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Impaired musical rhythm abilities and developmental speech-language related
disorders are biologically and clinically intertwined. Prior work examining
their relationship has primarily used small samples; here, we studied associa-
tions at population-scale by conducting the largest systematic epidemiological
investigation to date (total N=39,358). Based on existing theoretical frame-
works, we predicted that rhythm impairment would be a significant risk factor
for speech-language disorders in the general adult population. Findings were

consistent across multiple independent datasets and rhythm subskills
(including beat synchronization and rhythm discrimination), and aggregate
meta-analyzed data showed that non-linguistic rhythm impairment is a modest
but consistent risk factor for developmental speech, language, and reading
disorders (OR=1.33 [1.18 - 1.49]; p <.0001). Further, cross-trait polygenic
score analyses (total N =7180) indicated shared genetic architecture between
musical rhythm and reading abilities, suggesting genetic pleiotropy between
musicality and language-related phenotypes.

Developmental communication-related difficulties and disorders are
highly prevalent. In the U.S., for example, speech and language dis-
orders collectively affect between 3% to 16% of all children’; and global
estimates for expressive and receptive language problems are in a
similar range (0.4-25%)> Prevalences of these disorders are estimated
as follows: language problems characteristic of developmental lan-
guage disorder (DLD) at 3-7%**, dyslexia at 3-10%’, stuttering at
0.3-5.6%°, and speech disorders of articulation or phonology at 10%’
with higher prevalence in younger children (e.g., 15-16% at age 3)°.
There are tremendous health and societal impacts of these disorders:
individuals with developmental communication disorders are at
increased risk for mental health disorders, poorer physical health,

long-term issues with health-related quality of life’, and poorer edu-
cational and socioeconomic outcomes*'°, Despite their impact,
many speech-language and reading disorders remain systematically
under-identified'*'®. Identifying risk factors for these disorders is
therefore paramount for understanding, identifying, and treating
them". Notably, many of the current diagnostic and screening proce-
dures are prone to inequitable outcomes based on demographic fac-
tors such as gender, socioeconomic status (SES), minority status, and
language background (e.g., bilingualism)'*2°.

Recent epidemiological approaches using big data suggest that
leveraging co-occurring conditions and features (including medical
comorbidities) of language disorders can be a pathway towards
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closing the identification gap, and towards a more complete profile of
the biological and health implications of these conditions**'*?*, To
this end, in the current paper, we explore musical rhythm skills as an
underutilized but potentially powerful factor underlying develop-
mental problems with speech-language abilities. While rhythm abilities
are known to explain a portion of the inter-individual variability in
several speech, language, and reading outcomes in typical
development®, this research addresses open questions about the
extent to which rhythm skills are related to speech-language disorders
in large population samples, as a step towards providing a potentially
clinically-relevant marker for early identification efforts. The Atypical
Rhythm Risk Hypothesis - which posits that individuals with impair-
ments in many different aspects of musical rhythm skills are at higher
risk for developmental speech-language disorders® - provides an epi-
demiological context for the present work.

Musical rhythm skills can be measured using a variety of tasks that
require processing of timing and interval information in musical sti-
muli, such as accurately perceiving small differences between rhythms,
extracting the underlying beat from rhythmic information, and syn-
chronizing movements to external rhythms (e.g., tapping). Perfor-
mance on isochronous tapping tasks is impaired in multiple speech-
language disorders, including stuttering’®”, dyslexia®®, and DLD**.
Beat synchronization (tapping in time with a beat) is impaired in chil-
dren with DLD*?° and adults with dyslexia®'. Despite rhythm and lan-
guage skills being assessed with very different types of stimuli and
tasks, a range of studies suggest that the biological underpinnings of
rhythm and language are consistently linked***-*2,

Transdiagnostic, dimensional approaches (e.g., Research Domain
Criteria, or RDoC model) are currently gaining traction in psychiatric
epidemiology®, but less so thus far in communication sciences and
disorders research. Although speech-language disorders such as dys-
lexia, DLD, and stuttering exhibit distinct characteristic symptoms,
there are commonalities across them, and they are often comorbid
with each other***, Further, the high heterogeneity of symptoms in
speech-language disorders makes identifying and agreeing upon dis-
tinct core deficits for each disorder challenging and less practical.
Instead, modeled on the emerging practice of utilizing transdiagnostic
criteria in other disciplines®**, identifying possible behavioral and
biological dimensions as co-occurring risk factors across disorders
could bolster scientific and clinical insights. Dimensional approaches
are also more useful for developing personalized treatments (e.g.,
through the characterization of disorder subtypes, or constellations of
symptoms that practitioners can draw on when developing treatment
plans)*. Using transdiagnostic approaches presents an opportunity
and motivation to identify and deeply characterize potential non-lin-
guistic risk factors and health correlates of language disorders, such as
rhythm abilities.

The present work is also grounded in the Musical Abilities,
Pleiotropy, Language, and Environment (MAPLE) framework, which
posits that shared polygenic architecture (i.e., genetic pleiotropy)
underlies a portion of the overlap between musicality traits (including
rhythm abilities) and communication traits (including, speech, lan-
guage, and reading abilities)**. In support of the MAPLE framework,
positive genetic correlations between musical rhythm abilities and
language/reading-related abilities, and negative genetic correlations
between rhythm abilities and dyslexia, have been recently shown using
findings from genome-wide association studies (GWAS) of rhythm
abilities, language/reading abilities, and dyslexia®*’. Large-scale epide-
miological approaches capturing continuous population distributions
of rhythm and language skills, as well as the disorder ends of the
spectrum, are an important test of these theories.

The current work investigated whether there is converging evi-
dence that musical rhythm impairments are a risk factor for multiple
developmental speech-language disorders, in the general population.
We examined behavioral and genetic associations between musical

rhythm abilities and communication-related problems and disorders
(including those related to speech, language, and reading), using
population health approaches. Guided by recent evidence-based
frameworks**, we conducted two main studies using data from five
different study cohorts. Study 1 assessed whether lower performance
on musical rhythm measures is associated with higher odds of having
developmental communication problems or disorders, using a retro-
spective design. Study 1 achieves a large sample (total N=39,358) by
utilizing data from population-based cohort studies in which both
musical rhythm and communication-related traits/constructs were
measured. Study 2 (NV=7180) investigated whether musical rhythm
and communication traits share polygenic architecture, by combining
phenotypic and individual-level genetic data, and drawing on group-
level genomic results from recent GWASs of musical rhythm® and
language-related traits®.

