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ABSTRACT

Expert performance is associated with practice, partly because of causal effects of practice on skill (i.e., learning). However, the practice-expertise
association is also influenced by a complex interplay between genes and environment including partly overlapping genetic influences. The
importance of cognitive ability in the practice-expertise association is less well understood. Therefore, we first examined whether genetic predis-
position for cognitive performance, operationalized as a polygenic score, is associated with music practice and expertise. Next, we tested whether
there is evidence for gene x environment interaction, i.e., whether effects of practice on expertise differ depending on an individual’s genetic
predisposition for cognitive performance. Polygenic scores for cognitive performance (PGScp) and multi-trait cognitive performances, including
educational attainment and mathematical performances (PGScps) were calculated for approximately 3800 genotyped Swedish individuals with
information available on their cumulative amount of music practice, musical achievement, and musical auditory discrimination. We found that
higher PGScp and PGScps were associated with higher levels of achievement, musical auditory discrimination, and more practice, although the
association with practice weakened when controlling for education. Music practice was linked to both expertise outcomes, and the effect sizes of
these associations varied depending on an individual’s PGScp and PGScps (with the exception of PGScp for musical auditory discrimination). These
results suggest genetic pleiotropy between cognitive performance and musical expertise. Additionally, they reveal the presence of G x E interaction
in skill acquisition, as effects of practice on musical expertise are stronger for individuals with a higher genetic predisposition for cognitive
performance.

1. Introduction

Historically, research in expertise had a strong focus on how skilled performance is shaped by long-term practice. In influential
early work, Ericsson and co-workers focused specifically on the impact of what they called deliberate practice, i.e., explicit, effortful,
goal-directed activities designed to improve performance, and which may include guidance from a teacher [1,2]. While this research
programme has provided ample evidence that goal-directed practice can lead to dramatic performance improvements, later work has
demonstrated that the acquisition of expertise is a complex process which depends on numerous variables, apart from practice, such as
physical traits or personality [3]. Furthermore, the benefits of practice vary from person to person, with some people learning much
from a few hours of practice, and others making slower progress [4,5]. As a consequence, experts at comparable levels of skill and
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achievement show large variation on measures of cumulative practice [6,7].

One reason for this variation is that individual differences in expert performance, just as in essentially all human traits, are the
result of environmental and genetic influences and their interplay. Our knowledge of gene-environment interplay underlying expertise
is mainly based on twin research in the music domain. One of the more important findings from these twin studies is that not only
musical expertise, but also music practice in itself, which traditionally has been regarded as an environmental influence, is influenced
by genetic factors, with an estimated heritability of 41-69 % [8]. Additionally, the relation between music practice and at least some
aspects of musical expertise, such as the ability to discriminate between different melodies, pitches or rhythms, is strongly influenced
by familial (genetic and rearing environmental) factors [8]. Another notable finding is that the relationship between music practice
and general cognitive ability — traditionally interpreted as far transfer effects on intelligence — could in fact be entirely explained by
shared genetic factors, so-called genetic pleiotropy [9]. Similarly, pleiotropy plays a major role for the association between musical
auditory discrimination and cognitive ability [10].

General cognitive ability, sometimes referred to as general intelligence, is the capacity to ‘reason, plan, solve problems, think
abstractly, comprehend complex ideas, learn quickly, and learn from experience’ [11] and is relatively strongly influenced by genetic
factors with heritability estimates based on twin studies ranging between 40 and 70 % [12,13]. Previous research suggests that the
relationship between cognitive ability, music practice, and musical expertise is intricate, with higher cognitive ability being associated
with larger practice effects. In other words, on the phenotypic level there is a positive interaction between music practice and cognitive
ability on musical auditory discrimination and achievement [6]. One reason for this could be that general cognitive ability involves
cognitive mechanisms that are important for efficient musical practice, e.g., working memory, attention, and sensory discrimination
[3]. It remains unknown whether this interaction effect between cognitive ability and practice involves an interaction between genes
and the environment (G x E interaction).

Genome-wide association studies (GWASs) offer the opportunity to investigate which genetic variants are associated with a trait of
interest. The estimated effect sizes of the genetic variants identified in the GWAS can subsequently be used as weights to calculate a so-
called polygenic score (PGS) for an individual. The resulting PGS then is a quantitative measure of an individual’s genetic susceptibility
for the respective trait studied in the GWAS [14]. Here, we used the PGS approach to investigate whether G x E interaction plays a role
in the relations between practice, cognitive ability and expertise in a large cohort of genotyped participants. We used PGSs for (1)
cognitive performance (PGScp) and (2) a joint multi-trait measure of cognitive performances, also including educational attainment,
highest mathematical school performance and self-rated mathematical ability (PGScps) [15]. After confirming that both PGSs
significantly predict cognitive ability, we tested whether PGScp and PGScps are associated with cumulative amount of music practice.
This would suggest genetic pleiotropy between music practice and cognitive ability, as shown earlier using other techniques (twin
modelling) [9]. Second, we similarly tested for pleiotropy between cognitive ability and musical expertise, by investigating whether
PGScp and PGScps are associated with musical expertise outcomes. i.e., lifetime musical achievement and objectively measured
musical auditory discrimination [10]. Finally, we investigated whether effects of music practice on musical expertise vary as a function
of an individual’s PGScp or PGScps (G x E interaction), i.e., if previously reported phenotypic interaction effects [6] involve an
interplay between genes and environment.

