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Inhibitory control, the ability to suppress an immediate dominant response, has been
shown to predict academic and career success, socioemotional wellbeing, wealth, and
physical health. Learning to play a musical instrument engages various sensorimotor
processes and draws on cognitive capacities including inhibition and task switching.
While music training has been shown to benefit cognitive and language skills, its impact
on inhibitory control remains inconclusive. As part of an ongoing 5-year longitudinal
study, we investigated the effects of music training on the development of inhibitory
control and its neural underpinnings with a population of children (starting at age 6)
from underserved communities. Children involved in music were compared with children
involved in sports and children not involved in any systematic after-school program.
Inhibition was measured using a delayed gratification, flanker, and Color-Word Stroop
task, which was performed both inside and outside of an MRI scanner. We established
that there were no pre-existing differences in cognitive capacities among the groups at
the onset. In the delayed gratification task, beginning after 3 years of training, children
with music training chose a larger, delayed reward in place of a smaller, immediate
reward compared to the control group. In the flanker task, children in the music group,
significantly improved their accuracy after 3 and 4 years of training, whereas such
improvement in the sport and control group did not reach significance. There were no
differences among the groups on behavioral measures of Color-Word Stroop task at
any time point. As for differences in brain function, we have previously reported that after
2 years, children with music training showed significantly greater bilateral activation in the
pre-SMA/SMA, ACC, IFG, and insula during the Color-Word Stroop task compared to
the control group, but not compared to the sports group (Sachs et al., 2017). However,
after 4 years, we report here that differences in brain activity related to the Color-Word
Stroop task between musicians and the other groups is only observed in the right IFG.
The results suggest that systematic extracurricular programs, particularly music-based
training, may accelerate development of inhibitory control and related brain networks
earlier in childhood.
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INTRODUCTION

Executive functions are broadly defined as top–down processes
related to goal acquisition and attention that primarily recruit
the brain’s prefrontal network (Miller and Cohen, 2001).
Inhibitory control, a sub-construct of executive function
(Miyake et al., 2000), refers to the ability to suppress a
primary response. It is correlated with the activation in
the dorsolateral prefrontal cortex (DLPFC), anterior cingulate
cortex (ACC), supplementary and pre-supplementary motor
cortex (SMA/pre-SMA), insula, and inferior frontal gyrus (IFG)
(Niendam et al., 2012). Inhibitory control has been shown to
be predictive of academic success (Mischel et al., 1989; Alloway
et al., 2005; Duckworth and Seligman, 2005; Kirby et al., 2005),
career success (Bailey, 2007), positive socioemotional wellbeing
(Hughes and Dunn, 1998; Lengua, 2003; Eisenberg et al., 2005),
wealth (Moffitt et al., 2011), reduced substance abuse risk
and incarceration (Moffitt et al., 2011), and physical health
(Seeyave et al., 2009; Miller et al., 2011).

The evidence supporting the association between inhibitory
control and positive life outcomes has encouraged the
development of educational programs aimed at improving
these skills in childhood. Several studies observed enhancement
of inhibitory control after short-term exercise programs among
children who were overweight (Davis et al., 2011), who were
diagnosed with attention deficit hyperactivity disorder (Chang
et al., 2012), as well as among typically developing, non-
overweight children (Chen et al., 2014). Similar improvements
have been reported in children involved in martial arts (Lakes
and Hoyt, 2004), mindfulness training (Flook et al., 2010), and
classroom-based programs such as Tools of Mind (Diamond
et al., 2007). In addition to behavioral improvements, these
interventions produced training-related activation increases
in regions of the cognitive control network changes in the
cognitive control network in both children (Davis et al., 2011;
Voss et al., 2011) and adults (Allen et al., 2012; Berkman et al.,
2014). Others cite neural activation decreases associated with
increased efficiency of inhibitory control after an intervention
(Chaddock-Heyman et al., 2013; Nishiguchi et al., 2015).

Recently, there has been increasing interest in the impact of
music interventions on developing inhibition control. Playing
a musical instrument requires a variety of functions, including
coordination of fine motor skills and different streams of auditory
input (Zatorre et al., 2007), the rapid adjustment of one’s motor
behavior in response to mistakes (Jentzsch et al., 2014). To meet
the technical demands of playing their instrument, musicians
must continue to play as they inhibit attention away from one
hand to focus on a different movement in the other hand.
Like any practice-dependent activity or acquiring any skill,
playing a musical instrument requires focused attention and
self-discipline, prioritizing practice over other, more instantly
gratifying, activities. This is particularly important in a group
setting, where there are many social distractors, such as side
conversations or other playing a piece incorrectly, that musicians
must ignore for the benefit of the performance. For these reasons,
musicians have been often cited as a model from which to
investigate neuroplasticity (Münte et al., 2002).

In spite of this, contributions of musical abilities on inhibition
in adults are not clear. While some studies have found that
professional adult musicians show faster reaction times on a
Color Stroop Task than amateur adult musicians (Travis et al.,
2011) and untrained individuals (Bialystok and Depape, 2009),
and faster reaction times than untrained individuals on a visual
Simon task (Bialystok and Depape, 2009), Zuk et al. (2014) did
not find differences in response times between adult musicians
and untrained individuals on a Color Stroop Task, and Slevc
et al. (2016) found music training to be unrelated to scores in an
Auditory Stroop and Simon Arrows task.

