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Preface

			This book was written to provide an update to The Power of Music: A Research Synthesis of the Impact of Actively Making Music on the Intellectual, Social and Personal Development of Children and Young People (2015). As the evidence was collated, it became clear that much more research had been undertaken since the original book was produced and that that research was focused on a much wider age range with particular expansion in work with older age groups. It was therefore decided to expand the book to include research across the lifespan covering a wider range of issues, particularly those relating to health and wellbeing as these have become more important in the research agenda in recent years. The title referring to an exploration of the research was selected to make it possible to take account of all kinds of research, from large-scale population studies to single case studies, correlation studies, experiments and evaluations of interventions with a focus on both listening to and actively making or creating music. Some interventions that have several different outcomes are mentioned in more than one chapter. As there has been much controversy recently as to whether music can have any impact, particularly on cognition, it was felt to be important to include examples of individual research projects for the reader to be able to draw their own conclusions about the impact of music rather than relying on a summary, although an overview is provided at the end of each chapter. This means that the book is not always an easy read. Some of the research is extremely complex and takes time to understand. It is hoped that, despite this, the reader will be enabled to make an informed decision about the power of music in a range of areas across the lifespan.
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			The speed of change in electronic media in the latter part of the 20th century revolutionised access to and the use of music in people’s lives. Music can be accessed in many ways, through radio, CDs, DVDs, TV, tablets, SMART technologies, computers and phones, and can be downloaded to enable the creation of personal playlists. This can be achieved with very little effort, but this was not always the case. Historically, people could only access music through participating in religious or other social events. These changes have made it possible for individuals to use music to manipulate their moods, arousal levels and feelings, and create environments which may change the way that other people feel and behave. Music can be used to aid relaxation, overcome powerful emotions, generate moods appropriate for carrying out routine activities, prepare for social activities or stimulate concentration. In short, music can be used to promote wellbeing. In young people, it supports the development of identity and self-presentation. Alongside this, technological advances in research techniques have increased our understanding of the way that music can benefit the intellectual, social and personal development of children and young people.

			The chapters in this book explore the ways that music can benefit children and young people, as well as the wellbeing and health of the general population. This introductory section sets out what we know about the functions and origins of music; the transfer of learning; methodological issues; ways of engaging with music with varying levels of commitment; music therapy; and issues related to the interpretation of research findings.

			
Music, Its Functions and Origins

			There is evidence for engagement with music pre-homo-sapiens (Turk, 1997). A bone flute estimated to be about 50,000 years old has been found in a Neanderthal burial site and this may have been predated by singing. In China, bone flutes have been found dating back to 6000 BCE, stone flutes from 1200 BCE, and a system of classification of instruments according to the materials that they were made of from 500 BCE (Zhenxiong et al., 1995). Such evidence of the early use of instruments has been found in several cultures (Carterette and Kendall, 1999).

			Despite the evidence of musical activity in early humans, there is no consensus as to whether music has evolutionary significance, although the arguments for its evolutionary role are strong. For instance, Miller (2000) has argued that music exemplifies many of the classic criteria for a complex human evolutionary adaptation, pointing out that no culture has ever been without music (universality); musical development in children is orderly; musicality is widespread, all adults can appreciate music and remember tunes; we have a specialist memory for music; specialised cortical mechanisms are involved; there are parallels in the signals of other species—for example, birds, gibbons and whales—so evolution may be convergent; and music can evoke strong emotions which implies receptive as well as productive adaptations. 

			Considering the possible functions of music, Huron (2003) set out the following theoretical positions:

			
					mate selection—music performance may have arisen as a courtship behaviour;

					social cohesion—music may create or maintain social cohesion through the promotion of group solidarity and altruism;

					group effort—music may contribute to the coordination of group work;

					perceptual development—music may contribute towards the more general development of sound perception;

					motor skill development—singing with movement and other music-making provides opportunities to refine motor skills;

					
conflict reduction—music may reduce interpersonal conflict within groups through shared activities unlikely to provoke argument or dispute;

					safe time passing—music may provide a way of passing time which avoids engagement with possible dangerous situations;

					
transgenerational communication—music may have originated as a useful mnemonic device for passing on information from generation to generation.

			

			Those supporting a sexual selection theory—for example, Miller (2000)—argue that male musical performance influences female choice of mate. This might also apply to males’ choice of mate and could explain why music becomes so important in adolescence. Other theories propose that music has evolved from emotional or impassioned speech, or indeed was an imitation of bird song (Cross, 2003, 2009, 2016; Huron, 2003). Some have suggested that music evolved through the mother-child relationship—in particular, soothing and comforting behaviour, which developed into lullabies. This is supported by evidence that systems for processing sound develop while the foetus is still in the womb and are fully operational for processing music at birth (Gaston, 1968; Parncutt, 2009). Dissanayake (1988) further suggests that the musicality of mother-infant interaction might lay the foundations for a grammar of the emotions.

			There is considerable support for the role of music in promoting social cohesion. For instance, Sloboda (1985) speculates that music-making is rewarding because participating in it generates social bonding and cultural coherence. This is supported by the role of music in a wide range of ceremonies (Roederer, 1984). It has survival value in that synchronising the moods of many individuals can support them in collectively taking action to strengthen their means of defending themselves from attack (Dowling and Harwood, 1986). Moving together rhythmically may reinforce this process (Kogan, 1997). This approach suggests that music reinforces groupishness—the formation and maintenance of group identity—as well as collective thinking, synchronisation and catharsis (the collective expression and experience of emotion; Brown, 1991). This is supported by Weinstein and colleagues (2016), who demonstrated that small- and large-scale bonding could occur in choirs of 20 to 80 people and larger groups of over 200. These findings corroborate evolutionary accounts which emphasise the role of music in the social bonding of large groups which other primates are not able to manage. 

			Cross (2003), drawing on the work of Smith and Szathmary (1995) and Mithen (1996), suggests that the appearance of homo sapiens is marked by the emergence of a flexible cross-domain cognitive capacity which: 

			‘is uniquely fitted to have played a significant role in facilitating the acquisition and maintenance of the skill of being a member of a culture—of interacting socially with others—as well as providing a vehicle for integrating our domain-specific competences so as to endow us with the multi-purpose and adaptive cognitive capacities which make us human’ (2003: 52). 

			This intrinsically transposable aboutness of music (2003: 51) allows its many meanings to change from situation to situation. This may be exploited in infancy and childhood as a means of forming connections and interrelations between different domains—social, biological and mechanical. Musical activity may simultaneously be about movement, mood, emotion and mastery embodied in sound, affording the opportunity to explore cross–domain mappings. 

			Not all authors agree that music has evolutionary purpose. Some suggest that music, along with the other arts, has no evolutionary significance and no practical function (Barrow, 1995; Pinker, 1997; Sperber, 1996). Music is condemned as an evolutionary parasite. Pinker (1997) argues that music is bound to the domain of language, auditory scene analysis, habitat selection, emotion and motor control, and merely exploits the capacities that have evolved to subserve these areas. Music is an evolutionary by-product of the emergence of other capacities that have direct adaptive value. It exists simply because of the pleasure that it affords; its basis is purely hedonic. 

			In the 21st century, music has a multiplicity of functions which operate at several levels: that of the individual, the social group and society in general (Radocy and Boyle, 1988; Gregory, 1997). Merriam (1964) recognises ten major musical functions: emotional expression, aesthetic enjoyment, entertainment, communication, symbolic representation, physical response, enforcing conformity to social norms, validation of social institutions and religious rituals, contributions to the continuity and stability of culture, and contributions to the integration of society. 

			There is extensive evidence of the key role that music plays in the lives of individuals (Sloboda et al., 2009). Music can generate feelings of wellbeing, can facilitate working through difficult emotions, and is frequently linked to spirituality (Juslin and Sloboda, 2001). It is widely used for exploring and regulating emotions and moods (Juslin and Laukka, 2004; North et al., 2004; Saarikallio, 2011; Shifriss & Bodner, 2014) and can be effective in inducing positive affective states (North et al., 2004), achieving desirable moods (Vastfjall, 2002) and also for coping with negative moods and emotions (Miranda and Claes, 2009; Shifriss & Bodner, 2014). The most common activity for mood regulation is listening to music (Saarikallio and Erkkilä, 2007). Even adolescents who play an instrument report that the best activity for mood regulation is listening to music alone (Saarikallio, 2006). In adolescence, music makes a major contribution to the development of self-identity. It plays an important role in teenagers’ lives and they spend many hours listening to it (Bonneville-Roussy et al., 2013; Bosacki and O’Neill, 2013; Greasley and Lamont, 2011). Teenagers listen to music to pass time, alleviate boredom, relieve tension and distract themselves from worries (North et al., 2000; Tarrant et al., 2000; Zillman and Gan, 1997). Music is seen as a source of support when they are feeling troubled or lonely, acting as a mood regulator and helping to maintain a sense of belonging and community (Schwartz and Fouts, 2003; Zillman and Gan, 1997). It is also used in relation to impression management needs. By engaging in social comparisons, adolescents are able to portray their own peer groups more positively than other groups in their network and are thus able to sustain positive self-evaluations. Music facilitates this process (Tarrant et al., 2000).

			At the individual level, music has also been seen as a vehicle for emotional expression, conveying ideas and emotions which might be difficult to communicate in ordinary verbal interchanges. Music elicits physical responses, can aid relaxation or stimulate activity, and is particularly effective in changing moods (Thayer, 1996). Listening to music provides opportunities to experience aesthetic enjoyment and be entertained, while making music can be seen as a source of reward and intellectual stimulation, providing interesting and challenging activities at the rehearsal stage, and opportunities to demonstrate expertise and musicianship in performance which, if successful, can lead to enhanced self-esteem.

			In small groups, music is a means of communication. Making music is a social activity in that creating, interpreting, performing and hearing music all depend on shared social meanings. Music can serve to provide shared experiences and understandings which assist in binding together social groups, supporting their identities. This is apparent in its use in children’s games and also in adolescence, where music becomes one of the central aspects of young people’s chosen youth culture. Music is also used in work contexts. It can facilitate the appropriate level of stimulation for mental or physical activity and may also serve to ensure that individuals literally work in time together. Emotional expression can also be important at the group level, for instance, in protest songs. It provides a means of expressing feelings towards subjects which are taboo or where there are inhibitions regarding the expression of emotions—for example, love, and not only romantic love but the love of God or a country, school or institution. Music fosters prosocial behaviour, a shared sense of success, physical coordination, shared attention, shared motivation and group identity (Weinstein et al., 2016). It creates and strengthens social bonds amongst interacting group members through endorphins, which are released during synchronised exertive movements in singing or playing together and are involved in social bonding across primate species (Tarr, Launay and Dunbar, 2014).

			In society as a whole, music provides a means of symbolic representation for ideas and behaviours. It can represent the state, patriotism, religion, bravery, heroism or rebellion. It can encourage conformity to social norms through songs or alternatively may incite challenges to those social norms. It provides validation of social institutions and religious rituals and plays a major part in ceremonial occasions including weddings, military functions, funerals and sporting events. Music also contributes towards the continuity and stability of culture, as individuals respond in similar ways to the music of their own culture, while the social nature of musical activity invites and encourages individuals to participate in group activities, reducing social isolation.

			The power of music is reflected in the way that there have been—and continue to be—attempts to exert control over it. In Nazi Germany, music was carefully selected for use at mass rallies to generate appropriate patriotic emotions. In the USSR, the music of Shostakovich was censored by the Soviet government. During the Cultural Revolution in China, Western music was denounced as decadent and forbidden. In Iran, when Ayatollah Khomeini was in power, tight restrictions were placed on particular types of music. In white-dominated South Africa, centres of African music were demolished, while musicians living in exile continued to influence the attitudes of the world against the prevailing political system through their music. In the Western world, criticism of hard rock music by the establishment and its purported effects have been well documented (Martin and Segrave, 1988). Music also reflects the values, attitudes and characteristics of a society. For instance, Weber (1958) suggests that the Western classical tradition reflects a drive to rationalise and understand the environment. Technological advances impact on the way that music-making develops, as does the extent of contact with—and influence of—other musical cultures (Nettl, 1975), and the development of musical literacy. The latter extends what can be passed onto future generations, while oral cultures restrict what can be remembered (Sloboda, 1985).

			
Transfer of Learning

			The transfer of learning from one domain to another depends on similarities between the processes involved. Transfer between tasks is a function of the degree to which the tasks share cognitive processes. Transfer can be near or far, and is stronger and more likely to occur if it is near. Salomon and Perkins (1989) refer to low and high road transfer. Low road transfer depends on automated skills and is relatively spontaneous and automatic—for instance, in processing music and language, or using the same skills to read different pieces of music or text. High road transfer requires reflection and conscious processing—for instance, adopting similar skills in solving different kinds of problems.

			Some musical skills, near and low road, are more likely to transfer than others—for instance, those relating to the perceptual processing of sound, timing, pitch, timbre and rule-governed grouping information, fine motor skills, emotional sensitivity, conceptions of relationships between written materials and sound, reading music and text, and memorisation of extended information, music and text (Norton et al., 2005; Schellenberg, 2003). Far transfer may occur in relation to the impact of making music on intelligence and attainment. High road transfer may also occur in relation to the skills acquired through learning to play a musical instrument—for instance, being able to recognise personal strengths and weaknesses, being aware of a range of possible strategies (task-related and personal) relating to motivation, concentration, monitoring progress and evaluating outcomes.

			Throughout this book, the ways that transfer can occur in relation to skills developed through active engagement with music—and the ways these skills may impact on intellectual, social and personal skills—will be explored. The impact of music on wellbeing and health will also be considered, with particular reference to the impact of music on emotions. Consideration will be given to the extent to which learning to control emotions through music can support the development of more general change in behaviour.

			Research exploring the impact of music on cognitive skills has a long history, going back to the 1970s. However, there was a surge of interest following the discovery of the so-called Mozart effect, where 20 minutes of listening to Mozart was claimed to enhance intelligence (Rauscher et al. 1993; 1995). This was later discredited by a range of studies (Cabanac et al., 2013; Hallam, 2001; Schellenberg and Hallam, 2005), which suggested that music could change arousal levels which, in turn, affected performance on cognitive tests. Since then, much research has been undertaken to explore whether active engagement with music can enhance cognitive ability. For reviews, see (for example) Benz et al. (2016); Bugos (2019); Hallam (2015); Holmes (in press); Jaschke et al. (2013); Miendlarzewska and Trost (2014); Moreno (2009); Rauscher (2009); and Schellenberg (2016). This research will be explored in detail later in this book.

			
Methodological Issues

			Research exploring the ways in which active engagement with music has an impact beyond the development of musical skills has been undertaken within a number of disciplines adopting different research paradigms. The designs and methods adopted vary widely, as do the sample sizes.

			Much early research considering the impact of engaging with music on other skills was based on correlation studies undertaken with professional or young musicians with varying levels of expertise. This has been criticised on the basis that showing a relationship between musical skills and other skills does not demonstrate causality. This is particularly the case with neuroscientific studies (Schellenberg, 2019). Some research has compared the performance of groups identified as musicians or non-musicians. This research has been—and continues to be—useful in highlighting possible areas of transfer. What it is unable to do is identify the direction of causality, although studies using multiple regression analyses are able to take into account possible confounding factors.

			Experimental studies, where the outcomes of musical interventions are compared with those where there is no musical intervention or an alternative intervention, offer the possibility of establishing causality. Such studies vary in the length of the intervention, the range of measures adopted to measure outcomes, the age of the participants, and the nature of the activity of the control or alternative intervention group. In an ideal scientific study, participants are randomly assigned to intervention and control groups. In longitudinal research, where follow-up may be weeks or months later, it can be difficult to sustain participation and there is a high likelihood of dropout. This is reduced if participants self-select the activity that they wish to undertake, but this then constitutes a confounding factor, as those selecting a musical activity may share particular characteristics—for instance, high levels of intelligence or particular personality characteristics. The context of musical interventions and their natures are also critical in determining impact. Different outcomes might be expected in relation to whole-class general music lessons or individual instrumental lessons. The quality of the teaching and the relationships between learners and teachers are also likely to be important. The extent of variability in research design and implementation tends to produce conflicting evidence. Qualitative research, including interviews, focus groups, and ethnographic/case studies, is able to provide insights into the perceptions of participants and the contexts within which music may have a wider impact. However, it has been criticised as being too subjective. All of these methods of undertaking research have the potential to enhance our understanding of the nature of transfer of musical expertise to other domains and skills—albeit in different ways.

			Systematic reviews are typically used to appraise, summarise, and communicate the results and implications of large bodies of research, such as that relating to the transfer of musical skills to other domains. They can help in overcoming bias, which may be associated with single research projects and the lack of generalisability in studies conducted with one type of population. Systematic reviews aim to rigorously identify and evaluate research, and provide objective interpretation and replicable conclusions. Systematic reviews may include a meta-analysis—a specific statistical strategy for assembling the results of several studies to provide a single estimate of the size of impact. Meta-analyses draw on existing experimental research, using complex statistical analysis to reanalyse data to assess the impact of interventions across many studies. They adopt different criteria for the studies selected for inclusion. Greater numbers of criteria which studies need to meet in order to be included lead to the exclusion of more research. Perhaps because of this, meta-analyses frequently produce conflicting outcomes. Those adopting meta-analytic approaches are very critical of research which does not adopt the strict methodological requirements of randomised controlled trials, where individuals are randomly allocated to groups. They also argue that control groups should participate in alternative interventions rather than no intervention. Meta-analyses have been severely criticised. For instance, Ansdell and DeNora (2014) argue that too much important information is lost when music is forced into before–after, yes–no grids of variables and outcome assessments.

