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ABSTRACT

BACKGROUND: The number of words children produce (expressive vocabulary) and understand (receptive vocab-
ulary) changes rapidly during early development, partially due to genetic factors. Here, we performed a meta-
genome-wide association study of vocabulary acquisition and investigated polygenic overlap with literacy,
cognition, developmental phenotypes, and neurodevelopmental conditions, including attention-deficit/hyperactivity
disorder (ADHD).

METHODS: We studied 37,913 parent-reported vocabulary size measures (English, Dutch, Danish) for 17,298
children of European descent. Meta-analyses were performed for early-phase expressive (infancy, 15-18 months),
late-phase expressive (toddlerhood, 24-38 months), and late-phase receptive (toddlerhood, 24-38 months)
vocabulary. Subsequently, we estimated single nucleotide polymorphism-based heritability (SNP-h?) and genetic
correlations (rg) and modeled underlying factor structures with multivariate models.

RESULTS: Early-life vocabulary size was modestly heritable (SNP-h? = 0.08-0.24). Genetic overlap between infant
expressive and toddler receptive vocabulary was negligible (ry = 0.07), although each measure was moderately
related to toddler expressive vocabulary (rg = 0.69 and rq = 0.67, respectively), suggesting a multifactorial genetic
architecture. Both infant and toddler expressive vocabulary were genetically linked to literacy (e.g., spelling: rg =
0.58 and ry = 0.79, respectively), underlining genetic similarity. However, a genetic association of early-life
vocabulary with educational attainment and intelligence emerged only during toddlerhood (e.g., receptive
vocabulary and intelligence: ry = 0.36). Increased ADHD risk was genetically associated with larger infant
expressive vocabulary (ry = 0.23). Multivariate genetic models in the ALSPAC (Avon Longitudinal Study of Parents
and Children) cohort confirmed this finding for ADHD symptoms (e.g., at age 13; ry = 0.54) but showed that the
association effect reversed for toddler receptive vocabulary (ry = —0.74), highlighting developmental heterogeneity.
CONCLUSIONS: The genetic architecture of early-life vocabulary changes during development, shaping polygenic
association patterns with later-life ADHD, literacy, and cognition-related traits.

https://doi.org/10.1016/j.biopsych.2023.11.025

Mastering developmental milestones related to speech and
language during the first few years of life shapes later-life
development, especially for cognition- and education-
related outcomes (1-4), while difficulties acquiring age-
appropriate language, communication, and literacy skills
have been related to multiple neurodevelopmental conditions
(5-10). Consequently, understanding the etiological mecha-
nisms that underlie language development may provide

insight into both early manifestations of cognition and mental
health problems.

Language development in infants and toddlers is often
assessed with measures of expressive and receptive vocab-
ulary (11,12). These constructs are related to language pro-
duction and understanding, respectively, and can be
ascertained relatively easily (although indirectly) through
parental reports. The first spoken words typically emerge
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between 10 and 15 months (12). Receptive vocabulary devel-
opment usually precedes expressive vocabulary development,
developing at 6 to 9 months (13). Consequently, the number of
words children understand is often larger than the number of
words they produce and exceeds the latter by at least 4-fold
based on parent reports at 16 months (14). Once children
reach an expressive vocabulary size of ~50 words at 12 to 18
months, there is often a period of rapid vocabulary growth from
around 16 to 22 months (15), which results in a vocabulary size
of 100 to 600 words at 24 months (14). Children typically
produce words in isolation during the early phase of language
learning (infancy, =18 months) (12), followed by a phase of
more complex language learning that includes 2-word com-
binations and more complex grammatical structures (14,16).
Across early development, there are moderate-to-strong
phenotypic correlations (r,) between parent-assessed mea-
sures of vocabulary size at 1-year intervals (r, = 0.47-0.63)
(17,18). However, such correlations tend to decrease with
increasing age intervals (18), suggesting phenotypic
heterogeneity.

Individual differences in early-life vocabulary development
(assessed using parental reports) can be partially explained by
genetic factors (17-21). Twin heritability estimates for expres-
sive vocabulary range from 0.10 to 0.25 (24-36 months)
(17,19,20) and reflect phenotypic variance accounted for by
genome-wide additive genetic influences. These findings are
corroborated by single nucleotide polymorphism-based heri-
tability (SNP-h?) estimates that range from 0.13 to 0.14 (15-30
months) (19) and capture phenotypic variance tagged by
single-base variation on genotyping chips. For receptive vo-
cabulary at 14 months, twin heritability was estimated at 0.28
(22). Evidence for SNP-h? at a similar age was poor but was
present at 38 months (SNP-h? = 0.12) (18).