Studies with children are similarly inconclusive. In a Simon
task, children aged 10–11 who were musically trained showed
reduced reaction time differences between congruent and
incongruent trials when compared to children without music
training (Joret et al., 2017). When asked to name shapes
and arrows in an opposite manner (e.g., ‘up’ when presented
with a ‘down’ arrow), musically trained children aged 3–9
performed significantly faster than musically un-trained children
(Saarikivi et al., 2016). In another study, Holochwost et al.
(2017) reported improvements in go-no-go task accuracy in
7–13-year-old children participating in an El Sistema orchestral
program after 2 years and again after 3 years of training.
Children aged 5–7 involved in school music education had
greater increases in scores on a go-no-go task over two
and a half years when compared to a visual arts and
passive control group (Jaschke et al., 2018). Similarly, 4–
6-year-old children involved in a music listening program
performed better than those in an arts training program
on go-no-go accuracy at post-test (Moreno et al., 2011). In
an fMRI investigation of cognitive control networks, Zuk
et al. (2014), demonstrated that musically trained children
aged 9–12 had greater activation in the pre-SMA/SMA and
right VLFC during a set shifting task as compared to non-
musician children. Our group recently reported that, children
aged 8–9 with 4 years of music training, as compared to
children without any systematic training, had greater BOLD
signal during incongruent trials of a color-word Stroop task in
inhibition-related neural regions, including the pre-SMA/SMA,
precentral sulcus, ACC and IFG (Sachs et al., 2017). However,
no significant differences were observed between musically
trained children and children involved in sports training.
Additionally, neither our group (Sachs et al., 2017), nor
Zuk et al. (2014) observed behavioral differences between
groups, and others have reported no significant benefits of
music training on inhibition (Schellenberg, 2011), leaving the
findings inconclusive.

Several factors possibly contribute to the lack of consistency
in these findings, including the absence of an active comparison
group in some studies, and a great degree of variation in the
music training programs studied. For example, Moreno et al.
(2011) used a computerized curriculum with a focus on listening
rather than learning to play a musical instrument, which involves
sensory-motor learning and participation in a group setting (e.g.,
Holochwost et al., 2017). Even among studies that agree on the
definition of “music training” as instrumental instruction, many
differ on the length of training required to label participants as
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“musicians” or “non-musicians.” In Schellenberg (2011) study,
child musicians were described as having at least 2 years of music
lessons outside of school; whereas, children in Zuk et al. (2014)
study had been playing for an average of 5 years, while Degé
and Schwarzer (2011) defined music training as a continuous
variable. These differences are of particular importance due to the
rapid development of inhibitory control during early to middle
childhood, in which one or 2 years of regular participation in
a music program could provide significant improvements in
skill performance. Differences in individual and group music
training between studies may also affect comparability between
studies, since the social aspect of music making requires more
integration of cognitive and social functions than solo playing
(Keller, 2008). Playing in an ensemble where one is required to
follow a conductor’s command, to attend to other members of the
ensemble, and to adjust behaviors in response to other players,
could improve inhibition skills at a faster rate than individual
musical practice.

Finally, a limitation of current research in the field is the
difficulty in recruiting a study sample that reflects society’s
growing socio-economic status (SES) and cultural diversity.
While a few groups (e.g., Holochwost et al., 2017) have
investigated underrepresented populations, many studies are
conducted with participants from what Henrich et al. (2010)
called WEIRD societies (white, English speaking, industrial, and
from rich and democratic countries), and may be generalizable
only to a narrow portion of society at large. To draw broader
conclusions about the impact of music training throughout
society, more research involving participants from diverse
backgrounds is needed.

In the present study, we investigate the effects of
music training on inhibitory control using behavioral and
neuroimaging methods, aiming to extend the previously
reported findings (Sachs et al., 2017). Over the course of 4 years,
we compare children involved in music training with children
involved either in sports training or no systematic enrichment
training. By conducting this investigation longitudinally, and
implementing a pre-training baseline assessment, we attempt
to differentiate effects of training from pre-existing biological
contributions. To our knowledge, this is the first longitudinal
study using neuroimaging to specifically assess inhibitory
control in children involved in music training. Additionally,
by comparing children involved in music training to children
involved in sports training, we assess whether any effects
observed in measures of inhibition are related to music training
specifically or are associated with any type of extra-curricular
activity that is socially engaging and motivating.

We hypothesize: (a) that children involved in music training
will show greater improvements on behavioral measurements of
inhibition than will children involved in no systematic training
and children involved in sports training, evidenced by reduced
reaction time and improved accuracy; (b) that, during an fMRI
inhibition task, children involved in music training as compared
to children with no systematic training will show greater
activation of brain regions associated with inhibitory control,
including the IFG, SMA/pre-SMA, ACC, and insula, continuing
the pattern reported after 2 years of training (Sachs et al., 2017).

MATERIALS AND METHODS

Participants
Data for this report were collected as part of an ongoing
longitudinal study investigating the effects of music training
on child brain, cognitive, and socioemotional development
(Habibi et al., 2014). Eighty-eight participants (36 female, mean
age = 6.81 years, SD = 0.69) were recruited from community
music and sports programs, and public elementary schools in the
Greater Los Angeles Area. Participants were from three groups:
28 children (11 female) who had enrolled and were about to
begin participation in the Youth Orchestra of Los Angeles at the
Heart of Los Angeles program (hereafter called “music group”),
29 children (12 female) who had enrolled and were about to
begin participation in community based soccer or swimming
training formed the first comparison group (hereafter called
“sports group”), 31 children (13 female) recruited from public
elementary schools in the same Los Angeles Area who, at the
time of recruitment, were not engaged in an organized and
systematic after-school music or sports programs formed the
second comparison group (hereafter called “control group”).

The Music Training Program
The Youth Orchestra of Los Angeles at Heart of Los Angeles
(YOLA at HOLA) is inspired by the Venezuelan approach known
as “El Sistema,” offering free group-based music instruction 4–
5 days a week to children from underserved communities of
Los Angeles. The program emphasizes systematic, high intensity
group music training, focusing on rhythm, melody, harmony,
and ensemble practice with a goal of promoting social inclusion.
Children (up to 20 per year) are selected by lottery from a list
of interested families and, after selection, provided with a violin
or viola. The curriculum includes group stringed instrument
practice, group singing, Orff, and musicianship (ear training
and theory skills), totaling 6–7 h of music instruction per week.
Individual practice at home is left to discretion of the families.

