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Learning and performing music draws on a host of cognitive abilities. One likely
aspect of cognition that may be related to musical training is executive function. To
date, many studies have investigated this relationship; however, results from such
studies are mixed and difficult to compare. In part, this is because most studies look
at only one specific cognitive process, and even studies looking at the same process
use different experimental tasks. The current study addresses these issues by
administering a well-validated EF battery of multiple tasks tapping each EF
component (Friedman et al., 2008) and a comprehensive measure of musical training
(Miillensiefen, Gingras, Musil, & Stewart, 2014) to obtain reliable measures of
individual differences in EF and musical experience. Results suggest that there is
positive relationship between musical training and performance on updating tasks, but

this relationship is not observed with performance on inhibition or shifting tasks.
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Introduction

There has been growing interest in music lessons (musical training) and their
associated non-musical benefits (see, e.g., the special edition of the journal Music
Perception on “Music Training and Nonmusical Abilities” Schellenberg & Winner,
2011). The National Association for Music Education posits links between children
who take music lessons and higher academic achievement as well as “creativity,
curiosity, and personal motivation” in advocating for music education’s place in
schools (Broader Minded Media Resources, 2015). Thus, the research investigating
transfer effects of musical training spans a wide range of domains, including social
benefits (e.g., joint music making leads to pro-social behavior (Kirschner &
Tomasello, 2010)) as well as benefits in the cognitive domain (see Benz, Sellaro,
Hommell, & Colzato, 2015, for a review).

This body of work investigating the transfer effects of musical training fits
into the broader literature of transfer effects of cognitive training, with the idea that
repetitious training on a cognitively demanding task (e.g., computer-based N-back
training as in Jaeggi, Buschkuehl, Jonides, & Perrig, 2008) may transfer to and
increase performance on similar tasks (near transfer, e.g., other working memory
tasks) or even to more distantly related cognitive abilities (far transfer, e.g.,
intelligence). It is important to note that the overall evidence for the body of literature
concerning working memory training and transfer is mixed (Au et al., 2015;

Dougherty, Hamovitz, & Tidwell, 2015; Melby-Lervag & Hulme, 2013). However,



one major limitation of most cognitive training regimens is that they are administered
during hours of repetitive and tedious computer tasks. In contrast, musical training is
a more enjoyable and engaging task that is regularly pursued for long periods of time.
Thus, musical training offers several potential advantages: it might be less susceptible
to attrition and subjects may be more intrinsically motivated since they are receiving
the direct benefit of learning to play an instrument.

Even if musical training does not lead to far transfer to more general cognitive
abilities (cf. mixed findings from other cognitive training tasks; e.g., Melby-Lervig &
Hulme, 2013), investigating a possible link between musical training and non-musical
cognitive abilities is still a worthwhile endeavor for a few reasons. Finding a positive
association between musical training and cognitive abilities could be evidence of
transfer effects, or it could reflect selection bias, predispositions in cognitive abilities
that influence who takes music lessons (Elpus, 2013). If the latter is the case, this may
be evidence of music training exaggerating these pre-existing individual differences
(i.e., a gene-environment interaction (Schellenberg, 2015)), and may shed light on
what types of cognitive abilities are relevant to music learning, thus helping us better
understand the ways music interacts with general cognitive abilities.

To date, many studies have investigated various cognitive processes
associated with musical training. Taking music lessons has been found to correlate
with multiple cognitive processes including, but not limited to: full-scale 1Q and
academic ability (Schellenberg, 2006; but see Schellenberg & Moreno, 2010;
Schellenberg, 2015); selective auditory attention (Strait & Kraus, 2011); verbal short

term memory (Chan, Ho, & Cheung, 1998; Ho, Cheung, & Chan, 2003; Jakobson,



Cuddy, & Kilgour, 2003; Jakobson, Lewycky, Kilgour, & Stoesz, 2008); reading
ability (Butzlaff, 2000; Lamb & Gregory, 1993); mathematical ability (Vaughn,
2000); spatial skills (Bilhartz, Bruhn, & Olson, 2000); processing speed (Bugos &
Mostafa, 2011); second language learning (Slevc & Miyake, 2006); set shifting
(Degé, Kubicek, & Schwarzer, 2011; Hanna-Pladdy & MacKay, 2011); inhibition
(Bialystok & DePape, 2006; Degé et al., 2011); and working memory updating
(Oechslin, Van De Ville, Lazeyras, Hauert, & James, 2013; Pallesen et al., 2010;
Sleve, Davey, Buschkuehl, & Jaeggi, 2016).

One hurdle in interpreting the literature on the cognitive benefits of music
training is that each study typically looks at only one specific cognitive process. For
example, Moreno et al. (2011) look only at inhibition and Chan et al. (1998) look
only at verbal short term memory. Even studies looking at the same processes use
different tasks to measure that process (e.g., inhibition measured with a Stroop task
(Schellenberg, 2011) or a go/no-go task (Moreno et al., 2011)) with mixed results.
Furthermore, many studies use only one task to measure a given process, which is
potentially problematic. Any complex task may be measuring the construct of interest
properly, but will also be tapping other types of processes as well (i.e., the “task
impurity problem,” Miyake et al., 2000), so the extent to which any one task is
accurately measuring and reflecting the intended construct is unknown. For example,
a go/no-go task (where one needs to inhibit responding when given a cue) certainly
involves inhibitory ability, but presumably also requires processes such as sustained
attention and the memory for maintenance of task instructions and goals. Thus, even

with the abundance of studies on musical training, it is not yet clear which specific



cognitive abilities are related to musical training.

An additional complication is that previously documented relationships
between musical training and cognitive abilities might actually reflect some other
underlying ability. Specifically, Schellenberg (2004; 2006; 2011) suggested that there
may be a more general cognitive capacity (i.e., general intelligence (I1Q)) that
underlies the links between musical training and these various cognitive processes.
Consistent with this hypothesis, he found that full-scale 1Q correlated with amount of
musical training (Schellenberg, 2006; 2011), and the same results were also found
experimentally: children randomly assigned to music lessons (keyboard or Kodaly
voice lessons) had greater gains in full-scale IQ than those taking drama lessons or no
lessons (Schellenberg, 2004). He concluded that this could account for the different
findings because increases in general intelligence (as assessed by the WISC-III,
which contains subtests tapping various cognitive processes (i.e., Verbal
Comprehension, Perceptual Organization, Freedom from Distractibility, and
Processing Speed)), may be the source of the increased benefits seen in other
cognitive processes.

