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Abstract

Executive functions (EFs) enable us to control our at-
tention and behavior in order to set and work toward
goals. Strong EF skills are linked to better academic per-
formance, and greater health, wealth, and happiness in
later life. Research into EF development has been ham-
pered by a lack of scalable measures suitable for infancy
through to toddlerhood. The 31-item Early Executive
Functions Questionnaire (EEFQ) complements tem-
perament measures by targeting cognitive and regula-
tory capabilities. Exploratory Factor Analysis (n = 486
8- to 30-month-olds) and Confirmatory Factor Analysis
317 9- to 30-month-olds) indicate Inhibitory
Control, Flexibility, and Working Memory items load

(n =

onto a common “Cognitive Executive Function (CEF)”
factor, while Regulation items do not. The CEF factor
shows strong factorial measurement invariance for sex,
and partial strong factorial measurement invariance for
age. CEF and Regulation scores show limited floor and
ceiling effects, good internal consistency, short-term sta-
bility, and convergent validity with carer-report meas-
ures of attentional control. The EEFQ is sensitive to
developmental change. Results indicate that the widely
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overlooked period between late infancy and early tod-
dlerhood may be a sensitive period for EF development.
The low-resource demands of the EEFQ afford the pos-
sibility to study emergent EFs at scale; opening up new
opportunities in basic developmental and intervention
research.

1 | INTRODUCTION

Executive functions are the skills required for top-down control of attention and behavior. These
skills enable us to resist acting on impulse, adjust our actions during a changing situation, and
work toward goals. Early EF skills have been implicated in the development of a range of social
and cognitive skills, including theory of mind, and language (Carlson et al., 2002, 2015; Hughes,
1998; Weiland et al., 2014). Early EF skills emerge during the second half of the first year, develop
rapidly within the first 3 years of life, and show some predictive associations with later behavior
(Hendry et al., 2016; Mulder et al., 2014).

For many years, the emphasis in infant EF research has been on identifying universal patterns
of EF development, using tightly controlled homogenous samples to understand the impact of
manipulations of experimental task conditions on group performance. The extensive body of
work investigating the effects of manipulations of the A-not-B object retrieval task (considered
a measure of response inhibition) is a prime example of this (Marcovitch & Zelazo, 1999). More
recently, attention has increasingly focused on the study of individual differences in EFs as a
means of delineating developmental mechanisms, and predicting influences on—and conse-
quences of—early individual variation (Hendry et al., 2016; Hughes et al., 2020; McHarg et al.,
2020; Pérez-Edgar et al., 2020). When embedded in longitudinal designs, such work has potential
to illuminate the impact of environmental factors on EF development and to inform intervention
design for populations showing, or at risk for, EF difficulties. However, this approach requires
large samples to be adequately powered to detect the small effects characteristic of infant individ-
ual differences (Pérez-Edgar et al., 2020).

One cost-effective approach to achieving the large sample sizes required for individual dif-
ferences research is to use questionnaires. Questionnaires can be administered remotely, at low
cost and with low demands on participants. An advantage of using parent-report questionnaires
to study early development is that primary care tends to be the responsibility of a small number
of adults—at least in Western societies—so that a primary carer (frequently a parent, such that
the term parent is often used, as here, as short-hand for any primary carer) has the opportunity
to observe their child both in a range of contexts and over a sustained period. Parent report thus
provides an insight into child behavior that is both broad and deep (Rothbart & Mauro, 1990).

Further, parent report may be more sensitive to different, albeit complementary, aspects of
EF to lab-based performance measures. Toplak et al. (2013) have argued that existing parent-
report measures capture individual differences in success in goal pursuit, whereas lab measures
tend to be more sensitive to the efficiency of cognitive abilities. Indeed, Nelson et al. (2016) have
demonstrated that among 3- to 4-year-olds, but not 4- to 5-year-olds, individual differences in per-
formance on putative EF tasks—which in that study included extensive language demands, such
as naming colors, shapes, animals and objects, and following fairly complex instructions—are
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influenced primarily by variation in broader cognitive abilities such as processing of sensory
inputs, motor control, and language ability.

Criticisms of early temperament questionnaires focused on the potential bias of parent report,
for example, parents’ mental health may influence their ratings of the infant (Vaughn et al.,
1981). However, modern instruments address this by refraining from asking emotive and com-
parative questions about the infant and instead focusing on observed behaviors and their fre-
quency within the last 1-2 weeks (Rothbart, 2011).

There are a number of EF questionnaires suitable for children and adults—the most com-
monly used being the Behavior Rating Inventory of Executive Function (BRIEF; Gioia et al.,
2002) and the BRIEF-Preschool version (BRIEF-P; Gioia et al., 2002) for 2- to 6-year-olds. The
BRIEF-P shows promise of sensitivity to different manifestations of EF difficulties in the context
of clinical conditions such as autism and ADHD (Ezpeleta & Granero, 2015; Sherman & Brooks,
2010; Skogan, Zeiner, et al., 2015; Smithson et al., 2013), small-to-moderate associations with
concurrent and later academic skills (C. A. C. Clark et al., 2010; Spiegel et al., 2017) and possi-
ble associations with variation in brain structure (Ghassabian et al., 2013). More recently, the
Ratings of Everyday Executive Functioning (REEF) (Nilsen et al., 2017) has been introduced as
a measure of preschoolers’ EF abilities in day-to-day life. However, neither the BRIEF-P, nor the
REEF are validated for use with children under 2 years of age, leaving an important gap in our
ability to measure EFs via carer report as they first emerge. Indeed, investigation into change and
stability in very early EF development has been hampered by an absence of measures suitable for
use across the infant-to-toddler period (Hendry et al., 2016; Petersen et al., 2016).

The parent-report questionnaires most relevant to early EF which are currently available for in-
fants and toddlers are the Infant Behavior Questionnaire-Revised (IBQ-R) for 3- to 12-month-olds
(Gartstein & Rothbart, 2003), and the Early Childhood Behavior Questionnaire (ECBQ) for 18- to
36-month-olds (Putnam et al., 2006). These questionnaires were developed to assess a range of
temperament traits, which were subsequently organized into the broad dimensions of Surgency/
Extraversion, Negative Affectivity and Orienting/Regulation or Effortful Control (Putnam et al.,
2006; Rothbart, 2011). Broadly, the evidence indicates that multiple aspects of temperament play
a role in the development of Executive Functions. For example, at age 10 months, Surgency
shows a positive concurrent association with behavioral measures of sustained attention and a
positive predictive association with A-not-B performance at age 18 months (Frick et al., 2018),
while Effortful Control has been found to associate with aspects of EF from 2.5 years of age
(Gerardi-Caulton, 2000; Rothbart et al., 2003).

Although some researchers report and interpret Orienting/Regulation and Effortful Control
factor scores as if they are synonymous with EF, these measures were intended to capture the
regulatory dimension of temperament and were not designed as indices of cognitive function
(Gartstein & Rothbart, 2003; Putnam et al., 2006). Indeed, although some of the contributing
scales to these factors—notably Attentional Focusing and Attention Shifting—index attentional
control, which is considered foundational to EF development (Hendry et al., 2016), others—for
example, Cuddliness and Low Intensity Pleasure—are only tangentially related to EF. Further,
many constructs generally considered to be core components of EF are either missing entirely
(e.g., working memory and cognitive flexibility) or are only partially represented. For example
the Inhibitory Control scale of the ECBQ only taps response-to-prohibition type behaviors.

Moreover, considerable differences between the scales included in the IBQ-R and the ECBQ
hinder longitudinal measurement of these skills from infancy. For example, the Inhibitory
Control scale of the ECBQ is not included in the IBQ-R, while the Duration of Orienting scale of
the IBQ-R captures different behaviors to the Attentional Focusing scale of the ECBQ and may



HENDRY AND HOLMBOE

ﬂ_ C THE OFFICIAL JOURNAL OF THE
WI LEY- l I \I INTERNATIONAL C
. - ' OF INFANT STUDIES

conflate strengths in sustaining attention with difficulties with disengagement, particularly early
in infancy (Hendry et al., 2016). This may explain why, despite the well-established links between
attentional control and EF (Anderson, 2002; Hendry et al., 2019; Petersen & Posner, 2012) a re-
cent well-powered study failed to find an association from 4-month Duration of Orienting scores
to behavioral measures of EF at 14 months (Devine et al., 2019). Therefore, we aimed to develop
and validate a new measure of EF—the Early Executive Functions Questionnaire (EEFQ)—
which would fill the measurement gap in terms of carer report of early executive functioning in
infancy and toddlerhood.