			An inclusive research strategy was adopted in accessing the literature to be included in this book. Academic databases relevant to neuroscience, psychology, education and music were searched, in addition to web-based searches to locate relevant grey literature. Analysis of located documents frequently led to further relevant material. The following chapters will synthesise the findings from a wide range of studies, to further develop our understanding of whether the skills gained through actively participating in making music can transfer to other skills and, if so, what circumstances might support this. The book also examines the evidence relating to listening and making music, and its impact on wellbeing and health. Each chapter synthesises the research findings from all of the studies, focusing on one aspect of transfer or impact, and drawing conclusions as appropriate.

			
Ways of Engaging with Music and Varying Levels of Commitment

			People can actively make music or listen to it, although both means of engagement require listening. Listening to music or speech requires the processing of an enormous amount of information rapidly without conscious awareness (Blakemore and Frith, 2000). An idealised view of musical listening is that it is a focused activity undertaken solely for the purpose of deepening understanding and appreciation of the music. In practice, most listening takes place alongside other activities, including those relating to travel, studying and physical activity, including relaxation and taking exercise (Sloboda et al., 2009). Like these activities, listening does not necessarily preclude listening with full attention (Herbert, 2012). Listening can have benefits in terms of its impact on mood, emotions and arousal levels.

			Actively making music can take many forms, from informal interactions in the home between children and parents to formal instrumental lessons. Recently, there has been greater recognition of the importance of informal learning, both for the acquisition of musical skills and creativity and for the personal and social benefits which may emerge (Hallam et al., 2016; 2017). Formal music tuition in schools may include whole-class teaching of instruments, ensemble work, or focus on singing, the theory of music, listening or the history of music. Those singing or learning to play an instrument through individual tuition may also join ensembles out of school, which increases their time commitment to music alongside any individual practice that they may undertake. Any intellectual, personal or social benefits emerging from active engagement with music will depend on the type of activity, the level of commitment of the learner and the quality of the teaching, both musically and in terms of the rapport between teachers and learners. The role of individual preferences, context and the diversity in how different people interact with music need to be taken into account when carrying out research and interpreting findings. This is frequently not the case. Many studies do not assess whether the participants have actually learned any musical skills. It is frequently assumed that participation alone will ensure that musical skills have been acquired. If they have not, then there is no reasonable prospect of transfer to other skill areas.

			The level of commitment to music is another important factor in the possible impact of music in people’s lives. Music constitutes a leisure activity for many people, either through listening to or making music. For some, singing or playing is a serious leisure activity, while for others it is merely recreational. Similarly, listening is (for some) a hobby to which they devote considerable time and energy, while for others it constitutes casual engagement. Those who attend live music performances tend to have a higher level of musical experience and rate music as more important in their lives than non-attenders. Attending a live music event suggests a greater level of commitment than listening to recorded music. The main reasons for attending live events include hearing a particular artist or style, learning about new music, affirming or challenging existing musical tastes, and personal and social reasons, such as engaging in social interaction and being part of a community (Pitts and Burland, 2013; Pitts and Spencer, 2008). 

			For some amateur musicians, music shares many characteristics with the work of professional musicians—it can be seen as an extremely serious leisure activity, while others see it merely as a hobby they engage with for personal amusement (Gates, 1991). Reported reasons for participation in active music-making include a love of music, the desire to develop skills and respond to challenges, and opportunities to meet with like-minded others. Musical activities also provide pleasure, relaxation and an opportunity for self-expression (Cooper, 2001; Taylor and Hallam, 2008). Taylor (2010) argues that amateur musicians seek affirmation, validation and verification of their musical selves as part of a community of practice in a similar manner to their professional counterparts. However, for amateurs this is less well defined and they strive to attain a group affiliation based on a cultural ideal of musical competence (Taylor, 2010). Rewarding membership of a community of practice can develop through group lessons (Wristen, 2006), where mastering new repertoire in the company of others can facilitate the enhancement of self-confidence (Coffman and Adamek, 1999; 2001).

			Despite the many differences in forms and levels of engagement, music can have a considerable impact on subjective wellbeing. Wellbeing can be enhanced through listening while undertaking other tasks, or through using music to change moods and emotions. However, music does not always have positive effects. It can cause distress when it is not to the liking of a listener and is out of their control.

			
Music Therapy

			In addition to the listening to and making of music undertaken by the population as a whole, music has been used therapeutically. The role of music in health and healing has been recognised for more than 30,000 years. It is referred to in the Bible and the historical writings of ancient civilisations in Egypt, China, India, Greece and Rome. Music therapy can provide positive psychological, physiological, cognitive and emotional benefits to patients, and has done since its development as a profession in the United States following the two world wars. Music was used to relieve the perception of pain of those with severe injuries, and medical staff noted the benefits to health and wellbeing. Since then, it has developed considerably to encompass music-making with individuals and groups, work in hospitals and planned listening to support those with mental health issues. Since the increased availability of music, individuals have been able to use music therapeutically to manage their own moods and emotions (DeNora, 2000; 2007).

			
Interpreting the Research Findings

			There is now an extensive body of research exploring the wider benefits of music. In interpreting these findings, it is important to be judicious in suggesting what they may mean for policy and practice (Linnavalli et al., 2018). Currently it is not possible to say with any great confidence that any particular musical intervention will lead to any specific outcome—be it intellectual, personal or social—although it is clear that making music can support the development of a wide range of skills and have an impact on creativity. Making music is generally pleasurable, providing a rewarding experience and a sense of achievement for participants, although there are exceptions to this. Its frequent social context also leads to a sense of belonging and it can be engaged with throughout the lifespan. It is clearly worth continuing to try to understand the circumstances under which music is beneficial, and for whom.
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			Music has played an important role in neuroscience, enhancing our understanding of the brain and how it functions. The human brain contains approximately 100 billion neurons, many of which are active simultaneously as we process information. Neurons communicate with each other through nerve impulses, which allow information to be processed and analysed. Each neuron has axons and dendrites, both of which transmit nerve impulses. Axons pass nerve impulses away from the cell body, dendrites towards the cell body. Each neuron has approximately a thousand connections with other neurons. When we learn, there are changes in the growth of axons, dendrites and the number of synapses connecting neurons—a process known as ‘synaptogenesis’. When an event is important enough or is repeated sufficiently often, synapses and neurons fire repeatedly, indicating that this event is worth remembering (Fields, 2005). In this way, changes in the efficacy of existing connections are made. As learning continues and particular activities are engaged with over time, myelination takes place. This involves an increase in the coating of the axon of each neuron, which improves insulation and makes the established connections more efficient. Effectively, the neurons become wired together. This enables better connections within specific brain regions, and also improves the functioning of broader neuronal pathways connecting separate brain regions, which are needed for many human activities (sensory, cognitive and motor). Pruning also occurs, a process which reduces the number of synaptic connections, enabling fine-tuning of functioning. Through combinations of these processes, which occur over different timescales, the cerebral cortex self-organises in response to external stimuli and the individual’s learning activities (Pantev et al., 2003). Overall, the evidence from neuroscience suggests that each individual has a specific learning biography, which is reflected in the way the brain processes information (Altenmuller, 2003: 349).

			The brain has three main parts: the cerebrum, cerebellum and brainstem. The cerebrum is the largest part of the brain; the cerebellum is located under the cerebrum, while the brain stem acts as a relay centre, connecting the cerebrum and cerebellum to the spinal cord. The cerebrum is divided into two halves: the right and left hemispheres. They are connected by the corpus callosum, which transmits messages from one side of the brain to the other. Each hemisphere controls the opposite side of the body, but not all functions of the hemispheres are shared. Generally, the left hemisphere controls speech, comprehension, and mathematical and literacy functions, while the right hemisphere controls creativity, spatial ability, artistic and musical skills. For most people, the left hemisphere is dominant for hand use and language. The brain is also separated into the frontal, temporal, occipital and parietal lobes. The frontal lobe is associated with executive functions and motor performance, while the temporal lobe is associated with the retention of short- and long-term memories and processing sensory input, including auditory information and language comprehension. The visual processing centre is the occipital lobe, while the parietal lobe is associated with sensory skills.

			Music has played an important role in neuroscience, facilitating the study of neural plasticity, as training in music is complex and multimodal, and musicians and those aspiring to become musicians spend many hours practising and are committed to engagement with music over long periods of time (Pantev and Herholz, 2011). Making music draws on many brain functions, including those related to perception, action, cognition, emotion, learning and memory. It has therefore been an ideal tool to show how the human brain works and how different brain functions interact. The findings from the neuroscientific study of musicians have led to greater understanding of cortical plasticity (Barrett et al., 2013; Dalla Bella, 2016; Habib and Besson, 2009; Herholz and Zatorre, 2012; Jäncke, 2009; Merrett et al., 2013; Münte et al., 2002; Rauschecker, 2001; Strait and Kraus, 2014; Wan and Schlaug, 2010; Zatorre and McGill, 2005).

			
Neuroscientific Methods

			Recently, technology has changed the way that neuroscience has been able to study the brain. Previously it largely relied on studying individuals suffering from damage to the brain, exploring how the damage affected particular behaviours. Common assessment techniques which are adopted now include:

			Electroencephalography (EEG), which measures electrical activity generated by the synchronised activity of thousands of neurons, allowing the detection of activity within particular cortical areas, even at subsecond timescales. EEG measures event-related potential (ERP). An event-related potential (ERP) is the measured brain response that is the direct result of a specific sensory, cognitive or motor event. It is any stereotyped electrophysiological response to a stimulus. Evoked potentials and induced potentials are subtypes of ERPs. Other types of ERP include:

			
					Frequency-following response (FFR) is an evoked potential generated by periodic or nearly periodic auditory stimuli. As part of the auditory brainstem response, the FFR reflects sustained neural activity integrated over a population of neural elements.

					
Gamma-band activity (GBA) comprises an EEG frequency range, from 30 to 200 Hz, and is distributed widely throughout cerebral structures. GBA participates in various cerebral functions, such as perception, attention, memory, consciousness, synaptic plasticity and motor control.

					Early left anterior negativity (ELAN) is an event-related potential in electroencephalography (EEG), or a component of brain activity that occurs in response to certain kinds of stimuli. It is characterised by a negative wave that peaks at around 200 milliseconds or less after the onset of a stimulus, and most often occurs in response to linguistic stimuli that violate word category or phrase structure rules.

					Early right anterior negativity (ERAN) is a potential in electroencephalography, or a component of brain activity that occurs in response to a certain kind of stimulus.

					Mismatch negativity (MMN) is an element of an event-related potential to an odd stimulus in a sequence of stimuli. It is most frequently studied in relation to auditory or visual stimuli. In the case of auditory stimuli, the MMN occurs after an infrequent change in a repetitive sequence of sounds. It is usually evoked by either a change in frequency, intensity, duration, or real or apparent spatial locus of origin.

					
Magnetic resonance imaging (MRI) is a type of scan that uses strong magnetic fields and radio waves to produce detailed images of the inside of the brain.

					
Voxel based morphometry (VBM) is a technique using MRI that allows investigation of focal differences in brain anatomy, using parametric mapping. The brain images are smoothed so that each voxel represents the average of itself and its surrounding areas.

					Functional magnetic resonance imaging (fMRI) is a brain-scanning technique that measures blood flow in the brain when a person performs a task. fMRI works on the premise that neurons in the brain which are the most active during a task use the most energy. A haemodynamic response allows the rapid delivery of blood to active neuronal tissues.

					
Magnetoencephalography (MEG) is a functional neuroimaging technique for mapping brain activity by recording magnetic fields produced by electrical currents occurring naturally in the brain, using very sensitive magnetometers.

					
Transcranial magnetic stimulation is a non-invasive procedure that uses magnetic fields to stimulate nerve cells in the brain.

			

			
Changes in the Brain following Musical Activity

			As individuals engage with different musical activities over long periods of time, permanent changes occur in the brain. These changes reflect what has been learned and how it has been learned. They also influence the extent to which developed skills transfer elsewhere. Extensive active engagement with music induces cortical reorganisation, producing functional changes in how the brain processes information. If this occurs early in development, the alterations may become hardwired and produce permanent changes in the way information is processed (Schlaug et al., 1995a; 1995b). Indeed, there is evidence that Western classical musicians have increased neuronal representation specific for the processing of the tones of the musical scale (Pantev et al., 2003). The largest cortical representations are in musicians who have been playing their instruments for the longest period of time. Overall, the evidence suggests that active engagement with music has a significant impact on brain structure and function (Merrett et al., 2013; Norton et al., 2005). Playing a musical instrument also seems to speed up brain maturation. For instance, Hudziak and colleagues (2014) found more rapid cortical thickness maturation in areas implicated in motor planning and coordination, visuospatial ability, and emotion and impulse regulation following musical training.

			
Comparisons between Musicians’ and Non-Musicians’ Expertise

			A long-standing strand of research has explored the differences between the brains of musicians and non-musicians and those with different levels of musical expertise. The first (now seminal) studies provided evidence of larger auditory and somatosensory cortical areas in adult musicians compared with non-musicians (Pantev et al., 1998; Elbert et al., 1995). Recent criticism of this approach has drawn attention to the lack of clarity in classifying musicians and non-musicians. Musicians vary widely in their areas of expertise and the levels that they achieve, while so-called non-musicians may be very experienced listeners. Despite these issues, this strand of research has enhanced our understanding of the differences which emerge in the brain related to musical training, starting in childhood or adulthood through to professional levels of expertise (Herholz and Zatorre, 2012; Huotilainen and Tervaniemi, 2018; Munte et al., 2002; Tervaniemi, 2009).

			Certain pieces of research exploring the differences between musicians and non-musicians, or the functional changes due to musical training, have highlighted the differences in very basic cortical and subcortical processing—for instance, the response latencies and amplitudes of responses to random, musical or language sounds. Musicians demonstrate higher fidelity of brain stem responses in conveying temporal and frequency information present in the sounds that they are exposed to (Wong et al., 2007). This fidelity increases quickly over a period of a year when children are actively engaged in making music (Skoe and Kraus, 2013).

			The differences between musicians and non-musicians are in evidence at different levels of the auditory pathway, from the brainstem (Kraus and Chandrasekaran, 2010; Strait and Kraus, 2014) through to the primary auditory regions (Bermudez et al., 2009; Gaser and Schlaug, 2003) and subsequently to higher levels of auditory processing. Low‐level neural enhancements are likely to have a considerable impact on higher-level processing because the ability of the cochlea and the brain stem to replicate the content of a sound, and to deliver it accurately to higher-level cortical processes, forms the basis of all sound processing. This, in turn, leads to better performance in listening to speech embedded in noise or hearing masked sounds (Strait et al., 2010; Strait and Kraus, 2011a; 2011b; Slater et al., 2015). Overall, trained musicians have greater volume and cortical thickness in the auditory cortex regions, which are most likely to be responsible for fine pitch categorisation, discrimination and temporal processing. There are structural differences at the level of the primary auditory cortex and auditory association areas (Schlaug, 2009). For example, Gaab and Schlaug (2003) compared brain activation patterns between musicians and non-musicians while they performed a pitch memory task. Both groups showed bilateral activation of the superior temporal, supramarginal, posterior middle and inferior frontal gyrus, and superior parietal lobe. However, the musicians showed more right temporal and supramarginal gyrus activation, while the non-musicians had more right primary and left secondary auditory cortex activation. Since the performance of both groups was matched, these results suggest that the processing differences are related to musical training. Non-musicians may rely more on brain regions important for pitch discrimination, while musicians may prefer to use brain regions specialising in short-term memory and recall to approach pitch memory tasks.

			Schneider and colleagues (2002) used magnetoencephalography to compare the processing of pure tones in the auditory cortex of 12 non-musicians, 12 professional musicians and 13 amateur musicians. They found neurophysiological and anatomical differences between the groups. The activity evoked in the primary auditory cortex after stimulus onset in the professional musicians was 102% larger than in the non-musicians, and the grey-matter volume of the anteromedial portion of Heschl’s gyrus was 130% larger.

			Koelsch and colleagues (2002) compared event-related brain potentials in response to harmonically inappropriate chords in musical experts and novices. Such chords elicited an early right anterior negativity (ERAN), which was larger for musical experts than for novices, probably because the experts had more specific musical expectancies than the novices. When chords were presented with a deviant timbre, they elicited a mismatch negativity. This did not differ across the groups, indicating that the larger ERAN in the expert musicians was not due to a general enhanced auditory sensitivity, but to specific changes in the brain related to the processing of harmony, learned through experience with music.

			Also focusing on aural processing, Shahin and colleagues (2003) investigated whether the neuroplastic components of auditory evoked potentials were enhanced in musicians in relation to their musical training histories. Highly skilled violinists and pianists and non-musicians listened to violin tones, piano tones and pure tones, the latter of which was matched in fundamental frequency to the musical tones. Compared with non-musicians, both musician groups evidenced larger responses to the three types of tonal stimuli. These results suggest that the tuning properties of neurons are modified in the auditory cortex in relation to the extent of acoustic musical training. 

			Similarly, Tervaniemi and colleagues (2006) compared the neural and behavioural sound encoding of non-musicians and amateur band musicians. They explored auditory event-related potentials to changes in basic acoustic features, frequency, duration, location, intensity, gap and abstract features, melodic contour and interval size. There were statistically significant differences in response to location changes but not to other feature changes. This suggests that, when compared with non-musicians, even amateur musicians have neural sound processing advantages if the acoustic information is relevant to their musical genre.

			Non-musicians seem to need more neuronal resources for processing auditory information, relative to musicians. This is evidenced by stronger activation of primary auditory regions. For instance, Besson, Faïta and Requin (1994) presented musicians and non-musicians with short musical phrases that were either selected from the classical musical repertoire or composed for the experiment. The phrases terminated either in a congruous or harmonically, melodically or rhythmically incongruous note. The brain waves produced by these endnotes differed greatly between musicians and non-musicians, and also as a function of the participant’s familiarity with the melodies and the type of incongruity. The findings additionally showed that the musicians were faster than the non-musicians in detecting the incongruities.

