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Abstract

Playing a musical instrument engages various sensorimotor processes and draws on cogni-
tive capacities collectively termed executive functions. However, while music training is
believed to associated with enhancements in certain cognitive and language abilities, stud-
ies that have explored the specific relationship between music and executive function have
yielded conflicting results. As part of an ongoing longitudinal study, we investigated the
effects of music training on executive function using fMRI and several behavioral tasks,
including the Color-Word Stroop task. Children involved in ongoing music training (N = 14,
mean age = 8.67) were compared with two groups of comparable general cognitive abilities
and socioeconomic status, one involved in sports (3sports®group, N = 13, mean age = 8.85)
and another not involved in music or sports (?control® group, N = 17, mean age = 9.05). Dur-
ing the Color-Word Stroop task, children with music training showed significantly greater
bilateral activation in the pre-SMA/SMA, ACC, IFG, and insula in trials that required cogni-
tive control compared to the control group, despite no differences in performance on behav-
ioral measures of executive function. No significant differences in brain activation or in task
performance were found between the music and sports groups. The results suggest that
systematic extracurricular training, particularly music-based training, is associated with
changes in the cognitive control network in the brain even in the absence of changes in
behavioral performance.

Introduction

It is well documented that music training can be associated with improvements in various cog-
nitive abilities and brain functioning, particularly in the realm of auditory processing [1].
However, the extent to which learning to play an instrument promotes nonmusical skills is
still debated [2]. Furthermore, the neural mechanisms that could account for such far-transfer
effects to non-auditory skills have yet to be clarified. Some researchers have proposed that
music training promotes the development of executive function, which, in turn, leads to the
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enhanced cognitive abilities [3]. Executive function is generally conceptualized as three inter-
related cognitive processes, inhibition, working memory, and cognitive flexibility, that,
together, allow for goal-directed behavior and cognitive control [4]. Inhibition, or inhibitory
control, is the ability to resist and control one’s attention, behavior, and thoughts that may be
habitual or impulsive, often in favor of more appropriate responses. Working memory is the
ability to keep important and relevant information in mind while simultaneously performing
another task. Cognitive flexibility, or task switching, is the ability to quickly and easily switch
between different tasks, incorporating and adjusting to changing demands or new informa-
tion. These cognitive capacities begin to develop in early childhood and continue to improve
through adolescence [4].

Executive functions have been shown to robustly correlate with various metrics of health,
achievement, wealth, and quality of life [5]. The development of cognitive control appears to
be particularly predictive of health, success and wellbeing later in life [6]. Because of this strong
association between the development of cognitive control and positive measures of human
behavior, a large body of research has focused on investigating the ways in which such skills
can be improved, particularly in early childhood. Such studies have shown that executive func-
tions can be enhanced by consistent and intensive cognitive training programs in 7 to 12 year
olds [7,8], video game training in older adults [9], as well as martial arts [10], mindfulness
meditation [11,12], aerobic exercise [13], and sports training in children between the ages of 5
to 10 [14]. However, not all of these studies included an active control groups or collected both
pre- and post-training measures and thus strong evidence for far-transfer effects associated
with training remains limited.

Playing a musical instrument requires utilizing many of the same cognitive mechanisms
that constitute executive functions. During a musical performance, a musician has to continu-
ally and seamlessly switch between reading notes, monitoring and adjusting necessary motor
actions, and attending to new and competing streams of auditory information coming from
other performers as well as one’s own playing [15]. Given the complexity of playing an instru-
ment, it may not be surprising that studies have reported training-related changes in brain
regions involved in both auditory and non-auditory cognitive processes in association with
music training [16]. However, empirical investigations that have specifically tested the hypoth-
esis that music training is associated with enhanced executive functions have reported mixed
results and thus, such a link remains elusive.

It has been proposed that inhibitory control and conflict processing in particular might
mediate the transfer of skills from training to cognitive abilities [3], yet the evidence for this
model is weak given the quasi-experimental design of the majority of studies that have assessed
the relationship between music training and cognitive control. Several studies have found evi-
dence for enhanced performance on the Stroop task, a commonly-used task of cognitive con-
trol [17], associated with musical expertise. Professional musicians demonstrated faster
reaction times on the Color-Word Stroop task than an age-matched group of amateur musi-
cians [18] and young adults with musical experience demonstrated significantly faster reaction
times than non-musicians on both the Simon arrow task and an auditory Stroop task [19].
Faster reaction times during the auditory Stroop task was also found with older professional
musicians compared to non-musicians, though other measures of inhibitory control did not
differ between groups [20]. Both the amount of music training and degree of musical ability
have also been shown to correlate with better performance on auditory and visual Stroop tasks
[15]. Furthermore, participants with musical expertise demonstrated better prediction skills
when cues were presented aurally, visually, and cross-modally [21], suggesting that music
training might influence one’s ability to predict future events based on previously presented
stimuli, a skill believed to be a prerequisite for several cognitive functions and learning.
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Additionally, several studies have reported a relationship between music training and per-
formance on working memory tasks, in particular, verbal working memory [22,23]. On the
other hand, a recent cross-sectional study failed to replicate these results, reporting no differ-
ences between adult musicians and matched controls on either a working memory task or a
visual inhibition task [24]. Another cross-sectional study did find that musical ability was posi-
tively associated with performance on auditory and visual tests of working memory in adults,
but it was not associated with performance during tasks that probe inhibition nor task-
switching [25].

The relationship between music training and executive function is even less clear in chil-
dren. In one study, musically trained 9-12 year olds scored higher on a measure of IQ and per-
formed better on the Digit Span, a working memory task, than untrained children; however,
none of the other executive function tasks were significantly different between the two groups
and the association between IQ and music training was not mediated by performance on such
tasks [2]. In a follow-up study, in which amount of music training was assessed continuously
rather than as a binary, categorical variable, a significant positive relationship was found
between years of music lessons and performance on tasks of executive function that assessed
task switching, inhibitory control, and selective attention [26]. Corroborating these findings, a
recent large-scale study reported that improvements from year to year on a visuo-spatial and
verbal working memory task were predicted by the amount of time 6-25 year olds had spent
practicing a musical instrument [27].

Several factors may account for the inconsistent findings, including a failure to consider
potential confounds such as socio-economic status, length and amount of training, and age-
related difference, as well as the lack of an active control group that also received training, but
in a non-musical activity. In addition, due to the cross-sectional design implemented in the
studies mentioned above, it cannot be concluded whether the improvements in executive func-
tions, if present, were primarily the result of music training or if children with pre-existing
enhanced cognitive abilities were drawn to music in the first place. Alternatively, both an inter-
est in music and executive function could be promoted by some third, unaccounted-for vari-
able. Longitudinal studies using music-based interventions have the potential to address this
issue. Studies assessing executive functions before and after a period of music-based interven-
tions have shown that music training is associated with enhancements in working memory
[28,29], performance on an inhibition task [30], and on a test of attentional control [29]. A
recent longitudinal study with children found that random assignment in an after-school
music training program was associated with enhanced performance on several tasks of cogni-
tive control and response inhibition [31]. However, an effect of music-based interventions on
measures of executive function was not replicated in another large-scale study of children
between the ages of 6-14 [32].

Neuroimaging may additionally help clarify the link between music training and executive
functions by illuminating structural and functional differences in the brain that may not be
captured by behavioral assessments alone. fMRI studies have revealed that the three compo-
nents of executive function all engage a network of brain regions subserving cognitive control,
including the dorsolateral prefrontal cortex (DLFPC), inferior frontal gyrus (IFG), anterior
cingulate cortex (ACC), supplementary motor cortex (SMA) and pre-supplementary motor
cortex (pre-SMA), precuneus, and insula [33]. Based on these results, several models have
been developed to account for how these brain regions function together to enable successful
cognitive control, highlighting the importance of the ACC specifically for such abilities.
According to such models, the DLPFC is involved in regulating selective attention, the IFG
enables rule representation and task-switching, the ACC serves as a conflict monitor, and the
SMA/pre-SMA is required for selecting the appropriate, as well as inhibiting inappropriate,
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automatic motor actions [34]. The ACC also appears to be involved in a wide range of cogni-
tive tasks that extend beyond cognitive control. Recent accounts have attempted to unify these
extensive findings, arguing that the ACC might be involved in predicting the likelihood of an
error [35] as well as the value of the possible future outcomes of exerting control, rather than
monitoring conflict specifically [36].

Additionally, studies have shown that the magnitude of signal change within these regions
is correlated with better performance on executive function tasks [37,38]. For example, the
degree of engagement of the dorsal ACC during a cognitive control task was found to be corre-
lated with academic achievement in medical students, suggesting a possible neural mechanism
by which the development of cognitive control can become associated with positive life out-
comes [39]. Conversely, hypoactivity in the DLPFC, IFG, ACC, SMA and pre-SMA has been
observed in clinical populations with known impairments in cognitive control, such as patients
with schizophrenia [40], attention-deficit hyperactivity disorder (ADHD) [41], and drug
addictions [42], though the exact relationship between degree of activation in these regions
and cognitive control performance is still a matter of debate [43]. Overall, previous neuroim-
aging findings suggest that greater recruitment in this network of brain regions is associated
with enhanced cognitive control [33] and that greater activity in the ACC in particular may be
associated with successful conflict processing and resolution [44].

Training-related changes within these regions have also been reported in adults after several
weeks of cognitive training on a cognitive control task [45], in 7-11 year-old children after sev-
eral months of an exercise program [46], and between 9-10 year-old children with high versus
low aerobic fitness [47,48]. To our knowledge, however, while various studies have reported
an association of early music training with specific changes in brain structure and functioning
[49,50], few studies have investigated the neural differences between musicians and non-musi-
cians during tasks that probe cognitive control specifically. One such study found that child
musicians (9-12 years-old) displayed increased activity bilaterally in the SMA and the IFG
during tasks that required rule representation and cognitive flexibility as compared to a control
group despite no significant group differences in measures of in-scanner performance of the
task [51]. Another neuroimaging study assessed working memory in adults and found that
adult musicians performed better and showed heightened activity in the precentral gyrus,
SMA, IFG, insula, and ACC during a working memory task that used musical chords [52].
Unfortunately, neither of these studies included an active control group and thus it is unclear
if music training uniquely impacts executive functions or, if instead, the reported enhance-
ments in executive functions could be produced by any rigorous and socially engaging type of
training.

The goal of the current study was to clarify the connections between music training and
executive function in developing children using neuroimaging. As part of a larger, 5-year lon-
gitudinal study, we evaluated performance on various measures of executive function and
activity in brain regions involved in cognitive control in children engaged in a well-known,
standardized music curriculum primarily involving group-based instruction on string instru-
ments (violin and viola). We compared these children (music group) to two matched control
groups: one involved in sports training for the same amount of time (sports group), and one
not involved in systematic training in either music or sports (control group). The inclusion of
the sports group allowed us to assess whether any observed differences are uniquely associated
with music training or are associated with involvement in an extra-curricular activity more
generally.

By comparing behavioral performance on tasks of working memory, inhibitory control,
and cognitive flexibility, as well as neural responses during a task of cognitive control between
these three groups, we aimed to determine the unique contributions of music training on the
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development of executive functions. We chose to use an fMRI Color-Word Stroop task
because it is well validated in developmental neuroimaging studies of conflict processing [53]
and because of the ambiguity in the literature regarding the nature of the relationship between
cognitive control and music training.

We hypothesized that (1) children who have received systematic music training would per-
form significantly better on behavioral measures of executive function as compared to the con-
trol group with no systematic training in either music or sports; (2) during the Color-Word
Stroop task while in the MRI scanner, musically-trained children would show significantly
greater recruitment of brain regions consistently reported to be involved in cognitive control,
including the IFG, SMA, pre-SMA, ACC, and insula, as compared to the control group. Addi-
tionally, we compared behavioral measures of executive function and BOLD signal during the
Stroop task between children with music training and children with sports training to evaluate
whether the specific auditory, sensorimotor and cognitive skills that are acquired when learn-
ing music are associated with additional enhancements above and beyond those that are
accounted for by any type of systematic training.

Materials and methods
Participants

Participants were part of an ongoing longitudinal study addressing the impact of music train-
ing on cognitive, socioemotional, and neural development [54] and were recruited from public
elementary schools and community music and sports programs in the greater Los Angeles
area. All children were initially recruited at the age of 6, before any training began, and various
behavioral measures of cognitive functioning were evaluated at baseline, i.e. before the onset of
any systematic training. There were no differences between the groups in age, gender, socio-
economic status, and cognitive abilities at baseline assessment [54].