There is not yet a clear consensus on the structure of very early EF—in part due to the short-
age of suitable measures which motivated the development of the EEFQ. Some previous work
has indicated that a unitary latent EF construct best describes preschoolers’ performance on
EF batteries (Hughes et al., 2009; Nelson et al., 2016; Senn et al., 2004; Wiebe et al., 2008, 2011;
Willoughby et al., 2016; Willoughby et al., 2012)—but other studies have detected dissociable EF
factors in children aged 2 and 3 (Bernier et al., 2010, 2012; Garon et al., 2014, 2016; Mulder et al.,
2014; Skogan, Egeland, et al., 2015). Some researchers have made a distinction between “cool”
and “hot” EF (Mulder et al., 2014; Zelazo & Carlson, 2012), where cool EF is engaged in tasks
involving abstract problems such as the selective application of a rule, and where no extrinsic
motivator for performance is included, while hot EF is engaged when suppressing an emotion-
ally charged response to a desirable object.

To enable us to collect data which takes into account this debate about the structure of EF,
we organized the scale development process of the EEFQ (outlined in Study 1) around the more-
granular domains which have been adopted within the early EF literature. In turn, this litera-
ture has been influenced by Miyake and colleagues’ work demonstrating that EFs show both
unity and diversity among young adults (Miyake & Friedman, 2012; Miyake et al., 2000), and
by Posner's model of attentional control which argues for the importance of executive attention
in exerting top-down control, monitoring conflict and maintaining self-regulation (Petersen &
Posner, 2012). Our 6 core domains were as follows:

1. Inhibitory control. In the Miyake and Friedman (2012) model, performance on inhibitory
control tasks is driven by a Common EF latent variable.

2. Regulation. Although omitted from most laboratory measures, emotion regulation is an im-
portant dimension of observer report measures of EF, reflecting its influence on day-to-day
functioning (Isquith et al., 2004; Skogan, Egeland, et al., 2015; Spiegel et al., 2017);

3. Working memory. Performance on working memory tasks is most strongly linked to the
Updating latent variable in the Miyake and Friedman (2012) model.

4. Flexibility. Performance on cognitive flexibility tasks is most strongly linked to the Shifting
latent variable in the Miyake and Friedman (2012) model.

5. Attentional control. Although not included in the Miyake and Friedman (2012) model,
other work by Friedman and colleagues indicates that childhood attention problems, such as
difficulties with maintaining attention, are negatively associated with later EFs, particularly
inhibitory control (Friedman et al., 2007). In infancy, attentional control (most commonly
maintaining attention on a target) shows moderate and predictive associations with aspects of
inhibitory control and cognitive flexibility from around 9 months (Hendry et al., 2016).

6. Persistence, planning, and problem-solving. As higher-order constructs, these are not
generally represented as components in theoretical models but are a distinct dimension of
observer report measures of EF (Hughes et al., 2009; Isquith et al., 2004; Senn et al., 2004;
Skogan, Egeland, et al., 2015; Spiegel et al., 2017).
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As shown in Table S2.1, even at the concept-mapping stage we identified areas of consider-
able overlap between domains, such that as well as internal consistency within scales (i.e., high
correlations between items mapped to the same domain), we expected at least some positive
association between scales. We evaluate this overlap empirically in Study 2.

1.1 | Study design
Below we set out a series of studies which, in combination, had 4 aims:

« Aim 1: Test whether the EEFQ can be used to measure EF in infants as young as 9 months as
demonstrated through: low rates of missing items; adequate internal consistency on a priori
theory-driven scales; sensitivity to developmental change; good short-term stability.

« Aim 2: Investigate the factor structure of EEFQ data using a combination of exploratory and
confirmatory approaches across multiple samples.

« Aim 3: Establish convergent validity of the EEFQ with existing measures of attentional
control, and investigate convergent and discriminant associations with broader aspects of
temperament.

« Aim4: Present empirical data relating to developmental change and stability in parent-reported
EF during infancy and toddlerhood.

2 | STUDY 1: DEVELOPMENT AND REFINEMENT OF
THE EEFQ
21 | Scale development

Following a review of the literature summarized above, we identified 52 target constructs (facets
of EF) mapped to 6 core domains: Inhibitory control, Flexibility, Working memory, Regulation,
Attentional control, and Persistence, planning and problem-solving; see Supplementary Materials
(SM) 2 for further detail. We drafted 62 items to measure these target constructs (see Table S2.1)
The initial item pool was deliberately over-inclusive; designed to sample all possible aspects of
the target constructs (Clark & Watson, 2019). To minimize reporter bias, items were framed to
ask about recently occurring events and concrete infant behaviors rather than requiring parents
to make abstract or comparative judgments (Nilsen et al., 2017; Rothbart & Goldsmith, 1985).
As EF is implicated in almost all aspects of day-to-day life, we aimed to link items to a wide
range of activities that an infant might be expected to engage in, including toy play, instruction-
following and exploring the home. Where we expected a behavior or skill to be relatively in-
frequently used in day-to-day life and therefore difficult for parents to report accurately, we
identified games for parents to play with their children which would elicit that particular behav-
ior. For example, updating a mental representation of a hidden object frequently appeared as a
target construct in the literature but might be difficult for a parent to judge. We therefore outlined
a simplified version of the A-not-B task (Diamond, 1985) for parents to administer at home.
Other games were used to provide a standardized context for particular EF skills that may vary
considerably depending on the situation—such as the child's ability to withhold a response when
requested. Eight games were devised for the initial item pool (see Table S2.1). Parents were given
detailed instructions on how to administer the games (see SM1), and given the option to play and
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score them now, or return to them at the end of the questionnaire. Items were designed to min-
imize language demands where possible by focusing on infants’ spontaneous behavior during
play. For the 6 final items (3 of which were games) that did involve explicit language input, items
were worded to allow parents to use gesture and demonstration, and/or adapt phrases to their
native language or baby-talk.

Recognizing that many researchers will want to collect parent report of EF alongside estab-
lished measures of control of attention (i.e., the Attention Focusing and Attention Shifting scales
of the ECBQ) and/or broader aspects of temperament, we used the same 7-item Likert response
scale ranging from Never to Always as the ECBQ (see SM3). Not only does this approach maxi-
mize comparability of the EEFQ and ECBQ attention scales, it also means that for studies where
the EEFQ is combined with IBQ-R or ECBQ items, respondents do not have to adjust to different
rating scales.

The initial item pool was iteratively refined for face validity, clarity, and age-appropriateness
via expert review and user testing. Specifically, we asked a panel of developmental psycholo-
gists at University of Oxford to comment on whether each item tapped the target construct, was
worded unambiguously, and was appropriate for 9- to 30-month-olds. We also conducted semi-
structured interviews with 8 parents of 10-month-olds (as EF behaviors are most challenging to
measure at the bottom end of the age range) in which we checked that parents: understood the
item as currently worded; considered the item to be appropriate to their child's developmental
stage and day-to-day life; and were able to give a rating for the item for their child. Items were
refined or discarded as appropriate, so that the draft EEFQ was reduced to 44 items (7 game-
based), mapped a priori to 4 scales: “Inhibitory Control,” “Flexibility,” “Working Memory” and
“Regulation.” Separate “Attentional Control” and “Persistence, Planning and Problem-solving”
scales were not retained as items explicitly targeting planning were deemed by respondents to be
too challenging, and all other items could be mapped to either Inhibitory Control, Flexibility or
Working Memory.

2.2 | Scale refinement
2.2.1 | Participants

Parents or guardians of 9- to 30-month-old children were recruited via email from the Oxford
University BabyLab volunteer database between November 9, 2018, and December 23, 2018. This
study, and the studies described below, was conducted according to guidelines laid down in the
Declaration of Helsinki, with written informed consent obtained from a parent or guardian for
each child before any assessment or data collection. All procedures involving human subjects in
this study were approved by the Medical Sciences Inter-Divisional Research Ethics Committee
(IDREC), reference R57972/RE002, at the University of Oxford.

After quality checks detailed in SM4.1.1, 65 participants contributed data sufficient to com-
pute all 4 EEFQ scales, 3 contributed valid data for 3 EEFQ scales, and a further 3 contributed
valid data for 2 EEFQ scales. The ages and sex of the children described are shown in Table 1.
Ninety-five percent of respondents were the child's mother, and 5% were the father.

