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Abstract

Uncovering the genetic underpinnings of musical ability and engagement is a foun-
dational step for exploring their wide-ranging associations with cognition, health,
and neurodevelopment. Prior studies have focused on using twin and family designs,
demonstrating moderate heritability of musical phenotypes. The current study used
genome-wide complex trait analysis and polygenic score (PGS) approaches utilizing
genotype data to examine genetic influences on two musicality traits (rhythmic per-
ception and music engagement) in N = 1792 unrelated adults in the Vanderbilt Online
Musicality Study. Meta-analyzed heritability estimates (including a replication sample
of Swedish individuals) were 31% for rhythmic perception and 12% for self-reported
music engagement. A PGS derived from a recent study on beat synchronization ability
predicted both rhythmic perception (8 = 0.11) and music engagement (8= 0.19) in our
sample, suggesting that genetic influences underlying self-reported beat synchroniza-
tion ability also influence individuals’ rhythmic discrimination aptitude and the degree

to which they engage in music. Cross-trait analyses revealed a modest contribution
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traits.

KEYWORDS

INTRODUCTION

Engagement with music is a fundamental aspect of human behavior
with wide-ranging impacts on development (e.g., socialization), person-
ality (e.g., personal/cultural identity), and health (e.g., mood regulation
and well-being).1~> The construct of musicality is used to encompass all
aspects of human interaction with music,® including music perception
and production abilities (e.g., rhythm and pitch) and music engage-
ment (e.g., singing, instrument playing, and music listening). There has
recently been a surge in interest to uncover the molecular basis of
individual differences in musicality” as our current understanding of
its genetic and environmental underpinnings has been driven by twin
studies. Recent genomic methods, such as genome-wide association
studies (GWASs), allow for identifying genetic loci/variants associated
with musicality in largely unrelated samples (though related individ-
uals can still be included in such studies).® However, deployment of
musicality phenotypes is rare in large-scale studies with genomic data
(e.g., UK Biobank) and phenotypes available in large cohorts are often
limited and simple. An important strategy is thus to integrate data
and findings from large-scale populations studies with (often smaller)
samples that contain deeper phenotyping as well as genotyped data,
enabling us to expand our understanding of the heritability of musical-
ity and quantify the extent to which genetic factors are shared across
distinct aspects of musicality. The current study sought to investigate
the genetic underpinnings of musicality—including objectively mea-
sured rhythmic perception and self-reported music engagement—in
a sample of N = 1792 genotyped individuals by employing methods
that shed light on their heritability and genetic associations with beat

synchronization, cognition, and personality.

Importance of musicality genetics research

Individuals interact with music in a variety of ways, including listening,
singing, playing instruments, dancing, and songwriting. Musical abilities
can also be measured in different ways, including measures of rhythmic
perception, pitch processing, and production abilities.” Although var-
ious measures of music engagement and ability may tap into specific
aspects of the cognitive and emotional processes that allow the brain
to process and create music, these dimensions are not independent.
Thus, the construct of “musicality” is a useful term to collectively refer

of PGSs from several nonmusical traits (from the cognitive, personality, and circadian
chronotype domains) to individual differences in musicality (3 = —0.06 to 0.07). This
work sheds light on the complex relationship between the genetic architecture of musi-
cal rhythm processing, beat synchronization, music engagement, and other nonmusical

beat synchronization, heritability, musicality, polygenic risk score, rhythm

to being actively engaged with music, interested, and/or skilled.®10 We
seek to further explore the genetics of musicality by estimating the her-
itability of two musicality traits: objectively assessed rhythmic percep-
tion ability (i.e., the ability to discriminate temporal patterns in rhyth-
mic sequences) and self-reported music engagement (i.e., the spectrum
of individual musical skills, regular musical practice, musical talent, and
musical accomplishment). We also seek to evaluate whether recently
identified genetic influences underlying beat synchronization® predict
variance in rhythmic perception and music engagement. Elucidating
the genetic underpinnings on different facets of musicality will help us
understand how similar and distinct biological factors give rise to the
rich array of musical abilities and behaviors in our lives.

Individual differences in music ability and engagement are also
associated with a range of cognitive processes and personality traits.
For example, musical ability is associated with intelligence and exec-
utive function abilities,’>12 as well as a myriad of language traits,
including vocabulary, spoken grammar, second language learning, and
phonological awareness, to name a few (for review, see Ref. 13).
There are also well-established associations between music engage-
ment and ability and more openness.14-18 Additionally, there is some
evidence that music engagement is associated with the other big five
personality traits, including more neuroticism and extraversion, but
less agreeableness and conscientiousness,*1> though these findings
have been mixed.>>7 Twin and family studies have suggested some of
these associations with cognitive and personality traits are accounted
for by correlated genetic influences; moreover, a recent GWAS of
self-reported beat synchronization identified genetic overlap with cog-
nitive traits (e.g., processing speed) as well as other traits, such as
chronotype (eveningness preference).® Thus, quantifying the genetic
influences on musicality may also shed light on the genetic architecture

of important cognitive, personality, and neurological traits.

Prior musicality genetics studies and new directions

The field of musicality genetics emerged from a series of family-
based approaches (primarily twin studies) that have demonstrated
moderate heritability of musicality across objective and subjective
measures, including music perception, achievement, interest, and
practice habits in adolescents and adults (range 10-70%).17-2% This

work has highlighted that although some musicality traits appear

A ‘0 ‘TE996HLT

:sdny woy papeoy

QSUIIT SuOWWo)) dANea1)) dqesrjdde oy £q pausoroS aIe saonIE Y asn Jo so[n 10y K1eiqi] ouljuQ) AJ[IA UO (SUONIPUOD-PUB-SULIN/ W00’ Ko[1m’ ATeIqrjouluoy/:sdyy) SUonIpuo,) pue sud I, 3yl 23S "[€z0Z/10/1€] uo Kreiqi sutjuQ L3[Ip\ ‘LIRIqIT OPeIo[o)) JO ANSIOATUN £q 964 SeAU/[ [ ]]°0[/10p/wod Ka[im A,



ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

to be environmental at the surface level (e.g., exposure to music
lessons), musical ability and engagement are in fact also guided by
genetic predispositions that lead to an increased likelihood that certain
individuals will seek out and/or continue engaging with music. The
term “heritability” represents the proportion of individual differences
in the population (i.e., phenotypic variance) that are explained by
these genetic influences; the remaining variance is explained by
environmental influences and measurement error.