However, 1Q has been found to be stable across the lifespan (Deary, 2001),
and Schellenberg (2011) remarks that this “makes it unlikely that a single
environmental factor [music training] could have much of an impact” (Schellenberg,
2011, p. 287). This suggests that musical training / cognitive ability relationships
might instead reflect individual differences in who decides to take music lessons
(Elpus, 2013; Schellenberg, 2015). Therefore, other general cognitive processes that

may be more modifiable should be examined, as they might be underlying music



training’s link with the various specific cognitive abilities mentioned earlier. One
such cognitive process that has been theorized to be associated with musical training
is executive function (e.g., Hannon & Trainor, 2007; Moreno & Farzan, 2015; Okada

& Sleve, in press).

Executive Functions

Executive functions (EFs), also known as cognitive control, are a set of top-
down processes that regulate behavior and cognition according to task demands
(Diamond, 2013; Miyake & Friedman, 2012; Novick, Kan, Trueswell, & Thompson-
Schill, 2009). Most models of executive functions postulate three related, but
separable components: inhibition (or inhibitory control), shifting (or cognitive
flexibility or switching), and updating (or working memory updating) (Diamond,
2013; Lehto, Juujdrvi, Kooistra, & Pulkkinen, 2003; Logue & Gould, 2014; Miyake
et al., 2000; Miyake & Friedman, 2012). Inhibition requires one to override a
prepotent response, shifting requires one to switch between task demands, and
updating requires one to constantly add and delete items from working memory
(Miyake et al., 2000).

These processes develop through adolescence and are important because they
have been associated with quality of life and are predictors of school success
(Diamond, 2013). They have also been shown to improve with practice (Diamond,
Barnett, Thomas, & Munro, 2007; for a review, see Diamond, 2013), and so there is a
growing body of research investigating predictors of EF abilities and how one might

improve these EF abilities.



Musical Training and Executive Functions

There have been both correlational studies investigating whether specific
executive functions are associated with musical training (for a summary, see Table 1)
as well as experimental studies investigating whether musical training may improve

specific executive functions (for a summary, see Table 2).

Correlational Evidence

Various findings suggest that inhibitory control ability is associated with
musical training. These tasks typically involve overriding (or inhibiting) a prepotent
response to correctly complete the task goals. For example, Bialystok and DePape
(2009) found that musicians were faster than non-musicians at incongruent trials of a
spatial Simon arrows task (Simon & Rudell, 1967), in which participants indicated
the direction of an arrow (pointing left or right) while ignoring the arrow’s location
(on the left or right side of the screen). Musicians also performed better on a pitch-
based auditory Stroop task (Hamers & Lambert, 1972), in which they indicated
whether the sung words “high” or “low” were either high or low in pitch. Bialystok
and DePape (2009) also report that musicians and non-musicians did not differ on any
background cognitive abilities (i.e., fluid intelligence, forward and backward span,
and the Trail Making Task), which is somewhat surprising given that Part B of the
Trail Making Task is thought to measure shifting ability and has been found to
correlate with musical training in other studies (Hanna-Pladdy & MacKay, 2011; Zuk
et al., 2014)). Zuk et al. (2014) also report finding no difference between musicians
and non-musicians (in two groups of different ages) in a Color-Word interference

test, in which inhibition must be used to correctly name the color of the word. In sum,
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Table 1. Summary of correlational evidence of Musical Training and EFs.



there is mixed evidence that musical training is associated with increased inhibitory
control ability.

In contrast with Bialystok and DePape (2009), other studies have found that
musicians were faster at the Trail Making Test, Part B, where subjects were required
to connect dots shifting between sequential numbers and letters in alphabetical order
(i.e., A, 1, B, 2, C, 3, etc.) (Hanna-Pladdy & MacKay, 2011; Zuk et al., 2014). This
was found comparing older adult musicians and non-musicians (Hanna-Paddy &
MacKay, 2011), and for children (Zuk et al., 2014). Interestingly, Zuk et al. (2014)
did not find this relationship when looking at adult musicians and non-musicians.

Musicians have also been shown to outperform non-musicians on n-back tasks
(Oechslin et al., 2013; Pallesen et al., 2010; Slevc et al., 2016), a measure requiring
working memory updating. In one study, auditory and visual n-back tasks were
administered: in the auditory 2-, 3-, and 4-back conditions, participants were required
to respond when they heard the same pitch (from a C-Major scale) 2, 3, or 4 notes
previously, and in the visual version, participants were asked to respond when they
saw the same letter appear 2, 3, or 4 letters previously (Slevc et al., 2016). Music
ability predicted n-back performance on both versions, but did not predict
performance on auditory or visual versions of inhibition or shifting tasks (Slevc et al.,
2016).

In an fMRI study, musicians also had faster reaction times (on the 1-back and
2-back) and were significantly more accurate (on the 1-back only) than non-
musicians in another version of auditory n-back, in which participants were presented

with a sequence of pitches and were required to report whether the note they heard 1



or 2 notes previously was in the same octave (Pallesen et al., 2010). Although these
results do not strongly suggest behavioral benefits, musicians also showed enhanced
BOLD responses as a function of N-back difficulty in areas associated with cognitive
control (e.g., prefrontal cortex (Miller & Cohen, 2001)). More evidence comes from a
study showing that expert pianists were more accurate at a 3-back letter task than
non-musicians (Oechslin et al., 2013). However, mixed results from Zuk et al. (2014)
show that adult (but not children) musicians showed better performance than non-
musicians on the Digit Span Backwards, in which numbers must be held in working
memory and correctly manipulated to recall them in backwards order (Zuk et al.,
2014).