2. Methods
2.1. Participants

The Study of Twin Adults: Genes and Environment (STAGE) is a cohort of the Swedish Twin Registry (STR) which includes
approximately 32,000 adult twins born between 1959 and 1985 [16-19]. In 2012 and 2013, 11,543 twins from this cohort completed a
web survey on, among other things, musical achievement, musical auditory discrimination, music practice and cognitive ability. In
2019 and 2020, individuals from the STR, who provided saliva samples between 2006 and 2008, were genotyped. After quality
control, genotype data were available for 8343 individuals from the STAGE cohort, of which 5648 had also completed the web survey
in 2012/2013. For analyses with musical auditory discrimination as outcome, the final sample consisted of 3771 individuals (aged
between 27 and 54 years old, M = 40, SD = 7.8, of which 1485 males (39.38 %)) for which genotype data, music practice and a musical
auditory discrimination score were available; 1564 of these were part of a complete twin pair. For analyses with musical achievement
as an outcome, the final sample included 3838 individuals (aged between 27 and 54 years old, M = 40, SD = 7.8, of which 1495 males
(38.95 %)), out of which 1560 were part of a complete twin pair. All participants provided informed consent. The study and analyses of
biomarkers were approved by the Regional Ethics Review Board in Stockholm, with the approval numbers: Dnr 2011/570-31/5, Dnr
2018/960-31/2, Dnr 2019-05879.

2.2. Measures

Amount of music practice. Cumulative lifetime music practice of the participants was estimated based on questions about the
participant’s age when they started and ended (if applicable) playing a musical instrument (including singing) and on the participant’s
indication of the average intensity of weekly practice during four age intervals (ages 0-5, 6-11, 12-17 and 18 years until time of
measurement). Non-players received a cumulative practice score of zero.

Musical achievement. Participants filled in an adapted Swedish version of the Creative Achievement Questionnaire (CAQ) [20-23].
This instrument asks participants to rate their lifetime achievement in seven creative domains (visual arts, music, dance, writing,
invention, science, and theater) on a seven-point scale. For the music domain this ranges from 1 ‘I am not engaged in music at all’ via 4



Table 1

Results from the different regression analyses separate for each predictor (Model 1-8). Dependent variables are displayed at the top (columns) and independent variables (predictors) on the left (rows).

Mean scores and standard deviations for the dependent variables are displayed at the top. Standardized regression coefficients () (95 % confidence intervals), p-values and explained variance of the
respective predictor (AR?) are displayed.

Musical achievement Musical auditory discrimination Music practice Cognitive ability

Mean (SD) 2.05 (1.42) 13.38 (2.53) 2525.94 (3614.03) 13.36 (5.11)
Model  Predictor main effect: i} p-value AR? i p-value AR? i} p-value AR? i} p-value AR?
1 Practice 0.67 (0.64-0.70) <0.001 0.47 0.37 (0.34-0.39) <0.001 0.14
2 Cognitive ability 0.17 (0.13-0.20) <0.001 0.02 0.35 (0.31-0.38) <0.001 0.12 0.11 (0.07-0.14) <0.001 0.01
3 PGScp 0.12 (0.08-0.16) < 0.001 0.02 0.16 (0.12-0.20) < 0.001 0.03 0.06 (0.03-0.09) <0.001 0.00 0.21 (0.17-0.24) < 0.001 0.04
4 PGScps 0.14 (0.10-0.170 < 0.001 0.02 0.16 (0.13-0.20) < 0.001 0.03 0.07 (0.03-0.10) <0.001 0.00 0.25 (0.21-0.28) < 0.001 0.06
5 Sex 0.11 (0.05-0.16) <0.001 0.00 —0.13 (-0.18-.07) <0.001 0.00 0.09 (0.04-0.13) <0.001 0.00 —0.24 (—0.31-.18) <0.001 0.01
6 Age —0.01 (-0.07-0.01) 0.002 0.00 —0.09 (-0.11-.06) <0.001 0.01 0.13 (0.11-0.16) <0.001 0.02 —0.20 (-0.23-.17) <0.001 0.04
Interaction effect:
7 PGScp x Practice 0.03 (0.00-0.06) 0.026 0.02 (0-0.06) 0.179
8 PGScps x Practice 0.05 (0.02-0.08) 0.001 0.04 (0.01-0.08) 0.010

Note: Model 1 and 2 include sex (1 male, 2 female) and age as covariates. Model 3,4, 7 and 8 include sex, age and 20 PCs as covariates. Significant effects and interaction terms are depicted in bold (ax =
0.05). Model 7 and 8 testing for interaction effects include main effects.
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‘T have played or sung, or my music has been played in public concerts in my home town, but I have not been paid for this’ to 7 ‘T am
professionally active as a musician and have been reviewed/featured in national or international media and/or have received an award
for my musical activities’.