Parents completed the draft EEFQ online via a unique link sent by email. Reverse scoring
of relevant items was carried out prior to analysis. Internal consistency was evaluated using
Cronbach's alpha.
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2.3 | Results and discussion

2.3.1 | Item reduction

To refine the EEFQ, items were removed if—across all age-groups—they:

« were frequently (more than 15% of responses) reported as not applicable: 2 items

« showed substantial ceiling effects (more than 50% of responses scoring the maximum): 3 items
(1 game-based)

« showed substantial floor effects (more than 50% of responses scoring the minimum): 0 items

« showed poor internal consistency (corrected item-total correlation <.3) with other items
mapped to that domain: 6 items (4 game-based)

« showed redundancy with the Attention Focusing and Attention Shifting scales of the ECBQ: 2
items

The psychometric properties of the items were also reviewed by age-group. No further items
were removed from the main EEFQ on the basis of this review, but it was identified that 100%
of the infants under 12 months performed at floor on the game-based item for the Flexibility
scale (“The Sorting Game”). Therefore, a version of the EEFQ was specifically refined for under
12-month-olds, by excluding The Sorting Game from the Flexibility scale.

As shown in Table 2, after item reduction, internal consistency levels were comparable with
the ECBQ scales, and above the .60 threshold for adequate internal consistency commonly used
in the literature (Putnam et al., 2006). As described in SM2, items were linked to a wide range of
everyday activities and behaviors, with minimal repetition of a target scenario. Cronbach's alpha
values for the EEFQ scales therefore hold up particularly well against those reported for ECBQ
scales, which describe a more-restricted range of target behaviors and include some overlap in
wording between items (see SM3). However, Cronbach alpha values are likely to be inflated when
calculated after removing poorly performing items (Nilsen et al., 2017) and the small sample size
means that these indicators can only be considered preliminary. In Study 2, we therefore set out
to validate the refined EEFQ in 2 large independent samples.

TABLE 1 Child age and sex, by age-group, in the Study 1 scale refinement sample

9- to 12-to 18- to 24- to
Agein months 12-month-olds 18-month-olds 24-month-olds 30-month-olds Combined
Mean (SD) 10.11 (.41) 15.38 (1.66) 20.82 (1.87) 25.55(.91) 18.07 (4.60)
N (boys) 7(4) 29 (15) 27 (17) 8 (5) 71 (41)

TABLE 2 Floor and ceiling effects, missingness, and internal consistency of each EEFQ scale after scale
refinement

Inhibitory Working

control Flexibility memory Regulation
Cronbach's alpha .629 710 710 .818
Proportion at floor 0% 0% 0% 0%

Proportion at ceiling 0% 1.5% 1.5% 1.4%
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3 | STUDY 2: EEFQ PERFORMANCE AND STRUCTURE

The aims of Study 2 were to establish the psychometric properties of the refined 31-item EEFQ
(SM1), in terms of floor and ceiling effects, data missingness, the latent structure of EEFQ data,
and measurement invariance by age and sex. We also aimed to demonstrate convergent valid-
ity of the EEFQ with existing measures of attentional control and to explore convergent and
discriminant associations between the EEFQ and broader aspects of temperament. Finally, we
explored the effects of age, sex, and maternal education levels on EEFQ data.

3.1 | Method
3.1.1 | Sample 1 Participants

Parents or guardians of children 8-30 months old were recruited online through Qualtrics re-
search panels between May 9, 2019, and October 20, 2019. Based on recommendations for sam-
ple sizes required for Exploratory Factor Analysis (Carpenter, 2018), the minimum target sample
size was set at 300 but data collection continued until resource limits were reached. After quality
checks detailed in SM 4.1.2, 418 participants contributed data sufficient to compute all 4 EEFQ
scales (i.e., a minimum of 70% of items were completed for each scale), a further 10 contributed
data sufficient to compute 3 EEFQ scales, a further 16 contributed data sufficient to compute 2
EEFQ scales, and a further 42 contributed sufficient data for 1 EEFQ scale. As detailed in SM
4.1.2, maternal education levels were slightly above the population average, and sample ethnicity
was broadly representative of the population. Eighty-two percent of respondents were the child's
mother, 17% were the father, and fewer than 1% of respondents were the child's grandmother.

3.1.2 | Sample 2 Participants

Parents or guardians of children 9-30 months old were recruited via the Oxford University
BabyLab social media pages and volunteer database between December 7, 2018, and March 19,
2020, either specifically to validate the EEFQ or as part of a larger longitudinal study of EFs; the
Oxford Early Executive Functions (OEEF) study—see Table 3. After quality checks detailed in
SM 4.1.3, 190 contributed data (via online questionnaire) sufficient to compute all 4 EEFQ scales,
a further 42 contributed data sufficient to compute 3 EEFQ scales, a further 23 contributed data
sufficient to compute 2 EEFQ scales, and a further 62 contributed data for just 1 EEFQ scale.
As detailed in SM 4.1.3, maternal education levels were well above the population average, and
sample ethnicity was marginally less diverse than the general population. Ninety-seven percent
of respondents were the child’'s mother, and 3% were the father.

313 | EEFQ

We used the 31-item EEFQ, refined based on the results of Study 1. In this version of the meas-
ure, the instructions and exemplars for game-based items were provided as videos. Videos were
filmed using volunteer participants to demonstrate how to administer the games and the range of
behaviors that might be expected (see SM1) and embedded in the online version of the measure,
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TABLE 3 Recruitment sources and participant ages for Study 2: Samples 1 and 2

9-12 months 12-24 months 24-30 months Combined

Sample 1: Qualtrics Panel participants

Mean age in months (SD) 10.29 (1.27) 17.93 (3.57) 27.03(1.92) 19.98 (5.41)

n (boys) 20 (12) 345 (165) 121 (34) 486 (211)
Sample 2: OEEF participants (all sources)

Mean age in months (SD) 10.03 (0.50) 17.56 (3.41) 26.89 (1.55) 14.03 (5.93)

n (boys) 194 (91) 89 (53) 34 (21) 317 (165)

By Sample 2 source
Sample 2 OEEF pilot

Mean age in months (SD)  10.43 (0.33) 17.94 (3.55) 26.99 (1.90) 19.95 (5.41)

n (boys) 15(7) 5() 20(8)
Sample 2 OEEF main study

Mean age in months (SD) 9.85(0.24) 15.86 (0.20) -- 10.04 (1.10)

n (boys) 149 (74) 5(4) - 154(78)
Sample 2 Online study only (EEFQ validation)

Mean age in months (SD)  10.81 (0.67) 17.66 (3.55) 26.89 (1.55) 18.24 (6.11)

n (boys) 30 (10) 79 (48) 34 (21) 143 (79)

OEEF, Oxford Early Executive Functions study.

accompanied by a written transcript. Games were presented at the beginning of each section
(scale), to help to frame respondents’ interpretation of the related questionnaire items, but were
presented as optional, with the opportunity to defer them to the end of the questionnaire if more
convenient; see Table S4.2.3 for details of EEFQ internal consistency when games were excluded.
Parents completed the online version of the revised EEFQ, with the exception of 2 participants
who requested a print copy which was then entered manually into the online form. On the basis
of Study 1 findings, the Sorting Game was excluded from the Flexibility scale in a version of the
EEFQ specifically refined for under 12-month-olds and, therefore, was not shown to a subset of
Sample 2 participants (those enrolled in the OEEF main study, n = 170). Scores for each EEFQ
scale were calculated by computing the mean of all items in that scale, where a minimum of
70% of items for that scale were complete (adjusting for the fact that the Flexibility scale had 1
less item in the under-12-month-olds’ version). Floor and ceiling effect calculations summarized
below include all responses, not just where the 70% inclusion criterion was met, in order to
capture floor and ceiling effects among respondents who reported that some items were not ap-
plicable. Internal consistency of the individual scales are presented in Table 4.

