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Abstract 

Musically trained individuals have been found to outperform untrained peers in various tasks 

specific to music performance. Interestingly, they have also been found to outperform their 

musically untrained peers in tasks not related to music-making, requiring a wide range of 

cognitive skills, such as executive functions. In a series of studies with the same participants, 

this thesis examines the developmental paths of different subcomponents of executive 

functions in a group of participants in their school years, from childhood until adolescence, 

while undergoing music training. Their neurocognitive development is compared with that of 

their musically untrained peers. The aim of the studies was to uncover whether music training 

is associated with improved executive functions and augmented functioning of the brain 

mechanisms of executive functions. Performance measures included various 

neuropsychological test measures and tasks created for neuroimaging experiments. Brain 

activation measures of executive functions were event-related potentials (ERPs) recorded with 

electroencephalography, and BOLD activation changes acquired with functional magnetic 

resonance imaging (fMRI). Differences in these measures between musically trained and 

untrained participants aged 9-21 were examined, as well as longitudinal change in test 

performance during six years.  

The results of the studies showed that music training is associated with the enhancement 

of various executive functions: working memory maintenance, inhibition, set shifting, and 

selective attention during childhood and adolescence. However, the improvement in set shifting 

diminishes with age being virtually nonexistent in early adulthood. Results also showed more 

efficient functioning of neural mechanisms related to executive functions. Musically trained 

participants exhibited lower distractibility and enhanced processing of targets during tasks for 

executive functions. Furthermore, still in late adolescence and early adulthood, musically 

trained participants had more adult-like responses and more efficient functioning of brain 

mechanisms for attention and executive control during tasks for executive functions than their 

untrained peers. Together, the results show that music training is associated with enhancement 

of brain mechanisms of executive functions and a passing advantage in tasks for executive 

functions, with the largest differences compared to untrained peers seen in school-age and early 

adolescence. In late adolescence, the advantage in tasks has disappeared but echoes of 

enhancement can be still seen in the more mature and more efficient functioning of neural 

mechanisms of executive functions. 
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Tiivistelmä 

Musiikkia harrastaneet suoriutuvat paremmin musiikkiin liittyvissä tehtävissä kuin ne, joilla 

musiikinharrastustaustaa ei ole. Yllättäen muusikot ja muut musiikin parissa harjaantuneet 

pärjäävät muuta harrastaneita paremmin myös sellaisissa tehtävissä, jotka eivät liity musiikkiin 

ja jotka edellyttävät laaja-alaisia kognitiivisia taitoja, kuten toiminnanohjausta. Tämä 

väitöskirja selvitti toiminnanohjauksen eri osa-alueiden kehityskaarta lapsuudesta 

varhaisaikuisuuteen sarjalla tutkimuksia, joihin osallistui sama musiikkia harrastavien lasten 

joukko. Näiden osallistujien neurokognitiivisten toimintojen kehittymistä verrattiin muuta 

harrastavien osallistujien kehitykseen. Tutkimusten tarkoitus oli selvittää, onko musiikin 

harrastaminen yhteydessä tehostuneisiin toiminnanohjauksen taitoihin, sekä muutoksiin näitä 

taitoja tukevien aivomekanismien toiminnassa. Taitoja tutkittiin neuropsykologisilla 

testimenetelmillä sekä aivokuvantamiskokeita varten erikseen kehitetyillä tehtävillä. 

Toiminnanohjauksen aivomekanismeja tutkittiin rekisteröimällä aivojen herätevasteita 

aivosähkökäyrällä, ja aivoalueiden veren happipitoisuudesta riippuvaa vastetta toiminnallisella 

magneettiresonanssikuvantamisella. Tutkimuksissa vertailtiin musiikkia harrastavien ja muuta 

harrastavien, 9-21-vuotiaiden osallistujien testisuoriutumisen ja aivojen toiminnan eroja. 

Lisäksi testisuoriutumisen erojen muutosta seurattiin kuuden vuoden ajan.  

 Tutkimusten tulokset osoittavat, että musiikin harrastaminen on yhteydessä usean 

toiminnanohjauksen osa-alueen tehostumiseen lapsuudessa. Näihin kuuluivat työmuistin 

ylläpito ja päivittäminen, inhibitio, vaihtaminen ja valikoiva tarkkaavaisuus. Vaihtamisen 

tehostuminen vähenee kuitenkin iän myötä siten, että varhaisaikuisuudessa eroja musiikkia ja 

muuta harrastavien välillä ei testisuoriutumisessa ole. Tulosten mukaan musiikkia harrastavien 

toiminnanohjauksen aivomekanismit toimivat myös eri tavoin kuin muiden osallistujien. 

Toiminnanohjausta edellyttävissä tehtävissä musiikkia harrastavilla ilmeni vähäisempää 

häiriöherkkyyttä ja tehostunutta kohteiden käsittelyä. Lisäksi vielä varhaisaikuisuudessa 

musiikkia harrastavilla oli kehitysasteeltaan kypsempiä aivovasteita sekä tehokkaampaa 

toimintaa tarkkaavuuteen ja toiminnanohjaukseen liittyvillä aivoalueilla toiminnanohjauksen 

tehtävien aikana kuin muilla osallistujilla. Kaiken kaikkiaan tulokset osoittavat, että musiikin 

harrastaminen on yhteydessä toiminnanohjauksen aivomekanismien tehokkaampaan 

toimintaan sekä ohimenevästi myös parempaan suoriutumiseen toiminnanohjauksen 

tehtävissä.  
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1. Introduction  

Purposeful action in human life requires overriding intuition and instinct, command over 

attention, and the ability to flexibly change behavioral and thought patterns that no longer 

apply. Complex cognitive endeavors such as planning, reasoning, problem-solving, adapting 

to changes in the environment, learning, and collaboration with others are possible because of 

our abilities to inhibit automated responses, direct, maintain and shield attention from 

distraction, and generate information and manipulate it in memory. These abilities are 

collectively called executive functions, typically divided into the subcomponents of inhibitory 

control, cognitive flexibility, and working memory (Diamond, 2013; Friedman & Miyake, 

2017; Huizinga et al., 2006; Miyake et al., 2000).  

A wealth of studies evidences the importance of executive functions for wellbeing, 

educational achievement, and other positive life outcomes (Miller et al., 2012; Moffitt et al., 

2011; St Clair-Thompson & Gathercole, 2006; Titz & Karbach, 2014), and therefore 

understanding possibilities for enhancing their development has become a prominent question 

in developmental cognitive neuroscience. Indeed, there is accumulating evidence that 

persistent practice in diverse activities that require executive functions, such as targeted 

computerized training programs, cognitively demanding physical exercise, and mindfulness, 

can at least temporarily improve these functions in individuals of many ages (Diamond, 2012a).  

Recently, studies have begun to show that also music training may have the potential 

to enhance executive functions. The putative connection seems reasonable, as practicing to 

play an instrument or sing requires many of the core executive functions like directing and 

sustaining attention to the sound stream and motor actions when producing music, working 

memory when processing melodies, and inhibitory control over motor actions when practicing.  

Music training is for many a hobby that starts early in childhood and involves routine 

practice. Perhaps owing to this, music training has been found to have a wide range of 

neuroplastic effects. A substantial body of research spanning over two decades has found 

structural and functional differences between adult musicians and nonmusicians (Herholz & 

Zatorre, 2012; Jäncke, 2009; Münte et al., 2002; Pantev & Herholz, 2011). Furthermore, 

longitudinal studies with children have been able to show that music training can augment the 

maturation of brain functions related to music-making (Chobert et al., 2014; Hyde et al., 2009; 

Moreno et al., 2015; Putkinen et al., 2014a,b). For instance, studies of event-related potentials 

(ERPs) have found that musicians show enhanced encoding of different characteristics of 
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sound compared to nonmusicians (Tervaniemi, 2009). These augmentations of brain functions 

and structures are reflected in behavior: musicians have been found to outperform 

nonmusicians in tasks related to music-making such as motor tasks (Fernandes & de Barros, 

2012; Telford & Spangler, 1935), and auditory discrimination and detection (Koelsch et al., 

1999; Spiegel & Watson, 1984; Tervaniemi et al., 2005).  

Interestingly, musicians have also exhibited better performance in tasks not directly 

related to music-making, such as language (Jäncke, 2012; Milovanov & Tervaniemi, 2011), 

and in different tasks for executive functions (Criscuolo et al., 2019). Also musically trained 

children have exhibited improved executive function skills compared to their untrained peers 

(Zuk et al., 2014), with preliminary evidence of greater enhancement associated with early 

training (Chen et al., 2021). 

Longitudinal studies with young children have pointed towards the possibility of a 

causal connection between music training and enhanced executive functions (Bugos & 

DeMarie, 2017; Frischen et al., 2019, 2021; Jaschke et al., 2018; Moreno et al., 2011; Roden 

et al., 2012; Roden et al., 2013). However, results vary, with some correlational (Bialystok & 

DePape, 2009; Schellenberg, 2011; Virtala et al., 2014) and causal (Janus et al., 2016; 

Linnavalli et al., 2018) studies finding no difference between musically trained and untrained 

individuals in executive functions. There is also considerable variation in how executive 

functions are measured, what dimensions of executive functions are included in the 

investigation and how well the tests used can separate the different cognitive processes that 

make up executive functions. Lastly, there are no longitudinal studies on the effects of music 

training on executive functions encompassing the developmental trajectory of executive 

functions from childhood until adulthood. A comprehensive account on the effects of music 

training on all the different dimensions of executive functions, the extent of possible 

enhancement during life, and the neural correlates of these changes would shed much-needed 

light on the specific ways in which music training may influence the maturation of the different 

subcomponents of executive functions.  

The studies included in the current thesis aim at providing this missing viewpoint. They 

investigate the three subcomponents of executive functions, working memory, inhibition, and 

cognitive flexibility, in musically trained and untrained children who were followed 

longitudinally from ages 7 to 21. The studies investigate whether there are group differences 

in behavioral and neural correlates of executive functions and the connections between these 

correlates, how these differences emerge during childhood, and for how long they persist.  
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1.1 The definition of executive functions and their importance 

Executive functions are control functions over lower-level cognitive mechanisms that enable 

self-regulation and higher-order phenomena like complex problem solving, goal-directed 

behavior, planning and reasoning (reviews: e.g. Diamond, 2013; Jurado & Rosselli, 2007; Stuss 

& Alexander, 2000). The construct has its roots in seminal work of cognitive neuroscience 

describing disturbances of higher cognitive function such as planning and regulatory behavior 

in patients with lesions to prefrontal brain areas (Luria, 1966, 1973), later described also as 

dysexecutive syndrome (Baddeley & Wilson, 1988), and goal-neglect (Duncan, 1986; Duncan 

et al., 1995, 2000; Duncan & Owen, 2000). 

Investigations on individuals’ performance in different tasks for executive functions 

have uncovered three correlated but separable core components of executive functions: 

inhibition, cognitive flexibility, and working memory (Diamond, 2013; Friedman & Miyake, 

2017; Herd et al., 2014; Karr et al., 2018; Lehto et al., 2003; Miyake et al., 2000; Miyake & 

Friedman, 2012). Inhibition means the ability to suppress prepotent or automatic responses or 

the processing of distracting information, and can be further divided into control over behavior, 

control over cognition, and control over attention, or selective attention (Diamond, 2013). 

Cognitive flexibility in turn contains fluency, or the ability to relinquish inhibition and generate 

information from mind, and set shifting, or task switching, the abilities to fluidly change 

response strategies within a task, or fluidly change between two tasks, respectively. The third 

main component of executive functions, working memory, is split into working memory 

maintenance and updating. Maintenance refers to keeping information active in mind and

updating to the manipulation of this information. Working memory is also often investigated 

as a modality-specific process, separating e.g., visual and auditory working memory. 

Figure 1. The three core components of executive functions and their subcomponents
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The three components pose unique demands on the brain, but also build upon each other. 

Fluency requires decreasing inhibitory control over cognition. Set shifting and task switching 

in turn require increasing inhibitory control (Garon et al., 2008) in the form of, for example, 

inhibition of prepotent responses or ones that were previously adequate but no longer suit the 

task at hand. Working memory is tied to both inhibitory control (Getzmann et al., 2018; Jonides 

et al., 1998; Zanto & Gazzaley, 2009) and set shifting (Blackwell et al., 2009), presumably 

through supporting the maintenance of switching rules, as both require maintenance and mental 

manipulation of information, for example of a set rules or circumstance according to which 

behavior is regulated.  

Attention is not considered a separate component in the influential tripartite model 

described above but included in the subcomponent of inhibition as interference control in 

Diamond (2013) and attentional control in Jurado & Rosselli (2007). Attention can further be 

divided into directing and maintaining attention towards targets, as well as selective attention, 

the ability to maintain attention towards a target while resisting interference from irrelevant 

stimuli. This division is supported by neuroimaging studies showing that inhibiting distractor 

processing during selective attention depends on neural resources separate from those for 

direction and maintenance of attention towards targets (Bidet-Caulet et al., 2010, 2015). It can 

be suggested that all the aforementioned components of executive functions require distinct 

modes of attention. Inhibitory control requires directing attention away from to-be-ignored 

outer and internal stimuli and maintaining attention on targets. Set shifting and task-switching 

both require relinquishing attention directed by the old response strategy or to the old task and 

directing it according to new demands. Working memory requires directing attention inward 

and maintaining it on the information held active or operated on in mind.  

The role of executive functions in enabling self-regulation and higher-order cognition 

becomes evident when looking at how common phenomenon known to disturb these functions, 

such as excessive stress (Shields et al., 2016) or sleep deprivation (García et al., 2021), 

influence behavior and thought: impulsivity is increased, distractibility increases, and 

automated, repetitive actions are possible but flexibility of action and thought deteriorates. 

Disturbances of executive functions are also common in a number of psychiatric and 

neurological disturbances. In the adult population, difficulties in executive functions are 

reported in psychiatric and neurodegenerative disturbances such as eating disorders (Kanakam 

et al., 2012), Parkinson’s disease (Kehagia et al., 2010; Sawada et al., 2012), schizophrenia 

(Pantelis et al., 1999), ADHD (Halleland et al., 2012) as well as a result of normal aging 
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(Ridderinkhof et al., 2002). In children, poorer performance in tests measuring executive 

functions have been associated with behavioral problems (Hughes & Ensor, 2008, 2011) and 

reading comprehension difficulties during school age (Borella et al., 2010). Conversely, good 

skills in inhibitory control have been connected to adaptive functioning and better academic 

performance as well as less psychiatric disturbance in 8–9-year-old children (Vuontela et al., 

2013). Better working memory ability has been connected to literacy and vocabulary in 

preschool-aged children (Becker et al., 2014) and to reading abilities and word reading in 

children aged 8-16 years (Christopher et al., 2012). Cognitive flexibility in turn has been found 

to predict mathematics achievement, and working memory, inhibition, and cognitive flexibility 

to mediate age differences in reading comprehension in 7-10-year-olds (Cantin et al., 2016). 

Importantly, in a longitudinal study, Röthlisberger and colleagues (2013) found that executive 

functions assessed in preschool predicted mathematics and language achievements in school 

two years later, pointing towards a causal connection between executive functions and 

academic achievement.  

1.2 Behavioral measures for executive functions 

There is a multitude of different tasks developed for the assessment of executive functions, 

stemming from different theories of cognitive control (Chan et al., 2008; Silver, 2014). This 

section will focus on the tests that are most commonly used in studies in the field of cognitive 

and developmental psychology as well as in cognitive neuroscience. These tests were used in 

experiments that comprise this thesis and reflect the tripartite model on the structure of 

executive functions (Miyake et al., 2000). 

1.2.1 Tests for inhibitory control 

The Stroop Test (Stroop, 1935) and its variants are one of the most commonly used tests for 

assessing response inhibition. In the original form of the test, participants are asked to read out 

a list of color names written in black ink or name the colors of a series of blocks. In the 

condition of the test that requires inhibition, color names are written in different-colored inks, 

not corresponding to the color name. Here, the participant is asked to name the color, 

irrespective of the meaning of the word, inhibiting the automated reading response. Variations 

of the test include child-friendly alternatives such as the Animal Stroop test (Wright et al., 

2003) where the head of the animal has been swapped with another animal and the participant 
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is asked to name the body of the animal, or the Day-Night Stroop test for toddlers, presenting 

images of the sun or the moon and stars, requiring naming the opposite time of day than 

depicted (Gerstadt et al., 1994). 

Another commonly used task that requires inhibitory control is the CPT or Continuous 

performance test. A computerized version, The Conners Continuous Performance Test, 

(Conners & Staff, 2004) requires participants to respond with a button press to all letters except 

for “X” presented in a relatively slow sequence and with variable ISIs (2-4 seconds) on a 

screen. It is most often described as a test of mere attention or sustained attention and also 

purported to assess selective attention. However, it does not present stimuli in the face of active 

external interference that would require attending to one source of information and ignoring 

the other. Therefore, the CPT is from the viewpoint of the author more purely a task for 

inhibitory control such go/no-go tasks, and sustained attention due to its relatively long 

duration and long ISIs. (Tests for selective attention discussed in section 1.2.4.)  

Go-no-go tests are frequently used in neuroimaging studies as they are simple and 

thereby easily computerized. Go-no-go tasks typically present participants with two categories 

of stimuli: ones where a response is required (go) and ones where a response needs to be 

inhibited (no-go). The response methods vary. Antisaccade go-no-go tests (Roberts et al., 1994) 

require inhibiting eye movements to non-targets, while in behavioral paradigms the response 

to be inhibited is typically a button press. Stop-signal tasks (Logan et al., 1984; Logan & 

Cowan, 1984) follow a similar logic. These tasks require participants to respond to target 

stimuli, but to inhibit any response when a stop signal is presented right after the target.  

Neuropsychological test batteries such as the NEPSY-II (Korkman et al., 2008) used in the 

studies comprising this thesis also contain subtests for different facets of executive functions, 

including inhibitory control. In NEPSY-II, inhibition is assessed within the Inhibition subtest, 

containing a Stroop-like task that requires naming a series of two figures, circles, and squares, 

and up or downward-pointing arrows, and then naming the opposite figure, inhibiting the 

prepotent response. Other tasks for inhibition in NEPSY-II include for instance “statue”. Here, 

the participant is asked to stand still and inhibit bodily movements - a very challenging task for 

young children. Other similar test batteries include the BADS-C battery (Behavioral 

Assessment of the Dysexecutive Syndrome for Children; Wilson et al., 2004) and the 

CANTAB battery (Cambridge Neuropsychological Testing Automated battery; Fray et al., 

1996). 
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1.2.2 Tests for working memory 

Span tests are among the most common tests for assessing working memory. Simple span tests, 

such as Digit Span from the WISC-IV, used in Studies I and II of the thesis, require maintaining 

information presented by the experimenter in memory, in this case, a series of numbers, and 

reciting them back to the experimenter. The forward condition of the task requires reciting the 

digits in the order of presentation and the backward task in reverse order. The forward task 

requires active working memory maintenance, and the backward task also active manipulation 

of the information, or working memory updating. In neuroimaging studies, the backward test 

activates brain areas related to cognitive control more strongly than the forward test (Gerton et 

al., 2004; Yang et al., 2015). Complex span tests require maintenance of information in memory 

during interference from another cognitive task with the same information, such as reading or 

mental arithmetic (Wilhelm et al., 2013). For instance, in the reading span task (Daneman & 

Carpenter, 1980), participants are asked to read groups of sentences presented in sequence and 

to estimate whether the sentences are logical while encoding and holding in memory certain 

words from the sentences. After the whole group of sentences has been presented, recall of 

words from the sentences is required.  

Another common working memory test especially used in neuroimaging studies is the 

n-back task (Kirchner, 1958). In the task, participants view or listen to a stream of stimuli such 

as letters or numbers and are required to indicate whether an item presented matches an item 

that had been presented a variable number (n) of items back. For instance, in a four-back task, 

a series 1-4-8-2- could be presented and if the next digit would be 1, then the correct response 

would be to indicate “yes”. 

A meta-analysis found that the correlation between digit span backward performance and 

performance in n-back tasks as well as complex span tests is greater than the correlation 

between digit span forward and these tests (Redick & Lindsey, 2013). This supports the notion 

that these different working memory tasks tap into overlapping but separable working memory 

functions. The requirement for manipulation in addition to working memory maintenance of 

information in the n-back, digit span backward, and complex span tasks may also involve other 

executive functions such as task-switching and inhibitory control.  

The Trail-Making Test A and B used in Study II of this thesis (TMT, Reitan, 1958) is 

sometimes cited as a general test for working memory or as simply a task for executive 

functions. Trail Making Test A requires the participant to draw a line to connect digits printed 
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in random locations on a paper in ascending order (1-2-3-4-...). In the Trail-Making Test B, 

there are letters as well as digits, and the participant is required to alternate between them, with 

the numbers in the correct ascending order and the letters in alphabetical order (1-A-2-B-3-

C…). There is evidence that the two tasks in the TMT differ in their requirements on executive 

functions, and on working memory. TMT-A taps into processing speed, and TMT-B requires 

working memory updating, as well as set shifting (Arbuthnott & Frank, 2000; Fellows et al., 

2017; Llinàs-Reglà et al., 2017; Sánchez-Cubillo et al., 2009). Furthermore, digit span 

backward performance has been found to predict TMT-B performance in behavioral 

investigations, which suggests similarity in the cognitive requirements of these tasks (Sánchez-

Cubillo et al., 2009). Therefore, TMT-B can in part be considered a task for working memory 

maintenance and updating, but it also has a set shifting component as it requires switching 

attention from one response rule and sequence of information in memory to another (letters or 

numbers). The TMT-A in turn specifically targets working memory maintenance and 

processing speed. 

1.2.3 Tests for cognitive flexibility 

The Wisconsin Card Sorting Test (WCST; Heaton, 1981) is often stated to measure executive 

functions in general, but from the perspective of the modular view, it can be regarded as a task 

strongly targeting cognitive flexibility, more precisely its task-switching component. In the 

test, the participant is asked to match cards with different symbols to a set of cards with 

symbols. The participant needs to decipher the rule for matching cards, e.g. whether the rule is 

based on the number, identity, or coloration of symbols on the cards. Feedback is given on 

whether the match that the participant makes is correct or not, but not what the matching rule 

is. The rule for matching is changed a number of times throughout the test, requiring the 

participant to switch between response strategies.  

The task used for cognitive flexibility in Studies I, III, and IV focuses on set shifting 

and is from the Inhibition subtest from NEPSY-II (Korkman et al., 2008). The task is preceded 

by the naming and inhibition tasks described in section 1.2.1. and requires the participant to 

switch between naming the congruent shape or direction of the arrow and the incongruent one 

based on the coloration of the shape or arrow (e.g., if black, name the opposite, if white, respond 

congruently). The completion time for the task and the number of errors are used as indexes of 

set shifting ability.  
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Tasks for the fluency component of cognitive flexibility include tests of production in different 

modalities. For instance, verbal fluency tasks, which can further be divided into phonemic and 

semantic tasks, require the participant to produce as many words related to a category or 

phoneme as possible in a restricted amount of time. The number of words the participant is 

able to generate is used as an index of fluency. The fluency task used in Study I is from the 

NEPSY-II battery and requires participants to generate as many words as possible beginning 

with the letter “k”, and from the category of food and drink, each in one minute. Examples of 

other fluency tasks include the Ruff Figural Fluency Test (RFFT; Ruff et al., 1987), which 

requires participants to draw as many unique designs as possible by connecting at least two of 

the dots comprising a 5-dot matrix. 

1.2.4 Tests for selective attention  

The Flanker task (Eriksen & Eriksen, 1974) is a very commonly used test for selective 

attention. In the test, the participant is required to attend to a stimulus presented at the center 

of a screen and ignore the stimuli around it, that are “flanking” the target. Typically, the target 

stimulus is an arrow and the flanking stimuli are also arrows that are either congruent or 

incongruent with the target’s direction.  

Another similar test for selective attention is the Simon task. In one version of the task, 

participants are asked to indicate whether an arrow is pointing left or right. The arrows are 

presented on either the left or the right side of the screen, with location thereby being congruent 

or incongruent with the direction of the arrow. Reaction times and the number of errors in 

congruent and incongruent trials in both the Flanker and the Simon task are used as indexes of 

selective attention.  

The Flanker and Simon tasks both lend themselves well to neuroimaging settings. Another 

form of often used selective attention tasks has subjects focus on a primary task while irrelevant 

or novel stimuli are presented. The task and the distracting stimuli can be in the same or 

different sensory modalities. Selective attention is assessed in these tasks by inspecting 

performance in the task, as well as the brain responses elicited by the distracting stimuli and 

the targets. For Study III, we created an audio-visual distraction paradigm, based on classical 

studies of selective auditory attention (e.g., Escera et al., 1998), and studies where auditory 

distractors have been shown to disturb or facilitate performance in a visual task (e.g., Andrés 

et al., 2006; Ljungberg & Parmentier, 2012; Munka & Berti, 2006; Parmentier et al., 2010; 
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Parmentier & Andrés, 2010; SanMiguel et al., 2008). In our Audio-Visual task the participants 

are asked to focus on a visual categorization as a task-irrelevant sequence of standard and novel 

sounds is presented in the background. Reaction times in the categorization task and errors are 

used as an index of selective attention. 

1.2.5 The task impurity problem 

Many tests for executive functions suffer from the task impurity problem. This means that a 

test for one function also unintendedly measures another. However, as described in section 1.1., 

the different subcomponents of executive functions depend upon each other, and it is 

impossible to create for instance a task that requires set shifting, but not working memory, or 

working memory but not inhibitory control. The task impurity problem complicates drawing 

conclusions on specifically which components of executive functions are in consideration. The 

implications of this are discussed in more detail in section 5. Discussion presenting findings on 

differences in test performance between musically trained and untrained participants, as well 

as in section 6. Limitations of the study.  

1.3. Neural correlates of executive functions  

1.3.1 Findings from fMRI and lesion studies 

Functional magnetic resonance imaging (fMRI) allows observing signals of blood oxygen level 

changes in the brain, correlated with neuronal activity (Logothetis & Wandell, 2004), and 

studies employing the method have been used to identify regions and networks that become 

active during tasks for executive functions (e.g., Hill & Miller, 2010; Sylvester et al., 2003; 

Szameitat et al., 2002). Magnetic resonance imaging (MRI) produces images of different tissue 

types in the body by measuring the amount of energy emitted by aligning the orientation of 

atomic nuclei of hydrogen atoms with a strong magnetic field, changing their orientation with 

a radio frequency, and measuring the frequencies emitted by the nuclei as they return to their 

original state after manipulation. In fMRI, an imaging sequence sensitive to changes in blood 

volume and flow is used. The assumption is that increases in neural activity result in increases 

in the flow of oxygenated blood to that region. The fMRI measures this blood-oxygen-level-

dependent (BOLD) signal, indexing the amount of deoxygenated hemoglobin (Ogawa et al., 

1990). Deoxygenated hemoglobin is paramagnetic and suppresses the MR signal of the tissue. 

As oxygenated blood flows to a brain area, deoxygenated hemoglobin decreases, and the MR 
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signal increases (Ogawa et al., 1990; Kim & Ogawa, 2012). Even though the acoustic noise 

present during fMRI scanning is known to e.g., deteriorate auditory processes under interest 

(Novitski et al., 2006), it is a widely used method in cognitive neuroscientific investigations.  

It is commonly accepted that the prefrontal cortex has a crucial role in executive 

functions (Miller & Cohen, 2001), evident in lesion studies documenting difficulties in tasks 

for executive functions (e.g., Owen et al., 1996), and in fMRI studies showing activation of the 

prefrontal cortex in tasks demanding executive functions (e.g., Koechlin et al., 1999; Smith & 

Jonides, 1999). More recent models propose that the connections between the prefrontal cortex 

and other brain regions act as the neural seat of executive functions (Alvarez & Emory, 2006; 

Yuan & Raz, 2014). fMRI studies have found that directing attention engages the dorsal 

attention network, consisting of the dorsolateral prefrontal cortex, frontal eye fields, inferior 

precentral sulcus, middle temporal motion complex, and the superior parietal lobule (Fox et al., 

2005; Toro et al., 2008). The frontoparietal control network comprising of the rostrolateral 

prefrontal cortex, middle frontal gyrus, anterior insula, dorsal anterior cingulate cortex, 

precuneus, and anterior inferior parietal lobule, is implicated in goal-directed action (Badre & 

D’Esposito, 2007; Corbetta & Shulman, 2002; Spreng et al., 2010; Vincent et al., 2008) with 

different patterns of connectivity supporting, for instance, working memory and inhibitory 

control (Harding et al., 2015). This network has also been characterized as a multiple-demand 

system activated by many kinds of tasks that need to be divided into smaller task units (Duncan, 

2010).  

However, following the unity-diversity characterization, neuroimaging studies also show that 

some components of executive functions rely partly on different prefrontal areas and their 

connection to other brain regions (Stuss & Alexander, 2000; Tsuchida & Fellows, 2013). For 

instance, cognitive flexibility and working memory have been connected to two distinct 

networks, the fronto-parietal and the cingulo-opercular, respectively (Cole et al., 2013; 

Dosenbach et al., 2008; Power & Petersen, 2013). Inhibition has been connected to right-

lateralized activation of the dorsolateral prefrontal cortex (Zheng et al., 2008), the frontal 

inferior gyrus, and the pre-supplementary motor area (Sharp et al., 2010), reflecting the 

attention and motor processes involved in inhibiting prepotent responses. The connection 

between set shifting and inhibition is supported by brain imaging studies that have found brain 

regions selectively activated during inhibition and shifting but also common to both processes 

(Hedden & Gabrieli, 2010), as well as evidence of inhibition processes occurring during task-

switching (Piguet et al., 2013).  
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1.3.2 Findings from electroencephalographic studies 

Electroencephalography (EEG) measures changes in electrical potentials arising from neuronal 

activity in the brain, more precisely, the post-synaptic potentials of large groups of neurons 

(Nunez & Srinivasan, 2006). Averaging sections of EEG time-locked to stimuli of interest 

allows uncovering event-related potentials (ERP) that reflect the electrical activity that is 

common between the averaged stimulus presentations (Luck, 2014; Picton, 2010). The 

amplitude (measured in microvolts, μV) and latency (measured in milliseconds, ms) of an ERP 

are used as indices of neural activity related to stimulus processing. As the EEG is a completely 

non-invasive method for investigating brain function, it is routinely used in studies with 

children. 