Results

Study cohorts curated for epidemiological (Study 1) and genetic
(Study 2) research questions are referred to throughout by the fol-
lowing names: (1) Vanderbilt Online Musicality Study; (2) Rhythm
Perception Study; (3) Rhythm Production and Synchronization Study;
(4) Lifelines; and (5) Adolescent Brain and Cognitive Development
(ABCD). We investigated the genetic research questions in two of these
cohorts: Vanderbilt Online Musicality Study and ABCD. Figure 1 illus-
trates the various phenotyping tools utilized to measure musical
rhythm traits across the cohorts, including objectively measured and
self-reported abilities. In total, these five cohorts represent data from
44,586 participants (of which 44,406 were retained in analyses for the
present study). Four of the five cohorts were drawn from existing
studies, and one cohort (Lifelines) involved new data collection (see
Methods (Cohort Details)).

Study 1: Epidemiological results

In Study 1 (N=39,358), we investigated whether relatively weaker
musical rhythm scores are associated with higher odds of having a
history of speech-language problems or disorders. We tested this
hypothesis across four study cohorts, which collectively represented
four different musical rhythm traits (see Methods (Cohort Details)).
Figure 2 illustrates all association results, controlling for age and sex.
Details of phenotypic measures related to musical rhythm abilities and
speech-language difficulties/disorders are given in Methods (Cohort
Details). Variable selection for models was theory-driven throughout.
Rhythm measures were included as predictors, and speech-language
measures were included as outcomes, to test our central hypotheses
(see Methods (Data Processing and Analyses)). All Study 1 statistical
models controlled for age and sex (Supplementary Data S.2.1-S.5.6).

Communication-related problems/disorders and musical rhythm
abilities

History of Speech-Language Therapy. First, we investigated musical
rhythm discrimination abilities, which capture perceptual sensitivity to
auditory rhythms. A 1SD decrease in rhythm scores was associated
with 16% higher odds of having received speech-language therapy as a
child, in the Vanderbilt Online Musicality Study (V=2494; OR=1.16
[1.03-1.30]; p=.010457) and 47% higher odds in the Rhythm Percep-
tion Study (N=668; OR=1.47 [1.12-1.94]; p=.005776). Second, we
investigated self-reported rhythm abilities. A 1SD decrease in self-
reported rhythm scores was associated with 21% higher odds of having
received speech-language therapy as a child, in the Rhythm Production
and Synchronization Study (N=1393; OR=121 [1.04-141];
p=.014160). Next, in a subset of participants from the Rhythm Pro-
duction and Synchronization Study, we investigated musical beat
synchronization abilities. A 1SD decrease in rhythm scores was asso-
ciated with 72% higher odds of having received speech-language
therapy as a child (N=539; OR=1.72[1.36-2.18]; p =5.18 x 107%). Finally,
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Fig. 1| All cohorts utilized in the present study are illustrated (left), with details
about which rhythm traits were available within each cohort (center), span-
ning the following: self-reported rhythm abilities, rhythm perception (e.g.,
rhythm discrimination), rhythm production or synchronization (e.g., beat
synchronization), and genetic predispositions for rhythm abilities (i.e., poly-
genic scores). Distributions for rhythm scores in each cohort are visualized (right).
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Scores for all rhythm-related measures are normalized, where negative and positive
scores indicate standard deviations below and above the mean respectively. Colors
represent measures from the five different cohorts: reds = Vanderbilt Online Musi-
cality Study; yellows = Adolescent Brain and Cognitive Development; blues = Rhythm
Perception Study; greens = Rhythm Production & Synchronization Study;

purples = Lifelines.

in a second subset of participants from the Rhythm Production and
Synchronization Study, we investigated isochronous tapping abilities.
A1SD decrease in rhythm scores was associated with 53% higher odds
of having received speech-language therapy as a child (NV=626; OR =
1.53 [1.23-1.88]; p=8.22x107).

Speech or articulation problem/disorder and stuttering. First, we
investigated associations between self-reported rhythm abilities
and the odds of having a history of speech articulation problems
or disorders. In Lifelines, 5.84% of the adult sample reported a
history of speech/articulation problems or disorder. A 1SD
decrease in rhythm scores was associated with 21% higher odds of
having a speech or articulation disorder (N=31,172; OR=1.21
[1.16-1.27]; p=4.60x107"). Next, we investigated associations
with stuttering, also in Lifelines. 4.52% of the adult sample
reported a history of stuttering. Results showed that a 1SD
decrease in rhythm scores was significantly associated with 7%
lower odds of having a stutter (N =34,798; OR=0.93 [0.88- 0.98];
p=.0067) (Fig. 2). This was not the expected direction of asso-
ciation based on previous findings®*7*%*,

Dyslexia and reading struggles. First, we investigated associations
between musical rhythm discrimination abilities and a history of
reading disorder. A1SD decrease in rhythm scores was associated with
41% higher odds of having received a dyslexia diagnosis, in the Van-
derbilt Online Musicality Study (N=2499; OR=141 [1.14-1.72];
p =.00109). Second, we examined self-reported rhythm abilities and a
history of reading disorder. A 1SD decrease in rhythm scores was
associated with 42% higher odds of having received a dyslexia diag-
nosis, in the Rhythm Production and Synchronization Study (N =1398;
OR=1.42 [1.09 - 1.85]; p=.01033); and 30% higher odds in Lifelines
(N=31,864; OR=1.30 [1.25 - 1.35]; p<2.0 x107%). A 1SD decrease in

rhythm scores was also associated with 29% higher odds of having a
history of reading struggles, in Lifelines (V=32,321; OR=129
[1.24-1.34], p<2.0x107%). In Lifelines, 9.31% of the adult sample
reported a history of dyslexia, and 10.02% of the sample reported a
history of reading struggles. In subsets of participants from the
Rhythm Production and Synchronization Study, a 1SD decrease in
isochronous tapping accuracy was associated with 93% higher odds of
having a dyslexia diagnosis (N=626; OR=1.93 [1.24-3.00];
p=.00305). Beat synchronization accuracy was not significantly
associated with dyslexia (N=538; OR =1.45 [0.81-2.48]; p = .18114).

Developmental language disorder (DLD). Here, we investigated
associations between self-reported rhythm abilities and odds of
reporting a history of DLD-related symptoms as measured by our DLD
proxy variable, in Lifelines (see Methods (Cohort Details)). A 1SD
decrease in rhythm scores was associated with 22% higher odds of
being identified as a DLD-likely case compared to DLD-not-likely con-
trols (N=35,069; OR =1.22 [1.17-1.27]; p < 2.0 x 107*). These results are
consistent with previous work on relatively impaired rhythm abilities
in children with DLD compared to typically developing children®~°.
7.43% of the adult sample was classified as a DLD-likely case.

Learning disabilities. Here, we investigated associations between self-
reported rhythm abilities and a history of receiving support for
learning disabilities, in Lifelines. 3.96% of the adult sample reported
having a history of learning disabilities. A 1SD decrease in rhythm
scores was associated with 32% higher odds of learning disabilities
(N=34,374; OR=1.32 [1.25-1.39]; p<2.0 x107).

