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Abstract

A growing number of babies are born with perinatal risk factors that may impair later devel-
opment. These children are often assessed at 2 years to help predict outcome and direct
support services. Executive function is an important predictor of academic achievement and
behavior, but there are limited assessments of executive function in 2-year-olds and few
have been tested in at-risk populations. Therefore, we developed a battery of four age-
appropriate tasks to assess executive function in 2-year-olds. At 24 months’ corrected age
368 children completed tasks assessing attention, inhibition, working memory and cognitive
flexibility. Scores on different tasks were weakly correlated, suggesting that they measured
separate aspects of executive function, with combined scores for this cohort approximating
a normal distribution. Significantly more boys (67%) than girls (57%) were unable to inhibit
their behavior on the Snack Delay Task and girls (M = 3.24, SD = 2.4) had higher mean
scores than boys (M =2.7, SD = 2.7) on the Ducks and Buckets Reverse Categorization
Task of working memory. Performance was significantly affected by family socioeconomic
status. Mean scores were lower on all four individual tasks and on the global score of overall
performance in children from a low household income (<$40,000) compared to those from
medium ($40,001-$70,000) and high income households (>$70,001). Maternal education
was only associated with scores on the working memory task and the global score; and a
measure of neighborhood deprivation was only associated with scores on the two inhibitory
tasks and the global score. Our findings confirm the feasibility of assessing executive func-
tion in 2-year-olds, and its ability to discriminate effects of socioeconomic status, a common
confounder in child development research. Further development and standardization of this
test battery comparing at-risk children with a normative population would provide a much-
needed measure of executive function in early childhood.

PLOS ONE | https://doi.org/10.1371/journal.pone.0188158 November 22, 2017

1/23


https://doi.org/10.1371/journal.pone.0188158
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0188158&domain=pdf&date_stamp=2017-11-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0188158&domain=pdf&date_stamp=2017-11-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0188158&domain=pdf&date_stamp=2017-11-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0188158&domain=pdf&date_stamp=2017-11-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0188158&domain=pdf&date_stamp=2017-11-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0188158&domain=pdf&date_stamp=2017-11-22
https://doi.org/10.1371/journal.pone.0188158
https://doi.org/10.1371/journal.pone.0188158
http://creativecommons.org/licenses/by/4.0/
http://www.hrc.govt.nz
http://www.medicalresearch.org.nz

@° PLOS | ONE

Executive function assessment in 2-year-olds

Development (https://www.nichd.nih.gov). The
content is solely the responsibility of the authors
and does not necessarily represent the official
views of the Eunice Kennedy Shriver National
Institute of Child Health and Human Development
(to JEH) or the National Institutes of Health. The
first author is supported by a University of
Auckland Doctoral Scholarship. The funders had no
role in study design, data collection and analysis,
decision to publish, or preparation of the
manuscript.

Competing interests: The authors have declared
that no competing interests exist.

Introduction

Preschool executive function (EF) has been shown to be a better predictor of school readiness
than either IQ or academic progress [1] and is positively associated with behavior [2, 3], math-
ematics [4, 5], reading [6] and overall achievement in older pre-school and school-age children
[7, 8]. EF is a collective term for “higher order, self-regulatory processes that aid in the moni-
toring and control of thought and action” [9]. These processes include inhibitory control,
(self-control, self-regulation), working memory and planning, and cognitive flexibility [10,
11]. Error correction and detection, resistance to interference and attentional control are also
included in some definitions [2, 9, 10], with attention included here because of it’s fundamen-
tal importance for the development of EF overall.

EF begins to develop in the first few years [9] in a sequence corresponding to brain matura-
tion, particularly in association with the prefrontal cortex [12]. Attention and inhibition are
the earliest to emerge and underlie the later development of working memory and cognitive
flexibility, although debate continues as to whether EFs are integrated but separate [2] or a sin-
gular construct in childhood [13]. This developmental sequence results in infants as young as
8 months being able to display simple inhibition of a prepotent response [14], with children at
3-4 years of age able to recite two related rules although they may still have difficulty display-
ing them in a conflict task [15, 16]. Success on simple working memory tasks such as the
Piagetian A-not-B task is possible at 23 months and continues to improve throughout the pre-
school years [16]. However, cognitive flexibility is not well developed in preschool children
and they may continue to exhibit rule perseverance even when tested again after a 1 month
delay [17].

The importance of EF to a child’s developmental trajectory is underscored by the associa-
tion between poor executive function and attention deficit disorder [18, 19], autism spectrum
disorder [20, 21] and fetal alcohol spectrum disorder [22]. Perinatal events can result in devel-
opmental impairments [23], with the neural pathways controlling EFs particularly vulnerable
[24]. Due to advances in medical interventions, increasing numbers of infants are born at risk
of preterm birth, born small or born to diabetic mothers [25, 26], resulting in calls for further
research on the neuropsychological outcomes of babies born at-risk [27, 28]. In practical
terms, it behooves us to develop assessment processes for this growing number of preschoolers
so that any delay in development can be identified and early intervention provided.

The components of EF

EF is commonly divided into two conceptually different aspects involving different neural
circuits; “hot” and “cold”, where hot EF tasks are emotionally charged, involving desire and
avoidance, and cold tasks are rational cognitive tasks involving inhibition of thought or non-
emotionally charged functions [29]. Until recently most assessment of childhood EF has
focused on cold EF tasks, relying on modification of adult assessments. This has revealed that
EF development begins around one year of age and continues into adulthood with the devel-
opment of the prefrontal cortex [29]. Hot EF tasks are considered more difficult to manage in
childhood because of the affective component. However, development of this aspect of EF
appears to begin as early as 15 months and also continue into adulthood [30]. Further under-
standing of the relative importance of hot and cold EF comes from studies of Attention Deficit
Hyperactivity Disorder where hot EFs are associated with hyperactive behaviors and cold EFs
with inattention [31]. Further, in studies of the effect of maternal smoking during pregnancy,
exposed children were found to be at risk of impairment of hot, but not cold, EF [32].
Attention and inhibition. Attention is the control of focus to selected perceptual input or
cognitive processes. It appears in infancy and continues to develop throughout childhood [2],
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with attentional style at 5 months associated with EF in early childhood [33]. In early child-
hood, attention includes sustained and selective attention, and by 6 years attentional control
can be identified [34]. Attention allows development of concentration, the screening out of
distracting input and ignoring of prepotent responses [2, 10]. Attentional control is closely
associated with inhibition, which includes both behavioral and cognitive control which are
strongly correlated [35]. Inhibition underpins self-control and delayed gratification, with inhi-
bition in early childhood positively associated with later outcomes in academic achievement,
health, risk-taking, happiness and socioeconomic status [5, 10, 36].

Working memory. Working memory is the ability to manipulate and adjust information
held in mind and has reciprocal relationships with both attentional and inhibitory processes
[37, 38]. The theoretical underpinnings of working memory have been well described although
overall agreement as to its structure is yet to be achieved [39, 40]. Working memory has an
important association with mathematics, science, reading and overall educational success [7,
41, 42]. It has been shown to be closely aligned with both fluid and crystallised intelligence [10,
43].