After two years, participants completed the first functional MRI scan. The distribution of
participants in this study was as follows: Eighteen children (13 boys and 5 girls, 1 left-handed,
mean age at the time of scan = 8.69 years, SD = 0.44, age range = 8.08-9.42) had been partici-
pating in the Youth Orchestra of Los Angeles at Heart of Los Angeles program (hereafter
called “music group”). Eighteen children (8 boys and 10 girls, 1 left-handed, mean age at the
time of scan = 8.94 years, SD = 0.58, age range = 8.00-10.08) had been training in a commu-
nity- based soccer or swimming programs and have not been engaged in any regular musical
training; these formed the first control group (hereafter called “sports group”). Twenty chil-
dren (12 boys and 8 girls, 2 left-handed, mean age at the time of scan = 9.05 years, SD = 0.48,
age range = 8.33-9.92) were recruited from public schools in the same area of Los Angeles pro-
vided they were not involved in any systematic, regular after-school training programs and
formed the second control group (hereafter called “control group”). At each year of the study,
children and their parents were interviewed and asked to report any activities that they had
begun to participate in outside of school. While some of the control participants did begin
sports programs in subsequent years after the start of the study (a risk inherent to any develop-
mental longitudinal design), on average, the intensity, duration, and regularity of the training
programs in the control group after two years was still significantly less than the children in
the sports group.

All three cohorts came from equally under-privileged minority, primarily Latino, commu-
nities of downtown Los Angeles. All children were raised in bilingual households, spoke fluent
English and attended English speaking schools. Exclusion criteria included any history of psy-
chiatric or neurologic disorders. At the time of initial recruitment, as well as at each follow-up
assessment, participants were screened through an extensive parental interview to ensure that
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they had not developed any condition diagnosed as a developmental or neurological disorder.
Clinical assessments were not used for screening.

Description of music and sports after-school programs

Music training program: El Sistema & Youth Orchestra of Los Angeles. Participants in
the music group took part in an El Sistema-inspired program called the Youth Orchestra of
Los Angeles (YOLA), which offers free music training, five days a week, to children from
underserved areas of Los Angeles. Acknowledged worldwide as the “most significant example
of collective music education” [55], El Sistema is claimed by many to be an important mecha-
nism of social change through music [55,56]. Since its inception in 1975, thousands of chil-
dren, most from underserved communities, have gone through this publicly funded program
in Venezuela. Through intensive, collective music learning experiences, El Sistema aims to
promote inclusion and combat poverty by empowering at-risk children and youth, and pro-
viding them with high quality music learning experiences [57]. Aligned with the central tenets
of El Sistema, YOLA emphasizes ensemble practice and group performances. To join the pro-
gram, children were selected by lottery, (maximum of 20 per year), from a list of interested
families. Once selected, the children were provided with a string instrument, either a violin or
viola, which they can take home. The musical curriculum consists of 7 weekly hours of music
learning, divided into string instruments, choir, Orff, and musicianship (ear training and the-
ory skills). Practice outside of the program is left at the discretion of students and their parents.
Importantly, none of the participants in the music group participated in regularly-scheduled,
after-school, sports programs.

Sports training program. Participants in the sports group took part in one of the two fol-
lowing community-based sports programs, free of charge, that serve neighborhoods of down-
town Los Angeles: (1) a soccer program which offers soccer training 3 times a week with an
additional game each weekend for children aged 6 and older (2) a swimming program which
offers free swim instruction 2 times a week to school-age children with an additional recrea-
tional swim session each weekend. Each session lasts approximately 1 hour. Participants in
both sports programs enrolled voluntarily in their respective programs and both programs
were taught by trained coaches. All students who signed up for the sports program were admit-
ted provided they met low socio-economic criteria of the program. Importantly, none of the
participants in the sports group participated in any regularly-scheduled, music-based, after-
school training programs.

We selected sports training as a comparison to music because, like music training, it
requires investment of time and effort, self-discipline and fosters social engagement. These
aspects may, in themselves, promote social, cognitive and neural development. Including such
a comparison group helps to specifically identify the beneficial effect of music training on the
measures we proposed.

Socio-economic status (SES)

Parents indicated their highest level of education and annual household income on a question-
naire. Responses to education level were scored on a 5-point scale: (1) Elementary/Middle
school; (2) High school; (3) College education; (4) Master’s degree (MA, MS, MBA); (5) Pro-
fessional degree (PhD, MD, JD). Responses to annual household income were scored on a
5-point scale: (0) < $ 10,000 (1) $10,000 — $19,999 (2) $20,000-29,999 (3) $30,000-39,999 (4)
$40,000-49,999 (5) > $50,000. Parents provided income level and education level at each year
of the longitudinal study. For education, the higher of the two reported levels (one for each
parent) was used for analysis. Six parents chose not to indicate their income and 6 parents
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chose not to indicate their education level at the time of the functional scan. For these partici-
pants, the income level or education level reported from previous years was used for subse-
quent analysis.

Experimental procedure

Study protocols were approved by the University of Southern California Institutional Review
Board. Informed consent for participation in the study was obtained in writing, from the
parents/guardians in the preferred language, on behalf of the child participants and verbal
assent, during each yearly visit, was obtained from all children individually. Either the guard-
ians or the children could end their participation at any time. Parents/guardians received mon-
etary compensation ($15 per hour) for their child’s participation and children were awarded
small prizes (e.g. toys or stickers). Transportation, e.g. taxi vouchers or pre-paid public trans-
portation tickets were provided for the participants if necessary. All children were tested indi-
vidually at our laboratory at the Brain and Creativity Institute at the University of Southern
California.

Behavioral assessments

Children participated in the study on two separate days. On the first visit, participants com-
pleted the MRI, which included the fMRI Color-Word Stroop task, and the parents of partici-
pants completed a survey that assessed income and education level as well as their child’s
background, typical schedule, and involvement in extra-curricular activities. On the second
visit, children completed the behavioral battery (see below), which included the behavioral
Color-Word Stroop task outside of the scanner. A description of each task is presented below.

Wechsler abbreviated scale of intelligence (WASI-II). The WASI-II for children 6 years
and older [58] was used to assess levels of general intelligence. Subtests included the Block
Design, Vocabulary, Matrix Reasoning, and Similarities. In addition, children completed the
Memory for Digit Spans (forward and backward) from Wechsler Intelligence Scale for Chil-
dren. In the forward condition, the child listened to a sequence of numbers spoken by the
experimenter and was instructed to verbally repeat the sequence in the correct order. In the
backward condition, the child again listened to a sequence of numbers and was instructed to
repeat them in reverse order. In both conditions, the length of the sequence of numbers
increased with correct responses until two trials with the same length are answered
incorrectly.

WASI and Digit Span analysis. An overall FSIQ score (M = 100, SD = 15) was calculated
based on responses from all four subtests of the WASI-IL. In addition, a separate Performance
IQ (PIQ) was calculated based on only the Block Design and Matrix Reasoning subtests and
Verbal IQ (VIQ) was calculated from the Similarities and Vocabulary subtests. These scores
measured fluid and crystallized intelligence, respectively. Standardized T scores (M = 50,

SD = 10) were also provided for each of the four subtests. Each score was based on norms from
a large sample of children living in the US, calibrated separately based on age in three-month
increments.

For the Digit Span, two scores were calculated, one for the forward condition and one for
the reverse condition, which reflected the total number of correctly answered trials in each
condition.

Behavioral Color-Word Stroop task. Participants performed the Color-Word Stroop
task outside the fMRI scanner as a measure of reaction time and accuracy [59]. The behavioral
task was designed to match the fMRI-compatible version as closely as possible. Children were
instructed to name, aloud, the color of the ink of the presented word and to ignore the actual
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written word as quickly and accurately as possible. Participants were also instructed to press
the space bar at the same time that they spoke their response. Vocalizations of the response
was used over a manual, button-press to avoid additional confounding difficulties associated
with mapping color names to finger responses [60]. The participants completed six separate
blocks of the task, where each block consisted of 12 trials of either all congruent trials, in
which the color of the word matched the written word, or all incongruent trials, in which the
color of the word did not match the written word. Each trial was presented for 1700ms. The
task always started with a congruent block. Before the task began, a training session was
administered in which the child responded to 5 incongruent trials and 5 congruent trials. The
child was unable to advance to the next question until they responded correctly. Each of the 4
ink colors appeared exactly three times in each block, but there were no restrictions on the
number of times the written color was presented provided it was not the same as the color of
the ink in the incongruent condition. Trials within blocks were randomly permutated to create
two unique randomizations ("A" and "B"). Participants completed either permutation A or B.
Stimuli were presented on a MacBook laptop computer using Matlab (Mathworks, Natick,
MA, USA) and the Psychophysics Toolbox extension [61,62].

Behavioral Color-Word Stroop task analysis. For the Color-Word Stroop task, both
response time and accuracy were averaged across all blocks of one condition (incongruent or
congruent). Response time for each trial was recorded in Matlab when the participant pressed
the space bar. Any trial in which the participant did not audibly vocalize the correct color of
the ink was marked as incorrect by the experimenter. Any trial in which the participants failed
to respond within the allotted time window (1700ms) was additionally considered an incorrect
response. Only trials in which the participants responded correctly were included in the mea-
sure of average response time. Within each condition, any trial in which the response time was
above two standard deviations from the mean of the individual was removed from subsequent
analysis. The first trial of each block was removed in subsequent analysis to allow the partici-
pants to adjust to the task. A 2 x 3 between-within ANOVA was then conducted in R (https://
www.r-project.org/) to evaluate the effect of condition (incongruent vs. congruent) and group
(music, sport, control), as well as the interaction, on both response time and accuracy.

Hearts and Flowers task. Outside the scanner, participants also completed the “Hearts
and Flowers” task, which tests working memory, response inhibition, and task switching/cog-
nitive flexibility [63,64]. The task required participants to press a response button that is either
on the same side (congruent) or opposite side (incongruent) of an image. When children saw
an image of a heart, they were instructed to press the corresponding directional arrow button
on a keyboard. When children saw an image of a flower, they were instructed to press the
opposite directional arrow button on the keyboard (see Fig 1A). The task consisted of three
separate levels that contain only congruent trials (12 trials total), only incongruent trials (12
trials total), and mixed congruent and incongruent trials respectively (33 trials total). For each
trial, participants had 750ms to respond. Images were presented on a MacBook laptop com-
puter. Before both the congruent and incongruent trial blocks, a training period was adminis-
tered which consisted of 5 trials. The child was unable to advance to the next question until
they responded correctly.

Hearts and Flowers task analysis. For the Hearts and Flowers task, both response time
and accuracy were recorded for each trial. The first trial of each block was removed. Within
each condition for each subject, trials were considered incorrect (and subsequently not
included in the response time calculations) if the participant did not respond within the allot-
ted amount of time (750ms). Additionally, any trial in which the participant responded faster
than 250ms was assumed to be too fast to indicate a reasonable respond and was also not
included in response time calculations. Any participant who failed to accurately respond to at
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Fig 1. Hearts and Flowers and Flanker Fish tasks. (A) An example of a congruent, heart trial is on the top left, in which the child had to respond with the
arrow button that was on the same side of the image, and an example of an incongruent, flower trial is on the bottom left, in which the child had to respond
with the arrow button on the opposite side of the image. (B) An example of a trial in the standard condition of the Flanker Fish task is on the top right, in
which the child had to respond with the arrow button corresponding to the direction of the middle fish, and an example of a trial in the reverse condition is
on the bottom right, in which the child had to press the arrow button corresponding to the direction of the outside fish.

https://doi.org/10.1371/journal.pone.0187254.9001

least 50% of the congruent trials was removed from the analyses. Ten participants were
removed for this reason. In addition, data from 2 participants in the music group were not
recorded correctly, which left a total of 13 participants in the control group, 9 in the music
group, and 10 in the sports group for the final Hearts and Flowers task analysis.

Analysis focused on response time and accuracy during the mixed condition in which
incongruent and congruent trials were intermixed, as this condition requires utilizing several
components of executive function. A 2 x 3 between-within ANOVA was conducted for both
response time and accuracy to evaluate group by condition interactions.

Flanker Fish task. Participants also completed a child-friendly version of the Flanker task
called the “Flanker Fish” task [65] which assesses selective attention, task switching, working
memory, and inhibitory control. Children were presented with a series of seven fish in a row
and were required to press the response button that corresponds to either the direction that
the middle fish is facing (standard condition) or the direction that the outside fish are facing
(reverse condition). Which task was required was cued based on the color of the fish, with blue
fish corresponding to the standard condition and pink fish corresponding to the reverse condi-
tion. In some of the trials, all the fish were facing the same direction (congruent condition)
and in some of the trials, the outside fish were facing the opposite direction of the middle fish
(incongruent condition, see Fig 1B). The task also consisted of three separate levels: a standard
condition (17 trials total), reverse condition (17 trials total), and mixed condition (45 trials
total) in which both standard and reverse trials were presented together. Each trial lasted for
1500ms or until the moment the child presses a response key, whichever came first. Before
both the standard and reverse levels, a training period was administered which consisted of 5
trials. The child was unable to advance to the next question until they responded correctly.