Surprising or novel stimuli, or stimuli that deviate in some characteristic from 

repeatedly presented standard stimuli, have been found to elicit a positive positive deflection 

in ERP on the frontal and central electrode channels, peaking between 200–400 ms after 

stimulus onset (Escera et al., 2000; Escera & Corral, 2007; Friedman et al., 2001; Linden, 2005; 

Polich, 2007; Squires et al., 1975; Yago et al., 2001). This ERP is called the P3 response, 

further divided into the P3a and the later-occurring P3b. The P3a is typically interpreted to 

signal involuntary attention switch towards the surprising, novel, or deviant stimulus, and the 

P3b updating of mental models based on the new information (Friedman et al., 2001; Luck, 

2014; Polich, 2007, 2012; Donchin, 1981), content categorization in working memory (Kok, 

2001; Nieuwenhuis et al., 2005), or stimulus evaluation and response selection (Verleger et al., 

2005; Pritchard et al., 1999). According to some studies, the P3a matures earlier than the P3b 

(Fuchigami et al., 1995; Stige et al., 2007), reflecting the prolonged maturation of the possible 

more complex executive functions underlying P3b. The responses also differ in their sources 

and scalp distributions. The more frontally appearing P3a sources have been localized to the 

frontal cortex and anterior cingulate gyrus and the more posteriorly distributed P3b sources to 

the superior parietal lobule, the posterior cingulate gyrus (Volpe et al., 2007; Wronka et al., 

2012).  

The P3a is further divided into an early-peaking eP3a (300-350 ms), and a later (300-

350ms) lP3a response (Escera et al., 2000). The two phases have different generators, with 

auditory and temporo-parietal cortices contributing to the eP3a and the lP3a receiving more 

contributions from the prefrontal cortex (Alho et al., 1998; Escera et al., 2000; Knight, 1984; 
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Knight et al., 1989; Yago et al., 2003). Reflecting these differences, it is assumed that the eP3a 

is associated with detecting deviance and novelty, and the later lP3a with attention allocation.  

Auditory P3a responses to deviant sounds have been found to correlate with cognitive 

functioning in adults (Light et al., 2007) and children (Liu et al., 2007). Furthermore, general 

cognitive ability in children has correlated with larger P3a amplitudes and shorter latencies to 

cues in a task demanding inhibitory control (Liu et al., 2011). Studies have shown that P3a-

eliciting sounds presented during a task unrelated to the sounds typically disturb performance 

(Escera et al., 1998; Gumenyuk et al., 2004; Wetzel et al., 2006) however, see Wetzel et al., 

2013). As such the P3a can provide information on neural activity-related executive functions, 

namely an individuals’ inhibitory control over attention, or selective attention.  

In addition to deviant or novel stimuli, the P3 response has also been recorded to target 

stimuli in tasks for executive functions. For instance, the amplitude of the P3b responses to to-

be-remembered stimuli in a working memory task has recently been connected to working 

memory capacity (Lenartowicz et al., 2021). In studies on inhibitory control, P3a responses 

have emerged to no-go-targets (Barry, 2009; Barry & Blasio, 2015; Barry & De Blasio, 2012; 

Brydges et al., 2020) as well as in incongruent conditions in Flanker tasks (Brydges et al., 

2020), with response latency connected to reaction times in the task (Brydges et al., 2020). In 

task-switching paradigms, larger P3a amplitudes have been recorded to targets during 

switching than updating trials (Berti, 2016) and to targets presented immediately after a 

switching cue compared to repeating trials (Barcelo et al., 2008; Brydges & Barceló, 2018).  

The generators of the auditory P3a have been located to the frontal and temporal cortical areas 

in intracortical recordings, lesion studies, EEG and MEG source modeling as well as fMRI 

(Alho et al., 1998; Baudena et al., 1995; Knight, 1984; Løvstad et al., 2011; Mecklinger & 

Ullsperger, 1995; Opitz et al., 1999). It has been proposed that P3a generation and executive 

functions rely on a common neural network (Barceló et al., 2002; Barcelo et al., 2006) and that 

a family of P3 responses for deviance and novelty detection, inhibition, and task switching 

exists with differences in scalp topography and latency depending on task demands (Barceló 

& Cooper, 2018).  

It is unclear whether the neural basis and the developmental paths for the novelty-P3a, 

the deviant-elicited P3a, and the P3a and P3b responses measured during tasks for inhibitory 

control and set shifting or task switching are the same. For instance, Wetzel and Schröger 

(2007) reported larger novelty-P3a amplitudes in 6-8-year-olds than in 17- to 18-year-olds but 

no difference in P3as elicited with pitch deviants. Some studies have reported a decrease in P3a 
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amplitude with age to novel sounds in conditions where the participant is engaged either in no 

task or a task unrelated to the presented sounds (Gumenyuk et al., 2004; Wetzel et al., 2011; 

Wetzel & Schröger, 2007; for a review, see Wetzel & Schröger, 2014). The diminishing P3a 

amplitude to novel sounds may reflect improvement of inhibitory control over distraction with 

age, and therefore the novel sound-induced P3a offers a measure of inhibitory control selective 

attention and that is sensitive to age-related augmentation. Conversely, the P3a response 

amplitude in a go/no-go task for inhibitory control has been found to grow in amplitude and 

change in topography with age, emerging as late as at age 9–10 and reaching maturity in young 

adulthood around age 19-23 (Jonkman, 2006) with amplitude increase documented even until 

the third decade of life (Knežević & Marinković, 2017). The prolonged development of 

responses in the P3 family reflects the temporal dynamics of the maturation of the neural 

mechanisms that generate them. The maturation of executive functions and associated brain 

areas is discussed in the following section.  

1.4 The maturation of executive functions  

Executive functions develop over an extended period of time, from early childhood until 

adolescence (Cepeda et al., 2001; De Luca et al., 2003; Gomes et al., 2000; Huizinga et al., 

2006; Huizinga & van der Molen, 2011; Luciana et al., 2005; Luna et al., 2004; Taylor et al., 

2013; Vuontela et al., 2003; Zelazo et al., 2004). The development of the different components 

of executive functions follows the maturation of prefrontal areas (Bunge et al., 2002; Bunge & 

Wright, 2007; Casey et al., 2000; Gogtay et al., 2004; Squeglia et al., 2013). The prefrontal 

cortex is last to develop after areas such as the sensory and motor cortices, with mature function 

and structure fully attained only in late adolescence or early adulthood (Casey et al., 2005; 

Gogtay et al., 2004). Furthermore, subregions of prefrontal cortical areas mature at different 

rates, which also influences the development of cognitive processes linked to these areas, 

resulting in partly different courses of development, as well as decline, for different skills 

(Jurado & Rosselli, 2007). Results from a meta-analysis of behavioral studies point towards 

more unidimensionality between the different components of executive functions in children 

and adolescents than adults (Karr et al., 2018). Inhibitory control and working memory have 

been suggested to begin to emerge as separable cognitive processes as late as 9-10 years of age 

(Brydges et al., 2012; Willoughby et al., 2012; however, see Brydges et al., 2014; Ven et al., 

2013).  
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Basic attention, namely selectivity in attention indexed by looking longer at some targets than 

others, is possible from birth (Garon et al., 2008). Skills for disengaging attention appear 

around 3-6 months of age (Colombo, 2001; Garon et al., 2008) with gradual increase in control 

over attention as neural systems mature. Inhibitory skills also reflected in the emergence of 

selective attention are the next functions to develop, and already 9-month-olds are able to shield 

attention from distracting stimuli to perform a task (Amso & Johnson, 2005). Inhibitory skills 

however develop over a very prolonged period of time, especially the skill to sustain inhibition 

(Geier et al., 2010; Luna et al., 2015). For instance, performance in Flanker and Stop-Signal 

tasks has been found to improve until age 15 and performance in the Stroop task up until age 

21 (Huizinga et al., 2006). As with inhibitory control, also the basic aspects of working memory 

are present in infancy, emerging around six months of age (Reznick et al., 2004), but 

development is prolonged until early adulthood (Huizinga et al., 2006; Kwon et al., 2002; 

Satterthwaite et al., 2013). Cognitive flexibility and its subcomponents, set shifting and task 

switching, require working memory and inhibition, and thereby are the last to mature. The 

development of set shifting (Herholz & Zatorre, 2012; Jäncke, 2009; Pantev & Herholz, 2011) 

has been found to extend from preschool-age until adolescence, around age 15 (Best & Miller, 

2010; Davidson et al., 2006; Huizinga et al., 2006; Huizinga & van der Molen, 2011, however, 

see Wolff et al., 2016). Owing to the rather slow-moving maturation of executive functions, 

their developmental course may be susceptible to the influence of childhood activities, like 

music training. Indeed, studies have found that executive functions can be enhanced during 

childhood with different types of programs as well as leisure activities (Diamond, 2012). These 

are presented more in section 5.4 of Discussion, in conjunction with speculation on the effects 

of music training.  

1.5 The effects of music training on brain maturation  

Studies showing differences in brain anatomy and function between musicians and non-

musicians have accumulated during recent decades (Herholz & Zatorre, 2012; Jäncke, 2009; 

Pantev & Herholz, 2011). Structural differences include areas for sensory (e.g. Schneider et al., 

2002) and motor functions (e.g. Gaser & Schlaug, 2003), subcortical structures including the 

hippocampus, cerebellum, and corpus callosum, (Bermudez et al., 2009; Elbert et al., 1995; 

Gaser & Schlaug, 2003; Groussard et al., 2010; Hutchinson et al., 2003; Schlaug et al., 1995; 

Schneider et al., 2002; Sluming et al., 2007), and white matter tracts (Bengtsson et al., 2005; 
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Imfeld et al., 2009; Schmithorst & Wilke, 2002; Steele et al., 2013). Interestingly, also 

augmentations of cortical areas for executive functions such as working memory have been 

uncovered (Bermudez et al., 2009).  

Functional differences between musicians and nonmusicians have most extensively 

been reported in the neural encoding of sound features and in auditory change detection. 

Auditory ERP responses such as the Mismatch negativity (MMN) and the P3a evoked by 

different types of changes in a stream of sound are enhanced in adult musicians and musically 

trained children compared to untrained peers (Besson et al., 1994; Brattico et al., 2013; James 

et al., 2008; Magne et al., 2006; Marques et al., 2007; Putkinen et al., 2014; Virtala et al., 2014, 

2018, for a review, see Tervaniemi, 2009). The auditory MMN is discussed here at further 

length because even though it is not an index of executive functioning per se, it was used as a 

measure of the maturation of auditory change detection in Study I. The MMN is a negative 

deflection appearing around 150–250 ms after stimulus onset in the difference waveform of 

responses to standard and deviant stimuli (Näätänen et al., 2007; Näätänen & Picton, 1987). 

The MMN is most often recorded in oddball paradigms with a stream of repeating standard and 

occasionally appearing deviant sounds and is thought to reflect automatic change detection in 

the auditory system (Fitzgerald & Todd, 2020; Näätänen et al., 2007). The MMN can be elicited 

by physical features of the sounds like frequency and duration, as well as changes in abstract 

sound features, such as deviations in the regularity of sound sequences (Tervaniemi et al., 1994) 

and sound omission (Yabe et al., 1997; for a review, see Näätänen et al., 2001). The MMN does 

not require action towards the stimuli to appear (for reviews, see Kujala et al., 2007; Näätänen 

et al., 2007), but may be augmented when attention is directed strongly on other stimuli 

(Hillyard et al., 1973; Woldorff et al., 1991). The MMN has a similarly prolonged 

developmental trajectory as executive functions and the P3a. The response is small in amplitude 

during preschool and early school-age (Sussman & Steinschneider, 2009), gradually increasing 

during school age and adolescence (Bishop et al., 2011; Putkinen et al., 2014a,b) until early 

adulthood (Cooray et al., 2016). 

When compared to nonmusicians, musicians show larger MMN responses to changes 

in different characteristics of sound, such as duration and frequency (Brattico et al., 2009; 

Fujioka et al., 2005; Koelsch et al., 1999; Tervaniemi et al., 2001, 2006; Vuust et al., 2005). 

Longitudinal studies point towards a causal role for music training in functional (Chobert et 

al., 2014; Moreno et al., 2015; Putkinen, et al., 2014a; Putkinen, et al., 2014b) and structural 

(Hyde et al., 2009) augmentations.  
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1.6 Music training and executive functions 

Studies have found an association between music training and improved performance in tasks 

measuring the subcomponents of executive functions: working memory (Alain et al., 2018; 

Bergman Nutley et al., 2014; Bugos & Mostafa, 2011; Degé et al., 2011; Guo et al., 2018, 

2021; Hansen et al., 2013; Kausel et al., 2020; Okada & Slevc, 2018; Slevc et al., 2016), 

inhibitory control (Bialystok & DePape, 2009; Degé et al., 2011;  Holochwost et al., 2017;  

Joret et al., 2017; Moreno et al., 2011), set shifting (Bugos & Mostafa, 2011; Degé et al., 2011; 

Strong & Mast, 2019; Zuk et al., 2014; Moradzadeh et al., 2015); fluency (Degé et al., 2011; 

Zuk et al., 2014), and selective attention (Degé et al., 2011). Longitudinal studies with children 

undergoing music training, and studies on music training interventions have found training-

related improvements in working memory (Roden et al., 2013: Frischen et al., 2021), inhibition 

(Bugos & DeMarie, 2017a; Jaschke et al., 2018; Moreno et al., 2011: Frischen et al., 2019, 

2021), and selective attention (Frischen 2021), pointing towards a causal role for music training 

in these differences. Recently, Frischen and colleagues (2019) found differing effects on 

inhibition based on the nature of music training: rhythm-based music lessons improved 

inhibition while lessons focusing on pitch did not. However, there are also contradicting results 

on enhancement of executive functions from correlative (Bialystok & DePape, 2009; 

Schellenberg, 2011; Virtala et al., 2014) and intervention (Linnavalli et al., 2018) studies 

showing no connections between music training and enhancement of executive functions. In 

sum, evidence on causality between music training and better performance in tasks for 

executive functions is fragmentary (see, e.g., Dumont et al., 2017), and a comprehensive view 

on the extent of possible enhancement of executive functions during childhood is missing. 

Neuroimaging studies on executive functions have reported differences between 

musically trained and untrained individuals. For instance, adult musicians show larger P3a 

responses than nonmusicians in oddball paradigms (Brattico et al., 2009; Trainor et al., 1999; 

Virtala et al., 2018; Vuust et al., 2009) indicating faster attention switch towards sound 

changes. Longitudinal studies with children engaged in musical activities have also reported 

enhancement of P3as recorded in an oddball paradigm, indexing attention switch, smaller P3as 

elicited by novel sounds, indexing distractibility (Putkinen et al., 2012), and larger P2 responses 

to no-go-targets during a go-no-go task for inhibitory control (Moreno et al., 2014). Adult 

musicians have also been found to exhibit larger P3b responses than nonmusicians to deviant 
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sounds, signaling more efficient updating and working memory processing (Carrión & Bly, 

2008; Nikjeh et al., 2009; Trainor et al., 1999). 

fMRI studies comparing executive functions between musically trained and untrained 

individuals are scarce and in part contradictory, and most have focused on working memory-

related functions. Pallesen and colleagues (2010), reported adult musicians to show stronger 

activation in the frontal and parietal cortices, the cingulate, and several subcortical structures 

than nonmusicians during a working memory task. Similarly, Kausel and colleagues (2020) 

found that musically trained 10-13-year-old children showed higher activation than their 

untrained peers in the fronto-parietal control network during encoding in a working memory 

task. In addition, better performance in the task correlated with years of training and higher 

activity in the left inferior frontal gyrus and the left supramarginal gyrus, related to working 

memory. In a longitudinal study with older adults (Guo et al., 2021), a four-month music 

training intervention increased activation in the right supplementary motor area and left 

precuneus, but decreased activation in the bilateral posterior cingulate gyrus as well as 

connectivity between the right posterior cingulate gyrus and the left middle temporal gyrus, 

and between the left putamen and the right superior temporal gyrus during a working memory 

task. Here, larger improvements in the working memory task were associated with larger 

reductions in connectivity between the aforementioned regions. Reduction in activity was also 

found in a study by Alain and colleagues (2018), who uncovered less activation in the right 

prefrontal cortex in adult musicians than in nonmusicians during an auditory N-back task 

measuring working memory.  

Only a handful of studies have focused on inhibitory control and set shifting. Zuk and 

colleagues (2014) measured fMRI from 9–12-year-old musically trained children and their 

untrained peers during a set shifting task. They found stronger activation of the supplemental 

motor area and the ventrolateral prefrontal cortex in musically trained participants than the 

untrained participants. However, the study was underpowered due to the small sample size 

(N=27) and the above-mentioned group differences were only seen with an uncorrected 

threshold, while more subtle differences between the groups might have been missed even with 

the liberal threshold. In terms of inhibition, Sachs and colleagues (2017) found that children 8-

9 years of age attending music training had stronger bilateral activation of the pre-

supplementary motor area, anterior cingulate cortex, the inferior frontal gyrus (IFG), and the 

insula during a Stroop task when compared to control group participants, but not an active 

control group taking part in sports. In a study with the same participants, four years later, these 
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differences were only present in the right IFG (Hennessy et al., 2019). In sum, a view on 

differences between musically trained children and adolescents in brain activity related to 

particularly set shifting is still missing.  

Taken together, these studies point towards the potential of music training in 

augmenting the development of executive functions and underlying brain mechanisms. Open 

questions are however still abundant, including specifically which subcomponents of executive 

functions might be most susceptible to the influence of childhood music training, as well as at 

what ages potential differences in executive functions start to emerge. Questions related to the 

neural mechanisms of executive functions include how possible enhancement of executive 

functions is reflected in the development of the responses in the P3 family, and whether 

enhancement of executive functions is associated with increases or decreases in activity of 

related brain networks and areas. 

2. Aims  

This thesis investigates the maturation of executive functions in musically trained and 

untrained children, adolescents, and young adults. In Study I, executive functions were studied 

with tasks for inhibition and set shifting, and MMN and P3a responses were recorded to study 

neural sound discrimination from participants in two age groups: 9–11 -year-olds and 13–15-

year-olds. We expected to see faster maturation of auditory change detection in participants 

with better executive functions, and a difference between the overall performance in tests for 

executive functions as well as in neural sound discrimination between the music and control 

groups.  

Study II was a longitudinal behavioral study exploring differences in working memory 

between musically trained and untrained individuals, aged 9–20. We measured working 

memory with the TMT-A, TMT-B and digit span tests, and hypothesized that the music group 

participants would outperform their control group peers.  

In Study III, we recorded the auditory P3a response during a visual categorization task 

with novel sound distractors to investigate the maturation of selective attention in musically 

trained and untrained children and adolescents aged 10–17 years. We also included behavioral 

measures for inhibitory control and set shifting. We expected the music group to outperform 

the control group in the tasks for selective attention, inhibition, and set shifting and to exhibit 

smaller P3a responses to distracting novel sounds than the control group.  
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Study IV investigated connections between music training and the maturation of set shifting 

during late adolescence and early adulthood. We measured behavioral performance, P3b event-

related potentials, and BOLD activations in the same set shifting task in musically trained and 

untrained adolescents and young adults aged 13–21 years. To build a better understanding of 

how far into adolescence possible enhancement of set shifting persists, we combined results 

from the neuropsychological tests from two previous measurement rounds, obtained 2-4 years 

prior to the brain measurements. We expected more efficient recruitment of neural resources 

in musically trained individuals compared to untrained peers during set shifting task trials, and 

that P3b responses to incongruent stimuli in the EEG version of the task would be larger in 

amplitude in the music group than in the control group. Finally, we expected an age-related 

decrease in differences in the task for set shifting. 

3. Methods  

3.1 The longitudinal study design  

The longitudinal study first focused on experiments mapping the development of the auditory 

system by recording auditory event-related potentials (ERPs), namely the MMN (Mismatch 

negativity). For the last three measurement rounds, diverse measures of executive functions 

were included: the P3a ERP to deviant and novel sounds, and to target stimuli during a task for 

set shifting, neuropsychological tests for executive functions, and on the last rounds also an 

fMRI measurement of brain activity during a task for inhibition and set shifting. This thesis 

focuses on disseminating the results from these measures, but Study I also reports findings on 

a connection between the maturation of auditory deviance processing and executive functions.  

3.2 Participants 

The participants are from a 14-year longitudinal study conducted at the University of Helsinki, 

mapping neural maturation in musically trained and untrained children and adolescents. Seven-

year-olds were invited to participate in measurements every two years, and a new group of 

children was recruited on each measurement round. Therefore, the participants who were 

recruited earlier took part in several measurements while those recruited later had fewer 

measurements. The last measurements included in the longitudinal study were conducted in 

2017.  
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The participants were divided into the music group and a control group. The participants in the 

music group had played an instrument starting at age 7 and attended a specialized public 

elementary school that includes music lessons, such as instrumental training, choir and 

ensemble playing in the regular curriculum. The untrained participants were recruited from 

regular elementary schools, and had no formal music training, and matched the music group 

participants in age, IQ as measured with the Vocabulary and Block design subtests from WISC-

IV, and socioeconomic status as measured by parental income and education (Income scale: 1 

= under 1 000 Euros/month, 2 = 1 000–2 000 Euros/month, 3 = 2 000–3 000/month, 4 = 3 000–

4 000/month, 5 = 4 000–5 000 Euros/month, 6 = over 5 000/month; Education scale: 1 = 

comprehensive school, 2 = upper secondary school or vocational school, 3 = a higher degree 

than upper secondary school or vocational school, 4 = Bachelor's degree or equivalent, 5 = 

Master’s degree or equivalent, 6 = licentiate or doctoral-level degree) (Putkinen et al., 2020). 

The majority of participants in both groups were from middle-class and upper-middle-class 

families from the Helsinki metropolitan area, and no participants had neurological, hearing, or 

sight disturbances.  

3.2.1 Participants in Studies I-IV 

The participants of Study I were 90 children (48 females) aged 9–15 years, attending grades 3, 

5, 7, and 9 of Finnish elementary school. Forty-three participants were musically trained (29 

female) and 47 participants (19 females) were musically untrained. Because the number of 

participants in the music and control groups in each of the four grades was small, the 

participants were pooled into two age groups for statistical analyses: 9–11-year-olds and 13–

15-year-olds. Ninety participated in EEG measurements and 87 in neuropsychological tests. 

Table 1 details the ages of participants in the two age groups, and in the music and control 

groups separately. 
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Table 1. The number of participants in Study I each age group and mean age, standard 

deviation (SD) and range for EEG measurement (90 children) and neurocognitive testing (87 

children) 
 

Grade Group N Mean  SD  Maximum Minimum 

3–5  Music 22* 10.33 (10.38) 1.12 (1.13) 12.1 8.92 

 Control 21* 10.53 (10.57) 1.12 (1.10) 11.67 8.75 

7–9 Music 21* 14.35 (14.40) 1.02 15.83 12.92 

 Control 25 14.63 0.97 15.92 12.92 
 

*The number of participants in neurocognitive testing in these groups was one person fewer: 21, 20, and 20. The 

mean ages, ranges, and the SDs that were different are shown in parentheses. 

 

One hundred six children and adolescents aged 9–20 years participated in Study II. There were 

54 musically trained participants (32 females) and 52 untrained participants (26 females). The 

data are from 2-3 measurement cycles in the longitudinal study and therefore contain 

measurements from the same participants from different years. Not all participants took part in 

every measurement cycle. For the Digit Span test, twenty-five participants had only one 

measurement, 43 two, and 38 all three. For the Trail-Making Test, 43 children participated in 

one measurement and 61 in two. Table 2 contains information on the ages of participants in the 

music and control groups and on each of the measurement rounds for the Digit Span test and 

Table 3 the same for the Trail Making Test. 
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Table 2. Mean, minimum, maximum, and standard deviation of ages of music and control 

group participants in Study II for the Digit Span A and B tests 

 

Group Year Mean age Minimum age Maximum age Std. Dev. 

Control 2011 12.77 8.75 15.92 2.26 

Control 2013 14.61 10.43 17.81 2.45 

Control 2016 17.25 13.56 20.78 2.51 

Music 2011 12.46 8.92 15.83 2.31 

Music 2013 14.09 10.60 17.44 2.20 

Music 2016 16.76 13.50 20.29 2.30 
 

 

Table 3. Mean ages of music and control group participants in Study II for the Digit Span A 

and B tests. (The Digit Span test was conducted during three measurement cycles, and the 

TMT during two). 

 

Group Year Mean age Minimum age Maximum age Std. Dev. 

Control 2011 12.77 8.75 15.92 2.26 

Control 2013 14.61 10.43 17.81 2.45 

Music 2011 12.46 8.92 15.83 2.31 

Music 2013 14.09 10.60 17.44 2.20 
 

Study III had 66 participants aged 10-17 in ERP measurements and 80 participants in the 

neuropsychological tests, out of which 60 participants took part in both. Table 4 details the 

ages of participants separately for the music and control groups. 
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Table 4. Means ages and numbers of participants in the music and control groups for the 

ERP experiment and neuropsychological tests in Study III 

 

 ERP   EF tests  

 Music Control 
 

Music Control 

Mean age (range) 14.1 (10.6-17.4) 14.1 (10.4-17.8)  14.1 (10.6-17.4) 14.6 (10.4-17.8) 

N (males) 35 (15) 31 (14)  44 (18) 36 (17) 

 

In study IV, 44 participants (23 musically trained) aged 16–21 took part in the fMRI 

experiment, 63 (35 musically trained), aged 13-21 in the EEG experiment, and 103 (51 

musically trained) completed the neuropsychological tests. Data from neuropsychological tests 

from two previous measurement rounds were available for 24 participants and from one 

previous measurement round for 20 participants. Table 5 details the mean ages, and number of 

participants in each experiment. 

 

Table 5. Means ages and numbers of participants in the music and control groups for the 

ERP, fMRI experiment, and neuropsychological tests in Study IV 

 

 ERP  
 

fMRI  
 

Tests  

 Music Control  Music Control  Music Control 

Mean 
age (SD, 
range) 

17.03 
(2.36, 
13.5-21) 

17.22 
(2.42,13.6-
20.9) 

 18.3      
(1.66, 15.9-
20.7) 

18.3     
(1.72, 16.2-
20.7) 

 17           
(2.32, 13.5-
21) 

17.1 
(2.4,13.6-
20.9) 

N 35 28 
 

23 21 
 

51 52 

 

3.3 Procedure 

During the EEG experiments, the participants sat in an armchair in an acoustically attenuated 

and electrically shielded room. Sound stimuli in Studies I and III were presented via 

headphones (Sony Dynamic Stereo Headphones, MDR7506) at a sound pressure level of 60-
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65 dB in all studies with EEG experiments. In Study I, the EEG measurement was an oddball 

paradigm and contained only auditory stimuli. Here participants were allowed to watch a movie 

of choice during the experiment without the sound (subtitles were allowed) on a screen placed 

at a comfortable viewing distance. Study III in turn contained an audio-visual EEG experiment 

and in Study IV, the EEG paradigm was entirely visual. Here, the visual stimuli were presented 

on a computer screen placed at approximately 1.5m in front of the participant.  

Neurocognitive tests were administered in another quiet room by psychology majors 

before the EEG experiments. An experimental session with EEG and neuropsychological tests 

lasted for ~2.5 h. Tests took approximately 45 minutes, the EEG recording about 60 minutes, 

with 45 minutes reserved for discussion with the participants about the procedure, breaks, and 

for placing and removing the electrode cap.  

The MRI and fMRI acquisitions of Study IV were conducted at the ANI Centre of Aalto 

University on a separate occasion after the EEG and neuropsychological tests were conducted. 

The required safety screening measures were conducted prior to acquisition. Especially with 

the youngest participants, here 16-17-year-olds, special care was taken to ensure comfort, for 

instance by continuously monitoring the emotional state of the participants and reacting with 

assurance to possible distress, and by ensuring that participants had enough knowledge of what 

was going on to create a sense of predictability and control.  

3.4 EEG recording and MRI/fMRI acquisition 

The EEG recordings in Studies I, III, and IV were conducted in the same way. The BioSemi 

Active-Two system was used, the sampling rate for recording was 512 Hz, and 64 Ag–AgCl 

scalp electrodes were mounted in a BioSemi head cap according to the International 10–20 

system. Three additional active electrodes were placed on the nose and on the right and left 

mastoid to act as reference channels (only the mastoids were used in analyses). Electro-

oculogram for later removal of blinks and eye movements was recorded with electrodes placed 

above and at the outer canthus of the right eye.  

The MRI/fMRI images were acquired with a 3 T MAGNETOM Skyra whole-body 

scanner (Siemens Healthcare, Erlangen, Germany) with a 20-channel head coil. Functional 

echo planar images (EPI) were acquired with an imaging area consisting of 42 contiguous 

oblique axial slices with the following parameters: TR 2500 ms, TE 32 ms, flip angle 75°, voxel 

matrix 64 x 64, field of view 19.2 cm, in-plane resolution of 3 x 3 mm, and slice thickness of 
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3 mm. Image acquisition was performed at a constant rate, but it was asynchronized with 

stimulus onsets. Structural images were acquired using a T1-weighted sequence (3D MP-

RAGE) with a resolution of 1 mm3, using a 256 x 256 voxel matrix.  

Signed informed consent was obtained before each measurement from the parents of 

all underaged participants. A separate signable consent form was also created for 16-17-year-

olds to show appreciation, and oral consent was obtained from participants of all ages. Separate 

information sheets were designed for participants of different ages to ensure that oral or written 

consent was truly informed and that the procedure was explained in an age-appropriate way. 

Measurements were conducted by psychologists, or students of psychology or cognitive 

science, who took special care to monitor the state of child participants, inform the participants 

about what is going on, and ensure that the measurements were as comfortable as possible. The 

experiment protocol for all measurements was approved by the Ethical Committee of the 

former Department of Psychology, University of Helsinki, Finland.  

3.5 Stimuli  

3.5.1 Study I  

Study I employed the Chord paradigm (Figure 2) to record ERPs reflecting auditory change 

detection. Here, a deviant C minor triad chord (p = ~.16, N = 75) is presented among standard 

C major triad chords (p = ~.84, N = 455). The duration of the chord was 125 ms with rise and 

fall times of 5 ms, and onset-to-onset interstimulus interval (ISI)was 725 ms. The chords were 

composed of sinusoidal tones of 262, 330, and 392 Hz frequencies for the major chords and 

262, 311, and 392 Hz frequencies for the minor chords. In the paradigm, the chords were 

presented in a pseudo-random order. However, a deviant was always followed by two standard 

major chords.  



 

37 

 
 

Figure 2. Illustration of the chord paradigm 

3.5.2 Study III  

Study III employed the Audio-Visual paradigm to record ERPs related to selective attention 

and interference control. The auditory stimuli in the paradigm were a series of repeating 

standard sounds (p = .875, N=1110) and occasional novel sounds (p = .125, N=170). 