Musical auditory discrimination was measured using an online administration of the Swedish Musical Discrimination Test (SMDT)
[24]. The SMDT includes three subtests measuring pitch, rhythm, and melody discrimination, in which the participant either indicates
whether two presented pitches or rhythms are the same or different, or indicates which tone in the second presented melody was
different from the first. The pitch (27 items), rhythm (18 items) and melody (18 items) discrimination scores were standardized before
calculating a mean overall musical auditory discrimination score. These kinds of tests have traditionally been used as musical aptitude
measures. For additional information on the administration of the SMDT in this sample, see Ullén et al. (2014) [24].

Cognitive ability. Cognitive ability or general intelligence was measured with the Wiener Matrizen Test (WMT), a visual matrix test
similar to Raven’s standard progressive matrices [25]. The test is 25 min long and consists of 24 multiple-choice items, which are
scored either one (correct) or zero (incorrect or missing response). A sum of the 24 item scores was used as a measure of the par-
ticipant’s psychometric cognitive ability.

Level of education. Participants reported on their level of education obtained, which could range from ‘1’ (unfinished primary
school) via ‘4’ (high school finalized) and ‘7’ (bachelor education) to ‘10’ (PhD).

Polygenic scores. The Polygenic Index Repository offers polygenic scores for a wide range of traits from a number of data sources
[15], including the Swedish Twin Registry. The Repository contains single and multi-trait PGSs for 47 phenotypes, among which are
single-trait cognitive performance (GWAS sample N = 260,354; fluid intelligence, 13 items) and a multi-trait measure based on the
same measure of fluid intelligence, educational attainment (years of education and degrees obtained), highest mathematical school
performance (most advanced math class successfully completed) and self-rated mathematical ability (GWAS equivalent N = 343,411).
Multi-trait PGSs use coefficient estimates that are a weighted sum of GWAS coefficient estimates and will, in general, have greater
predictive power, but should be interpreted in light of the full set of included traits and their weights, where the weights represent the
relative contributions to the predictive power calculated by Multi-Trait Analysis of GWAS (MTAG) [15]. For the multi-trait cognitive
performance PGS, the weights were as follows: cognitive performance, 1.37; educational attainment, 0.933; highest mathematical
class completed, 1.988; self-rated mathematical ability, 1.045. The Polygenic Index Repository also released 20 principal components
(PCs) based on the genome-wide data of each of the participating cohorts, which we merged with our data to control for ancestry
structures in the association analyses. More information on the Polygenic Index Repository and details about the PGSs is provided in
Becker et al. (2021).

2.3. Statistical analyses

All hypotheses were tested using linear regression models in STATA. Sex and age were included as covariates in all analyses;
additionally, in all analyses including PGSs, the 20 PCs controlling for ancestry structures were included as covariates. All variables,
with the exception of the PCs and sex, were standardized. To correct for relatedness of the twins, we used the robust standard error
estimator for clustered observations in STATA [26,27].

We first assessed phenotypic relations between cumulative amount of music practice (including non-players), musical achieve-
ment, musical auditory discrimination and cognitive ability. The current sub-sample is part of the larger Humans Making Music study
in the STAGE cohort and corresponding phenotypic associations for the full sample have been reported in the past see Mosing et al.
(2014, 2019) [6,8]. Next, we tested whether PGScp and PGScps were associated with cognitive ability, music practice, musical
achievement and musical auditory discrimination while controlling for sex and age. Lastly, to test our main hypothesis abouta G x E
interaction, we estimated four regression models in the full sample (including non-players), with music achievement or musical
auditory discrimination as the dependent variable and one of the two polygenic scores, i.e., either PGScp or PGScps, as the independent
variable, respectively. All of the latter models contained, as independent variables, music practice, the PGS, the PGS x practice
interaction as well as interactions between music practice and the 20 ancestry PCs, sex and age [28].

As sensitivity analyses, all analyses were repeated 1) including level of education as a covariate, 2) only in individuals that played
music (total N = 2718 for auditory discrimination and N = 2751 for achievement) and 3) excluding one of the twins of a complete
monozygotic twin pair (total N = 3268 for auditory discrimination and N = 3318 for achievement).

3. Results
3.1. Sample descriptives and phenotypic associations

Of the sample, 61 % was female, the mean age at testing was 40 years (SD = 7.8) and 62 % of the participants had obtained a
university degree. Both musical achievement and musical auditory discrimination were associated with practice as well as general
cognitive ability (Table 1). Notably, achievement showed a stronger association with practice (f = 0.67) than with cognitive ability (3
= 0.17), whereas for auditory discrimination associations with practice (f = 0.37) and cognitive ability (8 = 0.35) had approximately
the same magnitude. There was also a weak (f = 0.11) association between practice and cognitive ability.

3.2. Genetic pleiotropy

As expected, PGScp and PGScps significantly predicted individuals’ general cognitive ability scores ( = 0.21- 0.25, p < 0.001,
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Table 1). Furthermore, PGScp and PGScps were significantly associated with musical achievement and musical auditory discrimination
(#=0.12-0.16,p < 0.001, Table 1, Fig. 1). Notably, PGSs were also related to cumulative amount of music practice (f = 0.06-0.07, p
< 0.001, Table 1, Fig. 1), though this effect decreased and became non-significant when controlling for level of education (see Sup-
plementary Table S1). PGScp and PGScps were also related to music practice only in players (f = 0.04 and 0.04, p = 0.01 and 0.03).
Excluding data from one of the MZ twins in each pair did not change the results. Fig. 1 shows distributions for levels of musical
achievement, musical auditory discrimination and total amount of music practice for PGS values below the first quartile, the inter-
quartile range and above the 4th quartile.