Cognitive flexibility. Cognitive Flexibility, sometimes referred to as set-shifting, is the
ability to change perspective and generate novel responses and is the last core EF to develop,
[40, 44, 45]. It is an important aspect of goal management and creativity, develops rapidly in
early childhood and is enhanced in young children by stimulating environments and resources
and hence, is sensitive to family socio-economic status (SES) [46, 47]. Impaired cognitive flexi-
bility is characteristic of Autistic Spectrum Disorder and is also associated with very preterm
birth [21, 48]. It is important to note that the separate EFs are interdependent and in practice
do not function in isolation. So whilst cognitive flexibility is the last component it does not
occur without working memory, inhibition and focused and sustained attention [10] and can
be thought of as an expressed combination of the previously developed EFs.

There is growing evidence of the efficacy of EF training for children with deficits [49-51]
and of the importance of early intervention to improve life-course trajectories of at-risk infants
[52, 53]. Two years is a common age for assessment of many at-risk cohorts to predict later
development and neurosensory outcomes [54]. However, the lack of sensitive measures of cog-
nitive development at this age has previously given rise to the description of this as the “dark
ages” of cognitive development [55, 56]. Furthermore, the assessments typically undertaken at
this age are developmental assessments that show only moderate correlation with later IQ [54,
57]. Given the association between EF and later development, the construction of an age-
appropriate EF assessment battery for 2-year-olds would be valuable as it would allow early
detection of difficulties in time for targeted early intervention. Simplification of EF assessment
to allow a single measure of EF has practical advantages [58]. However, assessment of separate
EFs at an early age has the potential to provide a useful diagnostic approach to understanding
behavior if a preschooler is struggling to respond in an age-appropriate fashion. This
approach, more than a summary score for EF or cognitive flexibility, can provide information
on skill-specific interventions.

Understanding EF in context

EF assessments should ideally be developmentally appropriate, assess individual components
of EFs separately, and allow for a range of abilities without floor or ceiling effects. They should
also have ecological and ethological (meaningful) validity [59]. However, it needs to be under-
stood that task performance in quantitative assessment of EF is likely to depend on multiple
cognitive factors. Examples of this would be the language skills required to understand or
respond to verbal instructions and other EF skills such as the attention and inhibition required
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to prevent distractions and, say, allow updating of working memory. Increasingly EF assess-
ments have employed tasks which focus on singular EF constructs derived from experimental
psychology [9, 60] and age appropriate measures have allowed assessment of EF processes
even within the first year after birth [10]. The interrelated nature of EF assessments and the
reliance on language suggests that whilst simplified tasks may focus primarily on a single EF it
is unlikely that assessment tasks can be developed for a single EF [2].

Neurodevelopmental outcome needs to be understood in the context of mediating factors
such as family SES and the factors associated with this. There are many different measures of
SES and it is uncertain which are the most appropriate measures for use in developmental
studies, with logistical aspects of data collection, validity and comparability all issues that
need to be considered [61, 62]. Poor EF outcomes are associated with social disadvantage in
2-year-olds where social disadvantage was a composite of education, employment, income,
neighborhood and housing [56] and with low maternal education in 4-year-olds [63]. Low
socioeconomic status has been associated with poorer infant and early childhood working
memory [64, 65] and cognitive control in 10 to 13 year olds [66]. Preschool EF tasks contrib-
uting to the understanding of the association between SES and EF have previously been
reported [67] but not for children as young as 2 years. We therefore developed a battery of
EF assessment tasks, each designed to assess a single EF, which were quick, engaging and
appropriate for use with 2-year-olds [9]. This battery was used to assess EF in a large group
of toddlers born at risk of neonatal hypoglycemia and for whom we collected comprehensive
SES data. The purpose of this report is to: (a) provide a description of this battery (b) report
the results of its use in a clinical population and (c) report the impact of family SES on
assessed EF at 2 years (d) provide suggestions as to how this battery may be further developed
for use in preschool populations.

Methods
Sample

Children were born at the same New Zealand hospital between November 2008 and November
2010. Infants at birth were recruited due to their risk of neonatal hypoglycemia (infant of a dia-
betic mother (IDM), large (> 9ot percentile or > 4500g), small (<10t percentile or < 2500g),
pre-term (35 - < 37 completed weeks gestation), other (sepsis, poor feeding) and had been
recruited into a randomized trial of dextrose gel for treatment of neonatal hypoglycemia (Fig
1) [68].

Procedure

Children attended for assessment with their primary caregiver at 24 + 1 months at our research
facility or a local clinic. Home assessments were conducted if no other options were practicable
(n = 16). Assessments were conducted by one of five assessors, blinded to neonatal health sta-
tus and trained to reliability, defined as being able to perform an assessment in accordance
with the protocol, with a high degree of inter-rater reliability, as determined by video review
by an experienced trainer (TAW).

The assessment took approximately 3 hours, including breaks as needed. It included the
Bayley Scales of Infant and Toddler Development- 3™ edition (Bayley III) [69], the EF battery
that consisted of 4 EF tasks, an assessment of vision and global motion perception (30-45 min-
utes) and a pediatric examination (15-20 minutes). The order of assessment tasks varied for
logistical reasons related to availability of the assessors. EF assessment occurred either in the
first half of the assessment (First) after the Bayley III assessment, or at the end of the assess-
ment (Last) following all other assessments.
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Fig 1. CHYLD study STROBE flow chart.
https://doi.org/10.1371/journal.pone.0188158.9001

Written consent was obtained from a parent or legal guardian prior to each assessment.
Ethical approval was gained from Northern Y Health and Disability Ethics Committee (NTY/
10/03/021).

Measures

Each child’s primary care-giver completed questionnaires including home address, household
income, level of educational attainment and health. Home address was used to obtain New
Zealand Deprivation Index (NZDep) decile rating for each family. This measure uses census
data to create small population group deprivation scores based on income, housing measures,
employment and access to transport and communication. Nationwide, these scores are
assigned to a decile rating with one indicating least and ten, most, deprived, so a low decile rat-
ing indicates high SES [70, 71]. Ratings are updated with each census and the iteration we used
was based on 2006 data (NZDep2006).

Executive function tasks. These were based on previously reported assessments [72-75]
modified for portability and increased toddler appeal (Table 1). The four tasks were offered in
a standard order and a standardised script was used (S1 Appendix). Each began with a training
task to familiarise the child with the task and to assess language competence. Failed trials were
coded for the reason for failure, such as insufficient language or behavior problems, including
refusal.
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Table 1. Assessed EF tasks in order of presentation, showing domains assessed and scoring.

Task Task EF Domain Assessment Overview Equipment Maximum
order Score
1 Snack Delay Inhibition Assesses child’s ability to inhibit a prepotent Small mat, clear plastic cup, food 8
(Kochanska et al., response. Here the prepotent response is to treats, stopwatch, hand bell
2000) retrieve the treat, without waiting as instructed.

2 Fruit Stroop Attention,
(Kochanska et al., inhibition
2000)

3 Ducks—Reverse Working
Categorization (Carlson | memory,
etal., 2004) cognitive

flexibility

4 Multisearch Working
Multilocation (Zelazo memory,
etal.,, 1998) cognitive

flexibility
Total

https://doi.org/10.1371/journal.pone.0188158.t001

Success = waiting for a minimum of 5 seconds
and until the bell is rung before touching the

treat.