3.1.4 | IBQ-R VSF and modified attentional control scales from the ECBQ

The most well-established questionnaire measures of attentional control for toddlers are the
Attention Focusing and Attention Shifting scales of the ECBQ (Putnam et al., 2006). Attention
Focusing items relate to sustained orienting to an object of attention, while Attention Shifting
items capture the ability to transfer attentional focus from one activity or task to another.
Conventionally for infants 12 months and under the IBQ-R is used, which does not include a
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TABLE 4 Cronbach's alpha values, by Measure and Sample
EEFQ scales ECBQ scales
Inhibitory Working Attention
Sample control Flexibility memory  Regulation focusing Attention shifting
1 .698 .540 .659 .862 .594 727
n =409 n =358 n =281 n =406 n =486 n =368
2 717 713% 711 821 .790 .703
n=172 n=152 n=129 n =224 n =158 n =148

*Excluding the Sorting Game as this was not presented to a large subset of Sample 2. Cronbach's alpha for the subset of
Sample 2 (n = 34) who completed the game =.763.

separate measure of Attentional Shifting. However, as we were interested in understanding how
the EEFQ relates to both aspects of attentional control, and wanted to retain consistency of meas-
ures across age bands, with kind permission of Samuel Putnam we made minor adaptations to
the wording of the ECBQ Attention Focusing and Attentional Shifting scales so they were suit-
able for 9- to 16-month-olds (see SM3). The original item wording was used with infants aged
16 months and above. Scores for each scale were calculated by computing the mean of all items
in that scale, where a minimum of 70% of items for that scale were complete. Internal consistency
of the attentional control scales is presented in Table 4.

In addition to the attentional control scales described above, broad measures of temperament
were available for a subset of Sample 2 (specifically those infants enrolled in the OEEF study) using
the IBQ-R VSF. Scores for the 3 broad temperament factors of Orienting/Regulation, Surgency and
Negative Affect were calculated computing the mean of all items for that factor, where a minimum
of 70% items was available. Cronbach's alpha for these factors was .643, .620, and .763, respectively.

3.1.5 | Analytic approach

As this is the first investigation into the structure of the EEFQ, we took a two-stage approach. We
first explored the factor structure of our Sample 1 data using Exploratory Factor Analysis (EFA)
of the summary scores of our a priori scales. We then conducted Confirmatory Factor Analysis
(CFA) using our Sample 2 data to confirm the higher order factor structure identified through
EFA and to test whether EEFQ data are best described with a second-order model with subscales
loading onto a higher order factor or factors, or a first-order model with items loading directly
onto a latent factor or factors.

EFA was conducted in RStudio v1.2.5033 using the psych (Revelle, 2019), corpco (Schafer
et al., 2017), and GPA rotation (Bernaards & Jennrich, 2005) packages. Prior to running the EFA
we confirmed that the data were suitable for EFA: Bartlett's test of sphericity was significant
(*(6) = 289.917, p < .001), and the determinant of the correlation matrix was 0.514. All variables
approximated a normal distribution. A Maximum Likelihood factor analysis was then conducted
on the 4 scales, using oblique rotation (oblimin).

CFA was conducted in RStudio v1.2.5033 using the lavaan package vn 0.6-7 (Rosseel, 2012).
Although item data were collected on an ordinal likert scale, the number of levels (7) meant that
it was appropriate to treat items as continuous data (Rhemtulla et al., 2012). The ML estimator
was used to deal with missing data. As shared measurement error is an issue for questionnaire
measures (i.e., a single respondent is likely to demonstrate a consistent bias across questionnaire
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items which may inflate factor loadings) error variances for all questionnaire items were al-
lowed to correlate. By taking this approach, we can be more confident that the latent factor(s)
are driven by EF, not by shared measurement error. Initial model fit was evaluated according to
whether values met conventional cutoff values indicating adequate fit: SRMR values close to .08
or below, RMSEA values close to 0.06 (Hu & Bentler, 1999), and CFI values above .90 (Bentler,
1990). Nested model fit indices were compared using a CFI difference test, whereby a difference
between CFI greater than or equal to —.01 indicates a significant difference in model fit. This
approach was chosen in preference to the chi-squared difference of fit test, which is biased by
sample size (Cheung & Rensvold, 2002).

To test whether the EEFQ shows measurement invariance in terms of infant age and sex, we
combined Sample 1 and Sample 2 data. We first tested configural invariance (measurement struc-
ture is equivalent for each group), followed by weak factorial invariance (factor loadings are equiv-
alent for each group; also known as metric invariance), followed by strong factorial invariance
(factor loadings and intercepts are equivalent for each group; also known as scalar or intercept
invariance). Again, nested model fit indices were compared using a CFI difference test, whereby
a difference between CFI greater than or equal to —.01 indicates that measurement invariance
has not been achieved. If measurement invariance was not achieved, parameters were gradually
released until the conditions of partial measurement invariance could be considered to be met.
Subsequent analyses then took a multistage approach to avoid any misspecifications permeating
across different parts of the model (McNeish & Wolf, 2020): Factor scores were computed using the
preferred (based on model fit indices) model, exported using the lavPredict function with default
values and then treated as observed data in regression and correlational analyses. To enable future
researchers who may be working with smaller samples not suited for CFA to judge whether using
composite scores might be expected to yield equivalent results to CFA-derived factor scores, we also
repeated these analyses using simple composite scores, as described further in SM4.2.3.

We aimed to establish convergent validity of EEFQ factor scores by testing for evidence of
positive correlations between EEFQ scores and the Attention Focusing and Attention Shifting
scales of the ECBQ. As the strength of associations may be expected to change with development,
and as the attentional control scales of the ECBQ have not been previously validated for use
with children under 1 year, this analysis was broken down by age band (across both samples).
We also aimed to establish that the EEFQ shows discriminant associations in relation to broader
aspects of temperament. Within the subset of Sample 2 10-month-olds with IBQ-R VSF data, we
calculated correlations between EEFQ factor scores and the three broad temperament factors
of Orienting/Regulation, Surgency and Negative Affect. Correlations were tested using Pearson
correlations with bootstrapping across 1000 samples to estimate confidence intervals.

Finally, we considered the effects of age and sex on EEFQ data. As these were exploratory
analyses, we ran them separately for Samples 1 and 2 to allow us to see whether significant effects
replicated across samples. Age effects were tested using linear regression. Sex effects were tested
using ANOVA with sex as a fixed factor.

3.2 | Results and discussion

3.2.1 | Data missingness

To evaluate whether the EEFQ is age-appropriate, we computed the number of cases where more
than 2 items (the threshold at which a scale score would not be computed) were marked as not
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applicable, for each scale. The scale with the highest proportion of “not applicable” responses
was Flexibility (6.5% of 9- to 12-month-olds; 0% for all other age-groups) followed by Inhibitory
Control (0.4% of 9- to 12-month-olds; 0% for all other age-groups); see SM 4.2.1 for item details.
We next computed the number of cases where infants performed at floor or ceiling on each scale.
Floor and ceiling effects were minimal (<1%) for each scale, for each age-group.

3.2.2 | Datastructure of the EEFQ

EFA of Sample 1 data showed that 3- and 2-factor EEFQ data models had eigenvalues lower than
0.7; these were rejected based on Jolliffe's criterion (1986), and inspection of the scree plot. A
1-factor model had an eigenvalue of 1.43 and explained 36% of the variance. As shown in Table 5,
EFA indicated that the Inhibitory Control, Flexibility and Working Memory scales loaded well
above the minimum threshold of 0.4 recommended by Stevens (2002) onto a single factor, which
we labeled “Cognitive Executive Function (CEF).” In contrast, the Regulation scale did not load
well onto this factor.

Our main aim for the CFA analysis was to investigate the nature of the CEF construct iden-
tified by the EFA in a new sample (Study 2, Sample 2). For this first stage, therefore, we in-
cluded only items mapped to the Inhibitory Control, Working Memory and Flexibility scales.
The main question we asked was as follows: Are the cognitive executive functions targeted by the
Inhibitory Control, Working Memory and Flexibility scales distinguishable, or do they essentially
tap the same underlying construct? Following Miyake et al., (2000), the logic of the analysis was
as follows: If items assigned to the Inhibitory Control, Working Memory and Flexibility scales
essentially capture the same construct (CEF) then a one-factor model (Model 1) should provide
a fit to the data that is statistically no worse than the more complex models described below. If
however, Inhibitory Control, Working Memory, and Flexibility are distinguishable constructs,
then improved statistical fit (in comparison to Model 1) should be provided by a model in which
items load separately onto Inhibitory Control (IC), Working Memory (WM) and Flexibility (FX)
factors, which in turn load onto a second-order CEF factor, either freely (Model 2a), or with fixed
loadings (Model 2b).

