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How Is Musical Expertise Related to Executive Functions? A Systematic Review and

Meta-Analysis

Abstract
A person’s lifetime involvement with musical expertise has been hypothesized to be
positively associated with executive functions, including inhibition, shifting, and working
memory. However, results of past research have been inconclusive. This preregistered
systematic review and three-level meta-analysis of 47 studies encompassing 235 effect sizes
from 4651 healthy adult participants investigated how strongly musical expertise relates to
each of the three executive functions. The results showed significant medium associations
between musical expertise and executive functions (g = 0.43), with small to medium
associations between musical expertise and each of the functions: inhibition (g = 0.31),
shifting (g = 0.22), and working memory (g = 0.49). Risk of bias moderated the relationship
between musical expertise and inhibition, and the paradigm used to assess executive
functions moderated the association between musical expertise and working memory. The
results suggest that individuals who engage in musical activities have higher levels of
executive function, with a particularly critical role of working memory in musical expertise.
The literature review further identified several methodological issues, including predominant
reliance on dichotomizing continuous variables and the use of small samples yielding low
statistical power. The review offers methodological recommendations and directions for

further investigating the relation between working memory and musical expertise.

Keywords: Musical expertise, executive functions, meta-analysis
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Abstrak (Indonesian Language)
Keterlibatan seseorang sepanjang hidup dalam keahlian bermusik telah dihipotesiskan
berhubungan positif dengan fungsi eksekutif, yaitu inhibisi, peralihan (shifting), dan memori
kerja. Namun, hasil penelitian sebelumnya menunjukkan temuan yang tidak konsisten. Kajian
sistematis yang telah diregistrasi sebelumnya dan meta-analisis tiga tingkat pada 47 studi
yang mencakup 235 ukuran efek dari 4651 partisipan dewasa sehat ini menyelidiki sejauh
mana keahlian bermusik berkaitan dengan masing-masing dari tiga fungsi eksekutif tersebut.
Hasil penelitian menunjukkan adanya hubungan signifikan dengan ukuran sedang antara
keahlian bermusik dan fungsi eksekutif (g = 0,43), serta hubungan lemah hingga sedang
antara keahlian bermusik dan masing-masing fungsi eksekutif: inhibisi (g = 0,31), peralihan
(g =0,22), dan memori kerja (g = 0,49). Risiko bias memoderasi hubungan antara keahlian
bermusik dan inhibisi, sedangkan paradigma yang digunakan untuk mengukur fungsi
eksekutif memoderasi hubungan antara keahlian bermusik dan memori kerja. Temuan ini
menunjukkan bahwa individu yang terlibat dalam aktivitas musikal memiliki tingkat fungsi
eksekutif yang lebih tinggi, dengan peran memori kerja yang sangat penting dalam keahlian
musik. Kajian literatur juga mengidentifikasi beberapa isu metodologis, termasuk banyaknya
penelitian sebelumnya yang melakukan dikotomisasi variabel kontinu dan penggunaan
sampel kecil yang menghasilkan daya statistik yang rendah. Kajian ini menawarkan
rekomendasi metodologis serta arahan untuk penelitian lebih lanjut mengenai hubungan

antara memori kerja dan keahlian bermusik.

Kata kunci: Keahlian bermusik, fungsi eksekutif, meta-analisis
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How Is Musical Expertise Related to Executive Functions? A Systematic Review and
Meta-Analysis

Executive function is an umbrella term for higher-order cognitive skills underpinning
goal-directed behavior (Friedman & Miyake, 2017; Miyake & Friedman, 2012). Executive
functions are essential when people make decisions, plan, and solve problems in everyday
life (Ferguson et al., 2021). Higher levels of executive functions have been shown to be
associated with academic attainment, positive levels of physical and mental health, marital
satisfaction, and less social problems (Diamond, 2013).

Past research has established three factors of executive functions: inhibition, shifting,
and working memory updating (Miyake et al., 2000). Inhibition is a deliberate, intended, and
controlled action to override dominant but incorrect responses. Shifting, also referred to as
cognitive flexibility, is the ability to switch from one task to another, activating the currently
relevant task and inhibiting the currently irrelevant task. Finally, updating refers to replacing
no longer relevant information in working memory with new information. These three
executive functions have shown to be correlated yet distinct, leading to the development of
the unity/diversity framework of executive functions (for a review, see Miyake & Friedman,
2012). The commonality (or unity) between the three executive functions suggests that a
common underlying ability exists which presumably serves maintenance of task goals and
goal-related information. The separability (or diversity) of executive functions suggests
additional individual differences in more specific functions. Previous studies have shown
that, once unity is accounted for, diversity only emerges for shifting and updating, which both
demonstrate specific individual differences. In contrast, individual differences in inhibition
can be fully explained by their commonalities with individual differences in shifting and

updating.
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Playing music and musical training have been shown to relate to cognitive function in
general (Schellenberg & Weiss, 2013; Schellenberg & Lima, 2024) and executive functions
more specifically (Okada & Slevc, 2020). Here, we use the term musical expertise to refer to
people's lifetime engagement with actively making music, including regularly playing an
instrument and singing with or without formal training, musical sophistication (e.g.,
measured using Ollen Musical Sophistication index; Ollen, 2006), and musical ability (e.g.,
measured using Melodic Discrimination Testing; Harrison et al., 2017), as opposed to
passively or receptively listening to music. Associations between musical expertise and
executive functions gave rise to the idea that musical training could be a viable intervention
to improve executive functions (Bugos, 2019; Bugos et al., 2022; Frischen et al., 2019; for
reviews, see Degé & Frischen, 2022; Rodriguez-Gomez & Talero-Gutiérrez, 2022).
However, like many interventions aimed at boosting cognition (see von Bastian et al., 2022),
the effectiveness of musical training interventions is highly contentious (Sala & Gobet,
2017b, 2020; for a review, see Schellenberg & Lima, 2024). Before even considering musical
training as means for interventions, however, it is imperative to first to better understand
whether and how musical expertise is related to executive functions.

Musical expertise is thought to be related to cognitive performance because it is a
complex activity that involves processes akin to executive functions. For example, musicians
need to maintain and process the musical information while playing their musical instruments
or singing, and, at the same time, also adjust for the tempo, volume, and timbre (Okada &
Slevc, 2020). Furthermore, musicians must coordinate and shift their attention to sensory
inputs, such as a different sound, hold their impulse to play the music at the right tempo, and
anticipate the music to play the right notes (Okada & Slevc, 2020).

However, while intuitively plausible, the empirical evidence for this relationship

between musical expertise and executive functions is inconsistent. Studies measuring single
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executive functions separately found that, relative to non-musicians, musicians performed
better in tasks assessing inhibition (i.e., showed smaller effects of cognitive conflict; e.g.,
Moussard et al., 2016), shifting (e.g., Moradzadeh et al., 2015; Moser, 2003), and working
memory (e.g., Franklin et al., 2008; Gagnon & Nicoladis, 2021; Grassi et al., 2017). Yet,
studies that measured all three factors of executive functions in the same sample of
participants often found that only one or two of these factors were related to musical
expertise. Specifically, some studies found that musical expertise correlated with inhibition
and working memory but not with shifting (Okada & Slevc, 2018; Porflitt & Rosas-Diaz,
2019). Another study found that musical expertise was related only to working memory, but
not inhibition and shifting (Slevc et al., 2016). Although these studies did not explicitly
model the unity and diversity of executive functions, these patterns of varying correlations
may suggest that musical expertise more likely taps specific aspects of executive function
rather than commonality.

The present review systematically synthesizes these different findings to examine the
relation between musical expertise and inhibition, shifting, and working memory updating
across the body of the existing literature. By meta-analytically investigating the relationship
with musical expertise both across all executive functions indicators and for each executive
function separately, we gauged the evidence for general and specific associations. Moreover,
we tested the impact of at least four critical methodological differences between studies that
may explain the inconsistent results of past empirical studies.