Late talkers. Here, we investigated associations between musical
rhythm discrimination abilities and late language emergence
in the Rhythm Perception Study. Rhythm scores were not
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Fig. 2 | Forest plot of associations between lower scores on rhythm pheno-
types, and history of speech-language problems and disorders, across four
cohorts (see Methods (Cohort Details)). Rows represent specific rhythm pheno-
types assessed (e.g., beat synchronization accuracy), and Ns for cases and controls,
within each speech-language problem or disorder assessed (e.g., dyslexia). The X-
axis is represented on a logarithmic scale, relative to the vertical dashed line

(OR =1). Data represents the results of logistic regressions. Values to the right of the
X-axis represent up to twice as high odds of having a history of speech-language
difficulties or disorder per 1SD lower scores for every rhythm phenotype. Values to

the left represent up to half the odds. Gray diamond marker sizes represent either
small (VN <1000), medium (between 1000 - 30,000), or large (N >30,000) samples.
Overall odds ratio (OR=1.33 [1.18 - 1.49]; p=6.07 x 10~*°) represents results of a
mixed effects meta-analysis of 16 logistic regression models, using REML estima-
tions, and modeling nested random effects to account for heterogeneity across
data cohorts and partially overlapping samples across datasets. Cohorts are iden-
tified using the following: OM = Vanderbilt Online Musicality Study; RP = Rhythm
Perception Study; RPS = Rhythm Perception and Synchronization Study; LL = Lifelines.

significantly associated with being a late talker (N=545; OR=1.11
[0.82-1.52]; p=.50), though the association trended in the expec-
ted direction.

Meta-analysis results. A mixed effects meta-analysis model using
restricted maximum likelihood (REML) estimations showed that a1SD
decrease in musical rhythm scores was associated with 1.33 times
higher odds of reporting a history of speech and language problems or
disorders (k=16; OR =1.33 [1.18-1.49]; p < .0001; Fig. 2; Supplementary
Data S.1.1). Models included nested random effects to account for
significant heterogeneity found across data cohorts (Q(df=15)=
204.85; df =15; p <.0001), and for partially overlapping samples across
datasets. Since lower rhythm scores were associated with lower risk of
stuttering (compared to other speech-language disorders, where
lower rhythm scores were associated with higher risk), we conducted
an additional meta-analysis without stuttering included. Meta-analysis
results were virtually unchanged without stuttering included in the
model (OR=1.34 [118-1.48], p=6.07 x10™*); Supplementary Data
S.1.2). These findings converge with previous large-scale evidence
showing that individuals with time-based congenital amusia, which is
characterized by impaired rhythm and timing perception in musical
stimuli occurring in the absence of brain injury or hearing loss, have

significantly higher rates of neurodevelopmental disorders and learn-
ing disabilities compared to controls, including dyslexia, speech dis-
order, dyscalculia, attentional disorder, memory problems, and spatial
orientation difficulties*.

To investigate whether other relevant factors such as socio-
economic status (SES) and music engagement explain the relationship
between musical rhythm and a history of speech-language problems
and disorders, we also conducted regression analyses with music
engagement and educational attainment (a proxy for SES) included as
covariates, in two cohorts (Supplementary Data S.9.1-S.9.5). In brief,
associations between musical rhythm abilities and speech-language
disorders were robust over and above the effects of socioeconomic
and music engagement factors.

Taken together, Study 1 findings were consistent with predic-
tions of the Atypical Rhythm Risk Hypothesis. Across several large
cohorts, we found that having weaker rhythm skills - measured
through self-report and task performance - were associated with
increased odds of clinical speech-language problems and disorders
(with the exception of late talker status and stuttering). These results
extend similar previous findings in smaller samples of individuals
with specific developmental speech-language disorders (see ref. 25
for review).
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mance and greater genetic predispositions for beat synchronization abilities,
respectively; (B) shows musical rhythm scores as a function of word reading PGSs in
the Vanderbilt Online Musicality Study (N =1787), where higher scores indicate
better rhythm test performance and greater genetic predispositions for word
reading abilities, respectively; and (C) shows beat synchronization PGSs as a
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function of case (Yes) or control (No) status for speech-language therapy history in
the Vanderbilt Online Musicality Study (N =1669), where higher scores indicate
greater genetic predisposition for beat synchronization abilities. For continuous
phenotypes (A and B), means and SEs are shown for each decile of PGSs. For the
binary phenotype (C) means, interquartile range (IQR), and total range of PGSs are
shown for speech-language therapy cases (Yes) and controls (No). Box plots
represent values between the first and third quartile (i.e., 25th to 75th percentile).
Lower whiskers indicate values up to 1.5 * IQR below the first quartile, and upper
whiskers indicate values up to 1.5 * IQR above the third quartile.

Study 2: Genetic results

In Study 2 (N=7180), we systematically tested genetic predictions of
the MAPLE framework**, which proposes shared genetic architecture
between rhythm and language traits, in two independent cohorts
(Vanderbilt Online Musicality Study and ABCD). Polygenic score (PGS)
analyses were conducted (see Methods (Data Processing and Ana-
lyses)), for which separate PGSs were computed in each of the two
cohorts: (1) PGSs for musical beat synchronization abilities (based on a
GWAS in 606,825 individuals®); (2) PGSs for word reading abilities
(based on a GWAS in 27,190 individuals®). Details of GWAS discovery
samples, polygenic scoring, and target samples for PGS application are
given in (Methods (Cohort Details)). All Study 2 statistical models
controlled for age, sex, and population substructure variation (Sup-
plementary Data S.6.1-S.7.1).

Shared genetic architecture between reading abilities and musical
rhythm abilities. First, we investigated whether genetic predisposi-
tions for musical beat synchronization abilities are associated with
language-related abilities (here, word reading). Beat synchronization
PGSs were associated with higher oral word reading (i.e., decoding)
scores, as measured by the Toolbox Oral Reading Recognition Test (T-
OORT)* (N=5393; =0.05; SE=0.01; p=.000107) in the ABCD study,
including after controlling for the effects of word reading PGSs
(8=0.04; SE=0.01; p=.00108). The tails of the beat synchronization
PGS distribution are informative (Fig. 3A), with individuals in the
highest PGS decile showing significantly better oral reading scores than
those in the lowest decile (¢ (df=1077)=-3.69, p=.000232; see
Methods (Data Processing and Analyses)). To contextualize the effect
size of beat synchronization PGSs on word reading scores (1SD
increase in beat synchronization PGS corresponds to a 0.05 SD increase
inreading scores), we draw readers’ attention to our findings that a1SD
increase in word reading PGSs corresponds to a 0.14 SD increase in
T-OORT word reading scores in the same ABCD cohort, after control-
ling for covariates (N =5393; B=0.14; SE=0.01, p <2.0 x107%). Genetic
correlations between word reading and beat synchronization abilities
(based on the same GWASs used here to derive PGSs) were recently
reported® to be rG=0.18, SE=0.04, p=1.84 x107.