			Functional magnetic resonance imaging scans (fMRI scans) have been used to study grey and white matter in the brain. Grey matter contains most of the brain’s neuronal cell bodies and includes regions of the brain involving muscle control and sensory perception—for instance, sight, hearing, memory, emotions, speech, decision-making and self-control. Structural differences in the grey matter of several cortical areas, including the motor, somatosensory and auditory areas, have been observed between musicians and non-musicians. Luders, Gaser, Jancke and Schlaug (2004), using a voxel-by-voxel morphometric technique, found grey-matter volume differences in motor, auditory and visual-spatial brain regions when comparing professional keyboard players with a matched group of amateur musicians and non-musicians. These differences are related to cortical folding, indicating a greater cortical surface or longer distances between the cortical areas of, for example, fingers. This suggests that a larger patch of cortical surface is reserved for finger control in musicians than in non-musicians.

			Similarly, Groussard and colleagues (2014) compared the brains of non-musicians and amateur musicians, the latter playing an instrument for up to 26 years. Musical training led to greater grey-matter volume in different brain areas in the musicians. The changes appeared gradually in the left hippocampus and right middle and superior frontal regions, but later included the right insula, supplementary motor area, left superior temporal and posterior cingulate area. Together, these regions are implicated in many functions including verbal memories, bodily awareness, emotional experiences, control of movement, language, memory and impulse control. To ensure that the findings were linked with musical training and not normal brain maturation, the researchers controlled for age and educational level.

			There are indications that musicians exhibit increased grey-matter volume in the inferior frontal gyrus when compared to non-musicians (Sluming et al., 2002). Voxel-based morphometry and stereological analyses were applied to high-resolution three-dimensional magnetic resonance images in 26 male orchestral musicians and 26 non-musicians who were matched for sex, handedness and intelligence. The wide age range of the participants, from 26 to 66, enabled the researchers to undertake a secondary analysis of age-related effects. The findings revealed increased grey matter in Broca’s area in the left inferior frontal gyrus in the musicians. Overall, there was a significant age-related volume reduction for only the non-musicians in the cerebral hemispheres and dorsolateral prefrontal cortex subfields bilaterally, as well as in the grey-matter density in the left inferior frontal gyrus. There was a positive relationship between years of playing and the volume of grey matter in musicians who were under 50 years old. The authors suggested that orchestral musical performance promoted user-dependent retention, and possibly the expansion of grey matter involving Broca’s area.

			Similarly, James and colleagues (2014) used optimised voxel-based morphometry to perform grey-matter density analyses on 59 age-, sex- and intelligence-matched young adults with three distinct, progressive levels of musical training intensity or expertise. The findings showed a functional difference between areas exhibiting increase versus decrease of grey matter as a function of musical expertise. Grey-matter density increased with expertise in areas known for their involvement in higher order cognitive processing, such as those concerned with executive function, working memory and auditory processing. In contrast, grey-matter density decreased with expertise in areas related to sensorimotor function. This decrease may have reflected high levels of automatisation of motor skills in those with greater expertise. A multiple regression analysis showed that grey-matter density predicted accuracy in detecting fine-grained incongruities in tonal music.

			Changes in white matter have also been observed in the brains of musicians. White matter is composed of the nerve fibres, axons, which connect nerve cells and which are covered by myelin, an insulating layer that forms around nerves, consisting of protein and fatty substances. It is this which gives the white matter its colour. Myelin speeds up the communication between cells. Musicians have greater anisotropy, a phenomenon varying in magnitude according to the direction of measurement, which suggests that they either have a larger number of fibres or greater myelination or both. Such findings have been observed in corticocortical connections, where neurons in one cortical area communicate with neurons in other cortical areas, but also in corticomuscular connections, where neurons communicate with muscles (Bengtsson, Nagy and Skare et al., 2005). Some research has shown that musicians have greater amounts of substances in their brains related to neuronal metabolism. The brain relies almost entirely on circulating glucose rather than storing energy as glycogen. The majority of this glucose is used to maintain synaptic function and the resting potential of neurons. When there is an increase in these substances, it suggests more active use of, for example, auditory cortical areas (Aydin et al., 2005).

			Musicians have a larger corpus callosum than non-musicians (Schlaug et al., 1995a). This phenomenon is particularly evident in male musicians (Lee et al., 2003). Greater midsagittal size of the corpus callosum has also been found (Lee et al., 2003; Oztürk et al., 2002; Schlaug et al., 1995). Musicians have more and/or thicker neuronal tracts between the left and right motor and somatosensory areas. These structural differences may relate to a range of functional differences between musicians and non-musicians (Fauvel et al., 2014). The amount of musical practice is also associated with greater integrity of the corticospinal pathway (Bengtsson et al., 2005).

			Individuals with absolute pitch—the ability to categorise tones into pitch classes without reference to other sounds—have been the focus of some pieces of research. For instance, Loui and colleagues (2012) showed that those possessing absolute pitch had increased functional activation during music listening, as well as increased degrees, clustering and local efficiency of functional correlations, with the difference being highest around the left superior temporal gyrus. Similarly, Loui and colleagues (2011) observed hyperconnectivity in bilateral superior temporal lobe structures linked to having absolute pitch. Furthermore, the volume of tracts connecting the left superior temporal gyrus to the left middle temporal gyrus predicted absolute pitch performance. Using in vivo magnetic resonance morphometry, Schlaug and colleagues (1995a) measured the anatomical asymmetry of the planum temporale. Musicians with absolute pitch revealed stronger leftward planum temporale asymmetry than non-musicians or musicians without absolute pitch. These results indicate that having absolute pitch is associated with increased leftward asymmetry of the cortex subserving music-related functions. Similarly, Bermudez and colleagues (2009) used multiple methods to compare 71 musicians, 27 with absolute pitch, with 64 non-musicians. They found functional evidence which indicated the importance of a frontotemporal network of areas, which were heavily relied upon in the performance of musical tasks. There was a difference between the musicians and those with absolute pitch in that there was a significantly thinner cortex in a number of areas—including the posterior dorsal frontal cortices—that have been previously implicated in the performance of tasks involving absolute pitch.

			
The Automation of Skills as Expertise Increases

			As musicians’ expertise develops, many of their skills become automated. This means that neurological differences between musicians and non-musicians become harder to interpret, since some tasks reveal less neural activity in musicians because of their automatisation (Jancke et al., 2000), while others show more brain activity (Kleber et al., 2010; Nikjeh et al., 2008; 2009). Simple motor tasks tend to become automated while complex tasks, even those related to auditory processing, may require more neurological resources (Gaab and Schlaug, 2003).

			In a review, Zatorre and colleagues (2012) pointed out that, while brain imaging had identified structural changes in grey and white matter that occurred with learning, ascribing imaging measures to underlying cellular and molecular events was challenging. Perceptual or motor systems with extended representation in the brain as a result of musical training may process information more efficiently, using fewer neuronal resources, than less specialised systems. Enhanced efficiency might be manifest in lower blood flow demands in skilled musicians as compared to non-musicians when performing complex motor sequences. Functional neuroimaging studies do not always present findings consistent with observed anatomical differences. Musicians can exhibit either lower or more localised activation in the primary motor cortex than non-musicians, and more variable levels of activation in motor association regions (such as the premotor and supplementary motor areas). Such inconsistencies may reflect higher order cognitive processes—for example, tonal processing, working memory and syntax—that are required for performance. This may lead to increased density in associated brain regions. Other processes (for instance, sensorimotor functions and basic motor control) are likely to be automated, requiring fewer resources and less brain volume (James et al., 2014). This may also explain inconsistencies between visible structural changes and increased or decreased activation in musicians in primary auditory and motor regions. Using event-related potentials, Trainor and colleagues (1999) compared the responses of adult musicians and non-musicians to infrequent changes to the last note of a five-note melody, which either altered the contour or the interval. The findings suggested that contour processing was more basic, while interval processing was more affected by experience. This, again, indicates that it is not always obvious whether training is associated with increased or decreased activation in underlying brain regions.

			
Bimanual Motor Coordination

			Pianists have provided a particular focus for research exploring bimanual motor coordination. Automatisation of these processes means that training is not systematically associated with increased brain volume. For example, a decrease in striatal volume is observed in skilled pianists as a function of greater efficiency in motor performance (Granert et al., 2011). Haslinger and colleagues (2004) compared professional pianists with musically naïve participants as they carried out in‐phase, mirror and anti‐phase, parallel bimanual sequential finger movements during functional magnetic resonance imaging. The tasks included the performance of two different kinds of externally paced bimanual finger tapping, involving the index to little finger of both hands. In one condition, participants had to carry out parallel finger movements starting either with the index finger of the right and the little finger of the left hand, or vice versa. The task then consisted of continuous, bidirectional finger movements sequentially involving the index, middle, ring and little finger of one hand versus little, ring, middle and index finger of the other hand. The second task demanded the performance of mirror-like finger tapping. The corresponding fingers of both hands, index–index, middle–middle, ring–ring, little–little always had to be moved simultaneously in bidirectional, sequential order. A resting condition without finger movements served as a control. These tasks correspond to bimanually playing scales, which constitutes part of pianists’ regular practice routines. Musicians and non-musicians showed significantly different functional activation patterns, suggesting increased efficiency of cortical and subcortical systems for bimanual movement control. This may be fundamental to achieving high‐level motor skills, allowing the musician to focus on the artistic aspects of musical performance.

			Similarly, Krings and colleagues (2000) performed functional magnetic resonance imaging with professional piano players and non-musicians during an overtrained complex finger movement task, using a blood oxygenation level dependent echo-planar gradient echo sequence. Participants performed a complex finger opposition paradigm using the right hand, with self-paced light touches of a thumb pad to a finger pad without looking at the hand. The order of tapping was 5-4-3-5-4-2-5-3-2-4-3-2, omitting one subsequent finger in each run. The pattern was repeated. During rest periods, participants were asked to relax. The task was practised before the scanning session to avoid learning effects during the scan. Activation clusters were seen in the primary motor cortex, supplementary motor area, premotor cortex and superior parietal lobule. There were significant differences in the extent of cerebral activation between the groups, with pianists having a smaller number of activated voxels. This suggested that long-term motor practice led to a different cortical activation pattern in pianists. They needed to recruit fewer neurons to complete the same movements.

			Using self-paced bimanual and unimanual tapping tasks which reflect typical movements made in playing the piano, Jäncke and colleagues (2000) measured haemodynamic responses, applying functional magnetic resonance imaging in two professional piano players and two carefully matched non-musician participants. The primary and secondary motor areas were activated to a much lesser degree in professional pianists than in non-musicians, suggesting that the long-lasting extensive hand-skill training of the pianists led to greater efficiency. This was reflected in the smaller number of active neurons needed to perform given finger movements. Similarly, Meister and colleagues (2005) compared pianists and non-musicians as they performed simple and complex movement sequences on a keyboard with the right hand. In non-musicians, complex motor sequences showed higher fMRI activations of the presupplementary motor area and the rostral part of the dorsal premotor cortex compared to simple motor sequences, whereas the musicians showed no differential activations. This suggested that a higher level of visuomotor integration was required in a complex task in non-musicians, whereas the musicians employed the rostral premotor network during both tasks. Neural plasticity, as a result of long-term practice, mainly occurs in caudal motor areas, but the slowly evolving changes during motor-skill learning may extend to adjacent areas, leading to more effective motor representations in pianists.

			Also focusing on a complex right-handed finger tapping task, Hund-Georgiadis and von Cramon (1999) investigated blood-flow-related magnetic resonance signal changes and the time course underlying short-term motor learning in ten piano players and 23 non-musicians. A functional learning profile, based on regional blood oxygenation level, was assessed. All participants achieved significant increases in tapping frequency during the 35-minute training session while in the scanner, but the pianists performed significantly better than the non-musicians and showed increasing activation in the contralateral primary motor cortex throughout motor learning. Concurrently, involvement of secondary motor areas—such as the bilateral supplementary motor, premotor and cerebellar areas—diminished relative to the non-musicians throughout the training session. Extended activation of primary and secondary motor areas in the initial training stage during the first seven to 14 minutes, as well as rapid attenuation, were the main functional patterns underlying short-term learning in the non-musician group. Attenuation was particularly marked in the primary motor cortices as compared with the pianists. When the tapping sequence was performed with the left hand, transfer effects of motor learning were evident in both groups. Involvement of all relevant motor components was smaller than after initial training with the right hand. This suggests that the involvement of primary and secondary motor cortices in motor learning is dependent on experience.

			Using similarly complex unimanual and bimanual finger tasks, Koeneke and colleagues (2004) studied cerebellar hemodynamic responses in highly skilled keyboard players and non-musician participants. Both groups showed strong haemodynamic responses in the cerebellum during task conditions. However, non-musicians showed generally stronger haemodynamic responses in the cerebellum than the keyboard players, suggesting that long-term motor practice leads to different cortical activation patterns. The same movements required less neuronal activity. Palomar-García and colleagues (2017) found reduced connectivity between the motor areas that control both hands in musicians compared with non-musicians. This was particularly evident in those whose instruments required bimanual coordination. The effects were mediated by the number of hours of practice.

			
Multisensory Learning

			Structural differences in the brains of musicians and non-musicians extend beyond the auditory pathway and motor circuitries to the parietal regions. These regions seem to be involved in multisensory encoding and integration. Music performance is one of the most complex and demanding cognitive challenges that human beings undertake. It requires precise timing of a number of hierarchically organised actions, as well as precise control over pitch interval production, implemented variably depending on the instrument involved (Zatorre et al., 2007). Structural differences due to musical training extend to motor and sensorimotor cortices, to premotor and supplementary motor regions, and involve subcortical structures such as the basal ganglia and the cerebellum. This neuronal circuitry is engaged in motor control and fine motor planning—for example, finger movement—during musical engagement, as well as in motor learning (Schmidt and Lee, 2011). Musicians have stronger connectivity between the right auditory cortex and the right ventral premotor cortex than non-musicians. The longer the period of time playing an instrument, the stronger the connection (Palomar-Garcia et al., 2017). Lahav and colleagues (2007) used functional magnetic resonance imaging to explore whether the human action-recognition system responded to sounds found in a complex sequence of newly acquired actions. They chose a piece of music as a model set of acoustically presentable actions and trained non-musicians to play it by ear. They then monitored brain activity in participants while they listened to the newly learned piece. Although they listened to the music without making any movements, activation was found bilaterally in the frontoparietal motor-related network, consistent with neural circuits which have been associated with action observations and may constitute a human mirror neuron system. Presentation of the practised notes in a different order activated the network to a much lesser degree, whereas listening to equally familiar but motorically unknown music did not activate this network. These findings suggest that there is a hearing–doing system that is highly dependent on the individual’s motor repertoire and that this network is established rapidly, with Broca’s area as its hub.

			
Neurological Differences Relating to Genre and the Instrument Played

			Neural changes are specific to the particular musical activities undertaken (Munte et al., 2003). Functional auditory responses are strongest in the areas reflecting each musician’s instrument, demonstrating timbral specificity related to their training (Pantev et al., 2001). The processing of pitch in classical string players, who have to create different pitches with no guidance from frets, is characterised by longer surveillance and more frontally distributed event-related brain potentials attention. Drummers whose focus is rhythm generate more complex memory traces of the temporal organisation of musical sequences, while conductors demonstrate greater surveillance of auditory space as they listen to and balance the sounds of the various instruments in the ensemble that they are conducting (Munte et al., 2003).

			Compared with non-musicians, string players have greater somatosensory representations of finger activity, the amount of increase depending on the age of starting to play (Pantev et al., 2003). Pianists, violinists and non-musicians are differentiated by the particular form and shape of the motor cortex, violinists and pianists both needing to be able to move their fingers quickly (Bangert and Schlaug, 2006), while trumpet players have greater functional activation in the cerebellum (which coordinates voluntary movements), the dominant sensorimotor cortex and the left auditory cortex (Gebel et al., 2013). This may be because trumpet players need to be sensitive to the relationship between their embouchure and minute sequential differences in sound. In relation to players of wind instruments, Choi and colleagues (2015) found significant changes in cortical thickness in lip-tongue related areas and resting-state neuronal networks, and differential activation in the precentral gyrus and supplementary motor areas in comparison with non-musicians. 

			The functional reorganisation of the motor cortex reflects differential usage between instrumentalists. When comparing the regions containing the hand representations of pianists and violinists, large anatomical differences in the precentral gyrus have been revealed (Bangert and Schlaug, 2006). String players require highly developed fine motor skills, particularly in the left hand, while keyboard players require highly trained fine motor skills in both hands, but particularly the right hand, which frequently supports melody and has more challenging technical passages than the left-hand accompaniment. Most keyboard performers exhibit a configuration known as the ‘Omega sign’ in the left more than the right hemisphere, whilst most string players show this only on the right. The prominence of this sign is related to the age at which musicians began to play an instrument and the cumulative amount of time they spent practising. Greater cortical representations of fingers in violinists’ left hands, as compared with right hands, have been found using magnetoencephalography (Elbert et al., 1995). 

			Instrument-specific neuroplasticity extends to perception. Timbre-specific neuronal responses are observable in different groups of instrumentalists. For example, string and trumpet players reveal stronger evoked cortical responses when presented with the sound of their respective instrument (Pantev et al., 2001). This is particularly evident in the right auditory cortex (Shahin et al., 2003). Musicians also display increased gamma-band activity induced by the sound of their own instrument as compared to other instruments (Shahin et al., 2008). These findings are supported by functional imaging evidence from violinists and flautists (Margulis et al., 2009), which suggests that instrument-specific plasticity is not restricted to the primary auditory cortex but forms a network including association and auditory-motor integration areas. Such experience-specific plasticity has been shown at the level of the brainstem (Strait et al., 2012).