Assesses child’s ability to attend to the task of | Fruit Stroop cards: 1. Cards of big 6
finding each little fruit and to inhibit their and little apple, orange, banana; 2.

previous response, which was to point to each | Cards of big fruit with different little

big fruit. Success = able to inhibit prepotent fruit embedded

response and point to 1 or more little fruit.

Assesses child’s ability to update a previously | Two children’s plastic buckets (1 big, 12
learnt sorting rule and actively maintain the 1 little); 3 little plastic ducks; 3 big

new (reversed) rule. Success = reaching the plastic ducks
criterion and correctly reverse sorting 3 or more
ducks

Assesses child’s ability to update a previously | Three drawer equipment; food treats; 9
learnt location and maintain it for a short delay. | stopwatch

Success = correctly locating treat on first

attempt after location switch

35

Snack Delay. A treat was placed on the mat underneath an upturned cup and the child
was encouraged to retrieve it. If the criterion of two successful training trials was met, the task
instruction of waiting for the bell to be rung before retrieving the sweet was explained. This
instruction was repeated between trials. The delay imposed increased with each trial (5, 15, 30
and 45 seconds’ delay).

Possible outcomes.

1. Full wait: Waiting until the bell is rung before retrieving treat
2. Partial wait: Lifting or touching glass, but not treat, prior to bell being rung
3. Failed trial: Retrieving treat or ringing bell prior to bell being rung by assessor

The assessment continued until all four trials were completed or until the first failed trial. Two
points were given for each full wait and 1 point for each partial wait, giving a maximum score
of 8. If failure occurred on the first trial this was recorded as 0 seconds.

Fruit Stroop. The child was shown two series of pictures of an apple, orange and banana,
one large and one small, and then asked to point to each large picture as it was named to check
for language comprehension. Feedback was provided for both correct and incorrect responses.
The child was then shown pictures of three small fruit (orange, apple and banana) each embed-
ded in a picture of a different fruit (e.g. banana embedded in a picture of an orange) and asked
to point to each of the named little fruit in turn, with no feedback given.

Two points were given for each correct response and 1 point if the child pointed to the big,
rather than little, version of the fruit, giving a maximum of 6 points.

Reverse categorization (Ducks). The child was taught to put the big toy duck in the big
bucket and the little toy duck in the little bucket. Understanding of the rules was checked and
feedback given.

The child was then shown an assortment of 3 large and 3 small ducks and asked to put each
duck in the correct bucket. If the child correctly sorted at least 5 ducks, reverse categorization
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was introduced as a “silly game” in which the child was told that the big ducks were to be put
into the little bucket and the little ducks should be put in the big bucket. Understanding of the
new rules was checked and feedback given. The child was then shown an assortment of 3 big
and 3 little ducks and asked to put the little duck in the big bucket and the big duck in the little
bucket. One point was awarded for each duck correctly sorted in each part of the assessment,
giving a maximum of 12 points.

Multisearch Multilocation. The treat was placed in the middle of three drawers, to which
a black diamond shape was attached. The black felt cover was put over the drawers, the asses-
sor told the child there was a treat, demonstrated lifting the black felt, and encouraged the
child to open the drawer to retrieve the treat. The criterion to proceed to the pre-switch trials
was that after three training trials the child was able to retrieve the treat without assistance.

Following training, the black diamond shape was removed and three different shapes were
attached in a standard order: a yellow circle, blue triangle and green square. In the first set of
trials (pre-switch) the food treat was always hidden in the middle ‘blue triangle’ drawer. The
child watched the treat being ‘hidden’ and was encouraged to retrieve it.

A successful trial was recorded if the child found the treat on their first attempt. If the child
opened an incorrect drawer the equipment was withdrawn and a failed trial was recorded. The
correct drawer was then opened to reveal the treat and the instructions were repeated. Pre-
switch trials continued until the child achieved three consecutive correct trials, (the criterion
for progressing to the post-switch phase), or until six trials were attempted. Failure to respond
after 30 seconds was a failed trial.

The post-switch phase was introduced as a “silly game” and the child was encouraged to
watch as the food treat was hidden in the end ‘green square’ drawer. A 10 second delay was
imposed before the child was presented with the drawers and encouraged to find the treat.

Possible outcomes.

1. Post-switch success: retrieving the treat at the green square drawer
2. Perseverative error: unsuccessfully searching at the blue diamond
3. Non-perseverative error: unsuccessfully searching at the yellow circle

Trials continued until the child had correctly searched on two consecutive trials, or until eight
trials had been attempted. Scores for pre-switch searching ranged from 1 to 3 (1 point for each
correct response) and post-switch searching from 1 to 6 (reverse scored with 6 awarded for the
first two searches both being correct, with score decreasing with number of attempts), giving a
maximum score of 9.

EF total score. Scores on each assessed EF task were summed to give an EF total score,
with a possible maximum of 35.

Analysis

The Snack Delay, Fruit Stroop and Ducks assessments had right skewed distributions, and Mul-
tisearch Multilocation a left skewed distribution (Fig 2), which resulted in an approximately
normal distribution for the EF Total score (Fig 3), with a small peak at 0. Results are reported as
mean (SD) rather than median (95% CI) to allow for easier comparison with other reports.

To determine the proportion of children who successfully completed each level of the indi-
vidual tasks, children were allocated to groups based on the highest level they achieved on each
task. For Snack Delay, the four groups were 0 seconds (failure), 5, 15, > 30seconds. For Fruit
Stroop, the three groups were the total number of correct small fruit identifications made. For
Ducks the four groups were < 5 ducks correctly sorted, 5-6 ducks correctly sorted, 1-2 ducks

PLOS ONE | https://doi.org/10.1371/journal.pone.0188158 November 22, 2017 7/23


https://doi.org/10.1371/journal.pone.0188158

o @
@ : PLOS | ONE Executive function assessment in 2-year-olds

SNACK DELAY MULTISEARCH
© 120 120
8
< 90 90
g M Before M After B seiore W After
. 60 60
S
é 30 30
>
zZ
0 0 | ||
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8 9

FRUIT STROOP DUCKS & BUCKETS
o 120 120
%
§ %0 B Before M After M Before W After
(0]
5 60 60
o
g 30 30
>
=z 0 0

0 1 2 3 4 5 6 o 1 2 3 4 5 6 7 8 9 10 11 12

Fig 2. Distributions of those children who were tested at the beginning of the assessment and those children who were tested at the end of
the assessment period. Higher scores are associated with better performance.

https://doi.org/10.1371/journal.pone.0188158.9002

correctly reverse sorted, and >3 ducks correctly reverse sorted. For Multisearch Multilocation
the two groups were pre-switch success and post-switch success. Chi-square analyses were
used to compare groups and results are presented as success rates (n, % of cohort). Task suc-
cess was defined as performing the minimum required to demonstrate the EF (Table 1). Con-
tinuous data (task scores) were compared between groups using Independent samples Mann-
35 1
30
25

20

15

Number

10
5

0
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

EF Total Score
Fig 3. Distribution of the executive function total task score.
https://doi.org/10.1371/journal.pone.0188158.9003
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Whitney U for dichotomous variables; and Kruskal-Wallis (1-way ANOVA, k samples) for
multiple variables using pairwise comparisons with Bonferonni corrections for multiple
comparisons.