As shown in Table 6, both models showed adequate model fit and there was no significant dif-
ference in model fit between either Model 1 and Model 2a (diffCFI = —.002), or between Model
1 and Model 2b (diffCFI = —.001). Therefore, the first-order CEF model was chosen for reasons
of parsimony and EEFQ CEF scores were computed for use in subsequent analyses using Model
1. One-sample Kolmogorov-Smirnov tests showed that CEF factor scores were normally distrib-
uted for both Sample 1 (K-S = .028, p = .200) and Sample 2 (K-S = .046, p = .200). Factor loadings
for Model 1 are shown in Table 7. Note that although factor loadings for 5 items did not meet

TABLE 5 Sample 1 Exploratory Factor Analysis factor loadings on the “Cognitive Executive Function”

factor
Scale Factor loadings
Inhibitory control .58
Flexibility .81
Working Memory .66

Regulation 13
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TABLE 6 Model fit statistics for Confirmatory Factor Analysis using Sample 2 EEFQ data (Inhibitory
Control, Working Memory, and Flexibility” items only)

Model: CEF items only RMSEA [90% CI] SRMR CFI

Model 1: Free loading of .008 [.000, .050] .021 1.00
items onto unitary CEF

factor. Df =19

Model 2a: Free loading of .026 [.000, .061] .021 0.998
items onto IC, WM, FX

factors, free loading of IC,

WM, FX factors onto second-

order CEF factor, Df = 16

Model 2b: Free loading of .016 [.000, .054] .021 0.999
items onto IC, WM, FX

factors, fixed loading of IC,

WM, FX factors onto second-

order CEF factor, Df = 18

IC, Inhibitory Control; WM, Working Memory; FX, Flexibility; Df, degrees of freedom.

“As the Flexibility game was only presented to a subset of respondents, including this item caused model convergence issues for
Models 2a and 2b. Therefore, the Flexibility game was excluded for the purposes of model comparison.

significance thresholds and thus might be considered to be poor indicators of the latent CEF
dimension in this sample (which skewed toward the younger age range—see Table 3, Sample 2)
those same items had previously performed well in a different sample (Study 1). Therefore, we
chose to retain them for the purposes of validating the EEFQ structure. We consider measure-
ment invariance by age in detail below.

In SM 4.2.2, we highlight the limitations of using CFA with Regulation items in the current
data set. As the Regulation scale is nevertheless of interest theoretically, and to enable readers
to contextualize how CEF scores perform against Regulation scores, Regulation scale composite
scores (computed from the mean of all Regulation items) are included in regression and cor-
relational analyses reported below. These Regulation scores should be considered vulnerable to
measurement error.

3.2.3 | Associations with extant measures of attentional control and
temperament

As shown in Table 8, a small positive association was observed between CEF factor scores and
Attention Focusing across all age bands. A positive association was also observed between CEF
factor scores and Attention Shifting; this association was moderate in the youngest age-group,
and large in the oldest age-group. Consistent results were found when composite CEF factor
scores were used, although the strength of association was larger in all cases (see Table S4.2.5.1).
As shown in Table 8, a weak positive association was observed between Regulation and Attention
Focusing, but only among the older two age-groups. There were no significant associations be-
tween Regulation and Attention Shifting.

In sum, these results indicate that both CEF and Regulation (from 12 months onwards) scores
show convergent validity with Attention Focusing but that only CEF scores are convergent with
Attention Shifting.
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TABLE 7 Factor loadings for Model 1, Sample 2 data

Latent factor Indicator item® g

CEF IC1 0.608***
1C2 0.706%**
IC3R 0.545%%*
IC4 0.341**
1C5 0.121
1C6 0.222*
1C7 0.387***
IC game 0.503%**
FX1 0.293*
FX2R 0.074
FX3 0.652%**
FX4R 0.233*
FX5 0.547%**
FX6 0.685%**
FX7 0.299**
FX game 0.751%**
WM1 0.740%***
WM2R 0.359%*
WM3 0.195
WM4 0.640***
WM5 0.538***
WM6 —0.005
WM game 0.135

*EL.001, ¥*<.01, *<.05.
See SM1 for item details corresponding to each code.

As shown in Table 9, in Sample 2 CEF factor scores showed a moderate positive associa-
tion with Orienting/Regulation and a weak positive correlation with Surgency. In contrast,
CEF showed no significant association with Negative Affect. The association between CEF and
Orienting/Regulation remained significant after controlling for Surgency (r(144) = .332, p < .001
CI: .182 to .468]), but the association between CEF and Surgency was no longer significant after
controlling for Orienting/Regulation (1(144) = .126, p = .130 CI: .-039 to .278]).

Broadly consistent results were found when composite scores were used; see SM 4.2.5.

A moderate negative association was observed between the Regulation scale and the Negative
Affect; see Table 9. No other significant associations with temperament were observed.

In summary, the results of Study 2 indicate that the EEFQ is appropriate for 9- to 30-month-olds:
CEF and separate Regulation scores show minimal floor and ceiling effects, good internal consis-
tency (see also Table S4.2.3), and convergent and discriminant associations with extant measures
of attentional control and broader temperament factors. These findings are discussed in more
detail in the General Discussion section below.
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TABLE 8 Bivariate associations between EEFQ CEF factor and Regulation scores with ECBQ attentional
control scales, by age

Under 12-month-olds 12-to 24-month-olds 24- to 30-month-
(n = 161-186) (n = 326-331) olds (n = 113)
CEF factor scores
Attention .234%* 258%** .269%*
focusing [.090,.362] [.138,.368] [.060,.451]
Attention 431HE* 526%F* .598%**
shifting [.296, 542] [.435,.610] [.450,.716]
Regulation scale scores
Attention —.040 319%%* .314%*
focusing [~.156,.078] [.208,.420] [.091,.526]
Attention —.007 —.082 .040
shifting [-.191,.170] [~.204,.045] [—.180,.243]

Values in square brackets indicate confidence intervals computed using bootstrapping across 1000 samples.
*#**p <.001, **p < .01, *p < .05.

TABLE 9 Bivariate associations between EEFQ CEF factor and Regulation scores with IBQ-R VSF factor
scores (Sample 2 only)

Negative

Orienting/Regulation Surgency affect
EEFQ CEF L3945 .255%* .022
n=147 [.236,.521] [.108,.402] [—.146,.190]
EEFQ Regulation .104 .086 —.388%**
n = 140 [-.050, 250] [-.001,.081] [-.515,—.261]
Surgency 377 - .100
n=147 [.241,.502] [~.105,.290]
Negative affect .022 .100 -
n=142 [-.130,.171] [-.105,.290]

*#*p <.001, **p < .01, *p < .05.

Values in square brackets indicate confidence intervals computed using bootstrapping across 1000 samples.

3.24 | Age effects

As detailed in SM 4.2.4, the EEFQ CEF factor shows partial measurement invariance for age in
our sample. To enable us to identify temporal change in CEF scores beyond those that may be
attributable to changes in the structure of CEF over time, age effects were analyzed using factor
scores computed to reflect this partial measurement invariance.

As shown in Table 10 and Figure 1, there was a positive association between linear age and
CEF factor scores for both Sample 1 and 2. Consistent results were found for composite CEF
scores; see SM 4.2.6. Additionally, there was a negative association between the quadratric age
term for Sample 2; such that scores rose most-rapidly at the younger-end of the sample age
range, followed by a gradual leveling-off of scores (note that the regression coefficients should
not be over-interpreted due to multicollinearity of the linear and quadratic age terms (Kraha
et al., 2012)—instead, we refer the reader to Figure 1 for interpretation of the age effects). This
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TABLE 10 Standardized beta coefficients for regression models predicting CEF factor scores and
Regulation scale scores from age and maternal education

Sample 1 Sample 2
Model
Dependent variable A Model B ModelC Model A Model B Model C
CEF factor score
Age (linear) 0.395%**  (.895%* 1.159%%%  0.829%*** 2.173%%* 1.660%**
Age (quadratic) —0.504 —0.748* —1.354%** —0.883**
Maternal education 0.044 —0.198
Adjusted R? 156 157 177 .688 718 .639
Regulation
Age (linear) 0.031 —0.128 —0.374 —0.336*** —1.302** —1.018*
Age (quadratic) .098 0.333 0.974* 0.729
Maternal education —0.018 0.207**
Adjusted R? .004 137
***p <.001, **p < .01, *p < .05.
Sample 1 Sample 2
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FIGURE 1 CEF factor scores by age, for Sample 1 and Sample 2. Line of best fit shows the quadratic effect

of age

quadratic association was also significant for Sample 1, but only when maternal education was
included in the model. The quadratic term did not show a significant predictive effect when CEF
composite scores were used (see SM 4.2.5).