Next, we investigated whether genetic predispositions for word
reading abilities are associated with musical rhythm discrimination
abilities. Higher word reading PGSs were associated with significantly
higher scores on the rhythm subtest of the Swedish Musical Dis-
crimination Test** (N=1787; B=0.09; SE=0.025; p=.000579) in the
Vanderbilt Online Musicality Study, including after accounting for the
effects of rhythm PGSs in the model (8= 0.10; SE = 0.023; p=.00003).
These effect sizes are similar to previously reported associations
between beat synchronization PGSs and musical rhythm discrimina-
tion scores, e.g., in the Vanderbilt Online Musicality Study*: f=0.11,
p=3.2x10"% and the Study of Twin Adults: Genes and Environment
(STAGE)*®: B=0.11, p <.00L1. Figure 3B illustrates mean scores on the
musical rhythm discrimination task for each decile of word reading
PGSs. Again, the tails of the word reading PGS distribution are infor-
mative (Fig. 3B), with individuals in the highest PGS decile showing
significantly better rhythm discrimination scores than those in the
lowest decile (¢ (df=350) =-2.56, p =.011; see Methods: Data Proces-
sing and Analyses).

Shared genetic architecture between speech-language problems/
disorders and musical rhythm abilities. Here, we investigated whe-
ther genetic predispositions for musical beat synchronization abilities
are associated with higher odds of having a history of speech-language
disorders. Higher beat synchronization PGSs were associated with
lower odds of reporting a history of speech-language therapy, in the
Vanderbilt Online Musicality Study (NV=1669; OR=0.83 [0.71 - 0.96];
p=.012). Figure 3C illustrates the difference in medians and distribu-
tions of beat synchronization PGS across the Yes (case) and No (con-
trol) responses for speech-language therapy history. A two-tailed
independent samples t-test showed significantly lower beat synchro-
nization PGS means in the cases (Yes: N=218) compared to controls
(No: N=1456), t(df=280)=-2.56, p=.0109); see Methods (Data Pro-
cessing and Analyses)).

To clarify whether genetic associations between musical rhythm
abilities and speech-language problems played out through horizontal
(direct) or vertical (mediated) pleiotropy, we tested a mediation
model in the Vanderbilt Online Musicality Study cohort (N=1787
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Fig. 4 | Path analysis model showing associations between genetic predis-
position scores for rhythm (predictor), behavioral musical rhythm scores
(mediator), and a history of speech-language therapy (outcome), in the Van-
derbilt Online Musicality Study cohort (N=1787). The direct path between the
predictor and the outcome was significant, but no significant mediation effect was
found. Results suggest horizontal (unmediated) genetic pleiotropy between
rhythm and language traits. To control for relevant covariates, PGSs for rhythm
were measured using the residuals of beat synchronization PGSs regressed onto
age, sex, and the first 5 genetic ancestry PCs; and rhythm discrimination abilities
were measured using the residuals of scores on the Swedish Musical Discrimination
Task (Rhythm Subtest) regressed onto age and sex. 8 estimates and p-values for
each pair of variables are indicated on the paths. Solid lines indicate a significant
relationship. * p < 0.05; ** p< 0.01.

[NEemate =1326]; see Methods (Data Processing and Analyses)). Path
analysis showed significant direct effects of rhythm PGS on speech-
language therapy history (i.e., history of speech-language problems),
but this relationship was not mediated by rhythm discrimination
abilities (chi-sq=23.32, p=.000013, CL/=1.0; TL/=1.0). These results
further clarify our cross-trait PGS findings, providing evidence that the
genetic pleiotropy underlying rhythm and language traits is of the
horizontal and not vertical variety (i.e., not mediated) (see ref. 25 for
further discussion on possible unmediated and mediated genetic
pleiotropy between rhythm and speech-language disorders). Figure 4
shows all beta and p-values for the mediation model. See Supple-
mentary Data S.8.1-S.8.2 for model details.

Taken together, Study 2 results show that polygenic architecture
for musical rhythm skills (here, beat synchronization) explain a pro-
portion of variability in measured language-related skills (here, word
reading), and that the size of this effect is meaningful given the extent
to which polygenic architecture for word reading explains variability
for the same trait (measured word reading abilities) in the same cohort.
Further, the polygenic architecture of rhythm predicts reading scores
over and above the predictive value of the known polygenic archi-
tecture of reading, suggesting that reading skills draw upon biology
shared with musical rhythm skills.

Discussion

Consistent with the predictions of the Atypical Rhythm Risk
Hypothesis”, our epidemiological investigations (Study 1; N =39,358)
found substantial converging evidence that rhythm impairments are a
transdiagnostic risk factor for developmental communication-related
disorders. We showed this in the largest sample size to date, and across

four independent cohorts, with rhythm abilities (perception, produc-
tion, and synchronization) measured in several different ways. Speci-
fically, greater rhythm impairments were associated with increased
odds of childhood history of speech-language therapy, speech or
articulation disorders, dyslexia, reading struggles, DLD, and learning
disabilities. Supplementary analyses in two cohorts showed that these
associations were not driven by SES, or music training or engagement
levels. Our retrospective design (compared to cross-sectional designs)
captured adults’ history of speech, language, or reading struggles
experienced at earlier developmental stages, even if such problems
had later resolved.

Study 2 (N=7180) tested theories of genetic pleiotropy (shared
genetic influences) between musicality and language traits**>*’ as a
partial explanation of associations found in Study 1. Cross-trait PGS
analyses showed genetic associations between rhythm and reading
traits in two cohorts, consistent with predictions, and suggesting
shared genetic architecture between these traits. Given the present
study design, which yielded a relatively small number of cases for each
disorder (consistent with the population prevalence for develop-
mental speech-language disorders), we could not systematically tease
apart whether genetic associations between rhythm and reading play
out differently in individuals with a history of developmental speech-
language problems compared to others. This remains a question for
future studies that target the enrollment of individuals with a devel-
opmental history of speech-language problems into genomics studies.
Mediation analyses showed direct effects of genetic predispositions
for musical rhythm abilities on developmental speech-language his-
tory, which were not mediated by phenotypic musical rhythm
scores (consistent with horizontal pleiotropy). Thus, associations
between rhythm and language during development are not necessarily
due to cognitive transfer effects from sequence and timing processing
and learning, to linguistic domains (e.g., phonological and reading
development). Rather, such associations may be driven by other
complex gene-brain-environment interplays. These findings further
characterize the details of genetic associations found between rhythm
and speech-language disorders, complementing recent findings about
shared genetic architecture®.

Taken together, our results highlight the importance of both
genetic and behavioral individual differences in rhythm abilities as
potential risk-resilience factors for communication disorders. Our
results are consistent, and complementary, with a few different lines of
research: (1) Our large-scale results on rhythm-dyslexia associations
expand findings from prior case/control studies in modest samples,
which show less accurate musical rhythm task performance in children
and adults with dyslexia compared to controls**>. (2) Our results
complement prior multidisciplinary investigations showing shared
development, neurobiology, and evolution of musicality and language-
related traits®>*>*, (3) Our prevalence estimates for DLD, stuttering,
and dyslexia are consistent with prior estimates, and we provided a
novel estimate of 10% prevalence for reading struggles.

