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Introduction: Many studies argue that exposure to, and use of, multiple languages
in childhood has beneficial effects beyond the linguistic domain, including
on executive functions (EFs), although recent evidence remains controversial.
EFs encompass abilities necessary for regulating goal-directed behaviours in
everyday life and, in children, EFs strongly predict later academic achievement and
wellbeing. One theoretical framework distinguishes “hot” EFs, which have a reward
or affective component, from “cool” EFs that do not. How exposure to more than
one language in early childhood modulates hot and cool EFs in later childhood,
alongside other environmental and cognitive factors, remains poorly understood.

Methods: We analysed data from the UK Millennium Cohort Study, a large-scale,
nationally representative longitudinal cohort study, which provides information
on perinatal and environmental factors (e.g., languages spoken in the home,
maternal education) alongside cognitive measures assessed in English. At 3
years, we examined the effect of multiple language exposure on the Bracken
school readiness assessment (knowledge of shapes, letters, etc.), and on naming
vocabulary. At age 11, we examined the predictors of cool EF, measured with
a spatial working memory task; hot EF, measured using a gambling task; and
vocabulary, measured using a verbal reasoning task.

Results: Data from 16,134 children were analysed. At age 3, a negative effect of
multiple language exposure on school readiness and vocabulary was observed,
but the difference was smaller with higher maternal education. At age 11, there
was also a negative effect on vocabulary, but smaller than that observed at age
3. There were no direct effects of language exposure on either spatial working
memory or gambling scores. For hot EF, the multiple language exposure effects
were indirect, mediated by early cognition, and the most significant predictor of
gambling strategy was sex. For cool EF, school readiness and vocabulary at age 3
were the strongest predictors.

Discussion:  Our findings, based on a UK population sample, highlight the
importance of considering socioeconomic status and early-life abilities when
interpreting the effects of language environments on hot and cool EFs.

KEYWORDS

language exposure, cohort studies, executive function, Millennium Cohort Study, early
cognition, cognitive development
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1. Introduction

It has been estimated that more than half the world’s population
is bilingual or multilingual (Grosjean, 2010), and the number of
children who do not speak the societal (“majority”) language as
their first language has increased in most high-income and middle-
income countries. For example, 19.3% of pupils in schools in
England —1.6 m in total—were recorded as having a first language
other than English in the 2020/21 academic year (Department for
Education, 2021).

Different linguistic contexts result in measurable differences
in vocabulary acquisition: while bilingual children’s pooled
vocabulary size across languages is generally not found to be smaller
than that of monolinguals, research studies that evaluate only
one of their languages show that bilingual children typically score
lower than their monolingual peers (Junker and Stockman, 2002;
MacLeod et al,, 2017). Nevertheless, children with the majority
language as a second language generally close the vocabulary gap
to their peers after several years of consistent exposure (Collier and
Thomas, 2017; Dubiel and Guilfoyle, 2017; Oppenheim et al., 2020).
Importantly, the effects of bilingual or multilingual experience in
childhood have been associated with changes beyond the linguistic
domain, namely in executive functions (EFs; Bialystok et al,
2008; Adesope et al., 2010; Bialystok, 2017), which are higher-
level cognitive processes required in goal-directed behaviours and
problem-solving (Miyake et al., 2000; Gilbert and Burgess, 2008;
Diamond, 2013). This phenomenon, referred to as a “bilingual
effect” is however substantially modulated by factors such as
socioeconomic status (SES; Nacem et al.,, 2018), as is vocabulary
development (MacLeod et al., 2017).

Although the magnitudes of the bilingualism effects on EF seem
to vary across ages and tasks (Ware et al., 2020; Leivada et al., 2021;
see van den Noort et al, 2019, for a review), behavioural studies
in children of different ages (Calvo and Bialystok, 2014; Crivello
et al., 2016; Blom et al., 2017; Tran et al,, 2019) have shown that
bilinguals perform better than monolinguals on specific EF tasks
(e.g., the Attention Network Task; Yang and Yang, 2016). Other
studies have not found a bilingual effect on EFs (Anton et al,
2014; Dunabeitia et al., 2014; Gathercole et al., 2014; Dick et al.,
2019), and recent meta-analyses and reviews argue that this effect
is negligible and very limited once relevant confounding factors are
taken into account, including publication bias (Paap et al., 2015;
Lehtonen et al., 2018; Giovannoli et al., 2020; Lowe et al., 2021).

Most research studies investigating the neurocognitive effects of
bilingualism are cross-sectional studies, whereas population-based
longitudinal studies are relatively rare. In addition, the majority
of studies examining bilingual effects during development have
focused on small, selected samples matched to monolingual groups
based on demographic characteristics, such as IQ and parental SES.
These small-scale approaches limit statistical power, increase the
risk of selection bias, and raise questions of whether findings can
be generalized to a wider population (Leivada et al.,, 2021). We have
limited evidence on how potential cognitive differences between
children exposed to a single vs. multiple languages at home unfold
during development. Complementary population (cohort) studies
therefore have a valuable role to play in addressing these questions
and the shortcomings of smaller-scale studies.
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There has been increased research interest in the role of
emotion and motivation in EF, and studies have investigated
the role of EF in various affectively charged situations. In the
context of a more affective view of EF, therefore, a conceptual
distinction between “cool” and “hot” EFs has been proposed
(Zelazo and Miller, 2002; O'Toole et al., 2018). This distinction
between EFs is based on the extent to which they are related to
emotional/motivational or purely cognitive aspects (Montroy et al.,
2019)—but see also Peterson and Welsh (2014). Cool EFs tap
into cognitive aspects that require abstract problem-solving, free
of an affective load (e.g., traditional working memory tasks). In
contrast, hot EFs often refer to tasks that are assessing decision-
making using rewards (e.g., digital points, fictional money). While
there are several studies investigating cool EFs in children exposed
to or using more than one language (e.g., van den Noort et al,
2019), to our knowledge, there is only one instance where hot
EF was studied through the context of decision-making which
was conducted in monolingual and bilingual children (Enke et al.,
2022). The period between preschool and late childhood is of
particular interest as it precedes adolescence, a phase of differential
developmental trajectories for hot and cool EFs (Poon, 2017), and
changes in problem-solving, risk-taking (Casey et al., 2008; Mills
et al,, 2014; Crone et al,, 2016) and decision-making (Blakemore
and Robbins, 2012). Little is known about how early exposure to
multiple languages and other environmental factors modulate hot
and cool EFs in childhood.

In  population well-established  that
sociodemographic and perinatal variables have a significant

studies, it is

impact on EF and language development. There is extensive
evidence that prematurity and low birthweight are associated
with EF difficulties throughout development (Aarnoudse-Moens
et al., 2009; Mulder et al., 2009; van Houdt et al., 2019). Research
additionally shows a persisting negative effect of lower SES and
lower maternal education on EF (Hackman et al., 2015; Lawson
etal., 2018; Vrantsidis et al., 2020). Similarly, SES impacts language
development alongside multiple language exposure (MLE; Reilly
et al, 2010), and is considered a modulator of bilingual effects
on EF (Calvo and Bialystok, 2014; Naeem et al., 2018). The
inter-relation between perinatal and sociodemographic variables,
MLE, language and EF is complex during development, so SES and
perinatal variables should be considered when approaching the
question of how MLE impacts cognitive outcomes.

The Millennium Cohort Study (MCS; Connelly and Platt,
20145 Joshi and Fitzsimons, 2016) is a large, ongoing longitudinal
study of around 19,000 children born in the UK between
September 2000 and January 2002 (https://cls.ucl.ac.ul/cls-studies/
millennium-cohort-study/). A range of cognitive skills have been
measured at several time-points (“sweeps”), from infancy to
adolescence, alongside extensive social and demographic data,
including information on languages spoken at home early in life.