Population-based studies of language development span-
ning infancy to early childhood in English-speaking children
(reported by parents) have revealed a complex underlying
genetic architecture, with evidence for both stability and
change (17-19,23). Genetic correlations (rg), indicating shared
genetic influences between 2 phenotypes, have ranged from
0.48 to 0.74 for expressive vocabulary measures between 15
and 38 months (17-19), suggesting moderate-to-strong ge-
netic stability. At the individual SNP level, our group identified a
genome-wide signal for early-life vocabulary (rs7642482 near
ROBO?2) as part of a previous meta—genome-wide association
study (meta-GWAS) (N = 8889) (19). rs7642482 is associated
with expressive vocabulary in infants (age: 15-18 months), but
the signal is attenuated in toddlers (age: 24-30 months) (19),
suggesting that age-specific genetic mechanisms contribute
to phenotypic heterogeneity.

Similar to phenotypic observations (1-4), genetic influences
that underlie early-life vocabulary are shared with many later
language and literacy abilities. In UK twins, for example,
parent-assessed early expressive language skills (24-48
months) were moderately genetically correlated (ry = 0.36)
with teacher-assessed childhood reading abilities (23). Simi-
larly, in a UK population-based genomic study, parent-
assessed receptive vocabulary size (38 months) showed
moderate-to-strong genetic correlations (ry = 0.58-0.92) with
mid-childhood reading task performance (24). However, ge-
netic links of infant and toddler vocabulary size with cognition-
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related skills beyond mid-childhood are not fully understood
and could provide insight into the early manifestations under-
lying cognitive functioning during later periods of development.

Early-life vocabulary performance may also impact subse-
quent behavioral and health outcomes, including childhood-
onset neurodevelopmental conditions such as attention-
deficit/hyperactivity disorder (ADHD) (5-8) and autism spec-
trum disorder (9,10). For example, poor language skills at 3
years were predictive of inattention and hyperactive symptoms
2 years later (8), and higher ADHD risk has been genetically
related to poorer reading performance (25-28). For children
diagnosed with autism spectrum disorder, the phenotypic
spectrum is broader, including both children with few lan-
guage problems and children with little or no spontaneous
spoken language by the time they reach school age (9,10).
However, genetic relationships between risk for neuro-
developmental conditions and early-life, population-based
vocabulary measures remain largely uncharacterized.
Furthermore, progress in mastering language abilities may
implicate brain growth as captured with phenotypic proxies
such as head circumference (29), which shows strong corre-
lations with brain volume (30,31).

In this meta-GWAS study, we investigated genetic in-
fluences underlying early-life vocabulary acquisition and
assessed genetic overlap with literacy, general cognition,
developmental phenotypes, and childhood-onset neuro-
developmental conditions. This work builds on our previous
GWAS effort investigating infant and toddler expressive vo-
cabulary (19) by increasing the number of children studied by
~50% and adopting a multivariate analysis approach to
maximize statistical power. Furthermore, we extended the
phenotypic spectrum by including both expressive and
receptive vocabulary size and examined developmental
changes in underlying common genetic contributions at both
the single-variant and genomic trait covariance level. The
developmental windows that were studied include an early,
single-word phase (15-18 months, infancy) and a late phase
during which children start using 2-word combinations and
more complex grammatical structures (24-38 months,
toddlerhood).

METHODS AND MATERIALS

Phenotype Selection and Study Design

Cohorts with quantitative vocabulary scores assessed during
the first 3 years of life and genome-wide genotypes were
invited to participate in this study (17,298 independent children
of European descent, 37,913 parent-reported vocabulary size
measures), embedded within the EAGLE (Early Genetics and
Life Course Epidemiology) Consortium (32) (https://www.eagle-
consortium.org/working-groups/behaviour-and-cognition/early-
language/). Expressive vocabulary scores were assessed at 15
to 38 months and analyzed across 2 developmental phases to
allow for age-specific genetic influences: an early phase (15-18
months, infancy) and a late phase (24-38 months, toddlerhood).
Scores for receptive vocabulary were included for the late
phase only given low validity (33,34), low SNP-h? (18), and
limited data availability for early-phase measures (Supplemental
Methods).
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Up to 7 population-based cohorts participated in this study
(Figure 1; Table S1; Supplemental Methods), 2 of which had
longitudinal vocabulary assessments (Tables S2, S3). Vocab-
ulary scores were ascertained by parental report using
age-specific (adapted) word lists from the MacArthur
Communicative Development Inventory (CDI) (20,35-39) or the
Language Development Survey (40) (Supplemental Methods;
Table S1). The CDI is a widely used psychological instrument
to assess children’s vocabulary development and is available
in more than 60 languages (41). Cross-linguistic comparisons
showed similar trends of early vocabulary development across
multiple languages, including English, Dutch, and Danish (41).
However, the exact number of words produced and under-
stood may differ across languages (42,43), making CDI score
standardization necessary. The CDI and Language Develop-
ment Survey have been validated extensively (39,44-47). Both
instruments have high concurrent validity for children’s vo-
cabulary at 23 to 25 months (intercorrelation of scores: 0.95)
(48), and have low measurement error (49) (Supplemental
Methods).