Our results diverge from previous studies in that rhythm and
stuttering were not associated in the direction expected based on the
literature. This could be due to our focus on individual variability in
rhythm skills within individuals who stutter(ed), in contrast with case/
control designs”***!; or because individuals who stutter(ed) may be
exposed to rhythm-focused therapies, improving their rhythm abil-
ities. While we cannot test this conjecture in the present data, we
suggest it as a potential explanation that should be tested system-
atically in future research, as there is a substantial history of rhythmic
speech or singing and other music therapies being used to treat
stuttering®®’. Future studies should examine details about the dura-
tion and type of therapy received, to improve our understanding of
whether rhythm-based interventions could have long-term effects on
speech-language disorder traits (as they have mostly been examined
previously for their effects on more temporary states™).
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We argue based on current results and prior research that musical
rhythm abilities can be considered a relevant transdiagnostic dimen-
sion or domain for developmental speech-language disorders, as pre-
viously proposed®*’. Transdiagnostic approaches such as the RDoC
model, which has been used previously to frame research in psychiatric
disorders®*, are particularly useful here, given high comorbidity
between distinct speech-language and reading disorders®*. Transdiag-
nostic domains based on rhythm could include perception, produc-
tion, and synchronization skills. Further, the present work highlights
rhythm impairment as a clinically-relevant risk factor, alongside other
commonly acknowledged or yet-to-be determined factors. Accord-
ingly, the development and validation of musical rhythm based
screening tools could enhance current efforts for identifying children
at-risk for developmental speech-language disorders, especially indi-
viduals who are missed by current efforts'*'®* (see ref. 58 for an
extended discussion of rhythm screeners for developmental speech-
language disorders). Other relevant domains for speech-language dis-
orders may include sensorimotor, cognitive, or social processes that
overlap to some extent with each other, and with rhythm abilities.

The current study has a few limitations. First, the number of cases
was modest within certain cohorts and statistical models (e.g., 10-13
Dyslexia cases in RPS models; 43 late talkers in the RP model; Fig. 2),
making these models statistically underpowered. Conversely, cases
were very well represented in several other models (e.g., 2713 Dyslexia
cases and 2424 DLD cases in LL models). Second, the present data do
not allow us to systematically investigate whether a history of parti-
cular therapies or interventions (e.g., for stuttering, or history of
speech-language therapy) influenced the phenotypic and genetic
relationships found here. Future studies should examine whether
childhood speech-language therapy can have lasting effects on
musicality-language associations. As is common in the literature, PGS
models were derived from currently existing GWAS summary statistics
from studies in individuals with European genetic ancestry, potentially
limiting their overall generalizability. Future work should include more
diverse genetic ancestries’”*®, and musicality phenotypes across
diverse cultural groups®’.

Based on the current data, we cannot directly assess how clinically
impactful these insights about rhythm skills as a correlate or risk factor
for developmental speech-language disorders will be, relative to other
known predictors and dimensions. Our results suggest shared genetic
influences, with potential downstream effects on shared neurobiology,
aligning with previous theoretical work. These insights could have
future clinical value beyond the correlations observed here, including
for precision medicine approaches which rely on better understanding
individual differences. Therefore, future efforts in building and sharing
large-scale epidemiological and genomic data focused on
communication-related traits are important to expand the current
evidence base.

This work lays the foundation for future investments by the
communication sciences and disorders research community (among
others) in studying musical rhythm skills. Individual differences in
rhythm abilities (and future screening tools based on rhythm) may
identify a substantial proportion of children with developmental
speech-language disorders that are currently being missed. Future
directions could also include longitudinal investigations of the role of
rhythm in language outcomes across development, for example,
examining the role of predispositions for rhythm traits across different
inflection points known to be important for the development of tem-
poral and motor processing, language skills, and domain-general
cognitive mechanisms (e.g., executive function). Such efforts could
enable transdiagnostic and dimensional approaches to advancing
personalized medicine (e.g., through identifying certain dimensions
that better predict treatment response), paving the way for improved
treatment outcomes and quality of life for those living with
communication-related disorders.

Methods

Results reported here draw on data from five study cohorts including
the Vanderbilt Online Musicality Study; Rhythm Perception Study;
Rhythm Production and Synchronization Study; Adolescent Brain and
Cognitive Development Study; and Lifelines. Cohort details are
described below, along with details on data processing and analyses.
All relevant ethical guidelines, regulations, and data protections were
adhered to throughout, and all data collection (both primary and
secondary) received approval from an ethics committee of the insti-
tutional review board, as detailed for each cohort below.

Cohort details

Vanderbilt online musicality study. The Vanderbilt Online Musicality
Study*** investigated the genomics of musicality, including musical
rhythm perception and music engagement, as well as relationships
between musicality and speech-language traits. Procedure and sample
details for the current study are given below.

Participants and Procedures. The present study analyses included
N=2535 participants (1833 females); aged 18 - 88 (Meang.=42.27
years; SD =15.81 years) of the original study cohort for phenotypic
analyses; and N =1792 participants for genetic analyses (1326 females);
aged 18-88 (Mean,,.=44.96 years; SD=16.23 years). Participants
completed an online battery of surveys and behavioral tests adminis-
tered online (internet-based) through Research Electronic Data Cap-
ture (REDCap) software, a secure web platform for building and
managing research databases and surveys®. These included a brief
musical engagement questionnaire, a brief headphone test, two audi-
tory tasks (a musical rhythm task and a speech rhythm task), and a
demographic questionnaire. A subset of participants consented to
DNA extraction from mailed-in saliva samples. All procedures,
including the informed consent forms, were approved by the Van-
derbilt Institutional Review Board. Speech rhythm task data are
reported elsewhere and were not analyzed in the current study®.

Measures. Swedish musical discrimination test (rhythm subtest).
Participants were asked to listen to 18 pairs of rhythmic sequences and
decide whether the sequences were the same or different.
Each rhythmic sequence comprised brief sine tones of 60 ms duration
each (500 Hz; inter-onset intervals: 150, 300, 450, or 600 ms). Each
sequence in a pair of rhythms was separated by a 1s gap. Participants
only heard each pair once before making their same/different decision.
The test included 2 practice trials and an attention check item inter-
spersed with test trials. The task yielded rhythm discrimination scores
from O to 18, which were standardized (z-scored) prior to logistic
regressions, and inverse-rank transformed prior to linear regressions
for the analyses reported here, to mitigate skews in the data (con-
sistent with prior studies**) and meet the assumptions of normality of
residuals.

Self-reported history of speech-language therapy. Participants were
asked a single-item question, “Did you receive speech language ther-
apy as a child?”, with response options “Yes”, “No”, or “ don’t know”. “I
don’t know” responders (N =28) were excluded from models.