First, a major difference between studies is how musical expertise is defined and
assessed. Musical expertise can encompass concepts such as music training, musical ability,
and musical sophistication. Music training is often assessed by self-reports of years of
musical training or playing an instrument (e.g., Gray & Gow, 2020; Lu & Greenwald, 2016),

and sometimes simply by asking whether participants regard themselves as musicians. Much
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of past research used only such self-reports (Criscuolo et al., 2019; D’Souza et al., 2018;
Okada & Slevc, 2018). In contrast, musical ability refers to music perception (e.g., der
Nederlanden et al., 2020) and music production (e.g., Okada, 2018), and it is typically
assessed through performance-based measures. Finally, musical sophistication pertains to a
person’s perception of their own music-making habits and musical skills (Miillensiefen et al.,
2014), and is often assessed through a mix of self-report and performance-based measures.
Accordingly, some past studies combined self-report questionnaires with performance-based
measures such as melodic and rhythm test scores (Hansen et al., 2013; Slevc et al., 2016;
Talamini et al., 2016).

Assessing musical expertise solely by self-report measures can be problematic. While
self-report measures have the advantage that they allow for assessing people’s lifetime
engagement with musical activity and how they perceive their own musical ability, these self-
reported data are prone to measurement noise that can be systematically related to individual
differences in other traits. For example, participants may give inaccurate responses because
they have forgotten for how long they have played music, under- or overestimate their
capacity to play music, or exhibit social desirability bias. Performance-based measures can
complement the results of the self-report measures by providing a more objective assessment
of musical skill and sophistication. This variability in definitions and measurement
approaches may have contributed to inconsistent past findings. Therefore, the present work
considers how musical expertise is operationalized in different studies to better understand its
relation to executive functions.

Second, the criteria for classifying musicians and non-musicians vary between
studies. For example, some studies classed participants as musicians if they reported more
than eight years of music practice experience (D’Souza et al., 2018), whereas other studies

set the threshold to only five years (Criscuolo et al., 2019). Yet other studies based their
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classification on a cut-off score for a musical questionnaire (Porflitt & Rosas-Diaz, 2019). In
most cases, these criteria are often not further justified or explained. Yet, relations between
musical expertise and executive functions may only emerge with a certain amount of musical
expertise experience.

Third, a related but more fundamental issue concerns whether considering musical
expertise as a continuous variable in correlational designs (i.e., years of music experience in a
sample varying in their engagement with music) or as a categorical variable in between-
groups designs (i.e., group comparisons of people classified as musicians and non-musicians)
may lead to different associations with executive functions. For example, correlational
studies found musical expertise and inhibition were unrelated (Okada & Slevc, 2018; Slevc et
al., 2016), whereas group-comparison studies found increased inhibition in musicians
compared to non-musicians (Criscuolo et al., 2019; Porflitt & Rosas-Diaz, 2019). Even within
individual studies, the results varied depending on the design used. Porflitt and Rosas (2020)
reported the results of both an analysis of covariance (ANCOVA), testing differences in
cognitive performance between musicians and non-musicians, and correlations between
musical sophistication and cognitive performance. While musicians performed significantly
better in a shifting task than non-musicians, no significant correlations were found between
musical sophistication as a continuous variable and shifting. Hence, based on the type of
analysis, opposite conclusions could be drawn. However, artificially dichotomizing people
into groups is analytically problematic and often yields misleading results (MacCallum et al.,
2002). For example, the frequent practice of using median splits neglects that people around
the median are more similar to each other than to the other members of their artificial groups.
Indeed, median splits add random error that can lead to false-positive as well as false-
negative results (McClelland et al., 2015). Using extreme groups by selecting only the top

and bottom portion of the distribution (e.g., comparing people who never make music to
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professional musicians) is similarly problematic, as it increases the risk of inflated effect
sizes, reduces measurement reliability, and may be based on erroneous assumptions about
linearity and group membership (Preacher et al., 2005). Furthermore, people in these extreme
groups will likely differ on several other, correlated dimensions (e.g., socioeconomic
background, education, openness to new experiences, etc.), rendering it difficult to
disentangle differences due to musical expertise from variations in these confounded
variables (Unsworth et al., 2015).

Fourth, the concern related to extreme groups is even more aggravated as the impact
of possible confounding — or moderating — variables is yet unclear. For example, the relation
between musical expertise and executive functions decreased once demographic
characteristics such as age, gender, education, and socioeconomic status were taken into
account in some studies (Correia et al., 2023; Okely et al., 2022; Vincenzi et al., 2022) but
not in others (Arndt et al., 2023; Criscuolo et al., 2019; D’Souza et al., 2018; Okada & Slevc,
2018; Slevc et al., 2016). The present review and meta-analysis will take into account these
methodological concerns and examine the moderating effects of variation in the
operationalization, assessment, and analytical treatment of musical expertise, and
demographic characteristics (age, gender, socioeconomic status, and education).

Prior Reviews

Most prior reviews primarily focused on the effects of music training intervention on
executive functions in children (Degé & Frischen, 2022; Rodriguez-Gomez & Talero-
Gutiérrez, 2022, Roman-Caballero et al., 2022), or cognitive abilities in general (Sala &
Gobet, 2017a, 2017b, 2020). Three meta-analyses investigated the relationship between
musical expertise and executive functions in adults. Herndndez et al. (2020) identified twelve
articles (k = 60) and found a large difference between musicians' and non-musicians’

executive functions, d =0.71, 95% CI [0.57, 0.85]. However, they included only group-
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comparison studies and considered executive functions only as a single variable, without
distinguishing between inhibition, shifting, and working memory.

In another meta-analysis, Roman-Caballero et al. (2018) included nine studies
comparing inhibition, shifting, and working memory in adults older than 59 years who were
classified either as musicians and non-musicians’. These group-comparison studies showed
significant effects for inhibition, g = 1.77, 95% CI [0.60, 2.93], shifting, g =0.57, 95% CI
[0.00, 1.14], and verbal working memory, g = 0.88, 95% CI [0.03, 1.72]. However, these
meta-analytic effects averaged only small numbers of effect sizes (k = 3 for inhibition and
shifting; k = 6 for verbal working memory). Thus, any single additional study could strongly
affect the findings.

Finally, Talamini et al. (2017) focused their meta-analysis on memory differences
between groups of musicians (i.e., people who had a high level of formal music training) and
non-musicians. On average, musicians showed better working memory performance than
non-musicians, g = 0.56, 95% CI [0.33, 0.80]. However, again, this meta-analysis was based
on a relatively moderate sample of only k = 19. Furthermore, it remains unclear how much
formal training participants had, due to a lack of reporting in the original studies that
consisted exclusively of group comparisons.

Present Meta-Analysis

The few existing previous meta-analyses focusing on adults suggest that musical
expertise and executive functions are positively related. However, these findings are based on
only small numbers of studies comparing categorical groups of musicians to non-musicians,
thereby neglecting correlational studies. Therefore, it remains unclear how musical expertise
and executive functions are related in adulthood when considering the degree of experience
in musical expertise and when distinguishing between the three factors of executive

functions. The present preregistered systematic review and meta-analysis fills these gaps by
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focusing on healthy, adult participants and include both studies comparing groups of
musicians and non-musicians and studies reporting correlations between musical expertise
and executive functions to address the following research questions:

1. How strongly are musical expertise and the three factors of executive functions
(inhibition, shifting, and updating/working memory) related?

2. To what extent is the relationship between musical expertise and executive functions
affected by moderators such as study type, risk of bias score, music measures, task
paradigms, age, gender, socioeconomic status, and education?

Method
This meta-analysis followed the PRISMA statement 2020 (Page et al., 2021). The
study protocol was preregistered on the Open Science Framework on January 19, 2021

(https://osf.i0/evi5d).