3.3. G x E interaction

Effects of practice on musical achievement interacted with PGScp and PGScps, while effects of practice on musical auditory
discrimination only interacted with PGScps, but not with PGScp (see Table 1). All interaction terms indicated that the association
between practice and musical expertise becomes stronger with a higher genetic predisposition for cognitive ability (as an example
Fig. 2 shows the interaction between practice and PGScps on musical achievement). Controlling for level of education did not change
the results (see Supplementary Table 1), nor did excluding data from one of the twins of each complete MZ twin pair. When repeating
the analyses in only musically active participants (players), interactions remained significant with the exception of the music practice
x PGScp interaction on music achievement ( = 0.03, p = 0.09).

4. Discussion

Practice is one of the most important and well-studied predictors of expertise. Recent phenotypic studies indicate that practice
effects on musical expertise may be moderated by cognitive ability, i.e., that there is a positive practice x cognitive ability interaction.
Here, we tested whether this interaction at the phenotypic level may involve interplay between genes and environment, G x E
interaction, using PGS based analyses of genotype data. The results supported this hypothesis: when using a PGS for multi-trait
cognitive performance, we found small but significant interactions with practice both when using achievement and auditory
discrimination as indicators of expertise; for the polygenic score for single-trait cognitive performance, the interaction only reached
significance for achievement. Furthermore, we found significant main effects of both PGSs on auditory discrimination, achievement as
well as practice, in line with findings from earlier twin studies, demonstrating genetic pleiotropy between cognitive ability, musical
auditory discrimination and music practice.

In agreement with past research, we found that the amount of music practice significantly influences musical expertise outcomes,
with a much larger effect on lifetime musical achievement than on musical auditory discrimination (R? of 44 % compared to 12 %).
This is not surprising as musical auditory discrimination is a narrow ability that may be less amenable to practice effects [24,29-31].

Musical achievement

Cumulative amount of music practice

Fig. 1. Distributions of the standardized values for musical achievement, musical auditory discrimination and practice for subsamples of partici-
pants with polygenic score values below the first quartile (blue: < 25th percentile), the interquartile range (grey: between 25th and 75th percentile)
and above the 4th quartile (green: > 75th percentile). Box and whisker plots show the median (vertical line), 25th and 75th percentile, lower and
upper adjacent value and outside values for levels of musical achievement, musical auditory discrimination and total amount of music practice. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Raw scores for musical achievement and practice hours are shown to ease data interpretation. The linear prediction of cumulative amount of
music practice on individuals’ levels of musical achievement (95 % CI) with a low (2 standard deviations (SD) below the mean), average (mean) or
high (2 SD above the mean) polygenic score for multi-trait cognitive performances, (M = 0, SD = 1, range —3.52, 4.88). Number of participants is
reflected in the underlying yellow bar graph. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Additionally, we found individuals with a higher genetic predisposition for general cognitive ability to be more likely to practice music,
have higher levels of musical achievement, have better musical auditory discrimination and accumulate more music practice hours
overall. These findings are also in line with the earlier findings from twin studies that associations between cognitive ability and either
musical auditory discrimination or practice partly reflect shared underlying genetic influences (genetic pleiotropy) rather than causal
relationships [9,10].

The importance of cognitive ability for educational outcomes in school settings is well-documented. Deary and coworkers, for
instance, found a correlation of 0.81 between latent factors representing cognitive ability and educational achievement in a cohort of
more than 70,000 English children, with positive associations between cognitive ability and success in all investigated 25 academic
subjects [32]. In contrast, the literature on the role of cognitive ability as a moderator of learning effects in domain-specific expertise is
sparse. However, Vaci and coworkers, in a longitudinal study of chess players, demonstrated a practice x cognitive ability interaction
to the effect that more intelligent players acquired chess skills more rapidly and also reached a higher level of peak performance [33].
Similarly, we have previously demonstrated a positive phenotypic practice x cognitive ability interaction on measures of musical
expertise and achievement [6].

Here, for the first time, we could show that genetic differences in cognitive abilities play a role in why individuals might differ-
entially benefit from practice [4,5]. The positive interaction between genetic susceptibility for general cognitive ability and practice
on, in particular, musical achievement, indicates that the practice effects on performance increase with cognitive ability. The reasons
for this are likely to be complex. One possibility is that higher general cognitive ability is related to more efficient musical skill
learning. Cognitive ability is associated with measures of attention [34,35], and it has been shown that tasks that are difficult to
automate, when they involve inconsistent novel materials, relate significantly to cognitive ability even after extended periods of
practice [4,36]. Clearly, an essential part of practice for musicians is automation of acquired sensorimotor skills through repetition.
However, musical experts also need to constantly master new materials and learn new pieces, often in a limited time, and studies have
found that working memory capacity predicts sight-reading performance of unfamiliar music, over and above practice [37]. In line
with this, Burgoyne and coworkers found that acquisition of piano playing skills in musical novices was significantly predicted by
general intelligence, with a  of 0.44 [38]. Notably, large meta-analyses demonstrate that general cognitive ability predicts job per-
formance across a wide range of professions, from unskilled jobs to complex technical and managerial occupations [39]; an important
reason for this association appears to be that higher intelligence is related to more efficient acquisition of relevant job knowledge [40].