Ethical approval was obtained by the local research ethics
committee for each participating study, and all parents
and/or legal guardians provided written informed consent
(Supplemental Methods).

Genotyping and Imputation

Genotyping was conducted using high-density SNP arrays
within each cohort, and quality control followed standard
procedures (50) (Table S4). In total, between 440,476 and
608,517 high-quality autosomal genotyped markers were
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imputed against the HRC (Haplotype Reference Consortium)
r1.1 panel (51) (Table S4).

Single-Variant Association Analyses and Meta-
Analyses

Within each cohort, vocabulary scores were adjusted for
age, sex, agez, and their interaction effects, as well as
ancestry-informative principal components and study-specific
covariates, such as genotyping array and/or batch, and rank-
transformed to achieve normality and allow for comparisons
of genetic association effects across different psychological
instruments. SNP-vocabulary associations were then esti-
mated within each cohort using linear regression of rank-
transformed residuals on posterior genotype probability,
assuming an additive genetic model and using SNPTEST (52),
Proabel (53), or GEMMA (54) software, except for the LSAC
(Longitudinal Study of Australian Children) cohort. In the LSAC
sample, best-guess genotypes were analyzed assuming an
additive genetic model using PLINK version 1.9 (55)
(Supplemental Methods). Prior to meta-analysis, GWAS sum-
mary statistics underwent extensive quality control using the
EasyQC R-package (version 9.2) (56) (Table S4; Supplemental
Methods).

In stage |, single-trait meta-analyses were performed for
early-phase expressive, late-phase expressive, and late-phase
receptive vocabulary using METAL (57) and/or MTAG software
(58). In stage ll, multitrait meta-analyses across genetically
correlated scores were carried out with MTAG software to in-
crease statistical power while allowing for sample overlap (58)
(Figure 1; Supplemental Methods).

Figure 1. Study design. Vocabulary size was
assessed between 15 and 38 months and
studied with respect to an early-phase (15-18

months, infancy) and late-phase (24-38 months,
toddlerhood) developmental window of lan-

guage acquisition to allow for age-specific ge-

netic influences. Scores for receptive vocabulary
were included in the late-phase window only. In
stage |, 3 single-trait MAs were conducted:
early-phase expressive vocabulary, late-phase
expressive vocabulary, and late-phase recep-
tive vocabulary. In stage I, multitrait genome-
wide analyses were performed across early-
phase and late-phase expressive vocabulary,

as well as across late-phase expressive and
receptive vocabulary to increase statistical po-

wer. *Estimated sample size based on the in-
crease in mean %2 statistic using MTAG
software. ALSPAC, Avon Longitudinal Study of
Parents and Children; BIS, Barwon Infant Study;
CDI, Communicative Development Inventory;
COPSAC, Copenhagen Prospective Studies on

Asthma in Childhood; ERV, expressive and
receptive vocabulary; EV, expressive vocabu-
lary; GenR, Generation R Study; LDS, Language

Early phase: 15-18 months Late phase: 24-38 months
Expressive vocabulary Receptive vocabulary
Instruments: CDI, N-CDI-2A Instruments: CDI, LDS, MCDI Instruments: CDI
_g - Cohorts: ALSPAC, GenR Cohorts: ALSPAC, BIS, Cohorts: ALSPAC
St COPSAC, GenR, LSAC,
Zg S Raine Study, TEDS
< o
o N individuals: 8,799 N individuals: 16,615 N individuals: 6,291
N observations: 8,799 N observations: 22,823 N observations: 6,291
<<
_ E Early-phase EV Late-phase EV Late-phase RV
D ©
SR
S N=8,799 N*=19,296 N=6,291
2 8,932,365 imputed or 7,355,069 imputed or 8,667,217 imputed or
@» genotyped SNPs genotyped SNPs genotyped SNPs
— < EV Late-phase ERV
8F
o N*¥=22,104 N*=23,466
@ 3 7,343,861 imputed or 7,355,069 imputed or
genotyped SNPs genotyped SNPs

Development Survey; LSAC, Longitudinal Study
of Australian Children; MA, meta-analysis;
MTAG, multitrait analysis of genome-wide as-
sociation; RV, receptive vocabulary; SNP, single
nucleotide polymorphism; TEDS, Twins Early
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The number of independent vocabulary measures in this
study was 2.38 as estimated with matSpD (59) software based
on genetic correlations (see below), corresponding to a
multiple-testing adjusted genome-wide association signifi-
cance threshold of p < 2.10 x 1078 (5 x 1078/2.38).