As shown in Table 10 and Figure 2, there was a negative association between linear age and
Regulation scale scores, which was significant for Sample 2 only. Additionally, there was a posi-
tive association between the quadratric age term for Sample 2, whereby scores initially decreased
in infancy before leveling out in toddlerhood. This quadratic association was no longer signifi-
cant when maternal education was also included in the model.
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3.2.5 | Sexeffects

As detailed in SM 4.2.4, the EEFQ CEF factor shows strong factorial invariance in terms of sex in
our sample. As shown in Table 11, although for Sample 1 girls showed higher CEF factor scores
(M = .30, SD = .83) compared with boys (M = 0.14, SD = .69), sex differences accounted for
only a very small amount of variance in CEF scores. Further, for Sample 2 there was no signifi-
cant difference between CEF factor scores for girls (M = —0.33, SD = .94) compared with boys
(M = —0.38, SD = .95), and CEF sex differences did not survive correction for age and maternal
education in either sample. When CEF composite scores were used, for Sample 1 (only) girls

Sample 1 Sample 2

o

'S
'S

w
Regulation scale score

Regulation scale score

10 15 20 25 30 10 15 20 25 30
Age (months) Age (months)

FIGURE 2 Regulation scale scores by age, for Sample 1 and Sample 2. Line of best fit shows the (non-
significant) linear effect for Sample 1 and the quadratic effect of age for Sample 2

TABLE 11 Univariate tests of sex differences in CEF factor scores and Regulation scale scores

Sample 1 Sample 2
F npz F npz
CEF factor scores
Sex 5.517* .011 0.295 .001
Sex controlling for age (linear and quadratic) 1.766 .004 4.013* .013
Sex controlling for age and maternal 2.507 .007 1.081 .006
education
Regulation scale scores
Sex 0.790 .002 0.000 .000
Sex controlling for age (linear and quadratic) 0.978 .002 0.101 .000
Sex controlling for age and maternal 0.024 .000 .000 .000

education

UPZ: partial eta squared.

*p <.05.
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showed significantly higher scores than boys, even after controlling for age and maternal educa-
tion; see SM 4.2.7.

There were no significant sex differences in Regulation scores for either Sample 1 (Boys
M = 4.17, SD = 1.12, Girls M = 4.27, SD = 1.21) or Sample 2 (Boys M = 5.64, SD = 0.95, Girls
M = 5.64, SD = 0.85); see Table 11.

4 | STUDY 3: SHORT-TERM STABILITY AND
LONGITUDINAL AGE-RELATED CHANGE

In this final study, we aimed to establish whether EEFQ scores show homotypic (i.e., within-
construct) stability over time and to verify the measure's sensitivity to age-related change, by
following up a subset of infants from Study 2. True score change can only be said to occur in the
context of longitudinal measurement invariance (Brown, 2015). We therefore first tested for evi-
dence that measurement of the construct of EF using the EEFQ does not change over time within
this longitudinal sample. We then investigated the stability of scores and age-related change in
three sub-samples which, in combination, encompassed both a narrow and a broad age range,
and a test-retest period of 3, 5 or 6 months. This enabled us to propose some insights pertaining
to developmental change in very early EFs for follow-up in future research.

41 | Method

41.1 | Sample 1 Participants

Follow-up data were collected at either 3 (Sample 1a) or 5 months (Sample 1b) after the initial
data collection from 124 Sample 1 participants; see Table 12. Respondents were identical between
observations in all but 2 cases; in each of these cases, the father contributed the Observation 2
data instead of the mother. These data were included in the analysis below, to provide a con-
servative estimate of stability.

4.1.2 | Sample 2 Participants

Follow-up data were collected 6 months after initial data collection from 70 Sample 2 partici-
pants; see Table 12. Respondents were identical between observations in all but 3 cases; in each

TABLE 12 Age and elapsed time at follow-up (Study 3)

Sample 1a Sample 1b Sample 2
Mean age in months at Observation 1 (SD) 18.87 (5.24) 20.47 (4.74) 9.87(0.25)
[Min, Max] [10.29, 30.58] [12.62, 30.15] [9.30, 10.39]
Mean age in months at Observation 2 (SD) 22.05(5.24) 25.09 (4.75) 15.88 (0.28)
[Min, Max] [13.31,33.90] [17.33,35.11] [15.29, 16.67]
Mean elapsed days between Observation 1 96.67 (7.29) 140.51 (5.31) 181.21 (14.78)
and Observation 2 (SD) [Min, Max] [81,115] [130, 156] [97,222]

n (boys) 40 (16) 81 (29) 70 (36)
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of these cases the father contributed the Observation 2 data instead of the mother. These data
were included in the analysis below, to provide a conservative estimate of stability.

413 | EEFQ

The 31-item EEFQ was used for all subsamples. The primary focus of analysis was the CEF factor
score computed using the unitary model identified in Study 2, whereby all Inhibitory Control,
Flexibility and Working Memory items loaded onto a single factor (or, for the purposes of com-
parison, a composite score computed by averaging the scores of all Inhibitory Control, Flexibility,
and Working Memory items). Additionally, to understand how developmental change in CEF
differs from the construct of Regulation (notwithstanding the modeling issues described in Study
2) we computed a Regulation scale score by averaging the score for all Regulation items (where
a minimum of 6 items — 70% of all possible items — were complete). Internal consistency of the
CEF composite and Regulation scale are presented in Table S4.3.1.

4.1.4 | Analytic approach

CFA was conducted using the analytic approach described for Study 2 with the modification that
for this longitudinal dataset residual variances for factor loadings were additionally allowed to
correlate over time, to reflect repeated measurement. The computed factor scores for the pre-
ferred model were then exported for use in the analyses below. Stability between Observations
1 and 2 was assessed with Pearson correlations, using bootstrapping across 1000 samples to es-
timate confidence intervals. Because Samples 1a, 1b, and 2 differed significantly in age and in
duration between waves, analyses were conducted separately for each sample. To evaluate age-
related changes, we ran a repeated measures ANOVA, testing for the main effect of observation
point, in the combined sample. As age at Observation 1 varied systematically with the duration
of elapsed time between observations, we included time between observations as a covariate. As
age at Observation 1 also varied systematically with maternal education, we included maternal
education as a covariate. In SM 4.3, we present equivalent analyses using composite scores.

4.2 | Results and Discussion

As detailed in SM 4.3.2, the EEFQ CEF factor shows partial strong longitudinal measurement
invariance (when loadings were freed for 5 items). To enable us to identify temporal change in
CEF scores beyond those that may be attributable to changes in the structure of CEF over time,
age effects were analyzed using factor scores computed to reflect this partial measurement in-
variance. In SM 4.3.4, we report the results of equivalent analyses when composite scores were
used, and we summarise any differences in conclusions in the text below.

4.2.1 | Stability of CEF and Regulation scores

As shown in Table 13, homotypic associations for the CEF factor were strong for all samples;
as shown in Table S4.3.4, consistent results were found when CEF composite scores were



HENDRY AND HOLMBOE

20 THE OFFICIAL JOURNAL OF THE
—I—Wl LEY-§INFANCY eigiases
TABLE 13 Bivariate correlations between EEFQ scores over time, by Study 3 subsample

CEF factor score
Observation 2

CEF factor score Observation 1 Sample 1a .852[.760,.927]***
Sample 1b .922 [.889,.948]***
Sample 2 .849 [.775,.905]***

Regulation scale score
Observation 2

Regulation scale score Observation 1 Sample 1a .454[.156,.690]**
Sample 1b .607 [.474,.738]***
Sample 2 .413 [.203,.638]***

***p <.001, **p < .01.

used—although the magnitude of association was only moderate for Sample 2. Homotypic as-
sociations for the Regulation scale were moderate for all samples (see Table 13).