Although the MCS is a multidomain study that was not
designed specifically to examine language exposure effects, we
sought to examine this extensive dataset in light of the controversial
literature on language and cognition. The MCS does not include
detailed information on spoken or written language usage, but it
offers an opportunity to investigate the likely effects of language
exposure, environmental and birth-related factors on early and late
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cognition in the domains of general ability, vocabulary and EF, in a
nationally representative sample of thousands of individuals. Our
primary aim was to examine the relationship between MLE and
early (age 3) and late (age 11) childhood cognition, focussing on
lexical knowledge and general abilities. At age 11, the MCS included
one typical cool EF measure, namely spatial working memory (the
ability to remember and manipulate information of a visuospatial
nature). A measure of predominantly hot EF skills was also
available, namely a gambling task where risk-taking and decision-
making are assessed in the context of a reward. Secondarily, we
aimed to characterise the extent to which these relationships are
modulated by sociodemographic and perinatal covariates.

The children’s vocabulary skills were only assessed in the
majority language (English), which may be a second language for
many in the MCS cohort, and no firm information was available
on the age of acquisition of languages. We therefore predicted
that those with MLE may obtain lower scores in the English
vocabulary test than their peers at ages 3 and 11 (Bialystok et al,,
2010; Marchman et al., 2010; Scheele et al., 2010; Thordardottir,
2019; Blom et al., 2020), but would have an advantage for working
memory at age 11. We did not hypothesize an effect of MLE on
the gambling task (hot EF measure) at age 11, as observed by
Flouri et al. (2019). We first examined predictors of cognition
at ages 3 and 11 in separate cross-sectional analyses. Given
the complex interaction between sociodemographic, perinatal
and MLE variables during development, we also characterized
longitudinal effects using a path analysis.

2. Methods
2.1. Data

Families were selected for the MCS through Child Benefit
records and, to ensure adequate sampling, a disproportionately
stratified clustered design was used to over-represent children
living in Wales, Scotland and Northern Ireland, disadvantaged
areas, and, in England, areas with high proportions of ethnic
minority groups (Connelly and Platt, 2014; Joshi and Fitzsimons,
2016). 18,818 infants were enrolled onto the study, but only the
18,295 singletons were included in our analysis. Surveys were
carried out in the home with the main carer (usually the mother),
by trained interviewers. Each of the main MCS surveys received
appropriate ethical approval, and the present secondary analysis
was additionally approved by the local ethics committee.

Data from the MCS (Hansen, 2014) were downloaded from
the UK Data Service, University of Essex and University of
Manchester in May 2017. Data were linked across six survey
sweeps, when cohort members (CMs) were approximately nine
months, three, five, seven, 11 and 14 years of age. Variables were
extracted in five general domains: sociodemographic (CM age at
sweep, ethnicity, maternal education, family income), perinatal
(gestational age, birth weight), general health (chronic conditions),
cognitive (including language, working memory and decision-
making tasks; see next section) and data on languages (other than
English) spoken at home. Full details can be found in Table 1.

Where responses from multiple individuals relating to a single
data point were recorded in the dataset, we drew from all
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TABLE 1 Variables selected for the present study.

Category VELELES) Age at
sweep(s)
Sociodemographic CM’s sex 3,11 yr
CMs age (in days) at interview 3yr
CMs age last birthday 11yr
CM’s ethnic group: 3,11yr
eight-category classification
OECD equivalised income 3,11yr
(imputed)
Highest academic qualification 9 mo
(natural mother, if a
respondent)
Perinatal CM’s gestation time (in days, 9 mo
estimated)
CMs birth weight (converted to 9 mo
kg where necessary)
General health Long-standing illness/health 9 mo, 3,5,7, 11,
condition 14 yr
Cognitive Bracken school readiness 3yr
composite standard score
British Ability Scales: naming 3yr
vocabulary ¢-score
British Ability Scales: verbal 11yr
similarities standard score
CANTARB test scores (spatial 11yr
working memory; Cambridge
gambling task)
Language Language(s) spoken at home 9mo,3,5,7, 11 yr

CM, cohort member; OECD, Organisation for Economic Co-operation and Development;
CANTAB, Cambridge Neuropsychological Test Automated Battery.

respondents to maximise data availability. We prioritised responses
from the CM themselves, followed by—in order of priority—the
CM’s main caregiver (most often the mother), then the partner of
the main caregiver, and then a proxy. For example, details about
each CM’s birth weight were obtained from the main caregiver
if available, but in a few cases they were only available from the
partner, in which cases these responses were used.

2.1.1. Cognitive measures
The following cognitive measures (Hansen, 2014) were used in
the analyses, all administered in English:

e School readiness/knowledge of basic concepts (age 3). The
Bracken School Readiness Assessment (BSRA-R; Bracken,
2002) appraises the child’s knowledge of six concepts, namely
colours, letters, numbers and counting, shapes, sizes and
comparison skills (see De Almeida Maia et al., 2020, for an
evaluation of psychometric properties). The outcome measure
is a standard score with a mean of 100 and a standard deviation
of 15.

e Vocabulary (age 3). The British Abilities Scale II (BAS
II) naming vocabulary subtest (Elliot et al., 1996) assesses
the child’s ability to name pictures of increasing difficulty
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(expressive vocabulary). The outcome measure is a standard
score (i.e., adjusted for age) with a mean of 50 and standard
deviation of 10.

e Vocabulary (age 11). The verbal similarity subtest of the
BAS 1II assesses verbal knowledge and reasoning. The child is
asked to name which class (category) a group of spoken words
belong to. The outcome measure is a standard score with a
mean of 100 and standard deviation of 15.

e The Cambridge Neuropsychological Test Automated Battery
(CANTAB; Cambridge Cognition, 2019) spatial working
memory task (age 11). Participants have to identify the
location of “tokens” hidden under “boxes” on a screen, without
returning to the same box location twice. As a result, scores
reflect strategy as well as retention and manipulation of
visuospatial information, and constitute a measure of cool EF.
Higher scores indicate better spatial memory skills.

e The CANTAB Cambridge gambling task (age 11). In this
computerized gambling task, which constitutes a measure
of hot EE participants are informed of the probability of
outcomes before making decisions on “bets”. Seven outcome
measures are produced from this task (Cambridge Cognition,
2019).

To reduce the number of CANTAB measures, we carried out a
principal components analysis (PCA; see below) which resulted in
one component per test that we used as our main outcome measure.

2.1.2. Languages spoken at home

In every MCS sweep, parents were asked about languages
spoken in the home, which was used to indicate MLE. For analysis
of age 3 data, responses were aggregated across the first two sweeps,
covering any exposure up to age 3. At age 11, responses were
aggregated from sweeps 3-5, covering exposure after age 3 but up
to and including age 11. In each case, where a parent reported
use of a non-English home language in any relevant sweep, the
CM was considered to have MLE, as exposure to English as the
majority language was treated as implicit; otherwise they were
classified “without MLE”. We acknowledge this is a relatively crude
measure of MLE that does not capture important factors such as
age at exposure and active use of a non-English language, but it is
the best information available in the cohort. Languages spoken at
home encompassed the wide range of languages spoken by families
resident in the UK.

2.1.3. Other variables

Table 2 lists the incidence, by sex, of birth prematurity, different
language groups and potentially confounding conditions. The latter
include developmental and language disorders which may conflate
with the effects of MLE on cognitive performance.

Prematurity was derived from gestational age information,
which was available for the majority of CMs. The World Health
Organisation thresholds for moderate and late premature (32-37
wk), very premature (28-32 wk) and extremely premature (<28
wk) babies (March of Dimes et al., 2012) were applied to profile
the cohort (Table 2). Continuous gestational age (in days) and
birthweight (in kilograms) were used in our statistical analyses.
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TABLE 2 Frequencies (and percentages) of CMs of each sex with relevant
perinatal, language and general health characteristics.