FUMA Analyses

SNP-vocabulary associations that passed the unadjusted
genome-wide significance threshold (o < 5 X 10~8) were iden-
tified and annotated using FUMA (version 1.3.6) (60). Addition-
ally, gene-based genome-wide, gene-set, and gene-property
analyses were conducted with MAGMA (version 1.08) (61) soft-
ware within FUMA (version 1.3.6a) (60) (Supplemental Methods).

SNP-h? and Genetic Relationship Analyses

SNP-h? was estimated for all derived vocabulary GWAS
summary statistics (stages | and Il) and preselected traits for
genetic relationship analyses (see below) using high-definition
likelihood (HDL) (62) (Supplemental Methods). HDL adjusts for
inherent sample overlap and estimates SNP-h? and rg with
increased accuracy compared to linkage disequilibrium (LD)
score regression analyses (62). To confirm the robustness of
HDL results, SNP-h® was also estimated using LD score
regression (63) for vocabulary summary statistics.

To ensure sufficient power for HDL-ry analyses, we selected
traits with HDL-SNP-h? (p < .05) and HDL-SNP-h? z score =4
(64) (Supplemental Methods). We assessed genetic overlap 1)
among single-trait vocabulary measures (stage I) and 2) across
single-trait vocabulary measures (stage I) and several pre-
selected GWAS summary statistics, including literacy-related
phenotypes such as word reading (65) (5-26 years, N =
27,180), nonword reading (65) (526 years, N = 16,746),
spelling (65) (5-26 years, N = 17,278), and phoneme awareness
(65) (5-18 years, N = 12,411); general cognition-related phe-
notypes such as intelligence (66) (5-98 years, N = 279,930) and
educational attainment (67) (>30 years, N = 766,345); proxy
measures of brain growth such as infant head circumference
(68) (6-30 months, N = 10,768) and childhood head circum-
ference (69) (6-9 years, N = 10,600); childhood behavior such
as aggressive behavior (70) (1.5-18 years, N = 151,741) and
internalizing symptoms (71) (3-18 years, N = 64,641); as well as
childhood-onset neurodevelopmental conditions such as
ADHD (72) (N = 53,293; Ncases = 19,099) and autism spectrum
disorder (73) (N = 46,350; Ncases = 18,381). The multiple-testing
adjusted threshold for HDL-rg analyses was p < 5.57 X 1078,
reflecting 8.98 independent traits as estimated using matSpD
(59,74) and a bivariate genetic correlation matrix (Figure S1).

Given limited data availability, modest SNP-h?, and rela-
tively low sample sizes, polygenic prediction of independent
vocabulary measures was either not possible or underpowered
(Supplemental Note).

Structural Equation Modeling

To study covariance patterns of ADHD symptoms with early-
life vocabulary size, we modeled the underlying multivariate
genetic and residual structure using a structural equation
modeling (SEM) approach based on individual data (genetic-
relationship matrix SEM [GRM-SEM]) (grmsem, version 1.1.2)
(75) (Supplemental Methods). Note that it is not possible to
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model residual (i.e., joint environmental, nonadditive genetic,
and error) influences with summary statistic-based SEM
frameworks such as Genomic SEM (76). Individual-level data
were obtained from unrelated children (N = 6524) in the
ALSPAC (Avon Longitudinal Study of Parents and Children)
cohort (77,78); measures of vocabulary size were identical to
those included in the meta-GWAS (Table S1), and ADHD
symptom scores were assessed with the Strengths and Diffi-
culties Questionnaire (79) based on teacher and mother reports
(7—17 years). For both report types, ADHD symptoms with the
highest SNP-h? z scores were selected for subsequent ana-
lyses (Supplemental Methods; Table S5).

Given the temporal order of studied traits, we fitted a GRM-
SEM Cholesky decomposition model (80) to the data. A Cho-
lesky decomposition dissects the phenotypic covariance
structure into additive genetic factors (A), which capture ge-
netic variance tagged by common genotyped SNPs (75), and
residual factors (E), which reflect all other sources of variance,
including error. The Cholesky decomposition model is a
saturated model with as many latent genetic and residual
factors as there are observed variables, without any re-
strictions on the structure (80). Subsequently, genetic and re-
sidual correlations (r) were estimated according to theory (81)
using grmsem (version 1.1.2) (75). Phenotypic correlations (rp)
were derived using Pearson correlation in R (R:stats library,
version 4.1.0).