The Sports Training Program
The soccer and swimming programs offer free or low-
cost training in a community setting to all children whose
parents choose to enroll. The soccer program consisted of
a 2-h practice three times a week, and a 1-h game each
weekend. Soccer practices included warmups, team cheers, skill
training (dribbling, passing, etc.), and simulated games. The
swimming program consisted of a 1-h practice, two times
a week, with additional recreational sessions each weekend.
Swimming practices included fitness, endurance, water safety,
and stroke development. Both programs were taught by
professional coaches.

The sports training group was selected as a comparison group
to control for aspects of musical training that would likely be
shared by those in a regular, extra-curricular activity such as
social engagement, discipline, and sustained effort. Additionally,
sports training was chosen due to its sensory motor learning,
a component shared with music training. These aspects alone
may have beneficial effects on development of both cognitive
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and social skills, and thus including an active comparison
group is essential.

Exclusion Criteria
Children were excluded from the study if they had a history
of psychiatric or neurological disease. At all assessment times,
participants’ parents were interviewed to ensure that their
children had not been diagnosed with a developmental or
neurological disorder in the previous year.

During the first visit of each year, children were asked to
report any activities they had begun to participate in outside of
school. Participants in the control group were excluded from
analyses if they had been involved in an extra-curricular music
or athletic activity three times a week for at least 6 months.
Participants in the sports group were excluded from analyses if
they had been involved in a music training program three times a
week for at least 6 months. Participants in the music group were
excluded from analyses if they had discontinued participation in
the music program.

Five time points were used to assess the development of
inhibition (Figure 1). Children were assessed annually, at
approximately the same time each year. Hereafter, “baseline” will
be used to refer to the initial assessment, prior to the start of any
training (in case of music and sports and no training in case of
the control), and subsequent testing times will be referred to as
“Year 1” through “Year 4.”

Socio-Economic Status
All participants came from equally underprivileged communities
in Los Angeles (Habibi et al., 2014). Socioeconomic status
(SES) was assessed through parental interviews conducted
by research assistants who were native speakers of the
parents’ preferred language (i.e., English, Spanish, or
Korean). Parent interviews included questions ascertaining
maternal and paternal education and occupation and
annual family household income and size. An SES score
was calculated as the mean of each parent’s education
and annual income. Education level was scored on a 5-
point scale: (1) elementary/middle school; (2) high school;
(3) college education; (4) master’s degree (MA, MS, MBA); (5)
professional degree (Ph.D., MD, JD). Annual income was also
scored on a 5-point scale: (0) <$10,000; (1) $10,000–$19,999;
(2) $20,000–$29,000; (3) $30,000–$39,999; (4) $40,000–$49,999;
(5) >$50,000.

The ethnic distribution included children of Latino, Korean,
and African-American backgrounds. 97.7% of participants
were bilingual, raised in English–Spanish (93.2%) or English–
Korean (4.5%) speaking households while attending English
speaking schools that did not offer systematic music programs
for their students.

Procedures
Recruitment and induction protocols were approved by
the University of Southern California Institutional Review
Board. Informed consent was obtained in writing from the
parents/guardians in the preferred language on behalf of the
child participants, and verbal assent, at each year, was obtained

from each child. Either the guardians or the children could end
their participation at any time. Participants (parents/guardians)
received monetary compensation ($15 per hour) for their
child’s participation and children were awarded small prizes
(e.g., toys or stickers). To recognize continuous participation,
participants were given a $50 bonus after each year’s testing
and sent small holiday and birthday gifts. All children were
tested individually at the Brain and Creativity Institute at the
University of Southern California, or at Heart of Los Angeles in
a designated private room.

Behavioral Assessment
Cognitive development was assessed using the Wechsler
Abbreviated Scale of Intelligences (WASI-II) for children
(Wechsler, 2011). Cognitive inhibition was measured with a
child-friendly version of the Flanker task (Davidson et al., 2006;
Diamond et al., 2007) (Figure 2). An Animal Stroop task was used
at Year 1 (Wright et al., 2003), and a computerized Color-Word
Stroop task was used starting Year 2. Additionally, we measured
inhibitory control using a version of the delayed gratification
task (Mischel et al., 1989), where children were presented with
increasing reward sizes that they could elect to take immediately,
or wait in favor of a larger reward at a future time.

See Supplementary Material for a detailed description of
each task.

Neuroimaging Assessment
Children underwent anatomical, diffusion, and functional
MR imaging of their brain. A child-friendly protocol was
implemented that included a training session prior to scanning,
where children learned about the scanner and familiarized
themselves with the environment in a mock scanner. Results from
structural and diffusion scans are discussed in a previous report
(Habibi et al., 2017).

The fMRI consisted of a modified version of the Color-
Word Stroop task, designed for performance inside the fMRI
scanner (Figure 3), and performed at Years 2 and 4 (see
Supplementary Material for detail). Children completed two
functional runs, of six blocks each. Blocks were divided between
word and color congruent, and incongruent conditions. Each
block was followed by a 16 s rest period for a total scan time of
240 s (120 TRs).

A 3T MAGNETOM Prisma System was used to acquire
high-resolution T1-weighted structural MRI images, using a 20-
channel head coil (1 mm × 1 mm × 1 mm resolution over a
256× 256 mm× 256 mm FOV; T1/TE/TR = 850/32.05/2300 ms;
flip angle = 8◦; GRAPPA acceleration factor R = 2). A gradient
echo, echo-planar, T2∗-weighted pulse sequence was used to
acquire functional images (TR = 2000 ms, one shot per
repetition, TE = 25 ms, flip angle = 90◦, 64 × 64 in-plane
resolution). Forty-one slices covering the entire brain were
acquired (3 mm × 3 mm × 3mm voxel resolution). Each run of
the task consisted of 165 volumes.

Analysis
Statistical analyses were performed using R statistics (R Core
Team, 2018). Only participants who had completed all time-point
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FIGURE 1 | Participant retention between groups from baseline to Year 4.

assessments of a given task were included in the final analysis.
Outliers, defined as scores two or more standard deviations above
or below the mean, were removed. Not all tasks were performed
every year (Table 1). When sphericity assumptions were violated,
degrees of freedom were corrected using Greenhouse–Geisser
epsilon adjustments. The alpha-level used in all analyses is 0.05.