Beyond heritability, twin studies have demonstrated that correla-
tions between musical and cognitive traits (e.g., intelligence) are driven
by genetic factors,!? reflecting a general trend that genetic covari-
ance contributes to most phenotypic associations in psychology.24-2¢
Of course, environmental factors also influence musicality, in some
cases interacting with genetic influences, for example, with individ-
ual differences in music achievement more pronounced (i.e., greater
genetic variance) in those who engaged in the practice or had musically
enriched childhoods.2%27

Exploring the heritability of musicality laid important groundwork
for understanding the molecular basis of musicality using new meth-
ods, such as GWASs. Rather than estimating heritability based on
familial relatedness, GWASs utilize actual DNA samples collected from
participants (e.g., using saliva collection) to understand associations
between genetic variants and a given phenotype. DNA samples are
genotyped at millions of locations on the genome (i.e., single nucleotide
polymorphisms, or SNPs), which are then examined in relation to a trait
to identify specific genetic loci linked to a particular phenotype. Heri-
tability can then be computed by aggregating across these many (small)
genetic effects.?8 Well-powered GWASs of complex traits require sam-
ples in the hundreds of thousands of people to obtain strong signals
for replicable genetic effects, as the effects of common variants at a
given locus tend to be very small.2%30 Although some work has exam-
ined genetic loci of complex traits on a single gene basis in smaller
studies (typically referred to as “candidate gene studies”), the field of
complex trait genetics has moved beyond these types of studies, as
they are prone to publication bias and have largely failed to replicate
when results are compared with those from well-powered GWASs.31:32
Therefore, we do not discuss candidate gene work further in this
article.

As yet, there is only one large-scale GWAS of a musicality trait
(beat synchronization).® This study confirmed the polygenic nature
of musical rhythm, with 69 genome-wide significant loci, and sig-
nificant genetic correlations with several traits, including processing
speed, circadian chronotype, lung function, and motor function.® Cru-
cially, the genetic loci linked to beat synchronization were virtually
unchanged by controlling for the genetics of general cognitive abil-
ity or educational attainment, suggesting that the results were not
confounded by genetic factors of nonmusical cognitive abilities. The
genetic signal uncovered in this GWAS, and its enrichments for gene
expression in relevant brain tissues,® potentially suggests that individ-
ual differences in behavioral musical phenotypes are partially driven
by genetic influences on the neurobiology of music processing. Specifi-
cally, individual differences in genetically influenced beat synchroniza-

tion may be foundational in the brain’s execution of discrimination

of rhythmic sequences®® and/or may lead people to seek more music
engagement,®* thus leading us to predict that the genetic architecture
of beat synchronization plays a role in music perception (or similarly,
that genetic architecture of music perception has a general influence
on specific traits, such as beat perception and synchronization).

This initial GWAS of beat synchronization was conducted in a large
and well-powered sample of over 600,000 individuals with a very sim-
ple phenotype: a yes/no response to the question “can you clap in time
with a musical beat?.” This trend reflects a theme in GWASs in which
collecting data on many thousands of subjects necessitates examin-
ing simple phenotypes,3> the validity of which should be established
in separate work. For instance, in the beat synchronization GWAS,8
the authors used in-depth phenotypic studies to confirm that their
single item correlated well with objective measures of rhythmic per-
ception and beat synchronization, as well as the self-reported rhythmic
ability and musical sophistication. Quantifying the specific genetic
influences on different aspects of musicality across the numerous mea-
sures of musical ability and engagement with deep phenotyping will
be a momentous task, but an important one given the cultural, cog-
nitive, and health-related impacts of music. We are, therefore, in a
unique position to work in parallel on shallow phenotypes in very large
samples and deep phenotypes in relatively smaller samples (e.g., see
Refs. 36-38) to improve our understanding of genetic variation under-
lying musicality. The current study focuses on two approaches that
allow for the integration of statistical models from large GWAS to
other datasets with individual genomic data and musicality pheno-
types, enabling us to explore key facets of the genetic architecture of
musicality (i.e., heritability and genetic overlap with other traits) in a
relatively smaller genetic study (i.e., N~1800).

The first approach is the genome-based restricted maximum like-
lihood (GREML), also known as genome-wide complex trait analysis
(GCTA).2%40 Like GWASs, this approach leverages data from individ-
uals who have been genotyped at genetic loci harboring common
variation (i.e., SNPs) across the genome. Then, rather than computing
heritability by summing across all the individual genetic loci tested, this
approach leverages the fact that “unrelated” individuals also vary in
their minimal level of relatedness with one another. In other words,
although population samples are essentially unrelated, each pair of
individuals may be slightly more (or less) related to one another than
expected by chance. If individuals who are more genetically similar are
also more phenotypically similar, this would indicate heritability (much
like how twin studies infer heritability by comparing identical twins to
less-related fraternal twins). Like twin studies, GREML approaches do
not specify the effects of individual loci (SNPs). Nevertheless, they pro-
vide a useful way of estimating heritability in relatively smaller samples
(i.e., Ns in the thousands rather than hundreds of thousands).

Second, relatively smaller genetic samples can also be used to
evaluate genetic associations through analyses of polygenic scores
(PGSs) (i.e., the weighted sum of the effects of alleles for each individ-
ual participant based on weights from a prior large-scale GWAS).4!
Specifically, PGSs derived from earlier (discovery) GWASs can be
generated in other (target) genotyped samples to examine how well

previous GWASs predict the traits measured in the target sample. For
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(A) Large-Scale GWAS in a discovery sample locates
alleles related to a trait of interest

(B) Polygenic Scoring (PGS) applies the weighted sum of
alleles from discovery sample to individuals in an
independent target sample that has been genotyped

(C) Same- and Cross-Trait Analysis relates an individual’s
Polygenic Score to measured phenotypes in the target
sample

)
=
~ia

“log10(P)

b 9

Measured Phenotype B

Chromosome

Weighted Sum of Alleles (PGS) for Trait A

Polygenic Score (PGS) for Trait A

FIGURE 1 Explanation of polygenic score (PGS) analyses. (A) A genome-wide association study (GWAS) is conducted in a “discovery sample”
which maps individual genetic loci (i.e., single nucleotide polymorphisms, or SNPs, depicted with G, A, C, and T labels) to a measured trait such as
beat synchronization. (B) The regression weights from the GWAS (for each SNP) are applied to an independent “target sample” of individuals who
have been genotyped. An individual with many beat-synchronization-promoting SNPs will have higher PGSs than an individual with fewer of these
SNPs. (C) PGSs are compared with other study variables assessed in this novel sample in regression analyses (e.g., associations between beat
synchronization PGSs and measured rhythm ability). PGSs are included just like any other continuous independent variable in regression models,
though it is important to also control for some additional covariates to prevent biased results (i.e., ancestry-based principal components).

example, because we now have a mapping of the genetic influences
on beat synchronization ability,® we can assign scores to individuals
in a target dataset that correspond to each individual’s expected beat
synchronization ability based on their genotypes at genetic markers
across the genome (i.e., SNPs), with alleles at loci that have particular
effects weighing more heavily in the score (see Figure 1 for more
details). We can then examine whether individuals with higher genetic
scores for beat synchronization ability also exhibit other musicality
traits (e.g., more accurate rhythmic perception). This method was used
in Ref. 8 to validate the beat synchronization GWAS by demonstrating
that a separate sample of musically active individuals (determined
through clinical documentation; see Ref. 42) had a higher average PGS
for beat synchronization than a control sample (assumed to be pri-
marily nonmusicians). Similarly, a separate investigation demonstrated
that PGSs for beat synchronization were associated with better
rhythm, melody, and pitch discrimination in a sample of Swedish twins
(range in betas 0.11-0.16).*3 In samples with genomic data, PGSs can
be generated for participants based on any trait with a large GWAS
available, allowing for the exploration of cross-trait associations as
well (e.g., testing if a PGS for processing speed predicts musicality
outcomes).