RESULTS
Single-Trait and Multitrait Meta-GWAS

Single-trait genome-wide association analyses were carried
out for early-phase expressive (15-18 months, N = 8799), late-
phase expressive (24-38 months, N = 16,615), and late-phase
receptive (24-38 months, N = 6291) vocabulary size (stage |,
Figure 1) using data from English-, Dutch-, or Danish-speaking
children of European descent, combining up to 7 independent
cohorts (Table S1). There was little evidence for novel SNP
signals at the multiple-testing-adjusted genome-wide signifi-
cance level (p < 2.10 X 1078) (Figures S2A-C). For early-phase
expressive vocabulary, a single GWAS signal passed the un-
adjusted genome-wide significance threshold (rs9854781, p <
5 x 1078), consistent with a known locus identified through a
previous meta-GWAS studying overlapping samples
(rs764282, LD /2 = 0.78) (19). Genome-wide gene-based, gene-
set, and gene-property analyses did not provide evidence for
association that passed the multiple-testing-adjusted signifi-
cance thresholds (Figure S3; Table S6).

All early-life vocabulary measures were modestly heritable,
with SNP-h? estimates of 0.24 (SE = 0.02), 0.08 (SE = 0.01),
and 0.20 (SE = 0.04) for early-phase expressive vocabulary,
late-phase expressive vocabulary, and late-phase receptive
vocabulary, respectively (Figure 2A; Table S7). Genetic corre-
lations between early- and late-phase expressive vocabulary
(rg = 0.69 [SE = 0.14]) and between late-phase expressive and
receptive vocabulary (ry = 0.67 [SE = 0.16]) were moderate
(Figure 2B), suggesting some stability in genetic factors during
development. However, genetic influences underlying early-
phase expressive vocabulary were largely independent of
those related to late-phase receptive vocabulary (ry = 0.07
[SE = 0.10]). Given similar power to detect genetic overlap with
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late-phase receptive vocabulary using either expressive score
(rg = 0.70, statistical power: early-phase expressive vocabu-
lary = 83%, late-phase expressive vocabulary = 71%), these
findings suggest developmental genetic heterogeneity and the
existence of multiple genetic factors.

To maximize statistical power for single-variant discovery,
we combined genetically correlated vocabulary measures (i.e.,
early- and late-phase expressive vocabulary and late-phase
expressive and receptive vocabulary) (Figure 2B) as part of 2
multitrait meta-analyses using MTAG (stage I, Figure 1).
However, neither measure identified further SNP-vocabulary
associations (Figures S2D, E; Table S8), nor did we find
increased evidence for SNP-h? (z scores, Table S7). Thus,
subsequent analyses were restricted to stage | vocabulary
summary statistics only.

Genetic Relationships With Cognition-,
Development-, and Health-Related Outcomes

We investigated genetic links between early-life vocabulary
measures (stage ) and several preselected heritable cognition-,
development-, and health-related outcomes (see Table S9 for
SNP-h?) by estimating genetic correlations using HDL software
(62) (multiple-testing-adjusted threshold: p < 5.57 x 1079).
Consistent with the estimated genetic architecture underlying
early-life vocabulary size (see above), genetic correlation pat-
terns were consistent with a multifactorial genetic architecture
(Figure 3; Table S10).

Both infant and toddler expressive vocabulary were geneti-
cally linked to literacy-related measures, most strongly to
spelling (g = 0.58 [SE = 0.20] and rqy = 0.79 [SE = 0.25],
respectively), and, for late-phase expressive vocabulary only,
word reading (rg = 0.61 [SE = 0.17]). These findings strengthen
the evidence for shared genetic factors contributing to expres-
sive vocabulary size during early-life language development.

However, genetic correlation patterns with general
cognition-related phenotypes differed for infant versus toddler
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vocabulary size (Figure 3) despite comparable study power
across developmental phases (Table S11). Associations
emerged in toddlerhood, when larger late-phase expressive
and receptive vocabulary size were genetically correlated with
higher intelligence across the life span (late-phase expressive
vocabulary: rg = 0.32 [SE = 0.08]; late-phase receptive vo-
cabulary: rqg = 0.36 [SE = 0.12]) and with higher adult educa-
tional attainment (late-phase expressive vocabulary: ry = 0.26
[SE = 0.05]; late-phase receptive vocabulary: rg = 0.37 [SE =
0.086]). For the latter, 95% confidence intervals do not overlap
with those for correlation estimates between educational
attainment and early-phase expressive vocabulary, supporting
the presence of developmental genetic change from infancy to
toddlerhood (Table S10).