Flanker Fish task analysis. Participants and specific trials were removed from analysis
based on the same criteria as in the Hearts and Flowers task. Four participants, all from the
sports group, incorrectly answered more than 50% of the congruent trials within the mixed

PLOS ONE | https://doi.org/10.1371/journal.pone.0187254  October 30, 2017 9/29


https://doi.org/10.1371/journal.pone.0187254.g001
https://doi.org/10.1371/journal.pone.0187254

Increased engagement of the cognitive control network associated with music training in children

flanker condition and were therefore removed from subsequent analysis. A 2x3 between-
within ANOV A was conducted separately for response time and accuracy within each condi-
tion (standard, reverse, and mixed) to evaluate the interaction of group by condition.

Neuroimaging assessment

fMRI Color-Word Stroop task. The children performed a modified version of the Color-
Word Stroop task designed to be used inside the fMRI scanner [66]. During each trial, partici-
pants were presented with a word on a black screen written in one of four colors (red, yellow,
green, or blue) and were instructed to subvocalize the color of the stimulus, regardless of the
meaning of the written word, and simultaneously press an arbitrary button on a button box.
Subvocalization, in which participants say the color of the ink in their heads rather than out
loud, is a commonly used approach in developmental neuroimaging studies of cognitive con-
trol [53,67] because it helps minimize movement-related artifacts. On the other hand, the tech-
nique makes it inherently difficult to ensure that the participant is correctly completing the
task. Therefore, extensive pre-scanning training was conducted and in-scanner response times
between the conditions were evaluated to have on objective measure of whether the participant
was indeed performing the task. Prior to scanning, participants practiced the task in a lab test-
ing room. First, the child was presented with 3 blocks (1 congruent, 2 incongruent with 4 trials
in each) and was instructed to say the color of the written word aloud. Second, the child was
presented with 1 incongruent block (4 trials total) and was instructed to say the color of the
word in his or her head and simultaneously press a button.

During scanning, children completed two functional runs, each containing six blocks.
Three blocks consisted of only congruent trials, in which the color of the stimulus and the text
of the word matched, and three blocks consisted of only incongruent trials, in which the color
of the stimulus and the text of the word did not match (Fig 2). As in the behavioral Stroop
task, trials within blocks were pseudorandomized so that each block contained exactly three
stimuli of every color. Randomization of trial orders was performed for each participant indi-
vidually so that each participant saw a different order of stimuli. The blocks consisted of 12 tri-
als, each presented for 1700ms with a 300ms interval between each trial (excluding the last trial
in each block). The participants were instructed to respond as quickly and as accurately as pos-
sible. Each block was followed by a 16 second rest period (excluding the sixth and final block)
for a total scan time of 240 seconds (120 TRs). Response time per condition was averaged for
each participant and a between-within ANOV A was conducted to determine if response time
was significantly different between conditions and between groups.

CONG INCONG CONG INCONG CONG INCONG
blue blue blue blue blue blue
16 s 16 s 16 s 16 s 16 s
24 s 24 s 24 s 24 s 24 s 24 s
Time

Fig 2. Color-Word Stroop task fMRI paradigm. Example of a single scanning session of the fMRI Color-Word Stroop
task. Each run contained six blocks (three congruent, three incongruent). Each block contained 12 trials (1700ms per trial
with a 300ms interval between). Each block was followed by a 16 second rest period for a total scan time of 240s per run.

https://doi.org/10.1371/journal.pone.0187254.9002
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Imaging protocol. As part of the longitudinal battery, all children underwent anatomical,
diffusion weighted, and functional MR imaging of their brain. Data collection parameters for
the structural and functional scans only are described here.

We designed a child-friendly protocol that included a training session prior to the actual
scanning session. Children learned about the scanner by watching a video and became
acquainted with a scanning session in a mock scanner by listening to the different types of
sound made by the scanner. They also practiced staying still during the mock session. During
the actual scanning session, if children wished, one of the investigators remained in the scan-
ner room and held their hand. After the scanning session, children were shown an actual
image of their brain on the computer. Children watched a movie of their choice during the
anatomical scan to assist them with staying still.

High-resolution T1-weighted structural MRI images were acquired using an MPRAGE
sequence on a 3T MAGNETOM Prisma System equipped with a 20-channel head coil, with
the following parameters: 1 mm x 1 mm x 1 mm resolution over a 256 mm x 256 mm X 256
mm FOV; TI/TE/TR = 850/32.05/2300ms; flip angle = 8°; GRAPPA acceleration factor R = 2.

Functional images were obtained using a gradient echo, echo-planar, T2*-weighted pulse
sequence (TR = 2000 ms, one shot per repetition, TE = 25 ms, flip angle = 90°, 64 x 64 in-plane
resolution). Forty-one slices covering the entire brain were acquired with a voxel resolution of
3 mm x 3mm x 3mm. One hundred sixty-five volumes were collected during each run of the
fMRI Color Stroop task.

fMRI data analysis. Data were analyzed using FSL (FMRIB’s Software Library; http://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/). Pre-statistical processing included skull stripping (BET), motion
correction (MCFLIRT), slice-timing correction, spatial smoothing (5.0 mm FWHM Gaussian
kernel), and high pass temporal filtering (140 seconds). To further minimize effects of head
motion, motion scrubbing was conducted for each functional run separately, using root-
mean-squares intensity differences (dvars) as the metric of determining which slices should be
regressed out in the GLM analysis [68]. Any slice in which the dvars exceeded the box-plot cut-
off (values greater than 75" percentile + 1.5*inter-quartile range) were included in a confound
matrix that was subsequently added to the GLM model.

The two functional runs for each child were combined using a fixed effects analysis. Images
were registered to a high-resolution structural and standard space using FLIRT with 12 DOF
and a 2-mm MNI template. We modeled the task with a regressor for each of the two condi-
tions (incongruent, congruent) using a boxcar convolved with a double-gamma hemodynamic
response function. A general linear model was applied to contrast the BOLD signal between
the two conditions of the task. Sessions level models were then combined into a higher level,
mixed-effects analysis where independent two-sample t-tests were employed to examine dif-
ferences in brain activation during these contrasts between the three groups. Given the devel-
opmental nature of this study, for all group-level analyses, age at the time of scan was included
in the model as a covariate of non-interest. In a separate analysis, differences in response time
between the two conditions of the behavioral Stroop task were also included as a covariate of
interest. For both models, statistical inference was completed using Z images and FSL’s cluster
thresholding, using a cutoff of Z > 2.3, and cluster size probability of p = 0.05. Unthresholded
statistical maps were uploaded to NeuroVault.org database and are available at http://
neurovault.org/collections/2396/.

Because of the known roles of the pre-SMA/SMA, ACC, and IFG in cognitive control [34],
activation of these regions during the Stroop task was further investigated in a region of inter-
est (ROI) analysis. Three spheres with radii of 8 voxels were drawn with the center coordinates
located at the peak voxel (-2, 2, 58) within the pre-SMA/SMA, left IFG (-46,30,20), and right
ACC (6, 16, 32) based on the significant clusters found in the group-level all subject,
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incongruent—congruent contrast. Percent signal change in the three ROIs was calculated for
all participants from beta values using Featquery in FSL. The values were then correlated with
averaged response time and accuracy during the incongruent conditions of the behavioral
Stroop task conducted outside of the scanner and corrected for multiple comparisons. Because
the neuroimaging data is being correlated with data that was collected outside of the scanner
on a separate day, the two measures are independent from one other and thus, this analysis
does not constitute “double-dipping” [69].

Results
Demographics

From the original 56 participants who completed the fMRI Stroop task, 12 subjects were
removed (3 controls, 4 music, 5 sports) due to excessive motion (greater than 3mm mean dis-
placement in either functional run), failure to correctly complete the task, or hardware mal-
function, leaving a total of 44 remaining participants: 14 children (6 girls and 8 boys, 1 left
handed, mean age at time of scan = 8.67 yrs., SD = 0.42, age range = 8.08-9.42) in the music
group, 13 children (8 girls and 5 boys, 0 left handed, mean age at time of scan = 8.85 yrs.,
SD = 0.62, age range = 8.00-10.08) in the sports group, and 17 children (6 girls and 11 boys,
2 left handed, mean age at time of scan = 9.05 yrs., SD = 0.44, range = 8.33-9.92) in the control
group.

Analysis revealed no significant differences in sex (X2 (2, N=44) =2.10,p > 0.05, $ = 0.22),
age (F(2, 41) =2.09, p > 0.05, 1 = 0.09), socio-economic status (Income: F(2,41) = 1.51,
p > 0.05, 1* = 0.07; Education: F(2,35) = 0.82, p > 0.05, > = 0.04), IQ (F(2, 41) = 2.23,
p > 0.05,m° = 0.10), or digit span (Forward: F(2,41) = 0.87, p > 0.05, 0’ = 0.04; Backward: F
(2,41) = 1.11, p > 0.05, > = 0.05) between the three groups and therefore these factors were
not included in the subsequent analyses on behavioral performance. Age was included as a
covariate for the fMRI analyses only. All demographic information is presented in Table 1.

Executive functioning behavioral results

Behavioral Color-Word Stroop task. The between-within ANOVA revealed a significant
main effect of condition on accuracy (F(1, 41) = 37.78, p < 0.001, W =0.32). Average accuracy
during the incongruent trials was significantly lower than accuracy during the congruent
trials for all three groups [control: t(16) = 2.94, p < 0.05; music: t(13) = 5.13, p < 0.001; sports:
t(12) = 5.24, p < 0.001]. There was no significant interaction between group and condition
(F(2,41) = 0.29, p > 0.05,1> = 0.01) or main effect of group (F(2,41) = 1.58, p > 0.05, * = 0.04).

A significant main effect of condition was also found for response time (F(1, 41) = 199.85,
p < 0.001, n* = 0.48). Response times during the incongruent trials were significantly longer

Table 1. Participant characteristics.

Control (n =17) Music (n = 14) Sports (n=13)
Age 9.05 8.66 8.84
Gender 11M,6 F 8 M, 6F 5M,8F
Handedness 2LH 1LH OLH
Income 1.47 (1.23) 2.21(1.48) 1.69 (0.75)
Education 2.40(0.74) 2.77 (0.93) 2.60(0.52)
Q 98.59 (12.92) 105.29 (13.41) 95.77 (9.25)
Digit Span Forward 7.35(1.5) 7.29 (1.44) 8.08 (2.25)
Digit Span Backward 4.71(1.45) 4 (1.52) 4.54 (0.97)

https://doi.org/10.1371/journal.pone.0187254.t001
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Table 2. Mean accuracy and response time during both the behavioral and fMRI Color-Word matching Stroop task.

Control Music Sports Total

Acc. RT Acc. RT Acc. RT Acc. RT
/ 0.90 (0.10) 909 (188) 0.92 (0.06) 1008 (90) 0.93 (0.04) 933 (163) 0.91(0.07) 947 (157)
C 0.98 (0.04) 650 (125) 0.99 (0.01) 695 (152) 0.99 (0.01) 693 (124) 0.99 (0.03) 677 (133)
I>C -0.08 (0.11) 259 (113) -0.08 (0.06) 313(123) -0.06 (0.04) 239 (146) -0.08 (0.08) 259 (113)
fMRI1>C -- 115 (177) -- 189 (128) -- 128 (107) -- 144 (137)

Response time measured in ms and accuracy measured in percent correct. | = incongruent condition, C = congruent condition. SD in parentheses.

https://doi.org/10.1371/journal.pone.0187254.t002

than during the congruent trials for all three groups [control: t(16) = -9.41, p < 0.001; music:
t(13) = -9.51, p < 0.001; sports: t(12) = -5.91, p < .001]. There was no significant interaction
between group and condition (F(2,41) = 1.25, p > 0.05, W =0.01) nor a significant main effect
of group (F(2,41) = 1.18, p > 0.05, 1% = 0.04). The results are presented in Table 2.

Hearts and Flowers task. Accuracy during the hearts (congruent) condition was signifi-
cantly higher than the accuracy during the flowers (incongruent) condition (hearts: M = 0.98,
S.D = 0.04; flowers: M = 0.86, S.D. = 0.12, t(41) = 6.08, p < 0.001). Response time was also sig-
nificantly faster in the heart (congruent) condition, than the flower (incongruent) condition
(hearts: M = 408.97ms, S.D = 66.58ms; flowers: M = 550.24ms, S.D. = 89.95ms, t(41) = -11.50,
p < 0.001).