Data pertaining to SES were recoded to reduce the number of categories and create a more
even spread between categories. Household income was grouped as: High > $70,000, Medium
=$70,000 - $40,000, Low < $40,000. NZDep2006 deciles were grouped as: High: Deciles 1-3,
Medium: Deciles 4-6, Low: Deciles 7-10. Parent reported highest education level was grouped
as: High: University education, Medium: Post-secondary training such as trade certificate or
Polytechnic, Low: Secondary education or less.

Results

Maternal and infant characteristics of the sample are provided in Table 2. From the neonatal
cohort of 528 children, 404 (77%) were recruited to this follow-up study. Of these, EF data

Table 2. Maternal and infant characteristics of participants.

Maternal & Infant characteristics N N (%) or Mean (SD)
Maternal characteristics

Maternal Age 368 29.9 (6.3)
Maternal Education 344

High school/secondary school or less (low) 111 (32.3)
Post high school training (medium) 109 (31.7)
University education (high) 124 (33.7)
Socioeconomic status

Deprivation Index 364

Deciles 1-3 (High SES) 61 (16.8)
Deciles 4-6 (Medium SES) 120 (33.0)
Deciles 7-10 (Low SES) 183 (50.3)
Yearly household income 299

<$40,000 112 (37.5)
$40,001 - $70,000 86 (23.4)
>$70,001 101 (27.4)
Maternal substance use during pregnancy 359

Tobacco 96 (26.1)
Alcohol 32(8.7)
Marijuana 38 (10.3)
Infant Characteristics

Male 368 193 (52.4)
Gestation (wk) 37.72 (1.63)
Primary risk factor

Infant of diabetic mother 147 (39.9)
Preterm: <37 completed weeks 124 (33.7)
Small: <10" percentile or <2500 gms 50 (13.6)
Large: >90™ percentile or 4500 gms 36 (9.8)
Other 11 (3.0)
Neonatal hypoglycaemia 193 (52.4)
Hospitalised for iliness (birth-24 months) 346 108 (29.3)
Attending day care 311 160 (43.5)
EF examined first 192 (52.2)

N = 368 unless otherwise specified

https://doi.org/10.1371/journal.pone.0188158.t1002
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were available for 368 (91.1%) of those followed up, of whom 193 (52.4%) were boys. Within
this group, 193 (52.4%) had experienced neonatal hypoglycemia (at least one blood glucose
concentration <2.6 mmol/L). No neonatal seizures were recorded. The mean (SD) gestational
age was 37.7 (1.6) weeks and birth weight 3123 (840) grams. The most common risk factor was
infant of a diabetic mother (147 children, 40.0%) with 124 (33.7%) late preterm, 50 (13.6%)
small, 36 (9.8%) large and 11 (3%) other. Infant ethnicity identified by the primary caregiver
were: New Zealand European 181 (50.8%), Maori 132 (37.1%), Pacific Islands 18 (5.1%),
Asian and other 25 (7.0%). There was a higher proportion of children from low than from
medium or high SES families, with 64 (16.8%) in the high group, 120 (34%) in the medium
group and 183 (50.3%) in the low group. Household income data were available for 304
(82.6%), NZDep2006 for 364 (98.9%) and maternal education for 352 (95.7%).

Infant characteristics and EF

EF scores did not differ between those children who had neonatal hypoglycemia and those
who did not (McKinlay et al., 2015). There were also no differences between those infants
born to diabetic mothers compared to those who were not, or for any of the other risk factors
(born small, large or preterm). No differences were found between children who attended day
care compared to those who did not. A significantly lower Total Task score was found between
children who were hospitalized and those who were not during the period from birth to the
2-year assessment (p = 0.017). Significantly different scores were also found for ethnicity with
children identified as New Zealand European performing significantly better than Maori

(p = 0.008), Pacific Islands (p = 0.048) and Asian and Other (p = 0.016).

EF and behavior

Data on the order of assessment were available for 366 (99.5%) children. Similar numbers of
children were tested first (N = 192) and last (N = 174). When the EF assessment was conducted
last, approximately three times as many children (11, 6.3% vs 3, 1.6% for those tested first)
were excluded for behavioral reasons from the Snack Delay (p = 0.018) and Multisearch Multi-
location tasks (p = 0.008), but there was no relationship between timing of assessment and
behavioral exclusions from the Fruit Stroop or Ducks tasks (Table 3). Children whose EF
assessment was conducted last had lower scores on the Ducks task (p = 0.004) and EF Total
score (p = 0.013), but similar scores for all other tasks.

There was a significant interaction between sex and assessment order for Multisearch Mul-
tilocation, with boys, but not girls, whose assessment was conducted last having lower scores
(p =0.014).

The EF assessment took approximately 15 minutes and children engaged readily and
appeared to enjoy the process.

Snack Delay. Nearly two-thirds of children (228, 62.0%) were unable to inhibit their pre-
potent response and failed the first test condition (0 second), with 12 of these for behavioral
reasons (Table 3). Success decreased with increased delay. Girls had a higher overall success
rate than boys (p = 0.027), although there was no significant difference in mean Snack Delay
score between girls and boys.

Fruit Stroop. More than half of children (206, 56.0%) failed to inhibit their prepotent
response and attend sufficiently to identify any of the small fruit, with 76 (20.7%) children fail-
ing for behavioral reasons (Table 3). The little apple was the fruit most frequently correctly
identified (80 (21.7%) children). There were no differences between girls and boys for success
rates or Fruit Stroop score.
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Table 3. Behavioral failures and EF task scores for children whose EF assessment was conducted in the first half of the assessment or last.

Failed for behavior Task Score
First Last First Last
Cohortn 192 174
Girls n 87 86
Boysn 105 88
Snack Delay
Cohort 3(1.6) 11 (6.3)* 1.4(2.2) 1.3(2.3)
Girls 2(2.3) 5(5.8) 1.7 (2.4) 1.4 (2.3)
Boys 1(1.0) 6(6.8) 1.2(2.1) 1.3(2.3)
Fruit Stroop
Cohort 37 (19.3) 44 (25.3) 2.2(1.9) 1.9 (2.0)
Girls 15(17.2) 24 (27.9) 2.4(1.9) 1.8(1.9)
Boys 22 (21.0) 20 (22.7) 2.0(1.9) 2.1(2.1)
Ducks
Cohort 33(17.2) 39 (22.4) 3.3(2.6) 2.5(2.1)%**
Girls 10(11.5) 16 (18.6) 3.7 (2.6) 2.8(2.0)
Boys 23(21.9) 23 (26.1) 3.0 (2.5) 2.3(2.2)
MSML
Cohort 6 (3.4) 16(11.0)** 8.4(1.1) 8.4(1.3)
Girls 4(4.7) 7 (9.5) 8.3(1.4) 8.6 (0.9)"
Boys 2(2.2) 9(12.5) 8.5(0.8) 8.0 (2.1)
EF Total
Cohort 14.7 (5.6) 13.0(6.6)*
Girls 15.1(6.0) 13.8 (6.0)
Boys 14.3(5.3) 12.2(7.1)

Data are N (%) who failed the task for behavior and mean (SD) for Task score;
*p<0.05, **p<0.01, *** p<.001 for comparison with first assessment;

I p<0.05 for interaction between sex and assessment order;

MSML = Multisearch Multilocation

https://doi.org/10.1371/journal.pone.0188158.t003

Ducks/Reverse categorization. Most children (315, 85.6%) correctly sorted some ducks
although few (53, 14.4%) reached the criterion for the reverse categorization task by correctly
sorting five or six ducks (Table 3). Of those who attempted reverse categorization, 20 (37.7%;
or 5.4% of total cohort) correctly reverse sorted 1 or 2 ducks and 11 (20.8%; or 3.0% of total
cohort) 3 or more. At the categorization task stage 61 (16.6%) and at the reverse task stage 7
(1.9%) children failed for behavioral reasons. Success rates were similar in girls and boys,
although girls had a higher Ducks score than boys (p = 0.022).