The current study

The current investigation was based on N = 1792 individuals recruited
through an online study who answered some music-related measures
and also provided genetic data. We focused on two aspects of musi-
cality in this investigation: objectively assessed rhythmic perception
ability and self-reported music engagement based on items from the
Goldsmiths Musical Sophistication Index.** Our goals were threefold:
(1) to estimate the SNP-based heritability of rhythmic perception and
music engagement using GREML; (2) to examine whether the genetic

influences underlying beat synchronization (i.e., PGSs) influence

variability in rhythmic perception and self-reported music engage-
ment; and (3) to examine potential pleiotropic (shared genetic) effects
between musical and nonmusical traits. Specifically, using additional
PGS models, we examined whether the genetic influences underlying
cognitive (e.g., processing speed and general cognitive ability), neu-
rological (i.e., chronotype), and personality traits (e.g., openness and
neuroticism) previously linked to musicality would be associated with
rhythmic perception and music engagement. To increase the power
for our first goal regarding heritability, we combined our heritabil-
ity estimates with those from over N = 2900 Swedish individuals (via
meta-analysis) who completed the same test of rhythmic perception
and one of the same self-reported music engagement questions.
Consistent with earlier twin and GWAS findings, we hypothesized
that both rhythm perception and music engagement would be mod-
erately heritable and associated with PGSs for beat synchronization.
Such findings would further support the idea that, while diverse in
their phenotypic characteristics, musicality phenotypes capture some
shared genetic influences. They would also provide some of the
first SNP-based heritability estimates of musicality traits. Hypotheses
regarding other cognitive and personality PGSs and their relationship
with musicality were based on earlier evidence for phenotypic (and
in some cases genetic) associations with musicality traits described
above. First, musical ability has been found in several studies to be cor-
related with measures of general cognitive ability, with evidence these
associations are driven by genetic influences.?>#> Second, the previous
beat synchronization GWAS also revealed evidence for associations
among musical rhythm task performance, faster processing speed, and
evening chronotype,® suggesting links between musicality, motor func-
tion, and other biological rhythms that might be reflected in other
measures of rhythm (i.e., rhythmic discrimination) or musicianship (i.e.,
engagement). Third, music engagement and ability are consistently
associated with more openness, and in some (but not all) cases are
related to more neuroticism and extraversion and less agreeableness

and conscientiousness.14-16
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eancened Partial Survey Full Survey Completion Saliva Kits
(N=3,504) »| Completion »| and Reported Usable P Sent
' (N=3,286) (N=2,639) (N=2,286)
Phenotypic Sample passed QC (N=3,258) o
Music Engagement Survey: n=3,240 Saliva Kits
Rhythm Discrimination Test: n=2,731 Returned
Demographic Data: n=2,687 (N=1,931)
¥
Genotyped
. (N=1,865)
Genetic (PGS) Sample (N=1,792)
African : n=97
GREML Sample East Asian : n=51 ‘
(N=1,557) European : n=1,584
European & Passed 'd Hispanic: n=35 \ QuaZ?SSC%dntrol
Relatedness South Asian ancestry: n=25 y
Exclusions Mixed Ancestry: n=13 (excluded) (N=1,805)

FIGURE 2

Flowchart of the phenotypic (N = 3258), genetic sample (for PGS analyses; N = 1792), and subset of genetic sample for GREML

analyses only (N = 1557). Ancestry in the genetic sample reflects genetically determined ancestry (i.e., based on genotype data rather than
self-reported race or ethnicity). Sensitivity analyses also examined associations in European ancestry only. Abbreviations: GREML, genome-based

restricted maximum likelihood; PGS, polygenic score; QC, quality control.

METHODS
Participants

The Vanderbilt Online Musicality Study is a worldwide sample of adults
recruited from five sources: ResearchMatch.org (primary recruitment
source, see Supporting Material, e.g., advertisement text) in addition to
advertisements in newsletters and research mailing lists at Vanderbilt
University Medical Center, Reddit.com (i.e., Ask Me Anything events on
the subdomains reddit.com/r/AskScience and reddit.com/r/Science),
Facebook advertising, and social media sharing (i.e., participants were
given shareable materials upon completion of the task and encouraged
to share the study on social media or by other means). All recruitment
materials indicated that participants must be at least 18 years old and
speak English fluently to participate in the study.

In total, 3258 participants (1948 females, 727 males, and 583
unknown) consented to the study, completed at least a portion of the
online study, and passed quality control filters (see Figure 2). Saliva
collection kits were sent to 2286 of these participants meeting the fol-
lowing criteria: they had completed the entire survey, reported that
their data were usable, and had a valid U.S. mailing address. Of these
subjects, 1931 participants returned saliva kits, 1865 kits were geno-
typed, and 1805 individuals passed genetic quality control (described
in detail below). Figure 2 displays the breakdown of the final sample by
genetically determined ancestry: N = 1792 were retained for PGS anal-
yses and N = 1557 were included in GREML analyses (after filtering

based on European ancestry and removing related individuals).

Procedure

There were two parts to the study: an online portion consisting of
surveys and behavioral measures, and an optional DNA collection via
mail-in saliva sampling. The online study began with a landing page
describing the details of the study before progressing to an elec-
tronic consent form created in accordance with guidelines for human
subjects research from the Vanderbilt Institutional Review Board. Par-
ticipants provided informed consent before proceeding to the study
questionnaires and tasks.

All online questionnaires and tasks were implemented in REDCap,
a secure web platform for building and managing research databases
and surveys.*® Participants first completed a brief musical engage-
ment questionnaire, followed by a brief headphone test in which
participants heard sounds of different volumes (used in sensitivity anal-
yses), two auditory tasks (musical rhythmic perception and speech
perception), and the demographic questionnaire. The speech percep-
tion test was included as a part of a separate investigation*’ and is
not discussed further (see Supporting Material). The order of presen-
tation for the rhythmic perception and speech perception tasks was
counterbalanced in an alternating manner.