In the mixed condition, neither accuracy nor response time were significantly different
between hearts and flowers trials (accuracy: F(1,29) = 0.59, p > 0.05,n° = 0.01; response time:
F(1,29) = 2.53, p > 0.05, 1> = 0.01) nor was there a significant interaction effect with group
(accuracy: F(2,29) = 0.35, p > 0.05, 1 =0.01; response time: F(2,29) = 0.40, p > 0.05,

1 = 0.002). The results are presented in Table 3.

Flanker Fish task. In the Standard Flanker Fish, a marginally significant main effect of
condition was found for accuracy (F(1,34) = 3.22, p = 0.08, 1> =0.04) and a significant a main
effect of condition was found for response time (F(1,34) = 7.58, p < 0.05, W =0.06). In general,
participants were more accurate (marginal) and faster during the congruent conditions within
the Standard Flanker task (Table 4). No group by condition interaction was found for either
accuracy (F(2,34) = 0.41, p > 0.05, 1 =0.012) or response time F(2, 34) = 0.56, p > 0.05,

1 = 0.008).

In the Reverse Flanker Fish task, a main effect of condition was found for accuracy (F(1,34)
=37.41, p < 0.001, 1> = 0.34) and for response time (F(1,34) = 4.53, p < 0.05, 1> = 0.02)
wherein participants were more accurate and faster in the incongruent trials (Table 4). Again,
no significant interaction effects for either with group (accuracy: F(2,34) = 0.24, p > 0.05,

0 = 0.01); response time: F(2, 34) = 2.08, p> 0.05,n° = 0.02).

Table 3. Mean accuracy and response time during the three conditions of the Hearts and Flowers task.

Controls Music Sports Total
Acc. RT Acc. RT Acc. RT Acc. RT
Hearts Condition 0.96 (0.06) 419.82(81.8) | 0.98(0.04) 396.38 (48.49) | 0.99(0.03) | 406.41(61.62)| 0.98(0.04) 408.70
Flowers Condition 0.84(0.11) | 544.22(82.29)| 0.91(0.09)| 531.43(100.61) 0.85(0.15) 575.48(90.77) 0.86 550.24
Mixed Condition 0.08 (0.21) 30.10(73.20) | 0.10(0.22) 29.52 (67.55) | 0.03(0.18) 24.34 (70.59) 0.07(0.2) | 28.07(69.07)

Response time measured in ms and accuracy measured in percent correct. | = incongruent, C = congruent. SD in parentheses.

https://doi.org/10.1371/journal.pone.0187254.t1003
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Table 4. Mean accuracy and response time during the three conditions of the Flanker Fish task.

Controls Music Sports Total
Acc. RT Acc. RT Acc. RT Acc. RT
Standard (IDC) -0.03 (0.15) 56.39 (66.10) | -0.06 (0.18) 49.66 (65.41) | -0.08(0.15) | 100.97 (103.98) | -0.05(0.15) | 67.77 (80.24)
Reverse (IDC) -0.20(0.22) | 74.37(129.92) | -0.22(0.15)| 62.15(118.72) -0.26(0.32) -17.15(73.31) | -0.22(0.24) | 54.02(81.49)
Mixed (IDC) -0.35(0.16) 77.57 (85.46) | -0.27(0.19)| 100.68(82.96)| -0.35(0.22) 78.35(75.82) | -0.32(0.19) | 84.42(80.09)

Response time measured in ms and accuracy measured in percent correct. | = incongruent, C = congruent. SD in parentheses.

https://doi.org/10.1371/journal.pone.0187254.1004

In the Mixed Flanker Fish task, a main effect of condition was found with both accuracy
(F(1,33) = 131.53, p < 0.001, 1 = 0.60) and response time (F(1,33) = 13.57, p < 0.001,
n’ = 0.11), indicating that participants were faster and more accurate on the congruent trials
than the incongruent trials within the Mixed task. However, a significant group by condition
interaction was not found for either accuracy (F(2,33) = 1.01, p > 0.05, 1 = 0.02) nor response
time (F(2,33) =2.32, p > 0.05, = 0.04).

fMRI Stroop task. For response times during the Color-Word Stroop task inside the scan-
ner, a significant main effect of condition was found (F(1,41) = 26.93, p < 0.001, W’ =0.16),
where average response time to congruent trials was faster than response time to incongruent
trials. The group by condition interaction was not significant, however (F(2,41) = 0.67,
p > 0.05, 1> = 0.01). To verify the Stroop effect, we evaluated response times between the two
conditions (congruent and incongruent) within each group using paired t-tests. Response
times during the incongruent condition were significantly longer in both the music (incongru-
ent: M = 910ms, SD = 180ms; congruent: M = 740ms, SD = 150ms; t(13) = -4.52, p < 0.001)
and sports group (incongruent: M = 910ms, SD = 150ms; congruent: M = 690ms, SD = 140ms;
t(12) = -3.28, p < 0.05), but not the control group (incongruent: M = 790ms, SD = 200; congru-
ent: M = 690ms, SD = 140ms; t(16) = -2.01, p > 0.05) when correcting for multiple compari-
sons using a Bonferroni correction (Fig 3, Table 2).

Whole brain fMRI results

Whole-brain analysis for the contrast incongruent conditions > congruent conditions
revealed significant signal differences in all three groups bilaterally in the pre-SMA/SMA and
ACC as well as in the left precentral gyrus, anterior insula, IFG, and posterior intraparietal sul-
cus (Fig 4, Table 5). Musicians, as compared to the control group, showed significantly greater
BOLD signal difference between the incongruent and congruent conditions bilaterally in the
pre-SMA/SMA, precentral sulcus, insula, ACC, IFG, lateral occipital cortex, and cerebellum
(Fig 5, Table 5). The opposite contrast of control group over music group revealed no signifi-
cant differences in BOLD signal.

When comparing the music group with the sports group, no significant differences were
found in brain regions that are part of the cognitive control network. The music group did
show a significantly greater difference in signal change in the left occipital cortex than the
sports group in the incongruent > congruent contrast. The reverse comparison
(sports > music) and the comparison of the sports group with the control group revealed no
significant voxels.

In the model that included differences in response times during the two conditions of the
behavioral Color-Word Stroop task completed outside of the scanner, BOLD signal was not
found to be significantly correlated with response time. Adding this covariate to the model did
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Fig 3. Response times inside the scanner during fMRI Color-Word Stroop task for each condition by
group. Response time is measured in seconds. Error bars represent standard error.

https://doi.org/10.1371/journal.pone.0187254.9003

not change the pattern of results regarding the group differences and were therefore not
presented.

Percent signal change in ROI

The difference in BOLD signal between the music and control group during the Stroop task
was further evaluated in an ROI analysis. The percent signal change in regions of interest in
the pre-SMA/SMA, left IFG, and left ACC for each contrast revealed that the music group had
greater BOLD signal in these regions during incongruent blocks than both the control and
sports group (Fig 6).

Given that no differences in behavioral measures of response inhibition were found
between the three groups, we attempted to better understand the differences in fMRI by corre-
lating the percent signal change in regions found to be significantly activated by the task with
the behavioral measures outside of the scanner. Accuracy and response time during the incon-
gruent trials of the behavioral Color-Word Stroop task, trials in which response conflict was
present [64], were correlated with percent signal change in the pre-SMA/SMA, right ACC, and
left IFG across all participants. Again, because BOLD signal during the conditions of the
Stroop task was correlated with accuracy and response time measured on a separate day, out-
side of the scanner, we avoid any nonindependency issues [69].

Average accuracy during incongruent trials was positively correlated with percent signal
change between incongruent and rest blocks in the left IFG (r = 0.34, p = 0.03) and pre-SMA/
SMA (r = 0.30, p = 0.05), but not in the right ACC (r = 0.19, p = 0.22; see Table 6, Fig 7). How-
ever, neither of the significant correlations at p < 0.05 survived correcting for multiple com-
parisons. Furthermore, neither response time during the incongruent trials nor the difference
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All Groups
Incongruent > Congruent Contrast

Fig 4. Whole brain activation for incongruent > congruent trials of the fMRI Color-Word Stroop task for all
three groups. Red to yellow corresponds to positive z-values. Images are cluster thresholded at Z > 2.3 and cluster
size threshold of p < 0.05.

https://doi.org/10.1371/journal.pone.0187254.9004

in response time between incongruent and congruent trials were significantly correlated with
percent signal change in any of the regions of interest.

Discussion

The results from our study contribute to the growing body of literature proposing a connec-
tion between music training and executive functions. By utilizing several behavioral tasks that
disentangle the various components of executive function and two matched control groups
that were shown to have equal cognitive abilities prior to onset of training, we were able to
evaluate the relationship between early childhood music training and the functioning of brain
networks involved in executive functions. Despite the absence of behavioral differences in per-
formance on tasks of response inhibition, working memory, or task switching, we found that
children with two years of music training displayed a greater difference in BOLD signal in
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Table 5. Significant clusters for incongruent > congruent trials of the fMRI Color-Word Stroop task.

Group z-score

All 5.34
497
4.55
3.85
4.91
4.41
4.29
4.4
Music > Controls 4.75
3.62
3.58
2.70
3.76
4.35
3.74
3.20
3.92
3.79
3.85
4.22
4.26
4.15
3.55
Music > Sports 3.68

X y z Hemisphere Region

-2 2 58 | left pre-SMA/SMA
2 10 62 | right Pre-SMA/SMA
-10 20 28 | left Anterior cingulate

6 16 32 | right Anterior cingulate
-42 0 32 | left Precentral gyrus

-30 20 6 | left Anterior insula

-46 30 20 | left Inferior frontal gyrus
-24 -62 42 | left Posterior intraparietal sulcus
38 -88 -12 | right Lateral occipital cortex
-34 -92 -14 | left Lateral occipital cortex
24 -64 -22 | left Cerebellum

-18 -66 -22 | right Cerebellum

12 -86 -10 | right Lingual gyrus

-34 20 -14 | left Anterior insula/frontal operculum
38 2 6 | right Insula

-46 12 20 | left IFG, pars opercularis
56 18 24 | right IFG, pars opercularis
-42 -2 32 | left Precentral gyrus

38 -2 50 | right Precentral gyrus

-2 2 58 | left Pre-SMA/SMA

2 10 56 | right Pre-SMA/SMA

-12 12 34 | left Anterior cingulate

8 22 32 | right Anterior cingulate
-28 -98 4 | left Lateral occipital cortex

Coordinates represent the peak voxel of the cluster in MNI space.

https://doi.org/10.1371/journal.pone.0187254.1005

brain regions involved in conflict processing when compared to a control group that had
received no systematic training.

In all participants, incongruent versus congruent trials of the Color-Word Stroop task were
associated with activity in a network of brain regions that are known to be involved in cogni-
tive control, including the bilateral pre-SMA/SMA and ACC, as well as the left precentral
gyrus, anterior insula, and IFG [70]. Comparing the music group to the control group that did
not receive systematic training, we found significantly greater BOLD signal in the music group
located bilaterally in the IFG, pre-SMA/SMA, ACC, precentral gyrus, and insula when con-
trasting incongruent blocks with congruent blocks of the Color-Word Stroop task. Because we
did not have a direct measure of performance inside the scanner and behavioral measures on
the task did not differ between the three groups, it is difficult to interpret the significance of
these findings in terms of the unique connection between music training and executive func-
tions. Considering these limitations, in what follows, we discuss the potential significance of
the neural differences between the music and control group in terms of the hypothesized role
that each of these regions plays in cognitive control.

The SMA and pre-SMA are structurally and functional connected to the IFG [71,72] and
appear necessary for self-initiated actions [73] as well as motor response inhibition [72]. The
pre-SMA is consistently found to be more active during incongruent trials of the Stroop task
[74]. SMA and pre-SMA activity is observed when comparing participants with shorter
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Music > Controls
Incongruent > Congruent Contrast

Fig 5. Whole brain activation for incongruent > congruent trials of the fMRI Color-Word Stroop task in a two-
sample comparison of music group greater than control group. Red to yellow corresponds to positive z-values.
Images are cluster thresholded at Z > 2.3 and cluster size threshold of p < 0.05.

https://doi.org/10.1371/journal.pone.0187254.9005

reaction times to those with longer-reaction times on a Stop-signal task [75] and patients who
have lesions primarily in these areas have impaired performance on similar tasks [76]. Chil-
dren with ADHD have shown reduced fMRI signal in the pre-SMA during a Go/No-Go task
[77,78] as well as decreased cortical thickness in the medial frontal wall that includes the pre-
SMA[79], indicating that atypical functioning in the pre-SMA/SMA may be central to deficits
in response selection and inhibition seen in certain clinical populations [80].