Standard sounds had the fundamental frequency of 500 Hz with two upper harmonic partials 

(−3 and −6 dB relative to the fundamental, respectively). There were 34 different novel 

sounds including environmental sounds such as dog barks and artificial noises. All sounds 

were 200 ms long with an onset-to-onset ISI of 500 ms. Novel sounds were presented in a 

random order but as every fifth sound of the sequence.  

While listening to the auditory stimuli, participants viewed a sequence of images of 

animals or non-animals, for example, a dog or a car. Images were positioned at the center of 

the screen on a white background. A constant SOA of 2000 ms was used so that there was a 

300-ms delay between each picture and the preceding sound. The sound preceding the image 

was on 50 % of trials a standard sound on 50% a novel sound, and these novel and standard 

trials were presented randomly. The task was to indicate with a button press whether the image 

on the screen was an animal or non-animal (separate buttons on either the right or left sides for 

both options, counterbalanced between participants) and to ignore the auditory stimuli. Figure 

3 provides a schematic of the paradigm.  
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Figure 3. Illustration of the ERP paradigm. A sequence of standard and novel sounds (SOA, 

500 ms) was presented in the background while the subjects engaged in a visual 

categorization task. N, Novel; S, Standard. Only responses to sounds preceding the pictures 

(by 300 ms) were included in the ERP analysis.  

3.5.3 Study IV 

Study IV employed fMRI and EEG versions of the Inhibition subtask from NEPSY-II 

(described in more detail in 3.4 Neuropsychological tests) to acquire BOLD activations and 

ERPs related to set shifting and inhibition, dubbed the Arrows fMRI and EEG paradigms. The 

Arrows fMRI paradigm (Figure 4) had four naming, four inhibition, and eight set shifting task 

blocks presented in random order. While in the scanner, the participant viewed a white or black 

arrow at the center of the screen pointing to the left or right and was asked to press a button 

with the left or right hand according to the instructions shown on the screen at the beginning 

of the block. In baseline or naming blocks, the instruction was to press the button in the same 

direction that the arrow was pointing, and in the inhibition blocks, the task was to respond in 

the opposite direction. In the set shifting blocks, the participant was instructed to respond with 

the congruent or incongruent hand depending on the color of the arrow. Fifty percent of the set 

shifting blocks required the incongruent response and the other half the congruent response, 

requiring switching between the congruent trials that correspond to the naming condition and 

the incongruent trials that correspond to the inhibition condition. Our main interest was to 

investigate how the additional shifting and working memory demands in the set shifting 

condition would affect the contrast between the shifting-congruent vs. baseline and shifting-

incongruent vs. inhibition contrasts and how brain activity revealed by these contrasts differ 

between the groups 

The arrow stimuli in the Arrows fMRI paradigm were presented for 2500, 5000 or 7500 

ms. A black fixation cross on a white background was presented between trials for 12.5 

seconds. 48 trials for each condition (baseline, inhibition, set shifting) were presented, for a 
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total of 192 trials, which were split over two runs. The shifting rule, i.e. the color of the arrow 

indicating whether to respond with a congruent or incongruent button press, was switched 

between runs. Figure 4 shows examples of the baseline, inhibition, and set shifting trials along 

with correct responses.

Figure 4. Illustration of the fMRI Arrows paradigm. A sequence of black and white arrows 

was presented with the task of pressing a button in the same or in the opposite direction, 

either irrespective of (naming and inhibition) or depending on (set shifting) the color of the 

arrow, according to the instruction of the set. 

The EEG Arrows paradigm (Figure 5) included only the set shifting task, requiring the 

participant to switch between a congruent and an incongruent response according to the color 

of the stimulus. The stimuli were presented for 1000 ms, and the SOA was 1500 ms. There 

were altogether 100 stimulus presentations per run and two runs. Here too the shifting rule 

changed between runs. The stimuli were presented in pseudorandom order with no more than 

two same stimuli in sequence. The total duration of the task was 2 x 2,5 minutes. 
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Figure 5. Illustration of the EEG Arrows paradigm. A sequence of black and white arrows 

was presented with the task of pressing a button in the same or in the opposite direction, 

according to the instruction of the set presented at the beginning of the task. ERPs to 

congruent and incongruent stimuli and response times were included in analyses. 

3.6 Neuropsychological tests

The inhibition subtest from the NEPSY-II test battery (Korkman et al., 2008) was administered 

in Studies I, III, and IV to investigate inhibitory control and set shifting. The test contains three 

conditions: naming, inhibition, and set shifting. The inhibition condition assesses a 

participant’s ability to inhibit automatic responses and the set shifting condition the ability to 

alternate between two response strategies prompted by a changing cue. The first condition of 

the test is called Naming, and the participant simply names shapes (square/circle) and the 

directions of arrows (up/down). The second Inhibition condition requires the participant to 

name the opposite shape (‘circle’ if square; ‘square’ if circle) and the direction of the arrow 

(‘up’ if down; ‘down’ if up). The third condition, Set shifting, requires the participant to switch 

between naming the shape or the direction of the arrow and naming the opposite shape or 

direction, based on the colour of the shape or the arrow (if white, naming; if black, inhibition 

and naming the opposite). The shapes and arrows are presented to participants from a booklet 

placed on a table in front of the participant. The participant may point to the shapes or arrows 

on the booklet while reciting answers. The experimenter marks correct and incorrect responses 

and takes the time required for completion with a stopwatch.

In Study I, the Verbal Fluency subtest from the same test battery was used to investigate 

fluency, a part of cognitive flexibility. The Verbal fluency task has a phonetic and semantic 

subtask, where participants are allowed one minute to come up with as many words starting 

with the letter k, and then one minute to come up with as many foods or drinks as possible. The 
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experimenter writes down the number of responses for each category, and the sum forms a total 

score in verbal fluency.  

In Studies I and II, the Trail-making test (TMT-A, TMT-B; Poutiainen et al., 2010) was 

used to index set shifting and verbal working memory maintenance and updating. The TMT-B 

in was used in Study I, and both the TMT A and B in Study II. The Digit span test from WISC-

IV (Wechsler, 2010) was used as another measure of verbal working memory (backward digit 

span in Study I and both backward and forward digit span in Study II).  

In the Digit Span forward test, the experimenter reads out loud a series of digits, for instance, 

8-4-9-7, and the participant is asked to immediately recite them from memory in the same 

order: 8-4-9-7. In the Digit Span backward test, participants are required to immediately recite 

the presented digits in the reverse order, e.g., the experimenter reads 1-3-5-8, to which the 

correct answer would be 8-5-3-1. There are up to 8 rounds of two sequences of three to eight 

digits, with one to-be-memorized digit always added to the sequence in the next round. The 

forward test requires active maintenance of information in mind, and the backward tests also 

manipulation of this information. The total number of digits that the participant is able to 

correctly recite makes up the score in the test. 

The TMT-A requires the participant to connect digits printed randomly on paper by 

drawing a line from number to number in sequential order. The Trail-Making Test B requires 

participants to alternate between connecting numbers and letters printed on the paper in order 

(1-A-2-B-3-C…). Both tests require maintenance of the rule of the task in mind and also 

maintaining awareness of where one is progressing on the sequence of digits (A) and both digits 

and letters (B). Performance is measured by the time taken to complete the test. 

The Vocabulary and Block design subtests from WISC-IV were used to control for 

general cognitive ability in Study I. The Vocabulary subtest requires the participant to explain 

the meaning of a set of words by providing definitions or synonyms. The definitions are given 

a score of 0-2 based on accurateness. In the Block design subtest, the participant is asked to 

construct shapes with red-and-white blocks according to a model. Points are given for correct 

answers and in the more difficult models, additional points are given for quicker performance. 

A combined score created by calculating the mean of normalized raw scores from the two tests 

was used in analyses. 
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3.7 Data analysis  

3.7.1 Study I  

The EEG data were analyzed with BESA 5.1. Noisy channels were excluded, automatic artefact 

correction based on PCA (principal component analysis) (Ille et al., 2002) was used for eye 

movement and blink correction, and the data were filtered offline between 1–20 Hz. Epochs 

from 100 ms prior to and 400 ms after stimulus onset were extracted and baseline corrected 

against the 100-ms pre-stimulus interval. Epochs with voltage exceeding ±100 μV at any 

channel were discarded and the remaining epochs were re-referenced to the average of the two 

mastoids. Epochs for the standard and deviant stimuli were averaged separately. MMN and 

P3a mean amplitudes were calculated over 60-ms time windows from deviant-minus-standard 

difference signals (170–230 ms and 320–380 ms from sound onset, 

respectively) from the frontal F3, Fz, and F4 electrodes.  

Multivariate ANOVA with an age group x music training design was used to examine 

performance in neuropsychological tests. For the response amplitudes, we first used a 

preliminary repeated measures ANOVA (rANOVA) to examine response scalp distributions 

with the factors age x group x music training x performance x left-midline-right (F3, C3 and 

P3 vs. Fz, Cz and Pz vs. F4, C4 and P4), and frontal-central-posterior (F3, Fz and F4 vs. C3, 

Cz and C4 vs. P3, Pz and P4). Preliminary analyses indicated that MMN and the P3a showed 

frontal distribution and the differences between the age groups and the music and control 

groups were also evident at the frontal electrode sites.  

The frontal electrodes F3, Fz, and F4 were used in the subsequent main analyses where 

an rANOVA with an age group x music training x performance x electrode (F3, Fz, and F4) 

design was used to investigate the connections between test performance and P3a and MMN 

amplitudes. Only the inhibition and set shifting subtests were selected for further analyses as 

the musically trained children outperformed the untrained children in these tasks. A 

standardized score was formed of the total completion times in each of the subtests for each 

age group, and the music and control groups separately. These scores were used in two separate 

analyses as categorical above-or-below median, and as a continuous measure of performance.  

The categorical measure was calculated in order to enable comparison of MMN and 

P3a amplitudes in above-median performing vs. below-median performing individuals within 

the Control and music groups and at different ages. Post hoc pairwise comparisons with 

Bonferroni correction were used to further investigate significant interactions. The results from 
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analyses with the continuous measure of performance concurred with the results from analyses 

with the categorical measure. 

3.7.2 Study II  

Completion times in the TMT-A and B, and the number of correctly recited digits in the digit 

span forward and backward tests were included separately in analyses of test performance. 

Linear mixed modeling was selected as it allows a different number of data points across 

participants and takes into account that data correlates within a participant. The effect of age 

and group (music or control) on test performance was modeled in R with linear mixed modeling 

using the lmer function [Test Score ~ Age * Group + (1|participant)] of the Lme4 package 

(Bates, 2005; Bates et al., 2007). Age was mean-centered so that the significant effect of Group 

indicates a group difference in the test score at the average age of the participants (mean ages 

for the digit span and TMTs were 14.39 and 13.44 years, respectively). Values below the Q1–

1.5 * IQR (inter-quantile-range) or above Q3 + 1.5 * IQR were classified as outliers and 

replaced by the lower or upper cutoff values of this range, respectively. This procedure was 

applied twice for the Digit span backward and Trail Making A data and five times for the Trail 

Making B data. 

3.7.3 Study III  

EEG data preprocessing and analyses were conducted in MATLAB using the EEGLAB 

toolbox (v. 13.5.4b; Delorme & Makeig, 2004). Continuous data were high-pass filtered at 0.5 

Hz (Hamming windowed sinc FIR filter). Epochs from 100 ms before to 500 ms after stimulus 

onset were extracted and referenced to the average of the two mastoid channels. Only the 

standard sounds that also preceded the stimulus picture by 300 ms were included in the analysis, 

as novel sounds were always presented 300 ms before the picture onset. Noisy epochs were 

removed through visual inspection, and noisy channels were identified and excluded. 

Independent component analysis (ICA) was conducted, and the component topography maps 

were used to identify and remove eye and other movement artefacts. After this, the data were 

low-pass filtered at 30 Hz. Epochs with voltage exceeding ±100 μV at any channel were 

automatically rejected, in total an average of 7.7% (SD: 5.4%) of epochs. After this, the data 

for the noisy/excluded channels were interpolated, and epochs were averaged separately for 

standard and novel sounds. Mean novel-minus-standard difference amplitudes were calculated 

over a 50-ms time window centered at 125 ms to capture N1/MMN, at 225ms to capture the 
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early P3a, and at 325ms for the late P3a. The mean amplitude over the electrodes Fz, FC1, FCz, 

FC2, C3, C1, Cz, C2, C4, CP1, CPz, CP2, and Pz was used in the statistical analyses of group 

and age effects, reflecting the observed scalp distributions of the MMN and P3a. The novel-

minus-standard amplitudes of the N1/MMN, eP3a, and lP3a were analyzed with separate one-

way ANOVAs with predictors of group (music vs. control) and age (continuous).  

Only trials with correct responses were included in the analysis of behavioral 

performance. Reaction times (RT) and the number of incorrect button presses (error rate, ER) 

were calculated separately for the pictures following the novel and standard sounds. The RTs 

and ERs were analyzed with separate repeated-measures ANOVAs with the categorical 

between-participant factors stimulus (novel, standard) and group (music, control), and age as a 

continuous predictor.  

3.7.4 Study IV 

fMRI data preprocessing was carried out using the fMRIprep pipeline (Esteban et al., 2019). 

Structural T1-weighted (T1w) images were corrected with N4BiasFieldCorrection (Tustison et 

al. 2010).  Brain surfaces were reconstructed using recon-all (FreeSurfer 6.0.1, Dale et al., 

1999). Brain tissue segmentation was performed on the brain-extracted T1w using fast (FSL 

5.0.9, Zhang et al., 2001). Functional data were slice-time corrected using 3dTshift from AFNI 

20160207 (Cox & Hyde 1997). The BOLD time-series were resampled and corrected for head 

motion. The BOLD reference was co-registered to the T1w using bbregister (FreeSurfer). 

Finally, functional data were spatially smoothed with a Gaussian kernel (9.0 mm FWHM). 

Analyses of fMRI data were conducted with SPM12. To reveal regions activated by 

naming, inhibition and set shifting, a general linear model (GLM) was fitted to the data where 

the design matrix included regressors for the stimuli in each condition (i.e., four regressors 

altogether). The following contrast images were computed: set shifting trials > inhibition & 

naming trials, incongruent set shifting trials > inhibition trials and congruent set shifting trials 

> inhibition trials. The effects of group were modeled in the second-level analysis with age and 

sex as covariates. Clusters surviving family-wise error (FWE) correction (P < 0.05) are 

reported. 

EEG data preprocessing and analyses were conducted in MATLAB using the EEGLAB 

toolbox (v. 13.5.4b; Delorme & Makeig, 2004). The data were re-referenced to the average of 

the mastoid channels, and bad channels were excluded, and channel drift removed with the 

clean_rawdata plugin. Flatline criterion was set to lack of activity for 5 seconds or more, 



 

45 

minimum acceptable correlation to other channels 0.8, and a filter transition band of 0.25- 0.75 

Hz was used to remove channel drift. Independent component analysis (ICA) was conducted 

and the ICLabel plugin was used to identify and then remove artefactual components such as 

eyeblinks. The clean_rawdata plugin was then used to employ ASR (Artifact Subspace 

Reconstruction) to clear the data of any remaining artefacts. The standard deviation cutoff for 

removal of bursts (via ASR) was set to 20, and the parts of data where the variance was larger 

were removed. The data were then low pass filtered at 30 Hz, and epochs from 100 ms before 

to 1500 ms after stimulus onset were extracted. Bad channels were interpolated. After this, 

epochs were averaged separately for congruent and incongruent stimuli.  

Differences in performance as measured with reaction times (RTs) and the number of 

incorrect responses in the Arrows EEG and the Arrows fMRI task were modeled with ANOVA 

(Group (Music vs. Control) x Stimulus (incongruent vs congruent)).  

To further the effects of group, age and channel location on the P3b, mean amplitudes 

calculated over a 50-ms time window centered at 350 ms at electrodes FC3, FCz, FC4, P3, Pz, 

P4, Oz and O2 were subjected to a repeated measures ANOVA with factors Group (Music vs 

Control) x Stimulus (incongruent vs congruent) x Laterality (left-center-right) x Anterior-

Posterior (frontal-central-posterior). To quantify the connections between response amplitude 

and task performance, correlations between the response amplitude at POz (where the response 

was maximal) and reaction times were computed separately for the incongruent and congruent 

trials.  

The effect of age and group membership on set shifting test performance across three 

measurement rounds was modeled with a linear mixed model using the lmer function with 

Satterthwaite approximation for degrees of freedom of the lme4 package in R (Bates, 2005; 

Bates et al., 2007). Age was mean-centered so that the significant effect of Group indicates a 

group difference in the test score at the average age of the participants. Linear mixed modeling 

was selected as the analysis since it allows different numbers of data points across subjects and 

accounts for correlations of the data within a subject.  
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4. Results  

4.1 Study I Maturation of auditory change detection, music training, and 

executive functions 

The aim of Study I was to investigate the maturation of MMN and P3a responses and the 

influence of executive functions on this maturation in musically trained and untrained 9–11 -

year-olds and 13–15-year-olds. We expected to see differences in performance and response 

amplitudes between the music and control groups. The results show that on average, musically 

trained children outperformed their untrained peers in tasks for inhibition and set shifting and 

exhibited MMN responses larger in amplitude than musically untrained children. Performance 

in the set shifting task was connected to age-related growth of MMN and P3a amplitudes, with 

different trajectories for MMN enhancement in the music and control groups.  

Behavioral results showed that children in the older age group (13-15) showed better 

performance in all neurocognitive tests than children in the younger age group (9-11). 

Musically trained participants also had significantly shorter completion times than untrained 

participants in the naming, inhibition, and set shifting tasks of the Inhibition test (see Table 6 

for the average performance of the Control and music groups in the neurocognitive tests, and 

significance levels for group differences). There were no music and control group differences 

in performance in the other neurocognitive tests. Age of music training onset was not 

significantly correlated with performance in these tasks when the chronological age of the 

participant was controlled for (P = 0.292–0.423). However, there was very little variance across 

participants in the starting age for music training.  

 

 

 

 

 

 

 

 

 



 

47 

Table 6. Mean completion times for the music and control groups (pooled across age groups) 

in the neurocognitive tests. The rightmost column indicates the statistical significance of the 

group differences. A Bonferroni correction was used to correct for multiple comparisons. An 

asterisk denotes the tests that showed significant differences between the music and control 

groups. 

 

 
Control 
Mean (SD) 

 Music 
Mean (SD) 

F (d.f) Significance η2 

Naming, completion time (s)* 45.5 (11.9)  40.9 (8.5) 8.398 (3.73) P = 0.005 0.102 

Inhibition, completion time (s)* 60.4 (13.4)  53.3 (12.6) 10.954 (3.73) P = 0.001 0.129 

Set shifting, completion time 

(s)* 94.7 (19.7) 

 

85.1 (20.3) 10.327 (3.73) P = 0.002 0.122 

Verbal fluency 65.1 (19.5)  67.1 (21.2) 1.202 (3.73) P = 0.276 0.016 

Digit span backward 7.67 (1.54)  7.4 (1.63) 0.667 (3.73) P = 0.417 0.009 

TMT-B, completion time (s) 94.8 (49.6)  80.6 (26.2) 2.664 (3.73) P = 0.107 0.035 

Block design, points 45.5 (10.2)  47.6 (11) 1.210 (3.73) P = 0.275 0.016 

Vocabulary, points 43.6 (10.9)  45 (11) 1.563 (3.73) P = 0.215 0.021 

Combined Block design & 

Vocabulary 

–0.074 

(0.90) 

 0.059 

(0.85) 2.137 (3.73) P = 0.148 0.028 

 

Results from ERP analyses revealed a negative deflection in the typical MMN time range (100–

250 ms), followed by a shift towards positive polarity, interpreted as the P3a, at 300–400 ms, 

in all groups. Preliminary rANOVA showed largest amplitudes for both responses at frontal 

electrode sites (main effect of frontal–posterior: MMN, F 1,84 = 9.6, P = 0.000, g 2 = 0.103; 

P3a, F 1,84 = 17.991, P = 0.000), g 2 = 0.176) and an increase in amplitude with age (main 

effect of age group: MMN, F 1,84 = 7.661, P = 0.007, g 2 = 0.084; P3a, F 1,84 = 4.355, P = 

0.040, g 2 = 0.049). The MMN was larger in the music group than in the control group (main 

effect of music training: MMN, F 1,84 = 6.119, P = 0.015, g 2 = 0.068). Figure 4 depicts maps 

showing the scalp topographies of amplitude distribution.  
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Figure 4. The scalp topographies of MMN and P3a amplitude distribution in two age groups, 

separately for subjects with high and low performance in the set shifting task, and for the 

music and control groups 

 

Figure 5 shows the standard and deviant responses from frontal, central, and temporal electrode 

sites for both above-median performing and below-median performing 9-11-year-olds in the 

music and control groups, and Figure 6 shows these for the 13–15-year-olds. 
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Figure 5. The standard and deviant responses from 9–11-year-old participants from frontal, 

central, and temporal sites. The responses are presented separately for subjects with above-

median (high) and below-median (low) performance in the set shifting task, and for the music 

and control groups. 
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Figure 6. The standard and deviant responses from 13–15-year-old participants from frontal, 

central, and temporal sites. The responses are presented separately for subjects with above-

median (high) and below-median (low) performance in the set shifting task, and for the music 

and control groups. 
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The main rANOVA showed a significant main effects of music training (F 1,77 = 6, P = 0.006, 

g 2 = 0.094) and age group (F 1,77 = 5.18, P = 0.026, g 2 = 0.063) on MMN amplitude, and 

also an interaction between group, age group and high/low performance in the set shifting task 

(F 1,77 = 5.02, P = 0.028, g 2 = 0.061). According to post hoc pairwise comparisons, the older, 

above-median performing control group children had larger MMN amplitudes than low 

performers (P = 0.048), and an age-related increase in MMN was found only in the above-

median performing children (P = 0.02). Conversely, in the music group, there was an age-

related increase in MMN amplitude only in the below-median performing children (P = 0.028). 

As the musically trained above-median performing children already showed large MMN 

responses at ages 9-11 years, no difference in MMN amplitude between the age groups (ages 

9–11 years and 13–15 years) in the above-median performing music group was observed (P = 

0.377). 

These age-related effects were reflected in MMN amplitude differences between the 

music and control groups. In the above-median performing group, music group children had 

larger MMN amplitudes than control group children in the younger (P = 0.024) but not in the 

older age group (P = 0.343). In the below-median performing group, music group children 

showed larger MMN amplitudes than the control group children only in the older age group (P 

= 0.005). In sum, in the music group, age-related MMN enhancement was observed in the 

below-median performing subgroup, whereas in the control group it was evident only in the 

above-median performing subgroup. No age-related changes in MMN amplitude were seen in 

the above-median performing music group children, who already showed large amplitudes at 

younger ages and in whom the amplitude remained large. There was also no age-related change 

in MMN amplitude in the below-median performing control group children, whose response 

amplitudes were small at younger ages and remained small. 

For the P3a amplitude, the rANOVA showed significant main effects of age group (F 

1,77 = 9.5, P = 0.003, g 2 = 0.110) and high/low performance in the set shifting task (F 1,77 = 

6.3, P = 0.014, g 2 = 0.076), and an interaction between age group and high/low performance 

in the set shifting task (F 1,77 = 5.1, P = 0.026, g 2 = 0.063). No significant differences between 

the music and control groups emerged. Post hoc pairwise comparisons revealed that, in the 

older age group, above-median performing children had larger P3a amplitudes than below-

median performing children (P = 0.001), and age-related increase in P3a amplitude was 

significant only in the above-median performing group (P = 0.001). There were no statistically 

significant differences in P3a amplitude between the age groups in the below-median 
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performing group (P = 0.549). In sum, an age-related increase in P3a amplitude was evident 

only in the above-median performing children, regardless of music training. Figure 7 depicts 

the MMN and P3a amplitudes by age group in the music and control groups as well as the 

differences in mean MMN and P3a amplitudes in the groups.  

 

 

 
 

Figure 7. (A) Deviant-minus-standard difference waveforms from the average of electrodes 

F3, Fz and F4 separately for the 9–11-year-olds and 13–15-year-olds in the music and control 

groups with high and low performing in the set shifting task. (B) MMN and P3a amplitudes 

from the average of electrodes F3, Fz, and F4, with significant age effects for children with 

high and low median performance in the set shifting task. 

4.2 Study II Enhanced working memory maintenance, but not updating in 

musically trained children and adolescents 

Study II aimed at exploring differences in working memory performance between musically 

trained and untrained individuals, aged 9–20. We measured working memory with the TMT-

A, TMT-B, and digit span tests, and hypothesized that the music group participants would 

outperform their control group peers. The performance of participants in all tests except for the 

digit span backward test improved with age, and musically trained participants outperformed 

untrained participants in the digit span forward test, but not in the backward test, and in the 
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TMT-B. However, the group difference depended on age. The difference between performance 

in the music and control groups decreased with age, and a similar age-dependent effect was 

also found for performance in Trail-Making Test B.  

Performance in the digit span forward test improved with age (estimated increase in 

span per year: 0.22, p < 0.001) and the music group outperformed the control group 

(estimates for the music and control groups: Control difference in span: 0.56, p < 0.05) with 

no significant interaction (group x age) between the predictors. For the digit span backward 

test, there were no significant effects of Age or Group or and no significant interactions. ̛In 

the TMT-A and B, performance improved with age (estimate for the decrease in completion 

time per year: A: −2.87, p < 0.001, B: −9.25, p < 0.001). For TMT-A, there was a trend-level 

effect and for TMT-B a significant effect of group, indicating that the music group 

outperformed the Control (A: estimate for the Music < Control difference: −2.50, p < 0.07, B: 

estimate for the Music < Control difference: −12.06, p < 0.05). Figure 8 depicts associations 

between test performance, age and group. 

 

 
Figure 8. Performance of participants in the Digit Span forward and backward, and the Trail-

Making A and B tests across all age groups. The music and control groups are represented 

with different colors, and with different line types (music group depicted with the dashed 

line). 
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In both tests, there was also a significant interaction between Age and Group, indicating that 

the group difference was more pronounced in the younger children and decreased with age 

(TMT-A: estimate for the Music < Control differences in the change in completion time per 

year: 1.11, p < 0.05, TMT-B: estimate for the Music < Control differences in the change in 

completion time per year: 4.69, p < 0.05) (Figure 9). 

 

 
 

Figure 9. The intercepts (i.e., estimated performance at mean age) and slopes (i.e., estimated 

change in performance with age) for each test separately for the music and control groups. 

The error bars indicate 95% confidence intervals. *p < 0.05, †p = 0.07. 

4.3 Study III Enhanced selective attention in musically trained participants 

In Study III, we aimed at investigating whether skills for selective attention and related P3a 

responses mature differently in musically trained and untrained children and adolescents.  

We measured P3a responses during a visual categorization task with novel sound 

distractors (the Audio-Visual paradigm) and included behavioral measures for inhibitory 

control and set shifting from the NEPSY-II. We expected the music group to outperform the 

control group in all of the tasks and to exhibit smaller P3a responses to distracting novel sounds 

in the categorization task than the control group.  

The results showed that the novel sounds in the Audio-Visual paradigm elicited an N1/MMN 

response peaking at ~125 ms and a P3a-like response peaking at ~225 ms (Figure10, a-c.  
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Figure 10. (a) Novel and standard responses for the music and control groups. (b) Scalp 

distribution of the MMN, eP3a, and lP3a (pooled across groups) showing the largest 

amplitude at the central midline channels. (c) The novel-standard difference signal (pooled 

across subjects) at Cz. The shaded areas in the ERP plots indicate SEM. 
 

The amplitude of the N1/MMN novel-minus-standard amplitude grew with age (main effect of 

age: F[1,62] = 6.308, p < .05) and conversely, the amplitude of the early P3a novel minus-

standard reduced with age (main effect of age: F[1,62] = 4.312, p < .05). The early P3a 

amplitude was larger in the control group than in the music group (main effect of group: F[1,62] 

= 4.107, p < .05).  

For the late P3a time range, there was a significant group × age interaction (F[1,62] = 

6.571, p < .01), indicating that the lP3a novel-minus-standard amplitude reduced with age more 

steeply in the control group than in the music group (Figure 11). Post hoc comparison of the 

estimated mean response amplitudes at the lower quantile of the age range revealed a larger 

lP3a amplitude in the control group than in the music group while there was no significant 

difference in the estimated means amplitudes between the groups at the upper quantile of the 

age range. Follow-up ANOVAs for novel and standard response amplitudes (calculated over 

the 300- to 350-ms time window) suggest that the interaction resulted for the novel sound 

amplitudes being modulated by age and group (group × age interaction for novel sounds: 

F[1,62] = 3.6408, p < .062; for standard sounds: F[1,62] = 0.1882, p > .66). No other significant 

main effects or interactions were observed for any of the responses.  
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Figure 11. (a) The novel-minus-standard difference signals at Cz in the younger and older 

subjects separately for the music and control groups (note that age was used as a continuous 

predictor in the main statistical analyses and the age median split was done for illustration 

purposes). (b) The age effect in the music and control groups. 

 

In the categorization task of the Audio-Visual paradigm, the music group made fewer errors 

than the control group (main effect of group: F[1,73] = 4.637, p < .05; Figure 4a). Error rates 

reduced with age irrespective of group (main effect of age: F[1,73] = 24.430, p < .001). No 

other significant effects on error rates were observed (all p > .1). On trials that followed the 

novel sounds, reaction times were significantly faster than on trials following the standard 

sounds (main effect of stimulus: F[1,73] = 8.373, p < .01). Reaction times (RTs) for both types 

of trials reduced with age (main effect of age: F(1,73) = 20.032, p < .001). The difference in 

RTs between novel and standard trials correlated positively with the lP3a peak amplitude at Cz 

(r[64] = 0.29, p < .05), even after adjusting for age and group (p < .05). Thus, even though on 

average the RTs on novel trials were faster than on standard trials, participants with large lP3as 

showed slower RTs on novel trials than on standard trials. Figure 12a shows significant group 

difference in test performance, and 12b the association between the novel-standard difference 

in RTs and lP3a amplitude. 

 



 

57 

 
Figure 12. (a) Percentage of correct responses in the ERP task and completion times for the 

inhibition and shifting subtests. The error bars indicate 95% confidence intervals. *p < .05; 

**p < .01; ***p < .001 (b) The relationship between lP3a amplitude and novel-minus-

standard RTs. Turquoise area on the left: novel trial RTs > standard trial RTs; purple area on 

the right: standard trial RTs > novel trial RTs. 
 