Thus, advantages for musicians have been shown across all three components
of EF tasks. As noted above, because of the potential malleability of EF (Diamond,
2013), this raises the possibility that underlying EF advantages mediate the previous
effects linking music lessons and general intelligence (Schellenberg, 2004; 2006).
Two of the more comprehensive studies of musical training and EFs addressed this
question by assessing multiple EF components (albeit still only with individual tasks)
and full-scale IQ in large groups of 9-12 year olds. Schellenberg (2011) found that
musical training was associated with full-scale IQ, but found no link between musical
training and four of the five EF measures assessed: Phonological Fluency (i.e.,
naming animals that start with “S” in one minute), Sun-Moon Stroop (i.e., saying
“sun” when seeing a picture of a moon and vice versa), Tower of Hanoi (i.e.,
rearranging rings in order from biggest to smallest on three rods), and Wisconsin

Card Sorting Test (i.e., categorizing cards by shape or color), but there was an effect



for Digit Span (i.e., recalling a list of numbers in forward and reverse order).
However, Bialystok (2011) pointed out that the digit span does not test executive
functioning and that the Sun-Moon Stroop task was too easy for the age group being
studied (9-12 year olds), and therefore, did not recruit executive functions.
Furthermore, Schellenberg’s (2011) five EF tasks were uncorrelated, which is
surprising given other evidence for relationships among EFs (e.g., Miyake et al.,
2000). This suggests that, taken together, these tasks were not suited for measuring
overall executive function.

Another study has found that EF does mediate the relation between music
lessons and intelligence, and that months of music lessons in children correlate with
performance on tasks tapping inhibition and shifting (Degé et al., 2011). Tasks from
the executive function portion of the NEPSY II, a neuropsychological assessment for
children, were administered, which included tasks of inhibition (i.e., inhibit saying the
shape or direction of an object or arrow), selective attention (i.e., pressing a button
whenever hearing the word “red”), planning (i.e., drawing clocks indicating given
times), set shifting (i.e., a card sorting task sorting animals by category), and fluency
(i.e., drawing as many different design as possible by connecting five dots) with
children from the same age group (9-12 year olds) as Schellenberg (2011). Degé and
colleagues (2011) found that all of their executive function tasks correlated with the
duration of music lessons, and that inhibition and selective attention mediated the
relationship between music training and 1Q. Given that these two studies
(Schellenberg, 2011; Degé et al., 2011) use different categorizations of musicians and

non-musicians as well as different EF tasks, it remains uncertain whether there is a

10



direct relationship between musical training and 1Q or if it is mediated by improved
performance of EFs.

Although some studies did not find relationships between music training and
various EF components, there is still evidence supporting the relationship of musical
training across all three components of EF. However, generalizations about the link
between musical training and EFs cannot be made since these studies use different
tasks to measure EF. Furthermore, given the correlational nature of these studies,
another limitation to their generalizability is how they define a “musician” versus a
“non-musician.” For example, Bialystok and DePape (2009) categorized a musician
as someone who has studied music for at least half of his or her life and a non-
musician as someone who does not have this specialized experience, which contrasts
with Schellenberg (2011) who categorized a musician as someone who has taken at
least two years of private lessons and a non-musician as someone with fewer than two
years of private lessons (see Table 1 for a summary). These varying definitions

between studies further preclude the ability to glean generalizable results.

Experimental Evidence

One solution to the issue of how to define a musician is to randomly assign
participants to receive music lessons or to a control group. Thus, there has also been a
handful of randomized control trials done looking at the effects of music lessons on
executive functioning. Results are summarized in Table 2 (adapted from Okada &
Sleve, in press).

Bugos, Perlstein, McCrae, Brophy, & Bedenbaugh (2007) randomly assigned

older adults to six months of individualized piano lessons or to a no treatment control
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Table 2. Summary of experimental evidence of Musical Training and EFs, adapted

from Okada & Slevc (in press).
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group, and found that those who received music training had improved performance
on the Trail Making Test, Part B, where subjects were required to connect dots
alternating between sequential numbers and letters in alphabetical order (i.e., A, 1, B,
2, C, 3, etc.). Although these results need to be interpreted with caution since
performance was compared to a no treatment control (Shadish, Cook, & Campbell,
2002; cf. Boot, Simons, Stothart, & Stutts, 2013), these data still suggest that music
lessons may lead to benefits in the EF component of shifting.

Another study randomly assigned children to a computerized music training
program, in which basic music concepts like pitch and rhythm were taught, or a
computerized visual arts training program, in which basic concepts like color and
shape were taught (Moreno et al., 2011). Although these children did not learn to play
an instrument during their training, those who received computerized lessons about
music showed better performance than those receiving visual arts training in
inhibitory control, shown in larger P2 peak amplitudes in no-go trials in a go/no-go
task (see Moreno & Farzan, 2015, for discussion).

Two other studies have investigated the effects of music training on working
memory updating, although they have used different tasks. Roden, Grube, Bongard,
and Kreutz (2014) randomly assigned children to 18 months of music lessons on an
instrument of their choosing or a natural science training program, and found that
those who took music lessons showed better performance on a counting span test and
a complex span test. Mehr, Schachner, Katz, and Spelke (2013) randomly assigned
children to 6 weeks of either music or visual arts training, and found that who had

music lessons showed better performance on a map use/navigation task, which
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involves holding a 2-D map with landmarks (i.e., circles that represented barrels from
an aerial view) in working memory and manipulating it to navigate a 3-D world (i.e.,
real barrels in the room) (Mehr et al., Exp 1). However, note that Mehr et al. (2013)
did not find differences on an omnibus test of all four tasks assessed between the
music and visual arts group, but found this difference only when analyzing data from
the two spatial tasks described here. Moreover, in a follow-up study comparing a new
group of children randomly assigned to either music lessons or to a no treatment
control, this effect was not found (Mehr et al., 2013, Exp 2).

In sum, there appears to be an effect of musical training across all three
components of EF, however it is hard to generalize these results since the type and
extent of musical training given to participants was varied. Although these
experimental studies can provide better tests of the causal relationship between
musical training and EFs, correlational studies are still an important first step in
identifying what links musical training has with EFs. Significant correlational
evidence may be evidence for transfer effects and can inform what exactly should be
targeted in future experimental training studies, or it could reflect exaggerated pre-

existing individual differences for those who choose to take music lessons.

Study Objectives

The goal of this study is to more thoroughly investigate whether musical
training is associated with EFs by attempting to improve upon some of the
aforementioned shortcomings in previous studies. To improve upon the “task
impurity problem,” this study uses multiple tasks to assess each EF component

(Miyake et al., 2000). By using a latent variable approach, I can estimate what is
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common between tasks of each EF component, and get a better estimate of the
underlying component of interest removed from task-specific effects. Additionally,
this battery of EF tasks has previously been validated and used in other research
looking at individual differences in EF abilities (Friedman et al., 2006; Friedman et
al., 2008; Friedman, Miyake, Robinson, & Hewitt, 2011; Miyake et al., 2000; Ito et
al., 2015). To improve upon the problem of binary categorization of “musicians” and
“non-musicians,” this study uses a continuous measure of musical training from a
well-validated questionnaire (described in detail in the Musical Training Measures
section below), in lieu of arbitrarily categorizing participants by number of years of

music lessons.