Search Strategy

The flow diagram in Figure 1 summarizes the literature search. The search terms used
in the study were the following: music* AND cogni* AND (“executive function®*” OR
“working memory” OR “cognitive control” OR “cognitive flexibility” OR “attention*
control” OR “executive control” OR inhibit* OR shifting OR switching OR updating). A
systematic search was conducted using Scopus, Web of Science Core Collection, Medline,
and PsyclInfo to identify peer-reviewed articles, and ProQuest Dissertations and Theses to
identify grey literature. The databases were searched on February 8, 2021, and the search was
conducted again on March 17, 2021, to add new reports, which resulted in 2,093 references
after removing duplicates. An initial screening based on titles and abstracts was done, which
resulted in excluding 2,022 references that did not meet the inclusion and exclusion criteria.
The literature search and initial screening were completed by the first author (CBA). The

remaining 71 references were assessed by CBA for eligibility for inclusion by obtaining and
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inspecting full texts. In addition, forward citation chasing based on eligible papers was done

on April 25, 2021, which resulted in 152 additional references being inspected for eligibility.
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Figure 1

PRISMA Flowchart of Systematic Search and Study Selection
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Inclusion Criteria

We included published journal articles and unpublished undergraduate, master, and
PhD theses written in English that reported quantitative data of any associations (i.e., zero-
order correlations or comparisons of groups with high versus low levels of musical expertise)
between the measures of at least one executive function (i.e., inhibition, shifting,
updating/working memory) and musical expertise (e.g., musicality, musicianship level, years
of music training, duration of music playing, music perception skills). Furthermore, we
included only samples of healthy adults (at least 18 years old). Forty-seven of the 223 full
texts assessed met these criteria.
Coding

The information from all articles was extracted by the first author (CBA) and the
second author (ARKA), who independently used a pre-defined coding protocol to extract the
following information: (1) General study information (title, author, publication year, country
in which the research was done), (2) participants’ characteristics, (3) type of study
(correlational or group comparison), and (4) risk of bias. The complete coding protocol can

be accessed from the Open Science Framework (https://osf.io/8h6tc/). Effect sizes were

coded as Hedges’ g to account for small sample bias. Hedges' g was computed from means
and standard deviations and, where these were not available, converted from correlation
coefficients or other effect size approximations (e.g., r, t; Harrer et al., 2021). Only the data
from the full sample was coded for studies reporting effects for both a full and a subsample.
Risk of Bias Assessment

The risk of bias was assessed for all included studies using eight criteria adapted from
the Risk of Bias Assessment Tool for Nonrandomized Studies (RoBANS; Kim et al., 2013):
(1) Selection of participants, (2) confounding variables, (3) measures of exposure (cognitive

assessment), (4) measures of exposure (music assessment), (5) blinding of participants, (6)
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blinding of experimenters, (7) incomplete outcome data, and (8) selective outcome reporting.
Selection of participants referred to biases of selecting participants (e.g., musicians and non-
musicians were not selected from comparable populations). Confounding variables referred
to bias arising from the inadequate confirmation and consideration of confounding musical
expertise with other variables such as participants socio-economic background. Measures of
exposure referred to performance biases caused by inadequate measures for assessing
cognitive and musical expertise variables (e.g., data were obtained through self-reported
methods instead of performance-based tasks). Blinding of participants and experiments
referred to their awareness to the hypotheses of the study (e.g., were participants recruited
explicitly for a study investigating benefits of musical expertise). Incomplete outcome data
referred to how missing data were handled and reported. Selective outcome reporting referred
to omitting primary outcomes in the result section despite the study protocol.

Each study was independently rated by CBA and ARKA. Studies received -1 point for
a low risk of bias, +1 point for a high risk of bias, and 0 points for an unclear risk of bias.
Hence, high sum scores across all eight criteria reflect stronger risk of bias. Disagreements
among coders were resolved through discussion and through consultation of a third reviewer
(CvB).
Interrater Reliability

The interrater reliability was assessed for coding of the study type (i.e., comparison or
correlation) and risk of bias. Interrater reliability was acceptable for study type, k = 0.67. For
the risk of bias variables, k ranged from 0.04 (music assessment), to 0.23 (selection of
participants), 0.66 (incomplete outcome data) to 1 (selective outcome). Interrater reliability
could not be computed for cognitive assessment and blinding of experimenters because the
two raters were in perfect agreement, rating all studies as having low bias and unclear bias,

respectively. Interrater reliability could also not be computed for the two criteria confounding
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variables and blinding of participants, because one of the raters rated all studies the same.
Even though disagreements were resolved, the poor interrater reliability, especially for music
assessment and selection of participants, demands caution when interpreting the analysis
outcomes of influences of risk of bias.
Meta-Analytic Procedure
Primary Analysis

A three-level meta-analytic approach was used to account for statistical non-
independence between effect sizes (e.g., multiple tasks assessing the same outcome, multiple
groups of musicians being compared to one control group of non-musicians) and between-
study heterogeneity of effect sizes, providing estimates of the variance between (Level 3) and
within (Level 2) studies. The restricted maximum-likelihood estimator from the metafor
package was used (Version 3.4-0, Viechtbauer, 2010). Forest plots and funnel plots were
created using code provided by Fernandez-Castilla et al. (2020).
Moderator Analysis

We considered study type, the sum of the risk of bias score, music measure, task
paradigm, age, gender distribution, socioeconomic status, and years of education, as potential
moderators. We preregistered to analyse age and gender as potential moderators to explore
whether basic demographic variables impact any relations found, without specific theoretical
hypotheses. Each task paradigm was considered a separate category if at least 10 cases were
available; otherwise, the paradigm was categorized as ‘others’. The gender distribution was
counted based on the proportion of females to males.
Frequentist Inference

The homogeneity of effect sizes was evaluated with Q tests and complemented by
examining /> and 1°. Cochran’s Q is the difference between sampling error and between-study

heterogeneity. I” estimates the variance of the effect sizes not caused by sampling error, and
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t? reflects the variance of the true effect size, both between and within studies. We conducted
meta-regression omnibus Q tests for moderator analyses, complemented by subgroup
comparisons examining overlap in confidence intervals. To reduce the risk of underpowered
moderator analyses, we ran moderator analyses only for those categorical moderators where
at least 10 cases per moderator level were available for analysis (Deeks et al., 2019), as per
our pre-registered analysis plan.
Bayesian Inference

To evaluate the strength of evidence available in the included body of literature, we
computed Bayes factors (BF) for each study, the average effect size per outcome, and the
inclusion of moderators. We assumed medium effect sizes for the prior Cauchy distributions
(r = 0.5 for average effect sizes and categorical moderators; » = 0.3 for continuous
moderators). Furthermore, we conducted sensitivity analyses assuming small effect sizes (r =
0.2 for the average effect size and categorical moderators; r = 0.1 for continuous moderators)
and large effect sizes (r = 0.8 for the average effect size and categorical moderators; r = 0.5
for continuous moderators). For the prior distribution of the homogeneity parameter t, we
assumed an inversed Gamma distribution (o = 1.23, p = 0.16 and boundaries ranging from
0.01 to o). This prior was based on the heterogeneity observed in mean-difference effect
sizes reported in Psychological Bulletin between 1990 and 2013 (Van Erp et al., 2017). All
Bayesian analysis were computed using brms package (version 2.19.0; Biirkner, 2017,
2018)). BFs for each study were computed using BayesFactor package (version 0.9.12-4.4;
Morey & Rouder, 2015) and the BF against a null region of -co and 0 and marginal likelihood
between the alternative model and the null model for the three-level meta-analysis and
moderator analysis using bayestestR package (version 0.13.0; Makowski et al., 2019). BFs
are reported using Wetzels and Wagenmakers's (2012) categorical verbal labels as guidelines

to facilitate interpretation (see Table 1).
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Table 1

Categorical Verbal Labels for Guiding Interpretation of Bayes Factors

Bayes Factors
Strength of evidence

BFqo BFo

>100 <1/100 Decisive
30to 100 1/100 to 1/30 Very strong
10to30 1/30to 1/10  Strong

3to 10 1/10to 1/3 Substantial
1to3 1/3to 1 Ambiguous

1 1 No evidence

Note. BF1o = evidence in favor of the alternative hypothesis, BFo1 = evidence in favor of the
null hypothesis.
Publication Bias

We assessed publication bias with funnel plots and by conducting Egger's and Begg’s
and Mazumdar's tests. Egger's test aims to analyze the relationship between the standardized
effect estimates and the standard error to determine the possibility of publication bias using
linear regression (Egger et al., 1997). Begg’s and Mazumdar’s test determines whether there
is a statistically significant correlation between the effect estimates' ranks and the variances
of their values (Begg & Mazumdar, 1994). Both tests were conducted using the metafor
package (Version 3.4-0, Viechtbauer, 2010).