Count (%), of

Characteristic Count (%), of

girls boys
Birth prematurity
Term (>37 wk gestation) 8212 (92.5) 8592 (91.3)
Moderate and late preterm 482 (5.4) 580 (6.2)
(32-37 wk)
Very preterm (28-32 wk) 55 (0.6) 79 (0.8)
Extremely preterm (<28 wk) 18 (0.2) 25(0.3)
Home language exposure by age 11
Welsh 218 (2.5) 213 (2.3)
Other 1410 (15.9) 1459 (15.5)
Health conditions
Cancer 14 (0.2) 12 (0.1)
Malformation 191 (2.2) 192 (2.0)
Developmental disorder 347 (3.9) 696 (7.4)
Language disorder 292 (3.3) 350 (3.7)

Proportions are expressed in each case as a fraction of those CMs for whom relevant
information was available. Conditions are as defined in the main text.

Maternal education was recorded as the highest academic
qualification obtained by the CM’s mother: equivalent to GCSE (a
public examination taken at age 16), equivalent to A Level (a public
examination taken at age 18), a higher qualification (including
a degree or diploma) or none. Family income was equivalised
using modified OECD scales according to household composition
(European Commission et al., 1995).

2.1.4. Sample exclusion criteria

Welsh speakers were excluded from analysis for two reasons: (i)
dual-language teaching is available and well-integrated in Wales,
and (ii) cognitive testing was conducted in Welsh in some cases.
There was therefore the possibility that Welsh was the sole language
children were exposed to.

CMs who had been diagnosed with conditions known to
impact cognitive development were also excluded. Conditions such
as cancer, malformations, developmental disorders and language
disorders were identified from data on long-standing health
conditions. MCS had its own category labels in some sweeps (for
example, “Social or behavioural condition, e.g., associated with
autism/ADHD”), and used International Statistical Classification
of Diseases and Related Health Problems, 10! Revision (ICD-
10; World Health Organization, 2019) codes in others, so a
best-effort equivalence was established. Cancer encompassed the
terms “cancer” and “tumour,;”; and ICD-10 codes C00-D48.
Malformations included ICD-10 codes Q00-Q99. Developmental
disorders included cerebral palsy, epilepsy, learning and memory
disorders, other neurological disorders, eating disorders and
social problems, encompassing ICD-10 codes F50-F59, F70-F79,
F82-F98, G00-G99, and R40-R46. Language disorders included
dyslexia, speech, hearing and vision problems, encompassing ICD-
10 codes F80-F81, H53-H54, H90-H91, and R47-R49.
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2.2. Principal components analysis

The Bracken school readiness score and BAS II provide
overall standard scores for each CM, but the CANTAB produces
a series of scores measuring different aspects of its constituent
tasks. There are 14 variables for the spatial working memory
(SWM) task, and seven for the Cambridge gambling task (CGT).
Each constituent variable was transformed using the Yeo-Johnson
transformation (Yeo and Johnson, 2000)—a variant of Box-Cox
which handles negative raw values—with parameter optimised
to minimise transformed absolute skewness, then scaled to have
zero mean and unit variance. Extreme outliers with standardised
multivariate Mahalanobis distance of greater than 5.0 were then
excluded, and the scaling repeated without them until no further
outliers remained. Standard principal components analysis was
then applied, reducing the dimensionality of the scaled data to just
the first principal component for each task (viz. SWM PC1 and
CGT PC1) for subsequent analysis. This and all subsequent data
analysis was performed with R v4.1.0 (R Core Team, 2021).

2.3. Cross-sectional analysis

Regression analyses were used to estimate cross-sectional
relationships between MLE status and cognition. Given the large
sample size, an indicative significance threshold of & = 0.01 was
applied to all of our statistical findings, and confidence intervals
(CIs) were calculated at the 99% level.

At age 3, naming vocabulary and school readiness scores
were the dependent variables, with CM age at interview, sex,
gestational age, birthweight, and household income as predictors.
Given the evidence that the effects of MLE on cognitive abilities
and vocabulary development are modulated by SES (MacLeod et al.,
2017; Naeem et al., 2018), we included interaction terms between
MLE status and maternal education, as well as main effect terms for
each variable.

At age 11, dependent variables were the verbal similarity
scores and scores from the first principal component of each
of the Cambridge gambling and spatial working memory tasks
(corresponding to hot EF and cool EFE respectively). Predictors
included CM age at interview, sex, household income at age
11, maternal education, MLE status and the interaction between
maternal education and MLE status.

2.4. Path analysis

Path analysis was performed using the lavaan R package
(Rosseel, 2012), incorporating terms from the age 3 and age
11 sweeps to consider how early life experiences influence later
performance. The model was constructed to capture the influence
of MLE, SES, age and sex on cognitive scores within each sweep,
as well as longitudinal effects of perinatal variables on the age
3 sweep, and age 3 variables on related age 11 variables. The
prevalence of missing data in relevant variables varied from 0%
(for sex) to 36% (for the CGT scores), and hence a full-information
maximum likelihood approach was taken to fit the model. This is
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a statistically efficient alternative to imputation in the context of
structural equation models (Enders and Bandalos, 2001), allowing
us to make use of all available data.

3. Results

Of the 18,295 singleton CMs in the MCS, 431 were identified
as Welsh speakers and 1778 had evidence of a developmental
or language disorder, cancer or malformation (see Table 2), and
so were excluded from further analysis. The analytic sample
comprised 16,134 CMs.

3.1. Principal components analysis

For the SWM task (cool EF), 9133 CMs contributed data to the
principal components analysis. Two variables—“Double errors 4
boxes” and “Within errors 4 boxes”—showed no variance at all, but
the first principal component captured 36% of the variance in the
remaining 12 variables. The component was negatively weighted on
all of the constituent variables, such that increasing scores reflected
faster performance with fewer errors.

For the CGT (hot EF), 9992 CMs contributed data, all seven
variables were used, and the first principal component captured
35% of their variance. This component was weighted negatively for
test duration, deliberation time and risk adjustment, and positively
for the other variables, such that increasing scores reflected a less
deliberative and higher-risk approach.

3.2. Cross-sectional analysis

Boxplots of the cognitive test scores are shown in Figure 1, split
by maternal education level and MLE status. Regression results are
shown in Table 3.

At age 3, two clear trends are observed across the tests
(Figure 1A). Firstly, higher maternal education was associated with
higher test scores. The advantage of GCSE-level maternal education
to CM performance on the naming vocabulary test, relative to
no formal qualifications, is highly significant (standardised 8 =
0.145, 99% CI 0.111 to 0.180); the effect was similar for A Level
equivalent qualifications (8 = 0.134) and rose substantially for
higher education (8 = 0.246). For the school readiness test the
equivalent S values were 0.148, 0.154 and 0.284, respectively, and
each was highly significant. Secondly, CMs with MLE performed
less well than those without (main effect 8 = —0.392 for naming
vocabulary, with 99% CI —0.431 to —0.353, and —0.156 for school
readiness, with 99% CI —0.197 to —0.116). The interaction between
maternal education and MLE was also significant for the naming
vocabulary test, with a smaller difference between those with and
without MLE at higher education levels. For school readiness a
comparable reduced difference was only observed for CMs whose
mothers had a higher education (8 = 0.033, 99% CI 0.001 to 0.065).
24% of the variance in naming vocabulary and 21% of the variance
in school readiness was explained by the predictors.

At age 11, patterns varied by test (Figure 1B). For the verbal
similarities test, a benefit of higher maternal education was again
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observed (8 = 0.098 for GCSE versus no formal education, rising
to 0.223 for higher education), as was a negative MLE effect on
performance, albeit a weaker one (f = —0.060, 99% CI —0.102 to
—0.019). Only the interaction between MLE and higher maternal
education was significant, such that the MLE effect was effectively
cancelled out in this group (8 = 0.041, 99% CI 0.008 to 0.073).
Spatial working memory (cool EF) scores were significantly and
positively associated with maternal education, but not with MLE
status. For the gambling task (hot EF), CGT scores were weakly
associated with maternal education (8 = —0.043 for A Level and
B = —0.069 for higher education), and scores were higher for CMs
with MLE than those without (8 = 0.099, 99% CI 0.055 to 0.142).
Less than 10% of the total variance in SWM and CGT scores was
explained by the predictors, however.