Genetic association patterns of vocabulary size with child-
hood behavior-related traits and neurodevelopmental condi-
tions, especially ADHD, also changed during development
(Figure 3). While larger early-phase expressive vocabulary size
was genetically correlated with increased ADHD risk (rg = 0.23
[SE = 0.08]), this genetic correlation was attenuated for both
late-phase vocabulary measures (Figure 3). To explore the
genetic association pattern with ADHD in detail, we studied
individual-level data from children in the ALSPAC cohort using
GRM-SEM (75). Within ALSPAC, we dissected the phenotypic
covariance of 4 early-life vocabulary measures (expressive
vocabulary at 15, 24, and 38 months; receptive vocabulary at
38 months) and ADHD symptoms (8 and 13 years) (Table S5)
into 6 independent genetic (A) and 6 independent residual (E)
factors in temporal order by fitting a saturated (Cholesky)
structural model (Figure 4A; Table S12). Confirming summary
statistic-based findings (Figure 3), larger early-phase expres-
sive vocabulary (15 months) was genetically correlated with
more ADHD symptoms (rg aprpsy = 0.56 [SE = 0.26];
rg_apbHp1ay = 0.54 [SE = 0.25]) (Figure 4B). This association was
captured by the first genetic factor, A1, with positive factor
loadings (A) for early-phase expressive vocabulary and ADHD
symptoms at 8 and 13 years (Agyism = 0.34 [SE = 0.07];

A 0.3 Stage | Stage Il B 1
: Single-trait MA Multi-trait MA
09
Early-ph. EV
I arly-phase G
0.2 07
e 0.6
% Late-phase EV 0.5
w 04
0.1+ T 03
aC

e 0.07 0.2
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0.0 0

N
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@ ) @ % ) ) )
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Figure 2. SNP-h? and genetic correlations for infant and toddler vocabulary size. (A) SNP-h? estimates for single- and multitrait vocabulary summary
statistics were estimated with HDL software (62). Error bars represent standard errors. (B) Genetic correlations (rg) between single-trait vocabulary summary
statistics were estimated with HDL software (62). Corresponding standard errors are shown in brackets. ERV, expressive and receptive vocabulary; EV,
expressive vocabulary; HDL, high-definition likelihood; MA, meta-analyses; RV, receptive vocabulary; SNP-h?, single nucleotide polymorphism-based

heritability.
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Figure 3. Genetic correlations of vocabulary size with cognition-, development-, and health-related outcomes. Genetic correlations were estimated with
HDL (62) software. Error bars represent standard errors. *p < .05, *multiple-testing adjusted p < 5.57 x 10~2. ADHD, attention-deficit/hyperactivity disorder;
AGG, aggression; ASD, autism spectrum disorder; EA, educational attainment; EV, expressive vocabulary; HC, head circumference; HDL, high-definition
likelihood; INT, internalizing symptoms; rg, genetic correlation; RV, receptive vocabulary.

7\ADHD8y = 028 [SE = 013], )‘ADHD13y = 027 [SE = 012])
(Figure 4A). In contrast, we observed an inverse genetic cor-
relation between larger late-phase receptive vocabulary size
(38 months) and lower ADHD symptoms (rg aprpsy = —0.60
[SE = 0.23]; rg apHp13y = —0.74 [SE = 0.16]) (Figure 4B). This
inverse genetic association was captured by 2 independent
genetic factors, A2 and A4 (Figure 4A). A2 reflects genetic in-
fluences underlying expressive vocabulary size at 24 months
(Aeveam = 0.33 [SE = 0.06]) that, independent of A1, were
inversely linked to ADHD symptoms (Aaprpsy = —0.41 [SE =
0.11]; AapHp1ay = —0.25 [SE = 0.12]). A4 explained unique
genetic variance contributing to receptive vocabulary size at 38
months (Agvasm = 0.15 [SE = 0.08], although this effect did not
pass the conventional level of significance with p = .07) and
was inversely associated with ADHD symptoms at 13 years
(AapHp13y = —0.34 [SE = 0.14]). Thus, the Cholesky-estimated
genetic factor structure captured opposite association pat-
terns for ADHD symptoms in relation to early-phase (infancy)
versus late-phase (toddlerhood) vocabulary measures
(Figure 4A; Table S12).