Self-reported history of dyslexia. Participants were asked a single-
item question, “Have you ever been diagnosed with dyslexia?”, with
response options “Yes”, “No”, or “ don’t know”. Those who responded
“I don’t know” (N =19) were excluded from the models.

Polygenic scores (PGSs) for word reading abilities. PGSs are
weighted sums of the estimated effects of a large number of genetic
variants on a specific phenotype, with the weights derived from a
GWAS. In the present study, we derived PGSs for word reading in our
target sample (Vanderbilt Online Musicality Study participants), based
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on models derived from a GWAS of measured oral reading (i.e., reading
words aloud) performance in a discovery sample of N=27,180 indivi-
duals of European genetic ancestries, meta-analyzed across 18
cohorts®. PGSs for individual participants were computed using PRS-
CS software®* with default parameters. Once PGSs were derived for
each participant, they were standardized (z-scored) within each
genetic ancestry group, consistent with the approach previously used
in the Vanderbilt Online Musicality Study*. This approach improves
the application of PGS models to mismatched-ancestry target samples
(useful here due to the presence of more diverse genetic ancestries
represented in our target sample compared to the discovery sample).

Polygenic scores (PGSs) for beat synchronization abilities. PGSs for
beat synchronization abilities utilized in the present analyses were
previously generated as part of the Vanderbilt Online Musicality Study.
Beat synchronization PGSs were derived from a large GWAS of
beat synchronization skills**, using PRS-CS software®* with default
parameters.

Rhythm perception study. The Rhythm Perception Study®® (referred
to in ref. 38 as Phenotype Experiment 1) aimed to determine whether
self-reported rhythm measures (specifically, responses to the question
“can you clap in time with a musical beat?”) were correlated with task-
based rhythm perception measures. This study was part of a
larger GWAS of musical rhythm abilities, specifically of beat
synchronization®®. Procedure and sample details for the current study
are given below.

Participants and procedures. The study sample consisted of N = 724
participants (333 females), aged 18-73 years old (Mean 4g. = 36.1 years;
SD=10.9 years), who were recruited anonymously in Amazon’s
Mechanical Turk.

Measures. Self-reported history of speech-language therapy. Par-
ticipants were asked the single-item question, “Did you receive speech
language therapy as a child?”, with response options “Yes”, “No”, or “I
don’t know”. Those who responded “I don't know” (N=16) were
excluded from the models.

Self-reported late talker status. Participants were asked the single-
item question “Were you a late talker?”, with response options “Yes”,
“No”, or “I don’t remember”. Those who responded “I don’t remember”
(N=147) were excluded from models.

Beat-based advantage (BBA). The BBA is a 32-item musical rhythm
perception task. On each trial, participants heard three rhythms
(separated by 1500 ms of silence), and decided whether the third
rhythm was the same or different from the first two (which were always
identical). On a randomized half of the trials, ‘simple’ or beat-based
rhythms were presented, and on the other half, ‘complex’ or synco-
pated rhythms were presented (usually more challenging to dis-
criminate). Each rhythm was presented using pure tone stimuli in one
of six frequencies (294, 353, 411, 470, 528 and 587 Hz, selected at
random) and one of four durations (interstimulus interval of 220, 230,
240 and 250 ms). The task yields a raw accuracy score, from which d’
scores (ratio between hits and misses) were computed, as derived from
signal detection theory® and consistent with the approach used pre-
viously to analyze BBA data®®®’. d’ scores were used as the dependent
variable in all analyses. For more information on rhythmic stimuli
included in the BBA, see ref. 38 (Phenotype Experiment 1).

Rhythm Production and Synchronization Study. The Rhythm Pro-
duction and Synchronization Study®® (referred to as Phenotype
Experiment 2 in ref. 38) aimed to determine whether a self-reported

beat synchronization measure (i.e., “can you clap in time with a musical
beat?”) is a valid proxy for objectively measured beat synchronization
ability. Further, the study aimed to explore behavioral associations
between rhythm/beat synchronization and assorted traits found to be
genetically correlated with beat synchronization. The study was pre-
registered through the Open Science Framework (https://osf.io/exr2t)
in July 2020, prior to data collection. Sample characteristics and study
procedures for the current study are given below.

Participants and procedures. This internet-based study consisted of a
beat synchronization task to assess the accuracy of participants’ tap-
ping in time with musical excerpts, and a series of questionnaires
assessing self-reported rhythm, music engagement, selected health
traits, confidence as a personality trait, and demographics. A total of
N=1412 participants (728 female), aged 18-77 (Meang. =36.34; SD=
11.93), were included in this study, a subset of whom also had data for
the isochronous tapping task (N =628) and a further subset of whom
had data for the beat synchronization task (N=540). Tapping
responses were measured using the Rhythm Experiment Platform
(REPP)%, a robust cross-platform solution for measuring sensorimotor
synchronization in online experiments that has high temporal fidelity
and can work efficiently using hardware and software available to most
participants.

Measures. Isochronous tapping task. This task served as practice
trials for the musical beat synchronization task. It consisted of four 15 s
trials of isochronous tapping to a metronome beat (two trials with an
inter-onset interval of 500 ms and two trials with an inter-onset interval
of 600 ms). Participants were included in analyses if they had at least
one valid trial per inter-onset interval (i.e., 500 ms or 600 ms). The task
yields a measure of tapping asynchrony, therefore, lower scores indi-
cate better beat synchronization accuracy. Tapping asynchrony was
therefore reverse-coded for analyses to remain consistent with the
direction of all other rhythm phenotypes, i.e., higher scores indicate
better rhythm performance (see ref. 68 for more details on the
implementation of the practice phase).

Musical beat synchronization abilities. Following the practice phase
(isochronous tapping), the participants were presented with the main
beat synchronization task consisting of eight trials (four musical
excerpts, each played twice), with each trial being 30 s long. The order
of presentation of the practice trials and test trials was randomized for
each participant. Beat synchronization abilities were measured
through a beat synchronization task. Participants heard a song and
were asked to tap to the musical beat until the music ended. To help
participants find the beat, a metronome marking the beats in the first
11's of the clip was added to the stimulus. After the metronome stop-
ped, participants were instructed to continue tapping to the same beat
at a steady pace (see ref. 68 for more details and validation of the beat
synchronization task). Tapping responses were measured through
REPP®S,

Self-reported rhythm abilities. Participants responded to 7 questions
about self-reported rhythm abilities, which were then aggregated into
an overall score. The composite score taps into several self-reported
interactions with rhythmic stimuli including beat synchronization
abilities, importance of rhythmic ability to identity, struggles with
rhythm perception, and urge to groove or move to a beat.