If participants opted into the genetic portion of the study, they then
provided their contact information for saliva kit mailings. All partici-
pants were then directed to a feedback page where they could report
problems and give feedback. Finally, they were given the option of
receiving scores based on their performance in each auditory task and

given a survey link to optionally share (e.g., on Facebook and Twitter).
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Measures
Music engagement questionnaire

Participants were asked four questions with seven response options
about their current and prior music experiences. Three of these items
were drawn from the Goldsmiths Musical Sophistication Index:1° “I can

sing or play music from memory,” “| have never been complimented for
my talents as a musical performer” (reverse scored), and “At the peak of
my interest, | practiced ______ hours per day on my primary instrument.”
The fourth question (“How engaged with music are you?”) was adapted
from prior studies on music creative achievement*84? (see Supporting
Material for response options of all items). Self-reported music engage-
ment was based on the average response to these four items, with a
higher score indicating more music engagement.

A final question with three response options (“Can you clap in
time with a musical beat?”; yes/no/I'm not sure) identical to the
phenotype used for the GWAS in Ref. 8 was also administered here
in order to allow for further validation and replication of the PGS
from Ref. 8. Note that our primary hypotheses and analyses in the
present study were focused on rhythmic perception and self-reported
music engagement, and that we included a validation analysis that
examined how the Yes versus No responses to this item were pre-
dicted by PGS for beat synchronization as a replication of the earlier

work.8

Rhythmic perception

The rhythmic perception was measured with the rhythm subtest of
the Swedish Musical Discrimination Test (SMDT).23 In this task, par-
ticipants were asked to make the same-different judgments on pairs
of rhythmic sequences of tones. Tones were 500 Hz sine waves with
a duration of 60 ms. The interonset intervals of the tones in each
sequence were selected from one of four options (150, 300, 450, and
600 ms). A 1-s silence was inserted between the pair of sequences that
made up a trial. There were 18 trials in total. The number of sounds in
the sequences progressed from five sounds to seven sounds with six tri-
als for each number of sounds. In seven out of 18 trials, the pair of tone
sequences were identical and in the remaining 11 trials, the tone pairs
were different. Participants were given two practice items where they
were allowed to repeat the stimuli an unlimited number of times. In the
test trials, participants were able to play each stimulus only one time,
and their responses were untimed. Analyses were based on the total
number of items answered correctly, summed across all 18 test tri-
als. Additionally, an arcsine transformation was applied to this summed

score to normalize the distribution.

Demographic questionnaire

Subjects reported their age, sex at birth, and level of education

(a multiple-choice question with six response options ranging from

“less than high school education” to “doctorate or equivalent degree”).
They also self-reported their race and ethnicity, but for the purposes of
this study, their ancestry was determined by their actual genome rather
than their self-reported responses. They were also asked two ques-
tions about their speech/language/reading history (used for a separate
investigation).

Saliva collection

Eligible participants who opted into the genetic portion of the study
were provided with an Oragene-Discover OGR 500 saliva collection
kit along with mailing supplies with prepaid postage and collection
instructions. The OGR 500 kit contains a preservative fluid shown by
the manufacturer to stabilize buccal DNA without degradation when
stored at temperatures as high as 50°C for 6 months. This provided
high confidence in the viability of saliva samples collected via mail
from locations across the United States. The Vanderbilt Technologies
for Advanced Genomics (VANTAGE) service supported the study with
biobanking and genotyping services.

Participants were asked to follow the instructions provided in the
saliva kit, insert their saliva kit into a biospecimen bag, and mail the
kit back to the study organizers. Participants received a weekly email
reminder until their kit was received or they opted out of the study.
In total, 2286 participants were mailed kits and 1931 participants
returned their kits (84% return rate). Of the participants who did
not return a saliva sample, 47 participants withdrew from the study,
five participants’ samples were damaged in transit and a second sam-
ple could not be collected, and 303 participants never responded to
the reminder emails. Upon receipt by study organizers, samples were
logged and delivered to VANTAGE for storage prior to genotyping.
Genotyping (on an SNP chip containing >2 million markers) and Quality
Control are described in detail in the Supporting Materials.

Polygenic scores

GWAS summary statistics for beat synchronization were based on
data from the 23andMe, Inc. GWAS.8 Most other PGSs were based
on publicly available summary statistics, including processing speed
(Neale Lab UK Biobank round 2 results; http://www.nealelab.is/uk-
biobank/), general cognitive ability (i.e., g),°° chronotype (i.e., morning-
ness preference),3” and neuroticism.’! GWAS summary statistics for
the other big five personality traits (agreeableness, conscientiousness,
extraversion, and openness) were obtained through collaboration with
23andMe.>2 See Supporting Material for more information on source
GWAS and variable coding (including N of the original GWAS), and how
PGSs were generated in our sample based on these summary statis-
tics. PGSs were standardized within each ancestry group, then the
aggregated measure was z-scored (akin to prior approaches that adjust
for platform differences®3). Additional sensitivity analyses were con-
ducted in the subset of individuals with European ancestry (that the
GWAS were based on; described below).
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Data analyses
Phenotypic data quality control

Each section of the online survey analyzed here—the music question-
naire, rhythm discrimination test, and demographic survey—contained
an item designed to check for participant attention (e.g., “For this item,

»

please choose ‘Disagree’). Participant data were included in the study
as long as they provided valid consent and completed at least one of
the musicality measures with a valid attention check. However, if a par-
ticipant did not complete a given attention check item accurately, data
for that portion of the survey were excluded (i.e., pair-wise deletion).
Additionally, responses to the feedback form were used to exclude par-
ticipants who experienced technical difficulties while completing the
survey. The form included one question asking participants to give a
yes-no rating to the quality of their survey responses (i.e., “Do you
believe that your questionnaire responses are accurate and that your
data are usable?”). Participants who responded “No” were not included
in any data analyses (and excluded from being mailed a saliva kit).
Participants who reported a loss of audio output during at least two
trials had their rhythm discrimination task data excluded from anal-
yses. Finally, completed consents were parsed for repeated instances
of name-age combinations to identify participants who completed the
survey more than once. Such instances were manually reviewed and
data were only included for a participant’s first valid completion of the

surveys.

Analytic approach

First, we conducted basic descriptive analyses on the phenotype data
using R version 4.1.1.,° including associations among the musicality
measures (rhythmic perception, music engagement, and the single beat
synchronization item).