			Some research has explored whether the style or genre of music might shape auditory processing. Tervaniemi and colleagues (2016) studied the auditory profiles of classical, jazz and rock musicians, with particular reference to genre-specific sensitivity to musical sound features. The participants watched a silent video and were instructed to ignore the sounds. The researchers recorded the accuracy of neural encoding of the melody. All groups showed a cortical index of deviance discrimination, but the strength of the responses varied. Automatic brain responses were selectively enhanced to deviance in tuning in classical musicians, timing in classical and jazz musicians, transposition in jazz musicians, and melody contour in jazz and rock musicians. The jazz players had larger mismatch negativity (MMN) amplitude than all other experimental groups across the six different sound examples, indicating a greater overall sensitivity to auditory outliers. Enhanced processing of pitch and the sliding up to pitches were only found in jazz musicians. A more frontal MMN to pitch and location (compared to the other deviations) was observed in jazz musicians, and left lateralization of the MMN to timbre in classical musicians. Overall, the characteristics of the particular styles or genres of music learned influence a musician’s perceptual skills and the brain’s processing of them.

			Training, listening experiences, musical styles and genre all shape musicians’ brains (Vuust et al., 2012). Folk musicians exhibit early right anterior negativity in inferofrontal brain regions in response to chords which deviate from the conventions of Western music, indicating differences in their expertise compared with non-musicians (Brattico et al., 2013). Musical expertise in more than one music culture can modify chord processing by enhancing responses to ambivalent or incongruous chords.

			Focusing on communication between musicians, Vuust and colleagues (2005) explored how jazz musicians exchanged non-verbal cues when they played together. The musicians received and interpreted cues when performance departed from a regular pattern of rhythm, suggesting that they enjoyed a highly developed sensitivity to subtle rhythmic deviations. Pre-attentive brain responses—recorded with magnetoencephalography to rhythmic incongruence—were left-lateralized in expert jazz musicians and right-lateralized in non-musicians, suggesting functional adaptation of the brain to a task of communication, similar to that required for learning language.

			
Studies with Child Musicians and Non-Musicians

			There has been considerable research focusing on the structural and functional changes which occur in children’s brains as a result of engagement with music. Enhancement of brain responses to musical sounds can occur early in development. Four-month-old infants exposed to melodies played on either guitar or marimba for just over two hours over the course of a week exhibited MMN selectively to the sound to which they had been exposed (Trainor et al., 2011). The effects of musical training during development extended to brainstem responses when processing speech in noise (Strait et al., 2013). Trainor and colleagues (2012) studied six-month-old Western infants, who were randomly assigned to six months of either an active participatory music class or a class in which they experienced music passively while playing. Active music participation resulted in earlier enculturation to Western tonal pitch structure, larger and/or earlier brain responses to musical tones, and a more positive social trajectory. Neural‐level changes also occur in children participating in musical playschool activities designed to develop a love for music through active engagement with making music, singing and musical instruments. Putkinen and colleagues (2013) explored the relationship between informal musical activities at home and electrophysiological indices of neural auditory change detection in two- to three-year‐old children. Auditory event‐related potentials were recorded in a multi‐feature paradigm that included frequency, duration, intensity, direction, gap deviants and attention‐catching novel sounds. Correlations were calculated between these responses and the amount of musical activity at home reported by the parents. The neurological findings implied that there was heightened sensitivity to temporal acoustic changes, more mature auditory change detection and less distractibility in children when there were more informal musical activities in their home environment.

			One strand of research has focused on the effects of training with the Suzuki method, where children learn to play by ear and through imitation. The method is implemented rigorously wherever it is adopted, which makes it easier to make comparisons between studies. One study with four- to six-year-old children revealed changes in auditory evoked responses to a violin and a noise stimulus. The musically trained group showed faster responses to violin sounds than the non-musician group (Fujioka et al., 2006). These changes were accompanied by enhanced performance on a musical task and improved working memory in a non-musical task. Another study adopting the Suzuki method tracked and recorded brainwave patterns. The research included adult professional violinists, amateur pianists and four- and five-year-old children studying the piano. Measures were taken before the children commenced music lessons and one year later. The adult musicians showed robust enhancement of induced gamma-band activity specific to their musical instrument, with the strongest effects in the professional violinists. Induced gamma-band responses are associated with attention, expectation, memory retrieval and the integration of top-down, bottom-up and multisensory processes. The children receiving piano lessons exhibited increased power of induced gamma-band activity for piano tones with one year of training, while children not taking lessons showed no effect (Shahin et al., 2004; 2008).

			In a similar study, Trainor and colleagues (2009) found larger induced gamma-band responses in five-year-old children learning to play instruments. Responses to musical sounds were larger in adult musicians than in non-musicians, and developed in children after one year of musical training (but not in children of the same age who were not engaged in music lessons). Trainor and colleagues concluded that musical training affected oscillatory networks in the brain which are associated with executive functions, which in turn can enhance learning and performance in several cognitive domains.

			Standard musical training has been linked to greater mismatch negativity responses to melodic and rhythmic modulations in children between 11 and 13 years of age who have received musical training (Putkinen et al., 2014), while structural changes in the brain have been found in relation to reading musical notation. Bergman and colleagues (2014) undertook a longitudinal study with 352 children and young people between the ages of six and 25, carrying out neuroimaging investigations with 64 participants on two or three occasions, two years apart. Those playing an instrument had larger grey-matter volume in the temporo-occipital and insular cortex areas, previously reported to be related to reading musical notation.

			Structural differences in grey and white matter have also been found in children who engage in music, particularly during early childhood, compared with those who do not (Groussard et al., 2014; Habibi et al., 2018; Huotilainen and Tervaniemi, 2018; Pantev and Herholz, 2011). Schlaug and colleagues (2009) found that after just over two years of musical training, five- to seven-year-old children who were committed to music practice showed increased size of the anterior part of the corpus callosum. Similarly, Hudziak and colleagues (2014) assessed the extent to which playing a musical instrument was associated with cortical thickness development among healthy children and young people. Over a two-year period, 232 young people aged six to 18 underwent MRI scanning and behavioural testing. While there was no association between cortical thickness and years playing a musical instrument, a later follow-up showed that music training was associated with an increased rate of cortical thickness maturation in areas implicated in motor planning and coordination. Similarly, Habibi and colleagues (2018) investigated the effects of music training on children’s brains, comparing children engaged with musical training and others involved in either sport or no regular after-school activity. Two years after training, the children in the music group showed brain changes related to enhanced auditory processing skills.

			A different approach was adopted by Hyde and colleagues (2009). They tested two groups of children who had no prior formal musical training. The instrumental group consisted of 15 children aged six years old who had weekly half-hour private keyboard lessons and who continued lessons for 15 months. The comparison group consisted of 16 children who were almost six years old, who did not receive any instrumental music training but participated in a weekly 40-minute group music class in school consisting of singing and playing with drums and bells. The children underwent a magnetic resonance imaging (MRI) scan twice, at the beginning of the research and again 15 months later. The second scan showed that the children learning to play instruments had areas of greater relative voxel size, within the motor areas, the corpus callosum and the right primary auditory region (in contrast to the comparison group). Overall, the study demonstrated regional structural brain plasticity in the developing brain that occurred with only 15 months of instrumental musical training in early childhood. The study demonstrated that the type of musical training is important in the transfer of musical skills (Hyde et al., 2009).

			In a cross-sectional study, Ellis and colleagues (2012) explored the impact of age-related maturation and training using functional magnetic resonance imaging (fMRI) and linear regression techniques. The participants, aged five to 33, had a range of hours of musical practice from none to 21,000. Age-related effects common to melodic and rhythmic discrimination were present in three left hemisphere regions: the temporofrontal junction, the ventral premotor cortex, and the inferior part of the intraparietal sulcus—regions involved in actively attending to auditory rhythms, sensorimotor integration, and working memory transformations of pitch and rhythmic patterns. In contrast, training-related effects were localised to the posterior portion of the left superior temporal gyrus/planum temporale, an area implicated in spectrotemporal pattern-matching and auditory–motor coordinating transformations. A single cluster in the right superior temporal gyrus showed significantly greater activation during melodic as opposed to rhythmic discrimination. In a second study (Ellis et al., 2013) using the same sample, an fMRI study explored how relative hemispheric asymmetries in music processing, making same or different discriminations, were shaped by musical training as assessed by cumulative hours of instrumental practice. A peak in the supramarginal gyrus was characterised by a leftward asymmetry in partial correlation with participants’ cumulative hours of practice, controlling for age and task performance. The findings suggested a direct link between the amount of time spent practising an instrument and the importance of this region in auditory working memory. 

			Starting musical training before seven years of age seems to have a particularly strong effect in stimulating brain changes (Barrett et al., 2013; Penhune, 2011; Zatorre, 2013). Structural differences in the corpus callosum between musicians and non-musicians—and the extent of hand representations in the motor cortex—are greater for musicians who begin training before seven years of age (Amunts et al., 1997; Elbert et al., 1995; Schlaug et al., 1995a; 1995b). Early training is also associated with greater auditory cortex and brain-stem responses to tones (Pantev et al., 1998; Wong et al., 2007). This is confirmed even when the amount of training is controlled for (Bailey and Penhune, 2010; Watanabe et al., 2007). Musicians who begin their training when they are very young display better sensorimotor synchronisation skills when compared with those starting at ages older than seven. This difference is underpinned by brain connectivity in terms of white matter and structural differences in terms of grey matter (Bailey and Penhune, 2012; Bailey et al., 2014; Steele et al., 2013).

			
Genetic and Maturational Effects versus Training Effects

			Overall, cross-sectional studies suggest that there are structural and functional differences in the brains of musicians and non-musicians, and that engagement with music leads to behavioural changes which are underpinned by changes in the primary and secondary auditory and motor cortices, as well as in sensorimotor and multimodal integration areas. The age of starting engagement with music and the intensity or duration of that engagement may account for the extent of brain differences, suggesting that there may be a causal link between musical training and changes in the brain. However, the observed differences could be caused by existing predispositions or genetic factors. At the extreme end, these include those with difficulties in processing sound (for instance, those who are tone deaf or suffer from congenital amusia);Dalla Bella et al., 2011; Kirnarskaya, 2009; Peretz and Hyde, 2003; Williamson and Stewart, 2013) and at the other extreme those who exhibit exceptional skills—for instance, prodigies or musical savants (McPherson and Lehmann, 2018; Simonton, 2017). Individual anatomical and functional properties of the brain, or genetic predispositions for learning, might impact on the learning of musical skills (Zatorre, 2013). These might explain discrepant findings in neuroplasticity and have implications for research, which needs to take account of individual differences (Foster and Zatorre, 2010; Golestani et al., 2011; Merrett et al., 2013). There are also issues relating to maturational effects which are not always addressed, although there are exceptions to this (Ellis et al., 2012; 2013).

			To summarise, studies which compare the brains of musicians and non-musicians can show neurological differences structurally and functionally between the two groups. The age at which musical engagement begins and its intensity or duration can account for some differences, but cannot demonstrate a causal link. Differences might be accounted for by genetic factors or predispositions. Longitudinal or short-term intervention studies can address these issues.

			
Intervention Studies

			Short-term intervention studies can demonstrate causality. For instance, Chen and colleagues (2012) used fMRI to investigate the formation of auditory-motor associations while participants with no previous musical training learned to play a melody. Listening to melodies before and after training activated the superior temporal gyrus bilaterally, but neural activity in this region was significantly reduced on the right when participants listened to the trained melody. Learning to play a melody involves acquiring conditional associations between key presses and their corresponding musical pitches, and is related to activity in the dorsal premotor area of the superior frontal gyrus. When playing melodies and random sequences, activity in the left dorsal premotor cortex was reduced in the latter compared to the early phase of training. Learning to play the melody was also associated with reduced neural activity in the left ventral premotor cortex. Participants with the highest performance scores for learning the melody showed more reduced neural activity in the left dorsal premotor area and the ventral premotor cortex. Overall, these findings demonstrated that auditory-motor learning is related to a reduction in neural activity in the brain regions of the dorsal auditory action stream, which suggests increased efficiency in the neural processing of a learned stimulus.

			There is evidence that the brain responds relatively quickly to new activities. Measuring event-related potentials (ERPs), Bangert and colleagues (2001) found that audio-motor coupling occurred following a 20-minute piano lesson. In another study, eight-year-old children with just eight weeks of musical training differed from controls in cortical ERPs (Moreno and Besson, 2006), while music training for 25 minutes over a seven-week period led to changes in electroencephalogram (EEG) frequencies associated with enhanced cognitive processing (Flohr et al., 2000). 

			Transcranial magnetic stimulation (TMS) has also revealed changes in hand cortical representation resulting from short-term training of novel fine motor skills (Pascual-Leone et al., 1995). Cortical motor areas were tracked targeting the contralateral long finger flexor and extensor muscles in participants learning a one-handed, five-finger exercise on the piano. In a second experiment, the researchers studied the different effects of mental and physical practice of the same five-finger exercise on the modulation of the cortical motor areas, targeting the muscles involved in the task. Over the course of five days, as participants learned the one-handed exercise in two-hour daily practice sessions, the cortical motor areas targeting the long finger flexor and extensor muscles enlarged, and their activation threshold decreased. Such changes were limited to the cortical representation of the hand used in the exercise. The research also studied the effect of increased hand use, without the requirement to learn the five-finger exercise, in participants who played the piano for two hours each day using only the right hand. In these participants, the changes in cortical motor outputs were similar but significantly less prominent than for those who learned the new skill. 

			Similarly, Lappe and colleagues (2008) reported ERP changes in young adults after two weeks of music training. Later, Lappe and colleagues (2011) divided non-musicians into two groups and provided them with two weeks of musical training. In the sensorimotor group, training consisted of learning to play a musical sequence on the piano. In the other group, the non-musicians detected errors in performances after listening to the stimuli played by other participants. Following the sensorimotor training, participants showed enhanced detection of incorrect pitch or timing, as compared to listening. This difference was accompanied by a larger brain response to pitch and duration deviations, indicating greater enhancement of musical representation in the auditory cortex fostered by sensorimotor training. Similar results showing greater benefits of auditory-visual multimodal training (as compared to unimodal training) have also been reported (Paraskevopoulos et al., 2012). 

			To summarise, short-term changes in behaviour and brain activity can be observed as a result of a brief period of musically related training. Sensorimotor and multimodal training, typical of learning to play a musical instrument, are more efficient in engendering neuroplastic changes than unimodal training. This effect is likely to be underpinned by brain changes occurring between auditory, motor and sensorimotor integration regions involving both feed-forward mechanisms capable of predicting the outcome of motor activity and feedback mechanisms for monitoring performance (Herholz and Zatorre, 2012). 

			Practice can lead to dramatic improvements in the discrimination of auditory stimuli. Carcagno and Plack (2011) investigated changes in the frequency following response (FFR) after a period of pitch discrimination training. Twenty-seven adult listeners were trained for ten hours on a pitch discrimination task using one of three complex tone stimuli: a static pitch contour, a rising pitch contour or a falling pitch contour. Behavioural measures of pitch discrimination and FFRs for all the stimuli were taken before and after the training phase for participants, as well as for an untrained comparison group. Those receiving training showed significant improvements in pitch discrimination as compared to the comparison group for all trained stimuli. These findings indicate that even relatively low-level processes in the mature auditory system are subject to experience-related change. Similarly, Bosnyak and colleagues (2004) found change in the functional brain attributes used for discriminating small changes in pure tones, measured by EEG in non-musicians after training over 15 sessions. Menning and colleagues (2000) used sequences of pure and deviant tones to train participants’ discrimination skills over a three-week period. Participants had to detect deviant tones, differing by progressively smaller frequency shifts from the standard stimulus. Frequency discrimination improved rapidly in the first week and was followed by small but constant improvements thereafter. The results suggested a reorganisation of the cortical representation for the trained frequencies.

			Schulte and colleagues (2002) designed a melody perception experiment—involving eight harmonic complex tones of missing fundamental frequencies—to study short-term neuronal plasticity of the auditory cortex. The fundamental frequencies of the complex tones followed the beginning of the virtual melody of the tune Frère Jacques. The harmonics of the complex tones were chosen so that the spectral melody had an inverse contour when compared with the virtual one. After a baseline measurement, participants were exposed repeatedly to the experimental stimuli for one hour a day. All reported a sudden change in the perceived melody, indicating possible reorganisation of the cortical processes involved in the virtual pitch formation. After this switch in perception, a second measurement was taken. Cortical sources of the evoked gamma-band activity were significantly stronger and located more medially after the switch in perception. The results revealed that the primary auditory cortices were involved in the process of virtual pitch perception, and that their function was modifiable by laboratory manipulation.

			Adopting a different approach, Loui and colleagues (2009) explored brain activity occurring when participants learned a new musical system. Participants listened to different combinations of tones from a previously unheard system of pitches based on the Bohlen-Pierce scale, with chord progressions that form 3:1 ratios in frequency, which is different from the 2:1 frequency ratios found in existing musical systems. Event-related brain potentials elicited by improbable sounds in the new music system emerged over a one-hour period. The findings demonstrated that humans use a generalised probability-based perceptual learning mechanism to process novel sound patterns in music. 

			Functional neuroimaging yields results which are less consistent and more difficult to interpret. Pitch-related learning tasks are associated with either decreased (Jäncke et al., 2001; Zatorre et al., 2012) or increased activation (Gaab et al., 2006) of the auditory regions. Similar discrepancies are observed following short-term sensorimotor training: for instance, piano-like instrumental learning. Here, listening to melodies before and after training was associated with either increased activation of action observation regions (for instance, the premotor region, Broca’s area and the inferior parietal region; Lahav et al., 2007), or decreased activation of the dorsal auditory action pathway (Chen et al., 2012). These findings reflect those encountered in cross-sectional studies, where musical training manifests itself in increased or decreased activation. In certain circumstances, learning seems to improve efficiency in encoding or processing information, thus requiring less neuronal resources. 