15



Method

Participants

161 subjects (total, N = 150 after list-wise deletion of missing data) were
recruited from the University of Maryland undergraduate research pool. A target
sample size of 150-200 was set based on similar participant numbers in other studies
examining individual differences in cognitive processes (137 in Miyake et al., (2000);
133 in Engle, Tuholski, Laughlin & Conway (1999); 120 in Conway, Cowan,
Bunting, Therriault, & Minkoff (2002); 215 in Shipstead, Lindsey, Marshall, &
Engle, (2014)), while still being feasible to collect over two semesters. Participants
reported normal hearing, were not colorblind, and were native English speakers.
Participants needed to be able to see color in order to complete the Stroop task
(described in detail below), in which participants saw colored words and named the
color of the font. They also needed to be native English speakers in order to control
for the different Stroop effects found in unbalanced bilinguals when speaking in their
dominant versus non-dominant language (Rosselli et al., 2002). Participants either

completed testing for course credit or monetary compensation.

Measures

EF Measures

Participants completed a battery of nine EF tasks measuring inhibition,
switching, and updating abilities (see Table 3 for a summary). This battery of tasks

has previously been validated and used in other research looking at individual
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differences in EF abilities (Friedman et al., 2006; Friedman et al., 2008; Friedman,

Miyake, Robinson, & Hewitt, 2011; Ito et al., 2015; Miyake et al., 2000).

Inhibition

Updating

Switching

Stop-signal: See square or circle and
indicate shape, but inhibit this response
when a beep sounds (on 25% of trials).

Antisaccade: See a cue, then respond to a
briefly presented target that appears on
the opposite side of screen.

Stroop: Name the font color of letter
strings that are incongruent color words
(e.g., “blue” in red font) or are strings of
asterisks.

Keep track: See words presented serially
and remember the most recently presented
word belonging to each of 2-5 target
categories.

Letter Memory: See letters presented
serially (with variable list lengths) and
maintain the last four letters.

Spatial N-back: See a series of spatial
locations indicated serially and indicate if
the location is the same location indicated
n series earlier.

Number-Letter: Categorize letter-number pairs
by letter (vowel/consonant) when on one side
and by number (odd/even) when on the other

Color-Shape: Categorize colored shapes by color
(red/green) or shape (circle/triangle), as
indicated by a cue.

Category-Switch: Categorize words as living or
non-living, or as larger or smaller than a soccer
ball, as indicated by a cue.

Table 3. Summary of EF task battery.

Inhibition Tasks. These three tasks all require the inhibition of different

prepotent responses despite otherwise distinct task demands.

Antisaccade. In this task adapted from Roberts, Hager, & Heron (1994),

participants first saw a fixation cross in the center of the screen, then saw a cue to

either the left of the right side of the fixation cross. After this cue, a numeric target (a

number 1 —9) appeared for 150 ms, and the participant was asked to verbally indicate

the target number. In the first prosaccade block, the cue and target appeared on the

same side of the screen in order to create a prepotent response to this stimulus. Next,

participants completed three antisaccade blocks, in which the target appeared on the

opposite side of the screen of the cue. Performance was measured by the proportion

of correct responses in the antisaccade blocks.

Stop Signal. This task from Verbruggen, Logan, & Stevens (2006) consisted

of participants fixating on a cross in the center of the screen, which was replaced by

either a square or a circle. They were instructed to push left as quickly as possible if

they saw a square, and were instructed to push right as quickly as possible if they saw
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a circle. On a quarter of the trials, participants saw the shape then heard a stop signal
(a beep from the computer), and were instructed to withhold any response upon
hearing a stop signal. On each trial in which the participant received a stop signal, the
onset of the stop signal was adjusted until participants could correctly inhibit 50% of
the responses. Performance was measured as the stop signal reaction time (SSRT), an
estimate of how long it would take to inhibit an “already-initiated response” (Logan,
1994). This was calculated by finding the difference between the median reaction
time for identifying the shape and the average onset time of the stop signal. This
provided a measure of how much time each subject needed to accurately inhibit
responding.

Stroop. In this task, participants read color words (i.e., red, blue, or green)
presented on a screen, and were instructed to say the color of the font aloud (Stroop,
1935). There were congruent trials, in which the color of the font was the same as the
word (e.g., the word “blue” written in blue ink), incongruent trials, in which the color
of the font did not match the word (e.g., the word “blue” written in red ink), as well as
neutral trials, in which a string of asterisks appeared (e.g., “****” written in blue ink).
The Stroop effect was the difference in means between incongruent trials and neutral
trials for correct responses.

Updating Tasks. These three tasks all require that items in working memory
are constantly being added or deleted given different task demands.

Keep track. In this task, adapted from Yntema (1963), participants kept track
of exemplars from six different categories (i.e., relatives, countries, colors, animals,

metals, and distances). In each trial, participants were presented with 2 to 5 categories
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(for a total of 4 different difficulty levels), then 15-25 words belonging to those
categories were shown one at a time. Participants were instructed to verbally recall
the most recent exemplar they saw from each of the categories presented in the trial.
Performance was calculated as the proportion of correct exemplars recalled.

Letter memory. In this task, adapted from Morris and Jones (1990),
participants saw a string of letters (consonants only) appear on the screen one at a
time. The strings were either 9, 11, or 13 letters long. For all trials, participants were
tasked with saying aloud only the last four letters in the string after each letter
appeared, thereby constantly updating which letters were being held in memory.
Performance was calculated as the proportion of accurate strings said aloud.

Spatial n-back. In this task (from Friedman et al., 2008), one of twelve,
stationary boxes on a screen flashed black, and participants were instructed to
indicate whether or not that same box had flashed previously. Participants completed
a 2-back condition, in which they indicated whether or not the same box flashed 2
trials earlier as well as a 3-back condition, in which they indicated whether or not the
same box had flashed 3 trials earlier. Performance was calculated as the proportion of
correct responses across both conditions.

Shifting Tasks. These three tasks all require set shifting between two types of
binary categorization with distinct task demands.