4.2.2 | Age-related change in CEF scores

In the combined sample, there was a small-to-medium main effect of Observation on CEF fac-
tor scores (F(1,189) = 11.531, p = .001, np2 = .058), a large main effect of Age at Observation 1
(F(1,189) = 59.997, p < .001, npz =.241) and a small-to-medium interaction between Observation
and Age (F(1,189) = 10.363, p = .002, npz = .052). Figure 3 indicates that CEF scores increased
between Observation 1 and 2 specifically for younger infants. There was no significant main
effect of Elapsed time between Observations (F(1,188) = 0.268, p = .605, np2 = .001) and no
significant interaction between Elapsed time and Observation (F(1,188) = 2.154, p = .144,
np2 = .011)—however, the interaction between Observation and Age was small and only at
trend when Elapsed time was included as a covariate in the model (F(1,188) = 3.138, p = .078,
npz = .016). There was no significant main effect of Maternal education (F(1,171) = 0.278,
p = .598, np2 = .002), no significant interaction between Maternal education and Observation
(F(1,171) = 0.017, p = .896, npz = .000), and the interaction between Observation and Age re-
mained significant when Maternal education was included as a covariate (F(1,171) = 6.988,
p = .009, np2 =.039). As shown in SM 4.3.4 broadly consistent results were found when CEF
composite scores were used but the interaction between Observation and Age remained signifi-
cant when Elapsed time was included as a covariate in the model. In sum, these results indicate
that CEF scores increase with age and that age-related increases may be most pronounced earlier
in development (i.e., around the end of the first year of life).

4.2.3 | Age-related change in Regulation scores

In the combined sample, there was a large main effect of Observation on Regulation scale scores
(F(1,181) = 55.169, p < .001, np2 = .234), a medium-to-large main effect of Age at Observation 1
(F(1,181) = 28.794, p < .001, np2 =.137) and a medium-to-large interaction between Observation
and Age (F(1,181) = 27.940, p < .001, np2 =.134) such that Regulation scores decreased between
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FIGURE 3 Repeated measures CEF factor scores by age band in Study 3

Observation 1 and 2 for the youngest age-group and increased between Observation 1 and 2 for
the oldest age-group; see Figure 4. There was a small-to-medium main effect of Elapsed time
between observations (F(1,180) = 5.912, p = .016, np2 =.032) and a small-to-medium interaction
between Elapsed time and Observation (F(1,180) = 6.458, p = .012, npz = .035), but the interac-
tion between Observation and Age remained significant when Elapsed time was included as a
covariate in the model (F(1,180) = 6.458, p = .012, npz = .035). There was no significant main
effect of Maternal education (F(1,169) = 0.377, p = .540, np2 = .002), no significant interaction
between Maternal education and Observation (F(1,169) = 2.266, p = .134, np2 = .013), and the
interaction between Observation and Age remained significant when Maternal education was
included as a covariate (F(1,169) = 14.089, p < .001, np2 = .077). In sum, these results indicate
that Regulation scores decrease around the end of the first year of life and then increase from
around the end of the second year of life but that profiles of change are sensitive to the period of
time between observations.

5 | GENERAL DISCUSSION

In this series of 3 studies, we have demonstrated that EF-relevant behaviors can be measured
through parent report in infants as young as 9 months. In Study 1, we outlined the development
and refinement process for a new parent-report measure of EF; the EEFQ. In Studies 2 and 3 we
showed that the EEFQ affords the opportunity to capture the development of cognitive aspects
of EF which are associated with, yet distinct from, commonly measured dimensions of tempera-
ment. More cautiously, we suggest that separate regulatory aspects of EF may also be captured by
the EEFQ but that with the current dataset it is difficult to disentangle parents’ tendency to rate
their child consistently from genuine stability in behavior attributable to an underlying construct.
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Unusually for this period of dramatic development, the EEFQ can be used with 9- through to
30-month-olds—enabling researchers to longitudinally assess caregiver-reported EF with a con-
sistent measure which has low resource demands. Below we set out our justification for each of
these claims, drawing on the empirical evidence from Studies 2 and 3 and reflecting on broader
implications for theory and practice.

In 2 large samples (n > 300 for each sample) of UK-based infants, scores from items devel-
oped to capture theory-driven aspects of EF (inhibitory control, flexibility, and working memory)
load onto a common factor, which we term Cognitive Executive Function (CEF). These findings
are consistent with research using performance-based measures of EF with preschool children
showing that flexibility skills tend to load with working memory and/or inhibitory skills (Karr
et al., 2018). A fourth scale, Regulation, does not fit well with this structure and should be con-
sidered separately.

As attentional control is implicated in EF development (Hendry et al., 2016), we expected
to find significant positive associations between EEFQ scores and the Attention Focusing and
Attention Shifting scales of the ECBQ. Consistent with our hypothesis, both CEF (from 9 months
onwards) and Regulation (from 12 months onwards) are positively associated with Attention
Focusing. Only CEF scores are convergent with Attention Shifting. Of note, an association was
found between CEF and Attention Shifting even in the 9- to 12-month age band, even though
Attention Shifting is not conventionally measured at this age, and is not included in the IBQ-R.
We recommend therefore that researchers interested in measuring attentional control behav-
iors in infancy include the adapted Attention Shifting scale when administering the IBQ-R. One
interpretation of our pattern of results is that CEF and Attention Shifting (but not Regulation)
share common variance relating to cognitive capacity — perhaps in turn relating to processing
speed (Hendry et al., 2016). Meanwhile, the association between Attention Focusing and CEF
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is consistent with arguments that day-to-day EF-related behaviors entail some engagement of
attentional focus. The later onset of the association between EEFQ Regulation and Attention
Focusing might indicate that infants do not rely strongly on internal attentional processes to self-
regulate until the second year of life.

The dissociation between cognitive (CEF) and regulatory (Regulation) capacity is evocative of
the distinction that has been made by some researchers between “cool” and “hot” EF. In previ-
ous research, performance measures of both hot (delay of gratification tasks) and cool EF (visual
search and working memory tasks) were associated with parent report of inhibitory control and
attentional control in toddlerhood (Mulder et al., 2014). An interesting avenue for future research
therefore would be to collect EEFQ data alongside a battery of hot and cool lab-based tasks. This
would allow one to test the hypothesis that CEF scores correlate with performance on hot as well
as cool EF tasks, whereas Regulation scores associate with performance on hot EF tasks alone.
Including one or more hot tasks in a CFA model alongside EEFQ Regulation items may also help
to resolve the difficulty mentioned above with parceling out common rater bias from the latent
construct of Regulation.

In Study 2, we were also able to test convergent and discriminant associations between CEF
and Regulation scores and broader dimensions of temperament using the Orienting/Regulation,
Surgency and Negative Affect factors of the IBQ-R VSF. Consistent with the associations shown
with Attention Focusing (which contributes to the Orienting/Regulation factor), CEF scores
showed positive associations with Orienting/Regulation, and also with Surgency. Discriminant
associations were found between CEF scores and Negative Affect. Multiple studies have pre-
sented evidence for a positive association between aspects of Surgency in infancy (particularly
those involving positive affect such as smiling and laughter) and the temperament dimension of
Effortful Control in toddlerhood (Casalin et al., 2012; Komsi et al., 2006; Putnam et al., 2008), and
Surgency has also been shown to be positively associated with behavioral measures of EF (Frick
et al., 2018). In our data, Orienting/Regulation and Surgency showed a moderate positive associ-
ation. While the association between CEF and Orienting/Regulation remained significant after
controlling for Surgency, the association between CEF and Surgency was no longer significant
after controlling for Orienting/Regulation. In combination with the literature outlined above,
our results indicate that the temperament dimension of Orienting/Regulation is linked to early
EF development while Surgency may be implicated in EF development via its association with
Orienting/Regulation. As the associations with temperament presented in this study are based
on cross-sectional data only, further longitudinal research is required to better understand the
direction of causality in these associations.

The EEFQ Regulation scale was, perhaps surprisingly, not significantly associated with the
IBQ-R VSF Orienting/Regulation factor. Instead, a modest negative association was observed
between the Regulation scale and the Negative Affect factor. In part, this may be attributable to
a degree of overlap between the behaviors captured in the EEFQ Regulation scale and the IBQ
items relating to Falling Reactivity and Distress to Limitations (which load onto the Negative
Affect factor) but is also likely an indication that the EEFQ Regulation scale is sensitive to emo-
tion regulation rather than the more “cognitive” aspects of regulation captured by the Orienting/
Regulation factor. Taken as a whole, we conclude from our findings that neither the CEF factor
nor the Regulation scale of the EEFQ map neatly onto the Orienting/Regulation factor of the
IBQ-R VSF; instead, they capture variation in the cognitive and emotion-regulation aspects of EF
and can be used as a complement to existing temperament measures.