			The ways that we learn are reflected in specific brain activity. In an intervention study, students aged 13 to 15 were taught to judge symmetrically structured musical phrases as balanced or unbalanced using traditional instructions about the differences, including verbal explanations, visual aids, notation, verbal rules and playing of musical examples, or participating in musical experiences including singing, playing, improvising or performing examples from the musical literature. Comparisons between the two groups revealed activity in different brain areas (Altenmuller et al., 1997). Similarly, Tervaniemi and colleagues (2001) have shown that musicians who play by ear and improvise may learn to process complex musical information differently to and more accurately than classically trained musicians, leading to corresponding differences in auditory neural responses. It seems that the way musical skills are acquired has a direct influence on brain development.

			
Overview

			The evidence from neurological studies relating to engagement with music suggests that the human brain has remarkable plasticity and changes in response to training or the demands of the environment. Active engagement with making music provides a rich aural and sensorimotor experience which can shape the structure and functions of the human brain. As the skills needed to become an expert musician are acquired, an association between fine motor movements and specific sound patterns is developed, which is based on real-time multisensory feedback. This creates changes in the brain which are in evidence when comparisons are made between non-musicians and musicians involved in different musical activities. These changes are found in children and adults after a few months of musical training. As musicians become more expert, interpreting the findings from neurological studies becomes more complex, because of the way that many aural and motor skills become automated, thus requiring less neural activity. Despite these challenges, it is clear that music has made a major contribution to our understanding of plasticity in the brain, as well as demonstrating the role of learning in developing expertise (albeit in interaction with existing genetic predispositions).
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			Language and music are unique human forms of communication. In everyday life, we utilise complex linguistic systems to process sound in the environment (Kraus and Slater, 2016). The environment is full of events where it is necessary to segregate sounds into streams where several sound sources are present at the same time (Bregman, 1994) and it is necessary to differentiate between those which are relevant and those which are irrelevant.

			Being able to process sound has high survival value, and hearing is the first sense to develop. The foetus in the womb can respond to sound as early as 19 weeks into pregnancy (Moon and Fifer, 2000; Graven and Browne, 2016). Learning the melodies, timbres and rhythms of the music and language of an individual’s culture begins in the mother’s womb during the third trimester of development. At this point, the foetus can discriminate the speech of their mother from that of a stranger, and the speech of their native language from a non-native language (Kisilevsky et al., 2003; Kisilevsky and Hains, 2009). Foetuses also respond differently to music and speech (Kisilevsky et al., 2004; Granier-Deferre et al., 2011).

			The impact of prenatal auditory experience can be observed among newborns when infants show a strong preference for their mother’s voice over the voice of another female (DeCasper and Fifer, 1980; Cooper and Aslin, 1989), their mother’s language over a foreign language (Moon et al., 1993; 2012), and specific passages of speech (DeCasper and Spence, 1986) or music (Hepper, 1991) which were presented to them during the final weeks of pregnancy. Some have proposed that this early recognition of music and speech has evolved as a cross-cultural adaptation to support mother-infant interactions (Huron, 2001; Tarr et al., 2014; Freeman, 2000; Fritz et al., 2009; Gregory and Varney, 1996).

			Advances in technology—for instance, magnetoencephalography—have been used to record foetal and neonatal cognitive functions by non-invasively recording the magnetic fields produced by active neurons in the brain. During the later weeks of pregnancy and the first months of life, the cognitive capabilities related to the recognition of emotion and language acquisition develop rapidly. The newborn can process emotional information and speech sounds which form the basis of the child’s development in relation to social tasks and native language (Huotilainen, 2010).

			Early interactions between adults and infants include the use of infant-directed forms of language and music which are preferred by infants; Trainor (1996; 1989) refers to this infant-directed speech as a type of musical speech, while Koelsc and Masataka (1999) and Fernand and Siebel (2005) suggest that the early developing brain processes language as a type of music. It has been proposed that singing develops directly out of motherese (infant-directed speech consisting of exaggerations, elevated pitch, slow repetitions and melodic elaborations of ordinary vocal communication; Dissanayake, 2004; Falk, 2004; Mahdhaoui et al., 2009; Saint-Georges et al., 2013). Motherese and singing have simple melodic arches which are cognitively easier to process than words. Both are therefore able to support mother-infant communication and language development while newborns are at a relatively early stage of neurological development (Bouissac, 2004).

			Infants prefer singing to speech. For instance, Nakata and Trehub (2004) studied six-month-old infants who were presented with extended audio-visual recordings of their mother’s infant-directed speech or singing. Cumulative visual fixation and initial fixation on the mother’s image lasted longer for maternal singing than for maternal speech. Furthermore, movement reduction, which tends to indicate intense engagement, accompanied visual fixation more frequently for maternal singing than for maternal speech. The repetitiveness of maternal singing may promote moderate arousal levels which sustain infant attention, in contrast to the greater variability of speech, which may result in cycles of heightened arousal, gaze aversion and re-engagement. The regular pulse of music may also enhance emotional coordination between mother and infant. Bosseler and colleagues (2016) found that the exaggerated pitch contours of infant-directed speech resulted in differences in brain activity linked to online statistical learning in sleeping newborns. Karzon (1985) found that young infants could discriminate three-syllable sequences when the suprasegmental characteristics typical of infant-directed speech emphasised the middle syllable. This pattern of results suggests that the exaggerated suprasegmentals of infant-directed speech may function as a perceptual catalyst, facilitating discrimination by focusing the infant’s attention on a distinctive syllable within a series of polysyllabic sequences. 

			Learning to comprehend and communicate through language places heavy demands on the auditory system. Understanding the stress patterns of a child’s native language helps him or her to segregate continuous streams of syllables into words. This ability is present from birth (Mampe et al., 2009). The neonatal brain stores auditory experiences of speech and music as memory traces (Partanen et al., 2013a; 2013b). Exposure to music before birth has an impact on the brain, which helps the newborn to make sense of a range of sounds and auditory scenes immediately after birth. The newborn needs to learn the phonemes of his or her native language quickly and effectively so that he or she can construct a map of them in the first year of life (Kuhl, 2004). This is crucial for the development of language skills.

			To function effectively, the auditory system requires high- and low-level cognitive skills. In humans, the process begins in the cochlea, where information about the acoustic characteristics of particular sounds is presented. This information is then subject to time and frequency processes, subsequently progressing to higher levels in the auditory system. High-level cognitive skills are required to make sense of auditory information. These skills include memory, attention and predictive processes. Such processes are vital in speech perception; for instance, being able to segregate sounds into streams when listening to speech within noise, the perception of music, and learning native and other languages. As we saw in Chapter 2, there is a large body of evidence that active engagement with music in childhood produces structural changes in the brain and its functioning—changes which are related to the processing of sound (Elbert et al., 1995; Huotilainen and Tervaniemi, 2018; Hutchinson et al., 2003; Pantev et al., 2001; 2003; Pascual-Leone, 2001; Schlaug et al., 1995a; 1995b). How easily individuals are able to process sound depends on their prior experiences with it (Krishnan et al., 2005; Krizman et al., 2012; White-Schwoch et al., 2013). Knowledge related to auditory processing is acquired through exposure to particular environments and is applied automatically whenever an individual listens to music or speech (Bigand and Poulin-Carronnat, 2006). This process begins in the womb and continues throughout infancy. 

			Research on aural processing and its relationship with language has taken several forms beyond that undertaken in neuroscience. Some has considered the relationships between language and music in terms of processing but also skill levels. Another strand of research has focused on aural perception—including comparisons of musicians with non-musicians, adults and children—while some research has considered how music might help those with difficulties in processing sound. The following sections will consider these issues.

			
Explanations of the Relationships between Music and Language

			Language and music share many characteristics, including the use of the auditory domain as the input path and the organisation of perceptual elements into structured sequences (Patel, 2003). Understanding the relationship between musical training and speech perception has proved challenging. Early work focused on hemispheric specialisation. For example, Bever and Chiarello (1974) suggested that language was based in the left hemisphere and music in the right. In the 1990s, technological developments in neuroimaging revealed partial neural overlap between the two domains (Patel, 2008), although clinical studies of those with brain damage revealed separate deficits in music and language (Peretz and Coltheart, 2003). Despite this, there is evidence of common brain regions for processing music and language (Herdener et al., 2014; Koelsch et al., 2002) but this does not necessarily imply that there is shared processing circuitry, as the findings of such research are open to different interpretations (Kunert and Slevc, 2015). However, research focusing specifically on shared neural circuitry has indicated neural overlap for the processing of speech and music (Besson et al., 2011; Bidelman et al., 2013; Bugaj and Brenner, 2011; Chandrasekaran et al., 2009; Degé and Schwarzer, 2011; Gordon et al., 2014; Kraus and Chandrasekaran, 2010; Kraus and White-Schwoch, 2016; Overy, 2003; Patel and Iversen, 2007; Rogalsky et al., 2011; Sammler et al., 2007; Schulze et al., 2011; Tallal and Gaab, 2006; Wong et al., 2007). Despite this, the extent and nature of the overlap continues to be hotly debated (Norman-Haignere et al., 2015; Patel, 2016; Peretz et al., 2015). One area of controversy is whether the brain networks involved are separate or whether the neural resources are shared (Kunert and Slevc, 2015; Norman-Haignere et al., 2015; Peretz et al., 2015). A further issue is that the ease with which shared processes operate depends on the individual’s prior experiences with sound, including music (Bigand and Poulin-Carronnat, 2006; Elmer et al., 2014; Krishnan et al., 2005; Krizman et al., 2012; Patel, 2016; White-Schwoch et al., 2013). The strongest evidence for neural overlap and cross-domain experience-dependent plasticity is in the brainstem, followed by the auditory cortex. The evidence and the potential for overlap becomes less apparent as the mechanisms involved in music and speech perception become more specialised and distinct at higher levels of processing (Ogg and Slevc, 2019).

			The relationship between language and musical abilities might be explained in terms of signal processing in the dorsal auditory stream, which is domain-general. This suggests that there is overlap between the perceptual processing of linguistic (Kotz and Schmidt-Kassow, 2015; Kotz and Schwartze, 2010), musical, affective and prosodic sensory information (Fruhholz, Trost and Kotz, 2016). The dorsal circuit integrates auditory and motor processes, providing a neural mechanism for speech development, articulation, articulatory sequences and the encoding of new vocabulary, phonological short-term memory and the feed-forward function (Buchsbaum et al., 2005; Hickok and Poeppel, 2007). The putamen also plays a pivotal role in human motor cortico-basal ganglia thalamo-cortical circuitry, but is also involved in the perception of beats involving local gamma-band oscillations (Merchant et al., 2015). This circuit is involved not only in sequential and temporal processing, but also in rhythmic behaviours such as music and dance, where audition plays a crucial role. The circuit is usually involved in the control of voluntary skeletomotor movements, and includes the supplementary motor cortex and the putamen as the fundamental cortical and neostriatal nodes, respectively. 

			Two theoretical positions—Hickok and Poeppel’s (2000; 2007) neuroanatomical model and Patel’s OPERA hypothesis—have underpinned much research. Hickok and Poeppel (2000; 2007) argue that progress in understanding the nature and extent of overlap has been limited because of the failure to consider the effects of different tasks when mapping speech-related processing systems. They outline a dual-stream model of speech processing in which a ventral stream processes speech signals for comprehension, and a dorsal stream maps acoustic speech signals to frontal-lobe articulatory networks. The model assumes that the ventral stream is largely bilaterally organised, while the dorsal stream is strongly left-hemisphere dominant. The OPERA model proposed by Patel (2011) includes overlap in subcortical and cortical networks but adds precision (the music must place higher demands on the networks than language); emotions (the music must elicit strong positive emotions); repetition (the musical activity must be repeated frequently); and must be associated with attention. The model suggests that there is anatomical overlap of the neural areas that process acoustic features in both speech and music, but that music requires greater precision than speech and places higher demands on overlapping neural areas. It also suggests that musical training requires repetition so that the neural areas are continually activated which, in turn, leads to enhanced attention. 

			In early life, speech and music processing have been shown to rely on overlapping neural substrates (Kotilahti et al., 2010; McMullen and Saffran, 2004; Perani et al., 2011). Brandt and colleagues (2012) have argued that, without the ability to hear musically, it would not be possible to acquire language. They suggest that music serves as a scaffold to learn speech, supported by the mother’s use of motherese as she interacts with her child (Fernald, 1989).

			Musical and language processes might have similar developmental underpinnings in infants and children but be modularised in adults. As newborns do not understand syntax and the meaning of words, they focus on the acoustic features of voices and the prosodic features of language (rhythm, speed, pitch and relative emphasis). The processing systems may become differentiated as they become more familiar with speech and cognitive maturation occurs (Koelsch and Siebel, 2005). Koelsch (2011) suggests that there is an emergent modularity. Speech and music processing both depend on perceptual categorisation. In speech, the focus is primarily on timbral contrasts, while in music the focus is on distinguishing differences in pitch. The sounds of vowels and sound frequencies are spread along continua. Acquiring musical and language skills requires individuals to learn to separate the sounds in each continuum into separate vowels or pitches. In addition, it must also be possible to separate variation within a category—for instance, sound variation produced by different speakers from variation that constitutes a change of category. Patel (2008) suggests that these challenges are likely solved by a shared system. If there is a shared sound-category learning mechanism, it would suggest comparable individual differences in language and musical abilities. Some support for this comes from research with individuals classed as ‘tune deaf which has shown that poor musical performance tends to be associated with deficits in processing speech sounds’ (Jones et al., 2009).

			There may be a sensitive period for musical training. Support for this comes from findings that musicians who begin training early show better task performance and greater changes in auditory and motor regions of the brain than those who start later in childhood (Bengtsson et al., 2005; Elbert et al., 1995; Gaser and Schlaug, 2003a; Koeneke et al., 2004; Penhune, 2011; Schneider et al., 2002). Those who have absolute pitch—the ability to identify or produce musical pitch without recourse to any reference tones—offer further support as, typically, those with absolute pitch begin training before the age of six, with almost no examples of absolute pitch in those commencing musical activity after nine years of age (Baharloo et al., 1998). However, auditory learning and plasticity remain possible after sensitive periods (Strait et al., 2010). During a sensitive period, learning is largely a bottom-up process that is triggered by exposure to auditory input, and is optimised because underlying neural circuits are still developing and are extremely sensitive to input received. Following a sensitive period, learning is largely a top-down process that depends on attention to enhance the salience of features in order to encode them. The process involves changing the structure and efficiency of pre-existing circuits to optimise processing. Music training may support the developmental trajectory of top-down control over speech processing (Strait et al., 2014; White et al., 2013).

			The most recent research approaches draw on the clinical evidence of music-related deficits in neurologically impaired individuals, while also exploring the processing of music in healthy people, using neurocomparative music and language research (Sammell and Elmer, 2020). Particular areas of interest have been the role of general attention (Perruchet and Poulin-Charronnat, 2013), rhythm, neuronal entrainment, predictive coding and cognitive control (Slevc and Okada, 2015). For instance, Sammell and Elmer (2020) suggest that temporal attention can be influenced by external rhythmic auditory stimulation and that this benefits language processing, including the processing of syntax and speech production. Such research starts from the proposition that speech and music have similar acoustic (Reybrouck and Podlipniak, 2019; Tsai and Li, 2019) structural features (Boll-Avetisyan et al., 2020; Daikoku, 2018; Fotidzis et al., 2018; Lagrois et al., 2019; Lee et al, 2019; Myers et al., 2019; Silva et al., 2019; Snijders et al, 2020).

			Processing systems for language and music share the challenge of extracting a small number of categories that are meaningful from a flow of acoustically variable signals. The analysis skills used in language processing, phonological distinctions, blending and segmentation of sounds are similar to the skills necessary for the perception of rhythmic (Lamb and Gregory 1993; Lipscomb et al., 2008), harmonic and melodic discrimination (Anvari et al., 2002; Barwick et al., 1989; Lamb and Gregory, 1993). The processing of timing cues is emerging as particularly important in leading to better segmenting of the sounds of speech and quicker recognition of distinctive units of spoken language (Kraus and Chandrasekaran, 2010; Overy, 2003; Tallal and Gaab, 2006). Reybrouck and Podlipniak (2019) argue that some sound features and their common preconceptual affective meanings may reflect joint evolutionary roots of music and language that continue to the present day—for instance, musical expressivity and speech prosody. Recent neurophysiological models assume that speech and music processing, as well as the role of rhythm in language development, are based on the synchronisation of internal neuronal oscillations with temporally regular stimuli (Goswami, 2019; Lakatos, et al., 2019; Large et al., 2015; Poeppel and Assaneo, 2020). For instance, Lakatos and colleagues (2019) argue that rhythms are a fundamental and defining feature of neuronal activity in humans. Rhythmic brain activity interacts in complex ways with rhythms in the internal and external environment, through the phenomenon of neuronal entrainment. This has been proposed as having a role in many sensory and cognitive processes. Auditory senses are faced with many rhythmic inputs. Entrainment couples rhythmic brain activity to external and internal rhythmic events, serving fine-grained routing and modulation of external and internal signals across multiple spatial and temporal hierarchies. Lakatos and colleagues (2019) propose a theoretical framework, explaining how neuronal entrainment dynamically structures information from incoming neuronal, bodily and environmental sources. For instance, Doelling and Poeppel, (2015) suggest that the brain exploits the temporal regularities in music to accurately parse individual notes from the sound stream using lower frequencies or entrainment, and in higher frequencies to generate temporal and content-based predictions of subsequent musical events associated with predictive models.

			One strand of research has focused on the patterning of strong and weak syllables or beats that make up rhythm, pulse and prosodic stress (Breen et al., 2019; Frey et al., 2019; Myers et al., 2019; Richards and Goswami, 2019; Snijders et al., 2020). The rhythmic patterning of both speech and music has been proposed to draw on domain-general abilities which are required to perceive and process the temporal features of sound (Jones, 2019; Kotz et al., 2018). Richards and Goswami (2019) explain that prosody, particularly the hierarchical structuring of stressed and unstressed syllables, provides reliable cues to the syntactic structure of speech (Selkirk, 1984) and may therefore facilitate the acquisition of syntactic language organisation (Cumming et al., 2015). Early disturbances of this rhythm-syntax interface may hinder normal language acquisition, leading to developmental language disorders. Richards and Goswami suggest that basic processing of rhythmic prosodic cues may provide a key foundation for the scaffolding of higher aspects of language during development.