Further, one should consider that the observed interaction may reflect more general mechanisms, not related specifically to the
quality of musical practice. We have previously found music practice to be genetically correlated with a range of music related var-
iables, including openness to experience, intrinsic motivation to engage in music (operationalized as musical flow proneness), and
various aspects of musical auditory discrimination [8,41]. Our cumulative measure of music practice could therefore also act as a proxy
for musical interest and engagement more broadly. Furthermore, it appears likely that success and real-life achievement in music also
depend on non-musical skills, such as social skills and strategical career management, which are associated with cognitive ability. This
could be an explanation for why we found a significant interaction for the polygenic score for single-trait cognitive performance only
for achievement and not for auditory discrimination. Another explanation for this discrepancy could be the stronger association
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between practice and achievement compared to practice and auditory discrimination or a lack of power.

Finally, it is important to keep in mind that polygenic scores reflect a mix of both causal genetic signal on the trait under study in the
GWAS as well as confounding by environmental contexts like rGE. Additionally, the genetic signal can contain confounding due to
social, cultural and historical structures (e.g., population structure and geographical locations) [42,43]. This has been shown to be
especially true for educational attainment and socio-economic related traits [44,45] and is not unexpected, since a higher
socio-economic status offers parents resources to provide their offspring with more nourishing environments (passive rGE). Notably,
when controlling for education, though interactions remained significant, both the phenotypic and genetic association between
practice and cognitive ability diminished, which could indicate that the polygenic score captures some confounding educational
attainment effects or that level of education mediates the association between genetic vulnerability for cognitive ability and music
practice. A way to disentangle direct genetic effects from PGSs from passive rGE and confounding effects like population structure
would be to conduct a within-siblings analysis [46]. However, this design relies on complete sibling-pairs and our current sample of
234 complete dizygotic twins would have an insufficient power (23-50%) to detect a significant interaction effect (« = 0.05), taking
the correlations between the predictors and outcomes into account [47]. It would be valuable if future studies could further explore the
relationship between socio-economic-related traits in relation to cognitive abilities, music practice and musical expertise.

This study has limitations and important caveats to be aware of. As already touched upon, polygenic scores can be confounded by
environmental influences. Second, it is important to keep in mind that the use of polygenic scores is limited to individuals of similar
ancestries as included in the GWASs (European ancestries). Therefore, findings from this study cannot be generalized across ethnic
populations. Third, polygenic scores to-date are based on GWASs that capture only a fraction of the genetic variation underlying
behavior traits. Additionally, detecting interaction effects requires larger sample than testing for main effects [48] and replication of
findings from G x E research in other samples will therefore be important [49].

To conclude, with the use of polygenic scores, this study shows, that not only phenotypically, but also genetically, cognitive ability,
musical expertise and music practice are related. They share underlying genetic influences (genetic pleiotropy). More importantly,
genetic differences in general cognitive ability contribute to individual differences in the slope of the relation between practice and
expertise. Specifically, effects of practice on musical expertise are somewhat stronger for individuals with a genetic predisposition for
higher general cognitive ability, indicating the presence of underlying G x E interaction for the acquisition of skill performance. In
other words, differences in expertise are not only to be attributed to practice hours, but genetics also plays an important role in having
an easier or more difficult time when acquiring a skill. Overall, results from this study emphasize that when studying factors that
influence the development of expertise, such as practice, it is important to also consider gene-environment correlation and interaction
and confounding of genetic factors, i.e., genetic pleiotropy.

Data availability statement

The datasets generated during the current study cannot be made publicly as registry data were used. Individuals are able to apply
online at the Swedish Twin Registry to access the twin data.
Our analyses code is available at https://osf.io/h2aus/?view_only=07a7eca06dd24c1793c71e2e2ecd0791.

CRediT authorship contribution statement

Laura W. Wesseldijk: Writing — review & editing, Writing — original draft, Visualization, Methodology, Investigation, Concep-
tualization. Miriam A. Mosing: Writing — review & editing, Writing — original draft, Supervision, Conceptualization. Fredrik Ullén:
Writing — review & editing, Writing — original draft, Supervision, Investigation, Funding acquisition, Data curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

We thank the Swedish twins for their participation and the Swedish Twin Registry for the data. This study was funded by the Bank
of Sweden Tercentenary Foundation (M11-0451:1), the Sven and Dagmar Salén Foundation, and the Marcus and Amalia Wallenberg
Foundation (MAW 2018.0017). The Swedish Twin Registry is managed by Karolinska Institutet and receives funding through the
Swedish Research Council under the grant no 2017-00641. The computations were enabled by resources provided by the National
Academic Infrastructure for Supercomputing in Sweden (NAISS) and the Swedish National Infrastructure for Computing (SNIC) at
Uppsala Multidisciplinary Center for Advanced Computational Science (UPPMAX) partially funded by the Swedish Research Council
through grant agreements no. 2022-06725 and no. 2018-05973.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2024.e34264.


https://osf.io/h2aus/?view_only=07a7eca06dd24c1793c71e2e2ecd0791
https://doi.org/10.1016/j.heliyon.2024.e34264

L.W. Wesseldijk et al. Heliyon 10 (2024) e34264

References

[1]
[2]
[3]
[4]
[5]

(6]
[7]

[8]

91
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]

[42]

K.A. Ericsson, R.T. Krampe, C. Tesch-Romer, The role of deliberate practice in the acquisition of expert performance, Psychol. Rev. 100 (1993) 363-406, https://
doi.org/10.1037/0033-295X.100.3.363.