Behavioral Analysis
Separate repeated measures ANOVAs were conducted for each
task, with group as the between-groups factor and year as the
within-groups factor. For tasks that included multiple conditions
(e.g., reward size or congruency), condition was included as an
additional within-groups factor. For tasks that included multiple
variables (e.g., accuracy and reaction time), separate repeated
measures ANOVAs were used for each variable.

The animal Stroop task, completed at Year 1, was analyzed
with one-way ANOVAs for each reaction time and errors,
obtained by subtracting congruent trials from incongruent trials.

For the color-word Stroop task, participants responded verbally
Years 2 and 3, and through keypresses Year 4, thus analyses
for Year 2 and 3 were conducted separately from Year 4. For
Year 2 and 3, a repeated measures ANOVA was conducted for
accuracy and reaction time, with group as the between-groups
factor, and year and congruency as within-groups factors. For
Year 4, one-way ANOVAs were conducted for accuracy and
reaction time. Stroop reaction time performed during fMRI
was analyzed with a repeated measures ANOVA, with between-
subjects factors of congruency and year and group as the
within-subjects factor. Post hoc tests for all tasks were computed
using Tukey’s HSD, and Cohen’s d effect size was calculated
and reported.

fMRI Analysis
Whole brain
All analyses of functional MR data were completed using the
FMRIB Software Library (FSL). Pre-processing included removal
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FIGURE 2 | Flanker fish task conditions.

FIGURE 3 | fMRI Color-Word Stroop task paradigm.

TABLE 1 | Task completion per year.

Task Baseline Year 1 Year 2 Year 3 Year 4

Animal Stroop �

Color Stroop � � � �

Delayed Gratification � �

Flanker Fish � � �

WASI � � � � �

fMRI Stroop � �

of non-brain tissue (BET), motion correction (MCFLIRT),
slice-timing correction, spatial smoothing (5.0 mm FWHM
Gaussian kernel), and high pass temporal filtering (140 s).
Motion scrubbing was conducted for each functional run to
correct for additional head motion, using root-mean-squares
intensity differences (dvars) to determine which slices should be
regressed out during GLM analysis (Power et al., 2012). Slices
with dvars values greater than the 75th percentile +1.5∗inter-
quartile range were included in a confound matrix added to
the GLM. A fixed effects analysis was used to combine the
two functional runs for each participant, and FLIRT was used
to register images to a high-resolution structural and standard
space with 12 DOF and a 2-mm MNI template. The task
was modeled with a regressor for each congruency condition
using a boxcar convolved with a double-gamma hemodynamic
response function. BOLD signal between the task conditions
(congruent, incongruent) were contrasted using a general linear
model. Models were combined into a mixed-effects analysis,
and independent two-sample t-tests were used to determine

brain activation differences during these contrasts between
groups. A repeated measures ANOVA was used to compare
contrasts between groups across years. Age at the time of scan
was used as a covariate of non-interest. Statistical inference
was completed using Z images and FSL’s cluster thresholding,
using a cutoff of Z > 2.3, and a cluster size probability of
p = 0.05.

Region of interest
Region of interest (ROI) analysis was conducted to assess percent
signal change in regions selected a priori due to their known
involvement in cognitive control mechanisms (pre-SMA/SMA,
ACC, and IFG). 8-voxel spheres were drawn with center
coordinates located at the peak voxel base on significant clusters
found in the group-level all subject, incongruent > congruent
contrast from Year 2 results (Sachs et al., 2017). Percent signal
change was calculated from beta values using Featquery in FSL.
A repeated measures ANOVA was conducted for each ROI, with
year as the within-subjects factor, and group as the between-
subjects factor.

RESULTS

A chi-squared test revealed no significant group differences in
sex [χ2 (2, N = 53) = 2.54, p > 0.05]. Age at baseline was
higher in the Control group (M = 7.04 years, SD = 0.49 years)
than in the Music group (M = 6.48 years, SD = 0.42 years),
[F(2,52) = 5.34, p < 0.01]. There were no differences between
the sports group age (M = 6.69 years, SD = 0.75 years) and
any other group (p > 0.05), and there were no differences
between groups in age at any other year. The number of included
subjects differed between tasks, thus age at baseline was used
as a co-variate only in cases in which there was a significant
group difference at onset in subjects that completed all years
of a given task. There were no differences between the groups
in gender, SES, or cognitive abilities at baseline assessment
(Habibi et al., 2014) and thus these factors were not included
in the analysis.

Behavioral Results
WASI-II
The WASI-II was completed at all five assessment times by 52
participants (Music n = 17, Sport n = 17, Control N = 18).
For FSIQ-4, no main effect of group (p > 0.05) or year
(p > 0.05) was observed. No year by group interaction effect was
found (p > 0.05). For PRI, no main effect of group was observed
(p > 0.05). A main effect of year was observed [F(4,196) = 2.65,
p < 0.05, η2 = 0.01], but post hoc comparisons did not reach
significance (p > 0.05). No year by group interaction was
observed (p > 0.05). No effects of group, year, or year by group
interactions were observed in VCI (all p > 0.05), or FSIQ-II
(all p > 0.05).

Stroop
The animal Stroop task was completed at Year 1 by 54
participants (Music N = 19, Sport N = 14, Control N = 21).
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No significant group differences were observed (p > 0.05). The
color-word Stroop task was assessed at Year 2, Year 3, and
Year 4, and completed by 43 participants (Music N = 17, Sport
N = 12, Control N = 14). For Year 2 and Year 3, a significant
main effect of year on accuracy was found [F(1,39) = 11.96,
p < 0.01, η2 = 0.24], where accuracy was greater Year 3 (M = 0.96,
SD = 0.06) than Year 2 (M = 0.94, SD = 0.08) (p < 0.01,
d = 0.40). A significant main effect of condition was also observed
[F(1,39) = 36.74, p < 0.001, η2 = 0.49], where accuracy was
greater on the congruent condition (M = 0.99, SD = 0.03) than the
incongruent condition (M = 0.92, SD = 0.08) (p < 0.001, d = 1.12).
No main effect of group was observed (p > 0.05). No year by
group (p > 0.05) or condition by group (p > 0.05) interaction was
observed. No significant year by condition by group interaction
effect was found (p > 0.05). For reaction time (incongruent minus
congruent trials), no main effect of year (p > 0.05) or group
(p > 0.05) or year by group interaction (p > 0.05) was observed.