We examined the associations between the remaining
sociodemographic and perinatal variables and each set of cognitive

10.3389/fpsyg.2023.1158333

test scores (Table 3). Boys performed worse than girls in both tests
at age 3, but the picture was mixed at age 11, with boys performing
slightly better in the verbal similarities test and slightly worse in
SWM. There was a substantial score difference (reflecting differing
strategies) in the CGT. Household income was strongly associated
with scores on all tests. The three remaining factors, age in days (at
age 3), gestational age and birth weight, only showed weak effects
on cognitive test scores.

3.3. Path analysis

Figure 2 shows the results of the path analysis for relationships
between MLE, cognitive test scores and covariates, with only terms
significant at p < 0.01 shown. The maximum likelihood model was
found to be an acceptable fit to the available data, with standardised
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TABLE 3 Effect sizes (standardised B) for all cross-sectional regression models with cognitive outcomes as dependent variables.

3yr 11 yr

Predictor Naming vocabulary = School readiness Verbal similarities SWM PC1 CGT PC1
MLE -0.392 —0.156 —0.060 0.006 0.099
Mat. Ed. GCSE 0.145 0.148 0.098 0.087 ~0.030
Mat. Ed. A Level 0.133 0.154 0.110 0.078 —0.043
Mat. Ed. Higher 0.246 0.284 0.223 0.162 —0.069
MLE x Mat. Ed. GCSE 0.043 —0.008 —0.007 0.009 —0.016
MLE x Mat. Ed. A Level 0.041 0.002 0.017 0.002 <0.001
MLE x Mat. Ed. Higher 0.093 0.033 0.041 —0.036 —0.014
Male sex —0.120 —-0.114 0.054 —0.043 0.243
Age 0.029 0.053 —0.091 0.053 —0.006
Income 0.134 0.232 0.145 0.111 —0.048
Gestational age 0.002 0.036 - - -
Birth weight 0.056 0.010 - - -

Age and income are taken from the same data sweep as the outcome variable in each case. Effects significant at p < 0.01 are shown in bold. MLE, multiple language exposure; SWM, spatial

working memory (cool EF); PC, principal component; CGT, Cambridge gambling task (hot EF).

root mean square residual of 0.046 and root mean square error of
approximation of 0.055 (Fu and Bentler, 1999).

The key findings from the cross-sectional analyses are observed
within each sweep, notably the strong negative MLE effect on
cognitive test scores at age 3, and the positive effects of higher
maternal education. Longitudinally, there is a positive direct link
between early MLE and verbal similarities scores at 11, with
no significant additional effect of changed MLE status by the
time of the test. Moreover, school readiness and vocabulary at
age 3 are more strongly associated with verbal similarities and
spatial working memory task performance at age 11 than any
variable recorded at age 11. In other words, pre-school cognitive
performance is a strong indicator of performance in the period
during which children transition from primary to secondary
education, while sex is the strongest predictor of gambling strategy.
However, we found no direct effect of MLE status (in either sweep)
on either spatial working memory or gambling scores.

4. Discussion

This analysis of a large, nationally representative cohort study
confirmed that the effects of MLE and maternal education on
crystallised knowledge interact, and revealed no direct effect of
MLE on hot or cool EFs in childhood. At age 3, exposure to
a non-English language at home—assumed to be in addition to
some English exposure in the absence of detailed information—
was associated with lower vocabulary and school readiness scores
assessed in English at the same age. At age 11, the effect of MLE
on verbal knowledge remained negative, but more weakly so, being
more directly linked to pre-academic abilities at age 3. Our study
also revealed distinct paths to hot and cool EF performance at
age 11. Spatial working memory performance was most strongly
associated with maternal education in a cross-sectional analysis,
and with earlier knowledge (school readiness and vocabulary at
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age 3) in a longitudinal analysis. On the other hand, there was
a significant effect of MLE on the gambling task results when
considered cross-sectionally. However, in a longitudinal analysis,
no direct effect of MLE was observed. We suggest that this effect
may be subsumed by the indirect effects (e.g., via age 3 scores). SES
played a major interacting role at ages 3 and 11 years.

4.1. MLE effects at age 3

Although children with MLE in this cohort cannot be reliably
described as “bilinguals,” our findings at age 3 accord with previous
studies reporting that bilinguals score lower than monolinguals
on pre-school measures of receptive vocabulary (Allman, 2005;
Bialystok, 2009; Bialystok et al., 2010; Smithson et al., 2014). Lower
scores in school readiness are however at odds with results from
another population study indicating positive bilingualism effects
(Guhn et al., 2016). The Bracken test of school readiness used in
the MCS assesses knowledge of letters, numbers, shapes and other
concepts in English. Scores are therefore highly influenced by both
cognition and knowledge of English (see Snow, 2006; for a review of
different school readiness assessments), and do not reflect personal,
social or emotional skills.

In the MCS no data were available on age of onset of
exposure to English, amount of input children received in English,
or knowledge of letters or numbers in the non-English home
language. It was therefore not possible to firmly categorise
CMs as monolingual, bilingual or multilingual. Other research
has suggested that vocabulary differences between bilingual and
monolingual children, and between different bilingual groups, can
be substantially explained by the language of assessment (MacLeod
etal,, 2017). Specifically, previous studies have showed that children
who are exposed to the majority language after birth had smaller
vocabulary size than monolinguals when assessed in the majority
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between cognitive variables are shown with dashed lines and open arrowheads. MLE, multiple language exposure; S2, sweep 2; S5, sweep 5; SWM,
spatial working memory (cool EF); PC, principal component; CGT, Cambridge gambling task (hot EF).

language (Oller et al, 2007). In contrast, research shows that
bilinguals’ vocabulary size can be monolingual-like when children
are assessed in their dominant language (Thordardottir et al., 20065
MacLeod et al,, 2017). It is therefore likely that lower performance
in the assessments of children with MLE at age 3 can be explained
by late age of onset of (or sequential) exposure to English, by limited
concurrent exposure to English, or by both. This is supported by the
relatively strong residual correlation between school readiness and
naming vocabulary, visible in Figure 2, which indicates a significant
link between these scores that isn’t explained by other predictors in
the model, and is potentially attributable to the common factor of
English proficiency.

Our findings showed positive effects of higher maternal
education on the cognitive test variables. Maternal education
is a well-known strong predictor of cognitive development in
population studies (Bornstein et al, 2013), and so it is not
surprising to see its moderating effects here at age 3. Previous
research has identified maternal education as a significant predictor
of high vocabulary scores in bilinguals (Place and Hoff, 2016;
MacLeod et al, 2017). This moderating effect may be due to a
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range of reasons, including richer and higher language exposure
to English and non-English language(s) at home, access to books
in English, or more interaction in English with parents and
caregivers (Kim et al., 2014; Sorenson Duncan and Paradis, 2018).
In bilinguals, it is worth noting that the positive effects of maternal
education may be language-specific (Hoff et al., 2018), whereby
the mothers language of education impacts positively on the
child’s vocabulary in that language. In a similar vein, Sorenson
Duncan and Paradis (2018) found that mothers with higher levels
of education had higher second language fluency and were more
likely to use that language with their kindergarten children. We are
unable to examine this point directly, however, as there is no MCS
data on maternal language of education.

Overall, our findings at age 3 demonstrate an interaction
between maternal education and MLE on pre-academic abilities,
as measured by vocabulary and school readiness assessments in
English. We also found negative effects of younger gestational
age and lower weight at birth, confirming the extensive literature
reporting vocabulary reductions in children born preterm (Barre
et al,, 2011; Van Noort-Van Der Spek et al., 2011). More extensive

frontiersin.org


https://doi.org/10.3389/fpsyg.2023.1158333
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

Clayden et al.

information on maternal cognition, mother-child interactions,
child knowledge in the home language, and the child’s broader
language environment would be required to examine the relative
contributions of environmental and genetic factors on the measures
used here.