In the inhibition (F[1,76] = 17.027, p < .001) and the set shifting (F[1,76] = 7.786, p < .01) 

subtests (Figure 3a), completion times were faster for the music group than for the control 

group. In both groups, completion times shortened with age (inhibition: F[1,76] = 30.123, p < 

.001; set shifting: F[1,76] = 32.666, p < .001). There were also positive correlations between 

completion time in the inhibition task, peak amplitude of the lP3a at Cz (r[58] = 0.31, p < .05), 

as well as RTs on the novel (inhibition: r[68] = 0.35, p < .01; shifting: r[68] = 0.32, p < .01) 

and standard trials (inhibition: r[68] = 0.38, p < .01; set shifting: r[68] = 0.35, p < .01), after 

adjusting for the effect of group and age. 

4.4 Study IV Differences in activation of the dorsal attention network and P3b 

topography in a set shifting task between musically trained and untrained 

participants 

Study IV was a semi-longitudinal experiment on the functional neural mechanisms of 

inhibitory control and set shifting in musically trained and untrained adolescents aged 13–21 

years. We created computerized EEG- and fMRI-compatible versions (Arrows EEG and 

Arrows fMRI) of the neuropsychological inhibition and set shifting subtests employed during 
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two previous measurement rounds to be able to 1) compare behavioral, electrophysiological 

and blood oxygen–level (BOLD) correlates of performance in the same task 2) explore age-

related changes in behavioral task performance. We expected decreased BOLD activation in 

musically trained individuals compared to untrained peers during the most demanding set 

shifting task trials, reflecting neural efficiency. We also hypothesized that P3b responses to 

target stimuli in the EEG version of the task would be larger in the music group than in the 

control group. Finally, we did not expect to see differences in task performance in the 

neuropsychological tests. 

In both the Arrows EEG and Arrows fMRI tasks, ANOVA revealed longer RTs for the 

incongruent than congruent stimuli in both the music and control groups (main effect of 

stimulus). No significant group differences were found in RTs in either the EEG or the fMRI 

versions. Also, no significant effects of group membership emerged on the number of correct 

responses in either the Arrows EEG or the Arrows fMRI tasks. The results of the ANOVAs are 

summarized in Tables 7 and 8.  

 

Table 7.  Results of the ANOVA on the effects of group and stimulus type (congruent vs 

incongruent) on reaction times (RTs) in the Arrows EEG task and the Arrows fMRI task 

Arrows EEG      

 
Effects DFn F p Ges 

 

Group 1 2.22 0.141 0.034 

Stimulus 3 32.4 0.000*** 0.023 
 

Group x Stimulus 3 0.68 0.414 0.000 

Arrows fMRI      
 

Group 1 0.026 0.872 0.001 
 

Stimulus 3 189.11 0.000*** 0.455 
 

Group x Stimulus 3 0.709 0.548 0.003 

*** p = <0.001 
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Table 8. Results of the ANOVA on the effects of group and stimulus type (congruent vs 

incongruent) on the number of correct responses in the Arrows EEG task and the Arrows 

fMRI task 

Arrows EEG      
 

Effects DFn F p Ges 

 

Group 1 1.58 0.214 0.022 
 

Stimulus 3 2.69 0.106 0.005 
 

Group x Stimulus 3 1.48 0.229 0.003 

Arrows fMRI      
 

Group 1 0. 538 0.468 0.007 
 

Stimulus 3 25.118 0.000*** 0. 204 
 

Group x Stimulus 3 0.042 0.988 0.000 
*** p = <0.001 

 

The linear mixed model on the effects of age and group on set shifting neuropsychological test 

performance across three measurement rounds revealed significant main effects of age and 

group, but no significant interaction, summarized in Table 9. Figure 13 shows the test 

performance in the two groups as a function of mean-centered age. 

Even though there was no interaction between age and group, we still tested whether 

data from only the last measurement round with the oldest participants, aged 13-21, would 

show an effect of music training, as the behavioral results of the Arrows EEG task showed no 

effect of group. A Welch Two Sample t-test revealed no group differences in the set shifting 

task in this subgroup (t = 1.3031, df = 57.368, p = 0.1978) 
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Table 9.  Results of the linear mixed model analysis on the effects of age and group 

membership on test performance  
 

Effects Mean sq NumDF DenDF F Pr(<F) 

Age 20054.1 1 211.377 156.97 0.000*** 

Group 1885.1 1 99.737 14.76 0.000*** 

Age x Group 53.0 1 208.840 0.42 0.520 
 
*** p = <0.001 

 
 

Figure 13. Set shifting completion time as a function of mean-centered age. A significant group 

(music vs control) difference in set shifting test performance emerged.  

 

Both the incongruent and congruent stimuli in the Arrows EEG task elicited a parietally 

maximal P3b-like response (Figure 14 A and B). Reaction times in the task correlated 

negatively with the P3b amplitude, i.e., the larger the response, the faster the reaction time, 

irrespective of age or group membership (Figure 14C).  
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Figure 14. P3b responses (A) and scalp topographies of the P3b response (B) to congruent 

and incongruent stimuli, separately for the music and control groups. Correlations between 

P3b amplitude and reaction times in the EEG Arrows task (C). 

ANOVA on group differences in topography indicated that the P3b was more posteriorly 

distributed in the music group (p=0.0208, with Greenhouse-Geisser correction p=0.040). Table 

10 summarizes the results of the ANOVA.

Table 10. Results of the ANOVA on the effects of age, group membership, stimulus and 

location on response amplitude

Effects DFn DFd F p

Group 1 61 0.8066537 0.3730

Stimulus 1 61 13.5613599 0.0005**

Laterality 2 122 28.6353835 0.0000***

Anterior/Posterior 2 122 37.3381931 0.0000***

Group x Stimulus 1 61 0.6259287 0.4319
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Group x Laterality 2 122 0.3055774 0.7373

Group x Anterior/Posterior 2 122 3.9991336 0.0208*

Stimulus x Laterality 2 122 3.6581879 0.0286*

Stimulus x Anterior/Posterior 2 122 3.7692873 0.0258*

Lat x Anterior/Posterior 3 244 34.9482195 0.0000***

Group x Stimulus x Laterality 2 122 2.8375499 0.0624

Group x Stimulus x Anterior/Posterior 2 122 0.8888194 0.4138

Group x Laterality x Anterior/Posterior 4 244 1.8379597 0.1222

Stimulus x Laterality x Anterior/Posterior 4 244 1.7728853 0.1349

Group x Stimulus x Laterality x Anterior/Posterior 4 244 1.0818291 0.3661

The fMRI data indicated that the set shifting condition (all set shifting trials > naming and 

inhibition conditions) activated areas of the frontal, temporal and parietal cortices, the anterior 

insula, and the cerebellum (Figure 15.)

Figure 15. Activations during the set shifting condition (when contrasted with the naming 

and inhibition conditions) in frontal, temporal and parietal cortices, the anterior insula, and 

the cerebellum. The colorbar indicates t-value. 
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With regard to group differences, the contrast between the incongruent trials in the set shifting 

condition and the inhibition trials (i.e. identical stimuli and stimulus-response mapping) 

revealed stronger right-lateralized activity in the control group than in the music group in areas 

of the dorsal attention network (Figure 16) including the right supramarginal gyrus and middle 

frontal gyrus/frontal eye field, the superior parietal lobules, the angular gyrus, the lingual gyrus, 

the cerebellum, as well as the occipital poles, and inferior occipital gyri in the visual cortices. 

No other contrasts revealed group differences, and no effects of musicians showing stronger 

activations were found.

Figure 16. The control group showed higher activity (P < 0.05, corrected for multiple 

comparisons at the cluster level) than the music group for the set shifting incongruent 

inhibition contrast in areas of the dorsal attention network including the right supramarginal 

gyrus (SMG) and middle frontal gyrus/the frontal eye field (MFG/FEF), the superior parietal 

lobules (SPL), the angular gyrus (ANG), the lingual gyrus (LING) as well as the cerebellum 

(CBM), and in areas of the visual cortex (the occipital poles (OP), and inferior occipital gyri 

(IOG)). The colorbar indicates t-value. 
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5. Discussion 

5.1 Enhanced set shifting, inhibition, working memory and selective attention 

task performance in musically trained participants 

Across Studies I-IV, musically trained participants outperformed untrained peers in various 

behavioral tasks for executive functions. Study I and III reported enhanced performance in the 

NEPSY-II Inhibition subtasks for inhibition and set shifting, but Study IV no longer found a 

group difference in performance in these tests in the oldest age group of participants, or in 

performance in the same task conducted during EEG. Study II reported a musician advantage 

in the working memory maintenance tasks digit span forward and TMT-A and TMT-B but not 

the digit span backward that also targets working memory updating. Here too, the difference 

in performance between the music and control groups diminished with age. Lastly, in Study 

III, musically trained participants outperformed untrained peers in a bimodal task for selective 

attention.  

5.1.1 Inhibitory control and set shifting 

In Studies I and III, musically trained children outperformed their untrained peers in tasks for 

inhibition and set shifting. This result is in agreement with previous research that has found an 

advantage for musically trained individuals in inhibition (Bialystok & DePape, 2009; Degé et 

al., 2011; Zuk et al., 2014), and set shifting (Moradzadeh et al., 2015), but also contradictory 

evidence exists (Schellenberg, 2011). In Study I with 9-15-year-olds, and in Study III with 

mostly the same participants, then aged 10-17, musically trained participants had shorter 

completion times in the inhibition and set shifting subtasks of the Inhibition test from the 

NEPSY-II test battery (Korkman, 2008). Together, these two studies show that advantage in 

the music group remained 2 years after the initial measurement. In Study IV, we pooled test 

performance together from all three measurement rounds, with participants aged 9-21. 

Analyses of these data showed an overall group difference with better performance in the music 

group. However, in performance in the EEG version of the set shifting task, no group 

differences emerged. The same was true when only investigating performance differences in 

the set shifting task from NEPSY-II from the last measurement round, with participants aged 

13-21. This would suggest that the group differences in the test performance diminished with 

age. In other words, the music group outperformed the control group in the set shifting task at 



 

65 

younger ages, but the group difference disappeared as the cohort aged. The results suggest that 

music training is associated with an advantage in set shifting during childhood but that this 

advantage does not persist into adolescence and early adulthood. If this were the case, we 

should not be able to see enhanced set shifting skills in musically trained adults. Indeed, some 

studies have not found an association between musical experience or aptitude and particularly 

set shifting in adults (Slevc et al., 2016; Bialystok & DePape, 2009). Other studies 

(Moradzadeh et al., 2015), however, have.  

In the study by Moradzadeh et al. (2015), switching was investigated with the 

Quantity/Identity task. Here, the respondent is asked to indicate the identity of digits (the sum 

of digits presented, e.g. 1 3 = 4) or quantity of digits (1 3 = 2) presented on a screen, or switch 

between indicating one or the other according to a prompt. The differences between the results 

of study IV pertaining to the oldest participants and those of Moradzadeh and colleagues (2015) 

may in part be explained by differences in the task used to measure set shifting. The tasks used 

in studies reporting no differences in set shifting are arguably simpler. For instance, the trail-

making task used by Bialystok and DePape requires participants to switch between connecting 

digits and letters in alphabetical and numerical order. In the task used by Moradzeh and 

colleagues, participants were required to manipulate the presented information by performing 

mental arithmetic. It is possible that with such more complex set shifting tasks requiring more 

processing of the stimuli, differences between musically trained and untrained participants 

might still emerge in adulthood.  

In any case, our results corroborate the association between music training and 

enhanced inhibition and set shifting in children found in previous studies (Bialystok & DePape, 

2009; Degé et al., 2011; Holochwost et al., 2017; Joret et al., 2017). The contradiction between 

the findings on enhanced set shifting in musically trained participants in Studies I and III and 

that of Schellenberg (2011) could, in part, again be attributable to differences in the methods 

used for measuring set shifting. Schellenberg used the WCST task to index task switching. 

Compared to the task used in Studies I and III, the WCST poses more demands on working 

memory and requires flexibility at the level of the response rule, not on the level of stimulus-

response mapping. However, the inhibition task employed by Schellenberg (2011), the Sun-

Moon Stroop is very similar to the one used in the current study. The task requires in the 

inhibition phase that children say ‘sun’ if they see an image of a moon and ‘moon’ for every 

sun. In the inhibition task we employed, the participant needs to say “up” if the arrow points 

down and vice versa. The differences between our results and those of Schellenberg pertaining 
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to inhibition are probably not attributable to the choice of test, and the reason for the 

contradictory results remains unclear. 

5.1.2 Working memory 

Study I examined cognitive functions with a wide variety of tests and included TMT-B and 

digit span backward as traditional indexes of working memory. No differences in performance 

were found in these tests. Study II focused solely on the different facets of working memory 

and while it similarly found no group differences in the digit span backward, a musician 

advantage did emerge in the TMT-A, TMT-B, and digit span forward tasks. The two studies 

included in part the same participants, but in Study I the participants were 9-15 years old and 

data from only one measurement round was used. In Study II, we were able to pool data across 

two rounds for the digit span and three for the TMT, resulting in a dataset with participants 

aged 9-20. Therefore, the difference between results on TMT-B performance may be explained 

by the larger sample size in Study II, as well as the inclusion of older participants. In addition 

to working memory maintenance and updating, TMT-B also requires shifting and inhibitory 

control, shown to mature for an extended period, until early adulthood. The following 

discussion will therefore focus on findings on working memory from Study II. 

In Study II, musically trained participants outperformed untrained peers in the digit 

span forward test as well as the Trail-Making A and B tests, but not in the digit span backward 

test. Furthermore, the group difference in the two latter tests decreased with age. The result on 

better performance in the digit span forward test in the music group compared to the control 

group concurs with previous research that has found enhanced working memory in musically 

trained children, and studies that have used similar span tests to index working memory 

(Bergman Nutley et al., 2014; Guo et al., 2018; Kausel 2020). However, we only found 

enhancement of performance in the forward digit span test, with no difference in performance 

in the backward test. This finding of selective enhancement is in agreement with Hansen and 

colleagues (2013) who found an association between music training, musical ability, and better 

performance in the digit span forward, but not backward test. Similarly, Lee and colleagues 

(2007) found an advantage for musically trained adults in digit span forward, but not digit span 

backward. However, in their study, musically trained children outperformed untrained peers in 

both conditions. Also, selective enhancement of digit span backward but not forward has been 

observed in musically trained individuals. Guo and colleagues (2018) found enhancement of 

digit span backward but not digit span forward following short-term instrumental training. 
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Similarly, Bergman Nutley and colleagues (2014) found only enhancement of digit span 

backward performance in musically trained adults and children. However, this study did not 

include digit span forward to allow for comparison. Finally, a study with adults found enhanced 

working memory updating as measured with antisaccade and n-back tests, similar to the 

requirements of digit span backward, but did not include a measure for working memory 

maintenance (Okada & Slevc 2018).  

In sum, the literature is mixed as to whether music training is associated with 

enhancement of forward or digit span backward or both. Study II provides longitudinal 

evidence supporting the notion of selective enhancement of digit span forward in musically 

trained children and adolescents.  

In Study II, musically trained participants outperformed untrained peers in both the 

TMT A and TMT- B Tests. This finding is supported by previous studies reporting that adult 

musicians outperform nonmusicians in TMT-A and B (Bugos and Mostafa, 2011), or TMT B 

alone (Strong and Mast, 2019). Also contrary evidence exists: Bialystok and DePape (2009) 

and Virtala et al. (2014) found no differences between adult musicians and nonmusicians in 

span tests or the TMT-A or B. Our results are in agreement with previous findings of a musician 

advantage in TMT-A and B, extending these findings to children and adolescents. The 

difference between our findings and those of Virtala (2014) and Bialystok and De Pape (2009) 

may be related to the age of participants which was higher in their studies than in our 

population. It is possible that differences are more apparent in the younger population, still 

experiencing maturation of executive functions. 

The results on enhanced performance in digit span backward and TMT-B do not only 

point towards working memory differences between musicians and nonmusicians, but possibly 

enhancement of other executive functions as well. This is because of the task impurity problem 

introduced in Section 1.2.5 - both the digit span backward and the TMT-B require more than 

working memory. Behavioral studies have shown that digit span backward performance 

predicts TMT-B performance, suggesting an overlap between their cognitive requirements 

(Sánchez-Cubillo et al., 2009). It can be suggested that both digit span backward and TMT-B 

engage inhibitory control more than digit span forward and TMT-A. TMT-B also requires 

switching, by requiring shifts of attention from one rule and sequence of digits and letters to 

another. TMT-B also has increased updating requirements compared to TMT-A, as the 

participants need to continuously update their position along the series of letters or numbers. 

digit span backward requires transforming a series of digits in mind into reverse order, in other 
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words updating the representation of the information they were presented with. However, 

unlike TMT-B, digit span backward does not require switching between rules or response 

strategies. Both TMT-A and B specifically require working memory maintenance, as the 

participant needs to continuously keep the response rule and their own response progression 

active in memory. As we observed a musician advantage in digit span forward but not 

backward, and both the TMT-A and B, the results of Study II point towards enhancement of 

working memory maintenance. The TMT-B also requires switching or set shifting, not required 

by digit span backward which means that in addition to enhanced working memory 

maintenance, the musician advantage in TMT-B can alternatively be explained by 

enhancement of switching ability. 

5.1.3 Selective attention 

In Study III, we found that musically trained participants made fewer errors on average than 

their untrained peers in the Audio-Visual task for selective attention. This means that children 

and adolescents in the music group were better able to ignore the distracting novel sounds and 

shield focus from their influence on the task. Previous studies have reported enhanced selective 

attention in musically trained children (Degé et al., 2011; Strait et al., 2012, 2015). These 

studies have however used tasks that arguably measure response sustained attention (Degé et 

al., 2011) rather than selective attention. Also speech-in-noise tasks (Strait et al., 2012) have a 

strong perceptual component in addition to attentional demands (Coffey et al., 2017), and 

cannot therefore be considered as “pure” selective attention tasks. It is not clear whether 

previously reported group differences between musically trained and untrained individuals 

actually reflect differences in selective attention. The Audio-Visual task created for Study III 

taps more directly into selective attention and distraction (adapted from Escera et al., 1998) 

than previously used tasks. Here, the participant is engaged in a primary task presented with 

distracting stimuli in another modality. Successful completion of the Audio-Visual task 

requires inhibiting the influence of distractors by selectively attending to the task stimuli 

instead of distractors. The Audio-Visual task does also require attention maintenance and 

inhibitory control, but arguably taxes selective attention more heavily than tasks used in 

previous studies reporting enhancement of selective attention. In sum, Study III found evidence 

for enhancement of selective attention in musically trained individuals with a task that taps into 

these mechanisms more clearly than previous studies. However, since findings of a musician 

advantage with similar tasks as the one used in Study III are missing, further studies and 
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replication are needed to reach conclusions on the association between music training and 

enhancement of performance in tasks for selective attention.  

5.1.4 No group differences in IQ or verbal fluency 

Previous research has found differences in IQ between musically trained and untrained 

individuals (Schellenberg, 2004, 2006, 2011). In our studies, we did not find differences 

between musically trained children and untrained children in the scores for tests of vocabulary 

and visuoconstruction, or in a composite score of the two tests, used as a simple index of total 

IQ (see also Mehr et al., 2013; Zuk et al., 2014). Unlike in the studies by Schellenberg (2006, 

2011), the control group and the music group in the current studies did not differ in parental 

education, which might explain why differences in IQ did not appear. 

In Study I, we found that musically trained participants did not differ from musically 

untrained participants in the verbal fluency test. The musically trained and untrained 

participants did not differ in their performance in the verbal fluency test, in contrast to previous 

findings of improved verbal fluency in musically trained children (Zuk et al., 2014). However, 

the test for verbal fluency used by Zuk et al. (2014) also contained a set shifting component, 

whereas ours did not: in addition to producing words according to rules, it required participants 

to alternate between response strategies. Therefore, it may be that musically trained individuals 

are better at tasks requiring set shifting, but not those requiring fluency. Furthermore, in Zuk et 

al. (2014), IQ estimation included only a test for non-verbal ability for the child participants. 

Therefore, we do not know whether the children in their study were matched for verbal ability 

and whether possible differences in verbal ability could explain the difference that they 

observed in the test for verbal fluency.  

5.1.5 The causal explanation of music training in group differences in test 

performance 

The differences in working memory maintenance, inhibition, set shifting and selective attention 

task performance between the music and control groups may be explained by pre-existing 

differences or as an effect of music training. The latter notion is supported by longitudinal 

studies with children undergoing music training, and studies on music training interventions 

that have found training-related improvements in working memory (Kausel et al., 2020; Roden 

et al., 2013; Frischen et al., 2021), inhibition (Bugos & DeMarie, 2017b; Frischen et al., 2019, 

2021; Jaschke et al., 2018; Moreno et al., 2011) and processing speed (Roden et al., 2013). 
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However, some longitudinal studies show no connections between music training and 

enhancement of executive functions (Linnavalli et al., 2018), or show that improvement of 

executive functions is not specific to music training (Janus et al., 2016). Even though a causal 

connection between music training and improved executive functions cannot be drawn from 

our data (see Limitations of the study, section 6), the results do increase evidence of augmented 

executive functions in musically trained individuals. Crucially, our results improve 

understanding of this enhancement by showing how the music-training-related advantage in 

tasks for executive functions may be temporary, as the differences in test performance between 

the music and control groups diminished in all tests with age.  

5.2 Faster maturation in neural correlates of executive functions in musically 

trained children 

5.2.1 Differences between the music and control groups in P3a responses to deviant 

sounds, novel sounds and P3b responses to target stimuli in a task for set shifting 

Studies I, III and IV investigated P3a and P3b responses elicited by three different types of 

stimuli: deviant sounds in the Chord paradigm, novel sounds in the Audio-Visual paradigm, 

and congruent and incongruent visual target stimuli in the Arrows EEG paradigm. P3a response 

amplitudes were larger in the musically trained than in the untrained participants in Study III.  

In Study I, there was no overall group difference in P3a amplitude to deviant sounds. In Study 

IV, no amplitude differences emerged in the P3b to target stimuli, but the musically trained 

participants showed a more adult-like scalp topography.  

In Study III, the younger musically trained children exhibited smaller late P3a (lP3a) 

responses to novel sounds presented during a visual categorization task than their peers in the 

control group. No difference in lP3a amplitude was found between the older music and control 

group participants. Previous studies have reported similar age-related decreases in the 

amplitude of P3a responses to novel sounds recorded in conditions where the participant is 

engaged either in no task or a task unrelated to the response-eliciting sounds (Gumenyuk et al., 

2004; Wetzel et al., 2011; Wetzel & Schröger, 2007: for a review, see Wetzel & Schröger, 

2014). The decrease in P3a amplitude to novel sounds with age may be interpreted as increases 

in skills of inhibitory control over distraction. The late P3a, lP3a, elicited by novel sounds has 

been found to involve the frontal cortices more than the early P3a, eP3a, and is taken as an 

index of attention allocation towards the novel sound (Alho et al., 1998; Escera et al., 2000; 



 

71 

Knight, 1984; Knight et al., 1989; Yago et al., 2003). Our results, therefore, suggest that the 

younger children in the music group were able to allocate less attentional resources to task-

irrelevant novel sounds than the control group children. In the control group, the lP3a amplitude 

was large in the younger children and diminished with age. This finding is in line with previous 

studies on P3a maturation during adolescence (e.g., Mahajan & McArthur, 2015). Conversely, 

in the music group, the lP3a amplitude was small in the young children and showed no further 

reduction with age. This finding can be interpreted to mean that the neural mechanism 

underlying lP3a generation had already reached relative maturity in the younger music group, 

but not in the younger control group participants.  

In Study IV, no significant amplitude differences of the P3b responses recorded to incongruent 

target stimuli were observed, but the scalp distribution of the P3b was more posterior in 

musically trained than untrained participants. Previous studies on the topographic differences 

between the P3a and P3b responses in adults (Volpe et al., 2007; Wronka et al., 2012) have 

demonstrated that maximum P3a amplitudes appear more fronto-centrally than the P3b, which 

shows a more posterior distribution. The difference in scalp topographies between musically 

trained and untrained participants may therefore signify a more mature P3b response in the 

music group. Studies on the development of the P3b response (Fuchigami et al., 1995; Stige et 

al., 2007) show that it develops at a slower pace than the P3a, reflecting the prolonged 

development of the cognitive processes underlying the response. The P3a is typically 

associated with involuntary attention switch towards a stimulus, and the P3b updating of mental 

models based on the new information, or categorization of new information in memory 

(Friedman et al., 2001; Luck, 2014; Polich, 2007, 2012; Kok, 2001; Nieuwenhuis et al., 2005). 

Therefore, the result may indicate that musically trained participants reached maturity of 

updating and memory functions related to target processing earlier than the musically untrained 

participants. The difference in maturity no longer provided benefit in performance in a 

relatively simple set shifting task but could still be seen in functional differences related to 

target processing.  

In Study I, musically trained participants exhibited larger MMN responses to the 

deviant stimuli in the oddball Chord paradigm than their untrained peers, but not larger P3a 

responses. Amplitude differences between the 9-11- and 13-15-year-olds in both the MMN and 

P3a responses were modulated by performance in the set shifting task, discussed in Section 

5.3.2. The finding of enhanced auditory change detection as indexed by the MMN in musically 

trained individuals concurs with numerous previous findings of larger MMN amplitudes in 
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musically trained than untrained children, adolescents and adults (Chobert et al., 2014; Koelsch 

et al., 1999; Moreno et al., 2015; Tierney et al., 2015; Virtala et al., 2014; Vuust et al., 2009).  

The finding of no differences between musically trained and untrained participants in 

the amplitudes of P3as is in line with a handful of other studies also failing to show group 

differences with deviant-elicited P3as (Nikjeh et al., 2009; Tervaniemi et al., 2005, 2006). The 

finding, however, seems to be in contradiction with Putkinen et al. (2014a,b), involving in part 

the same participants as Study I, where the P3a amplitude grew more with age in musically 

trained children than in untrained children. Similarly, findings by Putkinen et al. (2013) showed 

with another subject group that informal musical experience in early childhood is linked to 

enlarged P3a amplitudes to deviant sounds. However, these studies included younger 

participants than Study I. Namely, in Putkinen (2014 a,b) 7, 9, 11, and 13-year-olds were 

investigated, and in Study I, 9-11 and 13-15-year-olds. In Putkinen (2013), the participants 

were preschool-aged children. An explanation for the differing findings may be that music 

training supports faster maturation of also deviant-elicited P3as, but the advantage disappears 

with age, and is no longer seen in age groups nearing adolescence.  

In line with this, in studies by Putkinen et al. (2014a,b), where the P3a was elicited by 

deviant sounds, faster enhancement of the P3a amplitude with age in musically trained children 

than in untrained children was interpreted as enhanced neural maturation. Similarly, the 

findings by Putkinen et al. (2013) showing that informal musical experience in childhood is 

linked to enlarged P3a amplitudes to deviant sounds but to decreased P3a amplitudes to salient 

novel sounds point towards different influences of musical activities on novelty-elicited and 

deviant-elicited P3a response amplitudes, and also to possibly different neural mechanisms 

underlying these two P3a responses.  

Altogether, these findings point towards differences in the maturational trajectories of 

deviant-, novelty- and task-related P3a and b responses and indicate faster maturation of the 

respective cognitive mechanisms in musically trained individuals. The connections between 

test performance and brain indexes of executive functions observed in Studies I, III, and IV 

shed further light on what cognitive processes the P3 responses are connected to.  

5.2.2 Musically trained children show more N1/MMN attenuation by selective 

attention than untrained children 

In addition to the P3 responses, Study III also investigated N1/MMN response to the novel 

sounds, indexing change detection. The study found that the N1/MMN elicited by the novel 
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sounds was also smaller in amplitude in the music group than in the control group. Prior studies 

show that N1- and MMN-like responses to deviant stimuli can be reduced in amplitude when 

attention is strongly focused on another stream of stimuli (Hillyard et al., 1973; Woldorff et al., 

1991). This may mean that auditory change detection can be in part suppressed by selective 

attention. The smaller N1/MMN amplitude in the music group suggests that musically trained 

participants could better inhibit the processing of distracting novel sounds. The N1/MMN was 

smaller in the music group irrespective of age, in contrast with the group difference in lP3a 

amplitude, which diminished with age. This may mean that the N1/MMN and lP3a responses 

reflect different aspects of auditory attention, develop in a different manner, and may be 

differentially affected by musical experience.  

The finding of a smaller N1/MMN amplitude in musically trained participants than their 

untrained peers in Study III seems to be in contradiction with the results of Study I, showing 

larger N1/MMN responses in musically trained children as well as other studies showing 

similar group differences (Chobert et al., 2014; Fujioka et al., 2004; Koelsch et al., 1999; 

(Putkinen et al., 2014, 2014; for reviews, see Putkinen & Tervaniemi, 2018; Tervaniemi, 2009). 

However, the paradigm in Study III was different in terms of attentional demands and the 

magnitude of the novelty of distracting sounds. Most studies, including Study I, reporting larger 

MMN responses in musically trained children, have used passive paradigms with small 

deviants and weak attentional requirements. In contrast, the sound changes in Study III were 

more salient than those in previous research, and the attentional demands of the listening 

situation were higher due to the concurrent visual categorization task. In sum, we propose that 

the larger response amplitudes in musically trained than untrained individuals in studies with 

passive listening paradigms point towards enhanced discrimination of small changes in a 

stream of sound in musically trained children, whereas the reduced response amplitudes in 

Study III reflect enhanced control over distraction by distinct novel sounds. 

5.2.3 Musically untrained participants showed more activation in the dorsal attention 

network than musically trained peers in the set shifting task 

Our fMRI results from Study IV indicated that the music group engaged right-lateralized areas 

of the dorsal attention network, and visual areas less than the control group on the incongruent 

trials of the set shifting task. The finding that these trials recruited areas of the dorsal attention 

network in the control group concurs with previous studies that have found activity in these 

regions in inhibition tasks that require working memory updating, and task switching (Lemire-
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Rodger et al., 2019; Ravizza & Carter, 2008; Simmonds et al., 2008). Thus, despite the lack of 

group differences at the behavioral level, individuals in the music group were able to perform 

the task with more efficient usage of neural resources.  