For Year 4, a main effect of condition on accuracy was
observed in a one-way ANOVA [F(1,40) = 22.27, p < 0.001,
η2 = 0.36], where congruent trials (M = 0.86, SD = 0.15) were
responded with more accuracy than incongruent trials (M = 0.80,
SD = 0.16) (p < 0.001, d = 0.37). There was no main effect
of group (p > 0.05), or an interaction effect between condition
and group (p > 0.05). For reaction time (incongruent minus
congruent trials), no main effect of group was found (p > 0.05).

Flanker Fish Task
The flanker task was completed by 48 participants at Year 2,
Year 3, and Year 4 (Music N = 17, Sport N = 15, Control
N = 16). There was a significant main effect of year on accuracy
[F(1.17,52.68) = 7.02, p < 0.01, η2 = 0.14], in which participants

improved their accuracy each year. There was a significant main
effect of condition [F(1.54,69.45) = 13.58, p < 0.001, η2 = 0.23],
where participants responded more accurately on congruent
trials (M = 0.97, SD = 0.12) than incongruent trials (M = 0.91,
SD = 0.15) (p < 0.001, d = 0.42) and more accurately on neutral
trials (M = 0.96, SD = 0.13) than incongruent trials (p < 0.001,
d = 0.30). There was no main effect of group (p > 0.05), and
no interaction effect of condition by group (p > 0.05), or year
by group (p > 0.05). There was no significant year by condition
interaction effect (p > 0.05). There was a significant year by
condition by group interaction effect [F(8,180) = 2.061, p < 0.05,
η2 = 0.08]. Post hoc analysis revealed that the condition by year
interaction effect was significant in the music group only, [F(4,64)
4.67, p < 0.01, η2 = 0.06], where during incongruent trials
participants responded with higher accuracy at Year 4 (M = 0.97,
SD = 0.07) (p < 0.01, d = 0.98) and Year 3 (M = 0.95, SD = 0.08)
(p < 0.05, d = 0.82) compared to Year 2 (M = 0.83, SD = 0.19). No
such year by condition effect was observed in the sport (p > 0.05)
or control groups (p > 0.05) (see Figure 4).

For reaction time, there was a significant main effect of
year [F(2,90) = 41.43, p > 0.001, η2 = 0.48]. A main effect
of group approached significance [F(2,45) = 2.98, p = 0.06,
η2 = 0.12], indicating that the Sport (M = 680.64 ms,
SD = 151.02 ms) trended toward longer reaction times than Music
(M = 619.83 ms, SD = 138.76 ms) (p < 0.001, d = 0.42) and
Control (M = 602.77 ms, SD = 137.37 ms) (p < 0.001, d = 0.54).
There was a significant main effect of condition on reaction
time [F(1.77,79.47) = 189.40, p < 0.001, η2 = 0.81]. No year by
group interaction effect was observed (p > 0.05). A condition by
group interaction effect approached significance [F(4,90) = 2.41,
p = 0.06, η2 = 0.10], indicating a trend that group differences

FIGURE 4 | Flanker fish task, accuracy, by group and year: incongruent condition.
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were significant in the incongruent and congruent conditions,
and not in the neutral condition. No year by condition by group
interaction effect was observed (p > 0.05) (see Figure 5).

Delayed Gratification
The delayed gratification task was assessed at Year 3 and
Year 4, completed by 59 participants (Music n = 18, Sport
n = 21, Control n = 20). For quarters, no main effect of year
(p > 0.05), or group was observed (p > 0.05). There was
a significant main effect of reward size [F(1.72,96.2) = 4.88,
p < 0.05, η2 = 0.08], where large rewards (M = 0.89, SD = 0.32)
were saved more than small rewards (M = 0.77, SD = 0.42)
(p < 0.05, d = 0.32). No year by group (p > 0.05) or
reward size by group (p > 0.05) interaction was observed.
No year by reward size by group interaction was observed
(p > 0.05). Although group differences were non-significant,
the music group consistently saved 100% of quarters in the
large condition both Year 3 and Year 4, while the Sport and
Control groups saw a decline in large reward delay, from
Year 3 to Year 4.

For M&Ms, no main effects of year (p > 0.05), or group
(p > 0.05) were observed. A main effect of reward size
[F(2,112) = 15.42, p < 0.001, η2 = 0.22], where large (M = 0.81,
SD = 0.39) (p < 0.001, d = 0.62) and medium rewards (M = 0.76,
SD = 0.43) (p < 0.01, d = 0.49) were saved more than small
rewards (M = 0.54, SD = 0.50). No year by group (p > 0.05) or
reward size by group (p > 0.05) was found. No year by reward size
interaction effect was observed (p > 0.05). A year by reward size
by group interaction was found [F(3.57,99.81) = 2.80, p < 0.05,
η2 = 0.09]. Follow up analyses indicated that the year by group
interaction was significant only in the large reward condition

[F(2,56) = 3.49, p < 0.05, η2 = 0.11], where the Music group
(M = 1.00, SD = 0.00) saved more M&Ms than the Control
group (M = 0.56, SD = 0.51), (p < 0.01, d = 1.19) at Year 3 (see
Figure 6). A non-significant trend indicated a stepwise increase
in reward delay from small to large rewards that was present only
in the Music group, but not the Sport or Control groups, where
the music participants saved more large rewards than medium
rewards and more medium rewards than small rewards. At Year
4, the group by reward size interaction was no longer significant.

fMRI Results
The fMRI protocol was completed by 40 participants at Year 2
and Year 4 (Music N = 14, Sport N = 11, Control N = 15).