K.A. Ericsson, A.C. Lehmann, Expert and exceptional performance: evidence of maximal adaptation to task constraints, Annu. Rev. Psychol. 47 (1996) 273-305,
https://doi.org/10.1146/annurev.psych.47.1.273.

F. Ullén, D.Z. Hambrick, M.A. Mosing, Rethinking expertise: a multifactorial gene-environment interaction model of expert performance, Psychol. Bull. 142
(2016) 427-446, https://doi.org/10.1037/bul0000033.

P.L. Ackerman, Individual differences in skill learning: an integration of psychometric and information processing perspectives, Psychol. Bull. 102 (1987) 3-27,
https://doi.org/10.1037,/0033-2909.102.1.3.

D.I. Anderson, K.R. Lohse, T.C.V. Lopes, A.M. Williams, Individual differences in motor skill learning: past, present and future, Hum. Mov. Sci. 78 (2021)
102818, https://doi.org/10.1016/j.humov.2021.102818.

M.A. Mosing, D.Z. Hambrick, F. Ullén, Predicting musical aptitude and achievement: practice, teaching, and intelligence, Journal of Expertise 2 (3) (2019).
G. Campitelli, F. Gobet, Deliberate practice: Necessary but not sufficient, Curr. Dir. Psychol. Sci. 20 (2011) 280-285, https://doi.org/10.1177/
0963721411421922.

M.A. Mosing, G. Madison, N.L. Pedersen, R. Kuja-Halkola, F. Ullen, Practice does not make perfect: no causal effect of music practice on music ability, Psychol.
Sci. 25 (2014) 1795-1803, https://doi.org/10.1177/0956797614541990.

M.A. Mosing, G. Madison, N.L. Pedersen, F. Ullen, Investigating cognitive transfer within the framework of music practice: genetic pleiotropy rather than
causality, Dev. Sci. 19 (2016) 504-512, https://doi.org/10.1111/desc.12306.

M.A. Mosing, N.L. Pedersen, G. Madison, F. Ullén, Genetic pleiotropy explains associations between musical auditory discrimination and intelligence, PLoS One
9 (2014) e113874, https://doi.org/10.1371/journal.pone.0113874.

R. Plomin, Genetics and general cognitive ability, Nature 402 (1999) C25-C29, https://doi.org/10.1038/35011520.

T.J. Polderman, et al., Meta-analysis of the heritability of human traits based on fifty years of twin studies, Nat. Genet. (2015), 10.1038/ng.3285.

R. Plomin, 1.J. Deary, Genetics and intelligence differences: five special findings, Mol. Psychiatr. 20 (2015) 98-108, https://doi.org/10.1038/mp.2014.105.
N.R. Wray, et al., From basic science to clinical Application of polygenic risk scores: a primer, JAMA Psychiatr. (2020), https://doi.org/10.1001/
jamapsychiatry.2020.3049.

J. Becker, et al., Resource profile and user guide of the polygenic Index repository, Nat. Human Behav. 5 (2021) 1744-1758, https://doi.org/10.1038/s41562-
021-01119-3.

P. Lichtenstein, et al., The Swedish Twin Registry: a unique resource for clinical, epidemiological and genetic studies, J. Intern. Med. 252 (2002) 184-205,
https://doi.org/10.1046/j.1365-2796.2002.01032.x.

P. Lichtenstein, et al., The Swedish Twin Registry in the third millennium: an update, Twin Res. Hum. Genet. 9 (2006) 875-882, https://doi.org/10.1375/
183242706779462444.

U. Zagai, P. Lichtenstein, N.L. Pedersen, P.K.E. Magnusson, The Swedish twin registry: content and management as a research infrastructure, Twin Res. Hum.
Genet. 22 (2019) 672-680, 10.1017/thg.2019.99.

P.K. Magnusson, et al., The Swedish Twin Registry: establishment of a biobank and other recent developments, Twin Res. Hum. Genet. 16 (2013) 317-329,
10.1017/thg.2012.104.

L.W. Wesseldijk, M.A. Mosing, F. Ullén, Gene-environment interaction in expertise: the importance of childhood environment for musical achievement, Dev.
Psychol. (2019), https://doi.org/10.1037/dev0000726.

S.H. Carson, J.B. Peterson, D.M. Higgins, Reliability, validity, and factor structure of the creative achievement Questionnaire, Creativ. Res. J. 17 (2005) 37-50,
https://doi.org/10.1207/s15326934crj1701_4.

M.A. Mosing, K.J. Verweij, C. Abe, O. de Manzano, F. Ullen, On the relationship between domain-specific creative achievement and sexual orientation in
Swedish twins, Arch. Sex. Behav. 45 (2016) 1799-1806, https://doi.org/10.1007/510508-016-0708-4.