In our study, the music group showed significantly greater recruitment of both the pre-
SMA and SMA during cognitive control. These findings are consistent with previous research
that found greater pre-SMA and SMA engagement in both adult and child musicians as com-
pared to controls during a task that probed components of executive function [51,52]. This
result may therefore indicate early changes in the cognitive control network in children with
several years of music training, particularly in the regions involved in selecting appropriate
responses and inhibiting reflexive, inappropriate responses.
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Fig 6. Percent signal change in the pre-SMA/SMA, left IFG and right ACC for the incongruent > congruent contrast during the Color-Word
Stroop task by group. Region was defined by the peak voxel within significant clusters. Error bars represent standard error.

https://doi.org/10.1371/journal.pone.0187254.9006

The ACC is frequently cited as being involved in cognitive control [81-83], though recently
the anatomical and functional distinctions between the ACC and the pre-SMA/SMA have
been a topic of debate in the literature (see [84]. In our results, the significant voxels appear on
both the dorsal and ventral side of the cingulate sulcus, which is considered the anatomical
boundary between the two regions [85]. We therefore labelled the voxels on the ventral side as
belonging to the pre-SMA/SMA and voxels on the dorsal side as part of the ACC.

Table 6. Pearson correlations of percent signal change between conditions of the fMRI Color-Word Stroop task in three regions of interest (pre-
SMA/SMA, right ACC, and left IFG) during the and performance on the Behavioral Color-Word Stroop task outside of the scanner.

Left IFG
I1>C I>R
Accuracy 0.31* 0.34*
Response time 0.09 0.09

Right ACC
I1>C I>R
0.15 0.18
0.04 0.18

Pre-SMA/SMA
I1>C I>R
0.19 0.30*
0.004 0.10

Accuracy refers to the number of correct trials during the incongruent condition. Response time refers to the difference between incongruent and congruent
trials. Regions of interest were defined based on peak voxels in the group-level, incongruent > congruent contrast.

*represents significance correlation at p < 0.05 (uncorrected).

https://doi.org/10.1371/journal.pone.0187254.t006
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Fig 7. Linear regression plots between accuracy on incongruent trials of the behavioral Color-Word
Stroop task and percent signal change in the (A) left IFG, (B) pre-SMA/SMA, and (C) right ACC for the
incongruent > congruent contrast during the fMRI Color-Word Stroop task. No correlations were
significant after correction for multiple comparisons.

https://doi.org/10.1371/journal.pone.0187254.g007

In terms of the specific role of the ACC in cognitive control, the region may be thought of
as a conflict monitor: detecting a conflict when it is present and sending a signal to other
regions and networks, such as the SMA/pre-SMA, to resolve it [86]. ACC activity was shown
to be related to efficient response inhibition only when the trials that required inhibition were
frequent, and thus less salient, whereas pre-SMA activity was related to efficient response inhi-
bition regardless of the frequency of conflict trials [87]. Furthermore, activity in the ACC dur-
ing a Stroop task was positively correlated with age and performance on the task [66] and
activity in this region appears to underlie the link between cognitive control abilities and aca-
demic success [39]. During an fMRI Color-word Stroop task, we found that children with
music training demonstrated increased activity in the ACC as compared to the control chil-
dren with no music training, which may reflect increased recruitment of the cognitive control
network. Speculatively, this may suggest that music training can become linked to the develop-
ment of various cognitive skills by reinforcing the neural mechanisms in place for saliency
detection and conflict monitoring. However, given that this study did not find any behavioral
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improvement, nor a neural difference between music and sports group, follow-up testing will
be needed to validate this link and assess whether music training is unique in its ability to alter
the network involved in cognitive conflict.

More recent accounts of ACC functioning emphasize its role in predicting the likelihood of
an event or potential outcome and updating the systems for creating expectations in the future
[36]. Given that playing a musical instrument involves adjusting responses to match expected
outcomes and actions, and the findings that music training might be associated with cross-
modal prediction [21], it may be that this increased ACC activity associated with a task of cog-
nitive conflict in the music group is indicative of an enhanced ability to predict conflict likeli-
hood and/or assess the value of exerting control necessary to resolve the conflict at hand.

The IFG, in the right hemisphere in particular, appears to be crucial for inhibitory control
and conflict processing [88]. Part of the ventral attention network, the inferior frontal cortex is
believed to orient attention towards salient and behaviorally relevant information [89]. Suc-
cessful stop trials on the stop-signal task, as compared to unsuccessful stop trials, activates the
right IFG [90] and patients with lesions in the right IFG displayed worse performance on the
task [91]. Moreover, performance on the Go/No-go task is correlated with measures of white
matter integrity in the right IFG [92] and children with ADHD [93] and autism [94], two clini-
cal populations with well-documented impairments in cognitive control, displayed hypoacti-
vation in the right IFG during various tasks that require response inhibition. Greater IFG
involvement during an inhibition task may therefore reflect additional attentional processing
required of conflict trials, ultimately serving to allocate the resources necessary for successful
motor inhibition [72].

Furthermore, previous studies have shown involvement of right IFG during control tasks in
adults but not children [95] suggesting that right IFG prominence during cognitive control
may emerge later in development [96]. Right IFG involvement during the Stroop task was only
found in the music > control group-level contrast. We speculate that the increased recruit-
ment of the right IFG observed in the music training group, which was not observed in the
control group, could indicate an early shift in the cognitive control neural network from the
left to the right IFG, a process that appears to occur naturally with age [90].

BOLD signal in the insula has also been shown to be positively correlated with task perfor-
mance during cognitive control [97]. On the other hand, several studies have observed greater
activity in the insula after unsuccessful trials [98] as well as during trials in which participants
took longer to respond [99]. These results suggest that the insula may not be directly involved
in the inhibition of a motor response, but rather reflect a participant’s level of motivation or
focus during the task [97]. In this view, the insula generates the negative affective response
associated with making a mistake, which, in turn, leads to added incentive to perform well in
future trials [100]. This is in line with the insula’s well-documented role more generally in
detecting salient events and initiating the appropriate behavioral responses [101], as well as in
feelings of uncertainty that stem from decision-making [102]. The significant difference of
BOLD signal in the insula observed in the music group, but not the control group, might
therefore indicate that early childhood training is associated with improved monitoring of
emotional responses during conflict processing, which fosters more successful actions and
decisions in the future.

Limitations

Although we are interpreting the fMRI findings as evidence for more advanced and effective
conflict processing in the music group compared to the control group, we recognize that some
investigators have argued that increased activation of cortico-striatal regions during control or
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inhibition tasks is indicative of greater cognitive conflict [103]. BOLD signal in the left IFG has
been found to be is greater in older adults who perform more poorly on the Stroop task [104].
Moreover, ACC activity has been observed during tasks that require higher cognitive load
[105]. Given these results, it may be that the greater activation in these regions observed in the
music group reflects increased effort required to resolve the conflict, whereas decreased activa-
tion reflects more efficient invocation of the networks needed to implement cognitive control
[106]. Without a measure of task performance inside the scanner, we recognize that we cannot
be certain that our findings do not indicate lower efficiency in cognitive control regions in the
music group. However, given that the percent signal change in the pre-SMA/SMA and left IFG
during the response inhibition trended towards being significantly correlated with higher
accuracy on incongruent trials of the behavioral Stroop task, we reason that the greater differ-
ence in activity in cortico-striatal structures and the recruitment of the right IFG observed in
the music group more likely reflect improvements in cognitive control.

An alternative hypothesis that was not addressed in this study, is the role of motivation on
executive functioning tasks. Previous findings suggest that positive motivation enhances cog-
nitive control [107] and that activity in the medial and lateral frontal cortex during cognitive
control tasks were greater for high versus low reward conditions [108]. Though response time
during the Stroop task did not significantly differ by group, the fact that the music group still
demonstrated longer response times on the task could be reflective of increased motivation or
self-discipline to perform the task correctly. Furthermore, in this study, we do not have a direct
measure of how motivated the children were to participate in their respective extracurricular
activities and we therefore cannot rule out the possibility that the neural differences found
could pertain to increased engagement with and commitment to the training programs, rather
than a unique property of the training itself. We hope to include a measure of motivation in
subsequent follow-up assessments.

We chose a block design for the fMRI portion of this study to simplify the task for our par-
ticipants, which we acknowledge has certain limitations. Other researchers have suggested that
an event-related design is more appropriate with the Stroop task inside the scanner because it
allows for intermixing conditions and is less susceptible to habituation to the task, resulting in
more robust activation maps associated with the Stroop-effect [67]. However, similar Stroop
effects have been reported using block-designs [67]. Because of this, and given the age of our
participants at baseline, we decided to use the easier task that does not require task-switching
inside the scanner. Future studies with a different cohort of children may be able to use an
event-related design with more extensive pre-training.

Despite finding differences in BOLD signal between the music group and control group, no
differences were found in either response time during the fMRI task or in accuracy/response
time during the behavioral executive function tasks outside of the scanner. We are not the first
to report differences between groups in neural pathways involved in executive function in the
absence of behavioral differences [51,94,109,110]. As other researchers have proposed, differ-
ences in brain responses in the absence of behavioral differences could be the result of varying
cognitive strategies used to complete the task [111]. Alternatively, the lack of behavioral find-
ings could be due to the low statistical power stemming from the relatively small number of
participants in each group and the relatively low amount of trials in each task. We additionally
had to remove data from several participants based on poor performance during the task,
which can commonly occur due to fatigue, boredom, and/or difficulty in understanding and
following instructions. We recognize the drawbacks of conducting a study aimed at assessing
three groups of developing children on a wide range of tasks that probe both cognitive and
socio-emotional development, such as limited sample size, limited time dedicated to each task,
and difficulties with task compliance. That being said, while the lack of group differences on
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performance during the Stroop task both inside and outside of the scanner makes an interpre-
tation of the fMRI findings more difficult, based on the findings from previous neuroimaging
studies on the development of executive function as well as our own findings of a positive cor-
relation between signal change in both the pre-SMA/SMA and left IFG and performance on
the behavioral Stroop task, we speculate that our neuroimaging result suggest early changes in
pathways involved in executive function that behavioral measures of inhibitory control are not
sensitive enough to detect.

Furthermore, no significant neural or behavioral differences were found between the music
group and the sports group, suggesting that any type of training in which a child focuses on
developing a particular skill through repeated practice may be associated with change in the
neural organization of networks involved in cognitive control. Playing a sport as well as a
musical instrument both require cognitive planning, switching attention between various
tasks, keeping information in working memory, and executing and inhibiting fine motor
actions [112]. Other mechanisms could additionally account for far-transfer effects of both
types of training, such as the self-discipline and self-motivation that is required to learn a new
skill, or the social interactions that come with working together to achieve some larger goal.
However, we are cautious to interpret these null findings as evidence for far-transfer effects
associated with sports training. Given that no differences were found between the sports group
and control group either, it may be that music training does influence conflict processing
more robustly than sports training, but, because children in all groups were developing natu-
rally with age, differences are only detectable on the extreme ends of the spectrum and the
sports group fell somewhere in the middle. Still, it is quite possible that neural differences do
exist between the music and sports group that are not detectable here due to the small sample
size of each group and low statistical power. Given these limitations, it remains difficult to con-
clude that music training impacts the development of executive functions more so than other
types of engaging and demanding activities in childhood.

Conclusions

To summarize, after two years of community, group-based music training, children showed
significantly greater differences in the cognitive control network during the Color-Word
Stroop task as compared to a control group that was not involved in any systematic afterschool
activities. Performance on several behavioral tasks of executive function did not vary by group,
though there is modest evidence that the degree of activation of these regions increased

with better performance on a behavioral Stroop task. The results from this study provide
support for the hypothesis that learning to play a musical instrument can impact brain net-
works that enable executive functioning, which, in turn, may mediate the link between music
training and enhanced cognitive abilities [51]. Given that we did not find any differences in
behavioral measures of executive functioning, it may be that functional imaging is uncovering
early development of neural systems that have not yet manifested into measurable changes

on behavioral tasks. In addition, no significant differences in BOLD signal during the Stroop
task were found between the music group and a group of children that received an equal
amount of sports training nor between the sports and control group. Therefore, while music
training may indeed influence the development of neural systems involved in cognitive con-
trol, the results from this study cannot rule out the possibility that other types of focused, chal-
lenging, and repeated training may do so as well. Continued examination of the same
participant population over the next few years will hopefully yield answers to these outstanding
questions.

PLOS ONE | https://doi.org/10.1371/journal.pone.0187254  October 30, 2017 23/29


https://doi.org/10.1371/journal.pone.0187254

Increased engagement of the cognitive control network associated with music training in children

Acknowledgments

The authors thank all participating children and their families. We also thank other members
of our team who contributed to the ongoing completion of this project. They are Beatriz Ilari,
Cara Fesjian, Ryan Veiga, Bronte Ficek, and Ethan Cohen.