Multisearch Multilocation

Most children (312, 84.8%) were able to complete the pre-switch task, which was the criterion
for progressing to the Post-switch task (Table 3), although 23 (6.3%) children failed for behav-
ioral reasons. More than half (216, 58.7%) of the cohort achieved success on the first Post-
switch trial. Of those who failed at this stage, 108 (29.3%) made a perseverative error and 2
(0.6%) a non-perseverative error. There were no significant differences between girls and boys
in Multisearch Multilocation success or score.
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EF total score

Fifteen children (4.1%) had a total score of 0. The EF total score did not differ significantly
between girls and boys.

Success rates

The four tasks had a range of success rates (Table 4). Multisearch Multilocation had the highest
success rate (58.7%) and Ducks/Reverse Categorization the lowest (3%) with similar rates for
Snack Delay (38%) and Fruit Stroop (44%).

EF and socioeconomic status. Children from low income households had lower scores
on all four EF tasks and lower EF Total score than those from high income households. They
also had significantly lower scores than children from medium income households on Fruit
Stroop, Snack Delay and the Total EF Score (Table 5).

Table 4. Success rates and total scores for executive function tasks for total cohort, girls and boys.

Assessment Total Girls Boys

N =368 N=175 N =193
Snack Delay
Os failure 228 (62.0) 99 (56.6)" 129 (66.8)
5s success 72 (19.6) 44 (25.1) 28 (14.5)
15s success 30 (8.2) 11 (6.3) 19(9.8)
> 30s success 38(10.3) 21 (12.0) 17 (8.8)
Snack Delay Score 1.4 (2.3) 1.5(2.3) 1.2(2.2)
Task success 140 (38.0)
Fruit Stroop
0 correct 206 (56.0) 101 (57.7) 105 (54.4)
1 correct 104 (28.3) 47 (26.9) 57 (29.5)
2 correct 37 (10.1) 18 (10.3) 19 (9.8)
3 correct 21(5.7) 9(5.1) 12 (6.2)
Fruit Stroop score 2.1(2.0) 2.1(1.9) 2.1(2.0)
Task success 162 (44.0)
Ducks
<5 categorized 315 (85.6) 147 (84.0) 168 (87.1)
5-6 categorized 22 (6.0) 10(5.7) 12(6.2)
1-2 reverse 20(5.4) 13 (7.4) 7 (3.6)
> 3reverse 11 (3.0) 5(2.9) 6(3.1)
Ducks score 2.9 (2.4) 3.2 (2.4t 2.7 (2.4)
Task success 11 (3.0)
MSML
Pre-switch success 312 (84.8) 151 (86.3) 161 (83.4)
Post-switch success 216 (58.7) 109 (62.3) 107 (55.4)
MSML score 8.4(1.2) 8.4(1.2) 8.4(1.2)
Task success 216 (58.7)
EF Total Score 14.0 (6.1) 14.5 (6.0) 13.4 (6.2)

Data are n (%) or mean (SD).
p<0.05 and tTp<.01 for difference between girls and boys.
MSML = Multisearch Multilocation. See text for definitions of task success.

https://doi.org/10.1371/journal.pone.0188158.t1004
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Table 5. Executive function scores for the cohort and girls and boys for high, medium and low groups of household income, neighbourhood dep-
rivation and maternal education.

Household income at 2 year NZDep2006 at 2 year assessment Maternal Education
assessment
High Medium Low High Medium Low High Medium Low
CohortN 101 86 112 61 120 183 112 113 126
Girls N 51 49 49 27 64 83 52 59 55
Boys N 50 38 66 34 56 100 60 54 71
Snack Delay Cohort 1.9 1.8 1.0 3® 1.8 1.8 1.0°° 1.7 1.3 1.2
(2.7) (2.3) (1.9) (2.7) (2.5) (1.9) (2.5) (2.1) 2.1)
Girls 1.9 2.2t 0.92 2.3 1.7 1.1 2.2 1.3 1.4
(2.7) (2.5) (1.8) (3.0) (2.6) (1.8) (2.7) (2.2) (2.2)
Boys 1.8 1.2 1.0 1.4 1.9 0.9 1.3 1.2 1.1
(2.7 (1.9) (2.0) (2.5) (2.3) (2.0 (2.2) (2.1) (2.0
Fruit Stroop Cohort 2.6 2.4 1,7 3abb 25 2.3 1.8 2.2 2.3 1.8
(2.0 (1.9) (2.0) (2.1) (2.0 (1.9) (2.0 (2.0) (2.0)
Girls 25 2.6 1.5% 2.8 2.3 172 2.3 2.3 1.9
(2.0 (1.9) (1.8) (2.1) (1.9) (1.9) (1.9) (2.0) (2.0)
Boys 2.7 2.2 1.8 2.2 2.3 1.9 2.1 2.4 1.8
(2.0 (1.9) (2.1) 2.1) 2.1) (1.9) (2.1) (1.9) (2.0
Ducks Cohort 3.9 3.1 2433 3.2 3.3 2.7 3.4 3.2 2,530
(2.8) (2.3) (2.0) (2.6) (2.3) (2.4) 2.7 (2.5) (2.0
Girls 41 3.4 263 3.6 35 3.0 3.8 3.6 2.7%
(2.5) (2.5) (2.0) (2.3) (2.2) (2.5) (2.3) (2.6) 2.1)
Boys 3.6 2.6 232 2.9 3.0 2.5 3.0 2.8 2.3
(3.2) (2.1) (2.0) (2.8) (2.4) (2.3) (3.0) (2.3) (1.9)
MSML Cohort 8.4 8.6 7.9 0P 8.3 8.6 8.2> 8.4 8.5 8.2
(1.0 (0.9) (2.1) (1.7) (0.9) (1.5) (1.3) (0.9) (1.6)
Girls 8.5 8.6 8.0 8.2 8.7 8.3 8.5 8.6 8.4
(0.9) (1.1) (1.8) (2.2) (0.9)f (1.0 (1.1) (0.7) (1.2)
Boys 8.3 8.7 7.7° 8.3 8.4 8.1 8.3 8.6 8.2
(1.1) (0.6) (2.2) (1.5) (1.2) (1.8) (1.3) (0.7) (1.8)
EF Total Cohort 15.6 15.0 11, 73aabbb 14.5 15.2 12,5500 14.6 14.2 12.52
(6.2) (6.0) (5.9) (7.1) (5.4) (5.9) (6.4) (5.8) (5.9)
Girls 15.6 16.3 11.gaabbb 15.1 15.6 13.0° 15.9 14.6 13.0
(6.4) (5.9) (4.9) (7.5) (5.2) (5.7) (5.7) (6.2) (6.1)
Boys 15.7 13.3 11.62 13.9 14.7 12.1° 13.4 13.7 12.1
(6.1) (5.6) (6.5) (6.8) (5.5) (6.0) (6.8) (5.4) (5.8)