4.2. MLE effects at age 11

At age 11, the lower performance found in CMs with MLE at
age 3 on crystallised knowledge (measured with verbal reasoning)
was substantially mitigated by a direct positive longitudinal effect.
This reduced gap in verbal reasoning scores is likely due to the
children’s extended exposure to English in a range of environments,
including at home, at school, and via various media. The “levelling”
effect of high maternal education seen at age 3 was replicated,
although less strongly, such that children of mothers with a
higher education qualification with and without MLE no longer
differed in their verbal reasoning abilities at that age. Previous
studies have reported that majority (English) language exposure
in school, and richer environments outside school, are significant
predictors of children’s development in that language (Paradis
et al, 2017). A more recent study confirmed this point, showing
that bilingual children who had been in school longer exhibited
higher productive abilities when completing a storytelling task
in the majority language (Sorenson Duncan and Paradis, 2018).
Altogether, increased exposure to the majority language boosts
majority language skills, as formal schooling allows bilingual
children to learn and use new vocabulary in various settings.
Our study supports this hypothesis in children with MLE from a
national cohort.

We found no evidence of a direct MLE effect on either hot or
cool EFs at age 11, consistent with a meta-analysis which concluded
that bilingualism effects were negligible once other factors were
taken into account (Lowe et al., 2021). Our data however revealed
distinct early predictors for hot and cool EFs. Our cool EF measure
(spatial working memory) was influenced by school readiness
scores at age 3, which are highly correlated with English vocabulary
scores at that age. This finding is consistent with those from a
study at school age (6-9 years) where verbal working memory
was predicted by vocabulary and SES, as well as processing speed
(Lensing and Elsner, 2018). Overall, our findings suggest that cool
EFs in pre-adolescence are better predicted by earlier cognitive
measures than by MLE status.

Findings from hot EF (gambling) scores supported our
hypothesis of a negligible direct effect of MLE, once longitudinal
cognitive factors were taken into account. When examining
our principal component from the gambling task, where higher
scores reflect a higher-risk strategy preference rather than better
performance, sex was the most significant predictor. This finding is
consistent with another study in middle childhood, where sex was
the only significant predictor of performance on another gambling
task (Lensing and Elsner, 2018). Higher risk-taking for boys has
been recently reported in the MCS cohort at both age 11 and 14
(Lewis et al, 2021). We only observed indirect effects of MLE
longitudinally, via school readiness and vocabulary measured at age
3. Overall, our EF findings confirm distinct predictors for cool and
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hot EF in line with theoretical models (Zelazo and Carlson, 2012)
and evidence of their distinct developmental trajectories (Lensing
and Elsner, 2018).

4.3. Strengths and limitations

This study’s key strength, compared to many previous studies
of EFs and bilingualism or language exposure, is its use of a
large and nationally representative cohort, including over 16,000
individuals in our core analyses with information collected on a
rich set of birth-related and socioeconomic factors. However, since
the data were not gathered with our specific research questions
in mind, we had access to only a relatively crude measure of
MLE, a trade-off that can be seen as complementary to more
specialised and detailed studies on smaller groups. A particular
limitation is the lack of a definitive question in the surveys about
each childs abilities in the majority language or any others—
with our analysis required to infer MLE and possible bilingualism
from data about languages spoken at home—or any details of the
length or depth of their exposure in spoken or written forms.
Moreover, all tests were conducted in English, putting children
with English as an additional language at an inherent disadvantage.
Nevertheless, the interactions we observed with maternal education
re-emphasise, for future studies of bilingualism, language exposure
and cognition, that a child’s wider intellectual environment is
key for fully interpreting any claimed effects, and that groups
homogeneous in SES may offer only a limited picture.

Overall, our data showed little effect of MLE in general on hot
and cool executive functions in pre-adolescence, once other factors
were taken into account. However, our large-scale longitudinal
study revealed that their antecedents differ, in line with their
related but independent developmental trajectories (Ferndndez
Garcia et al,, 2021). Our longitudinal analysis demonstrated that
proximate external factors such as maternal education, household
income and the linguistic environment strongly influence a child’s
early cognition, but the impact of these factors wanes over time,
with children’s cognitive performance affected by a wider range
of variables, reflecting the gradually increasing importance of
influences beyond the home. Future focussed studies, incorporating
richer linguistic data, will be necessary to confirm these findings.

Data availability statement

Publicly available datasets were analyzed in this study. This
data can be found here: UK Data Service (first survey DOI
10.5255/UKDA-SN-4683-1, second survey 10.5255/UKDA-SN-
5350-3, third survey 10.5255/UKDA-SN-5795-3, fourth survey
10.5255/UKDA-SN-6411-6, fifth survey 10.5255/UKDA-SN-7464-
2, and sixth survey 10.5255/UKDA-SN-8156-2).

Ethics statement

The studies involving human participants were reviewed and
approved by UCL Research Ethics Committee. Written informed

frontiersin.org


https://doi.org/10.3389/fpsyg.2023.1158333
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

Clayden et al.

consent to participate in this study was provided by the participants’
legal guardian/next of kin.

JC, SH, FA, SG, LW, and FL designed and planned the research.
JC and SH acquired, processed, and analysed the data. All authors
contributed to interpretation and contextualisation of the findings.
JC, SH, FA, AS, and FL wrote the paper. All authors helped refine
the paper and approved the final version.

This work was supported by a grant from the Child Health
Research Charitable Incorporated Organisation (reference 20-
21/SI4). All research at Great Ormond Street Hospital NHS
Foundation Trust and the UCL Great Ormond Street Institute of

Aarnoudse-Moens, C. S. H., Weisglas-Kuperus, N., van Goudoever, J. B,
and Oosterlaan, J. (2009). Meta-analysis of neurobehavioral outcomes in
very preterm and/or very low birth weight children. Pediatrics 124, 717-728.
doi: 10.1542/peds.2008-2816

Adesope, O. O., Lavin, T., Thompson, T., and Ungerleider, C. (2010). A systematic
review and meta-analysis of the cognitive correlates of Bilingualism. Rev. Educ. Res. 80,
207-245. doi: 10.3102/0034654310368803

Allman, B. (2005). Vocabulary size and accuracy of monolingual and bilingual
preschool children. in Proceedings of the 4th International Symposium on Bilingualism
(Somerville, MA: Cascadilla Press) 58-77.

Anton, E., Dufiabeitia, J. A., Estévez, A., Herndndez, J. A., Castillo, A., Fuentes, L.
J., etal. (2014). Is there a bilingual advantage in the ANT task? Evidence from children.
Front. Psychol. 5, 398. doi: 10.3389/fpsyg.2014.00398

Barre, N., Morgan, A., Doyle, L. W., and Anderson, P. J. (2011). Language abilities
in children who were very preterm and/or very low birth weight: a meta-analysis. J.
Pediatr. 158, 766-774. doi: 10.1016/j.jpeds.10032

Bialystok, E. (2009). Bilingualism: the good, the bad, and the indifferent.
Bilingualism 12, 3-11. doi: 10.1017/S1366728908003477

Bialystok, E. (2017). The bilingual adaptation: How minds accommodate
experience. Psychol. Bull. 143, 233-262. doi: 10.1037/bul0000099

Bialystok, E., Craik, F., and Luk, G. (2008). Cognitive control and lexical access
in younger and older bilinguals. J. Exp. Psychol. Learn. Mem. Cogn. 34, 859-873.
doi: 10.1037/0278-7393.34.4.859

Bialystok, E., Luk, G., Peets, K. F.,, and Yang, S. (2010). Receptive vocabulary
differences in monolingual and bilingual children. Biling 13, 525-531.
doi: 10.1017/51366728909990423

Blakemore, S-. J., and Robbins, T. W. (2012). Decision-making in the adolescent
brain. Nat. Neurosci. 15, 1184-1191. doi: 10.1038/nn.3177

Blom, E., Boerma, T., Bosma, E., Cornips, L., and Everaert, E. (2017). Cognitive
advantages of bilingual children in different sociolinguistic contexts. Front. Psychol. 8,
552. doi: 10.3389/fpsyg.2017.00552

Blom, E., Boerma, T., Bosma, E., Cornips, L., van den Heuij, K., Timmermeister,
M., et al. (2020). Cross-language distance influences receptive vocabulary outcomes of
bilingual children. First Lang. 40, 151-171. doi: 10.1177/0142723719892794

Bornstein, M. H., Hahn, C-. S,, and Wolke, D. (2013). Systems and cascades
in cognitive development and academic achievement. Child Dev. 84, 154-162.
doi: 10.1111/§.1467-8624.2012.01849.x

Bracken, B. A. (2002). Bracken School Readiness Assessment: Administration manual.
San Antonio, TX: Psychological Corporation.