Number-Letter. In this task (adapted from Rogers & Monsell, 1995),
participants saw a letter-number pair appear in one of four quadrants on the screen. If
the pair appeared in one of the two top quadrants, the participant was instructed to

categorize the number as odd or even, and if the pair appeared in one of the two
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bottom quadrants, the participant was instructed to categorize the letter as a consonant
or vowel. Performance was calculated as the switch cost, which is the difference in
mean reaction time between switch trials (where participants switched between what
they were categorizing) and repeat trials (where participants categorized numbers or
letters twice in a row).

Color-Shape. In this task (from Miyake, Emerson, Padilla, & Ahn, 2004),
participants first saw a cue (“C” for color or “S” for shape), then saw red or green
circles and triangles. If the participant saw a “C,” they needed to indicate if the color
was red or green, and if they saw an “S,” they needed to indicate if the shape was a
circle or a triangle. Performance was calculated as the switch cost, the difference in
reaction time between switch trials and repeat trials.

Category switch. In this task, (adapted from Mayr & Kliegl, 2000),
participants were again asked to categorize stimuli by one of two dimensions.
Examples of stimuli include “alligator,” “coat,” “lion,” and “knob.” Participants first
saw a cue (i.e., a heart or crossed arrows), then a stimulus. If they saw a heart, they
needed to indicate if the stimulus was living or non-living, and if they saw crossed
arrows, they needed to indicate if the stimulus was larger or smaller than a soccer

ball. Performance was calculated as the switch cost.

Musical Training Measures

Gold-MSI. Musical training was assessed with the Goldsmith Musical
Sophistication Index (Gold-MSI) (Miillensiefen, Gingras, Musil, & Stewart, 2014).
The Gold-MSI is a self-report questionnaire that measures general “musical

sophistication” with questions in five subscales: active engagement, perceptual
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abilities, musical training, singing abilities, and emotions. This inventory also has
shown high internal consistency and has been validated through comparisons with a
standard musical ability discrimination test and another musical self-report inventory
(i.e., the Musical Engagement Questionnaire, Werner, Swope, & Heide, 2006).
Measures were collected from all subscales, however only the musical training
subscale was used in this analysis. The musical training subscale differs from
previous ways used to measure musical experience in that it contains seven questions
regarding musical training, which include: years of instrument training, years of
music theory training, regular daily practice, the number of hours practiced at peak of
interest, the number of instruments played, whether compliments about music
performances have been received, and whether he/she considers himself/herself a
musician. Since this measure takes into account how long one has taken music
lessons as well as the intensity of practice, participants’ scores from the musical
training subtest provided a continuous and more robust measure of musical training
(rather than only looking at duration of music lessons like most studies), which was

used to predict performance on the EF tasks.

Covariate Measures

Measures of socioeconomic status (SES), handedness, and intelligence (IQ)
were collected in order to control for other variables that are correlated with music
training and with EFs.

SES. Because musical participation is unevenly distributed across SES
(Southgate & Roscigno, 2009) and SES is a predictor of EF ability (Hackman &

Farah, 2009), the MacArthur Scale of Subjective Social Status (Adler & Stewart,
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2007) was administered. Here, participants indicated where they believed they stood
(in terms of money, education, and job status) relative to others in the U.S., on a scale
of 1 to 10.

Handedness. Because handedness has been associated with performance in
EF tasks (Beratis, Rabavilas, Kyprianou, Papadimitriou, & Papageorgiou, 2013) and
aspects of musical ability (Kopiez, Galley, & Lee, 2006), the Edinburgh handedness
inventory (Oldfield, 1971) was administered. This questionnaire asks which hand one
prefers to use when doing various activities (e.g., writing, drawing, or using scissors),
and provides a continuous measure of laterality, scored on a scale from -100
(completely left handed) to +100 (completely right handed).

1Q. Since 1Q is linked with both EF ability (Friedman et al., 2006) and music
training (Schellenberg, 2006), the Cattell Culture Fair Intelligence Test (Scale 3B)
was administered to measure fluid intelligence (Cattell & Cattell, 1960). This test
contained four subtests, in which subjects completed a sequence of drawings,
classified which images were different from others, completed a matrix of patterns,
and chose which option of geometric drawings satisfied a given rule. Scores were

calculated as the proportion of correct answers.

Procedure

Participants completed two sessions of 1.5 hours each, which were separated
by at least a day. The order of the tasks was fixed as follows: stop signal, spatial 2-

back, category switch, Stroop, keep track, color-shape, letter memory, antisaccade,
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number-letter, and spatial 3-back (following Ito et al., 2015). In this way, no
sequential tasks tapped the same EF component. All EF tasks were programmed and
presented in Psyscope (Cohen, MacWhinney, Flatt, & Provist, 1993) or Tscope and C
(Verbruggen, Logan, & Stevens, 2008). After the first five EF tasks were completed
during the first session, participants filled out questionnaires (Gold-MSI,
Miillensiefen et al., 2014; SES, Adler & Stewart, 2007; Handedness, Oldfield, 1971).
And after all of the EF tasks were completed in the second session, participants

completed the Cattell Culture Fair Intelligence Test (Cattell & Cattell, 1960).

Statistical Procedures

All scores were standardized (z-scored). To facilitate interpretation, scores for
each task were adjusted so that larger scores meant better performance (i.e., z-scaled
scores for all three shifting tasks, stop signal task, and the Stroop task were multiplied
by negative 1).

Data Trimming. For all reaction time (RT) measures, data on accurate trials
were trimmed to exclude all RTs under 200 ms and above 3000 ms. Then, RTs that
were 2 standard deviations away from each participant’s mean were excluded. For all
three shifting tasks, trials following an incorrect response were dropped because a
previous error reflected that a switch in categorization was not achieved (following

Friedman et al., 2008).
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Results

Descriptive statistics for participant demographics, covariate measures, and
the musical training measure as well as descriptive statistics for each of the executive

function tasks are provided in Tables 4 and 5.