Next, to calculate heritability for rhythm perception and musical
engagement based on measured SNPs (i.e., GREML), we used the GCTA
software tool on nonimputed genetic data (see Supporting Material for
more information).3? Prior to analyses, related individuals sharing 2.5%
or more of their DNA in common were removed (prioritizing observa-
tions that would retain the most data and range of observations), as
these relationships can bias heritability estimates. Additionally, these
analyses focus only on individuals of European ancestry as GREML
must be conducted within samples from the same ancestral back-
ground. Our final sample for GREML analyses included N = 1557 for
the SMDT and N = 1549 for the music engagement survey. Heritabil-
ity estimates for rhythm perception and musical engagement were
then calculated using GCTA, controlling for age, sex, and the first five
ancestry-based principal components (PCs). To improve the power for
GREML, we replicated these heritability calculations in an independent
sample of Swedish individuals,*® then meta-analyzed the resulting her-
itability estimates across the two independent datasets to obtain our
final estimates. Swedish participants completed the exact same rhythm
discrimination task administered in the Vanderbilt study (the SMDT;

N = 2985) and one of the same self-reported items on music engage-
ment administered in the Vanderbilt study (i.e., “How engaged with
music are you?,” N = 2929; see Supporting Material for more informa-
tion on this sample).

Third, to evaluate (1) how beat synchronization PGSs predicted
rhythmic perception and music engagement and (2) how other PGSs
for selected cognitive, neurological, and personality traits related to
measured rhythmic perception and music engagement, we conducted
regression models involving PGSs (also in R). In all regression analy-
ses, the primary musicality outcome (SMDT score or music engagement
score) was regressed on the target PGS as well as age, education, sex,
and the first five PCs. Education was included given prior evidence
that levels of education are associated with various musicality traits
and because GWASs of cognitive abilities have also been linked to
increased educational attainment.>> Sex was treated as a factor, with
all associations reflecting being female (N = 1326) compared to male
(N=461; N =5 individuals who did not wish to report sex were treated
as missing this variable). Ninety-five percent confidence intervals
(95% Cls) in phenotypic and PGS analyses were based on standard
errors. All measures in the model were standardized so that standard-
ized beta estimates can be interpreted as measures of effect size on the
same scale as correlations.

For these PGS analyses, separate models were initially fit for each
PGS and for each dependent measure, but we also conducted a final
multiple regression model (for each dependent measure) where each
of the PGSs that were statistically significant in the individual models
were allowed to jointly predict the outcome (controlling for all covari-
ates). This approach allowed us to determine which PGSs predicted
uniqgue variance in the music outcomes controlling for one another.
When evaluating which PGS to include in this final regression model,
we included all PGSs that were statistically significant prior to multi-
ple test correction (i.e., raw p values <0.05) to ensure we controlled
for all potentially relevant covariates. However, for the initial analy-
ses focusing on a single PGS at a time, we report uncorrected p values
and p values after applying a 5% false discovery rate (FDR) correc-
tion. Although we tested a small number of hypothesis-driven PGS
associations motivated by prior research, this FDR correction pro-
vides a stricter test that accounts for the fact that multiple PGSs were
examined. FDR corrections were conducted separately for rhythmic

discrimination (i.e., nine tests) and music engagement (nine tests).

Sensitivity analyses

All PGS analyses were conducted in the full sample of individuals
with different ancestral backgrounds as well as in Europeans only.
The latter analyses were conducted because this was the popula-
tion of the original GWASs and because there are methodological
concerns where biases may arise in analyses of samples from a
different ancestral background than the original GWAS.”¢>7 We
focus our analyses and discussion on the full sample and display
European-only analyses in the Supplementary Results, but discuss

the (small) differences in results where relevant. We also repeated
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TABLE 1 Descriptive statistics of the primary study measures and demographic variables
Item n M SD Range Skew Kurtosis
Full sample (N = 3258)
Rhythm discrimination (SMDT total score) 2731 16.27 1.80 6,18 -1.50 2.95
Self-report music engagement (average) 3240 4.04 1.37 1,7 -0.22 -0.75
| can sing or play music from memory 3240 5.32 1.60 1,7 -1.03 0.60
| have never been complimented... 3240 4.57 2.07 1,7 —-0.46 —-1.03
Peak hours per day... 3240 3.14 1.74 1,7 0.47 -0.82
How engaged with music are you? 3240 3.13 141 1,7 -0.19 -0.72
Age 3239 43.13 16.20 18,89 0.45 —-0.90
Level of education 2687 4.25 1.04 1,6 -0.15 -0.48
Genetic sample (N = 1792)
Rhythm discrimination (SMDT total score) 1792 16.22 1.84 6,18 —1.53 3.20
Self-report music engagement (average) 1781 3.98 1.36 1,7 -0.26 -0.78
| can sing or play music from memory 1781 5.23 1.63 1,7 -0.97 0.40
I have never been complimented... 1781 4.50 2.09 1,7 -0.41 -1.11
Peak hours per day... 1781 3.07 1.66 1,7 0.50 -0.72
How engaged with music are you? 1781 3.13 1.39 1,7 -0.27 -0.86
Age 1781 44.90 16.24 18,89 0.33 -1.04
Level of education 1786 4.31 101 1,6 -0.18 -0.42

Note: Reliability of the SMDT rhythm discrimination task: Cronbach’s alpha = 0.61. Reliability of the four-item Music Engagement questionnaire: Cronbach’s
alpha = 0.81. An arcsine transformation was applied to SMDT scores for all analyses to normalize the distribution (skew = —0.09, kurtosis = —0.74).
Abbreviations: SD, standard deviation; SMDT, Swedish Musical Discrimination Test.

some analyses after excluding additional individuals who did not
perform well on the initial headphone test to rule out any addi-
tional confounds related to technology or participant compliance.
Finally, we examined the evidence for sex differences in the PGS

models.

Open science materials

Input and output scripts for all phenotypic and PGS analyses
(in R Markdown) and GREML analyses (text files) are avail-
able at the following webpage: https://osf.io/fdbez/?view_only=
Oc9fdadb7e6c4a2e90551d297f03e879. Individual deidentified data
will also be deposited to dbGaP.

RESULTS
Descriptive statistics and phenotypic results

Descriptive statistics for the objective rhythm discrimination test and
the self-reported music engagement questionnaire are displayed in
Table 1. Performance on the rhythm discrimination test was high but
very similar to prior estimates.2% The four items comprising the music
engagement questionnaire were well correlated with one another
(rrange = 0.34-0.67; see Table S2).

Importantly, rhythmic perception and music engagement were mod-
erately correlated with one another (r = 0.28 in both the phenotypic
and genetic samples). Figure 3 displays a scatterplot of these asso-
ciations and Table S3 displays intercorrelations among rhythmic per-
ception, music engagement, and demographic characteristics. Music
measures were only weakly correlated with some of the demographic
variables, including age and education, but adjusting for all demo-
graphic variables did not alter their association with one another in a
multiple regression model, § = 0.26, p = 5.98 x 10742, 95% CI [0.23,
0.30]in the phenotypic sample; = 0.26,p = 8.93 x 1072?,95% C1[0.22,
0.31]in the genetic sample.