Results

Table 2 lists the methodological details and effect sizes of the included studies. Of the
47 studies included in the meta-analysis, 33 reported between-group comparisons (k = 124)
and 14 correlational associations (k = 111), from a total of 4651 participants (M age = 33.39

years, SD = 20.01 years). The correlational studies included in this systematic review
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investigated musicians only, combined the data of both musicians and non-musicians, or
investigated students and then asked for their musical experience to ensure the degree varied
from non-music players to highly experienced music players, which were sufficient to
include a spread of musical expertise, as expected for correlational analysis. Most of the
studies were conducted in North America (n = 29), followed by Europe (n =9) and Asia (n =
6). The remaining studies were conducted in South America (n = 2) and Australia (n = 1). As
the inclusion criteria were any healthy adults above 18 years old, the studies included 30
studies with young adults (e.g., D’Souza et al., 2018; Hou et al., 2014; Okada & Slevc, 2018;
Slevc et al., 2016), 10 studies with older adults (e.g., Grassi et al., 2017; Gray & Gow, 2020;
Hanna-Pladdy & Gajewski, 2012; Hanna-Pladdy & MacKay, 2011), and 7 studies did not
specify participants’ age (e.g., Anaya, 2013; Kempe et al., 2012; Porflitt & Rosas-Diaz, 2019;

Strait et al., 2010).
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Sample, Study Type, Demographics, Pooled Effect Size, and Strength of Evidence for Studies Included in the Review

2 [95% CI] BFio [Sensitivity]
Working Working
Author Study Type N Age Sex Education Inhibition Shifting memory Inhibition Shifting memory
0.41 [-0.22, 1.24 [1.44, 11.31[7.78,
Amer et al. (2013) Comparison 42 60.00 18.56 1.04] 0.87 [0.22, 1.52] 1.00] 11.60]
0.55 [-0.03, 0.49 [-0.09, 1/4.54 [1/2.32, 1/3.85 [1/2.00,
Anaya (2013) Correlation 48 56.25 16.20 1.13] 1.07] 1/7.14] 1/5.88]
0.88 [0.36, 0.34 [-0.15, 0.31[-0.18, 69.59 [41.76, 1.18[1.47,
Bialystok & DePape (2009) Comparison 71 24.23 1.40] 0.83] 0.80] 74.40] 1/1.10] 1.04 [1.34, 1/1.26]
0.64 [-0.07, 2.34[2.21,
Bianco et al. (2017) Comparison 36 29.10 13.89 16.00 1.35] 2.10]
0.20 [-0.35, 0.18 [-0.37, 1/1.59 [1/1.09, 1/1.67 [1/1.14,
Blumenthal (2013) Comparison 54 23.90 0.75] 0.73] 1/2.17] 1/2.32]
1.09 [-0.14, 1/1.82 [1/1.22,
Caldwell (2015) Correlation 12 20.80 2.32] 1/2.50]
-0.21 [-0.97, 1/2.94 [1/1.78,
Chang-Arana & Luck (2018) Comparison 29 27.42 0.55] 1/4.35]
0.00 [-0.67, -0.19 [-0.86, 0.37 [-0.32, 1/2.44 [1/1.51, 1/3.33 [1/1.89,
Clayton et al. (2016) Comparison 34 21.48 0.67] 0.48] 1.06] 1/3.33] 1/4.77] 1.00 [1.22, 1/1.26]
3.73 [3.08, >100 [>100, >100 [>100,
Criscuolo et al. (2019) Comparison 101  29.15 54.70 17.79 4.38] 2.33[1.84, 2.82] >100] >100]
0.33 [-0.11, 1.33 [1.66, >100 [>100,
D’Souza et al. (2018), comp. 1 Comparison 81 22.05 0.78] 0.9210.45, 1.39] 1.01] >100]
0.16 [-0.31, 0.30 [-0.17, 1/1.82 [1/1.18,
D’Souza et al. (2018), comp. 2 Comparison 72 22.00 0.63] 0.78] 1/2.56] 1.06 [1.38, 1/1.25]
-0.18 [-0.69, 0.12[-0.39, 0.01 [-0.50, 1/5.55 [1/2.63, 1/5.55[1/2.56, 1/5.26 [1/2.50,
der Nederlanden et al. (2020) Correlation 60 20.94 45.00 0.33] 0.63] 0.52] 1/8.33] 1/8.33] 1/8.33]
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Franklin et al. (2008)

Gagnon & Nicoladis (2021)

Grassi et al. (2017)

Gray & Gow (2020)

Hanna-Pladdy & Gajewski (2012)

Hanna-Pladdy & MacKay (2011)

Hansen et al. (2012)

Hou et al. (2014), comp. 1

Hou et al. (2014), comp. 2

Jain & Nataraja (2019)
Kempe et al. (2012)
Lee et al. (2007)

Lu & Greenwald (2016)

Mansens et al. (2018)

Meyer et al. (2020)

Moradzadeh et al. (2015), comp. 1

Comparison

Comparison

Comparison

Correlation

Comparison
Comparison

Correlation

Comparison

Comparison

Comparison
Correlation
Comparison
Correlation

Comparison

Comparison

Comparison

20

190

40

30

70

70

60

44

44

51

114

40

60

1101

72

81

21.60

19.60

72.47

69.20

68.63

70.00

21.10

20.77

20.37

33.28

22.00

22.62

74.35

20.14

22.05

51.52

30.00

50.00

43.33

54.70

53.84

0.00

50.00

90.00

26.25

3.60

12.62

15.90

17.07

13.27

15.62

0.36 [-0.37,
1.09]

-0.054 [-0.52,
0.42]

-0.41 [-1.02,
0.20]

0.50 [-0.11,
0.20]

0.00 [-0.37,
0.37]

0.43 [-0.10,
0.96]

0.40 [-0.33,
1.13]

0.03 [-0.44,
0.50]

0.58 [0.05,
1.11]

-0.05 [-0.65,
0.56]

0.35 [-0.26,
0.95]

1.00 [0.45,
1.55]

0.29 [-0.14,
0.73]
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0.95 [0.00, 1.89]
0.21 [-0.08,
0.51]

0.81[0.09, 1.54]

0.98 [0.22, 1.74]
0.23 [-0.24,
0.70]

0.43 [-0.08.
0.95]

0.08 [-0.43,
0.59]

0.20 [-0.41,
0.81]
0.89[0.25, 1.53]

0.56 [0.00, 1.13]

0.20 [-0.17,
0.57]

-0.08 [-0.70,
0.55]
1.32[0.74, 1.91]

0.24 [0.10, 0.38]

0.75[0.21, 1.28]

4.35[1/2.22,
1/6.67]

1/3.57 [1/1.96,
1/5.26]

1/5.00 [1/2.63,
1/7.69]

1.82[1.92,
1.53]

1/7.14 [1/3.12,
1/11.11]

1.78 [1.97,
1.44]

1.4.54 [1/2.27,
1/6.67]

1/2.86 [1/1.64,
1/4.17]

4.27 [3.85,
3.77]

1/2.86 [1/1.69,
1/4.17]

1.01 [1.25,
1/1.27]

>100 [84.84,
>100]

1.08 [1.42,
1/1.25]

3.23[2.59, 3.23]