We are also grateful to the Los Angeles Philharmonic, Youth Orchestra of Los Angeles,
Heart of Los Angeles, Brotherhood Crusade and their Soccer for Success Program as well as
the following elementary schools and community programs in the Los Angeles area: Vermont
Avenue Elementary School, Saint Vincent School and Macarthur Park Recreation Center. This
research was funded in part by an anonymous donor and by the USC’s Brain & Creativity
Institute.

Author Contributions
Conceptualization: Jonas Kaplan, Assal Habibi.
Data curation: Alissa Der Sarkissian.

Formal analysis: Matthew Sachs.

Funding acquisition: Assal Habibi.
Investigation: Assal Habibi.

Methodology: Matthew Sachs, Alissa Der Sarkissian, Assal Habibi.
Project administration: Alissa Der Sarkissian.
Resources: Assal Habibi.

Software: Assal Habibi.

Supervision: Jonas Kaplan, Assal Habibi.
Visualization: Matthew Sachs.

Writing + original draft: Matthew Sachs.

Writing + review & editing: Matthew Sachs.

References
1. Schellenberg EG. Music and Cognitive Abilities. Curr Dir Psychol Sci. 2005; 14:317+20.

2. Schellenberg EG. Examining the association between music lessons and intelligence. Br J Psychol.
2011; 102:283+302. https://doi.org/10.1111/j.2044-8295.2010.02000.x PMID: 21751987

3. Moreno S, Farzan F. Music training and inhibitory control: a multidimensional. 2014;9+11.

Diamond A. Executive functions. Annu Rev Psychol. 2013; 64:135468. https://doi.org/10.1146/
annurev-psych-113011-143750 PMID: 23020641

5. Diamond A, Ling DS. Conclusions about interventions, programs, and approaches for improving exec-
utive functions that appear justified and those that, despite much hype, do not. Dev Cogn Neurosci.
2016; 18:34+48. https://doi.org/10.1016/j.dcn.2015.11.005 PMID: 26749076

6. Moffitt TE, Arseneault L, Belsky D, Dickson N, Hancox RJ, Harrington H. A gradient of childhood self-
control predicts health, wealth, and public safety. PNAS. 2011; 108(7).

7. Thorell LB, Lindgvist S, Bergman S, Bohlin G, Klingberg T. Training and transfer effects of executive
functions in preschool children. Dev Sci. 2008; 11(6):969+76.

8. Klingberg T, Fernell E, Olesen PJ, Johnson M, Gustafsson PER, ljahlstrom K, et al. Computerized
Training of Working Memory in Children With ADHD-A Randomized, Controlled Trial. J Am Acad Child
Adolesc Psychiatry. 2005; 44(2):177+87. https://doi.org/10.1097/00004583-200502000-00010 PMID:
15689731

9. Anguera JA. Video game training enhances cognitive control in older adults. Nature. 2013; 501.

PLOS ONE | https://doi.org/10.1371/journal.pone.0187254  October 30, 2017 24129


https://doi.org/10.1111/j.2044-8295.2010.02000.x
http://www.ncbi.nlm.nih.gov/pubmed/21751987
https://doi.org/10.1146/annurev-psych-113011-143750
https://doi.org/10.1146/annurev-psych-113011-143750
http://www.ncbi.nlm.nih.gov/pubmed/23020641
https://doi.org/10.1016/j.dcn.2015.11.005
http://www.ncbi.nlm.nih.gov/pubmed/26749076
https://doi.org/10.1097/00004583-200502000-00010
http://www.ncbi.nlm.nih.gov/pubmed/15689731
https://doi.org/10.1371/journal.pone.0187254

Increased engagement of the cognitive control network associated with music training in children

10.

1".

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Lakes KD, Hoyt WT. Promoting self-regulation through school-based martial arts training. J Appl Dev
Psychol. 2004; 25(3):283+302.

TangY, YangL, Leve LD, Harold GT. Improving Executive Function and Its Neurobiological Mecha-
nisms Through a Mindfulness-Based Intervention: Advances Within the Field of Developmental Neuro-
science. 2012; 6(4):361+6.

Flook L, Smalley SL, Kitil MJ, Galla BM, Kaiser- S, Locke J, et al. Effects of Mindful Awareness Prac-
tices on Executive Functions in Elementary School Children Effects of Mindful Awareness Practices. J
Appl Sch Psychol. 2010; 26:70+95.

Chaddock-Heyman L, Hillman CH, Cohen NJ, Kramer AF. lll. The importance of physical activity and
aerobic fitness for cognitive control and memory in children. Monogr Soc Res Child Dev. 2014; 79(4):
25+50. https://doi.org/10.1111/mono.12129 PMID: 25387414

ChangY, Tsai Y, Chen T. The impacts of coordinative exercise on executive function in kindergarten
children: an ERP study. Exp Brain Res. 2013; 225(162):187+96.

Slevc LR, Davey NS, Buschkuehl M, Jaeggi SM. Tuning the mind: Exploring the connections between
musical ability and executive functions. Cognition. 2016; 152:199+211. https://doi.org/10.1016/j.
cognition.2016.03.017 PMID: 27107499

Herholz SC, Zatorre RJ. Musical Training as a Framework for Brain Plasticity: Behavior, Function, and
Structure. Neuron. 2012; 76(3):486+502. https://doi.org/10.1016/j.neuron.2012.10.011 PMID:
23141061

Verguts T, Notebaert W. Adaptation by binding a learning account of cognitive control. Trends Cogn
Sci. 2009;1+6.

Travis F, Harung HS, Lagrosen Y. Moral development, executive functioning, peak experiences and
brain patterns in professional and amateur classical musicians: Interpreted in light of a Unified Theory
of Performance. Conscious Cogn. 2011; 20(4):1256+64. https://doi.org/10.1016/j.concog.2011.03.
020 PMID: 21507681

Bialystok E, Depape A-M. Musical Expertise, Bilingualism, and Executive Functioning. J Exp Psychol.
2009; 35(2):565+74.

Amer T, Kalender B, Hasher L, Trehub SE, Wong Y. Do Older Professional Musicians Have Cognitive
Advantages? PloS One. 2013; 8(8):148.

Vassena E, Kochman K, Latomme J, Verguts T. Unimodal and cross-modal prediction is enhanced in
musicians. Sci Rep. 2016; 6(25225):1+7.

Hansen M, Wallentin M, Vuust P. Working memory and musical competence of musicians and non-
musicians. Psychol Music. 2013; 41(6):779+93.

LeeY, Lu M, Ko H. Effects of skill training on working memory capacity. Learn Instr. 2007; 17:336+44.

Boebinger D, Evans S, Rosen S, Manly T. Musicians and non-musicians are equally adept at perceiv-
ing masked speech. J. Acoust. Soc. Am. 2015; 137(1): 378+87. https://doi.org/10.1121/1.4904537
PMID: 25618067

Clayton KK, Swaminathan J, Yazdanbakhsh A. Executive Function, Visual Attention and the Cocktail
Party Problem in Musicians and Non- Musicians. PloS one. 2016;1+17.

DegdF, Kubicek C, Schwarzer G. Music Lessons and Intelligence: A relation mediated by executive
functions. Music Percept An Interdiscip J. 2011; 29(2):195+201.

Nutley SB, Darki F, Klingberg T. Music practice is associated with development of working memory
during childhood and adolescence. Front Hum Neurosci. 2014; 7:119.

Roden |, Grube D, Bongard S, Kreutz G. Does music training enhance working memory performance?
Findings from a quasi-experimental longitudinal study. Psychol Music. 2014; 42(2):284+98.

Bugos JA, Perlstein WM, McCrae CS, Brophy TS, Bedenbaugh PH. Individualized Piano Instruction
enhances executive functioning and working memory in older adults. Aging Ment Health. 2007; 11(4):
464+71. https://doi.org/10.1080/13607860601086504 PMID: 17612811

Moreno S, Bialystok E, Barac R, Schellenberg EG, Cepeda NJ, Chau T. Short-Term Music Training
Enhances Verbal Intelligence and Executive Function. Psychol Sci. 2011; 22(11):1425+33. https://doi.
0rg/10.1177/0956797611416999 PMID: 21969312

Holochwost SJ, Propper CB, Wolf DP, Willoughby MT, Fisher KR, Kolacz J, et al. Music Education,
Academic Achievement, and Executive Functions. 2017; 11(2):147+66.

Alemdn X, Duryea S, Guerra NG, Mcewan PJ, Mufioz R, Stampini M, et al. The Effects of Musical
Training on Child Development: a Randomized Trial of El Sistema in Venezuela. Prev Sci. 2016;
18(7).

PLOS ONE | https://doi.org/10.1371/journal.pone.0187254  October 30, 2017 25/29


https://doi.org/10.1111/mono.12129
http://www.ncbi.nlm.nih.gov/pubmed/25387414
https://doi.org/10.1016/j.cognition.2016.03.017
https://doi.org/10.1016/j.cognition.2016.03.017
http://www.ncbi.nlm.nih.gov/pubmed/27107499
https://doi.org/10.1016/j.neuron.2012.10.011
http://www.ncbi.nlm.nih.gov/pubmed/23141061
https://doi.org/10.1016/j.concog.2011.03.020
https://doi.org/10.1016/j.concog.2011.03.020
http://www.ncbi.nlm.nih.gov/pubmed/21507681
https://doi.org/10.1121/1.4904537
http://www.ncbi.nlm.nih.gov/pubmed/25618067
https://doi.org/10.1080/13607860601086504
http://www.ncbi.nlm.nih.gov/pubmed/17612811
https://doi.org/10.1177/0956797611416999
https://doi.org/10.1177/0956797611416999
http://www.ncbi.nlm.nih.gov/pubmed/21969312
https://doi.org/10.1371/journal.pone.0187254

Increased engagement of the cognitive control network associated with music training in children

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Niendam TA, Laird AR, Ray KL, Dean YM, Glahn DC, Carter CS. Meta-analytic evidence for a super-
ordinate cognitive control network subserving diverse executive functions. Cogn Affect Behav Neu-
rosci. 2012; 12:241+68. https://doi.org/10.3758/s13415-011-0083-5 PMID: 22282036

Nee DE, Wager TD, Jonides J. Interference resolution: Insights from a meta-analysis of neuroimaging
tasks. Cogn Affect Behav Neurosci. 2007; 7(1):1+17. PMID: 17598730

Brown JW, Braver TS. Learned Predictions of Error Likelihood in the Anterior Cingulate Cortex. Sci-
ence. 2005; 307.

Vassena E, Holroyd CB, Alexander WH. Computational Models of Anterior Cingulate Cortex: At the
Crossroads between Prediction and Effort. Front Neurosci. 2017; 11:1+9.

Watanabe T, Hanajima R, Shirota Y, Tsutsumi R, Shimizu T, Hayashi T, et al. Effects of rTMS of Pre-
Supplementary Motor Area on Fronto Basal Ganglia Network Activity during Stop-Signal Task. J Neu-
rosci. 2015; 35(12):4813+23. https://doi.org/10.1523/JNEUROSCI.3761-14.2015 PMID: 25810512

Li CR, Huang C, Constable RT, Sinha R. Imaging Response Inhibition in a Stop-Signal Task: Neural
Correlates Independent of Signal Monitoring and Post-Response Processing. J Neurosci. 2006;
26(1):186192. https://doi.org/10.1523/JNEUROSCI.3741-05.2006 PMID: 16399686

Veroude K, Jolles J, Knefevi¢ M, Vos CMP, Croiset G, Krabbendam L. Anterior cingulate activation
during cognitive control relates to academic performance in medical students. Trends Neurosci Educ.
2013; 2(3+4):10016.

Eisenberg DP, Berman KF. Executive Function, Neural Circuitry, and Genetic Mechanisms in Schizo-
phrenia. Neuropsychopharmacology. 2009; 35(1):258+77.

Hart H, Radua J, Mataix-cols D, Rubia K. Neuroscience and Biobehavioral Reviews Meta-analysis of
fMRI studies of timing in attention-deficit hyperactivity disorder (ADHD). Neurosci Biobehav Rev.
2012; 36(10):2248+56. https://doi.org/10.1016/j.neubiorev.2012.08.003 PMID: 22922163

Kaufman JN, Ross TJ, Stein EA, Garavan H. Cingulate Hypoactivity in Cocaine Users During a GODB
NOGO Task as Revealed by Event-Related Functional Magnetic Resonance Imaging. 2003; 23(21):
7839443.