Finally, in the phenotypic sample, 92.6% of participants responded
“yes” to being able to clap to a musical beat (92.0% in the genetic sam-
ple) and 2.1% reported “no” (2.5% in the genetic sample). The remaining
participants reported “| don’t know.” Responses to this question (yes vs.
no) were correlated with both rhythmic perception (r=0.09,p = 2.68 x
1076, 95% CI [0.05, 0.13]) and self-reported music engagement (r =
0.19,p=3.19 x 10~25,95% C1[0.15, 0.22]).

Heritability of rhythmic perception and music
engagement

The meta-analyzed SNP-based heritability estimates (combining esti-
mates from the Vanderbilt Online Musicality Study and Swedish

replication sample) were computed using fixed effects models. The final
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Correlation Among Musicality Measures (Full Sample)
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FIGURE 3 Scatterplot displaying associations between rhythmic perception (arcsine-transformed percent accuracy) and self-reported music
engagement in the full sample (left) and genetic sample (right). Histograms for each measure are plotted above the axes. Jittering was used to more
easily see the density of some observations. Abbreviation: SMDT, Swedish Musical Discrimination Test.

meta-analyzed heritability estimate for rhythmic perception was h? =
0.31, p = 0.010, 95% CI [0.08, 0.55]. Heritability for music engage-
ment was h? = 0.12, p = 0.284, 95% Cl [0.00, 0.35]. These findings
indicated that the heritability of rhythmic perception was moderate
(and significant), with smaller (and nonsignificant) heritability for self-
reported music engagement, though confidence intervals were wide
around both estimates.

Heritability estimates within the Vanderbilt Online Musicality Study
were 22% for rhythmic perception (p = 0.156, 95% CI1 [0.00, 0.66]) and
33% for music engagement (p = 0.057, 95% CI [0.00, 0.77]). Although
these estimates were nonsignificant, this did not impact our subse-
quent PGS analyses as power is independent for both approaches
(e.g., power for PGS models is higher when scores are based on large
discovery GWAS such as many of those examined here). Heritability
estimates within the Swedish sample were 36% for rhythmic percep-
tion, (p = 0.011, 95% CI [0.08, 0.64]) and 1% for music engagement,
(p=0.457,95% CI[-0.24,0.27]).

PGS analyses with beat asynchronization

Next, we examined whether the PGSs for beat synchronization were
associated with rhythmic perception and music engagement. Results
are summarized in Table 2, with the full model output displayed in the
Supplementary Results (Table S4). Standardized betas are presented so
effects can be interpreted on the same scale as correlations.

Results indicated that genetics scores from our previous GWAS
of beat synchronization significantly predicted each of the musicality
traits examined here. Specifically, individuals with higher PGSs for beat
synchronization performed more accurately on the rhythmic discrimi-
nationtask (8=0.11,p=3.17 x 107, 95% C1[0.06,0.15]) and reported
more music engagement (8 = 0.19, p = 4.03 x 10~17, 95% Cl [0.15,

0.24)). Individuals with higher PGSs for beat synchronization were also

much more likely to answer “yes” to the question “Can you clap in
time with a musical beat?” (i.e., the same question that constituted
the phenotype of the large-scale beat synchronization GWAS) (odds
ratio = 2.03, p = 8.75 x 107, 95% CI [1.49, 2.78]). Model estimates
were nearly identical in sensitivity analyses focusing on Europeans (see

Supplementary Results).

PGS analyses with cognitive and personality traits

We next examined whether PGSs derived from GWASs of other
phenotypes predicted rhythmic perception and music engagement
measures in our sample. Results are summarized in Table 2 (Table S5
for Europeans only). After FDR correction, the more accurate rhyth-
mic perception was associated with individuals’ genetic propensity (i.e.,
PGS) for higher general cognitive ability (8 = 0.07, p = 7.12 x 1073,
95% CI [0.03, 0.12]). The more musical engagement was associated
with a genetic propensity for less morningness preference (i.e., greater
eveningness preference; 8 = —0.06, p = 0.049, 95% CI [-0.10, —0.01])
and greater extraversion (3= 0.06, p = 0.027,95% CI[0.02,0.11]).

We also conducted multiple regression analyses in which only the
PGSs significantly associated with rhythmic perception (beat synchro-
nization, general cognitive ability, processing speed, and extraversion)
or music engagement (beat synchronization, general cognitive ability,
chronotype, and extraversion) from the previous step were simultane-
ously included in the model. PGSs which were significant without FDR
correction (i.e., uncorrected p < 0.05) were included in this final model
to ensure we controlled for all possible traits genetically associated
with the musicality outcomes. These results are displayed in Table 3
(Table Sé for Europeans only). For rhythmic perception, beat synchro-
nization (8= 0.11), general cognitive ability (8 = 0.06), and extraversion
PGSs (8 = 0.05) were significant. For music engagement, beat syn-
chronization (8 = 0.19) and extraversion PGSs (8 = 0.07) remained
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TABLE 2 Rhythmic perception and music engagement predicted by polygenic scores for beat synchronization, cognition, and personality

Rhythmic perception

Music engagement

Polygenic score B p (raw) p (FDR)
Music traits
Beat synchronization 0.11 3.17E-06 2.86E-05
Cogpnitive traits
General cognitive ability 0.07 1.58E-03 7.12E-03
Processing speed —0.05 0.042 0.108
Neurological traits
Chronotype —0.02 0.508 0.571
Personality traits
Agreeableness 0.00 0.898 0.898
Conscientiousness 0.03 0.221 0.386
Extraversion 0.05 0.048 0.108
Neuroticism —0.03 0.257 0.386
Openness -0.02 0.508 0.571

95% Cl B p (raw) p (FDR) 95% Cl
[0.06,0.15] 0.19 4.03E-17 3.63E-16 [0.15,0.24]
[0.03,0.12] 0.05 0.049 0.109 [0.00,0.09]

[-0.09,0.00] -0.03 0.280 0.375 [-0.07,0.02]

[-0.06,0.03] —-0.06 0.016 0.049 [-0.10,-0.01]

[-0.05,0.04] —-0.02 0.292 0.375 [-0.07,0.02]

[-0.02,0.07] -0.01 0.736 0.736 [-0.05,0.04]
[0.00,0.09] 0.06 6.11E-03 0.027 [0.02,0.11]

[-0.07,0.02] 0.03 0.143 0.257 [-0.01,0.08]

[-0.06,0.03] -0.01 0.539 0.606 [-0.06,0.03]

Note: Each row represents a separate multiple regression model where rhythmic perception (left) or music engagement (right) were regressed on that poly-
genicscore, as well as age, sex, education, and the first five ancestry-based principal components. Models were also fit separately for rhythmic perception and
music engagement. Statistically significant associations after FDR correction (p < 0.05) are displayed in bold. All polygenic scores were coded such that higher
scores relate to genetic predispositions for higher values on those cognitive measures (e.g., greater general cognitive ability and slower processing speed) or

more endorsement of that trait (e.g., more extraversion).

significant. These results indicate that associations between beat syn-
chronization PGSs and the observed musicality variables measured
here include relatively specific genetic factors that are not shared with
other examined traits.