Data are Mean (SD);

Tp<0.05; T1p<0.01 for comparison between sexes;

8p<0.05; #¥p<0.01; *p<0.001 for comparison with High groups;

bp<0.05; PPp<0.01; °*Pp<0.001 for comparison with Medium and Low groups;

Household income: High = > $70,001/year; Medium = $40,000 - $70,000/year; Low = < $40,000/year;

NZDep2006; High = deciles 1, 2, 3; Medium = deciles 4, 5, 6; Low = deciles 7, 8, 9, 10;

Maternal Education: High = University education; Medium = Post-secondary training such as Polytechnic or trade certificate; Low = Up to completion of
secondary (high) school.

https://doi.org/10.1371/journal.pone.0188158.t005
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Table 6. Relationships between assessed executive function task scores.

Snack Delay Fruit Stroop Ducks Multisearch Multilocation
Snack Delay R?=0.040 R%=0.077 R2=0.003
- B =0.229%** B=0.262%** B=0.103
[0.113,0.344] [0.169, 0.355] [-0.094, 0.299]
Fruit Stroop - R?=0.064 R?=0.0001
B =0.209%** B=0.017
[0.127,0.291] [-0.151, 0.185]
Ducks R?=0.004
- B=0.111
[-0.095, 0.317]

Multisearch Multilocation

Data are R?, B [95%Cl];
*%%p<0.001

https://doi.org/10.1371/journal.pone.0188158.t1006

Children from families in the low SES group, as measured by NZDep2006, had lower Snack
Delay Scores, MSML scores and EF Total scores than those from families in the medium
NZDep2006 group.

A low level of maternal education was also associated with lower EF scores, with the low
maternal education group having significantly lower scores on Ducks and EF Total.

There were no significant interactions between sex and household income, NZDep2006 at
birth or 2 years or parent education for any of the scores.

Relationships between EF measures

The Snack Delay, Fruit Stroop and Ducks scores were each significantly correlated with the
other task scores, but only accounted for a small amount of their variation (4-8%). Scores on
the Multisearch Multilocation task were not correlated with scores on any of the other tasks
(Table 6), and nor were scores on the Post-switch task. Cronbach’s alpha for all four tasks was
0.429, and omitting the Multisearch Multilocation task was 0.491.

Scores of individual children showed little consistency across tasks, as illustrated by chil-
dren on each level of Snack Delay being represented at all levels of success in the other three
tasks (Fig 4). However, approximately half of the children who achieved level 2 success on
Snack Delay, indicating a good level of inhibitory control, also achieved level 2 success on
Ducks, and very few of them were represented at level 0 for Multisearch Multilocation.

Discussion

At the beginning of our study there were few reports of EF assessments for 2-year-olds. We
used these early reports as a guide to assemble a developmentally appropriate and practical EF
assessment battery [9, 72, 74, 75]. This was intended to include the principle components of
preschool EF: attention, inhibition, working memory and cognitive flexibility; and to provide
a range of difficulties and distribution of scores within each task while avoiding floor and ceil-
ing effects. The success rates for the four tasks replicated the order of EF task difficulty previ-
ously reported by Carlson for a group of 118 2-year-olds (2005), providing confidence in the
reliability of this assessment at this age. Furthermore, the differences described in response to
differences in SES follow a pattern that would be expected based on results for older children
[66, 76]. This large study demonstrates that it is possible to directly assess EF in 2-year-olds
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SNACK DELAY FRUIT STROOP
300 300
225 225
150 150
75 75
0 0
Hmo W1 Mm2 0 1 2
DUCKS & BUCKETS MULTISEARCH
300 300
225 225
150 150
75 75
0 0
0 1 2 0 1 2

B Children who succeeded on Snack Delay at > 5 seconds (2)
B Children who succeeded on Snack Delay at 5 seconds (1)
B Children who failed on Snack Delay (0)

Fig 4. Distribution of results in all EF tasks showing the number of children who failed, succeeded

partially and succeeded fully in the Snack Delay task.
https://doi.org/10.1371/journal.pone.0188158.9004

and provides us with sufficient data to suggest amendments that would allow a wider use of
this assessment battery.

Emerging EF and other developmental domains including language and behavior are inter-
related, highlighting the difficulties of developing preschool EF measures with a single focus
[77]. The Ducks task, with the most complicated set of verbal instructions targets working
memory, which is limited at this stage of development. Therefore, the lower scores on this task
may be explained by differing levels of language ability in this age group or aspects of working
memory that include the ability to attend to instructions and hold them in short term memory.
Further development of this assessment could include simplifying the language and incorpo-
rating more modelling of behavior. The Ducks and Fruit Stroop tasks both required children
to know the words ‘big’ and ‘little’, and to have developed the concept of comparative size. The
Ducks categorization could be replaced by two groups of different toys, thereby removing the
size knowledge component. The importance of language development for the Fruit Stroop
task is also illustrated by the fact that while 28% of children correctly identified one little fruit,
most of these (22%) identified the apple, the most commonly available fruit in New Zealand.
Behavioral requirements were also important, and included attending sufficiently to the pic-
tures to focus on a subdominant visual feature, inhibiting a response to the dominant visual
feature, and responding as requested [74].
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A four-step Multisearch Multilocation task had been reported [75], but our pilot study indi-
cated that the motor demands were too great for many 2-year-olds, and we therefore used a
three-step process. However, scores for this task may be more normally distributed if it pro-
vided greater challenge such as by increasing the number of drawers, providing a second
switch phase or increasing the delay period [75].

Scores for the Snack Delay, Fruit Stroop and Ducks tasks were correlated with each other,
although this accounted for only a small amount of the variation in each score and the Cron-
bach’s alpha was low. Furthermore, success on a single task did not predict success in other
tasks. These findings suggest that the skills required were different for each task, and thus that
the tasks were measuring distinct skills, potentially allowing identification of separate EF prob-
lems. Our results are consistent with the view that the functions which compose EF are sepa-
rate but interrelated at 2 years and thus likely served by separate neural pathways which
differentiate with increasing age and cognitive development [2, 60].

The data we collected on the timing of each assessment and children’s affective responses
allowed us to understand a range of assessment factors that contribute to outcome. Children
who had their EF assessment last in the assessment session were more likely to fail the Snack
Delay and Multisearch Multilocation tasks for behavioral reasons, and also had lower scores
for Ducks, leading to lower EF Total scores than children whose EF assessment was in the first
half of the session. Behavior late in the session may have been influenced by tiredness and hun-
ger, especially since both Snack Delay and Multisearch Multilocation are ‘Hot’ or emotionally
charged rather than ‘Cool’ or abstract tasks [78]. Fruit Stroop and Ducks had the highest
behavioral fail rates but these were not higher in children whose EF assessment was last,
although scores for the Ducks task were lower for those children. This suggests that even for
children who were able to manage their behavior, the task became more demanding when late
in the assessment process. Our findings suggest that to achieve optimal assessment of 2-year-
olds, practical considerations such as language used, length of assessment, scheduling within
the assessment battery, and timing in relation to sleep times need to be included in planning.
Ideally, EF assessment would be conducted in a single separate session without other sched-
uled assessments.