			A further strand of research has focused on the common auditory processing of temporal regularities (Boll-Avetisyan et al., 2020; Fotidzia et al., 2018; Lagrois et al, 2019; Reybrouck and Podlipniak, 2019). These are thought to promote higher-level linguistic functions (Breen et al., 2019; Frey et al., 2019; Fotidzis et al., 2018: Richards and Goswami, 2019; Rossi et al., 2020; Snijders et al., 2020), possibly through neuronal entrainment (Myers et al., 2019). For instance, Lagrois and colleagues (2019) found that so-called ‘beat deaf individuals’, those who have beat-finding deficits in music, showed deficits in synchronising tapping with speech rhythm, and more generally, in regular tapping without external rhythms. This pattern of deficits may arise from a basic deficiency in timekeeping mechanisms that affects rhythm perception across domains. Similarly, Boll-Avetisyan and colleagues (2020) used multiple regression analyses and found that musical rhythm perception abilities predicted rhythmic grouping preferences in speech in adults with and without dyslexia, while Fotidzis and colleagues (2018) found that musical rhythmic skills predicted children’s neural sensitivity to mismatches between the speech rhythm of a written word and an auditory rhythm. A further strand of research has explored top-down modulations of common auditory processes by domain-general cognitive and motor functions in both perception and production (Christiner and Reiterer, 2018; Daikoku, 2018; Lee et al., 2019). For instance, Jung and colleagues (2015) demonstrated that rhythmic expectancy is crucial to the interaction of processing musical and linguistic syntax, while Silva and colleagues (2019) demonstrated top-down adjustment of music and language perception through behavioural modelling. They found that listeners placed break patterns in ambiguous speech-song stimuli differently, depending on whether they believed that they were listening to speech prosody or contemporary music. Similarly, Tsai and Li (2019) found that the strength with which an ambiguous stimulus was perceived as song rather than speech depended not only on the acoustics of the stimulus itself, but also on the sound category of the preceding stimulus, while Mathias and colleagues (2019) showed that pianists gradually anticipated the sounds of their actions during music production, similar to the mechanisms of auditory feedback control during speech production (Hickok, 2012; Palmer and Pfordresher, 2003). Overall, this research suggests that the listening context, the listener’s own motor plans and statistical and domain-specific expectations may influence the top-down anticipation and perception of acoustic features in speech and music.

			Myers and colleagues (2019) summarise the current state of knowledge about neuronal entrainment in speech envelope tracking, reflecting quasi-regular amplitude fluctuations over time. Speech envelope tracking is neural and occurs simultaneously at multiple time scales corresponding to the rates of phonemes, syllables and phrases (Giraud and Poeppel, 2012; Gross et al., 2013). They argue that the slowest rate, corresponding to prosodic stress and rhythmic pacing in the delta range, constitutes a particularly strong source of neuronal entrainment which is crucial for normal language development.

			Jung and colleagues (2015) demonstrated that rhythmic expectancy is crucial to the interaction of processing musical and linguistic syntax, supporting the incorporation of dynamic models of attentional entrainment into existing theories, which have proposed a sharing of neural resources between syntax processing in music and language (Patel, 2003), and a dynamic attention network that governs general temporal processing (Large and Jones, 1999). Their findings suggest that the interaction of music and language syntax processing depends on rhythmic expectancy, supporting emerging theories of music and language syntax processing with dynamic models of attentional entrainment.

			Some research has examined domain-general top-down modulations of music and language from the perspective of perception and production, focusing on the continuous interaction between bottom-up and top-down processes in line with significant trends in predictive coding (Erickson and Thiessen, 2015). For instance, Koelsch and colleagues (2019) suggest that music perception is an active act of listening. When listening to music, we constantly generate plausible hypotheses about what could happen next. Actively attending to music resolves uncertainty. Within the predictive coding framework, Koelsch and colleagues (2019) present a formulation of precision filtering and attentional selection, which explains why some lower-level auditory—and even higher-level syntactic—music processes elicited by irregular events are relatively exempt from top-down predictive processes. They provide evidence for the attentional selection of salient auditory features, which suggests that listening is a more active process than traditionally conceived in models of perception. To examine predictive mechanisms in music, Fogel and colleagues (2015) presented listeners with the beginning of a novel tonal melody of five to nine notes and asked them to sing the note they expected to come next. Half of the melodies had an underlying harmonic structure designed to constrain expectations for the next note, based on an implied authentic cadence within the melody. Each authentic cadence melody was matched to a non-cadential melody in terms of length, rhythm and melodic contour, but differing in implied harmonic structure. On average, participants showed much greater consistency in the notes sung following authentic versus non-cadential melodies, although there was significant variation in consistency for both melodies, suggesting that individual differences were important.

			Examining perceived relationships between perceptions of speech and song through the speech-to-song illusion, Margulis and colleagues (2015) presented native-English-speaking participants with brief spoken utterances that were repeated ten times. The speech-to-song illusion occurs when a brief phrase is repeated several times and then begins to be perceived as song. The illusion exposes a border between the perception of language and the perception of music. The phrases used were either drawn from languages that were relatively difficult for a native English speaker to pronounce, or languages that were relatively easy for a native English speaker to pronounce. Participants rated the utterances before and after the repetitions on a five-point Likert-like scale as ranging from sounds exactly like speech to sounds exactly like singing. The speech-to-song illusion occurred more readily if the utterance was spoken in a language difficult for a native English speaker to pronounce. This suggests that speech circuitry was more likely to capture native and easy-to-pronounce languages, and more reluctant to relinquish them to perceived songs across repetitions.

			Some research has explored the processing benefits of rhythmically highly regular stimuli such as songs. For instance, Rossi and colleagues (2020) investigated whether meaning was extracted from spoken and sung sentences in a similar way. Participants listened to semantically correct and incorrect sentences while performing a correctness judgement task. Neural mechanisms were assessed with several methods. The combined results indicated similar semantic processing in speech and song.

			The findings of the effects of general rhythmic processing skills on higher-order linguistic abilities are currently being investigated in the context of first language acquisition (Ladányi et al., 2020). Christiner and Reiterer (2018) found that links between musical aptitude, phonetic language abilities, and imitation of foreign speech in pre-school children were mediated by domain-general working memory resources. While this does not preclude auditory perceptual connections between music and language, the findings suggest that there may be more complex interactions which have not yet been identified.

			Miles and colleagues (2016) suggest that two different aspects of music and language depend on the same two memory systems. One brain system, based in the temporal lobes, helps humans memorise information in both language and music—for example, words and meanings in language, and familiar melodies in music. The other system, based in the frontal lobes, helps humans unconsciously learn and use the rules that underlie both language and music, such as the rules of syntax in sentences, and the rules of harmony in music. The findings suggest that one set of brain structures underlies rules in both language and music, but also that a different brain system underlies memorised information in both domains.

			Over time, the research exploring the relationship between music and language has progressed from exploring the mapping of music and language functions in the brain to trying to understand the mechanisms involved. Much further investigation is required before there is a clear understanding of this. Future research needs to take account of individual differences and the nature of the tasks studied, as neural overlap might be task-dependent. Differences in listening tasks may limit the extent to which any clear conclusions can be drawn about the underlying neurobiology of music and speech.

			
Comparisons between Musicians and Non-Musicians

			Altenmüller (2003) proposed that cortical activation during music processing reflects the individual’s auditory learning biography (their personal musical experiences accumulated over time). He suggests that the complexity of neural networks is enhanced depending on the complexity of auditory information experienced. Musical training leads to the development of mental representations of music, which may involve different cerebral substrates to those required for other types of aural processing. These representations can take several forms, including auditory, sensory motor, symbolic or visual. This means that, to process the same level of auditory information, professional musicians use larger and more complex neural networks when compared with non-musicians.

			A considerable body of research has developed which has focused on making comparisons between sound processing in musicians and non-musicians. In such research, musicians tend to be identified in terms of playing an instrument or being involved in formal singing activities. Non-musicians are defined as not engaging in music-making in these ways, although they may engage with music in other ways. Despite the crudity of this distinction, much research has been undertaken on this basis, with participants of all ages, from children to seniors. This research has demonstrated that musicians have enhanced abilities to process pitch and temporal sound information (Chobert et al., 2011; 2014; Kishon-Rabin et al., 2001; Kraus and Chandrasekaran, 2010; Magne et al., 2006; Marques et al, 2007; Micheyl et al., 2006; Moreno et al., 2009; Schon et al., 2004; Strait et al., 2010; Tervaniemi et al, 1997; van Zuijen et al., 2005; Zendel and Alain, 2009). They have improved performance on a range of listening skills (Hyde et al., 2009; Pantev et al., 2001; Patel and Iverson, 2007; Tallal and Gaab, 2006). They have enhanced auditory attention (Strait and Kraus, 2011; Strait et al., 2014), better processing of the metric structure of words when they are presented in sentences (Marie et al., 2011b) and better discrimination and identification of moraic units of timing and other language features (Sadakata and Sekiayama, 2011). Musicians can classify voiced sounds, vowels, more easily and quickly than non-musicians (Bidelman et al., 2014), and have advantages in relation to the processing of linguistic syntax (Fiveash and Pammer, 2014) and in making judgements about grammar (Patston and Tippett, 2011). They are better able to distinguish rapidly changing sounds (Gaab et al., 2005), harmonic differences (Corrigall and Trainor, 2009; Musacchia et al., 2008; Zendel and Alain, 2009), temporal novelty (Herdener et al., 2014) and tonal variations in non-native speech sounds (Chandrasekaran et al., 2009; Cooper and Wang, 2010; Kühnis et al., 2013; Marques et al, 2007; Martinez-Montes et al., 2013; Perfors and Ong, 2012; Wong et al., 2007; Wong and Perrachione, 2007; Yang et al., 2014). They can perceive speech better than those without training when it is accompanied by noise (Parbery-Clark et al., 2009a; 2009b; 2011), and can identify syllables presented when spectral information is degraded (Elmer et al., 2012), identify whether sentences in a foreign language which is tone based are the same or different (Marie et al., 2011a; 2011b) and predict the ability to perceive and produce subtle phonetic contrasts in a second language (Slevc & Miyake, 2006). They are also better than non-musicians at the perception and processing of vocally expressed emotion (Bhatara et al., 2011; Lima & Castro, 2011; Strait et al., 2009; Thompson et al., 2004).

			At the subcortical level musicians demonstrate more robust and quicker auditory brainstem responses to music (Lee et al., 2009) and speech (Bidelman et al., 2009; Bidelman & Krishnan 2010). For instance, Musacchia and colleagues (2007) demonstrated that musicians, compared to non-musicians, had earlier and larger auditory and audiovisual brainstem responses to speech and music stimuli. The strength of the brainstem response was related to the number of years of musical practice. Similarly, Wong and colleagues (2007) examined brainstem encoding of linguistic pitch and found that musicians show more robust and faithful encoding compared with non-musicians. The extent of subcortical consonant discrimination in noise perception is also enhanced in musicians (Parbery-Clark et al., 2012). Finally, musicians have an increased neural capacity for the perception and processing of vocally expressed emotion (Strait et al., 2009a; 2009b) and have high-functioning peripheral auditory systems. The quality of aural encoding is related to the amount of musical training (Wong et al., 2007) and also the nature of instrumental requirements.

			As was demonstrated in Chapter 2, there are subtle differences between musicians in their aural processing, depending on the instrument that they play. For instance, Rauscher and Hinton (2011) used four discrimination tasks with adults aged 16–63—musicians and non-musicians—and found that auditory discrimination was better in the musicians. This was particularly true of the string players as compared with percussionists, probably as a consequence of the many years of subtle tonal discrimination required to play a stringed instrument. The findings demonstrated that expertise in playing a musical instrument selectively improved discrimination thresholds corresponding to the skills emphasised by training on that instrument. Similarly, Brattico and colleagues (2013) established that responses to sound are modulated by expertise in more than one music culture, as is typical of Finnish folk musicians, while Tervaniemi and colleagues (2006) found that amateur musicians still had advantages over non-musicians in their neural and behavioural sound encoding accuracy. In a later study, Tervaniemi and colleagues (2016) found that classical, jazz, and rock musicians exhibited automatic brain responses which were selectively enhanced to deviants in tuning, classical musicians, timing, classical and jazz musicians, transposition, jazz musicians, and melody contour, jazz and rock musicians. Another study found different brain responses to six types of music featured by classical, jazz, rock and pop musicians and non-musicians. Jazz and classical musicians scored higher in a musical aptitude test than band musicians and non-musicians, especially with regards to tonal abilities. Jazz musicians had a greater overall sensitivity to auditory outliers, processing of pitch and sliding up to pitches (Vuust et al., 2012).

			Greater left-hemisphere lateralisation has been shown in musicians in comparison with non-musicians when they are presented with musical stimuli (Bever and Chiarello, 1974; Hirshkowitz et al., 1978; Besson et al., 1994; Schlaug et al., 1995a). This is consistent with more efficient verbal processes. This asymmetry has been proposed to potentially be related to language and pitch processing skills. Ohnishi and colleagues (2001) assessed cortical activation during a passive listening task and also found greater activation of the planum temporale and the left dorso-lateral prefrontal cortex in musicians than in non-musicians. The authors also found a negative correlation between the degree of activation in the left planum temporale and the age of commencement of musical training. Non-musicians demonstrated right dominant secondary auditory areas during the same task. Further, the degree of activation in the left posterior dorsolateral prefrontal cortex and the left planum temporale correlated significantly with absolute pitch ability. Fujioka and colleagues (2006) also observed a greater left-hemisphere lateralisation in four- to six-year-old children who received music lessons over the period of a year when listening to violin tones, as compared with children receiving no music lessons.

			The auditory expertise gained over years of music training finetunes the auditory system (Strait and Kraus, 2011a; 2011b) strengthening the neurobiological and cognitive underpinnings of speech and music processing including enhancing neural responses to changes in pitch, duration, intensity and voice onset time. Musicians’ enhanced perceptual skills play a role in enhancing language skills (Bever and Chiarello, 2009; Gaab et al., 2005; Hutka et al., 2015; Jakobsob et al., 2003; Strait et al., 2014; Tallal and Gaab, 2006; Zatorre and Belin, 2001; Zattore et al., 2002). This increased sensitivity and attention to speech seems to be supported, in part, by right-hemisphere processing (Jantzen et al., 2014). Musicians’ pitch expertise appears to extend from music to the language context with no significant differences between domains (Alexander et al., 2005; Bidelman et al., 2011; Delogu et al., 2010; Lee and Hung, 2008; Marie et al., 2011; Mom and Zuo, 2012; Weidema et al., 2016). Musicians are also better at recognising vocally expressed emotion. For instance, Pinheiro and colleagues (2015) investigated the effects of musical training on event-related potential correlates of emotional prosody processing. Fourteen musicians and fourteen non-musicians listened to 228 sentences with neutral semantic content, differing in prosody: one third with neutral, one third with happy and one third with angry intonation, with intelligible semantic content and unintelligible semantic content. The findings suggested that auditory expertise can have an impact on different stages of vocal emotional processing.

			Fujioka and colleagues (2004) found that people with no formal music education processed both contour and interval information in the auditory cortex automatically. They designed stimuli to examine contour and interval information separately. In the contour condition, there were eight different standard melodies, each consisting of five notes, all ascending in pitch. The corresponding deviant melodies were altered to descend on their final note. The interval condition used one five-note standard melody transposed to eight keys from trial to trial, and on deviant trials the last note was raised by one whole tone without changing the pitch contour. There was also a control condition, in which a standard tone and a deviant tone were presented. The results suggested that musical training enhanced the ability to automatically register abstract changes in the relative pitch structure of melodies. 

			Language and music depend on rules and memorised representations. Miranda and Ullman (2007) examined the neural bases of these aspects of music with an event-related potential study of note violations in melodies. Rule-only violations consisted of out-of-key deviant notes that violated tonal harmony rules in unfamiliar melodies. Memory-only violations consisted of in-key deviant notes in familiar well-known melodies. These notes followed musical rules but deviated from the actual melodies. Finally, out-of-key notes in familiar well-known melodies constituted violations of both rules and memory. All three conditions were presented to healthy young adults: half were musicians and half non-musicians. The results revealed a double dissociation, independent of musical training, between rules and memory. Both rule violation conditions, but not the memory-only violations, elicited an early, somewhat right-lateralised anterior central negativity consistent with previous studies of rule violations in music, and analogous to the early left-lateralised anterior negativities elicited by rule violations in language. In contrast, both memory violation conditions, but not the rule-only violation, elicited a posterior negativity, a component that depends, at least in part, on the processing of representations stored in long-term memory, both in language and in other domains. The results suggest that the neurocognitive rule memory dissociation extends from language to music, further strengthening the similarities between the two domains.

			Harding and colleagues (2019) recorded the EEG of 28 participants with a range of musical training, who listened to melodies and sentences with identical rhythmic structure. The results showed that participants with only a few years of musical training had a comparable cortical response to music and speech rhythm. However, the cortical response to music rhythm increased with years of musical training, while the response to speech rhythm did not, leading to an overall greater cortical response to music rhythm across all participants. It seems as if task demands shape asymmetric cortical tracking across domains.