Associations within the European ancestry subsample were simi-
lar in magnitude as those estimated in the full sample (see Tables S5
and S6). However, some initial PGS associations did not survive the
FDR correctionin this smaller sample (i.e., music engagement predicted
by chronotype or extraversion), and extraversion was not included
in the final multiple regression model with rhythmic perception
(Table Sé6).

Additional sensitivity analyses

To evaluate the potential role of sex differences in these associations,
we repeated PGS analyses after including an interaction term between
sex and each PGS. None of these sex*PGS interactions were statisti-
cally significant, all ps > 0.114, suggesting there was little evidence that
associations between PGSs and musicality outcomes described above
differ across sex.

Finally, we replicated PGS analyses after excluding individuals who
performed poorly on the headphone test (answering two or more of
the four items incorrectly) in order to rule out the possibility that they
had provided poorer quality data than participants who had passed,
potentially adding noise to the genetic analyses. Again, while some esti-
mates fluctuated (and some new statistically significant associations
were observed for the neuroticism PGSs), results were highly simi-
lar to the results of primary analyses reported in Tables 2 and 3 (see

Supplementary Results for more details).

DISCUSSION

Our study sought to elucidate the heritability and genetic correlates of
two aspects of musicality (rhythmic perception and self-reported music
engagement) via complex trait genetic methods. First, we demon-
strated that both rhythmic perception and music engagement were
correlated with one another and moderately heritable (31% and 12%,
respectively), though our meta-analyzed heritability estimate was only
significant for rhythmic perception and 95% Cls were large for both
musicality traits even in the final meta-analyzed sample. Heritability
estimates were somewhat smaller than those observed from prior twin
studies, particularly those for self-reported music engagement,*® in
line with expectations for other complex traits that common genetic
variants capture a smaller portion of the phenotypic variance than
twin-based heritability.”® In fact, 31% heritability for rhythmic per-
ception may be an overestimate given that SNP-based heritability
estimates are often lower in large samples, again potentially reflecting
wide 95% Cls. Nevertheless, this study provides the first heritabil-
ity estimate of objectively measured rhythmic perception and self-
reported music engagement utilizing molecular genomic data, setting
the stage for future studies in this area.

Second, PGSs derived from a recent beat synchronization GWAS
predicted both rhythmic perception and music engagement. These
results highlight the common sources of genetic influences that appear
to underlie a range of musicality traits, in line with recent findings
that PGSs for beat synchronization predict a variety of music skills
and related behaviors.*3 PGS effect sizes were small, in line with PGS
effect size estimates in the literature.’” With increasing GWAS dis-
covery samples, the effect sizes of PGSs will increase.?? Although

we cannot know the direction of causality in these associations from
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TABLE 3 Multiple regression model of rhythmic perception and music engagement

Rhythmic perception

Polygenic score B p

Polygenic scores

Beat synchronization 0.11 3.73E-06
General cognitive ability 0.06 8.54E-03
Processing speed -0.02 0.302
Chronotype - -
Extraversion 0.05 0.036
Covariates

Sex (F) —-0.08 0.181
Age -0.15 8.59E-10
Education 0.11 1.15E-04
PC1 —0.06 0.028
PC2 0.08 3.49E-04
PC3 -0.01 0.781
PC4 0.00 0.530
PC5 -0.02 0.600

Note: Multiple regression model where all significant PGS from univariate analyses (Table 3) were included in the same model (i.e., controlling for one another).

Music engagement

95% Cl B p 95% Cl
[0.06,0.15] 0.19 4.20E-17 [0.15,0.24]
[0.02,0.11] 0.04 0.100 [-0.01,0.08]

[-0.07,0.02] - - -

- —-0.04 0.073 [-0.09,0.00]
[0.00,0.09] 0.07 2.35E-03 [0.02,0.11]
[-0.18,0.03] -0.19 3.15E-04 [-0.29,-0.09]
[-0.19,-0.10] -0.22 1.98E-20 [-0.26,-0.17]
[0.04,0.14] 0.10 6.03E-05 [0.05,0.14]

[-0.10,-0.01] —-0.03 0.199 [-0.07,0.02]
[0.04,0.13] 0.01 0.797 [-0.04,0.05]

[-0.05,0.04] -0.02 0.486 [-0.06,0.03]

[-0.03,0.06] 0.02 0.283 [-0.02,0.07]

[-0.06,0.03] -0.01 0.792 [-0.05,0.04]

Models were fit separately for rhythmic perception and music engagement. Statistically significant associations are displayed in bold (p < 0.05; not adjusted
for multiple tests). All polygenic scores were coded such that higher scores relate to genetic predispositions for higher scores on those cognitive measures
(e.g., greater general cognitive ability) or more endorsement of that trait (e.g., more extraversion).

the current data, genetic links among these musicality traits may be
explained by multiple factors. On the one hand, individuals with a
more accurate (genetically influenced) ability to move in synchrony
with a musical beat may be more likely to seek out and engage with
music to a greater degree in their lifetime simply because it is easier
for them to learn and play (i.e.,, genes influence beat synchroniza-
tion, which in turn affects music engagement). On the other hand,
the reverse is also possible: early music engagement experiences may
strengthen beat synchronization and rhythm discrimination skills in
part by experience-dependent effects on auditory-motor networks of
the brain supporting rhythm and music processing more generally (i.e.,
genes influence music engagement, which in turn affects beat syn-
chronization). A third possibility is that shared genetic architecture
among these constructs manifests in specific gene coexpression in
areas utilized during music processing, such that neural architecture
of rhythm-related processing including beat perception and synchro-
nization, rhythmic discrimination, and music reward processing are
intertwined during development and lead to these traits being genet-
ically and phenotypically correlated in adult participants (i.e., the
same genes influence both traits, driving their correlation).? These
results open avenues of new exploration on potential genetic influ-
ences on specific facets of the neural circuitry that supports humans’
ability to extract and perceive a musical beat and predict upcom-
ing beat events from rhythmic patterns in a wide range of music
types.61

In addition, the PGS findings validate the beat synchronization
GWAS in several ways. Namely, the prediction of rhythmic perception

and music engagement measures by the PGS for beat synchroniza-
tion converges with earlier findings that this PGS differed in musically
active individuals versus a population-based control sample.® More-
over, the strong prediction of the PGS for beat synchronization in
relation to the self-report item in an independent sample is a replica-
tion of the initial GWAS,2 highlighting that genetic scores derived from
this simple yes/no question in a large population sample (23andMe)
predict variation in the same question in a novel sample of adults
residing in the United States.