Although, 14 children could not complete the EF battery (3 in the group tested first and 11
in the group tested last), the majority of the children engaged readily with the EF assessment
tasks, regardless of assessment order. Girls were more successful than boys in completing the
Snack Delay and Ducks tasks, indicating a greater ability to inhibit a prepotent response and
successfully employ working memory. This sex difference in inhibitory control and EF skills
has been previously reported for preschoolers [79]. However, we also found that boys’, but not
girls’, scores on the Multisearch Multilocation assessment of working memory were affected
by assessment order, suggesting that tiredness or test fatigue was more likely to influence per-
formance for boys. Nevertheless, there were no differences between boys and girls in the over-
all EF score, suggesting that this battery of tasks is appropriate for both sexes at this age [9],
although may require separate standardization for girls and boys.

Our results also indicate that assessed EF, with narrow focus on target behaviors, can iden-
tify both children with EF deficits such as lack of inhibitory control or poor working memory,
and those who have a high level of EF skills such as very good inhibitory control. We also iden-
tified a small group of children who scored no points on any of the four tasks. Overall, success
rates appear to be lower for all tasks than those previously reported by Carlson (2005) as EF
Task Difficulty. However, the cohort reported by Carlson was primarily “white and middle-
class” (p 598), unlike our cohort born at neonatal risk with a high proportion of low SES fami-
lies, further supporting the potential clinical usefulness of this battery of tasks in an at-risk
group. The increasing numbers of children surviving neonatal risk factors such as preterm
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birth and diabetic pregnancies suggests that these data may provide a comparator group for
future follow-up studies of at-risk newborns. They may also provide useful comparisons for
cohorts of 2 year olds from families of mixed and low SES.

Our data show that household income is a significant SES factor associated with EF devel-
opment in New Zealand children at 2 years, being more strongly and consistently associated
with EF scores than maternal education or neighborhood deprivation. This is an important
distinction as these variables are often used interchangeably in child development research.
Elsewhere, association between EF and social disadvantage, including neighbourhood descrip-
tors, has been found in children at 2 to 3 years of age [56] and between EF and maternal educa-
tion at early school age [80, 81], with reports differing as to whether household income or
maternal education is a stronger predictor of EF [62, 76]. Participant unwillingness to report
family income means a comparison between these measures can be difficult [62]. However, we
achieved an 82.6% reporting rate for household income and, although lower than the maternal
education reporting rate (95.7%), this provided us with a good level of confidence in our analy-
sis of SES. Elsewhere, neonatal risk and family SES were found to be separate but multiplicative
in their effect on developmental delay [82] suggesting that an understanding of both is impor-
tant to the understanding of developmental outcome in at-risk children.

Low SES has been associated with reduced success on the A-not-B task at 6-14 month olds
[65], impaired set-shifting and attention deficit hyperactivity disorder (ADHD) in 3-6 year
olds [83], and reduced problem-solving in 4-year-olds [82]. The three measures of SES we
assessed (household income, maternal education and New Zealand Deprivation Index) all
revealed poorer EF performance on some tasks for children from low SES families. However,
the association between SES and EF task score differed with different measures. Whereas all
task scores decreased with family income, only Snack Delay and EF Total score showed differ-
ences associated with NZDep2006 and only Ducks and EF Total score showed differences
associated with maternal education. At school age childhood poverty has been found to have a
greater effect on the development of neurocognitive systems underlying language, cognitive
control and working memory than other systems [66, 84]. Our findings are in agreement
with Hackman and Farah’s (2009) contention that different aspects of SES affect development
in different ways, and support the notion that a complete understanding of the association
between SES and development requires assessment of multiple measures [85].

The data reported here indicate that the EF assessment tasks we used are sensitive to socio-
economic factors, thereby providing support for their validity as age-appropriate assessments.
Ideally, these tasks would be standardized with a larger, representative and healthy population
of New Zealand children, as this would allow comparison of results between at-risk cohorts
such as ours and expected New Zealand preschool performance. International standardization
would provide an even greater usefulness in clinical and preschool settings. Further, it would
be ideal to determine the extent to which the skills assessed at 2 years predict EF skills at a later
age, and whether the separate scores or an EF composite measure are more predictive of later
EF and behavioral outcomes. Continued follow-up of this cohort will allow us to answer these
questions.

The main limitation of this study was a lack of a normative group of children for compari-
son. Furthermore, some assessments had to be carried out in the home, where uncontrollable
distractions for the child may potentially have affected the scores in this group. However, the
child tested in the home, a familiar environment, may also perform better for this reason, and
there were no systematic differences in scores between those assessed in our lab and those
assessed in the home.

There were also a number of strengths of this study, including the large sample size, narrow
age range and rigorously administered and evaluated assessments [86]. Importantly, the details
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of method have been accurately reported to allow others the opportunity to further develop
robust processes for EF assessment in the toddler years.

This current study contributes new information for early childhood educators and
researchers by presenting results from a large cohort of 2-year-olds and demonstrates the feasi-
bility of direct measurement of EF, even at this young age. We have presented our professional
reflections on these assessments in anticipation that the modifications suggested will further
enhance the specificity of the assessment tasks. The increasing numbers of babies surviving
complicated pregnancies [25-27] (Blencowe et al., 2012; Gerner & Baron, 2014; Green et al,,
2004) suggests attention needs to be paid to processes that may ameliorate the risk of long-
term poor neuropsychological, and hence educational, outcome in these children. Others have
reported that EF assessment tasks can successfully be conducted, with the results usefully com-
plementing parent report, for 3-5 year olds born either preterm or full-term [87]. However,
the assessment tasks described here have the potential to identify EF skills in children as young
as 2 years. They appear to measure distinct aspects of EF, independent of sex, and are only
modestly affected by language and behavioral issues. Importantly we showed that these EF
measures were sensitive to different measures of SES that are often used interchangeably in
child development studies. The modified battery of tasks presented here has the potential to
contribute much-needed knowledge of EF development in typically and atypically developing
children, a challenge thrown down by Carlson a decade ago [9, 29]. Early identification of EF
impairment as a result of health or socioeconomic risk using EF assessments may allow appro-
priate early childhood intervention for children in high risk groups who may otherwise be at a
developmental disadvantage [51, 52, 88]. The importance of EF in early childhood develop-
ment to later academic and behavioral outcomes underscores the need for an appropriate bat-
tery of direct assessment tasks such as described here.

Supporting information

S1 Appendix. Executive function assessment script and scoring schedule.
(DOCX)

Acknowledgments

Funding: This research was supported by grants from The Health Research Council of New
Zealand and Auckland Medical Research Foundation. The project described was supported by
Grant Number RO1IHD069622 from the Eunice Kennedy Shriver National Institute of Child
Health and Human Development. The content is solely the responsibility of the authors and
does not necessarily represent the official views of the Eunice Kennedy Shriver National Insti-
tute of Child Health and Human Development or the National Institutes of Health. The first
author is supported by a University of Auckland Doctoral Scholarship.