These results are in line with the assertion that expert performance requires less neural 

resources than that of novices (Neubauer & Fink, 2009). This ‘neural efficiency’ hypothesis in 

the domain of executive functions find support from studies linking decreases in brain activity 

with experience-related enhancement of inhibition, set shifting, and working memory (Jansma 

et al., 2001; Manuel et al., 2010, 2013; Rodríguez-Pujadas et al., 2014; Sayala et al., 2006). In 

addition, some studies indicate that the maturation of executive functions is accompanied by 

attenuated brain activity (Luna et al., 2010) whereas aging has been associated with stronger 

recruitment of frontal regions in executive functions tasks (Gold et al., 2013). Moreover, the 

effect in Study IV was observed for a non-musical visual task which suggests domain-general 

enhancement of the neural mechanisms supporting executive functions in the musically trained 

adolescents. Furthermore, because the groups were matched in terms of behavioral 

performance, this effect cannot be attributed to processes like error monitoring but might reflect 

reduced need for effortful, top-down control in the musically trained participants. 

5.3 Connections between task performance and neural indices of executive 

functions 

5.3.1 Auditory change detection 

In Study I, performance in the set shifting task influenced MMN enhancement with age in 

musically trained participants. Previous research has connected larger MMN and P3a 

amplitudes to better performance in neurocognitive tests in healthy adults (Light et al., 2007) 

and children (Liu et al., 2007; Partanen et al., 2013). In children, behavioral correlates of 

auditory processing have also been linked to working memory and fluid intelligence (Voelke 

et al., 2013). The results of Study I add to these findings by linking set shifting ability to 

training- and age-related augmentations of the MMN. In the music group, MMN amplitudes 

were large in the children who performed above median in the set shifting task irrespective of 

age. Age-related increase in MMN amplitude was observed in the music group only with 

below-median set shifting performance. In turn, in the control group, there was an age-related 

increase in MMN amplitude only in the above-median performing children; in the below-
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median performing control group children, the MMN amplitude remained small across age 

groups.  

Even though the study is cross-sectional, these different patterns of age-related change 

in MMN amplitude invite a developmental interpretation. From this perspective, the results 

suggest that children who performed well in the set shifting task were ahead in the maturation 

of neural sound discrimination in their own group (Music/Control). More specifically, relative 

to below-median performing music group children, above-median music group children were 

ahead in maturation and training-related enhancement of MMN, and therefore had already 

attained highly accurate discrimination ability of the chord deviants at age 9–11. In turn, the 

musically trained children who performed below median were slightly behind the above-

median performing music group children in maturation and training-related enhancement of 

the MMN, and still showed improvement, as indexed by growth in amplitude. In the control 

group, the above-median performing children showed similar age-related enhancement of 

neural sound discrimination as the below-median performing music group children. The older 

above-median performing control group children did not significantly differ from the above-

median performing music group children in neural sound discrimination. This is in line with 

previous studies showing that neural discrimination of major and minor chords does not require 

formal music training but can be learned through exposure. For instance, in their 

magnetoencephalography study, Brattico et al. (2008) found no difference in magnetic MMN 

response amplitudes to minor vs. major chords between adult musicians and non-musicians. 

Therefore, the current study suggests that the benefit of music training for neural discrimination 

of major and minor chords may be temporary and that untrained children catch up at a later 

age. In addition, according to our results, efficient set shifting ability may facilitate this process. 

Finally, as there was no age-related development in response amplitudes in the below-median 

performing control group children, this might mean that these children take longer to develop 

neural discrimination of subtle musically relevant sound changes. Conversely, as stated above, 

the below-median performing musically trained children did show an age-related increase in 

neural sound discrimination. This difference between below-median performing control and 

music group children is significant in two ways: First, it suggests that the effects of music 

training may not be the same for everyone, but that the level of executive functions may 

mediate the training effects on neural sound discrimination. Second, it suggests that, despite 

poorer skills in set shifting, music training still supports the attainment of auditory 

discrimination skills but at a slightly reduced pace. 
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5.3.2 The P3a and P3b 

In Study I, above-median performing children had larger P3a amplitudes than below-median 

performing children, regardless of music training. Furthermore, just as with the MMN, there 

was an age-related increase in P3a amplitude only in the above-median performing group, 

indicating that children who perform better in the test for set shifting show faster maturation of 

the P3a response. These findings are in line with previous studies linking the P3a to executive 

functions (e.g., Light et al., 2007), and provide support for the suggestion of Barcelo and 

colleagues (2002, 2006) that P3a generation and set shifting rely on a common neural network. 

There is evidence that both MMN and the P3a have generators in the frontal and temporal 

cortices: MMN (e.g., Alho et al., 1994; Rinne et al., 2000; Schönwiesner et al., 2007); P3a 

(Alho et al., 1998; Knight, 1984; Løvstad et al., 2011), and that executive functions rely on 

frontal cortical areas and their diverse connections to other brain regions (e.g. Alvarez & 

Emory, 2006; Power & Petersen, 2013; Stuss & Alexander, 2000). As the development of 

executive functions follows the maturation of prefrontal areas (e.g., Casey et al., 2000; Sheridan 

et al., 2014), it is feasible that frontal maturation could manifest in concurrent augmentation of 

the P3a response and improved performance in tests for executive functions. As our results link 

larger P3a amplitudes to better top-down control of attention, they contradict findings that the 

P3a amplitude decreases with age as a result of increased control over attention processes 

(Gumenyuk et al., 2004; Wetzel & Schröger, 2007, 2014a). These contrasting findings might 

relate to the fact that most of the studies linking the P3a to behavioral distraction and showing 

an age-related decrease in amplitude have used acoustically distinct and highly distracting 

novel sounds. Lastly, despite differences between musically trained and untrained participants 

in inhibition and set shifting, only set shifting showed an interaction with age and music 

training in distinguishing MMN and P3a amplitudes. Cognitive flexibility is said to be one of 

the most demanding of executive functions (Diamond, 2013). It is therefore possible that the 

set shifting test was the most powerfully discriminating index for maturation of executive 

functions. 

In Study III, participants’ reaction times in the visual categorization task were faster on 

trials preceded by novel sounds than ones preceded by the standard sound. This is in contrast 

with the common notion that performance in a task is impeded by task-irrelevant, P3a-eliciting 

sounds presented before task cues. However, some studies have also found that the P3a is not 

always associated with behavioral distraction, and that novel sounds may even improve 
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performance in a behavioral task (Wetzel et al., 2013). In Study III, a target stimulus of the 

visual categorization task always followed a novel sound, while standard sounds were not 

always followed by a target. Therefore, the novel sounds may have transformed into a cue for 

an upcoming target, resulting in heightened alertness and faster responses. This facilitation was 

however small and most of the participants showed slower reaction times to targets following 

the novel sounds. Interestingly, participants who did not show this facilitation effect also had 

larger lP3a amplitudes to novel sounds than those using novel sounds as target cues. This 

positive association between lP3a amplitude and RTs concurs with previous studies indicating 

that the lP3a is related to involuntary attention capture and distraction (Escera et al., 2000).  

In Study III, we also found an association between lP3a and inhibitory control. Across 

participants, completion times in the inhibition subtest correlated positively with the lP3a 

amplitude, meaning that the slower the performance in the inhibition subtest, the larger the lP3a 

amplitude. This association suggests that this behavioral measure of response inhibition and 

the neural index of involuntary attention switch may rely on partly common underlying 

processes. Previously, it has been suggested that inhibition of behavioral responses and control 

over interference are related yet separable (Diamond, 2013). Our results provide support for 

the idea that interference control and response inhibition share neural resources.  

Furthermore, we found in Study III that RTs in the standard and novel trials of the 

Audio-Visual task correlated with performance in both the inhibition and set shifting subtests. 

These results concur with previous findings from latent variable analyses indicating that 

behavioral measures of executive functions tap into partly overlapping mechanisms (Friedman 

& Miyake, 2017). Along the same lines, previous meta-analyses of fMRI studies conducted 

with adults (Niendam et al., 2012) and children (McKenna et al., 2017), evidence significant 

overlap in the brain areas activated by diverse tasks for executive functions. This may mean 

that a common neural system supports distinct executive functions, which could surface as 

correlations between different neural and behavioral indices. However, in Study III, 

performance in the inhibition and set shifting subtasks explained only 9%–14% of the variation 

in lP3a amplitude and the variation of reaction time in the selective attention task. This means 

that even though there is a modest correlation, the inhibition and set shifting tests and the audio-

visual selective attention task mostly measure separable components of executive functions. 

Study IV found that the P3b amplitude correlated negatively with reaction times to both 

congruent and incongruent stimuli in the Arrows EEG task, i.e., the shorter the reaction time, 

the larger the response. P3b response amplitudes have previously been found to correlate with 
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reaction times (Provost et al., 2018). However, there is no consensus in the literature on what 

exactly the P3b response measured in active paradigms signals, with explanations such as 

context updating process (Donchin, 1981), response selection (Verleger et al., 2005), and 

stimulus evaluation and response selection (Pritchard et al., 1999). Our findings point towards 

a link between P3b amplitude and faster processing of targets during a set shifting task. 

5.4 Why music training could exert effects on the maturation of executive 

functions 

Formal, classical music training according to the Western tradition, like learning other skills, 

requires executive functions in many ways. For example, learning music by heart and playing 

without notes requires working memory when keeping sequences of notes or tones in mind. 

Matching the correct motor actions to visual stimuli in learning to play from notes requires 

inhibitory control over responses. In ensemble playing, selective attention is needed in order to 

be able to distinguish the streams of sound produced by other musicians from the sounds 

produced by oneself. Music training usually persists for years and incorporates a tremendous 

number of repetitions, making it plausible that training could improve the basic cognitive skills 

routinely required by the activity.  

Previous research has found that executive functions can indeed be improved with 

different kinds of specialized training programs, and with hobbies that entail skill training 

(Diamond, 2012; 2016; Karbach & Kray, 2021). For instance, training a set shifting task has 

been found to improve performance in similar tasks, as well as in tasks for interference control, 

working memory, and fluid intelligence, with the most improvement seen in children and older 

adults (Karbach & Kray, 2009). Martial arts training with children in kindergarten through 

grade 5 of US elementary school has in turn been connected to improved teacher assessments 

of cognitive self-regulation, reflecting the ability to focus attention on tasks and resist 

distraction (Lakes & Hoyt, 2004). Augmentation of memory skills has been obtained by 

working memory programs, even though there is no convincing evidence of transfer of working 

memory skills to tasks that are further removed from the tasks used in training (Melby-Lervåg 

& Hulme, 2013; Sala & Gobet, 2017b). Therefore, it is feasible that music training might 

improve performance in tasks that require executive functions, at least in ones closely 

resembling the demands of music-making.  
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It has been suggested that programs and activities that provide a continuous challenge on 

executive functions during training, meaning that they adapt to the child’s changing level of 

performance, and incorporate continuous, repeated training in varying contexts, produce the 

best results (Diamond, 2012). Specifically concerning working memory, programs that contain 

multimodal stimuli, require working memory maintenance and interference control, quick 

memory encoding and retrieval, change according to the individual’s skill level, and require 

high engagement and focus, have been suggested to produce the most powerful effects 

(Morrison & Chein, 2011). Music training matches the characteristics of both descriptions. 

Training to play an instrument or sing during childhood entails a massive amount of practice, 

and continuous increases in difficulty, for instance in the complexity of music pieces. From the 

viewpoint of working memory training, music training is inherently multimodal and relies on 

working memory for instance in learning pieces by heart and in playing music from notes prima 

vista.  

It is therefore an inviting thought that music training might also influence executive 

functions to the extent that musically trained individuals outperform untrained individuals in 

tasks for executive functions that are not directly related to music-making. The improved set 

shifting and inhibition ability in musically trained participants reported in Studies I and III may 

be explained by the executive demands of music training. For instance, when playing from 

notes, symbols for flat and sharp notes require switching from the rules of the current key to 

the one depicted by the symbol, and then back to the key again in the next bar. The same task 

also requires inhibitory control in preventing the automatic response associated with the key.  

Regarding working memory, our results on selective enhancement of the participants’ 

working memory maintenance, but not working memory updating skills, would mean that 

music training selectively engages and supports the development of one more than the other. 

This explanation is in line with a study showing different patterns of brain activation during 

memory encoding and rehearsal in musicians compared to nonmusicians (Schulze et al., 2011). 

It may be that the classical, formal music training that the participants in the studies in this 

thesis have undertaken influences working memory maintenance more than working memory 

updating. For instance, learning to play by ear relies on acquiring and storing auditory 

information, and then reproducing this information immediately from working memory. 

Learning to play from notes, in turn, requires similar working memory maintenance in the 

visual domain. The lack of enhancement of working memory updating may be explained by 
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the fact that classical music training does not emphasize the ability to augment melodic 

information in mind, but rather reproduce it exactly as presented.  

An alternative explanation for selective enhancement of working memory maintenance 

is that music training improves selective attention. There is evidence that selective attention 

underlies working memory maintenance (Berry et al., 2009; Gazzaley & Nobre, 2012; 

Sreenivasan & Jha, 2007). The thought is that selective attention supports maintaining 

information in mind by shielding maintenance from distracting information. This explanation 

is supported by findings from neuroimaging studies that have found attenuation of processing 

of distracting information during a working memory maintenance task (Sreenivasan & Jha, 

2007). Indeed, in Study III, we found that musically trained participants outperformed their 

untrained peers in a task for selective attention, and the younger musically trained children had 

smaller amplitudes of late P3a (lP3a) responses, related to attention allocation, to novel sounds 

presented as distractors during the task. It is possible that music training could develop selective 

attention. For instance, successful ensemble playing or singing harmonies in a choir require 

selectively attending to one’s own output and learning to play polyphonic music on the piano 

requires the ability to selectively attend to and highlight the melody that is concurrently played 

with other tones.  

5.5 Enhancement of executive functions - a passing advantage? 

In Studies II and III, we saw differences between the music and control groups in indexes of 

executive functions only or more strongly in younger age groups. In Study II, the group 

difference in performance in digit span forward and TMT-A and B was more pronounced in 

the younger participants and decreased with age. In Study III, only the younger music group 

children exhibited smaller late P3a (lP3a) responses to novel sounds than their peers in the 

control group, and no difference in lP3a amplitude was found between the older music and 

control group participants. In both, the point where group differences dissipate seems to be 

around age 14-15 (by visual inspection of Images 8 and 11), meaning that the group differences 

between musically trained and untrained individuals in behavioral indexes of working memory 

and an electrophysiological index of selective attention is most pronounced between ages 9-15 

after which it is virtually nonexistent.  

When looking at group differences in the inhibition and set shifting subtasks reported 

in Studies I, III and IV, we see the group difference in only measurements conducted when 
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participants were the youngest. Study I reports results from the first round of measurements 

that included diverse tasks for executive functions with the participants aged 9-15. Here, 

musically trained participants outperformed untrained peers in the inhibition and set shifting 

tasks. Study III included data on performance in these tasks from the following measurement 

round, conducted 2 years after the data reported in Study I. In Study III the participants were 

10-17, and the finding of better performance of musically trained than untrained participants 

in the inhibition and set shifting subtasks persisted. However, in Study IV, with participants 

aged 13-20, no differences in task performance in the set shifting subtasks emerged.  

These findings can be summed up as a hypothesis on a passing musician advantage in tasks for 

executive functions during childhood. A developmental formulation of this notion is that the 

maturation of executive functions is expedited during childhood by music training during 

school-age, but this faster maturation does not result in persistently more efficient executive 

functions manifesting on a behavioral level than in the musically untrained population. It is by 

no means possible that music training would continue enhancing executive functions 

throughout life in a way that would make musicians clearly superior in them compared to 

nonmusicians. On the contrary, the evidence on musicians outperforming nonmusicians in 

cognitive tasks is fragmentary. Acting as a part of society requires executive functions and it is 

probable that the needed skills will be acquired through practicing them in everyday situations. 

For instance, both music-making and attending a lecture both require, and if repeated can be 

used to train, directing and maintaining attention. This means that even though musically 

trained individuals may have an advantage during childhood, untrained individuals will also 

attain the needed level of executive functioning through other activities. 

The passing advantage hypothesis is contrasted by studies that have found enhanced 

improved performance in tasks measuring executive functions in musically trained adults 

(working memory: (Hansen et al., 2013; Bugos & Mostafa, 2011), inhibitory control: 

(Bialystok & Depape, 2009), set shifting: (Zuk et al. 2014; Bugos & Mostafa, 2011; Strong & 

Mast, 2019), and fluency: (Zuk et al., 2014). However, there are also studies in line with our 

results showing no differences between musicians and nonmusicians (set shifting and working 

memory: Virtala et al., 2014), and partial enhancement of executive functions (inhibition and 

working memory, but not shifting: Okada & Slevc, 2018). 

In sum, the current studies point towards a temporary enhancement of skills of 

inhibitory control and set shifting in musically trained children that however disappears nearing 

the end of adolescence. Interestingly, even though no behavioral advantage is present in these 
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tasks after childhood, enhancement still shows echoes as neural efficiency of the dorsal 

attention control network during set shifting task performance, and more mature updating and 

working memory processing. 

6. Limitations of the study 

An overall caveat of this work is that because Studies I-IV are cross-sectional and do not 

include random assignment or a baseline measurement before the onset of training, we cannot 

establish a causal link between music training and improvement in executive functions (Sala 

& Gobet, 2017; Schellenberg, 2011). This caveat is due to practical difficulties related to 

conducting long-term randomized control studies in children: the longer follow-up time is used, 

the more drop-out children there would be due to lack of motivation (Tervaniemi et al., 2018). 

Furthermore, twin studies have shown that individual differences in EF have genetic etiology 

suggesting that enhanced EF in musicians might stem from genetic predispositions. Thus, 

although there is evidence that executive functions can be improved during childhood by 

specifically designed training programs (Diamond, 2013; Diamond & Ling, 2016), some of 

which mimic the requirements of music training (Moreno et al., 2011), we cannot attribute the 

group differences observed in our studies entirely to training-induced plasticity. It is, therefore, 

possible that the participants in our music group had better executive functions before the onset 

of music training, and furthermore, that the enhanced executive functions allowed them to 

pursue years of musical training.  

Other caveats stem from methodological choices. Such a caveat in Study III on selective 

attention is that we did not manipulate the attentional demands of the paradigm parametrically 

which could arguably have provided even stronger evidence that the reduced amplitude of the 

N1/ MMN and P3a response in the music group was due to selective attention. One alternative 

interpretation of the ERP group difference would be that the children in the music group simply 

show smaller responses for reasons unrelated to the main visual task. However, this 

interpretation is in contrast to previous studies, including Study I of this thesis showing that in 

musically trained children show larger MMN and P3a responses than their untrained peers 

(Putkinen, Tervaniemi, Saarikivi, de Vent, et al., 2014; Putkinen et al., 2013; Saarikivi et al., 

2016). Furthermore, the correlation between task performance and response amplitudes 

indicates that top-down control of attention contributed to the reduced responses in the music 

group. In Study II, the task impurity problem complicates reaching conclusions about 



 

83 

specifically which cognitive functions are enhanced. Namely, the The Digit Span test B 

requires also inhibitory control and set shifting (Gerton et al., 2004; Yang et al., 2015) and in 

general, the Trail-Making Test recruits large-scale fronto-parietal brain networks related to 

executive functions (Varjacic et al., 2018) and has been connected to processing speed and 

working memory ability, as well as fluid intelligence (Sánchez-Cubillo et al., 2009; 

Satterthwaite et al., 2013).  

7. Conclusions  

Music training has been connected to the improvement of executive functions during 

childhood. The studies in this thesis map out the development of these skills and their neural 

mechanisms in a group of musically trained and untrained children, adolescents and young 

adults, and their untrained peers. The results of this thesis suggest that music training is linked 

with improved skills of inhibition, set shifting, working memory, and selective attention during 

childhood and early adolescence. These enhancements are mirrored in the more efficient 

functioning of neural mechanisms related to shielding attention from distraction, and selective 

attention. However, in late adolescence and early adulthood, the musician advantage in 

working memory and set shifting dissipates. Still, even at this later age, musically trained 

participants show more efficient recruitment of neural resources and more adult-like target 

processing during tasks requiring executive functions. Importantly, the cognitive tasks used in 

the studies were not related to musical sounds or music memory. Consequently, the results of 

this thesis also relate to the question of whether music training influences the development of 

executive and, more generally, to various cognitive functions in a way that transfers to other 

domains. Even though the studies in this thesis lacked random assignment and a baseline 

measure, the participants did not differ in intelligence and socio-economic status. Moreover, in 

various baseline measures such as oddball and melodic MMN for various sound features, there 

was no group difference (Putkinen et al., 2014a, b). Therefore, the passing musician advantage 

that emerged while following the same participants for a duration of six years, encompassing 

ages 9-21, may be explained by a temporary boost caused by music training. However, also 

pre-existing differences in executive functioning between the musically trained and untrained 

participants are another explanation that cannot be ruled out.  
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Abstract

Previous research has demonstrated that musicians show superior neural sound discrimination when compared to non-musicians,
and that these changes emerge with accumulation of training. Our aim was to investigate whether individual differences in execu-
tive functions predict training-related changes in neural sound discrimination. We measured event-related potentials induced by
sound changes coupled with tests for executive functions in musically trained and non-trained children aged 9–11 years and 13–
15 years. High performance in a set-shifting task, indexing cognitive flexibility, was linked to enhanced maturation of neural sound
discrimination in both musically trained and non-trained children. Specifically, well-performing musically trained children already
showed large mismatch negativity (MMN) responses at a young age as well as at an older age, indicating accurate sound dis-
crimination. In contrast, the musically trained low-performing children still showed an increase in MMN amplitude with age, sug-
gesting that they were behind their high-performing peers in the development of sound discrimination. In the non-trained group, in
turn, only the high-performing children showed evidence of an age-related increase in MMN amplitude, and the low-performing
children showed a small MMN with no age-related change. These latter results suggest an advantage in MMN development also
for high-performing non-trained individuals. For the P3a amplitude, there was an age-related increase only in the children who
performed well in the set-shifting task, irrespective of music training, indicating enhanced attention-related processes in these chil-
dren. Thus, the current study provides the first evidence that, in children, cognitive flexibility may influence age-related and train-
ing-related plasticity of neural sound discrimination.

Introduction

Adult musicians show enhanced sound discrimination as indexed by
event-related potential (ERP) responses, such as mismatch negativity
(MMN) and the P3a (Koelsch et al., 1999; Trainor et al., 1999;
Nikjeh et al., 2009; Vuust et al., 2009, 2012). Recent longitudinal
studies have pointed towards a causal role for music training in
these augmentations (Chobert et al., 2014; Putkinen et al., 2014a,b;
Moreno et al., 2015). Thus, learning of musically relevant auditory
skills changes brain function. On the other hand, there are individual
differences in learning abilities, and it is improbable that training
outcomes will be the same for everyone. Executive functions are
known to influence learning in a multifaceted manner (Bull et al.,
2008; Best et al., 2011). Therefore, it is conceivable that individual
differences in these skills might also influence the learning of audi-

tory skills and modulate the corresponding development of neural
sound discrimination.
MMN is thought to reflect the discrimination of a deviant sound

in a stream of repeating sounds (Winkler et al., 2009), and the P3a
the involuntary turning of attention towards or salience processing
of the deviating stimulus (Friedman et al., 2001; Wetzel et al.,
2013). With subtle deviants, MMN is small in amplitude during
early school-age (Sussman & Steinschneider, 2009), gradually
increasing in amplitude with age (Bishop et al., 2011; Putkinen
et al., 2014a,b). Less is known about the maturation of the deviant-
elicited P3a, but this response has been reported to increase in
amplitude with age in musically trained children (Putkinen et al.,
2014b).
In addition to indexing the development of auditory discrimina-

tion, MMN and the P3a have been found to correlate with cognitive
functioning in adults [P3a and MMN (Light et al., 2007)], in the
elderly [MMN (Fjell et al., 2007)], and in individuals suffering from
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schizophrenia [MMN and P3a (Hermens et al., 2010); MMN (Oades
et al., 2006; Toyomaki et al., 2008)]. In children, greater MMN and
P3a amplitudes have been connected to higher IQ [MMN (Partanen
et al., 2013); MMN and P3a (Liu et al., 2007)], verbal fluency, and
executive functions (Weism€uller et al., 2015), and, in children born
preterm, to better verbal IQ and verbal fluency (Mikkola et al.,
2007). It has also been proposed that P3a generation and set-shifting
rely on a common neural network (Barcel�o et al., 2002, 2006).
Interpretation of these findings is complicated by the heterogeneity
of the subjects and methodological differences. Clearly, more
research is needed to disentangle the connections between ERPs and
cognitive functioning.
In this study, we set out to investigate possible relation between

executive functions and the maturation of the MMN and the P3a.
We expected to find age-related and training-related enhancement of
executive functions. We also expected the musically trained children
to show larger MMN and P3a amplitudes than the non-trained chil-
dren, indexing enhancement of neural sound discrimination and
attention processes. We expected high performance in the tests for
executive functions to be connected to larger age-related and train-
ing-related increases in response amplitudes.

Materials and methods

Participants

The participants were 90 monolingual children (48 females) attend-
ing grades 3, 5, 7 and 9 of elementary school in southern Finland,
aged 9–15 years, and recruited from middle class to upper middle
class homes. Forty-seven participants (19 females) were classified as
not musically trained (Control group) and 43 as musically trained
(29 female) (Music group) (Table 1). The participants were selected
from a broad age range to allow exploration of maturational changes
in cognition and the influence of accumulation of music training. As
the numbers of participants in the Music and Control groups on
each grade were relatively small, we pooled the participants into
two age groups: 9–11-year-olds and 13–15-year-olds. There is also
evidence that the maturation of auditory ERPs is different between
but not within these age periods (e.g. Bishop et al., 2007).
The musically trained participants were children who had started

playing a musical instrument at the age of ~7 years [mean age of
commencement, 6.5 years; standard deviation (SD), 0.84] and who
were currently attending an elementary school that provided music,
band and choir lessons as a regular part of its curriculum in addition
to instrument lessons. The Music group children had started attend-
ing the school from the first grade, at age 7 years. At the time of
measurement, the third graders had completed approximately
3.07 years (SD = 0.73) years of music training, the fifth graders

5.06 years (SD = 0.58), the seventh graders 7.2 years (SD = 0.85),
and the ninth graders 8.85 years (SD = 1.09). Most of the children
in the Music group played a string instrument; other instruments
included wind instruments and the guitar. The Control group
participants had no formal music training, but, as reported in ques-
tionnaires filled in by the parents, did regularly take part in an
adult-guided extracurricular activity (mostly sports). None of the
children had hearing deficits or neurological impairments.
The socioeconomic status of the participants was estimated

according to parental income and parental education. Both education
and income were measured on scales of 1–6 (education – 1, elemen-
tary school; 6, postgraduate degree; income – 1, <€1000/month; 6,
>€5000/month). A combined score was calculated, indexing the edu-
cation and income of both parents. The Music and Control groups
were matched on socioeconomic status (t81 = �0.46, P = 0.650)
and on parental education (t81 = �0.245, P = 0.807) alone.

Written informed consent for participation was obtained from the
parents or guardians of the participants before the experiment. Par-
ticipants also gave verbal assent for their participation prior to the
start of the experiment. Participants were rewarded with three movie
tickets for taking part in the study. The experimental protocol was
approved by the Ethical Committees of the former Department of
Psychology and of the Faculty of Behavioural Sciences, both at the
University of Helsinki, Finland.

Neurocognitive testing

The inhibition subtest from the NEPSY-II test battery (Korkman
et al., 2008) was used to investigate inhibition and set-shifting. The
verbal fluency subtest from the same battery was used to investigate
fluency. The B-part of the trail-making test (TMT-B) was used to
index set-shifting and working memory, and the backwards digit
span test from WISC-IV (Wechsler, 2010) was used as another mea-
sure of working memory. To control for general cognitive ability,
two subtests from WISC-IV were used as a simple estimate of IQ
(vocabulary and block design).
The inhibition subtest from the NEPSY-II test battery (Korkman

et al., 2008) assesses the participant’s ability to inhibit automatic
responses (inhibition task) and to alternate between different
response strategies prompted by a changing cue (set-shifting task).
In the first task (naming), the participant names shapes (square/cir-
cle) and the directions of arrows (up/down). The second task (inhibi-
tion) requires the participant to name the opposite shape (‘circle’ if
square; ‘square’ if circle) and the direction of the arrow (‘up’ if
down; ‘down’ if up). In the third task (set-shifting), the participant
is instructed to switch between naming the shape or the direction of
the arrow and naming the opposite shape or direction, based on the
colour of the shape or the arrow (if white, naming; if black, inhibi-
tion and naming the opposite). The experimenter presents the shapes
and arrows from a stimulus booklet placed on a table between the
experimenter and the subject. The subject points to the shapes or
arrows and speaks aloud his or her answer according to the instruc-
tions. The experimenter takes note of whether the answers are cor-
rect by following the subject’s responses and comparing them with
the correct ones on a form hidden from the subject’s view. The
experimenter also takes the time with a stopwatch, and notes the
total completion time of each task.

The ERP paradigm

Mismatch negativity and P3a responses were obtained in an oddball
paradigm that had C major triad chords as standard stimuli (P

Table 1. The number of participants in each age group and mean age, SD
and range for EEG measurement (90 children) and neurocognitive testing (87
children)

Grade Group N Mean SD Maximum Minimum

3–5 Music 22* 10.33 (10.38) 1.12 (1.13) 12.1 8.92
Control 21* 10.53 (10.57) 1.12 (1.10) 11.67 8.75

7–9 Music 21* 14.35 (14.40) 1.02 15.83 12.92
Control 25 14.63 0.97 15.92 12.92

*The number of participants in neurocognitive testing in these groups was
one person fewer: 21, 20, and 20. The mean ages, ranges and the SDs that
were different are shown in parentheses.

© 2016 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 44, 1815–1825

1816 K. Saarikivi et al.



~0.84, N = 455) and C minor triad chords as deviant stimuli (P
~0.16, N = 75). The chords were composed of three sinusoidal
tones. For the standard stimuli, the fundamental frequencies of the
tones were 262, 330 and 392 Hz, and for the deviant stimuli the fre-
quencies were 262, 311 and 392 Hz. The standard and the deviant
tones differed in pitch by a semitone of the middle tone. The dura-
tion of each stimulus was 125 ms, and the stimuli were presented
with a stimulus-onset asynchrony of 725 ms. The duration of the
whole paradigm was 6.5 min.
The paradigm contained stimuli that were musically relevant, so

the musically trained children were expected to show greater
responses to these stimuli. On the other hand, the major–minor con-
trast is so common in Western music that children with no music
training can also be expected to be able to make this distinction and
show development of neural discrimination of such sounds. There-
fore, the paradigm allowed the exploration and comparison of the
plasticity of neural sound discrimination that happens as a result of
mere exposure as well as explicit music training.