Fan L-Y, Gau SS-F, Chou T-L. Neural correlates of inhibitory control and visual processing in youths
with attention deficit hyperactivity disorder: a counting Stroop functional MRI study. Psychol Med.
2014; 44:2661+71. https://doi.org/10.1017/S0033291714000038 PMID: 24451066

Shenhav A, Botvinick MM, Cohen JD. The Expected Value of Control: An Integrative Theory of Ante-
rior Cingulate Cortex Function. Neuron. 2013; 79(2):217+40. https://doi.org/10.1016/j.neuron.2013.07.
007 PMID: 23889930

Erickson Kl, Colcombe SJ, Wadhwa R, Bherer L, Peterson MS, Scalf PE, et al. Training-Induced Func-
tional Activation Changes in Dual-Task Processing: An fMRI Study. Cereb Cortex. 2007; 17:192+204.
https://doi.org/10.1093/cercor/bhj137 PMID: 16467562

Davis CL, Tomporowski PD, McDowell JE, Austin BP, Miller PH, Yanasak NE, et al. Exercise improves
executive function and achievement and alters brain activation in overweight children: a randomized,
controlled trial. Heal Psychol. 2011; 30(1):9148.

Voss MW, Chaddock L, Kim JS, VanPatter M, Pontifex MB, Raine LB, et al. Aerobic fitness is associ-
ated with greater efficiency of the network underlying cognitive control in preadolescent children. Neu-
roscience. 2011; 199:166+76. https://doi.org/10.1016/j.neuroscience.2011.10.009 PMID: 22027235

Chaddock L, Erickson Kl, Prakash RS, Voss MW, VanPatter M, Pontifex MB, et al. A functional MRI
investigation of the association between childhood aerobic fitness and neurocognitive control. Biol
Psychol. 2012; 89(1):26048. https://doi.org/10.1016/j.biopsycho.2011.10.017 PMID: 22061423

Steele CJ, Bailey JA, Zatorre RJ, Penhune VB. Early Musical Training and White-Matter Plasticity in
the Corpus Callosum: Evidence for a Sensitive Period. J Neurosci. 2013; 33(3):1282+90. https://doi.
org/10.1523/JNEUROSCI.3578-12.2013 PMID: 23325263

Hyde KL, Lerch J, Norton A., Forgeard M, Winner E, Evans AC, et al. Musical Training Shapes Struc-
tural Brain Development. J Neurosci. 2009; 29(10):3019+25. https://doi.org/10.1523/JNEUROSCI.
5118-08.2009 PMID: 19279238

Zuk J, Benjamin C, Kenyon A, Gaab N. Behavioral and neural correlates of executive functioning in
musicians and non-musicians. PLoS One. 2014; 9(6).

Pallesen KJ, Brattico E, Bailey CJ, Korvenoja A, Koivisto J, Gjedde A, et al. Cognitive control in audi-
tory working memory is enhanced in musicians. PLoS One. 2010; 5(6).

Marsh R, Zhu H, Schultz RT, Quackenbush G, Royal J, Skudlarski P, et al. A Developmental fMRI

Study of Self-Regulatory Control. Hum Brain Mapp 2006; 27:848163. https://doi.org/10.1002/hbm.
20225 PMID: 16421886

PLOS ONE | https://doi.org/10.1371/journal.pone.0187254  October 30, 2017 26/29


https://doi.org/10.3758/s13415-011-0083-5
http://www.ncbi.nlm.nih.gov/pubmed/22282036
http://www.ncbi.nlm.nih.gov/pubmed/17598730
https://doi.org/10.1523/JNEUROSCI.3761-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25810512
https://doi.org/10.1523/JNEUROSCI.3741-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16399686
https://doi.org/10.1016/j.neubiorev.2012.08.003
http://www.ncbi.nlm.nih.gov/pubmed/22922163
https://doi.org/10.1017/S0033291714000038
http://www.ncbi.nlm.nih.gov/pubmed/24451066
https://doi.org/10.1016/j.neuron.2013.07.007
https://doi.org/10.1016/j.neuron.2013.07.007
http://www.ncbi.nlm.nih.gov/pubmed/23889930
https://doi.org/10.1093/cercor/bhj137
http://www.ncbi.nlm.nih.gov/pubmed/16467562
https://doi.org/10.1016/j.neuroscience.2011.10.009
http://www.ncbi.nlm.nih.gov/pubmed/22027235
https://doi.org/10.1016/j.biopsycho.2011.10.017
http://www.ncbi.nlm.nih.gov/pubmed/22061423
https://doi.org/10.1523/JNEUROSCI.3578-12.2013
https://doi.org/10.1523/JNEUROSCI.3578-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23325263
https://doi.org/10.1523/JNEUROSCI.5118-08.2009
https://doi.org/10.1523/JNEUROSCI.5118-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19279238
https://doi.org/10.1002/hbm.20225
https://doi.org/10.1002/hbm.20225
http://www.ncbi.nlm.nih.gov/pubmed/16421886
https://doi.org/10.1371/journal.pone.0187254

Increased engagement of the cognitive control network associated with music training in children

54.

55.

56.
57.

58.
59.
60.

61.
62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

72,

73.

74.

75.

76.

77.

Habibi A, llari B, Crimi K, Metke M, Kaplan JT, Joshi AA, et al. An equal start: absence of group differ-
ences in cognitive, social, and neural measures prior to music or sports training in children. Front Hum
Neurosci. 2014; 8:1+11.

Majno M. From the model of El Sistema in Venezuela to current applications: learning and integration
through collective music education. Ann NY Acad Sci. 2012; 1252:56+64. https://doi.org/10.1111/j.
1749-6632.2012.06498.x PMID: 22524340

Booth E. El Sistema's Open Secrets. Teach Artist J. 2011; 9(1):16+25.

Uy MS. Venezuela's National Music Education Program El Sistema: Its Interactions with Society and
Its Participants' Engagement in Praxis. Music Arts Action. 2012; 4(1):5+21.

Weschler D. Wechsler abbreviated scale of intelligence. Psychological Corporation; 1999.
Golden CJ, Freshwater SM. Stroop color and word test. Stoelting, Wood Dale, IL; 1978.

Peterson BS, Potenza MN, Wang Z, Zhu H, Martin A, Marsh R, et al. An fMRI Study of the Effects of
Psychostimulants on Default-Mode Processing During Stroop Task Performance in Youths With
ADHD. Am J Psychiatry. 2009; 166:1286+94. https://doi.org/10.1176/appi.ajp.2009.08050724 PMID:
19755575

Brainard DH. The Psychophysics Toolbox. Spat Vis. 1997; 10(433+436):43316.
Kleiner M, Brainard DH, Pelli D. What's new in Psychtoolbox-3? Percept 36 ECVP Abstr Suppl. 2007;

Wright A, Diamond A. An effect of inhibitory load in children while keeping working memory load con-
stant. Front Psychol. 2014; 5:1+9.

Diamond A, Barnett WS, Thomas J, Munro S. Preschool program improves cognitive control. Science.
2007; 318(5855):1387+8. https://doi.org/10.1126/science.1151148 PMID: 18048670

Rueda MR, Fan J, Mccandliss BD, Halparin JD, Gruber DB, Pappert L, et al. Development of atten-
tional networks in childhood. Neuropsychologia. 2004; 42:1029+40. https://doi.org/10.1016/j.
neuropsychologia.2003.12.012 PMID: 15093142

Adleman NE, Menon V, Blasey CM, White CD, Warsofsky IS, Glover GH, et al. A developmental fMRI
study of the Stroop color-word task. Neuroimage. 2002; 16(1):61+75. https://doi.org/10.1006/nimg.
2001.1046 PMID: 11969318

Leung HC, Skudlarski P, Gatenby J, Peterson B, Gore J. An event-related functional MRI study of the
stroop color word interference task. Cereb Cortex. 2000; 10(6):552+60. PMID: 10859133

Power JD, Barnes KA, Snyder AZ, Schlaggar BL, Petersen SE. Spurious but systematic correlations
in functional connectivity MRI networks arise from subject motion. Neuroimage. 2012; 59(3):2142+54.
https://doi.org/10.1016/j.neuroimage.2011.10.018 PMID: 22019881

Vul E, Harris C, Winkielman P, Pashler H. Puzzlingly high correlations in fMRI studies of emotion, per-
sonality, and social cognition. Perspect Psychol Sci. 2009; 4(3):274+90. https://doi.org/10.1111/j.
1745-6924.2009.01125.x PMID: 26158964

Peterson BS, Kane MJ, Alexander GM, Lacadie C, Skudlarski P, Leung H, et al. An event-related func-
tional MRI study comparing interference effects in the Simon and Stroop tasks. Cogn Brain Res. 2002;
13:427+40.

Aron A. From Reactive to Proactive and Selective Control: Developing a Richer Model for Stopping
Inappropriate Responses. Biol Psychiatry. 2010;

Duann J, Ide JS, Luo X, Li CR. Functional Connectivity Delineates Distinct Roles of the Inferior Frontal
Cortex and Presupplementary Motor Area in Stop Signal Inhibition. J Neurosci. 2009; 29(32):1017149.
https://doi.org/10.1523/JNEUROSCI.1300-09.2009 PMID: 19675251

Nachev P, Kennard C, Husain M. Functional role of the supplementary and pre-supplementary motor
areas. Nature. 2008; 9:856+69.

Derrfuss J, Brass M, Neumann J, Von Cramon DY. Involvement of the inferior frontal junction in cogni-
tive control: Meta-analyses of switching and stroop studies. Hum Brain Mapp. 2005; 25(1):22+34.
https://doi.org/10.1002/hbm.20127 PMID: 15846824

Chao HHA, Luo X, Chang JLK, Li CR. Activation of the pre-supplementary motor area but not inferior
prefrontal cortex in association with short stop signal reaction timePan intra-subject analysis. BMC
Neurosci. 2009; 10:1+10.

Floden D, Vallesi A, Stuss DT. Task context and frontal lobe activation in the Stroop task. J Cogn Neu-
rosci. 2011; 23(4):867+79. https://doi.org/10.1162/jocn.2010.21492 PMID: 20350183

Suskauer SJ, Simmonds DJ, Fotedar S, Blankner JG, Pekar JJ, Denckla MB, et al. Functional Mag-
netic Resonance Imaging Evidence for Abnormalities in Response Selection in Attention Deficit Hyper-
activity Disorder: Differences in Activation Associated with Response Inhibition but Not Habitual Motor
Response. J Cog Neurosci. 2008; 20(3):478+93.

PLOS ONE | https://doi.org/10.1371/journal.pone.0187254  October 30, 2017 27129


https://doi.org/10.1111/j.1749-6632.2012.06498.x
https://doi.org/10.1111/j.1749-6632.2012.06498.x
http://www.ncbi.nlm.nih.gov/pubmed/22524340
https://doi.org/10.1176/appi.ajp.2009.08050724
http://www.ncbi.nlm.nih.gov/pubmed/19755575
https://doi.org/10.1126/science.1151148
http://www.ncbi.nlm.nih.gov/pubmed/18048670
https://doi.org/10.1016/j.neuropsychologia.2003.12.012
https://doi.org/10.1016/j.neuropsychologia.2003.12.012
http://www.ncbi.nlm.nih.gov/pubmed/15093142
https://doi.org/10.1006/nimg.2001.1046
https://doi.org/10.1006/nimg.2001.1046
http://www.ncbi.nlm.nih.gov/pubmed/11969318
http://www.ncbi.nlm.nih.gov/pubmed/10859133
https://doi.org/10.1016/j.neuroimage.2011.10.018
http://www.ncbi.nlm.nih.gov/pubmed/22019881
https://doi.org/10.1111/j.1745-6924.2009.01125.x
https://doi.org/10.1111/j.1745-6924.2009.01125.x
http://www.ncbi.nlm.nih.gov/pubmed/26158964
https://doi.org/10.1523/JNEUROSCI.1300-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19675251
https://doi.org/10.1002/hbm.20127
http://www.ncbi.nlm.nih.gov/pubmed/15846824
https://doi.org/10.1162/jocn.2010.21492
http://www.ncbi.nlm.nih.gov/pubmed/20350183
https://doi.org/10.1371/journal.pone.0187254

Increased engagement of the cognitive control network associated with music training in children

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Tamm L, Menon V, Ringel J, Reiss AL. Event-Related fMRI Evidence of Frontotemporal Involvement
in Aberrant Response Inhibition and Task Switching in Attention-Deficit / Hyperactivity Disorder. J Am
Acad Child Adolesc Psychiatry. 2004; 43(11).

Shaw P, Greenstein D, Lerch J, Clasen L, Lenroot R, Gogtay N, et al. Intellectual ability and cortical
development in children and adolescents. Arch Gen Psychiatry. 2006; 440(7084):676+9.