Measure Mean SD Min Max Skewness Kurtosis
Age 19.27 1.11 17 22 0.48 -0.6
Cattell IQ 27.92 4.64 11 38 -0.43 0.34
SES 6.45 1.52 3 9 -0.28 -0.58
Handedness 68.09 43.19 -100 100 -2.5 6.15
Musical Training  25.38 10.2 7 47 0.08 -0.91

Table 4. Descriptive statistics for participant demographics, covariate measures, and

musical training measure.
N =152 for all measures except SES (N = 150) and Age (N = 147)

Task Mean SD Min Max Skewness Kurtosis
Antisaccade” 0.73 0.14 0.34 0.97 -0.6 -0.01
Stop Signal® 269.04 35.72 177.3 420.6 0.64 2.02
Stroop® 119.88 61.93 -37.18 320.34 0.713 0.78
Keep Track” 0.73 0.09 0.45 0.91 -0.48 0.21
Letter Memory* 0.77 0.14 0.38 1 -0.26 -0.37
Spatial N-Back” 0.8 0.07 0.53 0.96 -0.5 1.11
Number-Letter! 176.83 113.55 -39.15 628.29 1.13 2.12
Color-Shape* 151.62 135.82 -69.02 760.37 1.79 431
Category Switch? 118.89 92.59 -39.49 432.45 0.88 0.6

Table 5. Descriptive statistics for each EF task.

Total N =152 (including two participants who did not respond to the SES measure)
*Proportion Accuracy

®milliseconds, measured as the stop-signal reaction time

‘milliseconds, measured as incongruent trials minus neutral trials

Imilliseconds, measured as switch trials minus stay trials
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Model Estimation

The first step in analysis was to conduct a confirmatory factor analysis (CFA)
to ensure the nine executive function tasks fit well onto the three-factor model of EFs
as seen in previous studies using the same task battery (Miyake et al., 2000; Friedman
et al., 2006; 2008; Ito et al., 2015). Our model contains three latent factors of EF (i.e.,
inhibition, shifting, and updating), which are each measured by three tasks.
Conducting CFA allows us to assess factor loadings for each task, which are values
that tell us how much the underlying latent factor influences each task score. In
Figure 1, standardized factor loadings are shown on one-headed arrows pointing from
latent factor (circles) to each measured task (squares). CFA also provides overall
model fit estimates that tell us if the data fit our hypothesized three-factor model.

A three-factor model was estimated using Mplus version 7.4 (Muthen &
Muthen, 2015). First, we look at the Chi-Square Test of Model Fit (%), the likelihood
ratio, which tests the null hypothesis that the observed data are no different from the
expected population covariance matrix from the model (i.e., that the model fits the
data). The alternative hypothesis is that our observed data do not fit the population
covariance specified by our model. Thus, a non-significant %* means that the model
fits the data well. This model fit index is supplemented by three other model fit
indices: the Comparative Fix Index (CFI), Root Mean Square Error of Approximation
(RMSEA), and the Standardized Root Mean Square Residual (SRMR). The CFI is
classified as a comparative index of model fit because it indicates “improvement in
model fit by comparing the hypothesized model in which structure is imposed with

the less restricted nested baseline model” (Byrne, 2013, p. 72). A CFI above .95 is

25



considered good model fit. The RMSEA and SRMR are classified as absolute indices
of model fit because they do not compare the hypothesized model with a “reference
model in determining the extent of model improvement; rather, they depend only on
determining how well the hypothesized model fits the sample data” (Byrne, 2013, p.
72). A RMSEA less than .05 and a SRMR under .08 show good model fit. All nine
tasks loaded significantly onto their EF constructs, and there was good model fit

(y2(24,N=152) = 31.18, p = .15; CFI = .96; RMSEA = .04; SRMR = .05).

.94
10 48
update
79 43 58 34 30 45

/1N

snback letter keeptrac number color category stroop stop antisac

T T T T T

.53 .66 .62 .38 .81 67 .88 91 79

Figure 1. Three-factor model of EFs. Unobserved latent factors are in circles and
measured tasks are in squares. The single-headed arrows from latent factors to
measured tasks are standardized factor loadings, which are all significant (p<.05). The
short arrows on the bottom represent measurement error — squaring this number gives
the amount of variance in each task left unaccounted for by latent factor. The double-
headed arrows on the top represent correlations between latent factors.

Linear Mixed-Effects Modeling

Since it is not feasible to run an individual differences analysis in a SEM

model given the limited sample size, linear mixed-effects models were used. Linear

26



mixed effects models do not require such large sample sizes, but can still estimate
effects for each latent construct (following von Bastien & Oberauer, 2013).
Additionally, linear mixed effects models allow for the specification of fixed and
random effects, which control for systematic sources of variance. Fixed effects model
effects of independent variables or experimental conditions, and random effects
estimate individual differences due to random sampling from the population.

To capture effects in a way analogous to latent measures in SEM, we modeled
task as a random effect nested within EF type (i.e., inhibition, shifting, and updating).
This essentially treats tasks as a sample drawn from a population of tasks measuring
each construct of interest. The model also included subjects as a random effect, and
the covariate measures and musical training as fixed effects. Analyses were run in R
(v. 3.2.4; R Core Team, 2016) with the package “lme4” (v. 1.11.1; Bates, Maechler,
Bolker, & Walker, 2015). Since degrees of freedom are not estimated in mixed effects
models (and there are various ways to estimate p-values), a t-value more extreme than
+ 2 will be determined significant (Gelman & Hill, 2007).

In order to assess whether musical training could predict performance
differentially for EF components, a linear mixed effects model was run with subjects
and fasks as random effects, and EF type, music training, and the covariate measures'
as fixed effects. The random effects structure included random intercepts for subjects
and by-subject random slopes for EF type. Although fask was entered as a random
effect, its random intercept had to be removed for the models to converge

(presumably because all variables were z-scored and so no intercepts differed from

! Handedness and SES did not significantly improve model fit, but because they were
predicted a priori to be associated with musical training and planned as covariates, they are
nonetheless included in the models reported below.
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zero); however the models did include by-task random slopes for Musical Training.
EF type was contrast coded so that the first contrast compared shifting scores with the
mean of inhibition and updating scores, and the second contrast compared inhibition
and updating scores only.

As reported in Table 6, IQ was a significant predictor of task performance, and there
were significant interactions of music training by EF type, which both indicate that
the extent to which musical training predicts task scores differs as a function of EF
type. Table 6 summarizes the results.

Table 6. Mixed effects model examining the effects of musical training and EF type
on EF performance.