M.A. Mosing, et al., Did sexual selection shape human music? Testing predictions from the sexual selection hypothesis of music evolution using a large
genetically informative sample of over 10,000 twins, Evol. Hum. Behav. 36 (2015) 359-366, https://doi.org/10.1016/j.evolhumbehav.2015.02.004.

F. Ullén, M.A. Mosing, L. Holm, H. Eriksson, G. Madison, Psychometric properties and heritability of a new online test for musicality, the Swedish Musical
Discrimination Test, Pers. Indiv. Differ. 63 (2014) 87-93, https://doi.org/10.1016/j.paid.2014.01.057.

AK. Formann, K. Piswanger, Wiener Matrizen-Test (WMT), Beltz Test, 1979.

R.L.J.B. Williams, A Note on Robust Variance Estimation for Cluster-correlated Data, vol. 56, 2000, pp. 645-646.

W. Rogers, Regression standard errors in clustered samples, Stata Technical Bulletin 3 (1994).

M.C. Keller, Gene x environment interaction studies have not properly controlled for potential confounders: the problem and the (simple) solution, Biol.
Psychiatr. 75 (2014) 18-24, https://doi.org/10.1016/j.biopsych.2013.09.006.

H.E. Kragness, S. Swaminathan, L.K. Cirelli, E.G. Schellenberg, Individual differences in musical ability are stable over time in childhood, Dev. Sci. 24 (2021)
e13081, https://doi.org/10.1111/desc.13081.

AL Correia, et al., Individual differences in musical ability among adults with no music training, Q. J. Exp. Psychol. 76 (2023) 1585-1598, https://doi.org/
10.1177/17470218221128557.

A. Seither-Preisler, R. Parncutt, P. Schneider, Size and synchronization of auditory cortex promotes musical, literacy, and attentional skills in children,

J. Neurosci. 34 (2014) 10937-10949, https://doi.org/10.1523/JNEUROSCIL.5315-13.2014.

1.J. Deary, S. Strand, P. Smith, C. Fernandes, Intelligence and educational achievement, Intelligence 35 (2007) 13-21, https://doi.org/10.1016/j.
intell.2006.02.001.

N. Vaci, et al., The joint influence of intelligence and practice on skill development throughout the life span, Proc. Natl. Acad. Sci. U. S. A. 116 (2019)
18363-18369, https://doi.org/10.1073/pnas.1819086116.

K. Schweizer, H. Moosbrugger, Attention and working memory as predictors of intelligence, Intelligence 32 (2004) 329-347, https://doi.org/10.1016/j.
intell.2004.06.006.

K. Schweizer, H. Moosbrugger, F. Goldhammer, The structure of the relationship between attention and intelligence, Intelligence 33 (2005) 589-611, https://
doi.org/10.1016/j.intell.2005.07.001.

P.L. Ackerman, A.T. Cianciolo, Cognitive, perceptual-speed, and psychomotor determinants of individual differences during skill acquisition, J. Exp. Psychol.
Appl. 6 (2000) 259-290, https://doi.org/10.1037//1076-898x.6.4.259.

E.J. Meinz, D.Z. Hambrick, Deliberate practice is necessary but not sufficient to explain individual differences in piano sight-reading skill, The Role of Working
Memory Capacity 21 (2010) 914-919, https://doi.org/10.1177/0956797610373933.

A.P. Burgoyne, L.J. Harris, D.Z. Hambrick, Predicting piano skill acquisition in beginners: the role of general intelligence, music aptitude, and mindset,
Intelligence 76 (2019) 101383, https://doi.org/10.1016/j.intell.2019.101383.

F.L. Schmidt, J.E. Hunter, The validity and utility of selection methods in personnel psychology: practical and theoretical implications of 85 years of research
findings, Psychol. Bull. 124 (1998) 262-274, https://doi.org/10.1037/0033-2909.124.2.262.

J.E. Hunter, Cognitive ability, cognitive aptitudes, job knowledge, and job performance, J. Vocat. Behav. 29 (1986) 340-362, https://doi.org/10.1016/0001-
8791(86)90013-8.

A. Butkovic, F. Ullén, M.A. Mosing, Personality related traits as predictors of music practice: underlying environmental and genetic influences, Pers. Indiv.
Differ. 74 (2015) 133-138, https://doi.org/10.1016/j.paid.2014.10.006.

L. Raffington, T. Mallard, K.P. Harden, Polygenic Scores in Developmental Psychology: Invite Genetics in, Leave Biodeterminism behind, vol. 2, 2020,

pp. 389-411, https://doi.org/10.1146/annurev-devpsych-051820-123945.