1.03 [1.55, 1.39]

7.35 [5.46,7.27]

1/2.63 [1.51,
1/4.00]

1/1.35 [1.05,
1/1.85]

1.82[2.01, 1.48]
1/5.00 [1/2.44,
1/7.69]

1/1.56 [1/1.10,
1/2.13]

14.70 [9.75,
15.32]

3.00[2.85, 2.61]

1/6.25 [1/2.94,
1/10.00]

1/2.94 [1/1.75,
1/4.17]

1/3.57 [1/1.85,
1/5.55]

56.56 [76.96,
39.77]

14.00 [10.06,
13.72]
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Moradzadeh et al. (2015), comp. 2 Comparison

Moser (2003)
Moussard et al. (2016)

Okada (2018)

Okada & Slevc (2018)
Parbery-Clark et al. (2011)
Porflitt & Rosas (2020)
Porflitt & Rosas-Diaz (2019)
Posedel et al. (2011)
Ramachandra et al. (2012)
Schroeder et al. (2016)

Slater et al. (2017)

Slevc et al. (2016)
Strait et al. (2010)
Strong & Mast (2019)

Strong & Midden (2020)

Comparison
Comparison

Correlation

Correlation
Comparison
Correlation
Comparison
Correlation
Comparison
Comparison

Comparison

Correlation
Comparison
Comparison

Comparison

72

276

34

165

150

37

70

141

45

60

107

60

93

33

58

46

22.00

69.55

19.86

19.26

54.50

30.50

18.80

19.45

22.55

23.50

20.84

73.13

73.30

52.94 16.45

60.00

32.90

40.00

75.78

0.00

49.69 16.10

5291

3.71[2.59,
4.83]

0.28 [-0.04;
0.60]

0.82 [0.34,
1.31]

0.54 [0.15,
0.92]

0.28 [-0.11,
0.67]

1.12 [0.55,
1.69]

-0.07 [-0.48,
0.34]

0.23 [-0.40,
0.86]

0.48 [0.01,
0.96]

1.65 [1.38,
1.92]

-0.20 [-0.51,
0.11]

0.36 [-0.11,
0.83]

0.32 [-0.05,
0.69]

-0.22 [-0.63,
0.19]

0.55 [-0.08,
1.18]
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0.24 [-0.07,
0.55]

>100 [>100,
>100]

1/7.14 [1/3.12,

0.55[0.22, 0.89] 1/11.11]

0.82[0.14, 1.49]

1/4.00 [1/2.00,

1.06 [0.56, 1.57] 1/6.25]

13.53[11.43,

0.88[0.49, 1.27] 11.88]

0.48 [-0.12,
1.08]

0.71 [0.20, 1.23]

1.16 [1.55,
1/1.18]

>100 [>100,
>100]

1/6.67 [1/2.94,

1.19 [0.74, 1.64] 1/10.00]

0.24 [0.93, 0.45]

0.17 [0.46, 0.80]

0.29 [0.34, 0.92]

3.19 [3.20,
2.67]

>100 [>100,
>100]

1/8.33 [1/3.70,
1/14.28]

1/4.76 [1/2.32,
1/7.69]

1.61[2.02,
1.22]

1/6.67 [1/3.12,
1/11.11]

2.14 [2.14,
1.84]

1/1.45 [1/1.05,
1.92]

1/7.69 [1/3.70,
1/12.50]

1/6.25 [1/2.86,
1/10.00]

>100 [62.34,
>100]

1/3.85 [1/1.92,
1/6.25]

>100 [>100,
>100]

1/3.85 [1/1.96,
1/5.88]

12.11 [8.96,
11.68]

1/4.17 [1/2.00,
1/6.25]

1/3.45 [1/1.96,
1/5.00]

1/1.69 [1/1.17,
1/2.32]

1/1.23 [1.06,
1/1.61]
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Suadrez et al. (2016) Comparison 54 22.59 80.00 15.09 0.62 [0.07, 1.17] 4.69 [4.06, 4.25]
0.51 [-0.16, 1/3.45 [1/1.82,
Talamini et al. (2016) Correlation 36 22.67 61.11 15.80 1.18] 1/5.26]
0.15 [-0.48, 1/1.82 [1/1.22, 65.04 [35.20,
Vasuki et al. (2016) Comparison 40 74.75 0.78] 1.16 [0.49, 1.83] 1/2.44] 76.23]
1/7.14 [1/3.22,
Vuvan et al. (2020) Correlation 242 20.64 68.18 0.79 [0.53, 1.05] 1/11.11]
0.21 [-0.25, 1/1.41 [1.03,
Weiss et al. (2014) Comparison 75 23.35 64.18 0.68] 1/1.96]
0.35 [-0.38, 0.56 [-0.18, 1/1.09 [1.14, 1.63[1/1.64], 22.79[13.12,
Zuk et al. (2014) Comparison 30 40.00 1.08] 1.30] 1.19 [0.41, 1.97] 1/1.39] 1.40] 26.25]

Note. Age (years), sex (percentage of female participants relative to male participants), and education (years) scores are given in means. Bayes
factors from sensitivity analyses for small-effect priors (d = 0.20) and large-effect priors (d = 0.80) are provided in angular brackets. BFio =

Bayes factor in favor of the alternative hypothesis; comp = comparison.
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Three-Level Meta-Analysis
Influential Cases

We conducted outlier analyses to identify influential cases both across all executive
function factors and for each factor of executive functions (see Supplementary Material for
statistics and plots). Following Viechtbauer and Cheung's (2010) recommendation, for each
study, we inspected the confidence interval not overlapping with the average confidence
interval of the pooled effect and with a fit difference (DFFITS) above 0.4 SDs, Cook’s
distance above 0.15, and covariance ratio below 1. We flagged studies that fit those criteria,
which resulted in removing the same two influential cases for executive functions and
inhibition, and one influential case each for shifting and working memory. Here, we report
the results without influential cases. Appendix A summarizes the results including those
influential cases.
Musical Expertise and Executive Functions

First, we ran an omnibus three-level meta-analytic model across all three executive
functions, with executive function factor (inhibition, shifting, and working memory) as
moderator, thereby testing whether the association between musical expertise and executive
functions depended on the specific executive functions factor assessed. We found a
significant association supported by decisive evidence, g = 0.43, 95% CI [0.34, 0.53], p <
.001, BF;o > 100. The heterogeneity was significant, Q(df = 231) = 805.34, p < .001, with an
estimated true between-study variance of 73,,; 3 = 0.05, and an estimated true within-study
variance of Tj,; = 0.11. The proportion of variability from true heterogeneity relative to
the sampling error was small for between-study variance, IZ,,; 3 = 22.09%, and larger for
within-study variance, I2,,; , = 51.41%. The average association was significantly moderated
by executive functions factor, F(2, 229) = 4.88, p = .008. Although the Bayesian evidence for

the presence of this moderation effect was only ambiguous, BF10 = 1.39, these results
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tentatively indicate potential differences in the strength of associations between musical
expertise and single executive functions factors. Indeed, the association between musical
expertise and working memory was significantly stronger (p = .015) than for the other
executive functions.

Next, we ran separate meta-analyses for each executive functions factor despite the
ambiguous evidence of the executive functions as the moderator because, theoretically, it was
in line with the unity framework of executive functions model (Friedman & Miyake, 2017;
Miyake et al., 2000; Miyake & Friedman, 2012). Table 3 summarizes the results. The three-
level meta-analytic model for inhibition revealed a small but significant effect size supported
by decisive evidence, g = 0.31, 95% CI [.16, .46], p < 0.001, BFio > 100. Figure 2 shows a
forest plot of pooled effect sizes for the association between musical expertise and inhibition.
There was significant heterogeneity in the effect sizes, Q(df = 60) = 182.09, p < .001, with an
estimated true between-study variance 72, 3 = 0.06, and an estimated true within-study
variance of T5,,; , = 0.08. The proportion of variability from true heterogeneity relative to
the sampling error was substantial for between-study variance, I2,,; 3= 27.63%, but bigger
for within-study variance, I2,,; , = 40.51%.