Adolescent brain cognitive development (ABCD) study. The ABCD
study is the largest long-term study of brain development and child
health ever conducted in the United States (US). Coordinated data
collection is ongoing across 21 sites in the US, aiming to follow a cohort
of 11,500 nine- and- ten-year old children, and their parents/guardians,

Nature Communications | (2025)16:8355


https://osf.io/exr2t
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60867-2

from pre-adolescence to young adulthood (for a total of ten years).
ABCD study data comprises genetic data and other biospecimens; a
comprehensive set of phenotypes spanning the following domains:
physical health, mental health, brain imaging, biospecimens, neuro-
cognition, substance use, and culture and environment. ABCD genetic
and phenotypic data used in the present study were obtained from the
open-access National Institute of Mental Health (NIHM) Data Archive
(https://data-archive.nimh.nih.gov/abcd). The ABCD cohort also con-
sists of data from 1720 twins. Participating children and families were
largely recruited through US school systems, optimizing for diversity
and representativeness of the national population on dimensions such
as gender, race and ethnicity, SES, and urbanicity. For more informa-
tion on recruitment and overall design of the ABCD study, see ref. 69
for single-birth children; and” for twins.

Participants. N = 5460 participants of European genetic ancestry (2571
females; Mean,g.=9.46 years; SD=0.54 years) were included in the
study, after applying genetic quality control (QC) protocols to open-
access imputed genetic data at the individual level (see Supplementary
Information for ABCD QC details). The sample included from ABCD
consists of individuals for whom genetic data passed QC, and for
whom information for age, sex, and reading scores were available.

Measures. Polygenic scores (PGSs) for beat synchronization. Simi-
lar to the PGS models for beat synchronization derived for Vanderbilt
Online Musicality Study participants®, we derived PGSs for musical
beat synchronization in ABCD participants (our target sample here)
from the beat synchronization GWAS®, using PRS-CS models®*.

PGS for word reading. We derived PGSs for word reading for ABCD
participants (our target sample) from a leave-one-out version of a
meta-GWAS of word reading® that excluded the ABCD cohort.

NIH Toolbox oral reading recognition test (T-ORRT). The T-ORRT is
a standardized assessment of reading decoding skills that is part of the
NIH Toolbox Cognition Battery*. In this test, participants are asked to
read aloud letters and words, pronouncing them as accurately as
possible. This standardized test of oral reading ability yields an
uncorrected as well as an age-adjusted score. Uncorrected T-OORT
scores (i.e., not adjusted for age norms) were used in all present ana-
lyses, since age was included as a covariate in all models. The task
yielded reading scores from 67 to 119, which were inverse-rank trans-
formed prior to linear regressions for the analyses reported here, to
mitigate skews in the data and meet the assumptions of normality of
residuals.

Lifelines. Lifelines is a multi-disciplinary prospective population-based
cohort study examining, in a unique three-generation design, the
health and health-related behaviors of 167,729 persons living in the
North of the Netherlands. It employs a broad range of investigative
procedures in assessing the biomedical, socio-demographic, beha-
vioral, physical and psychological factors which contribute to the
health and disease of the general population, with a special focus on
multi-morbidity and complex genetics. Design and sample character-
istics of the Lifelines study have been previously detailed””.

Participants. In September 2022, the Speech, Language and Musicality
questionnaire was circulated among 101,000 Lifelines participants of
18 years and older. A total of 35,179 Lifelines participants (21,328
females and 13,851 males; aged 18-96 years) completed the ques-
tionnaire in September or October 2022. The general Lifelines proto-
col has been approved by the University Medical Center Groningen
medical ethical committee (2007/152), and the Speech, Language and
Musicality study was reviewed by the medical ethical committee of the
Erasmus Medical Center (MEC-2022-0313). All participants gave

informed consent prior to participating in Lifelines and prior to taking
part in the survey.

Measures. All questions were asked in Dutch; English translations of
questions and answer options are given below. For original questions
(in Dutch), see Supplementary Data S.9.6.

Self-reported rhythm abilities. Participants were asked two items
about self-reported rhythm abilities, which were composited
into an overall score for self-reported rhythm. Included items were: “I
can tap in time to a musical beat” and “I struggle to feel the rhythm
when listening to, playing, or dancing with music”, which could be
answered using a seven-option Likert scale ranging from “completely
disagree” to “completely agree”. The final composite score ranged
from 2 to 14, with a higher score indicating better self-reported rhythm
ability.

Self-reported dyslexia. The presence of dyslexia was examined using
the question “People with dyslexia read very slowly and/or have a lot of
difficulty with spelling. Do you have dyslexia?”. Participants who
answered “Yes, | have been diagnosed with dyslexia” and “I presume |
have dyslexia, but | have never been tested” were considered dyslexic
(N=2719), those who answered “No” were considered to not have
dyslexia (N=29,234), and those who answered “No, I suppose not”
were excluded (N=3175).

Self-reported stuttering. Presence of stuttering at present or in the
past was examined using the question, “People who stutter have dif-
ficulty with pronouncing words fluently. For example, they repeat
syllables or words, linger on sounds and/or block while talking. Have
you ever stuttered, or do you currently stutter?”. Participants were
included as a person who stutters or stuttered if they answered one of
the following: “Yes, I stuttered as a child, but I do not stutter anymore”;
“Yes, | started stuttering as a child and I still have a stutter”; “Yes, as a
young person/adult I stuttered for a while, but I do not stutter any-
more” or “Yes, | started stuttering as a young person/adult and I still
stutter”, and if they also reported stuttering onset before 20 years of
age (N=1510). Those who answered “No, I have never stuttered” were
considered non-stuttering controls (V= 33,385). People who reported
an age of onset of stuttering at or later than 20 years of age (N=61), a
duration of maximally one year (N =160), or did not report an age of
onset (N=32), were excluded from analyses.

Self-reported speech or articulation problem. Presence of a speech
or articulation problem was examined using the question “People with
a speech or articulation problem may for example, lisp, have an
unclear pronunciation and/or use the wrong sounds. Do you have or
did you have a speech or articulation problem?”. Participants who
answered “Yes, I have had a speech or articulation disorder in the past”
and “Yes, I still have a speech or articulation disorder” were considered
to have a speech or articulation problem (N=1727), those who
answered “No” were considered to not have a speech or articulation
problem (N=29,536), and those who answered “No, | suppose not”
were excluded (N=3877).

Self-reported learning disability. The presence of a learning disability
was examined using the question “Did you receive extra support in
school for alearning disability?”. Participants who answered “Yes” were
considered to have a learning disability (N =1314), those who answered
“No” were considered to not have a learning disability (N = 33,159), and
those who answered “I'm not sure” were excluded (V= 653).

Self-reported reading problems. The presence of reading problems
during primary education was examined using the question “Did you
struggle in primary school with learning to read, compared to your
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peers?”. Participants who answered “I struggled more” or “I struggled
much more” were considered to have a reading problem (NV=2954),
participants who answered “I struggled much less”, “I struggled less” or
“Similar to my peers” were considered not to have a reading problem
(N=29,469), and those who answered “I do not know (anymore)” were
excluded (N=2756).