Parameters Fixed effects Random effects
By Subjects By Tasks
Estimate SE t SD EF1 EF2 SD
Intercept -0.01 0.04 -0.15 0.36 -0.19 0.09 --
Musical Training 0.03 0.04 0.72 0.01 -- -- 0.01
EFTypel 0.01 0.07 0.144 0.61 -- -0.79
EFType2 <.01 0.03 <.01 0.13 --
1Q 0.21 0.04 5.1 * -- --
Handedness -0.04 0.04 -1.04 -- --
SES 0.01 0.04 0.23 -- --
MusicalTraining*EF Typel 0.3 0.07 4.29 * -- --
MusicalTraining*EF Type2 -0.06 0.03 -2.12 * - --

Note. Factors were contrast coded as follows: EFTypel (-1 = Shifting, .5 = Inhibition,
.5 = Updating), EFType2 (0 = Shifting, .5 = Inhibition, -.5 Updating). Under Random
effects, values to the right of the SD columns indicate estimated correlations between
random effects. Model formula for correlated random effects model:
TaskPerformance ~ MusicalTraining*EFtype + 1Q + Handedness + SES +
(0+MusicalTraining|Task) + (EFtype|Subject)
*|¢| > 2.0, indicating a significant effect (Gelman & Hill, 2007).

To unpack the interactions found in the omnibus model, separate linear
mixed-effects models were conducted for each of the three EF components. For each
model, the same structure of mixed-effects models was used except that random

slopes for EF type for Subject random effect were taken out (since only one EF type

was present in each model). These separate models suggest that the interaction effects
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above reflect that musical training significantly predicts updating ability.

LME — Inhibition

Looking at only the three inhibition task scores, musical training did not
predict a significant amount of variance in scores (estimate = .076, ¢ = 1.08),

however 1Q was a significant predictor (estimate = .17, ¢ = 3.18).

Table 7. Mixed effects model for inhibition task scores.

Parameters Fixed effects Random effects

By Subjects By Tasks

Estimate SE t SD SD
Intercept -0.006 0.05 -0.13 0.28 --
Musical Training 0.08 0.07 1.08 -- 0.08
IQ 0.17 0.05 3.18 * - --
Handedness -0.05 0.05 -0.91 -- --
SES 0.03 0.05 0.54 -- --

Note. Model formula for correlated random effects model:
InhibitionTaskPerformance ~ MusicalTraining + IQ + Handedness + SES +
(0+MusicalTraining|Task) + (1|Subject)

* |¢| > 2.0, indicating a significant effect (Gelman & Hill, 2007)

LME — Shifting
Looking at only the three shifting task scores, musical training did not predict
a significant amount of variance in scores (estimate = -.10, ¢ = -1.66). Furthermore,

none of the covariates predicted a significant amount of variance.
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Table 8. Mixed effects model for shifting task scores.

Parameters Fixed effects Random effects

By Subjects By Tasks

Estimate SE t SD SD
Intercept -0.01 0.06 -0.24 0.59 --
Musical Training -0.11 0.07 -1.66 -- 0.00
IQ 0.03 0.07 0.44 - --
Handedness 0.01 0.07 0.44 -- --
SES -0.04 0.06 -0.69 -- --

Note. Model formula for correlated random effects model: ShiftingTaskPerformance
~ MusicalTraining + IQ + Handedness + SES + (0+MusicalTraining| Task) +
(1|Subject)

LME — Updating

Looking at only the three updating task scores, musical training accounted for

a significant amount of variance in scores (estimate = .13, ¢ = 2.40) as well as 1Q

(estimate = .37, t = 6.59).

Table 9. Mixed effects model for updating task scores.

Parameters Fixed effects Random effects

By Subjects By Tasks

Estimate SE t SD SD
Intercept 0.004 0.05 0.07 0.21 --
Musical Training 0.13 0.06 2.40 * -- 0.00
IQ 0.37 0.06 6.59 * - --
Handedness -0.07 0.05 -1.34 -- --
SES 0.03 0.05 0.55 -- --

Note. Model formula for correlated random effects model: UpdatingTaskPerformance
~ MusicalTraining + IQ + Handedness + SES + (0+Musical Training| Task) +
(1|Subject)

*|¢| > 2.0, indicating a significant effect (Gelman & Hill, 2007).

Discussion

Overall, these data show a positive relationship between musical training and
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working memory updating, but no relationship between musical training and
inhibition or shifting. These results suggest that the significant relationship between
musical training and shifting found in previous studies may reflect a failure to control
for other confounding variables (e.g., Hanna-Pladdy & McKay, 2011; Zuk et al.,
2014) or possibly a function of a binary versus continuous measure of musical
training.

Similarly, previous studies finding support for the relationship between
musical training and inhibitory control did not use IQ as a covariate when assessing
the relationship with inhibition tasks (Bialystok & DePape, 2009; Degé et al., 2011;
Moreno et al., 2011); however, some studies did measure 1Q and found it to be the
same across groups and therefore did not use it in subsequent analyses (Bialystok &
DePape, 2009; Moreno et al., 2011). To see if a positive association between musical
training and inhibition ability existed here, a model with only a fixed effect of
musical training (i.e., with no covariates) was run, and musical training was almost
able to predict a significant amount of variance in inhibition tasks (estimate = .14, t =
1.99; although the full model with covariates had a better fit (X2(3) =11.90,p=
.008)). Musical training and 1Q were also found to correlate with performance on
multiple tasks (see Appendix B for a summary), which further highlights the need for
future studies to control for extraneous variables as well. Fitting with results from
Bialystok and DePape (2009), there was a significant zero-order correlation between
music training and performance on the Stroop task (b =-1.43, SE=0.48,¢t=-2.95,p
=0.004); however, this relationship disappeared when controlling for covariates (b =

-0.96, SE=0.52, t = -1.86, p = 0.065). In contrast with Moreno et al., (2011), the
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current study surprisingly did not find a significant zero-order correlation between
musical training and performance on the Stop Signal task, which is similar to the
go/no-go task used in Moreno et al. (2011). This may have been due to different
outcome measures used: this study used stop-signal reaction time, while Moreno et al.
(2011) found an effect with task accuracy.