Calvo, A., and Bialystok, E. (2014). Independent effects of bilingualism and
socioeconomic status on language ability and executive functioning. Cognition 130,
278-288. doi: 10.1016/j.cognition.11015

Frontiersin

10.3389/fpsyg.2023.1158333

Child Health is made possible by the NTHR Great Ormond Street
Hospital Biomedical Research Centre.

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Cambridge Cognition (2019). CANTAB® [Cognitive Assessment Software].
Cambridge: Cambridge Cognition Ltd.

Casey, B. J., Getz, S., and Galvan, A. (2008). The adolescent brain. Dev. Rev. 28,
62-77. doi: 10.1016/j.dr.08003

Collier, V. P., and Thomas, W. P. (2017). Validating the power of bilingual
schooling: thirty-two years of large-scale, longitudinal research. Annu. Rev. Appl.
Linguist. 37, 203-217. doi: 10.1017/S0267190517000034

Connelly, R, and Platt, L. (2014). Cohort profile: UK millennium cohort study
(MCS). Int. J. Epidemiol. 43, 1719-1725. doi: 10.1093/ije/dyu001

Crivello, C., Kuzyk, O., Rodrigues, M., Friend, M., Zesiger, P., Poulin-Dubois, D.,
et al. (2016). The effects of bilingual growth on toddlers’ executive function. J. Exp.
Child Psychol. 141, 121-132. doi: 10.1016/j.jecp.08004

Crone, E. A, van Duijvenvoorde, A. C. K., and Peper, J. S. (2016). Annual
research review: neural contributions to risk-taking in adolescence-developmental
changes and individual differences. J. Child Psychol. Psychiatry 57, 353-368.
doi: 10.1111/jcpp.12502

De Almeida Maia, Pohl, D., Okuda, S., Liu, P. M. M., Puglisi, T., Ploubidis, M. L.,
et al. (2020). Psychometric properties and optimizing of the bracken school readiness
assessment. Educ. Asse. Eval. Acc. doi: 10.1007./s11092-020-09339-3

Department for Education (2021). Schools, pupils and their characteristics.
Available online at:
(accessed January 13, 2022).

Diamond, A. (2013). Executive functions. Annu. Rev. Psychol. 64, 135-168.
doi: 10.1146/annurev-psych-113011-143750

Dick, A. S., Garcia, N. L., Pruden, S. M., Thompson, W. K., Hawes, S. W.,
Sutherland, M. T., et al. (2019). No evidence for a bilingual executive function
advantage in the nationally representative ABCD study. Nat. Hum. Behav. 3, 692-701.
doi: 10.1038/s41562-019-0609-3

Dubiel, B., and Guilfoyle, E. (2017). Language strength in bilingual children: the
child HALA test. HLJ 14, 1-29. doi: 10.46538/hlj.14.1.1

Dunabeitia, ]. A., Hernandez, J. A., Antén, E., Macizo, P., Estévez, A., Fuentes, L. J.,
et al. (2014). The inhibitory advantage in bilingual children revisited: myth or reality?
Exp. Psychol. 61, 234-251. doi: 10.1027/1618-3169/a000243

Elliot, C. D., Smith, P., and McCulloch, K. (1996). British Ability Scales Second
Edition (BAS II). London: Nelson.

Enders, C., and Bandalos, D. (2001). The relative performance of full information
maximum likelihood estimation for missing data in structural equation models. Struct.
Equat. Model. Multidiscip. ]. 8, 430-457. doi: 10.1207/S15328007SEM0803_5

Enke, S., Gunzenhauser, C., Johann, V. E., Karbach, J., and Saalbach, H. (2022).
“Hot” executive functions are comparable across monolingual and bilingual elementary
school children: results from a study with the Iowa Gambling task. Front. Psychol. 13,
988609. doi: 10.3389/fpsyg.2022.988609


https://doi.org/10.3389/fpsyg.2023.1158333
https://doi.org/10.1542/peds.2008-2816
https://doi.org/10.3102/0034654310368803
https://doi.org/10.3389/fpsyg.2014.00398
https://doi.org/10.1016/j.jpeds.10032
https://doi.org/10.1017/S1366728908003477
https://doi.org/10.1037/bul0000099
https://doi.org/10.1037/0278-7393.34.4.859
https://doi.org/10.1017/S1366728909990423
https://doi.org/10.1038/nn.3177
https://doi.org/10.3389/fpsyg.2017.00552
https://doi.org/10.1177/0142723719892794
https://doi.org/10.1111/j.1467-8624.2012.01849.x
https://doi.org/10.1016/j.cognition.11015
https://doi.org/10.1016/j.dr.08003
https://doi.org/10.1017/S0267190517000034
https://doi.org/10.1093/ije/dyu001
https://doi.org/10.1016/j.jecp.08004
https://doi.org/10.1111/jcpp.12502
https://doi.org/10.1007./s11092-020-09339-3
https://explore-education-statistics.service.gov.uk/find-statistics/school-pupils-and-their-characteristics
https://explore-education-statistics.service.gov.uk/find-statistics/school-pupils-and-their-characteristics
https://doi.org/10.1146/annurev-psych-113011-143750
https://doi.org/10.1038/s41562-019-0609-3
https://doi.org/10.46538/hlj.14.1.1
https://doi.org/10.1027/1618-3169/a000243
https://doi.org/10.1207/S15328007SEM0803_5
https://doi.org/10.3389/fpsyg.2022.988609
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

Clayden et al.

European Commission, Eurostat, Asghar Zaidi, M., Hagenaars, A., and de Vos, K.
(1995). Poverty Statistics in the Late 1980’ : Research Based on Micro-Data. Brussels:
Publications Office.

Fernandez Garcia, L., Merchdn, A., Phillips-Silver, J., and Daza Gonzalez, M.
T. (2021). Neuropsychological development of cool and hot executive functions
between 6 and 12 years of age: a systematic review. Front. Psychol. 12, 687337.
doi: 10.3389/fpsyg.2021.687337

Flouri, E., Moulton, V., and Ploubidis, G. B. (2019). The role of intelligence
in decision-making in early adolescence. Br. J. Dev. Psychol. 37, 101-111.
doi: 10.1111/bjdp.12261

Gathercole, V. C. M., Thomas, E. M., Kennedy, L, Prys, C., Young, N., Vifias Guasch,
N., et al. (2014). Does language dominance affect cognitive performance in bilinguals?
Lifespan evidence from preschoolers through older adults on card sorting, Simon, and
metalinguistic tasks. Front. Psychol. 5, 11. doi: 10.3389/fpsyg.2014.00011

Gilbert, S. J., and Burgess, P. W. (2008). Executive function. Curr. Biol. 18, R110—
R114. doi: 10.1016/j.cub.12014

Giovannoli, J., Martella, D., Federico, F., Pirchio, S., and Casagrande, M. (2020).
The impact of bilingualism on executive functions in children and adolescents:
a systematic review based on the PRISMA method. Front. Psychol. 11, 4789.
doi: 10.3389./fpsyg.2020.574789

Grosjean, F. (2010). Bilingual: Life and Reality. Cambridge, MA: Harvard University
Press. doi: 10.4159./9780674056459

Guhn, M., Milbrath, C., and Hertzman, C. (2016). Associations between child home
language, gender, bilingualism and school readiness: a population-based study. Early
Child. Res. Q. 35, 95-110. doi: 10.1016/j.ecresq.11003

Hackman, D. A, Gallop, R,, Evans, G. W., and Farah, M. J. (2015). Socioeconomic
status and executive function: developmental trajectories and mediation. Dev. Sci. 18,
686-702. doi: 10.1111/desc.12246

Hansen, K. ed. (2014). Millennium Cohort Study: A guide to the datasets. 8th ed.
London: Centre for Longitudinal Studies.