Simmonds DJ, Pekar JJ, Mostofsky SH. Meta-analysis of Go/No-go tasks demonstrating that fMRI
activation associated with response inhibition is task-dependent. Neuropsychologia. 2008; 46(1):
224+32. https://doi.org/10.1016/j.neuropsychologia.2007.07.015 PMID: 17850833

Fan J, Flombaum JI, Mccandliss BD, Thomas KM, Posner MI. Cognitive and Brain Consequences of
Conflict. Neuroimage. 2003; 57:42+57.

Owen AM, Owen AM, Mcmillan KM, Laird AR. N-back working memory paradigm: A meta- analysis of
normative functional neuroimaging studies. Hum Brain Mapp. 2005; 25:46+59. https://doi.org/10.
1002/hbm.20131 PMID: 15846822

Laird AR, McMillan KM, Lancaster JL, Kochunov P, Turkeltaub PE, Pardo J V., et al. A comparison of
label-based review and ALE meta-analysis in the stroop task. Hum Brain Mapp. 2005; 25(1):6+21.
https://doi.org/10.1002/hbm.20129 PMID: 15846823

Lieberman MD, Eisenberger NI. The dorsal anterior cingulate cortex is selective for pain: Results from
large-scale reverse inference. PNAS. 2015; 112(49); 1525015. https://doi.org/10.1073/pnas.
1515083112 PMID: 26582792

Shackman AJ, Salomons TV, Slagter HA. The integration of negative affect, pain and cognitive control
in the cingulate cortex. Nature. 2011; 12:29+34.

Botvinick MMM, Braver TST, Barch DDM, Carter CS, Cohen JD. Conflict monitoring and cognitive con-
trol. Psycholog Rev. 2001; 108:624+52.

Manza P, Chao HH, Zhang S, Leung H-C, Li CR. A dual but asymmetric role of the dorsal anterior cin-
gulate cortex in response inhibition and switching from a non-salient to salient action. Neuroimage.
2016; 134:466+74. https://doi.org/10.1016/j.neuroimage.2016.04.055 PMID: 27126003

Roberts KL, Hall DA. Examining a Supramodal Network for Conflict Processing: A Systematic Review
and Novel Functional Magnetic Resonance Imaging Data for Related Visual and Auditory Stroop
Tasks. J Cogn Neurosci. 2008; 20(6):1063x78. https://doi.org/10.1162/jocn.2008.20074 PMID:
18211237

Corbetta M, Patel G, Shulman GL. The Reorienting System of the Human Brain: From Environment to
Theory of Mind. Neuron. 2008; 58:306+24. https://doi.org/10.1016/j.neuron.2008.04.017 PMID:
18466742

Rubia K, Smith AB, Brammer M, Rubia K, Smith AB, Brammer MJ, et al. Right inferior prefrontal cortex
mediates response inhibition while mesial prefrontal cortex is responsible for error detection. Neuro-
image. 2003; 20:351+9. PMID: 14527595

Aron A, Robbins TW, Aron AR, Fletcher PC, Bullmore ET, Sahakian BJ, et al. Stop-signal inhibition
disrupted by damage to right inferior frontal gyrus in humans. Nat Neurosci. 2003; 6(2):11+3.

Forstmann BU, Jahfari S, Scholte HS, Wolfensteller U, Van Den Wildenberg WPM, Ridderinkhof KR.
Function and Structure of the Right Inferior Frontal Cortex Predict Individual Differences in Response
Inhibition: A Model-Based App. J Neurosci. 2008; 28(39):9790+6. https://doi.org/10.1523/
JNEUROSCI.1465-08.2008 PMID: 18815263

Booth JR, Burman DD, Meyer JR, Lei Z, Trommer BL, Davenport ND, et al. Larger deficits in brain net-
works for response inhibition than for visual selective attention in attention deficit hyperactivity disorder
(ADHD). J Child Psychol Psychiatry 2005; 46(1):94+111. https://doi.org/10.1111/j.1469-7610.2004.
00337.x PMID: 15660647

Kana RK, Keller TA, Minshew NJ, Just MA. Inhibitory Control in High-Functioning Autism: Decreased
Activation and Underconnectivity in Inhibition Networks. Biol Psychiatry. 2007; 62(3):198+206. https://
doi.org/10.1016/j.biopsych.2006.08.004 PMID: 17137558

Vara AS, Pang EW, Vidal J, Anagnostou E, Taylor MJ. Developmental Cognitive Neuroscience Neural
mechanisms of inhibitory control continue to mature in adolescence. Accid Anal Prev. 2014; 10:
129+39.

Bunge SA, Dudukovic NM, Thomason ME, Vaidya CJ, Gabrieli JDE. Immature Frontal Lobe Contribu-
tions to Cognitive Control in Children: Evidence from fMRI. Neuron. 2002; 33:301+11. PMID:
11804576

Boehler CN, Appelbaum LG, Krebs RM, Hopf JM, Woldorff MG. Neurolmage Pinning down response
inhibition in the brainDConjun ction analyses of the Stop-signal task. Neuroimage. 2010; 52(4):
1621+32. https://doi.org/10.1016/j.neuroimage.2010.04.276 PMID: 20452445

PLOS ONE | https://doi.org/10.1371/journal.pone.0187254  October 30, 2017 28/29


https://doi.org/10.1016/j.neuropsychologia.2007.07.015
http://www.ncbi.nlm.nih.gov/pubmed/17850833
https://doi.org/10.1002/hbm.20131
https://doi.org/10.1002/hbm.20131
http://www.ncbi.nlm.nih.gov/pubmed/15846822
https://doi.org/10.1002/hbm.20129
http://www.ncbi.nlm.nih.gov/pubmed/15846823
https://doi.org/10.1073/pnas.1515083112
https://doi.org/10.1073/pnas.1515083112
http://www.ncbi.nlm.nih.gov/pubmed/26582792
https://doi.org/10.1016/j.neuroimage.2016.04.055
http://www.ncbi.nlm.nih.gov/pubmed/27126003
https://doi.org/10.1162/jocn.2008.20074
http://www.ncbi.nlm.nih.gov/pubmed/18211237
https://doi.org/10.1016/j.neuron.2008.04.017
http://www.ncbi.nlm.nih.gov/pubmed/18466742
http://www.ncbi.nlm.nih.gov/pubmed/14527595
https://doi.org/10.1523/JNEUROSCI.1465-08.2008
https://doi.org/10.1523/JNEUROSCI.1465-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18815263
https://doi.org/10.1111/j.1469-7610.2004.00337.x
https://doi.org/10.1111/j.1469-7610.2004.00337.x
http://www.ncbi.nlm.nih.gov/pubmed/15660647
https://doi.org/10.1016/j.biopsych.2006.08.004
https://doi.org/10.1016/j.biopsych.2006.08.004
http://www.ncbi.nlm.nih.gov/pubmed/17137558
http://www.ncbi.nlm.nih.gov/pubmed/11804576
https://doi.org/10.1016/j.neuroimage.2010.04.276
http://www.ncbi.nlm.nih.gov/pubmed/20452445
https://doi.org/10.1371/journal.pone.0187254

Increased engagement of the cognitive control network associated with music training in children

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Cai W, Ryali S, Chen T, Li XCR, Menon V. Dissociable Roles of Right Inferior Frontal Cortex and Ante-
rior Insula in Inhibitory Control: Evidence from Intrinsic and Task-Related Functional Parcellation, Con-
nectivity, and Response Profile Analyses across Multiple Datasets. J Neurosci. 2014; 34(44):
14652467 . https://doi.org/10.1523/JNEUROSCI.3048-14.2014 PMID: 25355218

Wager TD, Sylvester CC, Lacey SC, Nee DE. Common and unique components of response inhibition
revealed by fMRI. Neuroimage. 2005; 27(2): 323+40; https://doi.org/10.1016/j.neuroimage.2005.01.
054 PMID: 16019232

Ramautar JR, Slagter HA, Kok A, Ridderinkhof KR. Probability effects in the stop-signal paradigm:
The insula and the significance of failed inhibition The insula and the significance of failed inhibition.
Brain Res. 2006;

Menon V, Uddin LQ. Saliency, switching, attention and control: a network model of insula function.
Brain Struct Funct. 2010; 214:655+67. https://doi.org/10.1007/s00429-010-0262-0 PMID: 20512370

Singer T, Critchley HD, Preuschoff K. A common role of insula in feelings, empathy and uncertainty.
Trends Cogn Sci. 2009; 13(8):334+40. https://doi.org/10.1016/.tics.2009.05.001 PMID: 19643659

Luna B, Padmanabhan A, Hearn KO. What has fMRI told us about the Development of Cognitive Con-
trol. Brain Cogn. 2010; 72(1):1+28. https://doi.org/10.1016/j.bandc.2009.11.002

Langenecker SA, Nielson KA, Rao SM. fMRI of healthy older adults during Stroop interference. Neuro-
image. 2004; 21:192+200. PMID: 14741656

Mulert C, Menzinger E, Leicht G, Pogarell O, Hegerl U. Evidence for a close relationship between con-
scious effort and anterior cingulate cortex activity. Int J Psychophysiol. 2005; 56:65+80. https://doi.org/
10.1016/j.ijpsycho.2004.10.002 PMID: 15725491

Luna B. Developmental Changes in Cognitive Control Through Adolescence. Adv Child Dev Behav.
2009; 37:233+78. PMID: 19673164

Pessoa L. How do emotion and motivation direct executive control? Trends Cogn Sci. 2009; 13(4):
16046. https://doi.org/10.1016/).tics.2009.01.006 PMID: 19285913

Bahlmann J, Aarts E, D'Esposito M. Influence of Motivation on Control Hierarchy in the Human. J Neu-
rosci. 2015; 35(7):3207+17. https://doi.org/10.1523/JNEUROSCI.2389-14.2015 PMID: 25698755

Wagner G, Sinsel E, Sobanski T, Kéhler S, Marinou V, Mentzel HJ, et al. Cortical Inefficiency in
Patients with Unipolar Depression: An Event-Related fMRI Study with the Stroop Task. Biol Psychia-
try. 2006; 59(10):958+65. https://doi.org/10.1016/j.biopsych.2005.10.025 PMID: 16458263

Luijten M, Meerkerk G-J, Franken IHA, van de Wetering BJM, Schoenmakers TM. An fMRI study of
cognitive control in problem gamers. Psychiatry Res. 2015; 231(3):262+8. https://doi.org/10.1016/j.
pscychresns.2015.01.004 PMID: 25670645

Keller K, Menon V. Neurolmage Gender differences in the functional and structural neuroanatomy of
mathematical cognition. Neuroimage. 2009; 47(1):342+52. https://doi.org/10.1016/j.neurocimage.2009.
04.042 PMID: 19376239

Vestberg T, Gustafson R, Maurex L, Ingvar M, Petrovic P. Executive functions predict the success of
top-soccer players. PLoS One. 2012; 7(4):1+5.

PLOS ONE | https://doi.org/10.1371/journal.pone.0187254  October 30, 2017 29/29


https://doi.org/10.1523/JNEUROSCI.3048-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25355218
https://doi.org/10.1016/j.neuroimage.2005.01.054
https://doi.org/10.1016/j.neuroimage.2005.01.054
http://www.ncbi.nlm.nih.gov/pubmed/16019232
https://doi.org/10.1007/s00429-010-0262-0
http://www.ncbi.nlm.nih.gov/pubmed/20512370
https://doi.org/10.1016/j.tics.2009.05.001
http://www.ncbi.nlm.nih.gov/pubmed/19643659
https://doi.org/10.1016/j.bandc.2009.11.002
http://www.ncbi.nlm.nih.gov/pubmed/14741656
https://doi.org/10.1016/j.ijpsycho.2004.10.002
https://doi.org/10.1016/j.ijpsycho.2004.10.002
http://www.ncbi.nlm.nih.gov/pubmed/15725491
http://www.ncbi.nlm.nih.gov/pubmed/19673164
https://doi.org/10.1016/j.tics.2009.01.006
http://www.ncbi.nlm.nih.gov/pubmed/19285913
https://doi.org/10.1523/JNEUROSCI.2389-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25698755
https://doi.org/10.1016/j.biopsych.2005.10.025
http://www.ncbi.nlm.nih.gov/pubmed/16458263
https://doi.org/10.1016/j.pscychresns.2015.01.004
https://doi.org/10.1016/j.pscychresns.2015.01.004
http://www.ncbi.nlm.nih.gov/pubmed/25670645
https://doi.org/10.1016/j.neuroimage.2009.04.042
https://doi.org/10.1016/j.neuroimage.2009.04.042
http://www.ncbi.nlm.nih.gov/pubmed/19376239
https://doi.org/10.1371/journal.pone.0187254