https://doi.org/10.1037/0033-295X.100.3.363
https://doi.org/10.1037/0033-295X.100.3.363
https://doi.org/10.1146/annurev.psych.47.1.273
https://doi.org/10.1037/bul0000033
https://doi.org/10.1037/0033-2909.102.1.3
https://doi.org/10.1016/j.humov.2021.102818
http://refhub.elsevier.com/S2405-8440(24)10295-2/sref6
https://doi.org/10.1177/0963721411421922
https://doi.org/10.1177/0963721411421922
https://doi.org/10.1177/0956797614541990
https://doi.org/10.1111/desc.12306
https://doi.org/10.1371/journal.pone.0113874
https://doi.org/10.1038/35011520
http://refhub.elsevier.com/S2405-8440(24)10295-2/sref12
https://doi.org/10.1038/mp.2014.105
https://doi.org/10.1001/jamapsychiatry.2020.3049
https://doi.org/10.1001/jamapsychiatry.2020.3049
https://doi.org/10.1038/s41562-021-01119-3
https://doi.org/10.1038/s41562-021-01119-3
https://doi.org/10.1046/j.1365-2796.2002.01032.x
https://doi.org/10.1375/183242706779462444
https://doi.org/10.1375/183242706779462444
http://refhub.elsevier.com/S2405-8440(24)10295-2/sref18
http://refhub.elsevier.com/S2405-8440(24)10295-2/sref18
http://refhub.elsevier.com/S2405-8440(24)10295-2/sref19
http://refhub.elsevier.com/S2405-8440(24)10295-2/sref19
https://doi.org/10.1037/dev0000726
https://doi.org/10.1207/s15326934crj1701_4
https://doi.org/10.1007/s10508-016-0708-4
https://doi.org/10.1016/j.evolhumbehav.2015.02.004
https://doi.org/10.1016/j.paid.2014.01.057
http://refhub.elsevier.com/S2405-8440(24)10295-2/sref25
http://refhub.elsevier.com/S2405-8440(24)10295-2/sref26
http://refhub.elsevier.com/S2405-8440(24)10295-2/sref27
https://doi.org/10.1016/j.biopsych.2013.09.006
https://doi.org/10.1111/desc.13081
https://doi.org/10.1177/17470218221128557
https://doi.org/10.1177/17470218221128557
https://doi.org/10.1523/JNEUROSCI.5315-13.2014
https://doi.org/10.1016/j.intell.2006.02.001
https://doi.org/10.1016/j.intell.2006.02.001
https://doi.org/10.1073/pnas.1819086116
https://doi.org/10.1016/j.intell.2004.06.006
https://doi.org/10.1016/j.intell.2004.06.006
https://doi.org/10.1016/j.intell.2005.07.001
https://doi.org/10.1016/j.intell.2005.07.001
https://doi.org/10.1037//1076-898x.6.4.259
https://doi.org/10.1177/0956797610373933
https://doi.org/10.1016/j.intell.2019.101383
https://doi.org/10.1037/0033-2909.124.2.262
https://doi.org/10.1016/0001-8791(86)90013-8
https://doi.org/10.1016/0001-8791(86)90013-8
https://doi.org/10.1016/j.paid.2014.10.006
https://doi.org/10.1146/annurev-devpsych-051820-123945

Lw.

[43]
[44]

[45]
[46]

[47]
[48]

[49]

Wesseldijk et al. Heliyon 10 (2024) e34264

A. Abdellaoui, C.V. Dolan, K.J.H. Verweij, M.G. Nivard, Gene-environment correlations across geographic regions affect genome-wide association studies, Nat.
Genet. 54 (9) (2022) 1345-1354, https://doi.org/10.1038/s41588-022-01158-0.

L.J. Howe, et al., Within-sibship GWAS improve estimates of direct genetic effects, bioRxiv (2021) 433935, https://doi.org/10.1101/2021.03.05.433935,
2021.2003.2005.

A. Kong, et al., The nature of nurture: effects of parental genotypes, Science 359 (2018) 424-428, https://doi.org/10.1126/science.aan6877.

S. Selzam, et al., Comparing within- and between-family polygenic score prediction, Am. J. Hum. Genet. 105 (2019) 351-363, https://doi.org/10.1016/j.
ajhg.2019.06.006.

InteractionPoweR: power analysis for interactions via simulation, R package version 0.1.0.6 (2022). https://dbaranger.github.io/InteractionPoweR.

L.E. Duncan, M.C. Keller, A critical review of the first 10 years of candidate gene-by-environment interaction research in psychiatry, Am. J. Psychiatr. 168
(2011) 1041-1049, https://doi.org/10.1176/appi.ajp.2011.11020191.

R. Plomin, A. Gidziela, M. Malanchini, S. von Stumm, Gene-environment interaction using polygenic scores: do polygenic scores for psychopathology moderate
predictions from environmental risk to behavior problems? Dev. Psychopathol. 1-11 (2022) https://doi.org/10.1017/50954579422000931.


https://doi.org/10.1038/s41588-022-01158-0
https://doi.org/10.1101/2021.03.05.433935
https://doi.org/10.1126/science.aan6877
https://doi.org/10.1016/j.ajhg.2019.06.006
https://doi.org/10.1016/j.ajhg.2019.06.006
https://dbaranger.github.io/InteractionPoweR
https://doi.org/10.1176/appi.ajp.2011.11020191
https://doi.org/10.1017/S0954579422000931

	Gene-environment interaction in expertise acquisition: Practice effects on musical expertise vary by polygenic scores for c ...
	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Measures
	2.3 Statistical analyses

	3 Results
	3.1 Sample descriptives and phenotypic associations
	3.2 Genetic pleiotropy
	3.3 G ​× ​E interaction

	4 Discussion
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