Procedure

The experimental session included neurocognitive testing, attach-
ment and detachment of electrodes, and, altogether, five electroen-
cephalography (EEG) experiments (one is reported here and four
will be reported elsewhere). Neurocognitive tests were administered
by psychology majors before the EEG experiments, and took, alto-
gether, ~45 min. The whole experimental session lasted for ~2.5 h,
with a break halfway through the session.
Electroencephalography recordings were made in an electrically

shielded and soundproofed room while the participants sat in an
armchair watching a movie of choice without the sound (subtitles
were allowed). The participants were asked to avoid unnecessary
movement, to ignore the experimental stimuli, and to concentrate on
viewing the movie. The stimuli were presented through headphones
during movie viewing (Sony Dynamic Stereo Headphones, MDR-
7506) at an intensity of ~65 dB (SPL).

EEG recording

The EEG recordings were conducted with a BioSemi Active-Two
system. The EEG signal was registered with a sampling rate of
512 Hz from 64 Ag–AgCl scalp electrodes mounted in a BioSemi
head cap according to the International 10–20 system. Additional
active electrodes were placed on the nose and on the right and left
mastoid. The electro-oculogram was recorded with electrodes placed
above and at the outer canthus of the right eye. The EEG data
reported in this study are partly the same as in the article by Putki-
nen et al. (2014b).

Data analysis

The data were analysed with BESA 5.1. Noisy electrodes were inter-
polated or excluded from further analysis. On average, 10 electrodes
per subject were deemed to be noisy. Almost exclusively, these
electrodes were at the edge of the cap and not at sites that were the
targets of analyses. An automatic ocular artefact correction system
was used in BESA (principal component analysis) (Ille et al., 2002).
Frequencies under 1 Hz and over 20 Hz were filtered out offline.
Epochs from 100 ms prior to and 400 ms after stimulus onset were
extracted, and those with voltage changes exceeding �100 lV were
excluded from further analyses [on average, 76% (SD = 0.12) of
epochs were accepted]. The epochs were averaged separately for

deviant and standard sounds, and re-referenced to the average of the
two mastoid channels. The MMN and P3a mean amplitudes were
calculated over 60-ms time windows from deviant-minus-standard
difference signals (170–230 ms and 320–380 ms from sound onset,
respectively) from the frontal electrodes F3, Fz, and F4.
Multivariate ANOVA with an age group 9 music training design

was used to examine performance in the neurocognitive tests. For
the response amplitudes, we first performed preliminary repeated
measures ANOVA (rANOVA) to examine response scalp distributions
with the factors age group 9 music training 9 performance 9 left-
midline right (F3, C3 and P3 vs. Fz, Cz and Pz vs. F4, C4 and P4),
and frontal–central–posterior (F3, Fz and F4 vs. C3, Cz and C4 vs.
P3, Pz and P4). These preliminary analyses indicated that MMN
and the P3a showed the expected frontal distribution. Consequently,
the differences between the age groups and the Music and Control
groups were also evident at the frontal electrode sites (see Results).
Therefore, we restricted our main analyses to the frontal electrodes
F3, Fz, and F4. Namely, an rANOVA with an age group 9 music
training 9 performance 9 electrode (F3, Fz, and F4) design was
used to explore the connections between performance in the tests for
inhibition and set-shifting and P3a and MMN amplitudes. These
two tests were selected for further analyses because they were the
only ones in which musically trained children outperformed the
non-trained children (see Results). The total completion times of the
inhibition and set-shifting tasks were used as indexes of perfor-
mance. A standardized score was formed of the completion times in
each of the subtests for each age group and the Music and Control
groups separately. These scores were used in separate analyses as
categorical above-or-below median and as a continuous measure of
performance (see Data S1). The categorical measure was calculated
in order to enable comparison of MMN and P3a amplitudes in high-
performing vs. low-performing individuals within the Control and
Music groups. The median-split has been utilized in other studies
investigating relations between performance and brain measures
(Sanders et al., 2002; Zanto & Gazzaley, 2009; Giuliano et al.,
2014). High and low performers were identified separately for ages
9, 11, 13 and 15 years and the Music and Control groups, thereby
controlling for the age-related and training-related differences in test
performance. The high and low performers in the Music group did
not differ in amount of practice at home (P = 0.957), so this factor
cannot explain differences in any outcome measures. Post hoc pair-
wise comparisons with Bonferroni correction were used to further
investigate significant interactions. The results from analyses with
the continuous measure of performance are included as Data S1,
and concur with the results from analyses with the categorical mea-
sure.
We also analysed MMN and P3a response latencies, and found

no significant group differences or other effects (for results, see Data
S2).
Gender was not included in the final analyses, despite the larger

proportion of girls in the Music group, as our preliminary analyses
showed no main effects or interactions involving the gender factor.

Results

Test performance

The average performance of the Control and Music groups in the
neurocognitive tests, and significance levels for group differences,
are outlined in Table 2. In general, children in the older age group
showed better performance in all neurocognitive tests than children
in the younger age group. Musically trained participants had
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significantly shorter completion times than non-trained participants
in the naming, inhibition and set-shifting tasks of the Inhibition test.
Age of onset was not significantly correlated with performance in
these tasks when age was controlled for (P = 0.292–0.423). Note,
however, that there was very little variance across participants in the
starting age for musical training. There were no group differences in
performance in the other neurocognitive tests.

MMN and P3a amplitudes and test performance (high vs. low)

A negative deflection in the typical MMN time range (100–250 ms)
could be seen in the responses of all groups. This response was fol-
lowed by a shift towards positive polarity, which was interpreted as
the P3a, at 300–400 ms. Figure 1 shows the standard and deviant
responses from frontal, central and temporal sites for both high-per-
forming and low-performing 9–11-year-olds in the Music and Con-
trol groups, and Fig. 2 shows these for the 13–15-year-olds.
A preliminary rANOVA indicated that both responses were largest

at the frontal electrodes (main effect of frontal–posterior: MMN,
F1,84 = 9.6, P = 0.000, g2 = 0.103; P3a, F1,84 = 17.991,
P = 0.000), g2 = 0.176) and increased in amplitude with age (main
effect of age group: MMN, F1,84 = 7.661, P = 0.007, g2 = 0.084;
P3a, F1,84 = 4.355, P = 0.040, g2 = 0.049). Furthermore, MMN
was larger in the Music group than in the Control group (main
effect of music training: MMN, F1,84 = 6.119, P = 0.015,
g2 = 0.068). Figure 3 depicts maps showing the scalp topographies
of amplitude distribution.
For the MMN amplitude, the main rANOVA showed significant

main effects of music training (F1,77 = 6, P = 0.006, g2 = 0.094)
and age group (F1,77 = 5.18, P = 0.026, g2 = 0.063) and also an
interaction between group, age group and high/low performance in
the set-shifting task (F1,77 = 5.02, P = 0.028, g2 = 0.061). Post hoc
pairwise comparisons revealed that the older, high-performing Con-
trol group children had larger MMN amplitudes than low performers
(P = 0.048). No such differences between low and high performers
were found in the Music group. For the Control group, an age-
related increase in MMN was found only in the high-performing
children (P = 0.02). Conversely, in the Music group, there was an
age-related increase in MMN amplitude only in the low-performing
children (P = 0.028). In contrast, the musically trained high-per-
forming children already showed large MMN responses at ages 9–
11 years, and so no difference in MMN amplitude between the age
groups (ages 9–11 years and 13–15 years) in the high-performing
Music group was found (P = 0.377). These age-related effects were
reflected in MMN amplitude differences between the Music and

Control groups. In the high-performing group, the younger Music
group children had larger MMN amplitudes than the younger Con-
trol group children (P = 0.024). There was no significant difference
in MMN amplitude between the high-performing Music and Control
group children (P = 0.343) in the older age group. In the low-per-
forming group, Music group children showed larger MMN ampli-
tudes than the Control group children only in the older age group
(P = 0.005). No difference in MMN amplitude was found between
low-performing Music and Control group children in the younger
age group.
In sum, in the Music group children, age-related MMN enhance-

ment was observed in the low-performing subgroup, whereas in the
Control group children it was evident only in the high-performing
subgroup. No age-related changes in MMN amplitude were seen in
the high-performing Music group children, who already showed
large amplitudes at younger ages and in whom the amplitude
remained large. There was also no age-related change in MMN
amplitude in the low-performing Control group children, whose
response amplitudes were small at younger ages and remained
small.
The rANOVA for P3a amplitude showed significant main effects of

age group (F1,77 = 9.5, P = 0.003, g2 = 0.110) and high/low perfor-
mance in the set-shifting task (F1,77 = 6.3, P = 0.014, g2 = 0.076),
and an interaction between age group and high/low performance in
the set-shifting task (F1,77 = 5.1, P = 0.026, g2 = 0.063). There
was no significant difference between the Music and the Control
groups in P3a amplitude. Post hoc pairwise comparisons revealed
that, in the older age group, high-performing children had larger
P3a amplitudes than low-performing children (P = 0.001). The age-
related increase in P3a amplitude was significant only in the high-
performing group (P = 0.001). There were no statistically significant
differences in P3a amplitude between the age groups in the low-per-
forming group (P = 0.549). In sum, an age-related increase in P3a
amplitude was evident only in the high-performing children, regard-
less of music training. Figure 4 depicts the results from the rANOVAs
investigating connections between test performance and both MMN
and P3a response amplitudes.

Discussion

In line with our hypotheses, executive functions were linked to age-
related and music-training-related augmentation of the MMN
response in both musically trained and non-trained children. To our
knowledge, this study is the first to document a link between the
development of neural sound discrimination and cognitive flexibility.

Table 2. Mean completion times for the Music and Control groups (pooled across age groups) in the neurocognitive tests. The rightmost column indicates the
statistical significance of the group differences. A Bonferroni correction was used to correct for multiple comparisons. An asterisk denotes the tests that showed
significant differences between the Music and Control groups

Control Music
F (d.f.) Significance g2Mean (SD) Mean (SD)

Naming, completion time (s)* 45.5 (11.9) 40.9 (8.5) 8.398 (3.73) P = 0.005 0.102
Inhibition, completion time (s)* 60.4 (13.4) 53.3 (12.6) 10.954 (3.73) P = 0.001 0.129
Set-shifting, completion time (s)* 94.7 (19.7) 85.1 (20.3) 10.327 (3.73) P = 0.002 0.122
Verbal fluency 65.1 (19.5) 67.1 (21.2) 1.202 (3.73) P = 0.276 0.016
Digit span backward 7.67 (1.54) 7.4 (1.63) 0.667 (3.73) P = 0.417 0.009
TMT-B, completion time (s) 94.8 (49.6) 80.6 (26.2) 2.664 (3.73) P = 0.107 0.035
Block design, points 45.5 (10.2) 47.6 (11) 1.210 (3.73) P = 0.275 0.016
Vocabulary, points 43.6 (10.9) 45 (11) 1.563 (3.73) P = 0.215 0.021
Combined standardized score (Block design, Vocabulary) –0.074 (0.90) 0.059 (0.85) 2.137 (3.73) P = 0.148 0.028

d.f., degrees of freedom.
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Fig. 1. The standard and deviant responses from 9–11-year-old participants from frontal, central and temporal sites. The responses are presented separately for
subjects with high and low performance in the set-shifting task, and for the Music and Control groups.
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Fig. 2. The standard and deviant responses from 13–15-year-old participants from frontal, central and temporal sites. The responses are presented separately
for subjects with high and low performance in the set-shifting task, and for the Music and Control groups.
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The current study suggests that individual neurocognitive differences
modulate the effects of both deliberate practice and incidental expo-
sure on auditory learning.

Musically trained children show enhanced inhibition and
cognitive flexibility

In the current study, we investigated the performance of children in
tasks for working memory, inhibition, and set-shifting, following the
typical division of executive functions into three components
(Miyake et al., 2000; Lehto et al., 2003; Diamond, 2013). Musically
trained children had better performance in the tasks for inhibition
and set-shifting. This result is in agreement with previous research
that has found an advantage for musically trained individuals in
inhibition and set-shifting (Bialystok & DePape, 2009; Deg�e et al.,
2011; Zuk et al., 2014), but contradicts one (Schellenberg, 2011).
As the current study is cross-sectional, we cannot establish a causal
link between music training and improvement in executive func-
tions. However, there is evidence from other research that executive
functions are modifiable during childhood by different kinds of
training programme (Diamond, 2012). Importantly, in a study by
Moreno et al. (2011), 4–6-year-old children who underwent comput-
erized music training, as opposed to computerized visual art train-

ing, had improved performance in a Go/NoGo test measuring
inhibitory control. It is therefore at least plausible that the differ-
ences between the musically trained and non-trained children in set-
shifting ability were causally related to music training.
The contradiction between the findings pertaining to set-shifting

in the current study and that of Schellenberg (2011) could, in part,
be attributable to methodological differences in measuring set-shift-
ing, as also pointed out by Bialystok (2011). However, the inhibi-
tion task employed by Schellenberg (2011) is very similar to the
one used in the current study. Thus, the differences between our
results and those of Schellenberg pertaining to inhibition are proba-
bly not attributable to choice of test, and the reason for the contra-
dictory results remains unclear.
In contrast to findings of greater IQ in musically trained individu-

als (Schellenberg, 2004, 2006, 2011), we did not find differences
between musically trained children and non-trained children in the
scores for tests of vocabulary and visuoconstruction, or in a compos-
ite score of the two tests, used as a simple index of total IQ [see
also Mehr et al. (2013), Mosing et al. (2015), and Zuk et al.
(2014)]. Unlike in the studies by Schellenberg (2006, 2011), the
Control group and the Music group were matched in parental educa-
tion, which might explain why the differences in IQ did not appear
as strongly as previously observed.

Fig. 3. The scalp topographies of MMN and P3a amplitude distribution in two age groups, separately for subjects with high and low performance in the set-
shifting task, and for the Music and Control groups.
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The musically trained and non-trained participants did not differ
in their performance in the other neurocognitive tests administered
in the present study (digit span test, trail-making test, and verbal flu-
ency test). The backwards digit span test is classically used for
indexing working memory. Previous research has found an advan-
tage for musically trained adults (George & Coch, 2011; Hansen
et al., 2013; Su�arez et al., 2015) in span tests for working memory
and in a test for working memory of musical chord sequences
(Pallesen et al., 2010). Advantages for musically trained children
have also been reported (Lee et al., 2007; Roden et al., 2014).
However, recently, Zuk et al. (2014) found no correlation between
music training and performance in the backwards digit span task in
children. Our findings replicate their results on backwards digit span
performance in a slightly broader age group [9–15 years vs. the 9–
12-year-olds in Zuk et al. (2014)]. In total, there seems to be some-
what more consistent evidence of an advantage for professional
adult musicians than for musically trained children in span tests for
working memory. One explanation for the contrasting findings is
that, perhaps, the individuals who persist in training after school-age
to become professionals have specific advantages in working mem-
ory to begin with. Alternatively, the training effects on these cogni-
tive functions may slowly accumulate over time, and therefore be
more clearly seen as a musician advantage in adulthood.
Zuk et al. (2014) did, on the other hand, show a difference

between musically trained and non-trained children in tests for ver-
bal fluency and in the TMT-B, whereas our results did not. The fact
that Zuk et al. tested only 9–12-year-old children appears not to
explain the discrepant results. Namely, we found no interaction
between age and music training in our analyses of verbal fluency or
TMT-B performance, and therefore no evidence that a difference

between the Music and Control groups in test performance existed
between the younger participants in our study.
One reason why no difference was found in the verbal fluency

task could be based on the ‘task impurity problem’ (Burgess, 1997).
In addition to executive functions, the test also requires verbal abil-
ity, in which, according to the vocabulary subtest of the WISC-IV,
the Music and Control groups were matched. In Zuk et al. (2014),
IQ estimation included only a test for non-verbal ability for the child
participants. Therefore, we do not know whether the children in
their study were matched for verbal ability and whether possible dif-
ferences in verbal ability could explain the difference that they
observed in the test for verbal fluency. Furthermore, the test for ver-
bal fluency used by Zuk et al. (2014) also contained a set-shifting
component, whereas ours did not: in addition to producing words
according to rules, it required participants to alternate between
response strategies. Therefore, it may be that musically trained indi-
viduals are better at tasks requiring set-shifting, but not those requir-
ing fluency.
The set-shifting task of the inhibition test requires less working

memory maintenance than the TMT-B. In the TMT-B, the subject is
required to maintain and alternatingly manipulate a string of digits
and a string of letters in memory, whereas in the set-shifting task
the subject needs to remember the rule according to which the
response strategy is switched. As the subjects in our study were
matched in working memory, it is possible that the differences in
set-shifting capabilities did not emerge in the TMT-B because it
strongly emphasizes working memory alongside shifting capabilities
(Sanchez-Cubillo et al., 2009). However, Zuk et al. (2014) did find
a difference in TMT-B performance between musically trained and
non-trained children, but no significant difference in working

Fig. 4. (A) Deviant-minus-standard difference waveforms from the average of electrodes F3, Fz and F4 separately for the 9–11-year-olds and 13–15-year-olds
in the Music and Control groups with high and low performing in the set-shifting task. (B) MMN and P3a amplitudes from the average of electrodes F3, Fz,
and F4, with significant age effects for children with high and low median performance in the set-shifting task.
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memory, as indexed by the backwards digit span test, although the
standard score of the music group was slightly higher than the score
of the control group.

Interplay of music training, age and set-shifting in modulating
MMN and P3a amplitude

The results of the current study are in line with previous findings
of enhanced neural sound discrimination and altered auditory devel-
opment in musically trained individuals as compared with non-
trained peers (Koelsch et al., 1999; Vuust et al., 2009; Virtala
et al., 2012; Chobert et al., 2014; Moreno et al., 2015; Tierney
et al., 2015). This study extends these findings by showing that
cognitive flexibility is linked to the magnitude of MMN enhance-
ment in musically trained individuals [for a discussion on the
effects of training on the late discriminative negativity response via
top-down regulation, see Moreno et al. (2015) and Moreno & Far-
zan (2015)].
Previously, larger MMN and P3a amplitudes have been linked to

better performance in neurocognitive tests in healthy adults (Light
et al., 2007) and children (Liu et al., 2007; Mikkola et al., 2007;
Partanen et al., 2013; Weism€uller et al., 2015). In children, beha-
vioural correlates of auditory processing have also been linked to
working memory and fluid intelligence (Voelke et al., 2013). Our
study extends these findings by revealing an interplay between exec-
utive functions and training-related and age-related changes in
MMN.
In the Music group, MMN amplitudes were large in the high-per-

forming children irrespective of age, and an age-related increase in
MMN amplitude appeared only with below-median set-shifting per-
formance. In turn, in the Control group there was an age-related
increase in MMN amplitude only in the high-performing children;
in the low-performing Control group children, the MMN amplitude
remained small across age groups. Even though the study is cross-
sectional, the different patterns of age-related change in MMN
amplitude suggests a developmental interpretation. This study sug-
gests that children who performed well in the set-shifting task were
ahead in maturation of neural sound discrimination in their own
group (Music/Control).
Specifically, we suggest that, relative to low-performing Music

group children, high-performing Music group children were ahead
in maturation and training-related enhancement of MMN, and there-
fore had already attained highly accurate discrimination ability of
the chord deviants at age 9–11 years. In turn, the musically trained
children who performed below average were slightly behind the
high-performing Music group children in maturation and training-
related enhancement of the MMN, and still showed improvement.
With regard to the Control group, the high-performing children

showed similar age-related enhancement of neural sound discrimina-
tion as the low-performing Music group children. The older high-
performing Control group children did not significantly differ from
the high-performing Music group children in neural sound discrimi-
nation. This is in line with previous studies showing that neural dis-
crimination of major and minor chords does not require formal
music training, but can be learned through exposure. For instance,
in their magnetoencephalography study, Brattico et al. (2008) found
no difference in magnetic MMN response amplitudes to minor vs.
major chords between adult musicians and non-musicians. There-
fore, the current study suggests that the benefit of music training for
neural discrimination of major and minor chords may be temporary,
and that non-trained children catch up at a later age. According to
our results, efficient set-shifting ability may facilitate this process.

Finally, as there was no age-related development in response
amplitude in the low-performing Control group children, this might
mean that these children take longer to develop neural discrimina-
tion of subtle musically relevant sound changes. Conversely, as sta-
ted above, the low-performing musically trained children did show
an age-related increase in neural sound discrimination. This differ-
ence between low-performing Control and Music group children is
significant in two ways: First, it suggests that the effects of music
training may not be the same for everyone, but that the level of
executive functions may mediate the training effects on neural sound
discrimination. Second, it suggests that, despite poorer skills in set-
shifting, music training still supports the attainment of auditory dis-
crimination skills but at a slightly reduced pace.
Regarding the P3a response, high-performing children had larger

P3a amplitudes than low-performing children, regardless of music
training. Furthermore, there was an age-related increase in P3a
amplitude only in the high-performing group, indicating that chil-
dren who perform better in the test for set-shifting show faster matu-
ration of the P3a response. These findings are in line with previous
studies linking the P3a to executive functions (e.g. Light et al.,
2007), and provide support for the suggestion of Barcel�o et al.
(2002, 2006) that P3a generation and set-shifting rely on a common
neural network. There is evidence that both MMN and the P3a have
generators in the frontal and temporal cortices [e.g. MMN (Alho
et al., 1994; Rinne et al., 2000; Sch€onwiesner et al., 2007); P3a
(Knight, 1984; Alho et al., 1998; Løvstad et al., 2011)], and that
executive functions rely on frontal cortical areas and their diverse
connections to other brain regions (e.g. Stuss & Alexander, 2000;
Alvarez & Emory, 2006; Power & Petersen, 2013). As the develop-
ment of executive functions follows the maturation of prefrontal
areas (e.g. Casey et al., 2000; Sheridan et al., 2014), it is feasible
that frontal maturation could manifest in concurrent augmentation of
the P3a response and improved performance in tests for executive
functions.
As our results link larger P3a amplitudes to better top-down con-

trol of attention, they indicate that the link between the greater P3a
amplitude and high distractibility is not as straightforward as previ-
ously thought. Furthermore, they contradict findings that the P3a
amplitude decreases with age as a result of increased control over
attention processes (Gumenyuk et al., 2004; Wetzel & Schr€oger,
2007, 2014; Wetzel et al., 2011). These contrasting findings might
relate to the fact that most of the studies linking the P3a to beha-
vioural distraction and showing an age-related decrease in amplitude
have used acoustically distinct and highly distracting novel sounds.
In line with this, in studies by Putkinen et al. (2014a,b), where the
P3a was elicited by deviant sounds, faster enhancement of the P3a
amplitude with age in musically trained children than in non-trained
children was interpreted as enhanced neural maturation. Similarly,
the findings by Putkinen et al. (2013) showing that informal musical
experience in early childhood is linked to enlarged P3a amplitudes
to subtle deviant sounds but decreased P3a amplitudes to salient
novel sounds point towards different influences of musical activities
on novelty-elicited and deviant-elicited P3a response amplitudes,
and also to possibly different neural mechanisms underlying these
two P3a responses.
Despite differences between musically trained and non-trained

participants in inhibition and set-shifting, only set-shifting showed
an interaction with age and music training in distinguishing MMN
and P3a amplitudes. Cognitive flexibility is said to be one of the
most demanding of executive functions (Diamond, 2013). It is there-
fore possible that the set-shifting test was the most powerfully dis-
criminating index for maturation of executive functions.
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Conclusions

All in all, these results pertain to the current discussion on how
neurocognitive predisposition might modulate training outcomes
(Zatorre, 2013; Herholz et al., 2015). This study indicates that the
effects of both explicit music training and learning by exposure on
the development of neural sound discrimination vary according to
the level of higher-order cognitive functions. Previously, it has been
suggested that factors such as the starting age of training and
instrument type (Merrett et al., 2013) and personality (Corrigall
et al., 2013) might moderate the effects of music training. This
study is the first to provide evidence on how individual differences
in set-shifting can influence the effects of learning through expo-
sure and explicit training as indexed by ERPs. Our study empha-
sizes that future research on music training and the development of
neural sound discrimination during childhood should also consider
individual differences in the maturational state of executive func-
tions, specifically set-shifting ability. Future studies should also
examine whether our findings are generalizable to non-musical
stimuli, such as speech sounds. Other open questions include the
relationships of neural sound discrimination with behavioural
indexes of musicality and auditory abilities, and the persistence of
possible benefits of good executive functions in auditory processing
into adulthood.
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In the current longitudinal study, we investigated the development of working memory in
musically trained and nontrained children and adolescents, aged 9–20. We measured
working memory with the Digit Span (DS) forwards and backwards tests (N = 106)
and the Trail-Making A and B (TMT-A and B; N = 104) tests three times, in 2011,
2013, and 2016. We expected that musically trained participants would outperform
peers with no musical training. Indeed, we found that the younger musically trained
participants, in particular, outperformed their nontrained peers in the TMT-A, TMT-B
and DS forwards tests. These tests all primarily require active maintenance of a rule in
memory or immediate recall. In contrast, we found no group differences in the backwards
test that requires manipulation and updating of information in working memory. These
results suggest that musical training is more strongly associated with heightened working
memory capacity and maintenance than enhanced working memory updating, especially
in late childhood and early adolescence.

Keywords: musical training, longitudinal, working memory, updating, maintenance, development, trail-making
test, Digit Span

INTRODUCTION

Musically trained individuals have been reported to outperform musically nontrained peers in
various kinds of cognitive tests not directly related to music-making, including ones measuring
long-term verbal and visual memory (Chan et al., 1998; Ho et al., 2003), executive functions
(Bialystok and Depape, 2009; Degé et al., 2011; Moreno et al., 2011; Zuk et al., 2014; Saarikivi
et al., 2016; however, see Schellenberg, 2011), and even intelligence (Schellenberg, 2004, 2006;
Moreno et al., 2011). Executive functions (Stuss and Alexander, 2000; Jurado and Rosselli,
2007; Diamond, 2013) are cognitive processes typically divided into three related components:
working memory, inhibition, and cognitive flexibility (Miyake et al., 2000; Lehto et al., 2003;
Miyake and Friedman, 2012; Diamond, 2013). These three processes allow individuals to
acquire, maintain, manipulate, and update representations of information of the environment,
and monitor, direct and alter behavior according to these representations. Multicomponent
models of working memory propose subprocesses for maintaining representations of
information in memory and for manipulating this information. For instance, the influential
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model of Baddeley and Hitch (1974) divided working memory
into two components for storage and manipulation of verbal
and visual material, and a cognitive control unit (for other
models, see e.g., Cowan, 1988, 1999; Unsworth and Engle, 2007).
Neuroimaging and lesion studies have found separate neural
functions for memory representations and attention processes
that govern manipulation of this information, supporting these
modular views of working memory (Postle et al., 1999; Gerton
et al., 2004; Owen et al., 2005; reviews: D’Esposito et al.,
1995; Miller and Cohen, 2001; Linden, 2007; Nee et al., 2012;
Rottschy et al., 2012; Eriksson et al., 2015; for a discussion on
differences between short-term memory and working memory,
see e.g., Unsworth and Engle, 2007; Cowan, 2008; Aben
et al., 2012). Multicomponent models of working memory have
been validated in child studies (Gathercole et al., 2004; Gray
et al., 2017), and separate brain mechanisms for encoding,
maintenance and retrieval of verbal information have also
been found in neuroimaging studies of children, from the age
6 onwards, and in adolescents (Gathercole et al., 2004; Siffredi
et al., 2017).

Workingmemory and other executive functions develop from
early childhood until adolescence (Cepeda et al., 2001; De Luca
et al., 2003; Vuontela et al., 2003; Luna et al., 2004; Zelazo
et al., 2004; Huizinga et al., 2006), following the maturation
of prefrontal areas (Casey et al., 2000; Fuster, 2002; Kwon
et al., 2002; Bunge and Wright, 2007; Kharitonova et al.,
2013). Different executive functions however mature at slightly
different rates. Development of shifting ability, which is related to
cognitive flexibility, has been found to continue until adolescence
(Huizinga et al., 2006; Best and Miller, 2010; Huizinga and van
der Molen, 2011), and development of working memory even
further, until early adulthood (Kwon et al., 2002; Huizinga et al.,
2006; Satterthwaite et al., 2013).

Several cross-sectional studies have reported varying
musician advantage in working memory tasks. For example, in
a study by George and Coch (2011), years of musical training
correlated positively with scores in both verbal and visual span
tests for memory in college-aged individuals. Similarly, in
another study (Talamini et al., 2016), musically trained adults
outperformed nontrained peers in auditory as well as visual span
tests for working memory. Finally, Zuk et al. (2014) found better
performance in the Digit Span backwards test in adult musicians
compared to nonmusicians, but not in musically trained children
compared to nontrained peers.

Longitudinal studies with children suggest that the putative
musician advantage in memory tasks may be caused by training
and does not solely reflect pre-existing differences (for a
discussion on problems of inferring causation from these kinds
of studies, see Schellenberg, 2015). In the study by Ho et al.
(2003), verbal long-term memory improved in children who
continued musical training during a year-long follow-up, but
not in those who did not. Similarly, in a study following
the development of musically trained and nontrained children
(Bergman Nutley et al., 2014), musical training was associated
with improvement of verbal working memory as measured
by the backwards Digit Span test, but also visual working
memory as measured by a visuo-spatial working memory task.

Another longitudinal study (Fujioka et al., 2006), comparing
the development of children who undertook music lessons for
1 year to the development of children in a Control group, found
significant improvement of working memory as measured by
the Digit Span test only in the Music group. In another study
(Roden et al., 2014), improvement of working memory was
observed in preschool-aged children after 18 months of musical
training, but not in an active Control group. In the study, effects
were found specifically in tests measuring the phonological loop
and the central executive subcomponents of working memory.
The phonological loop was measured with the One Syllable
Word Span Test, requiring participants to memorize and recite
a sequence of words in the order they were presented, and
the Nonword recall test, requiring participants to recite a
nonword immediately after hearing it. The central executive
was measured by complex span tasks requiring processing and
storing information at the same time or requiring reversal of
the order of a memorized sequence of information units. Last,
in a recent study with quasi-random assignment of children
into musical training and Control groups (Guo et al., 2018), it
was found that 6 weeks of musical training improved working
memory. Auditory working memory was assessed with the Digit
Span forward and backward tests and with the Letter-Number
Sequencing test. Both require working memory maintenance of
aurally acquired information and updating and manipulation of
that information in memory.