			Focusing on sound discrimination, Parbery-Clark and colleagues (2012) established that musicians have an increased ability to detect small differences between sounds. They showed that this conferred advantages in the subcortical differentiation of closely related speech sounds (for example, /ba/ and /ga/), distinguishable only by their harmonic spectra. By measuring the degree to which subcortical response timing differed for the speech syllables /ba/, /da/ and /ga/ in adult musicians and non-musicians, they showed that musicians demonstrated enhanced subcortical discrimination of closely related speech sounds. Further, the extent of subcortical consonant discrimination correlated with speech in noise perception. Similarly, Ott and colleagues (2011) determined whether musical expertise led to an altered neurophysiological processing of subsegmental information available in speech signals. They analysed neurophysiological responses to voiced and unvoiced consonant-vowel syllables and noise-analogues in 26 German-speaking adult musicians and non-musicians. The findings showed that musicians processed unvoiced stimuli, irrespective of whether these were speech or non-speech stimuli, differently to non-musicians. Zuk and colleagues (2013) examined the perceptual acuity of musicians to the acoustic components of speech necessary for intra-phonemic discrimination of synthetic syllables. Musicians and non-musicians were compared on discrimination thresholds of three synthetic speech syllable continua that varied in their spectral and temporal discrimination demands. Musicians demonstrated superior discrimination only for syllables that required resolution of temporal cues. In addition, performance on the temporal syllable continua positively correlated with the length and intensity of musical training. 

			Musicians are also better at processing intervals than non-musicians. Comparisons between eleven musicians aged 21-33 and ten non-musicians aged 19-29 years who were required to detect infrequent changes to the last note of a five-note melody—which either altered the contour or the interval up or down—showed that contour processing was more basic and less affected by musical experience (Trainor et al., 1999).

			The benefits of musical training have been shown to continue throughout the lifespan. Bidelman and Alain (2015) showed that musical training can offset the decline in auditory brain processing that frequently accompanies normal ageing. They recorded brainstem and cortical neuroelectric responses in older adults as they classified speech sound along an acoustic phonetic continuum. Those who had only had modest musical training had higher temporal precision in speech-evoked responses and were better at differentiating phonetic categories. Even limited musical training can preserve robust speech recognition late in life.

			As considered in Chapter 2, comparisons between musicians and non-musicians cannot demonstrate causality. Differences in aural processing could be present at birth or appear at any stage of development due to genetic programming, while differences in language skills could have developed through diversity in educational opportunities or home circumstances.

			However, the fact that most enhancements are greater the longer the period of training suggests that musical experience is the cause (Ho et al., 2003; Lee and Noppeney, 2015; Musacchia et al., 2008; Norton et al., 2005; Pantev et al., 1998; Seither-Preisler et al., 2014; Strait and Kraus, 2014; Wong et al., 2007), although the nature of the particular musical activities may be important, as may the intensity and commitment to engagement with music. The issue of causality can best be resolved by intervention studies. These usually take place in research with children.

			
Research with Children

			There have been reports of the benefits of music for language development, extending from early years through childhood (Tierney and Kraus, 2013; White et al., 2013) in addition to benefits for auditory skill development, including auditory discrimination and attention (Putkinen et al., 2013) and language skills including pitch perception (Linnavalli et al., 2018; Nan et al., 2018; Yang et al., 2014).

			One strand of research has focused on infants and preschool children. For instance, Zhao and colleagues (2016) examined the effects of a laboratory-based intervention on music and speech processing in nine-month-old infants who were exposed to music in triple time (a waltz) in a social context. Infants, with the aid of caregivers, tapped out the musical beats with maracas, or their feet, and were bounced in synchronisation to the musical beats. The intervention incorporated key characteristics of typical infant music classes to maximise learning. It was multimodal, social, and offered repetitive experiences. A control group experienced similar multimodal, social, repetitive play, but without music. Following the intervention, the infants’ neural processing of temporal structure was tested using tones in triple time and speech with foreign syllable structures. After 12 sessions, the infants’ neural responses to temporal structure violations in music and speech were assessed. Compared with infants in the control group, the infants exposed to the music intervention improved their detection and prediction of auditory patterns, demonstrating enhanced temporal structure processing in music and speech, musical pitch and the processing of timing. The intervention enhanced the infants’ ability to extract temporal structure information and to predict future events in time, a skill affecting both music and speech processing. 

			Similarly, Trainor and colleagues (2012) reported neural‐level changes in six-month-old infants randomised to engage in active participatory music classes for six months or a class in which they experienced music passively while playing. Active music participation resulted in earlier enculturation to Western tonal pitch structure, larger and/or earlier brain responses to musical tones, and a more positive social trajectory. Also working with six-month-old infants, Gerry and colleagues (2012) found that random assignment to six months of active participatory musical experience accelerated the acquisition of culture-specific knowledge of Western tonality, in comparison to a similar level of passive exposure to music. The infants assigned to the active musical experience showed superior development of prelinguistic communicative gestures and social behaviour compared to infants assigned to the passive musical experience. The findings showed that infants can engage in meaningful musical training when appropriate pedagogical approaches are used, and that active musical participation in infancy both enhances culture-specific musical acquisition and impacts the development of social and communication skills. 

			Another comparable study is that of Snijders and colleagues (2020), who investigated whether infants could learn words from ecologically valid children’s songs. Forty Dutch-learning ten-month-olds participated in the research to explore whether infants could segment repeated target words embedded in songs during familiarisation, and subsequently recognise those words in continuous speech in a test phase. The infants participated in both song and speech sessions. The findings showed that 10-month-old infants could indeed segment words embedded in songs. Working with children participating in Head Start provision, Yazejian and colleagues (2009) evaluated the effects of a supplementary preschool classroom music and movement curriculum on language skills. The participating children made greater gains in communication skills than children in a comparison group, although there were no differences in receptive language or phonological awareness. 

			A study with children aged two to three by Putkinen and colleagues (2013) found a relationship between informal musical activities with parents at home and auditory event-related potentials linked to sound discrimination and attention. They showed that children with higher levels of musical activity had heightened sensitivity to temporal acoustic changes, more mature auditory change detection, and less distractibility. The children in the research who also attended a music-focused playschool until the age of four or six displayed more rapid development of neural responses than those who gave up the activity. A related cross-sectional study showed enhanced control over auditory novelty processing in musically trained school-aged children and adolescents (Putkinen et al., 2015). 

			Similarly, the Soundplay project in the UK worked with children aged two to four years old, using a combination of methods including observation, music, language tracker tools, interviews and written reports compiled by early years practitioners, parents and workshop leaders. They found that, after participating in the project, children who had been identified as being at risk of developmental delay achieved higher than average development in language skills (Pitts, 2016). In Australia, Williams and colleagues (2015) investigated parent-child home music activities in a sample of 3031 Australian children participating in a national longitudinal study. The frequency of shared home music activities was reported by parents when children were two to three years old and a range of social, emotional and cognitive outcomes were measured by parent and teacher report and direct testing two years later (when the children were four to five years old). A series of regression analyses found that the frequency of shared home music activities had a small significant association with children’s vocabulary, numeracy, attentional and emotional regulation, and prosocial skills. Taken together, these studies provide causal evidence of the role of music training and less formal musical activities in shaping the development of important neural auditory skills in young children. 

			We can also consider studies looking at older children: Trainor and colleagues (2003) found that four-year-olds who had received Suzuki training had a better developed auditory cortex and were better able to discriminate between sounds. Fujioka and colleagues (2006) recorded auditory evoked responses to a violin tone and a noise-burst stimulus in four- to six-year-old children in four repeated measurements over a one-year period using magnetoencephalography, and found that the children who had participated in music lessons throughout the year showed a clear musical training effect in response to the violin stimuli, when compared with the untrained children. Similarly, Shahin and colleagues (2004) measured auditory evoked potentials in response to piano, violin and pure tones twice in a group of four- to five-year-old children enrolled in either Suzuki music lessons or non-music controls. Where children were learning to play an instrument—piano or violin—auditory evoked potentials observed for the instrument played were comparable to those of children who were not musically trained and approximately three years older in chronological age, suggesting that the neocortical synaptic matrix is shaped by an accumulation of specific auditory experiences, and that this process is accelerated in those who have musical training. The children playing the piano also exhibited increased power of induced timbre-specific gamma-band activity for piano tones with one year of training in comparison with non-musicians (Shahin et al., 2008).

			Using event-related potential and behavioural measures in a longitudinal design, Nan and colleagues (2018) showed that musical training conferred advantages in speech-sound processing in 74 Mandarin-speaking children aged four to five years old, who were pseudo-randomly assigned to piano training, reading training or a no-contact control group. Six months of piano training improved general auditory word discrimination, as well as word discrimination based on vowels, compared with a control group. Although the reading group yielded similar trends, the piano group demonstrated unique advantages in comparison with the reading and control groups in consonant-based word discrimination and in enhanced positive mismatch responses to lexical tone and musical pitch changes. The improved word discrimination based on consonants correlated with enhancements in musical pitch among the children in the piano group. The results suggested strengthened common sound processing across domains as an important mechanism underlying the beneficial impact of musical training on language processing. 

			Some research has focused on the development of musical skills and auditory discrimination in school-aged children (Elbert et al., 1995; Hutchinson et al., 2003; Pantev et al., 2001; 2003; Pascual-Leone, 2001; Schlaug et al., 1995a; 1995b). This has provided evidence that musical training enhances auditory processing in children who, prior to training, exhibited no pre-existing differences (Chobert et al., 2014; François et al., 2013; Kraus et al., 2014b; Moreno et al., 2009; 2011; Norton et al., 2005; Tierney et al., 2013). Making music has been shown to strengthen children’s auditory encoding of speech (Chobert et al., 2014; Magne et al., 2006; Strait et al., 2011a; 2011b; 2013; Tierney et al., 2013) and auditory discrimination and attention (Chobert et al., 2011; Koelsch et al., 2003; Moreno et al., 2009; Putkinen et al., 2013), as well as leading to structural changes in auditory cortical areas in the brain (Hyde et al., 2009; Seither-Preisler et al., 2014).

			For instance, Hyde and colleagues (2009) tested two groups of children who had no prior formal musical training. The instrumental group consisted of 15 children aged six years old who had weekly half-hour private keyboard lessons over a period of 15 months. The control group of 16 children, who were almost six years old, did not receive any instrumental music training, but participated in a weekly 40-minute group music class in school, consisting of singing and playing with drums and bells. Structural brain changes in motor and auditory areas, of critical importance for instrumental music training, were correlated with behavioural improvements on motor and auditory musical tests. Children who played and practised a musical instrument showed greater improvements in motor ability and in auditory melodic and rhythmic discrimination skills. Changes in the right auditory area underlay improved melodic and rhythmic discrimination. Similarly, Putkinen and colleagues (2014) conducted a longitudinal study of more than 120 school-aged children and showed that children who received formal musical training displayed enhanced development in neural responses related to pre-attentive neural sound discrimination and auditory attention. The musically trained children also showed superior performance in tests of executive functions. 

			Huotilainen and Tervaniemi (2018) investigated longitudinal brain development in children starting a musical hobby. At age seven, when most of the children in the music group had just started their training or were about to start, there were no group differences in the brain responses compared with children of the same age starting other hobbies. Two years later and beyond, enhanced auditory brain responses had developed in the music group, while no such development was observed in the brain responses of the control group. In a later study, Putkinen and colleagues (2020) studied nine- to fifteen-year-old children who had or had not participated in musical training. Using auditory event-related potentials, they showed that the musically trained children demonstrated enhanced sound encoding. 

			Not all of the intervention studies with music have shown positive outcomes. For instance, working with seven- and eight-year-old Spanish children who were learning to speak English as a second language, Fonseca-Mora and colleagues (2015) showed that all of those participating in a phonological training program benefited from that training, but additional musical support had no clear benefits.

			Strait and colleagues (2012) explored the encoding of speech in quiet and noisy backgrounds in musically trained and non-trained children. Thirty-one children with normal hearing between the ages of seven and thirteen participated. Those classified as musicians had received private instrumental training from at least the age of five, and had practised consistently for at least four years. The musically trained children outperformed the non-musicians on speech-in-noise perception overall and demonstrated less auditory brainstem response degradation with the addition of background noise than non-musicians. Perceptual, speech-in-noise, cognitive, auditory working memory and attention performance correlated with the extent of the musicians’ musical training. Similarly, Slater and colleagues (2015) followed a cohort of eight- to nine-year-old school children for two years, assessing their ability to perceive speech in noise before and after musical training. After an initial assessment, participants were randomly assigned to one of two groups. One group began music training immediately and completed two years of training, while the second group waited a year and then received one year of music training. The research showed that speech-in-noise perception improved after two years of group music training.

			Several studies have compared the impact of music versus painting or equivalent visual stimulation. In an early study, Moreno and Besson (2006) tested whether eight weeks of musical training affected the ability of eight-year-old children to detect pitch changes in language. Twenty non-musician children listened to linguistic phrases that ended with prosodically congruous words, or with weak or strong pitch incongruities. Reaction times, error rates and event-related brain potentials were recorded for the final words. For both groups, the weak incongruity was the most difficult to detect, but performance was not significantly different between groups. However, the amplitude of a late positive component was largest in response to strong incongruities, and was reduced after training only in the music group. These results suggest that a relatively short exposure to pitch processing in music exerted some influence on pitch processing in language. 

			In a later longitudinal study, Moreno and colleagues (2008; 2009) studied event-related potentials in 32 eight-year-old non-musician children over nine months, while they performed tasks designed to test the hypothesis that musical training improves pitch processing in music and speech. Following initial testing, the children were pseudo-randomly assigned to music or to painting training for six months, and were tested again after training using the same tests. After musical—but not painting—training, children showed enhanced reading and pitch discrimination abilities in speech. The results revealed positive transfer from music to speech, showing that short periods of training can have strong consequences on the functional organisation of children’s brains. 

			A further study (Moreno et al., 2011a) researched 64 children, half of whom received visual art training and the other half music training. To undertake the training, two computerised training programmes were developed and administered. The training programmes had the same learning goals, graphics and design, duration, number of breaks and number of teaching staff. The only difference was the content of the training. The music curriculum was based on a combination of motor, perceptual and cognitive tasks, and included training in rhythm, pitch, melody, voice and basic musical concepts. The training relied primarily on listening activities. The curriculum in visual art emphasised the development of visuospatial skills relating to concepts such as shape, colour, line, dimension and perspective. The children engaged in the training programmes in two daily sessions of one hour each, five days a week, for four weeks. The programmes were projected onto a classroom wall and conducted in groups, led by a teacher. The findings showed that training in music listening skills transferred to verbal ability. After the music training, the children exhibited enhanced performance on vocabulary knowledge. There was no significant increase in verbal or spatial skills following visual art training, although there was a trend towards improvement in spatial skills. 

			Similarly, Chobert and colleagues (2014) randomly assigned non-musician children to music or painting training and recorded neural responses to syllables that differed in vowel frequency, vowel duration and voice onset time. This was done three times: before training, after six months and after twelve months. While no cross-group differences were found before training, enhanced pre-attentive processing of syllabic duration and voice onset time was found after twelve months of training in the music group only. These results suggest that active musical training can lead to improvements in aural processing. Similarly, over a period of two years, François and colleagues (2013) assigned eight-year-old children, matched for cognitive abilities, sex, age, grade at school and socioeconomic status, to music or painting lessons. Prior to the study, the two groups of children performed similarly on a test where they had to identify whether three syllable nonsense words were present within a five-minute-long string of syllables. After one year of training, the music group performed better than the painting group in speech segmentation skills, with the difference increasing over the two-year period.

			Another strand of research has considered the impact of second language training versus music training in enhancing aural processing. For instance, in a comparative study of the impact of second language learning (French) and musical training, Moreno and colleagues (2015) recorded event-related potentials for French vowels and musical notes in 36 four- to six-year-old children. The children demonstrated improved processing of relevant trained sounds, and an increased capacity to suppress irrelevant, untrained sounds. After one year, training-induced brain changes persisted, hemispheric changes appeared and there was increased EEG complexity at coarse temporal scales during music and French vowel tasks in widely distributed cortical regions. These findings showed that musical training increased diversity of brain network states, which supported domain-specific music skill acquisition and music-to-language transfer effects. Similarly, Carpentier and colleagues (2016) conducted a 28-day longitudinal study of monolingual English speaking four- to six-year-old children randomly selected to receive daily music or French language training. Children completed passive EEG music-note and French-vowel auditory detection tasks before and after training. Comparison of pre-training with post-training showed that musical training was associated with increased EEG complexity at coarse temporal scales during music and French vowel tasks in widely distributed cortical regions. The findings demonstrated that musical training increased the diversity of brain network states to support domain-specific music skill acquisition and music-to-language transfer effects. 

			Further evidence for the benefits of musical training on language comes from Yang and colleagues (2014), who examined whether children’s experience of music training related to language skills in Chinese (their first language), English (their second language) and their performance on a musical achievement test. Seventy-seven children who had received formal musical training out of school, beginning in semester three, were categorised as musicians, and the remaining 173 children were classed as non-musicians. The children’s musical skills over the 11 semesters of the study improved when they received training, and their performance in their second language (English) was also enhanced, although performance in their first language was not.

			In a correlational study, Milovanov and colleagues (2008) explored the relationship between musical aptitude and second-language pronunciation skills in school-aged children. Children with good linguistic skills had better musical skills than children with less accurate linguistic skills. ERP data showed that children with good linguistic skills showed more pronounced sound-change evoked activation with music stimuli than children with less accurate linguistic skills. These findings implied that musical and linguistic skills could partly be based on shared neural mechanisms. In a regression study, Swaminathan and Schellenberg (2020) used a sample of six- to nine-year-old children to test the links between musical expertise and language ability, speech perception and grammar. The analyses revealed that language abilities had significant partial associations with musical ability but not with music training. Further, rhythm discrimination was a better predictor of language skills than melody discrimination. The authors concluded that links between music and language arise primarily from pre-existing factors and not from formal training in music. 

			Music training can alter the course of auditory development as late as adolescence. Tierney and colleagues (2015) investigated the effects of in-school music training versus another in-school training programme not focusing on the development of auditory skills. They tested adolescents on neural responses to sound and language skills before they entered high school, pre-training, and again three years later. They showed that in-school music training begun in high school prolonged the stability of subcortical sound processing and accelerated the maturation of cortical auditory responses. Phonological processing improved in both the music training and active control groups, but the enhancement was greater in adolescents who underwent music training.