Third, cross-trait PGS results give us a window into shared genetic
influences (i.e., pleiotropy) between musicality traits and cognitive and
personality traits. In our final multiple regression models (Table 3),
the rhythmic perception was predicted by general cognitive ability
PGS.>% These findings align with earlier work on musicality and
intelligence, and demonstrate that at least some of this association is
explained by genetic predispositions.11¢2 |n line with past research,
these findings highlight the importance of controlling for familial
factors when evaluating associations between music and cognitive
abilities' 16364 and consideration of shared genetic influences as a
potential explanation of earlier findings assuming causal transfer
of music training to general cognition.*>¢3-6> Furthermore, prior
work on beat synchronization showed that its genetic architecture
remained virtually unchanged even when conditioning results on
general cognitive ability.8 Our results are similar because the inclusion
of PGSs for cognitive ability did not affect the strength of prediction
of beat synchronization PGSs on our music phenotypes. Conversely,
while general cognitive ability PGSs were associated with both
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musicality outcomes, these effects were independent of those from
beat synchronization.

Both rhythmic perception and self-reported music engagement
were also associated with higher PGSs for extraversion. These find-
ings were somewhat surprising because music engagement is most
consistently related to openness to experience.’¢18 For example, a
study of Norwegian adults indicated that professional musician status
was associated with higher openness and neuroticism, and lower
degrees of conscientiousness, but not extraversion.'> Another study
of Canadian children and undergraduates!’ revealed associations
between music training or practice and openness (with the child sam-
ple also demonstrating a positive association with conscientiousness),
but no associations with extraversion. Additionally, in the Swedish
twin registry (the same replication sample for GREML utilized here),
there is evidence that amateur musicians are more extraverted than
nonmusicians,'* but comparisons were nonsignificant between pro-
fessional musicians and both other groups. Our findings may differ
from the earlier phenotypic studies reviewed here in part because
our measure of self-reported engagement differs from measures of
musician status, training, and competence, and/or because we focused
on genetic rather than phenotypic associations (i.e., personality,
while moderately heritable,*® is also influenced by environmental
factors that may drive these previously observed associations).
Moreover, the predictive power of PGS is dependent on the sample
size of the discovery GWAS.2? PGSs for beat synchronization and
other traits were based on large GWASs (N>300,000, see Table S1),
but those for all personality traits except neuroticism were based
on a smaller GWAS (N = 59,225). Therefore, the power to detect
associations with personality will be improved when larger GWAS
studies become available and should continue to be examined in future
work.

Finally, genetic influences on processing speed and chronotype
were modestly associated with beat synchronization in prior work,?
but were not strongly correlated with musicality outcomes exam-
ined here. Importantly, chronotype PGSs significantly predicted music
engagement, but this association was nonsignificant after controlling
for other PGSs (including beat synchronization). These findings are
consistent with the idea that individuals engaged with music may be
slightly more likely to have an eveningness preference but only because
genetic influences on eveningness are intertwined with those for beat
synchronization.? Similarly, there was a weak association between
processing speed PGSs and rhythmic perception, but this was also non-
significant after controlling for PGSs for beat synchronization, general
cognitive ability, and extraversion. These results are also consistent
with the idea that the association between processing speed and
rhythmic perception is driven by shared genetic influences with beat

synchronization observed in earlier work.®

Strengths and limitations

This study presented one of the first genomic investigations into musi-

cality. Our sample was not large enough to conduct a GWAS (i.e.,

that would help identify specific genetic loci associated), but combined
GREML and PGS approaches to confirm the moderate heritability of
rhythmic perception and that genetic influences on beat synchroniza-
tion (using weights from a prior study) predict individuals’ objectively
measured rhythmic perception. Confidence intervals around heritabil-
ity estimates were wide, and we did not observe significant heritability
of self-reported music engagement. Importantly, the prediction of
music engagement by the same beat synchronization PGS confirms
some underlying genetic influences on music engagement.

Moreover, although the heritability estimates were somewhat
different across samples (e.g., higher heritability for rhythmic per-
ception and lower heritability for music engagement for Swedish
compared to American samples), both sets of estimates had over-
lapping confidence intervals across samples and the measures were
nearly identical (i.e.,, the same test of rhythmic perception in both
samples, one of the four music engagement questions in the United
States-based sample was asked in the Swedish sample). Thus, the
meta-analyzed heritability estimates are likely trustworthy. Finally,
some of our cross-trait PGS results were nonsignificant when focus-
ing on more conservative FDR-corrected p values (Table 2), high-
lighting the need to confirm these genetic associations (which
are anticipated to have small effect sizes) in even larger sam-
ples.

Our genetic sample also comprised individuals from across the
United States. However, 74% of participants in the genetic sample
were female and 88% of participants were of European ancestry.
As noted above, our approach leveraged data from non-Europeans
where possible. PGS results using all subjects were highly consistent
with results based on European subjects only, especially the reli-
able prediction of rhythmic perception or music engagement by the
beat synchronization GWAS. Promising new approaches will allow
for more mixed-ancestry PGSs in future studies,®® but will improve
most with additional GWAS conducted in non-European populations.
Additionally, although our recruitment materials were designed to
appeal to individuals of all ability levels (see Supporting Material),
it is possible that we oversampled individuals interested in music
as this was the primary focus of the study. Indeed, many individu-
als scored perfectly on the rhythmic discrimination test, suggesting
we may not have effectively captured individual differences in rhyth-
mic discrimination among people on the strong end of the continuum.
Nevertheless, distributional characteristics were similar to the origi-
nal population sample that was not selected for musical ability,2® and
the arcsine transformation resulted in good distributional characteris-
tics.

Finally, it will be important to continue evaluating whether males
and females differ in the strength of the associations between PGSs
and individual differences in musicality traits given evidence that
participation bias may influence heritability estimates (and other
downstream analyses) in genetic studies®” and that heritability
estimates differ across sex in some2%22 but not all twin studies.2¢8
Here, although males reported more music engagement than females,
we observed no evidence for sex*PGS interactions. However, effec-

tively testing this possibility will require larger samples.
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Concluding remarks

Musical ability and music engagement are associated with a wide range
of developmental, cognitive, mental health, and well-being outcomes.
There are myriad of measures that assess musical ability and engage-
ment, with the construct of “musicality” capturing the tendency for
individuals to be actively engaged, interested, and skilled. This work
provides one of the first heritability estimates of musicality traits using
genomic data, with PGS approaches confirming some shared genetic
influences between both measures and beat synchronization ability
(from an earlier investigation). Conversely, cross-trait PGS analyses
revealed that these two musicality traits also show distinct associations
with other cognitive and personality measures. We view this study as
a stepping-stone to larger genetic investigations into the commonality

and separability of different aspects of musicality.
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