Table 3

Average Effect Sizes for the Relation between Musical Expertise and Executive Functions

P 72

Factors n k g 95% CI  BFjo [Sensitivity] Level 2 Level3 Level2 Level3

Inhibition 15/7 39/22 0.31 [0.16 - 0.46] >100 [>100, >100] 40.51% 27.63% 0.06 0.08

[0.07 — >100 [73.99,
Shifting 12/5 31/13 0.22 0.38] >100] 0.77%  48.80% <0.01 0.06
Working [0.37 -

memory 24/14 50/76 0.49 0.61] >100 [>100, >100] 55.08% 20.98% 0.12 0.05
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Note. All effect sizes were significant at p < .001. Bayes factors from sensitivity analyses for
small-effect priors (d = 0.20) and large-effect priors (d = 0.80) are provided in angular
brackets. Level 2 refers to the within-study level, level 3 to the between-study level. n =
Number of studies (comparisons/correlations); kK = Number of effect sizes
(comparisons/correlations); CI = Confidence interval; BFio = Bayes factor in favor of the

alternative hypothesis.
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Figure 2

Multilevel Meta-Analysis of Musical Expertise and Inhibition
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Note. Effect sizes are weighted averages and can include multiple effect sizes J. Black error
bars represent 95% confidence intervals of the weighted averages. Gray error bars reflect the
sampling variance of individual observed effect sizes of each study. The thickness of the gray
error bars is proportional to the number of effect sizes within individual studies.

Musical expertise was also significantly related to the shifting factor (see Figure 3),
with a small effect size supported by decisive Bayesian evidence, g = 0.22, 95% CI [0.07,
0.38], p =.004, BF1o > 100. The heterogeneity was significant, Q(df = 43) = 82.07, p < .001,

leevel 3 = 0.06, leevel 2 <0.01, Ilzevel 3 =48.830%, Ilzevel 2 =0.77%.
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Figure 3

Multilevel Meta-Analysis of Musical Expertise and Shifting
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Note. Effect sizes are weighted averages and can include multiple effect sizes J. Black error
bars represent 95% confidence intervals of the weighted averages. Gray error bars reflect the
sampling variance of individual observed effect sizes of each study. The thickness of the gray
error bars is proportional to the number of effect sizes within individual studies.

Finally, we also found a significant medium association between musical expertise
and working memory (see Figure 4), supported by decisive evidence, g = 0.49, 95% CI [0.38,
0.61], p <.001, BF > 100. Like for inhibition and shifting, the heterogeneity between effect
sizes was significant for working memory, Q(df = 125) = 426.82, p < .001, t3,,; 3 = 0.05,

Thper2 = 012, [Zyer 3= 21.16%, 12 g, 5 = 54.49%.
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Figure 4

Multilevel Meta-Analysis of Musical Expertise and Working Memory
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Risk of Bias Assessment

Figure 5 displays the results of the risk of bias ratings. The highest risk of bias was
found for music assessment, with 41 studies (87.2%) being rated as having a high risk of bias
because these studies relied only on self-report musical expertise measures, for example by
asking participants’ years of music training. For the remaining studies, the risk of bias for
music assessment was rated as unclear because self-report and objective measures of musical
expertise (e.g., both a self-report questionnaire and melodic testing) were combined into a
composite score measuring musical ability. The risk of bias from blinding of both participants
and experimenters (i.e., whether they were informed about the hypotheses of the studies prior
to data collection) was rated to be largely unclear, because most studies did not explicitly
describe their blinding procedures. The risk of bias was considered low for all other criteria
(i.e., selection of participants, confounding variables, cognitive measures, incomplete

outcome, and selective outcome).
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Figure 5
Risk of Bias Ratings
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Moderator Analyses

Table 4 lists the results of the moderator analyses in regard to study type
(correlational vs. comparison studies), study risk of bias, measure (self-report questionnaire
or performance-based task) to assess musical expertise (music measures), cognitive task used
to assess executive functions (paradigm), the modalities (i.e, auditory, verbal, or visual) of the
cognitive task (modality), and participant characteristics (age, gender distribution, and
education). Different to our pre-registered plans, no moderator analyses could be conducted
for socioeconomic status, because many studies did not report any relevant data, and the
remaining studies greatly varied in the scales used, rendering them incomparable. For
example, studies used the Hollingshead Four-Factor Index (Criscuolo et al., 2019),
MacArthur Scale of Subjective Social Status (Okada, 2018; Okada & Slevc, 2018), and
mother’s education (Blumenthal, 2013; Moradzadeh et al., 2015). Nonetheless, none of the
previous studies showed differences between musicians' and non-musicians socioeconomic
status (Blumenthal, 2013; Criscuolo et al., 2019; D’Souza & Wiseheart, 2018; Moradzadeh et
al., 2015) or did not find an effect on the relationship between musical expertise and
executive functions (Okada, 2018; Okada & Slevc, 2018; Slevc et al., 2016; Suarez et al.,
2016). In addition, no moderator analysis was run for years of education on the association
between musical expertise and shifting, because less than 10 studies reported the relevant
data. We also refrained from testing paradigm as a moderator across all executive functions,
as the paradigm used is inherently confounded with the executive functions factor assessed
(e.g., a Stroop task assesses always only inhibition but not shifting or working memory).

Only modality significantly affected the association between musical expertise and
executive functions across all three factors, F(2, 218) = 3.27, p = .040, with significantly
larger effect sizes for tasks with auditory stimuli than verbal and visual stimuli, = .43, p <

.001. However, the evidence for modality as a moderator was ambiguous, BFio = 1/2.76.
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None of the other moderators significantly affected the association between musical expertise
and executive functions across all three factors, with these null associations being supported
by at least substantial evidence. The association between musical expertise and inhibition
specifically was moderated only by risk of bias, F(1, 59) = 16.80, p <.001, BF9 = 6.65, with
larger effect sizes of studies with higher risk of bias scores (see Figure 6). For shifting, we
found a significant moderation effect of study type, F(1, 42) = 5.50, p = .024, with smaller
effect sizes for correlational than between-group comparison studies, = -.32, p =.023;
however, the evidence for this moderation effect was only ambiguous, BFo = 2.38.
Moreover, we found a significant moderation effect of music measure on shifting, F(2, 41) =
3.31, p = .046, yet only supported by ambiguous evidence, BFio = 1.15. Furthermore, we
found that a significant moderating effect of gender distribution, F(1, 19) = 6.46, p = .020,
suggesting that the more female participants in the study the smaller the effect size. However,
this effect was not supported by the Bayesian evidence, which indeed instead favored the null
hypothesis, BFio = 1/4.09. Finally, the association between musical expertise and working
memory was also significantly moderated by music measure, F(2, 123) =3.76, p = .026, with
however ambiguous the evidence for the presence of this effect, BFio = 2.80. Furthermore,
the paradigm used also emerged as a significant moderator, F(2, 123) = 3.76, p = .026, but,
again, the evidence for this effect was only ambiguous, BFio = 1/1.28. Heterogeneity in effect

sizes was still significant for all tested moderators, Q(<124) = < 435.54, all ps < .001.
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Table 4

Effects of Moderators on the Relationship between Musical Expertise and Executive