We also demonstrate that the EEFQ is appropriate across the 9- to 30-month age range. The
CEF factor of the EEFQ and, to a lesser extent (bearing in mind the limitations outlined above)
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the Regulation scale, showed good psychometric properties. A model with a unitary CEF factor
showed strong factorial measurement invariance for sex and partial strong factorial measurement
invariance for age using cross-sectional data. Partial strong longitudinal factorial measurement
invariance was achieved for a revised model using 18 of the original 23 CEF items. Further, in
both of the cross-sectional datasets in Study 2, and in the longitudinal follow-up data presented
in Study 3, Cronbach's alpha values for the CEF composite and Regulation scale were in the
range of.751 t0.876, indicating good internal consistency. Floor and ceiling effects, and system-
atic missing data, were low for contributing scales, and for all age-groups, with the exception of
the Flexibility scale. Not only is the game-based item included in this scale (“The Sorting Game”)
too challenging for 9- to 12-month-olds (hence its removal from the refined EEFQ for under
12-month-olds), 6.5% of the respondents in this age-group marked more than 2 other items of the
Flexibility scale as Not Applicable. Nevertheless, the low overall floor effects for Flexibility scale
scores, including for the youngest age-group, indicate that even 9-month-olds are able to exhibit
some cognitive flexibility. Indeed, as mentioned above, we were able to demonstrate partial strong
factorial measurement invariance for age, and Flexibility items were not over-represented com-
pared with items from other scales in terms of not showing strong invariance across age-groups.

CEF factor and composite scores are sensitive to age-related change. In both of the cross-
sectional samples described in Study 2, and in the longitudinal sample presented in Study 3,
CEF scores showed a significant increase with age. This is consistent with the literature showing
age-related improvements in EF (Hendry et al., 2016) and Effortful Control (Putnam et al., 2006)
across infancy and toddlerhood. Even after accounting for differences in the demographic profile
of the samples (by controlling for maternal education), age explained markedly more variance
for Study 2 Sample 2 (which comprised a high proportion of under 1-year-olds) compared with
Sample 1 (which comprised a high proportion of 1- to 2-year-olds). Exploratory analysis of the
cross-sectional Study 2 data indicated that age showed a quadratic association with CEF scores,
whereby scores rose most-rapidly at the younger-end of the sample age range, followed by a
gradual leveling-off of scores (Figure 1). Similarly, age-related increases in CEF scores for the
Study 3 longitudinal sample were most-evident for participants aged under 12 months at the first
observation (Figure 3). Although extant data on trajectories of early EF development are sparse,
those data that do exist point toward a similar pattern: the most-rapid age-related improvements
in performance on a task tend to occur among the lower end of the age-range covered by that
task (Garon et al., 2014; MacNeill et al., 2018; Petersen et al., 2016). This might suggest then that
late infancy/early toddlerhood is a time of rapid improvement in EF skills, and by association,
a sensitive period for EF development (Taliaz, 2013). Given that targeting interventions within
the sensitive period of skill acquisition may potentially yield the greatest opportunity to achieve
stable, pervasive change (Luby et al., 2020), the possibility that late infancy/early toddlerhood
may be one such sensitive period merits further study in larger, more heterogeneous longitudinal
cohorts, using both observer-reported and performance-based measures of EF.

Regulation scores showed an inverse quadratic association with age to that observed for CEF
for the cross-sectional Study 2 data (significant only for Sample 2), whereby scores initially de-
creased in infancy before leveling out in toddlerhood (Figure 2). Similarly, the longitudinal re-
sults presented in Study 3 indicated that age-related decreases in Regulation may only be evident
in the first year of life—that is, 10-month-old infants tend to show fairly high levels of regula-
tion, which then decline before possibly increasing again toward the end of the second year of
life (Figure 4). There is some precedent for this finding in the literature: Age-related increases
across the first year of life have previously been reported in the Distress to Limitations scale (a
component of Negative Affect, which, as previously discussed shows an inverse association with
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Regulation) (Carranza Carnicero et al., 2000; Gartstein & Rothbart, 2003). These changes may
be linked to increases in parental limit-setting in response to infants’ increased mobility, just as
previously reported age-related decreases in Duration of Orienting between 3 and 12 months
(Gartstein & Rothbart, 2003) and 6 and 9 months (Carranza Carnicero et al., 2000) may in part
be attributable to increased mobility. In later toddlerhood, subsequent increases in Regulation
scores—perhaps parallel to increases in Inhibitory Control and Cuddliness scores when the
ECBQ is used (Putnam et al., 2006)—might be attributable to a developmental improvement in
emotion regulation as well as an increased repertoire of regulatory strategies (Diaz & Eisenberg,
2015). Increases in language ability during this period may also enable children to express their
needs and preferences in words, as well as to use language to enhance their self-regulatory strat-
egies (Roben et al., 2013). To better understand the potentially complex interplay of age-related
changes in limit setting, language, motor and regulation development, further research combin-
ing longitudinal measurement of all these factors is needed.

We found limited evidence of sex differences in EEFQ scores. For sample 1, girls showed
higher CEF scores compared with boys, but sex differences accounted for only a very small
amount of variance in CEF scores and after controlling for age and maternal education these
differences were only significant for composite and not factor scores. Among sample 2, no sig-
nificant differences between girls and boys were observed. This inconsistent evidence for sex
differences in parent-reported emergent EF echoes the mixed results found in the literature for
sex differences in EF among adults—for whom meta-analysis indicates no overall sex difference
in any of the domains of performance monitoring, response inhibition, or cognitive set-shifting,
but a male advantage in spatial working memory specifically, and a female advantage in delay
discounting (Gaillard et al., 2021). The mixed results are also consistent with extant research
with toddlers and preschoolers with regards to performance on EF tasks—whereby an advan-
tage is sometimes observed for females, sometimes for males, and sometimes not observed at all
(for review, see Hendry et al., 2016)—and with regard to parent-report of EF or effortful control
at toddler and preschool age, whereby a significant female advantage has been observed with
regard to inhibitory control (Gioia et al., 2002) but not for effortful control, when reported by
mothers (Putnam et al., 2006). One possibility is that robust sex differences have not emerged by
age 3 years. Another possibility is that performance and observer-report measures suitable for
under 3-year-olds do not tend to target those aspects of EF where pronounced sex differences do
exist. For example, in the EEFQ, spatial working memory is represented by only 1 item, and delay
discounting is not represented at all; these skills are also not targeted in the BRIEF-P or ECBQ
(Gioia et al., 2002; Putnam et al., 2010). However, it should be noted that a female advantage in
a wider range of EFs and in effortful control tends to be observed when ratings are provided by
teachers (Gioia et al., 2002) or by fathers (Putnam et al., 2006). An interesting avenue for further
research therefore would be to consider whether more-consistent sex differences emerge on the
EEFQ when non-maternal ratings are used.

A limitation of the current study is the cultural homogeneity of the samples. In this study, the
EEFQ has been refined with, and validated in, only UK-based samples, with a skew toward high
levels of maternal education, particularly for Study 2, Sample 2. It is therefore unclear whether
the findings summarized above will generalize to other populations. Although our results indi-
cate that maternal education did not significantly impact age-related changes in parent-reported
EF within our samples, future studies, involving larger and more diverse community samples
across the target age range are needed to investigate the impact of sociocultural context on the
psychometric properties of the EEFQ.
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A further aim for future research was to evaluate how the EEFQ performs among infants with,
or at risk for, developmental delay and/or specific EF difficulties—such as infants born pre-term
(Mulder et al., 2009) or with Phenylketonuria (DeRoche & Welsh, 2008)—and whether it has pre-
dictive validity to later difficulties. Further, although items were designed to minimize language
demands, analysis of EEFQ data alongside a broader range of measures is required to establish
whether the EEFQ is able to live up to its ambition of distinguishing EF abilities from general
cognitive ability among both typically developing and atypically developing infants, including
those with language or general cognitive delay.

51 | Conclusions

The EEFQ complements measures of infant temperament by providing a carer-report measure
more-targeted toward the cognitive capacity and regulatory aspects of EF. The EEFQ is appropri-
ate for use through the ages of 9 to 30 months.
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