The notion that musical training might influence memory
skills is further supported by findings of training-related changes
in brain structures important for working memory. In their
seminal study on structural differences, Gaser and Schlaug
(2003) found that musicians had greater gray matter density
in areas important for motor and auditory processes, and also
a region of the cerebellum connected to working memory
(Stoodley et al., 2012). Similarly, in a study by James et al.
(2014), musical training correlated positively with gray matter
density in a cerebellar areas and basal ganglia important for
working memory. Another MRI study found increased thickness
of frontal areas related to working memory in musicians, when
compared to non-musicians (Bermudez et al., 2008).

Musical training has also been connected to changes in brain
functions related to working memory. In the study by George
and Coch (2011), musicians had shorter latencies of electrical
brain responses (P3) to changes in visual as well as auditory
stimuli, as well as larger P3 amplitudes to tonal changes. The
P3 response is thought to reflect updating of workingmemory. In
a recent study (Cheung et al., 2017), musically trained individuals
outperformed nontrained peers in tasks for verbal memory and
also differed in electrical brain activity measured during a verbal
memory task. Specifically, musically trained individuals showed
more intrahemispheric coherence in the theta band. In an fMRI
study (Pallesen et al., 2010), musicians showed greater activation
of brain networks for attention and working memory, including
frontal, parietal, and subcortical areas than nonmusicians. In
another study (Schulze et al., 2011), musicians showed different
patterns of activation of brain areas during memory encoding
and rehearsal of structured and unstructured tonal sequences.
Nonmusicians did not show differences in activation patterns
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during these tasks. Musicians also outperformed nonmusicians
in learning the tonal sequences.

A recent meta-analysis on cross-sectional and longitudinal
studies on music-related enhancement of working memory
in children and adults (Talamini et al., 2017) concluded
that musicians and musically trained individuals have a clear
advantage across different memory tasks when compared to
nontrained peers. However, according to the results, the effect
size depended on the type of information that was processed
and on the memory processes required by the task. In general,
the musician advantage was stronger for working memory than
long-term memory, and for auditory rather than visual stimuli.

Another recent meta-analysis (Sala and Gobet, 2017a) found
only a weak musician advantage in memory tasks. In this meta-
analysis, however, no distinction was made between working
memory and long-term memory, which may have obscured
the effects of musical training on working memory reported in
several cross-sectional and longitudinal studies.

In sum, there is evidence of an association between musical
training and specifically verbal working memory. However,
longitudinal studies have focused on school- or preschool-aged
children even though executive functions are known to develop
long into adolescence. As a result, it is still unclear how
musical training specifically augments the development of
working memory, and for how long into adulthood the possible
advantage persists.

In this longitudinal study, we compared the working memory
skills of 114 musically trained and nontrained children and
adolescents aged 9–20. During this age range, executive functions
including working memory undergo significant development,
owing to the protracted development of brain areas such as the
frontal lobes that important for these skills, but also begin to
reach maturity (Taylor et al., 2013, 2015) The sample allows for
investigating the effects of musical training on working memory,
and the persistence of these effects during a developmentally
highly interesting window of time. The study aims at answering
questions that remain unresolved in research examining the
effects musical trainingmay have on cognitive development: does
musical training augment the development of working memory,
does musical training produce an advantage in working memory
tasks, does this advantage persist into adulthood?

To investigate working memory, we employed two broadly
studied and well-established tests: the Digit Span backward and
forwards tests and the Trail-Making Test A and B. Data on
performance in Digit Span tests were collected during a 3-year
follow-up and the TMT-A and B tests during a 2 year follow-
up. Based on previous literature, we expected musically trained
children and adolescents to perform better than nontrained peers
in all tests.

MATERIALS AND METHODS

Participants
Altogether 106 children and adolescents aged 9–20 years
participated in the study (Tables 1, 2). The musically trained
participants (N = 54, 32 females) had started training on a

musical instrument approximately at age 7. They had attended
or were currently attending a public elementary school that
emphasizesmusic in the curriculum. In addition to weekly classes
in classical instrumental training, school days contained music
lessons such as choir and ensemble training and performances.
Thus, at age 9, participants had a total of approximately 2 years
of musical training and participation in the musical curriculum,
at age 11, 4 years and so on. The nontrained participants (N = 52,
26 females) had no formal training on a musical instrument.
They attended or had attended a standard elementary school
with weekly group-based music lessons until the age of 13, but
no instrumental tuition. No children reported hearing deficits or
neurological impairments. The Music and Control groups were
matched in SES and IQ (Putkinen et al., 2014).

Written informed consent for participation was obtained
from guardians of underaged participants or from over
18-year old participants themselves before the experiment. All
participants also gave verbal consent for their participation.
Participants were rewarded three movie tickets for taking part
in the measurement. The experiment protocol was approved by
the Ethical Committees of the Department of Psychology and
of the Faculty of Behavioural Sciences, both at the University of
Helsinki, Finland.

Working Memory Tests
The Digit Span forwards and backwards (DS forwards, DS
backwards) tests (WISC-IV, Wechsler, 2010) as well as the
TMT-A and B (TMT-A, TMT-B; Poutiainen et al., 2010) were
used to measure verbal working memory. In the Digit Span
forwards test, subjects are aurally presented with a series of
digits, and immediately recite them from memory. In the DS
backwards test, participants are required to recite the presented
digits in reverse order. There are multiple presentation rounds,
with the experimenter always adding one to-be-memorized digit.
The forwards test requires active maintenance of information
in mind, and the backwards tests also manipulation of this
information. Performance is evaluated by the total of digits that
the participant is able to correctly recite.

The TMT-A requires the participant to connect digits printed
randomly on paper by drawing a line from number to number in
a sequential order. The Trail-Making Test B requires participants
to alternate between connecting numbers and letters printed
on the paper in order (1-A-2-B-3-C. . .). Both tests require
maintenance of the rule of the task in mind and also maintaining
awareness of where one is progressing on the sequence of digits
(A) and both digits and letters (B). Performance is measured by
the time taken to complete the test.

Procedure
This study is part of a longitudinal study that started
in 2003 investigating the maturation of auditory processes
and executive functions in children undergoing musical training
and a control group. The study entailed also EEG measurements
and other tests for various cognitive skills (these data are reported
elsewhere). Measurements were conducted every 2 years, with
a new group of 7-year-olds recruited every 2 years. The data,
therefore, contains measurements from the same participants
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but from different years. The data reported here include
measurements conducted in the years 2011, 2013, and 2016 for
the DS forwards and backwards tests and from the years 2011 and
2013 for the Trail-Making A and B Tests (The TMT was
not conducted in 2016). Not all children took part in every
measurement. For the tests, 25 children participated in only one
measurement, 43 in two, and 38 in all three measurements. For
the Trail-Making A and B Tests, 43 children participated in one
measurement and 61 in both.

The cognitive tests were conducted before the EEG
experiments and took a maximum of 1 h altogether. Upon
arrival at the laboratory, written informed consent as well as
oral consent was received from the participants. After this,
the participants accompanied the experimenter to a room to
complete the tests. Experimenters were graduate students,
trained to work with children and adolescents and to administer
the tests. The space was a comfortably lit sound-proofed room,
previously used as an EEG lab, converted for testing use. The
experimenter and the subject were orthogonally seated at a
table. After the tests were completed, the subject was escorted
to the EEG lab, where the EEG cap was attached, and the
subject informed more closely about the EEG experiment.
EEG measurement ensued. Participants were offered bathroom
breaks when needed, and cookies and juice before the EEG
measurement as well as half way through it.

Statistical Analysis
Completion times in the TMT-A and B, and span (number of
correctly recited digits) in DS forwards and backwards were
included separately in analyses of test performance. The effect
of age and group membership on test performance was modeled
with linear mixed modeling using the lmer function [Test Score
∼ Age ∗ Group + (1|Subject)] of the Lme4 package in R (Bates,
2005; Bates et al., 2007). Age was mean centered so that the
significant effect of Group indicates a group difference in the
test score at average age of the participants (mean ages for the
DS and TMTs were 14.39 and 13.44 years, respectively). Linear
mixed modeling was selected as the analysis approach since it
allows a different number of data points across subjects and takes
into account the correlated nature of the data within a subject.
Values below the Q1–1.5 ∗ IQR (inter-quantile-range) or above
Q3 + 1.5 ∗ IQRwere classified as outlier and replaced by the lower
or upper cutoff values of this range, respectively. This procedure
was applied twice for the DS backwards and Trail Making A data
and five times for the Trail Making B data.

RESULTS

Performance of participants in all tests except for the DS
backwards test improved with age (Figures 1, 2). Musically
trained participants outperformed nontrained participants in the
DS forwards test, but not in the backwards test. The musically
trained individuals also outperformed nontrained peers in the
TMT-A. However, the group difference depended on age. The
difference between performance in theMusic andControl groups
decreased with age. A similar age-dependent effect was also

found for performance in Trail-Making Test B. The results are
described in more detail below.

Digit Span Forwards and Backwards
Performance in the DS forwards test improved with age
(estimated increase in span per year: 0.22, p < 0.001). The Music
group outperformed the Control group (estimates for the Music
and Control groups: Control difference in span: 0.56, p < 0.05).
The model revealed no evidence that this group difference was
dependent on age (Group∗Age interaction, ns).

For the DS backwards test, there were no significant effects
of Age or Group or and no significant interaction between
these predictors.

Trail-Making A and B Tests
Subjects’ performance in the TMT-A improved with age
(estimate for the decrease in completion time per year: −2.87,
p < 0.001). There was a trend-level effect of group suggesting
that the Music group outperformed the Control group in this test
(estimate for the Music < Control difference: −2.50, p < 0.07).
However, there was also a significant interaction between Age
and Group indicating that the group difference was more
pronounced in the younger children and decreased with age
(estimate for the Music < Control differences in the change in
completion time per year: 1.11, p < 0.05).

The performance in the Trail-Making Test B also improved
with age (Estimate for the decrease in completion time per year:
−9.25, p < 0.001). For this test, there was a significant effect of
group indicating that the Music group outperformed the Control
group (estimate for the Music < Control difference: −12.06,
p < 0.05) as well as a significant interaction between Age and
Group indicating that this group difference decreased with age
(estimate for the Music < Control differences in the change in
completion time per year: 4.69, p < 0.05).

DISCUSSION

In this study, we investigated the development of working
memory in musically trained and nontrained children and
adolescents. Musically trained participants outperformed
nontrained peers in the DS forwards test as well as the Trail-
Making A and B tests. Furthermore, the group difference in the
two latter tests decreased with age. We did not find a significant
difference between the Music and the Control groups in the DS
backwards test.

A Musician Advantage in the DS Forwards
and Trail-Making A and B Tests
The better performance of the Music group in the DS
forwards test concurs with previous research showing a musician
advantage in tests for memory (Chan et al., 1998; Fujioka et al.,
2006; George andCoch, 2011; BergmanNutley et al., 2014; Roden
et al., 2014; Zuk et al., 2014; Talamini et al., 2016; Guo et al.,
2018; review: Talamini et al., 2017). It is noteworthy, however,
that studies reporting memory enhancement in musicians have
conceptual and methodological differences. In the study by
Cheung et al. (2017), verbal memory enhancement was reported
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FIGURE 1 | Performance of participants in the Digit Span forwards and backwards, and the Trail-Making A and B tests across all age groups. Music and Control
groups represented with different colors.

FIGURE 2 | The intercepts (i.e., estimated performance at mean age) and slopes (i.e., estimated change in performance with age) for each test separately for the
Music and Control groups. The errorbars indicate 95% confidence intervals. ∗p < 0.05, †p = 0.07.
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TABLE 1 | Ages of participants in the Music and Control groups per measurement year for the Digit Span Test.

Group Year Mean age Minimum age Maximum age Standard deviation

Control 2011 12.77 8.75 15.92 2.26
Control 2013 14.61 10.43 17.81 2.45
Control 2016 17.25 13.56 20.78 2.51
Music 2011 12.46 8.92 15.83 2.31
Music 2013 14.09 10.60 17.44 2.20
Music 2016 16.76 13.50 20.29 2.30

TABLE 2 | Ages of participants in the Music and Control groups per measurement year for the Trail-Making Test.

Group Year Mean age Minimum age Maximum age Standard deviation

Control 2011 12.77 8.75 15.92 2.26
Control 2013 14.61 10.43 17.81 2.45
Music 2011 12.46 8.92 15.83 2.31
Music 2013 14.09 10.60 17.44 2.20

based on performance in a task requiring immediate as well
as delayed recall of a word list, i.e., working memory as
well as long-term memory. In contrast, the current study
focused on working memory and employed the classical DS
measure. Therefore, this study adds to the evidence for enhanced
working memory in musically trained children along with earlier
longitudinal studies that have used the similar span tests (Fujioka
et al., 2006; Bergman Nutley et al., 2014; Guo et al., 2018).

Interestingly, we found enhancement of performance in only
the forwards and not the DS backwards test. Similar results have
been obtained in the study by Hansen et al. (2013) who found
that musical training was associated with better performance in
the DS forwards, but not backwards test. Furthermore, in their
study, DS forward performance was connected to performance in
musical ability tests. Along the same lines, Lee et al. (2007) found
that musically trained adults outperformed nontrained peers in
forwards, but not DS backwards. In their study, musically trained
children, aged 12 on average, however, outperformed nontrained
peer both in the forwards and DS backwards tests. Guo et al.
(2018), in turn, found enhancement of the backwards but not the
DS forwards after a short-term instrumental training program.
Likewise, Bergman Nutley et al. (2014) found only enhancement
of DS backwards performance in musically trained adults and
children, but unfortunately they did not include DS forwards to
allow for comparison. Thus, the literature is mixed as to whether
musical training is associated with enhancement of forwards or
DS backwards or both.

In any case, the current study found longitudinal evidence
in a large sample of subjects in favor of selective enhancement
of DS forwards in musically trained children and adolescents.
Although negative results cannot be taken as evidence for the
null hypothesis that there is no difference between the groups
in DS backwards, the substantial statistical power of the current
study indicates that a putative undetected group difference
in DS backwards would have to be very small and of little
practical importance.

In this study, we also found that musically trained
participants outperformed nontrained peers in both of the Trail-
Making Tests. Previously, adult musicians have been found to

outperform nonmusicians in TMT-A and B (Bugos andMostafa,
2011), or TMT B alone (Strong and Mast, 2019). However, for
instance Bialystok and Depape (2009) and Virtala et al. (2014)
found no differences between adult musicians and nonmusicians
in span tests or the TMT-A or B. Our results concur with
previous findings of enhanced performance in TMT-A and B
in musically trained individuals but extend these findings to
children and adolescents.

Working Memory Subcomponents
Measured by the Digit Span Test and the
Trail-Making Test
The Digit Span test has usually been categorized as a simple
span test, requiring maintenance of information in memory.
Complex span tests in turn require memory maintenance
of information during another, unrelated cognitive operation
(Wilhelm et al., 2013). However, in a meta-analysis conducted by
Redick and Lindsey (2013), the correlation between DS backward
performance and performance in n-back tasks as well as a verbal
complex span tests was greater than the correlation between DS
forward and these tests. Because the DS backward test requires
subjects to reverse the order of the strings presented in mind, it
also requires working memory updating. Furthermore, the DS
forward and backward tests have both been found to recruit in
part separate brain networks (Manan et al., 2014). Both activate
areas connected to working memory, but with the backward
test more strongly activating brain areas related to cognitive
control and phonological processing (Gerton et al., 2004;
Yang et al., 2015).

As the DS forwards and backwards tests have been found
to recruit in part separate working memory processes, it is
possible that performance in one but not the other could be
enhanced through training. Indeed, selective enhancement of
working memory updating (Linares et al., 2018, 2019) and
maintenance (Carretti et al., 2007) skills has been found as a
result of working memory training in adults. Another study
achieved selective impairment of working memory maintenance,
but not updating with tDCS (Wang et al., 2018). Our findings
of musician advantage in DS forwards, but not backwards points

Frontiers in Integrative Neuroscience | www.frontiersin.org 6 November 2019 | Volume 13 | Article 62



Saarikivi et al. Musical Training and Working Memory

towards selective enhancement of workingmemorymaintenance
but not updating.

The Trail-Making Test is usually used to measure executive
functions, and neuroimaging and lesion studies have identified
that TMT recruits large-scale fronto-parietal brain networks
related to these functions (Varjacic et al., 2018). However, there
is evidence that performance in the TMT is related primarily to
processing speed and working memory ability, as well as fluid
intelligence (Sánchez-Cubillo et al., 2009; Satterthwaite et al.,
2013). These findings are supported by evidence of genetic
correlations between trail-making performance, reasoning ability
and general cognitive ability, processing speed, and memory
(Hagenaars et al., 2018). Research has also found differences
between the cognitive processes underlying TMT-A and B
performance. TMT-A is thought to rely mainly upon processing
speed, and TMT-B to additionally require working memory and
switching ability (Arbuthnott and Frank, 2000; Sánchez-Cubillo
et al., 2009). According to a validation study of a computerized
version of the TMT, TMT-B performance was explained to a
large degree by inhibition and visual working memory skills
(Fellows et al., 2017). Similar results were obtained in a factor
analysis of TMT performance and several other neurocognitive
measures in older individuals, where TMT-B performance was
connected to measures of working memory and inhibition, and
TMT-A to processing speed (Llinàs-Reglà et al., 2017).

There is also significant overlap between the cognitive
processes that the TMT recruits. For instance, working memory
skills and working memory capacity are tightly related to fluid
intelligence (Kane et al., 2005; Kail, 2007; Demetriou et al., 2014;
Salthouse, 2014; Heinzel et al., 2016). It has also been found
that working memory predicts switching (Blackwell et al., 2009),
presumably through supporting the maintenance of switching
rules. Inhibitory control, in turn, may have a role in supporting
working memory maintenance (Jonides et al., 1998; Zanto and
Gazzaley, 2009; Getzmann et al., 2018).

In behavioral studies, DS backwards performance has been
found to predict TMT-B performance, suggesting a partial
overlap between the cognitive requirements of these tasks
(Sánchez-Cubillo et al., 2009). Both DS backwards and TMT-B
engage cognitive control more than DS forwards and TMT-A,
but there are also obvious differences between test requirements.
TMT-B requires switching attention from one rule and sequence
of information in memory to another (letters or numbers). It
also requires continuous updating of information about the
respondent’s position along the series of letters or numbers they
are connecting. DS backwards requires recoding a string of digits
in mind into reverse order, or updating the representation of the
acquired information, but does not require switching between
rules or response patterns during responding. The TMT-A
and B also engage specifically working memory maintenance,
by requiring the participant to keep the response rule and
progression along the sequence of letters and numbers in
mind. As in this study, we observed a musician advantage in
DS forwards but not backwards, and both the TMT-A and
B, our results point towards enhancement of skills that are
required by these tests but not by the DS backwards test.
These include working memory maintenance for DS forwards,

as well as TMT-A and B. TMT-B also requires switching
ability, not required by the DS backwards test. In addition
to working memory maintenance, the musician advantage in
TMT-B can therefore also be explained by enhancement of
switching ability.

In sum, while the Digit Span and the Trail-Making
Test are routinely used to assess and connected to working
memory ability, the task impurity problem complicates reaching
conclusions about specifically which cognitive functions are
measured and to what extent. Our results are best explained by
enhancement of working memory maintenance, required by the
TMT-A, B and the DS forward test. In addition, enhancement
of switching ability may explain the musician advantage
in TMT-B.

How Musical Training Could Exert
Selective Effects on the Development of
Working Memory
Learning to play a musical instrument or sing requires working
memory in a multitude of ways. For example, memorizing and
producing sequences of tones when learning music by heart,
and responding to changes in music when playing together with
others both require working memory. It is possible that musical
training during childhood could enhance working memory to
the extent that this could be seen as faster development of
these skills.

Augmentation ofmemory skills has been obtained by working
memory programs (Melby-Lervåg and Hulme, 2013; Sala and
Gobet, 2017b). It has been suggested that programs focusing on
core working memory skills are most effective (Morrison and
Chein, 2011). These programs are characterized by tasks that
contain stimuli in more than one modality, require working
memory maintenance and interference control, quick memory
encoding and retrieval, change according to the individual’s
skill level and require high engagement and focus (Morrison
and Chein, 2011). Musical training matches these characteristics
of core working memory training programs well. For instance,
learning to play sheet music requires transformation of visual
stimuli into motor actions, which produce sound stimuli. Playing
from notes requires concurrent working memory maintenance
and updating of visual information from notation and auditory
information produced by the musician. Playing from memory
adds to working memory updating and maintenance demands
through requiring monitoring of the sounds and movements
produced and matching them to the model of the musical
piece in memory. In ensemble playing, interference control
is needed in order to be able to segregate the stream of
sound produced by the individuals from those produced by
others. Ensemble playing also requires rapid working memory
encoding and retrieval, as musicians need to follow not only
their own stream of sound but also that of others, and respond
to changes in others’ output. In joint improvisation, these
rapid working memory encoding and retrieval requirements are
accentuated. Musical training increases in challenge according
to the proficiency of the individual, and successful learning and
playing of music requires great engagement and focus. It is
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therefore feasible that musical training might influence working
memory processes.

The results on selective enhancement of the participants’
working memory maintenance, but not working memory
updating skills, would mean that musical training selectively
engages these mechanisms and perhaps selectively supports
development of one more than the other. This explanation
resonates with findings of different patterns of brain activation
during memory encoding and rehearsal, reflecting differences
in memory processes in musicians compared to nonmusicians
(Schulze et al., 2011). It is feasible that musical training
might exert powerful effects specifically on working memory
maintenance. Learning to play by ear relies heavily on
an individual’s capability of acquiring and storing auditory
information, melodies, and then reproducing this information
immediately. Learning to play from notes, in turn, hones
working memory maintenance in the visual domain. Conversely,
classical musical training may not as much emphasize the ability
to augment the presented information in mind, but rather
reproduce it exactly as presented.

An alternative explanation for selective enhancement of
working memory maintenance is that musical training improves
selective attention. Indeed, there is evidence that selective
attention underlies working memory maintenance (Sreenivasan
and Jha, 2007; Berry et al., 2009; Gazzaley and Nobre, 2012).
Selective attention seems to support encoding and maintenance
of information in memory by shielding it from distracting
information. This notion is supported by neuroimaging evidence
of attenuated processing of distracting information during a
working memory maintenance task (Sreenivasan and Jha, 2007).
There is also tentative evidence of a musician advantage selective
attention, indexed by decreased variability of frontal brain
responses to attended stimuli (Strait and Kraus, 2011; Strait
et al., 2015). It is possible that music training, for instance
through playing in ensembles, and learning to focus on only
the sound produced by one’s instrument, could develop selective
attention, which is of benefit in tasks requiring memorization
of aurally presented information. Selective attention may also
be required and therefore trained in learning to play sheet
music. For instance, in learning to play piano, there are two
notations to follow—one for the right and one for the left hand.
Selectively attending to this visual information is required for
successful production of sound. Trail-Making Test performance
has been connected to selective attention skills, as measured
by the ability to recognize speech in noise (Ellis et al., 2016),
but to the knowledge of the authors, similar results on a
connection between specifically selective attention and Digit
Span performance have not been obtained. In future studies
investigating working memory in musically trained individuals,
including measures for selective attention would help further
elucidate this possible connection.

Augmented Developmental Trajectories in
Trained and Nontrained Participants
The difference in performance between the Music and Control
group observed in this study diminished over time. It is possible

that musical training enhances the development of working
memory maintenance or selective attention, which can be seen
as faster maturation in the Music group, but with time the
Control group children attain the same level of performance.
This explanation is contrasted by studies that have found
enhanced working memory still in musically trained adults
(Chan et al., 1998; Bialystok and Depape, 2009; George and
Coch, 2011; Zuk et al., 2014; Talamini et al., 2016; Ding et al.,
2018). There are, however, also contrary findings. In one study,
adult nonmusicians were found to outperform musicians in
tests requiring immediate as well as delayed recall of newly
acquired information, with no significant group differences in
performance in the TMT-A or B or DS (Virtala et al., 2014).
Thus, the existence of working memory benefits associated
with musical expertise in adulthood should be considered
with caution.

As stated before, the task impurity problem complicates
understanding of which cognitive functions are putatively most
affected by musical training. Furthermore, the maturation of
other executive functions may influence the maturation of
subprocesses of working memory. For instance, the protracted
development of inhibitory control and shifting ability influence
performance in complex working memory span tasks that
require these skills in addition to maintaining information
in working memory (Jonides et al., 1998; Schleepen and
Jonkman, 2009). Future longitudinal studies investigating
working memory development should include measures
that allow for disentangling the unique contributions of
development in these cognitive skills to the development of
working memory.

Since our study lacks baseline measurement of working
memory skills prior to musical training, our results may
also be explained by pre-existing differences between the two
groups, instead of developmental causal explanation (for a
study pointing towards pre-existing differences in intelligence,
which may explain better performance in executive functions,
see Schellenberg, 2015). The lack of the baseline measurement
is caused by our choice to minimize the length of the
experimental session when the children were only 7 years
old and about to start their instrumental training. We added
more behavioral and ERP paradigms gradually when the
children became older and could then better cope with longer
sessions. By this arrangement, we were able to minimize the
number of drop-out participants—a serious problem in all
longitudinal studies (for discussion, see Tervaniemi et al., 2018;
Barbaroux et al., 2019).

One might consider the lack of random group allocation
also as a caveat of our study. However, in our view, it is
not feasible to plan a longitudinal study for several years
on children and adolescents, at least if a control group is
included. If the participants are not motivated, they either
quit the training, do not participate in the investigations,
or both. Even in shorter longitudinal studies, it has been
a challenge to maintain the motivation of the participants
unless the study is conducted in special circumstances such as
summer camp like the study environment in the innovative
study by Moreno et al. (2011). Thus, the current choice of
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having a longitudinal study on children who chose their music
training based on their own and their family’s initiative, gives
solid evidence about the development of cognitive functions of
music-oriented and control children obtained in an ecologically
valid context.

SUMMARY AND CONCLUSIONS

In this study, we investigated the maturation of working
memory in musically trained and nontrained children and
adolescents. We found different patterns of development for
different subcomponents of working memory in the trained and
nontrained participants. Musically trained individuals had better
performance in tests tapping working memory maintenance, but
not updating, than musically nontrained individuals. However,
the difference lessened over time, as nontrained participants
attained a similar level of performance as trained participants.
Our results extend previous findings of a musician advantage in
tests for working memory by specifying which subcomponents
of working memory may be most affected, and by clarifying the
trajectory of enhancement from childhood into adolescence.
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1 |  INTRODUCTION

Executive functions (EFs) are top- down cognitive control 
processes that enable goal- directed behavior, planning, and 
problem solving (Diamond, 2013; Friedman & Miyake, 2017; 

Jurado & Rosselli, 2007). The term EFs has been applied to 
various cognitive functions and typically includes inhibitory 
control, working memory, and cognitive flexibility. Studies 
in children and adults indicate these components of EFs are 
partially distinct but correlated (Miyake et al., 2000; Lehto 
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Abstract
Previous work suggests that musical training in childhood is associated with en-

hanced executive functions. However, it is unknown whether this advantage extends 

to selective attention— another central aspect of executive control. We recorded a 

well- established event- related potential (ERP) marker of distraction, the P3a, dur-

ing an audio- visual task to investigate the maturation of selective attention in mu-

sically trained children and adolescents aged 10– 17  years and a control group of 

untrained peers. The task required categorization of visual stimuli, while a sequence 

of standard sounds and distracting novel sounds were presented in the background. 

The music group outperformed the control group in the categorization task and the 

younger children in the music group showed a smaller P3a to the distracting novel 

sounds than their peers in the control group. Also, a negative response elicited by the 

novel sounds in the N1/MMN time range (~150– 200 ms) was smaller in the music 

group. These results indicate that the music group was less easily distracted by the 

task- irrelevant sound stimulation and gated the neural processing of the novel sounds 

more efficiently than the control group. Furthermore, we replicated our previous 

finding that, relative to the control group, the musically trained children and ado-

lescents performed faster in standardized tests for inhibition and set shifting. These 

results provide novel converging behavioral and electrophysiological evidence from 

a cross- modal paradigm for accelerated maturation of selective attention in musically 

trained children and adolescents and corroborate the association between musical 

training and enhanced inhibition and set shifting.

K E Y W O R D S
ERP, executive functions, musical training, P3a, selective attention
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et  al.,  2003). Selective attention is the ability to maintain 
attention towards a target while resisting interference from 
irrelevant stimuli and is typically considered a central as-
pect of EFs (cf. interference control in Diamond, 2013; and 
attentional control in Jurado & Rosselli,  2007). Out of the 
different EFs, selective attention has an evident connection 
to inhibition and is by some included as a subcomponent of 
inhibitory control (Diamond,  2013), as it requires suppres-
sion of the processing of irrelevant stimuli. Inhibiting dis-
tractor processing during selective attention also seems to 
depend on neural resources separate from those for direction 
and maintenance of attention towards targets (Bidet- Caulet 
et  al., 2010, 2015). Since being able to stay focused in the 
presence of distracting stimuli is crucial for cognitive devel-
opment, academic achievement and health, uncovering the 
neurodevelopmental trajectory of selective attention has been 
a central goal of cognitive neuroscience and neuropsychol-
ogy (Stevens & Bavelier, 2012).

Building on classic behavioral work on selective atten-
tion (Cherry, 1953; Posner, 1978), numerous auditory event- 
related potential (ERP) studies have investigated the neural 
mechanisms of attentional selection and distraction in par-
adigms where subjects focus on a primary task while task- 
irrelevant sounds are presented concurrently. These studies 
indicate that early (100– 200 ms) auditory ERP responses such 
as the N1 and mismatch negativity (MMN) may be attenuated 
when attention is strongly focused towards the primary task 
and away from the eliciting sounds (Fritz et al., 2007; Hillyard 
et  al.,  1973; Woldorff et  al.,  1991). It is noteworthy, how-
ever, that there is a longstanding debate on whether attention 
modulates just the N1 or also the MMN and whether these 
responses are in fact separate entities (May & Tiitinen, 2010). 
Therefore, we adopt the term N1/MMN here to refer to the 
change- related negative responses in this time range. In such 
paradigms, rare task- irrelevant novel sounds (e.g., highly sa-
lient environmental sounds) elicit the P3a response, which 
is considered to reflect involuntary, bottom- up attention 
switch towards unexpected sounds (for reviews, see Escera 
et al., 2000; Escera & Corral, 2007). Accordingly, behavioral 
performance in the main task tends to be perturbed by the 
presentation of task- irrelevant, P3a- eliciting sounds (Escera 
et al., 1998; Gumenyuk et al., 2004; Wetzel et al., 2006). In 
adults, the novel sound- induced P3a is seen as a positive de-
flection over the frontal and central electrode sites that peak 
between 200 and 500  ms after stimulus onset. Particularly 
the later time window (~300  ms onwards) of the response 
has been associated with attentional orienting and distraction 
(Escera et al., 1998; Horváth et al., 2011) Accordingly, the 
late P3a (lP3a) is enlarged in individuals with heightened dis-
tractibility such as children with major depression (Lepistö 
et al., 2004) or ADHD (van Mourik et al., 2007) and patients 
with closed head injury (Kaipio et al., 2000). The early phase 
of the P3a has been proposed to reflect the processing of the 

deviating stimulus features (Horváth et al., 2011) rather than 
attention capture, perhaps reflecting an enhanced P2 response 
to salient sound changes (Wetzel et al., 2011).