Hoff, E., Burridge, A., Ribot, K. M., and Giguere, D. (2018). Language specificity
in the relation of maternal education to bilingual children’s vocabulary growth. Dev.
Psychol. 54, 1011-1019. doi: 10.1037/dev0000492

Hu, L., and Bentler, P. M. (1999). Cutoff criteria for fit indexes in covariance
structure analysis: conventional criteria vs. new alternatives. Struct. Equat. Model.
Multidiscip. ]. 6, 1-55. doi: 10.1080/10705519909540118

Joshi, H., and Fitzsimons, E. (2016). The millennium cohort study: the making of a
multi-purpose resource for social science and policy. Longit. Life Course Stud. 7, 410.
doi: 10.14301./1lcs.v7i4.410

Junker, D. A, and Stockman, I. J. (2002).
German-English bilingual toddlers. Am. J. Speech Lang. Pathol.
doi: 10.1044/1058-0360(2002/042)

Kim, Y. K., Curby, T. W., and Winsler, A. (2014). Child, family, and school
characteristics related to English proficiency development among low-income, dual
language learners. Dev. Psychol. 50, 2600-2613. doi: 10.1037/a0038050

Lawson, G. M., Hook, C. J., and Farah, M. J. (2018). A meta-analysis of the
relationship between socioeconomic status and executive function performance among
children. Dev. Sci. 21, 12529. doi: 10.1111./desc.12529

Expressive vocabulary of
11, 381.

Lehtonen, M., Soveri, A., Laine, A., Jirvenpad, J., Bruin, d. e., Antfolk, A., et al.
(2018). Is bilingualism associated with enhanced executive functioning in adults? A
meta-analytic review. Psychol. Bull. 144, 394-425. doi: 10.1037/bul0000142

Leivada, E., Westergaard, M., Dufabeitia, J. A., and Rothman, J. (2021). On the
phantom-like appearance of bilingualism effects on neurocognition: (How) should we
proceed? Bilingualism 24, 197-210. doi: 10.1017/S1366728920000358

Lensing, N., and Elsner, B. (2018). (2018). Development of hot and cool
executive functions in middle childhood: Three-year growth curves of decision
making and working memory updating. J. Exp. Child Psychol. 173, 187-204.
doi: 10.1016/j.jecp.04002

Lewis, G., Srinivasan, R., Roiser, J., Blakemore, S-. J., Flouri, E., Lewis, G., et al.
(2021). Risk-taking to obtain reward: sex differences and associations with emotional
and depressive symptoms in a nationally representative cohort of UK adolescents.
Psychol. Med., 1-9. doi: 10.1017./S0033291720005000

Lowe, C. J., Cho, L, Goldsmith, S. F., and Morton, J. B. (2021). The bilingual
advantage in children’s executive functioning is not related to language status: a
meta-analytic review. Psychol. Sci. 32, 1115-1146. doi: 10.1177/0956797621993108

MacLeod, A. A. N,, Castellanos-Ryan, N., Parent, S., Jacques, S., and Séguin, J.
R. (2017). Modelling vocabulary development among multilingual children prior to
and following the transition to school entry. Int. J. Biling. Educ. Biling. 22, 1-20.
doi: 10.1080/13670050.2016.1269718

March of Dimes, PMNCH, Save the Children, and WHO. (2012). Born Too Soon:
The Global Action Report on Preterm Birth., eds. C. P. Howson, M. V. Kinney, and J. E.
Lawn. Geneva: World Health Organization.

Marchman, V. A, Fernald, A., and Hurtado, N. (2010). How vocabulary size in two
languages relates to efficiency in spoken word recognition by young Spanish-English
bilinguals. J. Child Lang. 37, 817-840. doi: 10.1017/S0305000909990055

Frontiersin

11

10.3389/fpsyg.2023.1158333

Mills, K. L., Goddings, A. L., Clasen, L. S., Giedd, J. N., and Blakemore, S. J. (2014).
The developmental mismatch in structural brain maturation during adolescence. Dev.
Neurosci. 36, 147-160. doi: 10.1159/000362328

Miyake, A., Friedman, N. P., Emerson, M. J., Witzki, A. H., Howerter, A., Wager, T.
D., et al. (2000). The unity and diversity of executive functions and their contributions
to complex “Frontal Lobe” tasks: a latent variable analysis. Cogn. Psychol. 41, 49-100.
doi: 10.1006/cogp.1999.0734

Montroy, J. J., Merz, E. C., Williams, J. M., Landry, S. H., Johnson, U. Y., Zucker,
T. A, et al. (2019). (2019). Hot and cool dimensionality of executive function: model
invariance across age and maternal education in preschool children. Early Child. Res.
Q. 49, 188-201. doi: 10.1016/j.ecresq.06011

Mulder, H., Pitchford, N. J., Hagger, M. S., and Marlow, N. (2009). Development
of executive function and attention in preterm children: a systematic review. Dev.
Neuropsychol. 34, 393-421. doi: 10.1080/87565640902964524

Naeem, K., Filippi, R., Periche-Tomas, E., Papageorgiou, A., and Bright, P. (2018).
The importance of socioeconomic status as a modulator of the bilingual advantage in
cognitive ability. Front. Psychol. 9, 1818. doi: 10.3389/fpsyg.2018.01818

Oller, D. K., Pearson, B. Z., and Cobo-Lewis, A. B. (2007). Profile effects
in early bilingual language and literacy. Appl. Psycholinguist. 28, 191-230.
doi: 10.1017/S0142716407070117

Oppenheim, G. M., Griffin, Z., Pefa, E. D., and Bedore, L. M. (2020). Longitudinal
evidence for simultaneous bilingual language development with shifting language
dominance, and how to explain it. Lang. Learn. 70, 20-44. doi: 10.1111/lang.12398

O’Toole, S., Monks, E., Claire,. P., Tsermentseli, S., and Rix, K. (2018).
The contribution of cool and hot executive function to academic achievement,
learning-related behaviours, and classroom behaviour. Early Child Dev. Care, 1-16.
doi: 10.1080./03004430.2018.1494595

Paap, K. R,, Johnson, H. A., and Sawi, O. (2015). Bilingual advantages in executive
functioning either do not exist or are restricted to very specific and undetermined
circumstances. Cortex 69, 265-278. doi: 10.1016/j.cortex.04014

Paradis, J., Rusk, B., Duncan, T. S., and Govindarajan, K. (2017). Children’s second
language acquisition of english complex syntax: the role of age, input, and cognitive
factors. Annu. Rev. Appl. Linguist. 37, 148-167. doi: 10.1017/80267190517000022

Peterson, E., and Welsh, M. C. (2014). “The development of hot and cool executive
functions in childhood and adolescence: are we getting warmer?” in Handbook of
Executive Functioning, eds. S. Goldstein and J. A. Naglieri (New York, NY: Springer
New York) 45-65. doi: 10.1007./978-1-4614-8106-5_4

Place, S., and Hoff, E. (2016). Effects and noneffects of input in bilingual
environments on dual language skills in 2 Y:-year-olds. Bilingualism 19, 1023-1041.
doi: 10.1017/51366728915000322

Poon, K. (2017). Hot and cool executive functions in adolescence: development
and contributions to important developmental outcomes. Front. Psychol. 8, 2311.
doi: 10.3389/fpsyg.2017.02311

R Core Team (2021). R: A Language and Environment for Statistical Computing.
Vienna: R Foundation for Statistical Computing.