			Not all of the research supports the proposition that singing supports speech development. For example, Snijders and colleagues (2020) found that ten-month-old infants were able to segment words in children’s songs—but they performed equally well at segmenting infant-directed speech. Similarly, Rossi and colleagues (2020) found no differences between speech and songs in a study on semantic processing in healthy adults. 

			Taken together, these data suggest that the presentation of verbal material as song may not be sufficient to enhance vocabulary learning or language comprehension in healthy individuals.

			
Children from Deprived Backgrounds

			Some research has focused on children who have been perceived as ‘at risk’ because of their deprived backgrounds. For instance, Kraus and colleagues (2014) used a randomised controlled trial to investigate whether community music participation could induce a change in auditory processing in children from deprived backgrounds. The programme provided free music instruction to children who were considered to be at risk. The participants were 44 children with a mean age of eight years, living in gang reduction zones in Los Angeles. The children were randomly assigned to participate in or defer musical participation for one year. Participants attended music classes twice weekly for three to ten months. Students began in music appreciation classes, where they learned pitch-matching and rhythm skills, musical styles and notation, and basic vocal performance and recorder playing. Students then progressed to instrumental instruction. Students were given their own instruments and participated in group-based instrumental classes for four hours per week. The children who were more committed to the music intervention, who attended more and participated to a greater extent in the classroom activities, developed stronger brain encoding of speech than those who were less engaged. The children who completed two years of music training had a stronger neurophysiological distinction of stop consonants and neural mechanisms linked to reading and language skills. One year of training was sufficient to elicit changes in nervous system functions. Greater amounts of instrumental music training were associated with larger gains in neural processing. The research showed that participation reinforced literacy skills and enhanced the neural encoding of speech cues—important for reading—and the perception of speech in noisy backgrounds (Kraus et al., 2014a; 2014b; Kraus and Strait, 2015; Slater et al., 2014).

			Similarly, in an El-Sistema-inspired project, Habibi and colleagues (2016), as part of an ongoing five-year longitudinal study, investigated the effects of a music training programme on the auditory development of children, over the course of two years, beginning at age six to seven. The children in the music group were compared with two groups of children from the same socioeconomic background, one involved in sports training and the other not involved in any systematic training. Prior to participating, children who began training in music did not differ from those in the comparison groups in any of the assessed measures. After two years, the children in the music group, but not in the comparison groups, showed an enhanced ability to detect changes in tonal environment, and an accelerated maturity of auditory processing as measured by cortical auditory evoked potentials to musical notes.

			
Research with those with Auditory or Language Impairments

			When the auditory system does not have full acoustic input, as in the case of hearing deficits or congenital deafness, the development of skills related to audition is damaged. Working with deaf children, Rochette and colleagues (2014) compared the auditory perception, auditory cognition and phonetic discrimination of 14 profoundly deaf children who completed weekly music lessons between the ages of eighteen months and four years, and 14 deaf children who did not receive musical instruction. The trained children showed better performance in auditory scene analysis, auditory working memory and phonetic discrimination tasks. Multiple regression analysis showed that success on these tasks was at least partly driven by music lessons.

			While cochlear implants can support hearing, they cannot deliver complete auditory information to the cochlea. The input is small and distorted, and has an impact on communication skills. However, children who receive a cochlear implant by 12 months of age demonstrate normal language growth rates and achieve age-appropriate receptive language scores three years after the implant. Later implants lead to significant language delay, evident three years after the implant. The development of speech follows a similar pattern to that of normal hearing children, but is delayed (Leigh et al., 2013). Some research has explored whether musical interventions can help these children. For instance, Torppa and colleagues (2014a) assessed word and sentence stress perception, discrimination of fundamental frequency, intensity and duration, and forward digit-span twice over a period of 16 months. Twenty-one early-implanted children and age-matched normal-hearing children aged four to 13 years participated. Children with cochlear implants who had been exposed to music improved with age in word stress perception, intensity discrimination and digit-span. Their performance was equivalent to the natural-hearing children, while later-implanted children performed less well. Overall, the findings suggested that music was a valuable tool for the rehabilitation of implanted children. 

			A further study (Torppa et al., 2014b) researched the interplay between singing and cortical processing of music in children with cochlear implants. The findings showed an augmented development of neural networks for attention, and more accurate neural discrimination associated with singing. In addition, Torppa and colleagues concluded that musical playschool also supported learning with other children, as it offered more efficient use of mirror neurons, especially as the children with cochlear implants participated alongside their normal-hearing peers. The emotional and social aspects of the group in musical playschool may also impact on learning outcomes, through the provision of a positive and inspiring environment.

			Similarly, Good and colleagues (2017) studied 18 children with cochlear implants aged six to 15, who received either six months of individualised piano lessons or six months of individualised painting lessons. Measures of music perception and emotional speech prosody perception were obtained pre-, mid- and post-training. Music training led to improved performance on tasks requiring the discrimination of melodic contour and rhythm, incidental memory for melodies and emotional speech prosody perception. Art training did not lead to the same improvements. Good and colleagues concluded that music training may be an effective supplementary technique for supporting auditory rehabilitation following cochlear implantation.

			Children born very premature have an increased likelihood of sensory, cognitive and motor deficits. Mikkola and colleagues (2007) used neurocognitive tests with very pre-term children at one and five years old and suggested that they may have altered primary auditory processing. They suggested that the early auditory environment within the intensive care unit and during later hospitalisation might play a role in the decreased auditory, attention and learning skills of prematurely born infants. To ameliorate such deficits, Virtala and Partanen (2018) developed interventions focusing on music. They found that music-making and parental singing promoted infants’ early language development and auditory neural processing.

			There is some evidence that aphasia can be rehabilitated through music. Sparks and colleagues (1974) used melodic intonation therapy, which involves sung intonation of propositional sentences in such a way that the intoned pattern is similar to the natural prosodic pattern of the sentence when it is spoken. Eight severely, but not globally, impaired right-handed aphasic subjects with left hemisphere damage (resulting from cerebrovascular accidents) participated. Each patient acted as their own control. The participants had shown no improvement in verbal expression for at least six months, during which time they had received other language therapy. Recovery of some appropriate propositional language occurred for six of the eight patients as a result of melodic intonation therapy. 

			It has also been argued that music may aid the development of listening skills and support children with learning difficulties (Hirt-Mannheimer, 1995; Humpal and Wolf, 2007; Wolf, 1992). Music has helped children with developmental disabilities (Mendelson et al., 2016) and those with particularly low reading levels (Cogo-Moreira et al, 2013).

			Infants of dyslexic parents show some minor differences in auditory processing compared with infants of parents without dyslexia. These can be observed in infancy using neurological measures. In a review of research on auditory processing deficits in individuals with dyslexia, Hämäläinen and colleagues (2013) showed that measures of frequency, rise time and duration discrimination, as well as amplitude modulation and frequency modulation detection, are most often impaired. It may be that infants with dyslexic parents and children with symptoms of dyslexia might benefit from training of their auditory systems to overcome the possible differences in auditory processing early in life. Indeed, musical interventions have been found to be successful in helping children with dyslexia overcome some of these difficulties (Flaugnacco et al., 2015). Children who show delayed language development at three and four years of age are at risk of dyslexia, although many children who eventually are diagnosed as dyslexic have perfectly normal language development. However, early language difficulties and a diagnosis of language impairment in childhood is predictive of reading disabilities in the later school years, and during adolescence and adulthood.

			Atypical entrainment to rhythmic prosodic cues due to deficits in fine-grained auditory perception may constitute a risk for the development of speech and language disorders (Goswami, 2011; Ladányi, et al., 2020). If this is the case, then increasing the regularity of stimuli, or strengthening individual rhythmic abilities with the aim of improving neuronal entrainment, may enhance development. Some research has suggested that song could be used for improving speech processing in individuals with language processing deficits, including dyslexia (Vanden Bosch et al., 2020) as music-based training effects in dyslexia have already been demonstrated. Enhancing the auditory skills of children with dyslexia can be achieved by attendance at musical play school (Overy, 2000; Overy, 2003).

			Children with developmental language disorders have been shown to be impaired not only in language processing (including syntax), but also in rhythm and metre perception. Sammler and Elmer (2020) suggest that there may be a role for rhythm-based processing in language processing and acquisition. Frey and colleagues, in a longitudinal study using EEG, demonstrated that six months of music training positively influenced the pre-attentive processing of voice onset time in speech in children with developmental difficulties, while Przybylski and colleagues (2013) tested the influence of external rhythmic auditory stimulation on syntax processing in children with specific language impairment and dyslexia. Children listened to either regular or irregular musical prime sequences, followed by blocks of grammatically correct and incorrect sentences. They were required to perform grammar judgements for each auditorily presented sentence. Performance of all children, including controls, was better after regular prime sequences than after irregular prime sequences. The benefit of the regular prime was stronger for children with specific language impairment than for dyslexic children. The results suggest that rhythmic structures, even in non-verbal materials, may boost linguistic structure processing. Regular music therapy can also help children with Rett syndrome, a genetic brain disorder associated with problems with language and coordination. It can improve receptive language, and verbal and nonverbal communication (Chou et al., 2019).

			Music-making—whether playing an instrument or singing—is a multimodal activity that involves the integration of auditory and sensorimotor processes. The ability to sing in humans is evident from infancy and does not depend on formal vocal training, although it can be enhanced by training. Wan and colleagues (2010) reviewed the evidence on the therapeutic effects of singing, and how it might potentially ameliorate some of the speech deficits associated with conditions such as stuttering, Parkinson’s disease, acquired brain lesions and autism. Singing may help children who stutter by reducing stress and using melodic architecture to help in the formation of longer verbal phrases (Clements-Cortès, 2012; Wan et al., 2010).

			
Overview

			The previous sections and recent reviews (Benz et al., 2016; Engel et al., 2019; Hallam, 2015; 2017; Hämäläinen et al., 2013; Jäncke, 2012; Patel, 2008; Sammler and Elmer, 2020; Wan et al., 2010; White et al., 2013) provide considerable and compelling evidence that musical training sharpens the brain’s early encoding of sound, leading to enhanced performance on a range of listening and aural processing skills. Active engagement with music in childhood produces structural changes in the brain related to the processing of sound, which can develop over quite short periods of time. Making music supports the development of aural processing systems, which facilitate the encoding and identification of speech sounds and patterns which, in turn, enhance language skills. The earlier that active participation takes place, the greater the length of participation, the level of commitment and its intensity, and the greater the impact. Musical experience and training also enhance emotional perception and a range of cognitive skills. The benefits of musical engagement occur without the conscious awareness of the participants and have been demonstrated with a range of different groups across the lifespan. Despite this, it is not possible to say with any certainty which musical activities are the most beneficial. For young children, informal music-making in the home and more formal activities in playschools have both been found to be effective. Later, school music education can have an impact, as can instrumental tuition. The particular instrument played and the genre engaged with lead to very specific neural and behavioural changes. 

			Overall, enhancing auditory cognition requires sufficient training, high levels of personal motivation, rewarding musical experiences, supportive learning environments and a range of high-quality formal and informal learning experiences. The most effective learning approaches will depend on the age and individual characteristics of the learner. The identification of optimal musical interventions is important to enable the further development of conceptual understanding and the enhancement of aural processing, as well as the amelioration of problems with aural processing and language.

		

	
		
			
4. Literacy and Related Language Skills
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			Literacy is generally defined as the ability to read and write, but more broadly has been considered as the ability to identify, understand, interpret, create, communicate and compute, using printed and written materials in a variety of contexts. This chapter will focus on how active engagement with music may support literacy, with a particular emphasis on reading and the skills required to become a competent reader. It will also consider research on writing and spelling.

			The evidence for an association between music training, musical skills and reading skills is typically explained by near-transfer theories. Reading requires the development of decoding and comprehension skills. Comprehension requires basic word-decoding skills, as well as higher-level cognitive processes such as memory and attention (Sesma et al., 2009). Active engagement with making music may have a differential impact on decoding and comprehension. Decoding is the ability to apply knowledge of letter-sound relationships, including knowledge of letter patterns, to enable the correct pronunciation of unfamiliar words. It is strongly associated with auditory skills (Ahissar et al., 2000). In order to be able to decode written material, readers have to be aware of the sounds related to the written word, i.e. phonics. Phonological awareness is an important precursor to early reading (Bradley and Bryant, 1983). Children need to develop phonological awareness to begin to be able to translate written text into sound. Phonological awareness is the ability to analyse and manipulate language on two levels. At the word level, phonological awareness refers to the ability to manipulate and analyse larger phonological units (for instance, rhyming and blending words). At the phoneme level, phonological ability refers to the ability to analyse and manipulate individual sound units (phonemes) within a word. It has repeatedly been shown that phonological awareness is an important predictor of later reading ability (Pratt and Brady, 1988; Bruck, 1992). Successful decoding occurs when a learner uses knowledge of letter-sound relationships to accurately read a word.

			
Correlation Studies and Comparisons between Musicians and Non-Musicians

			One strand of research on the role of music in the development of literacy skills has focused on comparing musicians with non-musicians. A second strand has examined the relationship between musical skills and literacy.

			Comparisons between musicians and non-musicians have revealed that musicians exhibit advantages in making judgements about grammar (Patston and Tippett, 2011), are better at correctly pronouncing irregularly spelled words (Jakobson et al., 2008; Stoesz et al., 2007), and remembering lyrics (Kilgour et al., 2000), novel words (Dittinger et al., 2016) and short excerpts of speech (Cohen et al., 2011). They have a larger vocabulary (Forgeard et al., 2008a) and in one study showed enhanced comprehension of complicated passages of text (Thompson et al., 2012). Those who have had musical training demonstrate enhanced speech perception on a wide range of different tasks. For instance, they can perceive speech better than those without training when it is accompanied by noise (Parbery-Clark et al., 2009a; 2009b; 2011), can identify syllables presented when spectral information is degraded (Elmer et al., 2012), identify whether sentences in a foreign tone-based language are the same or different (Marie et al., 2011a; 2011b), and predict the ability to perceive and produce subtle phonetic contrasts in a second language (Slevc and Miyake, 2006). They are also better at phoneme perception (Kuhnis et al., 2013). Children with four years of music lessons, aged nine, have been found to be more accurate and fast in accurately discriminating syllables that varied in duration and frequency than those not having lessons (Chobert et al., 2011). Cross-sectional studies have shown that preschool and school-aged children and adults with musical experience are able to make stronger distinctions between speech syllables than non-music students (Kraus and Nicol, 2014; Parberry-Clark et al., 2012; Strait and Kraus, 2014; Zuk et al., 2013). Having musical skills also enhances the ability to interpret affective speech rhythms (Thompson et al., 2004); eight-year-olds with musical training outperform those with no training on music and language tasks (Magne et al., 2006). In research with 250 Chinese elementary-school children, Yang and colleagues (2014) examined the relationship between long-term music training and students’ development of first language, second language and mathematics. The musician children outperformed non-musicians on musical achievement and second language development. Although music training appeared to be correlated with the children’s final academic development of first and second languages and mathematics, it did not independently contribute to the development of first language or mathematical skills. 

			Correlation studies are able to identify if there are relationships between musical skills and various skills related to literacy, including verbal and auditory working memory. Studies with preschool children, aged four to five years, have found relationships between musical skills, phonological awareness and reading development (Anvari et al., 2002). There is a positive relationship between phonological awareness and musical ability in preschoolers, children aged five to six, and older children (Lamb & Gregory, 1993; Milovanov et al., 2008; Milovanov and Tervaniemi, 2011; Peynircioğlu et al., 2002), while Loui and colleagues (2011) worked with children aged seven to nine years old and showed a significant positive correlation between pitch perception and production, and phonemic awareness. There are also relationships between the development of auditory skills in early childhood and informal musical activities (Putkinen et al., 2013a). 

			Moderate relationships have also been found between tonal memory and reading age (Barwick et al., 1989), while the magnitude of neural responses to speech harmonics is correlated with reading ability (Banai et al., 2009). Schellenberg (2006) found that length of music training predicted measures of reading even after controlling for intelligence, while Chandrasekaran and Kraus (2010) linked poor reading ability with deficiencies in processing essential sound elements. Corrigall and Trainor (2011), examining the association between length of music training and reading ability in 46 six to nine-year-old children enrolled in music lessons, found that length of training correlated significantly with reading comprehension but was not associated with word decoding scores. The length of music training was robustly associated with reading comprehension, even after age, socioeconomic status, auditory perception, word decoding, general intelligence and the number of hours spent reading each week were taken into account. There is a relationship between individuals who are tone deaf and phonological processing, word discrimination and syllable segmentation (Jones et al., 2009). 

			Swaminathan and colleagues in a series of studies (2017; 2018; 2019) explored a range of relationships between music and other skills. In 2017, they reported that the relationship between music training and reading in adults was facilitated by general cognitive—rather than auditory—skills. In 2018, also working with adults, they assessed reading ability, comprehension and speed, music-perception skills, melody and rhythm, general cognitive ability, non-verbal intelligence, short-term memory, working memory, family income and parents’ education, and found that reading ability was associated positively with music training, English as a native language and general cognitive ability. The association between reading and music training was significant after socioeconomic status, native language and music perception skills were controlled for, but when general cognitive abilities were held constant, there was no longer an association between reading and music training. These findings suggest that the association between reading ability and music training is a consequence of general cognitive abilities. In 2019, an association between rhythm aptitude and speech perception was found in a sample of six- to nine-year-old children. Musical training was associated positively with performance on a grammar test, musical ability, IQ, openness and age. Regression analyses revealed that language abilities had significant partial associations with musical ability and IQ but not with music training. Rhythm discrimination was a better predictor of language skills than melody discrimination. Musical ability predicted language ability independently of IQ.
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