef]

	



Chapados, C.; Levitin, D.J. Cross-modal interactions in the experience of musical performances: Physiological correlates. Cognition 2008, 108, 639–651. [Google Scholar] [CrossRef]

	



Saarikallio, S.; Erkkilä, J. The role of music in adolescents’ mood regulation. Psychol. Music 2007, 35, 88–109. [Google Scholar] [CrossRef]

	



Van den Tol, A.; Edwards, J.; Heflick, N. Sad music as a means for acceptance-based coping. Mus. Sci. 2016, 20, 68–83. [Google Scholar] [CrossRef]

	



Selye, H. The stress syndrome. AJN 1965, 65, 97–99. [Google Scholar]

	



Perrez, M. Eustress. In The Oxford Companian to Emotion and the Affective Sciences; Sander, D., Scherer, K., Eds.; Oxford University Press: Oxford, NY, USA, 2009; p. 158. [Google Scholar]

	



Keltner, D.; Haidt, J. Approaching awe, a moral, spiritual, and aesthetic emotion. Cognit. Emot. 2003, 17, 297–314. [Google Scholar] [CrossRef]

	



Williams, P.; Johnson, K.; Curtis, B.; King, J.; Anderson, J. Individual differences in aesthetic engagement are reflected in resting-state fMRI connectivity: Implications for stress resilience. Neuroimage 2018, 179, 156–165. [Google Scholar] [CrossRef]








[image: Brainsci 11 01553 g001 550] 





Figure 1. Schematic diagram of the auditory projections in the brain. The classical auditory pathway that conveys information about sound from the ear to the cortex is shown in green, the other projections to structures related to emotion and arousal are shown in red (Figure reproduced without modification from [43]. (Copyright © 2019 Reybrouck, Podlipniak and Welch. Creative Commons Attribution License (CC BY)) 
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Figure 2. Representations of a 1000 Hz tone amplitude modulated at 25 Hz (A) and a spoken sentence (B) with waveform (top), spectrogram (middle) and MPS power modulations in the spectral (y axis) and temporal (x axis) domains (bottom). Modulations in human vocal communication (C) show how perceptual attributes occupy distinct areas of the MPS and encode distinct categories of information: modulations corresponding to pitch (blue) carry gender/size information; temporal modulations below 20 Hz (green) encode linguistic meaning; and orange rectangles delimit roughness (Figure reproduced without modification from [59]. (Copyright © Elsevier 2015, Licence number 5185310806708)) 
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Figure 3. Automatic meta-analysis obtained with neurosynth.org of 163 studies utilizing the fMRI methodology and including “music” as keyword. Brain structures related to audition (supratemporal cortex), motor control (dorsomedial prefrontal cortex and cerebellum), body awareness (insula) and reward (ventral striatum) are visible. ROIs: PUT putamen, STG superior temporal gyrus (primary auditory cortex), MedFG medial frontal gyrus, CRBL cerebellum, INS insula, PreCG precentral gyrus (primary motor cortex or M1), THA thalamus, SPL superior parietal lobule, Z peak Z-value. (Figure reproduced without modification from [117]. (© Springer, Creative Commons Attribution)) 
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