Reaction Time
During the fMRI Stroop task, a main effect of condition
on reaction time was observed [F(1,26) = 99.26, p < 0.001,
η2 = 0.22], where participants performed faster at congruent
trials (M = 654.72 ms, SD = 129.21 ms) than incongruent trials
(M = 810.51 ms, SD = 169.56 ms) across years. There was no main
effect of group or year (p > 0.05), and no interaction between
group, year, or condition (p > 0.05).

Whole Brain
Whole brain analysis of the incongruent > congruent condition
between Year 2 and Year 4 revealed no effect of year and
no interaction between year and group on BOLD signal. Due
to the small number of participants (N = 25) who were
scanned in both Year 2 and Year 4, we additionally analyzed
Year 4 (N = 40) separately. Whole-brain analysis for the
incongruent > congruent condition contrast revealed significant
signal differences across groups in the left IFG, bilateral ACC,

FIGURE 5 | Flanker fish task, reaction time, by group and year: incongruent condition.
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FIGURE 6 | Delayed Gratification task, candies, by group and year: small and large size conditions.

bilateral insula, and the left anterior intra-parietal sulcus at Year 4
(see Figure 7). There were no significant differences in BOLD
signal found between groups. Analysis of the incongruent > rest
condition revealed significant signal differences across groups
in the bilateral premotor cortex, right frontal operculum cortex
(Broca’s area), bilateral occipital pole, left anterior intra-parietal

FIGURE 7 | All-subject, whole brain activation for incongruent > congruent
contrast of fMRI Color-Word Stroop task at Year 4.

sulcus, and left angular gyrus (see Figure 8). Musicians compared
to the control group showed significantly greater activation of
the right inferior frontal gyrus in this contrast (see Figure 9). No
other group differences in BOLD signal were observed at Year 4
(see Table 2).

Region of Interest
Region of interest analysis of the incongruent > congruent
contrast (see Figure 10) in the SMA revealed an effect of group
that approached significance (p = 0.06), where the music group
trended toward greater signal change (M = 0.19%) than the sport
group (M = 0.06%) across years. In the left IFG, a year by group
interaction effect approached significance (p = 0.09), indicating
that the music group (M = 0.25%) trended toward greater signal
change than the control group (0.19%) year 2, but not year 4
(music M = 0.12%, sport M = 0.19%). In the right ACC, a
significant main effect of group was observed [F(2,28) = 3.66,
p < 0.05, η2 = 0.07], where the music group (M = 0.18%) had
greater percent signal change than the control group (M = 0.06%),
but this difference was not significant after correcting for multiple
comparisons (p = 0.07, d = 0.61). No other significant main or
interaction effects were observed for this contrast (p > 0.05).

The incongruent > rest contrast (see Figure 11) revealed a
main effect of year in the SMA [F(1,28) = 11.29, p < 0.001,
η2 = 0.19], where participants had greater signal change at Year 4
(M = 0.55%) than Year 2 (M = 0.28%). In the left IFG, a significant
main effect of group was observed [F(2,28) = 3.87, p < 0.05,
η2 = 0.10]. This finding indicated the music group (M = 0.54%)
had greater percent signal change than the control group (0.34%)
but was not significant after correcting for multiple comparisons
(p = 0.08, d = 0.59). A main effect of year was also observed
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FIGURE 8 | All-subject, whole brain activation for incongruent > rest contrast
of fMRI Color-Word Stroop task at Year 4.

FIGURE 9 | Music group > control group, whole brain activation for
incongruent > rest contrast of the fMRI Color-Word Stroop task at Year 4.

[F(1,28) = 10.10, p < 0.01, η2 = 0.28], indicating that percent
signal change was greater at year 2 (M = 0.62%) than year 4
(M = 0.28%). No other significant main or interaction effects were
observed for this contrast (p > 0.05).

Neither response time nor accuracy of incongruent trials of
the Color-Word Stroop task performed outside the scanner, on
a separate day, was correlated with Incongruent - Congruent
percent signal change in any ROI (p > 0.05).

DISCUSSION

The present study examined the effects of group-based music
training on the development of inhibition skills in children
from under-resourced communities. Using a longitudinal design,
children involved in music training were compared with active
and passive comparison groups (children involved in sports
training, and no systematic after-school program, respectively).
We assessed changes in children’s inhibition skills and its neural
correlates over the course of 4 years, using a delayed gratification
task, a flanker task, and a Color-Word Stroop task that was
performed both inside and outside of an MRI scanner.

We observed gradual improved performance associated with
music training in incongruent trials of the flanker task, in
which participants were required to inhibit a dominant response.
Music participants improved their accuracy significantly in
incongruent trials after 3 and 4 years of training, whereas
improvement was observed in the sports and control groups
but did not reach a level of significant difference. Overall
accuracy was not different among groups after 4 years, however.
This may be explained by the music group’s slightly, non-
significant, lower level of accuracy at Year 2 than the sports
and control groups, and that they therefore had more to
gain from an intervention. While no group differences were
observed at any time point, the development observed in
the music group may suggest an effect of training unique
to music instruction. This is similar to Holochwost et al.’s
(2017) finding that children involved in a community-based
orchestra showed improvement in go-no-go and flanker task
accuracy after 2 and 3 years of training, and with Jaschke
et al.’s (2018) finding of improved go-no-go scores in music
participants after 2.5 years of training. However, here, the music
group’s improvement becomes evident after slightly later, after
3 years of training, as we did not obtain a baseline measure
of this task, we do not know how participants would have
performed at an earlier stage of training. Reaction time in
the music group was similar to that of the control group,
while sports participants showed a non-significant trend of
slower response times. This was most apparent at the last year
of participation, suggesting an effect related to the length of
training on development of inhibition skills. These findings are
consistent with previous work citing faster reaction times of
child (Joret et al., 2017) and adult (Amer et al., 2013) musicians
in comparison to controls in a Simon Arrows Task, where the
effect is more pronounced in incongruent trials. These findings
are additionally in line with research indicating adult musicians
perform with faster reaction times overall than controls
on inhibition measures such as Auditory and Color-Word
Stroop tasks (Bialystok and Depape, 2009; Travis et al., 2011;
Amer et al., 2013).