DLD proxy. Since DLD usually requires a formal diagnosis by a speech-
language pathologist, direct ascertainment of DLD is less feasible in
large-scale data cohorts and epidemiological efforts. Researchers have
therefore employed creatively designed approaches for developing
DLD proxies, including assigning cut-off scores for standardized lan-
guage measures’’; machine-learning techniques for classifying DLD
cases™’*, or thresholds based on self-reported speech and language
measures® similar to the approach we used here. Our DLD proxy
incorporated many key symptoms of DLD, namely consistent and
prominent difficulties with spoken expression, written expression, and
word finding, based on self-report items. DLD was inferred through
three self-report questions: (1) “Do people correct your writing
because of grammar or spelling mistakes?”; (2) “Do you have a hard
time finding the right words or making your sentences express what
you want to say?”; and (3) “How often do you have words ‘on the tip of
your tongue’ or word finding problems?”. Responses to these ques-
tions were on a four-option scale (“very often/all the time”, “somewhat
often/more often than most people I know”, “occasionally/about as
often as most people”, and “rarely”). A binary DLD proxy score was
derived to enable comparison with odds ratios across other research
questions and phenotypes. This process yielded two response sta-
tuses: (a) DLD likely (cases) and (b) DLD not likely (controls). Partici-
pants were assigned to DLD likely (case) status (N=2426) if they
responded with the lowest score (experiences difficulties with lan-
guage “very often”) on at least one of three domains of difficulty (i.e.,
written expression; spoken expression; word finding); in addition to
responding with the second lowest score (experiences difficulties with
language “somewhat often”) on at least two of the three domains. All
other participants (N=32,753) were assigned to the DLD not likely
status (controls).

Data processing and analyses
All analyses were conducted using R (v. 4.2.3). Specific R packages,
functions, and specifications are mentioned below (italicized).

Data transformations. Data from all cohorts were z-scored for plotting
distributions (Fig. 1). Isochronous tapping data (RPS cohort) was win-
sorized to within+/-3 SDs using winsorize {DescTools 0.99.48}, to
correct for high kurtosis. Winsorized data for isochronous tapping
were used in logistic regression models, meta-analysis, and in the
forest plot (Fig. 2).

Continuous phenotypic variables (i.e., musical rhythm dis-
crimination scores: OM; oral word reading scores: ABCD) were inverse
rank normalized to meet the assumption of normality of residuals in
linear regression models (Fig. 3, panels A and B). Residuals for musical
rhythm discrimination scores (Fig. 3, panel B) were first extracted from
a linear model with word reading PGSs as the predictor, and age, sex,
and the first 5 genetic ancestry PCs as covariates. Linear models were fit
using Im {stats 4.2.3}. Residuals were ranked using rank {base 4.2.3},
with specifications for tied values to be assigned in random order.
Ranked residuals were then normalized using norm {base 4.2.3}. Oral
word reading scores (Fig. 3, panel A) were also inverse rank normal-
ized. Inverse rank normalized musical rhythm discrimination and oral
word reading scores were used in linear regression models.

Phenotypic analyses. Logistic regression models were tested using
glm {stats 4.2.3}, with model family specified as “binomial”. In each
model, rhythm phenotypes were predictors; speech-language

problem or disorder phenotypes were outcome variables (binary
coded for case-control status); and age and sex were included as
covariates (See Supplementary Data S.2.1-S.5.6 for additional details).
Individuals who could not be coded as either cases or controls (e.g., “I
don’t know”; “I'm not sure”) were excluded listwise from models.
Similarly, individuals who could not be coded as either male or female
sex were excluded listwise from models. Lower and upper confidence
intervals (based on 95% confidence level) were determined using R
confint {stats 4.2.3}.

Meta-analysis. A nested linear mixed-effects meta-analysis model was
tested using R metafor 4.0 (Viechtbauer, 2020), using REML model
specifications. ORs, SEs, and p-values derived from the logistic
regression models were used as inputs for the meta-analysis. Data was
nested to account for sample overlaps in the data (e.g., within the RPS
cohort, beat synchronization accuracy was measured in a subset of the
participants for whom isochronous tapping accuracy was measured,
which in turn was measured in a subset of participants in which self-
reported rhythm abilities were measured). Details of the nesting
structure are given in Supplementary Data S.1.3. Meta-analysis results
(meta OR, confidence intervals, and p-values) were visualized using R
forestploter 1.1, alongside ORs, confidence intervals, and p-values for
each logistic regression model tested (Fig. 2 and Supplementary Data
S.11and S.1.2).

Polygenic score analyses. Linear regression models were tested
using Im {stats 4.2.3}. Models included either musical rhythm dis-
crimination or oral word reading scores as outcome variables; either
word reading and/or beat synchronization PGSs as predictors; and age,
sex, and up to 6 genetic ancestry PCs as covariates (see Supplementary
Data S.6.1, S.6.2, S.7.1-S.7.3 for further detail on the models). An
additional logistic regression model (in OM data) was tested using glm
{stats 4.2.3}, with model family specified as “binomial”. Beat synchro-
nization PGSs was the predictor; speech-language therapy history
status was the outcome; age, sex, and 5 genetic ancestry PCs were
included as covariates (See Supplementary Data S.6.3 for further
details of the models). Individuals who could not be coded as either
cases or controls (e.g., “I don’t know”; “I'm not sure”) were excluded
listwise from models. Similarly, individuals who could not be coded as
either male or female sex were excluded listwise from models. Lower
and upper confidence intervals (based on 95% confidence level) were
determined using R confint {stats 4.2.3}.

Rhythm-language mediation model. The model (in OM cohort data)
was tested using the lavaan 0.6.18 package (Rosseel, 2012) with default
model specifications, with beat synchronization PGSs as the predictor,
musical rhythm discrimination scores as potential mediators, and
speech-language therapy history status as the outcome variable (see
Supplementary Data S.8.1 and S.8.2 for further details on the model).
Residuals for musical rhythm discrimination scores were extracted
from a linear model. Covariates were age, sex, and 5 genetic
ancestry PCs.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Secondary data used in this study for the Vanderbilt Online Musicality
Study, the Rhythm Perception Study, and the Rhythm Production
Study are available publicly at https://osf.io/myxgk. Data collected or
generated for this study includes data in the Lifelines cohort, and
derived data in the ABCD cohort, for which individual-level data is
restricted based on a Lifelines Data (and Material) Transfer Agreement
and ABCD Data Use Certificate. Access to Lifelines data is available to
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authorized users by making an application through https://www.
lifelines-biobank.com/. Data from the ABCD study can be obtained to
users with a valid Data Use Certificate at the NIMH Data Archive
(https://nda.nih.gov/. Source data underlying all figures, where
unrestricted by data use agreements, are available as Source Data
Files. Source data are provided in this paper.

Code availability
The code used to analyze data is available at https://osf.io/myxgk/.
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