Finally, we compared phenotypic and Cholesky-derived
genetic and residual correlations between early-life vocabu-
lary size and ADHD symptoms in the ALSPAC sample. While
genetic, residual, and phenotypic correlations had the same
direction of effect for all 3 late-phase vocabulary measures
(Figure 4B-D), we uncovered a rare violation of Cheverud’s
conjecture (82) in infancy. Cheverud’s conjecture postulates
that phenotypic correlations are likely to be fair estimates of
their genetic counterparts (82). In infancy, however, the posi-
tive genetic association between early-phase expressive vo-
cabulary and ADHD symptoms (rq_aprpsy = 0.56 [SE = 0.26])
was masked at the phenotypic level (f,_apHpsy = —0.06 [SE =
0.02]) by a negative residual correlation (re aprpsy = —0.19
[SE = 0.06]), as was shown here for ADHD symptoms at 8

864

years. This suggests that the relationship between ADHD
symptoms and early-life vocabulary size is subject to etiolog-
ical changes that are likely to implicate both genetic and
nongenetic factors.

DISCUSSION

This meta-GWAS of expressive and receptive vocabulary size
in infancy and toddlerhood identified marked differences in
genetic influences contributing to vocabulary measures at
different developmental phases. The genetic heterogeneity
across early-life vocabulary size matched distinct polygenic
association patterns with ADHD, literacy, and cognition-related
traits. These findings implicate dynamic and rapid changes in
the genetic architecture of vocabulary acquisition across a
period of less than 2 years. Specifically, they underline the
importance of adopting a developmental perspective when
studying the biology underlying early-life vocabulary develop-
ment and shared links with neurodevelopmental conditions.
Bivariate genetic correlation patterns and multivariate
structural models in our study suggested at least 2 indepen-
dent genetic factors contributing to early-life vocabulary size,
confirming previous reports of a heterogeneous genetic ar-
chitecture (17-19,23). Genetic influences that contribute to
utterances in infancy, approximated here by early-phase
expressive vocabulary size (15-18 months), may capture the
first stages of emerging speech during language learning.
During this phase of “learning to speak,” words are usually
produced in isolation (12). More specifically, children not only
acquire phonological skills to identify phonemes and se-
quences from speech and store them for future production (83)
but also develop oral motor (84) and speech motor skills (85).
These processes are likely to start during infancy but may
impact later reading and spelling abilities (86,87), consistent
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Figure 4. Cholesky decomposition of early-life vocabulary size and later ADHD symptoms. Genetic-relationship matrix structural equation modeling of
vocabulary scores (15, 24, and 38 months) in combination with ADHD symptom scores (teacher report at 8 years and mother report at 13 years) based on all
available observations for children across development (N = 6524). Individual-level data were retrieved from the ALSPAC cohort. (A) Path diagram with
standardized factor loadings and corresponding standard errors for a Cholesky decomposition. Observed measures are represented by squares and latent
factors by circles. Single-headed arrows (paths) define relationships between variables. Only paths with a factor loading of p < .05 are shown. The variance of
latent factors is constrained to unit variance; this is omitted from the diagram to improve clarity. Full information on all factor loadings and their standard errors
can be found in Table S12. (B) Genetic, (C) residual, and (D) phenotypic correlation patterns between early-life vocabulary size and ADHD symptom scores
assessed at 8 and 13 years. Genetic and residual correlations were estimated with genetic-relationship matrix structural equation modeling (75) based on a
Cholesky decomposition model [shown in (A)]. Phenotypic correlations were estimated with Pearson correlations. Standard errors are shown in parentheses.
ADHD, attention-deficit/hyperactivity disorder; ADHDs, ADHD symptom scores; ALSPAC, Avon Longitudinal Study of Parents and Children; EV, expressive
vocabulary; re, residual correlation; ry, genetic correlation; r,, phenotypic correlation; RV, receptive vocabulary.

with genetic correlations of both early- and late-phase
expressive vocabulary with literacy-related phenotypes
observed in this study.

Genetic associations with educational attainment and gen-
eral intelligence were only detectable for late-phase vocabulary
scores during toddlerhood (24-38 months), consistent with
previous research (18). Despite sufficient statistical power
(>90% power to detect rq = 0.20 with educational attainment),
there was little evidence for shared genetic effects with early-
phase vocabulary scores. Thus, the genetic overlap of
toddler expressive and receptive vocabulary with general
cognition-related measures may reflect the onset of a subse-
quent phase of “speaking to learn.” During this phase, toddlers