Selective attention continues to improve during adoles-
cence, reflecting the maturation of the fronto- parietal and 
subcortical networks supporting these functions (Blakemore 
& Choudhury,  2006). Behavioral studies indicate that 
even infants are able to deploy selective attention (e.g., 
Tummeltshammer et al., 2014) and ERP studies have revealed 
smaller responses to unattended versus attended stimuli in 
young children (Sanders et al., 2006) akin to the results ob-
tained in adults (Hillyard et al., 1973). However, children are 
more readily distracted by extraneous information than adults 
as indexed for example by Flanker task performance (Rueda 
et al., 2004). Accordingly, young children tend to show larger 
P3a responses to novel sounds and poorer behavioral perfor-
mance in the primary task than older children (Gumenyuk 
et  al.,  2004), adolescents (Wetzel & Schröger,  2007), or 
adults (Wetzel et al., 2011), indicating that the P3a reduces 
in amplitude with age as the attentional control system ma-
tures. Thus, the novel- sound- induced P3a is a widely used 
electrophysiological measure for the maturation of selective 
auditory attention.

Children's and adolescents' EFs skills predict various soci-
etally important phenomena such as academic performance, 
health, and occupational success (Miller et al., 2012; Moffitt 
et al., 2011; St Clair- Thompson & Gathercole, 2006). Such 
findings have fueled great interest in interventions aimed at 
supporting the development of EFs. There is evidence that 
targeted intervention programs and even leisure activities may 
enhance EFs in children (Diamond & Ling, 2016). A number 
of correlational studies indicate that musically trained indi-
viduals outperform untrained peers in tasks for key compo-
nents of EFs like cognitive flexibility and working memory 
(Zuk et  al.,  2014), inhibition (Bialystok & DePape,  2009), 
and set shifting (Degé et  al.,  2011; Saarikivi et  al.,  2016; 
however, see Alemán et al., 2017; Schellenberg, 2011).

The enhancement of various EF components in musically 
trained children raises the question of whether this advantage 
extends to selective attention and the ability to inhibit distrac-
tion. Previous studies in children have provided inconclusive 
results due to methodological issues (for evidence for a selec-
tive attention advantage in adult musicians, see Puschmann 
et  al.,  2019; Tierney et  al.,  2020). Decreased trial- to- trial 
variability in ERP responses to syllable stimuli presented in 
the attended channel of a dichotic listening experiment has 
been interpreted as evidence for enhanced selective attention 
in musically trained children (Strait et al., 2015). However, 
the somewhat idiosyncratic neural measure employed in 
these studies and the lack of behavioral data from the dich-
otic listening task preclude firm conclusions from these 
findings. Although enhanced speech- in- noise perception in 
musically trained children has been taken as evidence for 
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enhanced auditory selective attention (Strait et  al.,  2012), 
speech- in- noise perception also strongly taps into percep-
tual acuity, and the relative roles of top- down attention and 
lower level perceptual processes in such group differences re-
main unclear (Coffey et al., 2017). Finally, musically trained 
children have been found to outperform untrained children 
in a neuropsychological test for “selective attention” where 
the children needed to touch a red circle within 2  s after 
hearing the word “red” on a recording of a word list (Degé 
et al., 2011). However, this task probably measures sustained 
rather than selective attention. Thus, while these studies have 
offered valuable insights into cognitive differences between 
musically trained and untrained children, they do not pro-
vide unequivocal evidence for enhanced selective attention 
in musically trained children and do not address whether 
musical training is associated with enhanced ability to resist 
distraction.

Only a few studies have investigated the neural cor-
relates of the enhanced EFs in musically trained children. 
A handful of fMRI studies suggest that children with mu-
sical training recruit various regions including the inferior 
frontal gyrus and supplementary motor area more strongly 
than untrained children in set- shifting and inhibition tasks 
(Sachs et al., 2017; Zuk et al., 2014). Electroencephalography 
(EEG) and magnetoencephalography (MEG) studies in mu-
sically trained and untrained children have, in turn, almost 
exclusively concentrated on lower level auditory processing 
(Chobert et al., 2014; Fujioka et al., 2006; Habibi et al., 2016; 
Putkinen, Tervaniemi, Saarikivi, de Vent, et  al.,  2014; 
Putkinen, Tervaniemi, Saarikivi, Ojala, et  al.,  2014) rather 
than selective attention or other EFs (however see, Moreno 
et al., 2011; Strait et al., 2015).

In the current study, our goal was to use the well- 
established neural indices of auditory attention and distrac-
tion, the N1/MMN and P3a, to examine the maturation of 
selective attention in musically trained and untrained chil-
dren and adolescents aged 10– 17 years. To this end, we em-
ployed an audio- visual distraction paradigm, adapted from 
classical studies on selective auditory attention (e.g., Escera 
et al., 1998), where a task- irrelevant sequence of standard and 
novel sounds were presented in the background while subjects 
engaged in a visual categorization task. In similar auditory- 
visual paradigms, auditory distractors have been shown to dis-
rupt (or facilitate) behavioral performance in the visual task 
(e.g., Andrés et  al.,; 2006; Ljungberg & Parmentier,  2012; 

Munka & Berti, 2006; Parmentier & Andrés, 2010; Parmentier 
et  al.,  2010; SanMiguel et  al.,  2010). Furthermore, atten-
tion towards visual tasks have been shown to reduce ERP 
responses to auditory deviants and novel sounds (Harmony 
et al., 2000; Zhang et al., 2006; SanMiguel et al., 2008; how-
ever, see Muller- Gass et al., 2007). The novel sounds were 
expected to elicit the N1/MMN- P3a- complex, providing 
neural indices of selective attention and distraction. The be-
havioral performance on trials that followed distracting novel 
sounds versus standard sounds provided a behavioral mea-
sure of how well the subjects were able to ignore the auditory 
stimuli. Furthermore, we measured inhibition and shifting 
with the same neuropsychological test as in our previous 
study (Saarikivi et al., 2016) to replicate the EF advantage in 
the music group we observed previously and to delineate the 
relationship between behaviorally measured inhibition and 
set shifting and our neural indices of selective attention and 
distraction. Since musical training has been associated with 
heightened EFs, we expected that the music group will out-
perform the control group in the neuropsychological tests for 
inhibition and set shifting and the behavioral selective atten-
tion task. Furthermore, since attention towards visual tasks 
has been shown to reduce auditory ERPs in the N1/MMN 
and P3a time ranges and subjects with better attentional skills 
show smaller responses to novel sounds in audio- visual at-
tention tasks, we expected that the music group would show 
smaller N1/MMN and P3a responses to the task- irrelevant 
novel sounds (despite that in some conditions such as pas-
sive MMN paradigms musicians may show larger responses, 
e.g., Putkinen, Tervaniemi, Saarikivi, de Vent, et al., 2014; 
Putkinen, Tervaniemi, Saarikivi, Ojala, et al., 2014). Finally, 
we expected that the P3a amplitude will diminish with age, in 
line with previous studies (cf. Mahajan & McArthur, 2015).

2 |  MATERIALS AND METHODS

2.1 | Subjects

Sixty- six subjects took part in the ERP experiment, and 80 
subjects participated in neuropsychological testing. Out of 
these, 60 subjects took part in both (see Table 1).

The music group consisted of children who had started 
taking instrument lessons at approximately the age of 7. The 
subjects in the music group had attended or were attending 

ERP EF tests

Music Control Music Control

Mean age (range) 14.1 (10.6– 17.4) 14.5 
(10.4– 17.8)

14.1 (10.6– 17.4) 14.6 
(10.4– 17.8)

N (males) 35 (15) 31 (14) 44 (18) 36 (17)

T A B L E  1  Ages and group sizes for the 

ERP experiment and neuropsychological 

testing
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a special elementary school that included music lessons 
(individual instrument lessons, group music lessons, music 
theory) as a part of their curriculum. The control group 
consisted of children and adolescents with no formal music 
training outside their school curriculum (one lesson/week). 
None of the children had hearing deficits or neurological 
impairments. There was no significant difference between 
the control and music groups in IQ, estimated with scores of 
the Block design and Vocabulary subtasks of the WISC- IV 
intelligence scale (t[74] = 1.33, p = .186). The socioeco-
nomic status (SES) of the participants was estimated by 
parental income and parental education. Education was 
measured on a scale of 1– 7 (education: 1  =  elementary 
school, 7 = postgraduate degree; and income on a scale of 
1– 6  =  <1,000€/month, 6  =  over 5,000€/month). A com-
bined score was calculated with normalized values of edu-
cation and income of both parents. There was no difference 
between the groups in SES (t[68] = 0.97, p > .33) for the 
70 subjects (38 from the music group) whose parents pro-
vided these data.

Written informed consent for participation was obtained 
from guardians of the participants before the experiment. 
Participants also gave verbal consent for their participation. 
Participants were rewarded three movie tickets for taking part 
in the study. The experiment protocol was approved by the 
Ethical Committees of the former Department of Psychology 
and of the Faculty of Behavioural Sciences, both at the 
University of Helsinki, Finland.

2.2 | Procedure and stimuli

During the experiment, the subjects sat in a recliner chair in 
an electrically and acoustically shielded room. The auditory 
stimuli were presented via headphones at a sound pressure 
level of 60 dB. The visual stimuli were presented on a com-
puter screen placed at approximately 1.5  m in front of the 
subject.

The auditory stimuli were composed of a sequence of 
repeating standard sounds (p =  .875) and occasional novel 
sounds (p = .125). The standard sounds were complex tones 
with two upper harmonic partials (−3 and −6 dB relative to 

the fundamental, respectively) and had the fundamental fre-
quency of 500 Hz. The novel sounds consisted of a diverse 
set of environmental sounds and artificial noises. These same 
sounds have been found to elicit a prominent P3a response 
in children (Putkinen et  al.,  2012). The standard and novel 
sounds were 200 ms in duration and were presented with the 
interstimulus interval (ISI) of 500 ms. There were 34 differ-
ent novel sounds which were all presented in a random order 
during each fifth of the sound sequence. Thus, each novel 
sound was presented five times during the experiment (a total 
of 170 novel sound presentations). Altogether 1,280 sounds 
were presented, making the total duration of the sequence 
640 s.

Concurrently with the auditory stimulation, the subjects 
were presented with a sequence of photographs on the com-
puter screen depicting either familiar animals (e.g., a cat, dog, 
or a rabbit) or non- animal objects (e.g., a car, book, or a com-
puter) at the center of the screen on a white background. The 
pictures were presented with a constant SOA of 2,000 ms so 
that there was a 300- ms delay between each picture and the 
preceding sound. On half of the trials, the preceding sound 
was a standard sound (standard trials), and on the other half, 
it was a novel sound (novel trials). The novel and standard 
trials were presented in a random order.

The subjects were instructed to ignore the sounds and to 
press one button on a response box with their left hand and 
another button with their right hand depending on whether 
the picture depicted an animal or a non- animal object (coun-
terbalanced across the subjects). Figure  1 provides a sche-
matic of the paradigm.

2.3 | EEG recording

EEG data were continuously acquired with a BioSemi Active- 
Two system (BioSemi, Amsterdam, The Netherlands), re-
corded at a sampling rate of 512 Hz. The EEG was registered 
with 64 active Ag- Cl electrodes, positioned according to the 
International 10– 20 system, and additional electrodes at the 
nose and the left and right mastoids. The electro- oculogram 
(EOG) was recorded with two electrodes, one below the left 
eye and the other lateral to the left outer canthus.

F I G U R E  1  Illustration of the ERP paradigm. A sequence of standard and novel sounds (SOA, 500 ms) was presented in the background while 

the subjects engaged in a visual categorization task. N, Novel; S, Standard. Note that only responses to sounds preceding the pictures (by 300 ms) 

were included in the ERP analysis
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2.4 | EEG data analysis

All data preprocessing and analyses were conducted in 
MATLAB using the EEGLAB toolbox (v. 13.5.4b; Delorme 
& Makeig, 2004). Continuous data files were high- pass fil-
tered at 0.5  Hz (Hamming windowed sinc FIR filter). The 
files were then epoched from 100 ms before to 500 ms after 
stimulus onset and referenced to the average of the two mas-
toid channels. Since novel sounds were always presented 
300 ms before the picture onset, only those standard sounds 
that also preceded the picture by 300 ms were included in the 
analysis that preceded.

Artifact removal was done by conducting an independent 
component analysis (ICA) on the data. Before ICA, noisy 
epochs were removed through visual inspection, and bad 
channels were identified and excluded from the ICA. The re-
sulting IC topography maps were used to identify and remove 
artifacts resulting from eye movements and other motion. The 
data were then low- pass filtered at 30 Hz. Any remaining ep-
ochs that contained deflections exceeding ±100 μV were au-
tomatically rejected. In total, this process removed an average 
of 7.7% (SD: 5.4%) of epochs. After this, bad channels were 
interpolated, and epochs were averaged separately for stan-
dard and novel sounds.

The mean novel- minus- standard difference amplitudes 
were calculated over a 50- ms time window centered at 125 
(N1/MMN), 225 (early P3a), and 325  ms (late P3a). The 
N1/MMN and the P3a showed the typical fronto- central 
scalp distribution (Figure 2b). The mean amplitude over the 

electrodes Fz, FC1, FCz, FC2, C3, C1, Cz, C2, C4, CP1, CPz, 
CP2, and Pz was used in the statistical analyses of the group 
and age effects. Namely, the novel- minus- standard ampli-
tudes of the N1/MMN, eP3a, and lP3a were analyzed with 
separate one- way ANOVA's with predictors group (music vs. 
control) and age (continuous).

2.5 | Behavioral neuropsychological test 
data analysis

Reaction times (RT) and the number of incorrect button 
presses (error rate, ER) were calculated separately for the 
pictures following the novel sounds and standards. Only tri-
als with correct responses were included in the analysis. The 
RTs and ERs were analyzed with separate repeated meas-
ures ANOVAs with the categorical between- subject factors 
stimulus (novel, standard) and group (music, control) and 
continuous predictor age.

A subtest from the NEPSY- II test battery (Korkman et al., 
2008) was used to assess the participant's inhibition as well as 
set- shifting abilities. The inhibition phase of the test requires 
inhibiting the automatic response and naming the opposite 
shape (“circle” if square; “square” if circle) and direction 
of the arrow (“up,” if down; “down,” if up), and in the set- 
shifting phase, the participant is instructed to switch between 
two response strategies, naming the correct shape/direction 
and naming the opposite shape/direction, depending on the 
color of the shape or the arrow (white/black). The test scores 

F I G U R E  2  (a) Novel and standard responses for the Music and control groups. (b) Scalp distribution of the MMN, eP3a, and lP3a (pooled 

across groups) showing the largest amplitude at the central midline channels. (c) The novel- standard difference signal (pooled across subjects) at 

Cz. The shaded areas in the ERP plots indicate SEM
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were analyzed with separate repeated measures ANOVAs 
with group (music, control) as a between- subject factors and 
age as a continuous predictor.

We correlated novel trial- standard trial RT difference and 
the inhibition and shifting test scores with the subject- wise 
response peak amplitudes defined largest amplitude of the 
novel- standard ERP difference at Cz within 100– 150, 200– 
250, and 300– 350 ms for the N1, eP3a, and lP3a, respectively.

3 |  RESULTS

3.1 | ERP results

The novel sounds elicited an N1/MMN response peaking 
at ~125 ms and a slow P3a- like response between approxi-
mately 175– 400 ms and peaking at ~225 ms (Figure 2a– c).

The N1/MMN novel- minus- standard amplitude grew 
with age (main effect of age: F[1,62] = 6.308, p <  .05) and 
was larger in the control group than in the music group (main 
effect of group: F[1,62] = 4.107, p <  .05). The eP3a novel- 
minus- standard amplitude reduced with age (main effect of age: 
F[1,62] = 4.312, p < .05) and did not significantly differ between 
the groups. Finally, in the lP3a time range, there was a signifi-
cant group × age interaction (F[1,62] = 6.571, p < .01) indicat-
ing that the lP3a novel- minus- standard amplitude reduced with 
age more steeply in the control group than in the music group 
(Figure 3). Accordingly, post hoc comparison of the estimated 
means amplitude at the lower quantile of the age range revealed 
a larger lP3a amplitude in the control group than in the music 
group whereas there was no significant difference in the esti-
mated means amplitudes between the groups at the upper quan-
tile of the age range. Separate follow- up ANOVA's for the novel 
and standard response amplitudes (calculated over the 300-  to 
350- ms time window) suggest that the interaction resulted for 
the novel sounds amplitudes being modulated by age and group 
(group × age interaction for novel sounds: F[1,62] = 3.6408, 
p < .062; for standard sounds: F[1,62] = 0.1882, p > .66). No 
other significant main effects or interactions were observed for 
any of the responses.

3.2 | Behavioral performance in the 
ERP task

The music group made fewer errors than the control group 
(main effect of group: F[1,73] = 4.637, p < .05; Figure 4a). 
ERs reduced with age irrespective of group (main effect of 
age: F[1,73] = 24.430, p < .001). No other significant effects 
on ERs were observed (all p > .1).

The RTs were significantly faster for trials following the 
novel sounds than for trials following the standard sounds 
(main effect of stimulus: F[1,73] = 8.373, p < .01). The RTs 

for both types of trials reduced with age (main effect of age: 
F(1,73) = 20.032, p < .001). No other significant effects on 
the RT were observed (all p > .2).

The novel trial- standard trial difference RTs correlated 
positively, although modestly, with the lP3a peak amplitude 
at Cz (r[64] = 0.29, p < .05). This correlation remained sig-
nificant after adjusting for age and group (p  <  .05). Thus, 
even though on average the RTs on novel trials were faster 
than on standard trials, subjects with large lP3as showed 
slower RTs on novel trials than on standard trials (Figure 4b).

3.3 | Inhibition and set- shifting test 
performance

Completion times were faster for the music group than for 
the control group in both the inhibition (F[1,76] = 17.027, 
p < .001) and the set- shifting (F[1,76] = 7.786, p < .01) sub-
tests (Figure 3a). In both groups, completion times reduced 
with age (inhibition: F[1,76] = 30.123, p <  .001; set shift-
ing: F[1,76] = 32.666, p < .001). No other significant effects 
were observed.

There was a significant positive correlation (r[58] = 0.31, 
p < .05) between the peak amplitude of the lP3a at Cz and 
the completion time in the inhibition task which remained 
significant after controlling for age and group (p < .05). The 
inhibition test performance also correlated positively with 
the RTs on the novel trials (inhibition: r[68] = 0.35, p < .01; 
shifting: r[68] = 0.32, p < .01) and standard trials (inhibition: 
r[68] = 0.38, p < .01; set shifting: r[68] = 0.35, p < .01) after 
adjusting for the effect of group and age.

4 |  DISCUSSION

We investigated the maturation of selective attention in 
musically trained and untrained children and adolescents 
aged 10– 17  years using well- established neural markers 
(N1/MMN, P3a) and audio- visual selective attention task. 
Our main finding was that musically trained children and 
adolescents showed smaller N1/MMN and late P3a re-
sponses relative to the control group and outperformed the 
untrained peers in the audio- visual selective attention task. 
The late P3a amplitude was larger in the control than in the 
music group in the younger subjects. The late P3a ampli-
tude diminished with age in the control group but remained 
stable in the music group across the examined age range. 
Large lP3a amplitudes were associated with stronger be-
havioral distraction in the audio- visual selective attention 
task. Finally, the music group outperformed the control 
group standardized tests for inhibition and set shifting, and 
poorer performance in the inhibition test was associated 
with a larger lP3a response.

PUTKINEN ET AL.    | 4251



4.1 | Musical training is associated with 
enhanced selective attention, inhibition and 
set shifting

The music group made fewer errors on average than the con-
trol group in the cross- modal selective attention task, indicat-
ing that children and adolescents in the music group were 

better able to ignore the distracting novel sounds and focus 
on the visual categorization task. Results from a handful of 
previous studies have been interpreted as evidence for en-
hanced selective attention in musically trained children (Degé 
et  al.,  2011; Strait et  al.,  2012, 2015). These studies have, 
however, employed tasks akin to those traditionally used for 
quantifying response sustained attention (Degé et al., 2011) 

F I G U R E  3  (a) The novel- minus- standard difference signals at Cz in the younger and older subjects separately for the music and control 

groups (note that age was used as a continuous predictor in the main statistical analyses and the age median split was done for illustration 

purposes). (b) The age effect in the music and control groups

F I G U R E  4  (a) Percentage of correct responses in the ERP task and completion times for the Inhibition and Shifting subtests. The error bars 

indicate 95% confidence intervals. *p < .05; **p < .01; ***p < .001 (b) The relationship between lP3a amplitude and novel- minus- standard RTs. 

Turquoise area on the left: novel trial RTs > standard trial RTs; purple area on the right: standard trial RTs > novel trial RTs
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rather than selective attention per se or have used speech- in- 
noise tasks (Strait et al., 2012) that have a strong perceptual 
component in addition to a putative selective attention de-
mand (Coffey et al., 2017). Thus, it is unclear whether the 
previously reported group differences in fact reflect differ-
ences in selective attention. Here, we attempted to overcome 
these difficulties by employing a cross- modal task that argu-
ably taps more directly into selective attention and distraction 
(adapted from Escera et al., 1998). Even though the task does 
also require attention maintenance and inhibitory control, it 
taxes selective attention more heavily by requiring continu-
ous attention towards one modality during interference from 
another.

In our previous study (Saarikivi et al., 2016), conducted 
in the same cohort as the current one, we found that at age 
9– 15, the music group outperformed the control group in the 
same inhibition and set- shifting test employed here. Thus, the 
current results replicate our earlier findings and show that 
the inhibition and set- shifting advantage in the music group 
remained 2 years after the initial measurement. These results 
corroborate the association between musical training and en-
hanced inhibition and set shifting in children found in a num-
ber of previous studies (Bialystok & DePape,  2009; Degé 
et al., 2011; Holochwost et al., 2017; Joret et al., 2017; Travis 
et al., 2011).

4.2 | Neural processing of unattended 
auditory stimuli is attenuated in musically 
trained children and adolescents

In line with the behavioral data, the ERP results suggest 
more rapid maturation of neurocognitive mechanisms under-
lying selective attention in musically trained children than 
in their untrained peers. Namely, in the younger musically 
trained children, the amplitude of the late P3a was smaller 
than in their peers in the control group. This suggests that 
the younger children in the music group were able to allo-
cate less attentional resources to the processing of the task- 
irrelevant novel sounds than the control children of the same 
age. In the control group, the lP3a was large in the younger 
subjects and diminished with age, in line with previous stud-
ies on P3a maturation during adolescence (e.g., Mahajan & 
McArthur, 2015). In the music group, in contrast, the lP3a 
amplitude was smaller relative to the control group in the 
younger subjects and showed no additional reduction with 
age. This result suggests that the neural mechanism under-
lying the lP3a had already reached relative maturity in the 
younger music group subjects.

The N1/MMN elicited by the novel sounds was also 
smaller in amplitude in the music group. Prior studies indi-
cate that responses in the N1 and MMN time range are atten-
uated for deviant stimuli when attention is strongly focused 

to another stimulus stream (Hillyard et  al.,  1973; Woldorff 
et  al.,  1991) suggesting that early sound encoding and au-
ditory deviance detection can be partially suppressed by se-
lective attention. The smaller N1/MMN in the music group 
suggests they were better able to gate the processing of task- 
irrelevant novel sounds. Unlike the lP3a group difference, 
which diminished with age, the N1/MMN was smaller in the 
music group irrespective of age. This suggests that N1/MMN 
and lP3a effects capture different aspects auditory attention, 
have distinct developmental trajectories, and might be differ-
entially affected by musical experience.

It is noteworthy that numerous prior studies have re-
ported enlarged N1, MMN and P3- like auditory responses 
in musicians or musically trained children when com-
pared to non- musicians (e.g. Chobert et  al., 2014; Fujioka 
et al., 2004; Koelsch et al., 1999; for reviews, see Putkinen 
& Tervaniemi,  2018; Tervaniemi,  2009) including studies 
with the same participants as in the current one (Putkinen, 
Tervaniemi, Saarikivi, de Vent, et  al.,  2014; Putkinen, 
Tervaniemi, Saarikivi, Ojala, et  al.,  2014; Saarikivi 
et  al.,  2016). In most of these studies, the responses were 
recorded to small acoustic changes in passive listening con-
ditions (e.g., while watching a movie), meaning that the 
sound changes were not particularly salient, and the atten-
tional demands of the task were modest. Some studies have 
also reported enlarged N2b responses, a negative response 
in the N1/MMN time range, in musicians in active listening 
conditions, where the participants actively discriminating 
the sounds (Tervaniemi et  al.,  2005, 2009). Thus, the en-
larged responses obtained in these studies reflect enhanced 
discrimination of small acoustic changes in musicians, 
whereas the reduced responses in the current study index 
enhanced control over distraction induced by highly distinct 
novel sounds.

4.3 | The associations between the late 
P3a and behavioral indices of EF

It is a common finding that behavioral performance is im-
paired in the primary task on the target trials following 
task- irrelevant sounds that elicit the P3a. Here, in contrast, 
RTs were faster on the novel sound trials than on the stand-
ard sound trials. Some prior studies also indicate that the 
P3a is not always associated with behavioral distraction 
and that novel sounds can even facilitate behavioral per-
formance (Wetzel et al., 2013). In the current study, novel 
sounds were always followed by a target stimulus whereas 
standard sounds were not. Some subjects might have been 
able to use the novel sounds as cues for the upcoming tar-
gets and, as a consequence, responded faster on these trials. 
However, this behavioral facilitation, although significant, 
was small and a large proportion of the subjects showed 

PUTKINEN ET AL.    | 4253



the typical RT cost on trials following the novel sounds. 
These subjects also displayed larger lP3a amplitudes on av-
erage than those showing the behavioral facilitation effect 
as indexed by the positive correlation between the novel- 
standard- RT difference and lP3a (Figure 3b). Thus, despite 
the group- level behavioral facilitation on the novel trials, 
the positive association between lP3a amplitude and RTs is 
in line with numerous previous studies indicating that the 
lP3a is related to involuntary attention capture and distrac-
tion (Escera et al., 2000).

Interestingly, the completion times in the inhibition sub-
test correlated positively with the lP3a amplitude, i.e., the 
slower the test performance, the larger the lP3a. This re-
sult suggests that this behavioral measure of inhibition and 
the neural index of involuntary attention switch may tap 
into common underlying processes. The results are in line 
with the notion that inhibition of behavioral responses and 
control over interference are related yet separable (cf. cog-
nitive inhibition in Diamond, 2013). Furthermore, the RTs 
in the standard and novel trials of the audiovisual selective 
attention task correlated modestly with the performance in 
the inhibition and set- shifting tests. These results dovetail 
with findings from latent variable analyses indicating that, 
to an extent, behavioral measures of different EFs mea-
sure overlapping functions (Friedman & Miyake,  2017). 
Furthermore, meta- analyses of fMRI studies on brain areas 
activated during diverse EF tasks have shown considerable 
overlap in adults (Niendam et al., 2012) as well as children 
(McKenna et  al.,  2017) indicating that a common neural 
system supports distinct EFs. However, in our study, test 
performance explained only 9%– 14% of the variation in 
lP3a amplitude and the RTs in the selective attention task, 
indicating that— despite the modest association between 
these measures— the inhibition and set- shifting tests and 
the audio- visual selective attention task measure separable 
aspects of EFs.

4.4 | Limitations

One caveat of the current study is that we did not ma-
nipulate the attentional demands of the paradigm para-
metrically which could arguably have provided even 
stronger evidence that the reduced amplitude of the N1/
MMN and P3a response in the music group was due to 
selective attention. One alternative interpretation of the 
ERP group difference would be that the children in the 
music group simply show smaller responses for reasons 
unrelated to the main visual task. Another interpretation 
of our results is that the novel sounds did not trigger 
involuntary attention capture or orienting response in 
the music group as readily as in the control group ei-
ther because of attenuated involuntary attention in the 

music group or enhanced involuntary attention in con-
trol group (i.e., differences in top- down control of at-
tention did not contribute to the ERP group difference). 
However, these interpretations are in contrast to previ-
ous studies— including ones in the same children who 
participated in the current study— showing that in other 
paradigms musically trained children show larger MMN 
and P3a responses than their untrained peers (Putkinen, 
Tervaniemi, Saarikivi, Ojala, et  al.,  2014; Putkinen, 
Tervaniemi, Saarikivi, de Vent, et  al.,  2014; Saarikivi 
et al., 2016). Furthermore, the correlation between task 
performance and response amplitudes indicates that top- 
down control of attention contributed to the reduced re-
sponses in the music group.

It bears reminding that cross- sectional correlational stud-
ies, like the current one, cannot establish causality between 
musical training and the observed group differences (Sala 
& Gobet, 2017; Schellenberg, 2011). Due to practical diffi-
culties related to conducting long- term randomized control 
studies in children (Tervaniemi et al., 2018), the current study 
lacks random assignment and baseline data collected before 
the music group started receiving musical training, and there-
fore, we cannot rule out the contribution of self- selection and 
pretraining differences. Indeed, twin studies indicate that 
individual differences in EF have genetic etiology suggest-
ing that enhanced EF in musicians might stem from genetic 
predispositions. Thus, although there is persuasive evidence 
that EFs can be improved by specifically designed training 
programs (Diamond, 2013; Diamond & Ling, 2016), some of 
which mimic musical training (Moreno et al., 2011), it would 
be premature to attribute these group differences entirely to 
training- induced plasticity.

5 |  CONCLUSIONS

We found that musical training is associated with enhanced 
selective attention, inhibition, and set shifting in children 
and adolescents. Namely, we found that musically trained 
children and adolescents outperformed untrained peers in a 
selective attention task and showed smaller N1/MMN and 
lP3a responses to unattended novel sounds. Furthermore, the 
music group performed faster in standardized tests for inhibi-
tion and set shifting. These results provide novel, converg-
ing behavioral and ERP evidence for enhanced maturation of 
EFs in musically trained children and adolescents.
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