Musical training was able to predict updating scores even after accounting for
the (significant) amount of variance predicted by 1Q. This fits well with previous
evidence that musicians outperform non-musicians on N-back tasks (Oechslin et al.,
2013; Pallesen et al., 2010; Slevc et al., 2016). One reason for this relationship might
be the demands of reading music, especially sight-reading. Sight-reading music, or
playing unpracticed from a score, requires looking ahead in the music to prepare for
what will be played. Good sight-readers typically look about four notes ahead of
where they are playing (Furneaux & Land, 1999; cf. Drake & Palmer, 2000; Goolsby,
1994). Furthermore, sight-reading ability has also been correlated with eye-hand span
(i.e., the number of notes played after sheet music is taken away) (Sloboda, 1974).
This suggests that expert sight-readers look farther ahead in the music and constantly
update the contents of working memory: they must keep in mind which notes are
being played and which are yet-to-be played. Correspondingly, working memory
capacity (as indexed by an average of scores for operation span, reading span,
rotation span, and matrix span) is associated with sight-reading ability (Meinz &
Hambrick, 2010).

In fact, some exploratory analyses found that for participants who reported
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that they could read music and self-reported their level of sight-reading ability’,
musical training better predicted updating scores for those who were better sight
readers (i.e., a significant interaction between musical training and self-rated sight
reading ability on updating scores: estimate = .25, t = 2.41, N = 143). Furthermore,
looking only at the subset of participants who reported they could not read music (N =
60), musical training no longer significantly predicted performance on the updating
tasks. This suggests that reading and sight-reading may indeed play some role in
musical training’s relationship with EF (cf. Meinz & Hambrick, 2010). However,
these results are from exploratory analyses and it is unknown how accurately
participants can self-report sight-reading ability, so future studies investigating this
link should measure this construct more thoroughly.

Surprisingly, we did not find a significant relationship between musical
training and SES. Our subjective measure of SES was significantly correlated with
objective measures of SES (i.e., with both parental education and parental income?),
which fits with previous findings that subjective and objective measures of SES are
related, but not perfectly correlated (Adler & Stewart, 2007). So perhaps this non-

relationship may reflect limited variability within our sample.

? These exploratory analyses were based on additional questionnaire items: 1) Can you read

music? (Yes or No). 2) If yes, how well are you able to sight-read music (playing music you
are seeing for the first time)? (Scale from 1-5)

* Measures of parental income and education for mothers and fathers were collected on a 9-

point scale.
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General Discussion

There is a slew of evidence linking musical training to a wide range of
cognitive processes, but it has been difficult to assess the strength of this evidence
given that most studies use single tasks to measure a single cognitive process with
varying definitions of “musicians” and “non-musicians.” This study sought to
improve upon these problems by measuring multiple tasks tapping multiple constructs
of EF (inhibition, shifting, and updating) as well as using a continuous measure of
musical training in order to provide a clearer picture of the relationship between
musical training and executive function.

Individual differences in musical training were able to predict updating ability
(estimated from scores on Keep Track, Letter Memory, and N-back tasks), but were
not predictive of inhibitory control ability (estimated from scores on Stroop, Stop-
Signal, and Antisaccade tasks) or shifting ability (estimated from scores on Color-
Shape, Category Switch, and Number-Letter tasks). Musical training’s relationship
with memory updating falls in line with previous correlational work (Oechslin et al.,
2013; Pallesen et al., 2010; Slevc, et al., 2016; Zuk et al., 2014) as well as
experimental studies (Mehr et al., 2013, Experiment 1; Roden et al., 2014), and may
be attributable to the association between sight-reading ability and working memory
(Meinz & Hambrick, 2010). However, since this is a correlational study, the
directionality of this relationship is still unclear. One possibility is that music training

affects working memory updating abilities, and perhaps updating ability is further
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improved with the practice of reading and sight-reading music. Another possibility is
that those with higher working memory updating abilities choose to go into music
lessons. A third possibility is that music lessons might exaggerate these pre-existing
differences (Schellenberg, 2015).

Although this study cannot warrant causal claims for musical training, this
significant relationship between musical training and working memory updating (and
non-significant relationships with inhibition and shifting) could inform work on the
transfer effects of musical training by indicating appropriate avenues to explore in
experimental studies that (ideally) randomly assign participants to musical training or
a well-matched control training regimen. Conversely, it can also inform work on
individual differences and pre-existing differences between those who do and do not
take music lessons. If different aspects of musical training draw on EFs, this can also
inform future work on who is more likely to excel in musical training. In sum, the
relationship between musical training and EFs is complex, and the present results
help to add clarity to the large body of work investigating music lessons and non-

musical cognitive abilities.
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Appendices

Appendix A. Correlation matrix of EF tasks.

Inhibition Updating Switching
Anti- Stop Stroo Keep Letter  Spatial | Number- Color- Category
saccade  Signal Pl Track Memory N-back | Letter  Shape Switch
Antisaccade
Stop Signal 0.11
Stroop 0.26*%*  -0.04

Keep Track 0.24*%*  0.24**  0.15
Letter Memory | 0.29***  0.20*% (0.28%**| (.31***

Spatial N-Back | 0.27***  0.16 0.21% | 0.47*** (.39%**

Number-Letter 0.18* 0.15 0.09 0.12 0.002 0.06
Color-Shape -0.04 0.05 -0.03 0.04 -0.14 0.03 | 0.36***

Category Switch [ 0.16* 0.12 0.18* 0.01 -0.01 0.1 0.44%**  (.25%*

*p <0.05, ¥* p<0.01, *** p <0.001
Note. Scores have been scaled so that larger number indicate better performance
(switch costs, stop-signal ssrt, and Stroop effect scores have been multiplied by -1)
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Appendix B. Zero-order correlations between musical training, covariates, and EF
task scores.

Musical Training SES IQ Handedness
Musical Training
SES -0.04
IQ (0.33%#** 0.17*
Handedness -0.13 0.06 0.01
Antisaccade 0.17* 0.09 (0.207%*:* 0.02
Category Switch -0.12 -0.08 0.02 0.1
Color-Shape -0.07 0 -0.03 -0.13
Keep Track 0.23%* -0.07 (0.38#** -0.06
Letter Memory 0.30%** 0.13 0.41%** -0.15
Number-Letter -0.11 -0.02 -0.03 0.1
Spatial N-back 0.27%%* 0.19* 0.48%** -0.04
Stop Signal 0.01 0.04 0.12 -0.05
Stroop 0.23%** 0.03 0.19* -0.12

*p <0.05, ¥* p<0.01, *** p <0.001
Note. Scores have been scaled so that larger number indicate better performance
(switch costs, stop-signal ssrt, and Stroop effect scores have been multiplied by -1)
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