have mastered some language fluency and start to use word
combinations and more complex grammatical structures
(14,16), requiring higher-level cognitive processing.
Heterogeneity in genetic components that contribute to
early-life vocabulary size was also reflected by distinct poly-
genic association patterns with later-life behavioral traits and
neurodevelopmental conditions, especially ADHD. During in-
fancy, larger expressive vocabulary was associated with both
an increased polygenic risk for ADHD and ADHD symptoms as
captured by meta-GWAS summary statistics and individual-
level multivariate analyses in ALSPAC, respectively. This is
consistent with a previous ALSPAC study that found a positive
genetic association between infant gross motor skills and
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polygenic ADHD risk (88). Younger age at first walking was
consistently linked to higher polygenic ADHD load in an in-
dependent, large Norwegian population-based cohort (89).
Thus, during a developmental phase of “learning to speak,”
when motor skills shape children’s learning environment and,
in turn, behavior and language learning (90), children with a
higher genetic predisposition for ADHD may be genetically
inclined to express a larger rather than a smaller vocabulary
size. In contrast, the polygenic relationship with ADHD symp-
toms reversed for receptive vocabulary in toddlerhood, as was
observed in ALSPAC, consistent with known genetic associ-
ations between higher ADHD risk and lower child and
adolescent verbal and cognitive abilities (28). Structural
models showed that a genetic factor specifically capturing
toddlerhood vocabulary measures (i.e., beyond variation in
infant vocabulary) was inversely associated with ADHD
symptom expression. Therefore, for phenotypes such as late-
phase expressive vocabulary, which shares genetic influences
with both early-phase expressive and late-phase receptive
vocabulary, positive and negative genetic covariance patterns
with ADHD symptoms may cancel each other out, consistent
with little evidence for a genome-wide genetic correlation.

However, genetic and residual contributions to phenotypic
correlations of early-life vocabulary size with ADHD symptoms
are complex. Positive genetic associations of early-phase
expressive vocabulary with ADHD symptoms (see Figure 4)
were masked at the phenotypic level due to residual correlations
with an opposite direction of effect. This rare violation of Che-
verud’s conjecture (82) suggests that residual sources of vari-
ation do not affect developmental pathways in the same way as
genetic sources and may implicate a protective effect of the
caregiving environment as observed for some behavioral traits
in animals (91). Thus, despite the validity of Cheverud’s
conjecture in general (92), future research characterizing the
divergent genetic and residual association patterns in very
young children may require information on parental language
input.

This work has several strengths and limitations. First, our
work builds on a previous GWAS effort (19) by increasing the
number of children studied by ~50%. The derived summary
statistics captured a substantial fraction of phenotypic vari-
ance and had SNP-h? z scores =4, enabling genome-wide
genetic covariance analyses (64). Therefore, the current work
could capture genetic association patterns for cognition-
related traits and neurodevelopmental conditions, especially
ADHD. However, the power to detect single-variant contribu-
tions of small effect (e.g., 0.1%) remained low (Supplemental
Note). Second, the use of HDL software boosted the power
of genetic correlation analyses (62). Summary statistic-based
SEM approaches using HDL [e.g., genomic SEM (76)] could
not be used due to limited overlap with recommended genetic
reference panels. Therefore, multivariate genomic and residual
covariance patterns were modeled with GRM-SEM (75),
studying individual-level data within the ALSPAC cohort.
Third, our study exclusively focused on children of European
genetic ancestry, combining cohorts representing 3 different
European languages that showed comparability on CDI mea-
sures (42,43), which boosted study power. Due to recent
methodological advances (93,94), transancestry genetic meta-
analysis will become more feasible in the future. However,

Genome-wide Analyses of Infant and Toddler Vocabulary

transancestral studies of early language development are
complex because vocabulary acquisition processes may differ
across language families. For example, word learning in noun-
friendly languages (e.g., English) differs from that in verb-
friendly languages (e.g., Korean) (95), and linguistic differ-
ences may become confounded with genetic ancestry. Fourth,
all language measures were rank-transformed to harmonize
vocabulary measures across different developmental phases,
languages, and instruments. Although we cannot exclude bias,
it is unlikely that this data transformation affected the nature of
our findings considering robust phenotypic relationships
across untransformed and transformed vocabulary scores
studied in previous work (18). Fifth, children’s language
development encompasses a broad range of genetically
related phenotypes in addition to vocabulary size, such as
grammatical abilities (17,20). Joint analysis of such interrelated
skills, especially with longitudinal measures, may boost study
power as part of future meta-GWASs and enable the study of
vocabulary growth. Finally, given differences in vocabulary
acquisition for boys and girls (43), future work studying more
powerful samples may uncover sex-specific differences in
genetic contributions to language development.

Conclusions

In summary, there are at least 2 genetic factors that contribute
to vocabulary size during infancy and toddlerhood matching
distinct polygenic association patterns with several later-life
traits. Our findings highlight the importance of studying ge-
netic influences that underlie early-life vocabulary acquisition
to unravel etiological processes shaping future behavior and
cognition.
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