In the Delayed Gratification task, we observed an accelerated
ability to reject a small, immediate reward in favor of a delayed,
large reward in children who had been involved in music training
in comparison to children who had not been involved in any
training. This finding is not explained by other differences among
the groups, as all groups were similar with regard to SES, age,
and other cognitive tasks. Discounting of future rewards in
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TABLE 2 | Significant clusters for the fMRI Color-Word Stroop task at Year 4.

Contrast Group z-score x y z Hemisphere Region

Incongruent > Congruent All 5.92 –50 30 20 L IFG, pars triangularis

5.27 10 18 30 R ACC

5.66 –28 –60 42 L Anterior intra-parietal s

5.96 40 12 0 R Insula

Incongruent > Rest All 7.64 –2 4 58 L/R Premotor Cortex

7.62 46 12 2 R Frontal Operculum Cortex

8.45 18 –98 –8 R Occipital Pole

8.59 –24 –98 –12 L Occipital Pole

5.79 –32 –54 38 L Anterior intra-parietal s

5.36 50 –50 56 R Angular Gyrus

Music > Control 5.08 50 14 6 R IFG, pars opercularis

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

FIGURE 10 | Percent signal change in the pre-SMA/SMA, left IFG, and right ACC during the incongruent > congruent contrast of the fMRI Color-Word Stroop Task,
by group and year.

favor of smaller, immediate rewards declines with age, where
children increasingly make rational reward choices as they get
older (Bettinger and Slonim, 2007; Steinberg et al., 2009). While
the sport and control groups followed this pattern by delaying
large rewards by the last year of assessment, the music group did
so earlier and more often, demonstrating an ability to rationally
delay rewards that was better than expected for their age group.
Music-trained children were also less likely to delay discount
small rewards as they got older, while sports-trained and control
children were more likely to do so. While no other studies to

our knowledge have investigated the effect of music training on
delayed gratification skills, it is a possibility that attention to detail
and orientation to subtle musical cues had a role in extending
inhibition to smaller rewards.

Group differences in the delayed gratification and flanker
fish tasks, albeit not always statistically significant, indicate a
trend toward enhanced inhibition skills in participants involved
in music training and are consistent with other longitudinal
findings citing overall greater inhibitory control improvements
in musically trained children (Moreno et al., 2011; Holochwost
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FIGURE 11 | Percent signal change in the pre-SMA/SMA, left IFG, and right ACC during the incongruent > rest contrast of the fMRI Color-Word Stroop Task, by
group and year.

et al., 2017; Jaschke et al., 2018). Musicians’ advantages in
inhibition skills may relate to paralleled processes in disciplined
instrumental practice; learning to play a musical instrument
involves frequent stopping to correct mistakes and rehearsing
small passages in isolation, which both delays the reward of
playing a piece in its entirety and requires one to put aside
immediate non-musical distractors for the larger reward of
musical proficiency. These skills may additionally relate to
musicians’ regular practice of error monitoring, where children
playing music must quickly adjust motor behavior in response to
unanticipated musical demands and mistakes.

Results from the fMRI Stroop task support the trend observed
in the Delayed Gratification task, where children involved in
music training demonstrated an accelerated maturity that was
not achieved until a later age by the Sports and Control groups.
We previously reported that, at Year 2 (after 2 years of music
training), music participants as compared to controls showed
greater difference in BOLD signal in the cognitive control
network in the incongruent versus congruent blocks, specifically
in the IFG, pre-SMA/SMA, ACC, precentral gyrus, and insula
(Sachs et al., 2017). In the current analysis, after 4 years, we found
no differences between groups in this contrast, suggesting that
the music group had matured on the task at an earlier age than
the control group. In the incongruent > rest contrast, the music
group showed greater BOLD signal in the right IFG, a finding not
observed at Year 2. While color-word Stroop paradigm has been
associated with only left IFG (Taylor et al., 1997; Fan et al., 2003;

Bernal and Altman, 2009), some studies have reported bilateral
activation (Peterson et al., 1999; Banich et al., 2000; Adleman
et al., 2002), often driven by differences in design (event-related
vs. block; Leung et al., 2000). The right IFG has instead been
linked to the stop-signal task and, specifically, cue detection and
attentional monitoring, as opposed to the initiation of a motor
response (Aron et al., 2003; Hampshire et al., 2010; Sharp et al.,
2010). Given the conflicting literature on the right IFG implicated
in the Stroop task, and the relatively small sample size here, we
do not draw strong conclusions from this finding. Yet, we note
that this may indicate improved inhibitory processing associated
with length of music training, where music participants are
more strongly marking incongruent stimuli as cues to stop a
prepotent response.

Our ROI analysis similarly indicated that significant group
differences in percent signal change, when present, occurred at
Year 2 but not at Year 4. Such differences at Year 4 were present
only as non-significant trends, or as significant effects that did
not survive post hoc analysis. At Year 2, we found that the
music group as compared to both control groups had significantly
greater percent signal change in the left IFG, pre-SMA/SMA,
and right ACC (Sachs et al., 2017). Here, with a notably smaller
sample, we find the group by year interaction term approached
significance only for the left IFG. This finding is notable due
to the left IFG’s role in inhibiting prepotent motor responses
(Swick et al., 2008), which is a skill that is highly practiced by
musicians when monitoring their performance. However, the
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reduced number of participants from Year 2 to 4 may have
contributed to the statistically non-significant trends.