Reilly, S., Wake, M., Ukoumunne, O. C., Bavin, E., Prior, M., Cini, E., et al. (2010).
Predicting language outcomes at 4 years of age: findings from early language in victoria
study. Pediatrics 126, 1530-7. doi: 10.1542/peds.2010-0254

Rosseel, Y. (2012). Lavaan: an R package for structural equation modeling. J. Stat.
Softw. 48. doi: 10.18637./jss.v048.102

Scheele, A. F., Leseman, P. P. M., and Mayo, A. Y. (2010). The home language
environment of monolingual and bilingual children and their language proficiency.
Appl. Psycholinguist. 31, 117-140. doi: 10.1017/50142716409990191

Smithson, L., Paradis, J., and Nicoladis, E. (2014). Bilingualism and receptive
vocabulary achievement: Could sociocultural context make a difference? Bilingualism
17, 810-821. doi: 10.1017/S1366728913000813

Snow, K. L. (2006). Measuring school readiness: conceptual and practical
considerations. Early Edu. Develop. 17, 7-41. doi: 10.1207/s15566935eed1701_2

Sorenson Duncan, T., and Paradis, J. (2018). How does maternal education
influence the linguistic environment supporting bilingual language development in
child second language learners of English? Int. J. Bilingual. 1, 136700691876836.
doi: 10.1177./1367006918768366

Thordardottir, E. (2019). Amount trumps timing in bilingual vocabulary
acquisition: Effects of input in simultaneous and sequential school-age bilinguals. Int.
J. Bilingual. 23, 236-255. doi: 10.1177/1367006917722418

Thordardottir, E., Rothenberg, A., Rivard, M-. E., and Naves, R. (2006). Bilingual
assessment: Can overall proficiency be estimated from separate measurement of two
languages? J. Multiling. Commun. Disord. 4, 1-21. doi: 10.1080/14769670500215647

Tran, C. D., Arredondo, M. M., and Yoshida, H. (2019). Early executive
function: the influence of culture and bilingualism. Biling 22, 714-732.
doi: 10.1017/81366728918000160

van den Noort, M., Struys, E., Bosch, P., Jaswetz, L., Perriard, B., Yeo, S., et al.
(2019). Does the bilingual advantage in cognitive control exist and if so, what are
its modulating factors? A systematic review. Behav. Sci. 9, 27. doi: 10.3390./bs90
30027


https://doi.org/10.3389/fpsyg.2023.1158333
https://doi.org/10.3389/fpsyg.2021.687337
https://doi.org/10.1111/bjdp.12261
https://doi.org/10.3389/fpsyg.2014.00011
https://doi.org/10.1016/j.cub.12014
https://doi.org/10.3389./fpsyg.2020.574789
https://doi.org/10.4159./9780674056459
https://doi.org/10.1016/j.ecresq.11003
https://doi.org/10.1111/desc.12246
https://doi.org/10.1037/dev0000492
https://doi.org/10.1080/10705519909540118
https://doi.org/10.14301./llcs.v7i4.410
https://doi.org/10.1044/1058-0360(2002/042)
https://doi.org/10.1037/a0038050
https://doi.org/10.1111./desc.12529
https://doi.org/10.1037/bul0000142
https://doi.org/10.1017/S1366728920000358
https://doi.org/10.1016/j.jecp.04002
https://doi.org/10.1017./S0033291720005000
https://doi.org/10.1177/0956797621993108
https://doi.org/10.1080/13670050.2016.1269718
https://doi.org/10.1017/S0305000909990055
https://doi.org/10.1159/000362328
https://doi.org/10.1006/cogp.1999.0734
https://doi.org/10.1016/j.ecresq.06011
https://doi.org/10.1080/87565640902964524
https://doi.org/10.3389/fpsyg.2018.01818
https://doi.org/10.1017/S0142716407070117
https://doi.org/10.1111/lang.12398
https://doi.org/10.1080./03004430.2018.1494595
https://doi.org/10.1016/j.cortex.04014
https://doi.org/10.1017/S0267190517000022
https://doi.org/10.1007./978-1-4614-8106-5_4
https://doi.org/10.1017/S1366728915000322
https://doi.org/10.3389/fpsyg.2017.02311
https://doi.org/10.1542/peds.2010-0254
https://doi.org/10.18637./jss.v048.i02
https://doi.org/10.1017/S0142716409990191
https://doi.org/10.1017/S1366728913000813
https://doi.org/10.1207/s15566935eed1701_2
https://doi.org/10.1177./1367006918768366
https://doi.org/10.1177/1367006917722418
https://doi.org/10.1080/14769670500215647
https://doi.org/10.1017/S1366728918000160
https://doi.org/10.3390./bs9030027
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

Clayden et al.

van Houdt, C. A., Oosterlaan, J., van Wassenaer-Leemhuis, A. G., van Kaam, A. H.,
and Aarnoudse-Moens, C. S. H. (2019). Executive function deficits in children born
preterm or at low birthweight: a meta-analysis. Dev. Med. Child Neurol. 61, 1015-1024.
doi: 10.1111/dmcn.14213

Van Noort-Van Der Spek, 1. L., Franken, M. C. J. P, and Weisglas-Kuperus, N.
(2011). Language functions in preterm children: a systematic review and meta-analysis.
Pediatr. Res. 70, 357-357. doi: 10.1038/pr.2011.582

Vrantsidis, D. M., Clark, C. A. C,, Chevalier, N., Espy, K. A., and Wiebe, S. A. (2020).
Socioeconomic status and executive function in early childhood: exploring proximal
mechanisms. Dev. Sci. 23, €12917. doi: 10.1111/desc.12917

Ware, A. T., Kirkovski, M., and Lum, J. A. G. (2020). Meta-analysis reveals a
bilingual advantage that is dependent on task and age. Front. Psychol. 11, 1458.
doi: 10.3389/fpsyg.2020.01458

World Health Organization (2019). International Statistical Classification of Diseases
and Related Health Problems. 10th ed. Geneva: World Health Organization.

Frontiersin

12

10.3389/fpsyg.2023.1158333

Yang, S., and Yang, H. (2016). Bilingual effects on deployment of the

attention system in linguistically and culturally homogeneous children
and adults. J. Exp. Child Psychol. 146, 121-136. doi: 10.1016/j.jecp.
01011

Yeo, I, and Johnson, R. A. (2000). A new family of power

transformations to improve normality or symmetry. Biometrika 87, 954-959.
doi: 10.1093/biomet/87.4.954

Zelazo, P. D., and Carlson, S. M. (2012). Hot and cool executive
function in childhood and adolescence: development and plasticity.
Child Dev. Perspect. 6, 354-360. doi: 10.1111/j.1750-8606.2012.
00246.x

Zelazo, P. D., and Miiller, U. (2002). “Executive function in typical and atypical
development,” in Blackwell Handbook of Childhood Cognitive Development,
ed. U. Goswami (Malden, MA, USA: Blackwell Publishers Ltd) 445-469.
doi: 10.1002./9780470996652.ch20


https://doi.org/10.3389/fpsyg.2023.1158333
https://doi.org/10.1111/dmcn.14213
https://doi.org/10.1038/pr.2011.582
https://doi.org/10.1111/desc.12917
https://doi.org/10.3389/fpsyg.2020.01458
https://doi.org/10.1016/j.jecp.01011
https://doi.org/10.1093/biomet/87.4.954
https://doi.org/10.1111/j.1750-8606.2012.00246.x
https://doi.org/10.1002./9780470996652.ch20
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

	The impact of multiple language exposure on cognition during childhood: evidence from the UK Millennium Cohort Study
	1. Introduction
	2. Methods
	2.1. Data
	2.1.1. Cognitive measures
	2.1.2. Languages spoken at home
	2.1.3. Other variables
	2.1.4. Sample exclusion criteria

	2.2. Principal components analysis
	2.3. Cross-sectional analysis
	2.4. Path analysis

	3. Results
	3.1. Principal components analysis
	3.2. Cross-sectional analysis
	3.3. Path analysis

	4. Discussion
	4.1. MLE effects at age 3
	4.2. MLE effects at age 11
	4.3. Strengths and limitations

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