Functions
Moderator k F DF 4 BFo [sensitivity]
Executive Functions
Study type 232 0.01 1,230 .905 1/6.46 [1/2.94, 1/10.15]
Risk of bias 232 1.18 1,230 278 1/3.07 [1/1.49, 1/5.05]
Music measure 232 0.40 2,229 .673 1/22.73 [1/5.29, 1/55.55]
Modality 221 3.27 2,218 .040 1/2.76 [1.44, 1/6.53]
Age 206 0.02 1,204 .897 <1/100 [1/47.32, <1/100]
Gender distribution 146 <0.01 1,144 946 <1/100 [1/40. <1/100]
Education 74 0.63 1,72 431 1/9.43 [1/3.43, 1/15.12]
Inhibition
Study type 61 0.46 1,59 499 1/3.41 [1/1.85, 1/5.16]
Risk of bias 61 16.80 1,59 <.001 6.65 [6.56, 4.99]
Music measure 61 1.12 2,58 .333 1/3.73 [1/1.64, 1/7.19]
Paradigm 61 1.82 1,59 .183 1/2.58 [1/1.41, 1/3.85]
Modality 61 1.92 2,58 155 1/4.38 [1/2.06, 1/7.94]
Age 49 0.03 1,47 .860 1/59.13 [1/20.07, 1/99.21]
Gender distribution 34 3.92 1,32 .056 1/9.59 [1/3.16, 1/16.14]
Education 15 0.22 1,13 .649 1/3.23 [1/1.66, 1/5.03]
Shifting
Study type 44 5.50 1,42 .024 2.38 [2.75, 1.79]
Risk of bias 44 0.31 1,42 .583 1/3.42 [1/1.67, 1/5.47]
Music measure 44 3.31 2,41 .046 1.15[2.07, 1/1.62]
Paradigm 44 0.97 2,41 387 1/8.55 [1/2.78, 1/18.22]
Modality 44 1.18 2,41 317 1/7.19 [1/3.42, 1/12.19]
Age 41 0.70 1, 39 410 1/69.73 [1/22.49, <1/100]
Gender distribution 21 6.46 1,19 .020 1/4.09 [1/1.41, 1/6.80]
Working Memory
Study type 126  0.19 1,124  .659 1/5.55 [1/2.66, 1/8.36]
Risk of bias 126  0.07 1,124 796 1/4.48 [1/1.98, 1/7.00]
Music measure 126  4.72 2,123 011 2.80[6.19, 1.34]
Paradigm 126  3.76 2,123 .026 1/1.28 [1.40, 1/2.40]

Modality 115 191 2,112 153 1/5.02 [1/1.93, 1/10.10]
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Age 116 <0.01 1,114 .988 <1/100 [1/39.68, <1/100]
Gender distribution 91 1.01 1,89 316 1/56.94 [1/19.38, 1/93.72]
Education 52 0.22 1, 50 .643 1/9.91 [1/3.67, 1/16.30]

Note. Age and education are given in years. Risk of bias is the total sum score of risk of bias
scores. DF = degrees of freedom; BF19 = Bayes factor in favor of the alternative hypothesis.
Figure 6

Risk of Bias as Moderator of the Association between Musical Expertise and Executive

Functions
Inhibition Shifting Working Memory

3 31 31
2 2 2

L]

[}

n 1 11 11

B

]

=

L //
0 01 0
1 -1 11

i
(Sl
'

£ oA

4 3 2 - 4 3 2 - 4 3 2 -

Risk of Bias Risk of Bias Risk of Bias

i
oA

Note. Scatterplots relating pooled effect sizes of the association between musical expertise
and each factor of executive functions with the summed risk of bias scores for each study.
Publication Bias

Funnel plots relating standard errors and effect sizes estimates for each study were

inspected for each factor of executive functions (see Figure 7). Asymmetries were not
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apparent for inhibition. However, five working memory studies (Caldwell, 2015; Franklin et
al., 2008; Grassi et al., 2017; Strong & Midden, 2020; Zuk et al., 2014) and one shifting study
(Zuk et al., 2014) had high standard errors (SE > 0.4), potentially due to small study sample
sizes. To test the funnel plot asymmetry quantitatively, we conducted Egger’s test and Begg’s
and Mazumdar’s tests with a multilevel approach. Egger’s test regressions were not
significant for inhibition, p =.394, BFo = 0.89, but were significant for shifting (p = .006,
BFi0 = 1.59) and working memory (p = .001, BFio = 6.28). Begg and Mazumdar’s
correlations between the ranks of effect sizes and their variance were non-significant for
inhibition, Kendall’s T = .04, p = .623, and shifting, Kendall’s T= .21, p = .050 but for
working memory, Kendall’s t = .27, p <.001. Taken together, this indicates a potential bias
arising from studies with small sample sizes on shifting and inhibition.

Figure 7

Funnel Plots of Effect Sizes of the Association between Musical Expertise and Executive
Functions

Inhibition Shifting Working Memory

| 0.00] *
>,
: p¥y
. AR

o
o
o
o

=
—

0.251

(]
-
o
i

0.501

—
w

0.751

o
w
|

Meta-analytic standard error
o
¢
Meta-analytic standard error

o
N

Meta-analytic standard error

B M . 1 .00- M
1 0 1 2 o 1 2 21012 3
Study mean effect Study mean effect Study mean effect

o
I
o
o

I L
—

Note. Study funnel plots where the size of the dots is proportional to the number of effect

sizes included in the studies. The dotted vertical line represents the reference line at zero. The
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solid vertical line represents the overall effect size. The tilted lines represent the 95%
confidence interval.
Discussion

This preregistered systematic review and meta-analysis examined the relationship
between musical expertise and executive functions in adults. The present three-level meta-
analysis synthesizing 47 between-group comparisons and correlational studies, and
considering Bayesian inference, is the most comprehensive meta-analysis to date. We found
that musical expertise was significantly related to executive functions overall (g = 0.43) and
all three factors of executive functions, with the significantly largest average association for
working memory (g = 0.49), followed by inhibition (g = 0.31) and shifting (g = 0.22).
Evidence for these associations was decisive for executive functions overall and across all
three factors (BFio> 100). The moderator analyses we conducted revealed mostly non-
significant (age and education) or ambiguous effects (gender distribution, study type, music
measure, and paradigm). The only exception was that a larger risk of bias increased the
relationship between musical expertise and inhibition, which was supported by substantial
evidence (BFio > 6).

Hence, overall, the present findings are in line with previous meta-analyses
(Hernédndez et al., 2020; Roman-Caballero et al., 2022), showing associations between
musical expertise and executive functions. However, those meta-analyses only included
studies comparing extreme groups (i.e., musicians and non-musicians), while the current
study included both comparison and correlational studies increasing the robustness of the
results of the present meta-analysis. Moreover, going beyond previous meta-analyses, we
systematically distinguished between inhibition, shifting, and working memory, enabling us

to determine that the association is particularly strong for working memory. The large effect
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sizes found in previous meta-analyses can therefore likely be attributed to associations with
working memory.
Unity and Diversity of Executive Functions in Musical Expertise?

Although none of the studies directly modeled executive functions in the
unity/diversity framework (Friedman & Miyake, 2017; Miyake et al., 2000; Miyake &
Friedman, 2012), our analyses provide some pointers to the theoretical roots of the
associations found. Musical expertise was associated with all three executive functions, with
only ambiguous evidence for a moderator effect of the specific executive function assessed,
which suggests that musical expertise may primarily tap the unity between executive
functions. Hence, theoretically, associations observed may be due to a functional overlap in
the maintenance of task goals and goal-related information. Previous studies have argued that
musicians need to maintain the goals of many activities while making music, such as reading
music sheets, pressing the right keys on the instruments, listening to oneself and other
players, and adjusting for pitch, tempo, and volume (Frischen et al., 2019; Okada & Slevc,
2020).

Although the evidence for the moderation effect was ambiguous, the relatively
stronger association with working memory suggests that musical expertise may also reflect
working memory-specific aspects of executive functions. Hence, musical expertise and
executive functions may functionally overlap in demanding the short-term storage,
processing, and updating of information. Consistent with this notion, previous research
showed that musicians update information in their working memory to sight-read new music
(Okada & Slevc, 2020). For example, pianists who were asked to sight-read five pieces of
music found that professional pianists can keep more notes in working memory before

playing it compared to amateur pianists (Furneaux & Land, 1999). Similarly, Meinz and
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Hambrick’s (2010) found a significant positive association between sight-reading
performance and working memory capacity.