It should be noted that several studies report increased
engagement of the cognitive control network related to decreased
efficiency in inhibition tasks (Tamm et al., 2002; Luna et al.,
2010). Others have additionally reported activation decreases in
these regions after interventions aimed at improving inhibition
skills (Chaddock-Heyman et al., 2013; Nishiguchi et al., 2015).
We acknowledge that, without a measure of accuracy inside
the scanner, we cannot definitively interpret our BOLD signal
findings as indicative of better inhibitory processing. Neural
activation observed in the music group at Year 2 thus may have
been due to greater cognitive effort required to complete the task
and that, by Year 4, all groups were engaging the task with similar
levels of effort. However, as accuracy in the Stroop task outside of
the scanner trended toward a positive correlation with percent
signal change in the pre-SMA/SMA and left IFG at Year 2 (Sachs
et al., 2017), our interpretation of these findings aligns more with
improved inhibitory control processing.

We note an important and possible confounding factor in this
study: the high percentage of bilingualism among participants:
96% of participants retained through Year 4 were Spanish-
English bilingual: 100% in the music group, 86.67% in the
sports group, and 100% in the control group. Although formal
bilingualism measures were not obtained, interview data at
baseline indicated that all bilingual participants were fluent in
both Spanish and English, primarily speaking Spanish at home
and English in the classroom. All bilingual participants indicated
that they watched television, read books, and listened to music in
both English and Spanish. 66.23% of participants at baseline were
enrolled in English as a Second Language classes at their school.

Bilingual individuals have demonstrated advanced inhibitory
control skills, as evidenced on performance on the flanker
task (Costa et al., 2008; Yang et al., 2011; Barac et al.,
2016), stop-signal task (Bialystok et al., 2005; Colzato et al.,
2008), Stroop task (Bialystok et al., 2008; Hernández et al.,
2010), and Simon task (Martin-Rhee and Bialystok, 2008) when
compared to monolingual counterparts, despite lower verbal
abilities. These differences are evidenced to emerge as young as
7 months (Kovács and Mehler, 2009), indicating that bilingualism
produces enhancements of inhibitory skills before the onset of
speech production. Explanations of these findings cite evidence
indicating that bilingual individuals activate both languages
simultaneously, regardless of context (Hernandez et al., 1996;
Costa et al., 1999; Kroll et al., 2008). It has thus been proposed
that individuals must constantly suppress the context-dependent
irrelevant language in order to communicate effectively, leading
to an adaptation in neural attentional networks (Bialystok
et al., 2009; Green and Abutalebi, 2013). Studies investigating
functional brain organization indicate that bilinguals recruit the
frontal regions typically associated with executive control, such as
the DLPFC, when switching between languages (Hernandez et al.,
2000; Hernandez, 2009; Luk et al., 2011). Despite these findings,
a recent meta-analysis reported no evidence for a bilingual
advantage in executive functioning in adults (Lehtonen et al.,
2018), yet did not investigate studies involving children.

Music training and bilingualism may share similar
mechanisms in relation to developing inhibitory control
skills. While bilingualism and music playing both require
the suppression of irrelevant stimuli, additional similarities
exist at a neural level. Musicians, in comparison to musically
un-trained individuals, activate the DLPFC when passively
listening to music (Ohnishi et al., 2001), as bilinguals do when
switching between languages (i.e., Hernandez et al., 2000).
Koelsch et al. (2005) observed that, when listening to irregular
versus regular musical chords, adults and children engage
frontal regions, including the inferior frontal gyrus, and that
this activity was positively correlated with music training in
both age groups. Thus, both musicians and bilinguals appear
to recruit regions associated with executive control when
engaging in their respective domains, suggesting that intensive
experience in either activity would contribute to enhanced
inhibition skills.

Given the above evidence, and the fact that almost all
of the participants in this study are bilingual, one possible
explanation for discrepancies between our results and what we
expected to be the effect of music training on inhibition is the
contribution of bilingualism. While music training may have an
effect, it is likely that multiple factors, including bilingualism,
benefit inhibitory control skills. In studies comparing the
effects of music training and bilingualism, bilinguals have been
reported to perform similarly (Bialystok and Depape, 2009;
Schroeder et al., 2016) or better than (Janus et al., 2016)
musically trained individuals on measures of inhibition. Other
research has indicated no interaction between music training
and bilingualism on measures of inhibition, suggesting that both
factors may independently contribute to the development of
inhibitory control, but do not produce additional combined
effects (Moradzadeh et al., 2015; Schroeder et al., 2016).
A proposed explanation for the lack of additive benefits of
music training and bilingualism in these studies was that
each factor alone produced ceiling effects, restricting further
benefit of the combination of experiences. Here, we observe
differences, while not always significant, between groups in
which nearly all participants are bilingual, suggesting that music
training and bilingualism may have a small additive effect
early in development. We do, however, acknowledge that, if
Lehtonen et al. (2018)’s findings generalize to children, the
possible explanation related to bilingualism may not be relevant
in our findings.

A limitation of the present study is the inevitable decrease of
sample size from baseline to Year 4. While we took preventive
measures to reduce attrition, it is typical for longitudinal
studies, in particular with a population from underrepresented
communities, to experience a reduction in participant number
over time. However, attrition was similar in all groups.
Additionally, as this is not a randomized control trial, it is
possible that our participants had pre-existing differences for
which we could not account, such as home environment and
parental motivation between groups. A strength of this study
is that participants were assessed at baseline and demonstrated
no differences between groups in measures of musical pitch
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and rhythm discrimination (Ilari et al., 2016); it is nonetheless
possible that children with inherent musical motivation persisted
in the music training program. However, the absence of group
differences at baseline in other key variables strongly suggests that
any observed enhancements of inhibitory control are due to the
intervention in contrast to pre-existing factors.

Despite these limitations, we provide evidence that 4 years
of group-based music training leads to modest positive effects
on inhibition skills, evidenced by a greater rate of accuracy
improvement on a Flanker task and increased rational decisions
on a Delayed Gratification task, and its neural correlates
in children from underserved communities. The absence of
consistent group differences across all inhibition measures point
to the other possible explanations such as bilingualism. When
present, advantages associated with music training manifest as
early, as musicians demonstrate accelerated development of
inhibition, but later diminish as non-musically trained children
catch up in these skills.
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