Another, not mutually exclusive, possible reason for the relationship between musical
expertise and working memory may be overlapping third cognitive processes. For example,
musicians have been shown to have better auditory processing skills (Wang, 2022) such as
the ability to discriminate between two auditory stimuli. Recent findings have shown a
positive association between auditory discrimination ability and working memory capacity
(Tsukahara et al., 2020). This suggests that the relationship with musical expertise may not be
a direct relationship but could be mediated by auditory discrimination ability, a hypothesis
warranting further investigation (see Aryanto, 2024).

While working memory exhibited the highest effect size, inhibition and shifting were
also significantly related to musical expertise. These executive functions factors are vital for
musicians to coordinate their performance with others, adapt to changes in the musical
structure, and maintain focus throughout a piece. Inhibition is essential for controlling a
musician's performance, ensuring that music is played with the correct rhythm and tempo
(Okada & Slevc, 2020). Study on percussionists showed that rhythmic expertise mediated the
relationship between drum playing and inhibition (Slater et al., 2018). Shifting, on the other
hand, is crucial for switching between different auditory streams where musicians must
continuously adjust their contributions to the overall performance and transition between
various musical parts when performing in an ensemble (Okada & Slevc, 2020). Indeed,
previous studies reported quicker reaction times in musicians relative to non-musicians when
they switched between different rules within a task using verbal stimuli (Hao et al., 2023) and
also within musician groups as musical expertise develops when using music stimuli (Slama

et al., 2017).
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Impact of Methodological and Publication Biases on the Association between Musical
Expertise and Executive Functions

Analyses of the risk of bias and publication bias in our meta-analysis highlighted
several methodological issues in existing research. Notably, increased risk of bias was
significantly associated with larger effect sizes of the association between musical expertise
and inhibition, suggesting that biases may contribute to inflating meta-analytic effect sizes.
The highest risk of bias was identified for the assessment of musical expertise. Specifically,
most studies included in the current meta-analysis assessed musical expertise with self-report
questionnaires, thereby relying exclusively on participants’ memory and perception of their
own musical expertise ability. Moreover, these self-reports are often used as sole reference
for dichotomizing participants into groups of musicians and non-musicians. To aggravate
these issues further, the group-comparison studies reviewed here often also applied different
criteria for musicianship. One study, for example, considered musicians as people with
formal music training before the age of 10 and at least nine years of music training (Franklin
et al., 2008), whereas another study classified people as musicians if they had formal private
music lessons for at least a year (Strong & Midden, 2020). This illustrates the arbitrariness
and variability of the criteria used for classifying people as musicians or non-musicians,
rendering between-group comparisons less robust and hard to interpret.

While we found no unambiguous evidence for a moderating effect of study type, only
coarse categorization based on questionnaires likely increases measurement noise and, thus,
may have contributed to the heterogeneity between studies. To further clarify the relation
between musical expertise and executive functions, or other cognitive abilities, objective
measures can assess musical expertise more precisely and on a continuous spectrum. Self-
report measures were significantly more strongly related to shifting and working memory

than objective measures and musical sophistication; however, all of these effects were
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supported by ambiguous evidence only. Objective measures such as the beat alignment
(Harrison & Miillensiefen, 2018) or the melodic discrimination test (Harrison et al., 2017)
have been shown to be significantly related to years of music training (Okada, 2018),
duration of music rehearsal (Mosing et al., 2014), duration of music lessons (Swaminathan et
al., 2021), and musical sophistication (Correia et al., 2022). Therefore, although the
moderating effect of music measures showed ambiguous evidence, complementing the
assessment of musical expertise with objective measures in addition to self-report
questionnaires can enhance our understanding of the relationship between musical expertise
and executive functions.

The analysis of publication bias suggested a potential small-sample bias on the
relationship between musical expertise, shifting, and working memory. Further exploration of
the studies with high standard error showed that all of those studies were comparison studies
with less than 30 participants in each group. Even for a true medium effect, the theoretical
power for this sample size is only about 50%. Low statistical power can not only lead to
false-negative findings but also false-positives (Button et al., 2013) and inflated effect sizes
(Halsey et al., 2015), further aggravating the methodological and statistical concerns
associated with group comparisons derived from artificial dichotomization of musical
expertise measures (MacCallum et al., 2002; McClelland et al., 2015; Preacher et al., 2005).
Thus, future studies should instead consider operationalizing musical expertise as a
continuous variable and follow sample size recommendations for assessing robust and stable
correlations (e.g., Schonbrodt & Perugini, 2013).

Methodological Recommendations for Future Research

Taken together, future research investigating the relationship between musical

expertise and cognitive abilities should consider correlational study designs with sufficient

numbers of participants to ensure adequate statistical power and stable estimates of any
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associations. Furthermore, future research may benefit from complementing self-report
assessments of the experience of musical expertise by objective, performance-based measures
of musical expertise. Preregistering research and reporting the results transparently would
further decrease the risk of biases.

Limitations

One limitation pertaining to the coding of risk of bias was the low interrater reliability
for music assessment and selection of participants. The low interrater reliability for music
assessment was due to initial differences in interpreting the criterion as to whether it related
to the assessment of musical expertise (self-report vs. objective instruments) or to the study
design (correlational vs. group-comparison designs). After discussion, the raters agreed to
interpret the criterion based on the assessment of musical expertise rather than the study
design, yielding perfect agreement. The low interrater reliability of coding the risk of bias
arising from selection of participants was due to disagreement for only 3 out of 47 studies.
The overall reliability of a measurement or assessment is influenced not only by the quantity
of disagreements, but also by the proportion of agreements in comparison to the total number
of cases. When the number of raters is relatively small (i.e., two raters), Cohen's Kappa can
be sensitive to minor shifts in agreement. Critically, all initial disagreements were resolved
by discussion prior to any analysis.

Another limitation of our risk of bias analysis is the difficulty in uniformly assessing
the quality of participant recruitment and the definition of musicianship across studies. While
we adapted the ROBANS risk of bias criteria (Kim et al., 2013) and evaluated factors such as
the presence of music perception tests, a more robust approach would be to focus on the
specificity and transparency of recruitment criteria. Future meta-analyses and systematic
reviews on musical expertise should consider developing a more granular risk of bias

criterion that specifically evaluates whether studies provide sufficient detail on participant
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inclusion (e.g., years of formal music training, current music making status, music
conservatory or university students) to ensure the validity of their musician and non-musician
groups. This would help standardize the definition of musical expertise and improve the
comparability of findings across different studies.

A further limitation is that we were unable to include socioeconomic status as a
moderator. Socioeconomic status correlates with executive functions, especially in children
(Blakey et al., 2020; Cuartas et al., 2022) and it is plausible that being from a more
advantaged background affords greater access and opportunities to play music. However, the
studies included in the review varied strongly in how they measured socioeconomic status,
both in terms of their scales and scores but also in how they may influence both cognition and
music playing. For example, parental education may shape cultural beliefs and practices
whereas household income would influence the ability to partake in musical activities
because of the costs associated with doing so. Finally, some measures of socioeconomic
status are highly country specific. This makes drawing comparisons between studies, and
furthermore, any conclusions related to the influence of socioeconomic status difficult. To
address this limitation, future research could include measures of socioeconomic status that
can be compared across contexts, such as income-to-needs-ratio or the MacArthur Scale of
Subjective Social Status (Adler et al., 2000).

Conclusions

This pre-registered systematic review and meta-analysis confirmed that musical
expertise is positively associated with performance in tasks testing executive functions. This
association was strongest for working memory, followed by inhibition and then shifting, and
supported by decisive Bayesian evidence. The moderator analyses suggested that these
associations may be affected by risks of methodological biases (for inhibition) and small

participant samples (for shifting and working memory). Therefore, methodological
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recommendations include using objective assessments of musical expertise in larger,
correlational samples. Furthermore, this review suggests exciting avenues for further research
to explore the mechanisms underpinning the relation between musical expertise and

executive functions, in particular working memory.
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