We wish to acknowledge the contribution of The Children with Hypoglycaemia and their
Later Development (CHYLD) Study team: Coila Bevan, Ellen Campbell, Jessica Charlton,
Kelly Fredell, Claire Hahnhaussen, Greg Gamble, Anna Gsell, Yannan Jiang, Kelly Jones, Sap-
phire Martin, Chris McKinlay, Grace McKnight, Christina McQuoid, Janine Paynter, Jenny
Rogers, Heather Stewart, Anna Timmings, Jess Wilson, Rebecca Young, from the Liggins
Institute, University of Auckland; Nicola Anstice, Jo Arthur, Susanne Bruder, Arijit Chakra-
borty, Robert Jacobs, Gill Matheson, Nabin Paudel, Tzu-Ying Yu, from the Department of
Optometry and Vision Science, University of Auckland. Max Berry, Arun Nair, Ailsa Tuck,
Alexandra Wallace, Claire West, Phil Weston from the Department of Paediatrics, Waikato
Hospital, Hamilton, New Zealand. The CHYLD Steering Group: Jane Alsweiler, Department

PLOS ONE | https://doi.org/10.1371/journal.pone.0188158 November 22, 2017 18/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188158.s001
https://doi.org/10.1371/journal.pone.0188158

@° PLOS | ONE

Executive function assessment in 2-year-olds

of Paediatrics; Child and Youth Health, University of Auckland, J. Geoffery Chase, Depart-
ment of Engineering, University of Canterbury, Jane Harding, Liggins Institute, University of
Auckland, Deborah Harris, Newborn Intensive Care Unit, Waikato District Health Board, Ben
Thompson, Department of Optometry and Vision Science, University of Auckland, Trecia
Wouldes, Department of Psychological Medicine, University of Auckland, Auckland, New
Zealand. International Advisory Group: Heidi Feldman, Stanford University School of Medi-
cine, USA; William Hay, University of Colorado School of Medicine, USA; Darrell Wilson,
Stanford University School of Medicine, USA; Robert Hess, McGill Vision Research Unit,
Department of Ophthalmology, McGill University, USA.

Author Contributions

Conceptualization: Judith M. Ansell, Trecia A. Wouldes, Jane E. Harding.
Formal analysis: Judith M. Ansell, Trecia A. Wouldes, Jane E. Harding.
Funding acquisition: Jane E. Harding.

Investigation: Judith M. Ansell, Trecia A. Wouldes, Jane E. Harding.
Methodology: Judith M. Ansell, Trecia A. Wouldes, Jane E. Harding.

Project administration: Judith M. Ansell, Trecia A. Wouldes, Jane E. Harding.
Supervision: Trecia A. Wouldes, Jane E. Harding.

Validation: Judith M. Ansell, Trecia A. Wouldes, Jane E. Harding.
Visualization: Trecia A. Wouldes.

Writing - original draft: Judith M. Ansell.

Writing - review & editing: Judith M. Ansell, Trecia A. Wouldes, Jane E. Harding.

References

1. Blair C, Razza RP. Relating effortful control, executive function, and false belief understanding to
emerging math and literacy ability in kindergarten. Child Development. 2007; 78(2):647-63. https://doi.
org/10.1111/j.1467-8624.2007.01019.x PMID: 17381795

2. Anderson PJ. Assessment and development of executive function (EF) during childhood. Child Neuro-
psychology. 2002; 8(2):71-82. https://doi.org/10.1076/chin.8.2.71.8724 PMID: 12638061

3. Hughes C, Ensor R. Does executive function matter for preschoolers’ problem behaviors? Journal of
Abnormal Child Psychology. 2008; 36(1):1-14. https://doi.org/10.1007/s10802-007-9107-6 PMID:
17914667

4. Clark CAC, Pritchard VE, Woodward LJ, Garcia Coll C. Preschool executive functioning abilities predict
early mathematics achievement. Developmental Psychology. 2010; 46(5):1176-91. https://doi.org/10.
1037/a0019672 PMID: 20822231

5. BullR, Scerif G. Executive functioning as a predictor of children’s mathematics ability: Inhibition, switch-
ing, and working memory. Developmental Neuropsychology. 2001; 19(3):273-93. https://doi.org/10.
1207/S15326942DN1903_3 PMID: 11758669

6. Swanson HL, Jerman O. The influence of working memory on reading growth in subgroups of children
with reading disabilities. Journal of Experimental Child Psychology. 2007; 96(4):249-83. https://doi.org/
10.1016/j.jecp.2006.12.004 PMID: 17437762

7. Gathercole SE, Pickering SJ, Knight C, Stegmann Z. Working memory skills and educational attain-
ment: Evidence from national curriculum assessments at 7 and 14 years of age. Applied Cognitive Psy-
chology [Internet]. 2004; 18(1):1-16. Available from: hitp://dx.doi.org/10.1002/acp.934.

8. Willoughby MT, Wirth RJ, Blair CB, Greenberg M. The Measurement of Executive Function at Age 5:
Psychometric Properties and Relationship to Academic Achievement. Psychological Assessment.
2012; 24(1):226-39. https://doi.org/10.1037/20025361 PMID: 21966934

PLOS ONE | https://doi.org/10.1371/journal.pone.0188158 November 22, 2017 19/23


https://doi.org/10.1111/j.1467-8624.2007.01019.x
https://doi.org/10.1111/j.1467-8624.2007.01019.x
http://www.ncbi.nlm.nih.gov/pubmed/17381795
https://doi.org/10.1076/chin.8.2.71.8724
http://www.ncbi.nlm.nih.gov/pubmed/12638061
https://doi.org/10.1007/s10802-007-9107-6
http://www.ncbi.nlm.nih.gov/pubmed/17914667
https://doi.org/10.1037/a0019672
https://doi.org/10.1037/a0019672
http://www.ncbi.nlm.nih.gov/pubmed/20822231
https://doi.org/10.1207/S15326942DN1903_3
https://doi.org/10.1207/S15326942DN1903_3
http://www.ncbi.nlm.nih.gov/pubmed/11758669
https://doi.org/10.1016/j.jecp.2006.12.004
https://doi.org/10.1016/j.jecp.2006.12.004
http://www.ncbi.nlm.nih.gov/pubmed/17437762
http://dx.doi.org/10.1002/acp.934
https://doi.org/10.1037/a0025361
http://www.ncbi.nlm.nih.gov/pubmed/21966934
https://doi.org/10.1371/journal.pone.0188158

@° PLOS | ONE

Executive function assessment in 2-year-olds

10.
11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Carlson SM. Developmentally sensitive measures of executive function in preschool children. Develop-
mental Neuropsychology. 2005; 28(2):595-616. https://doi.org/10.1207/s15326942dn2802_3 PMID:
16144429

Diamond A. Executive functions. Annual Review of Psychology. 2013; 64(1):135-68.

Hughes C, Graham A. Executive functions and development. In: Reed J, Warner-Rogers J, editors.
Child neuropsychology: Concepts, theory, and practice. Chichester, United Kingdom: Wiley-Blackwell;
2008. p. 264-84.

Casey BJ, Giedd JN, Thomas KM. Structural and functional brain development and its relation to cogni-
tive development. Biological Psychology. 2000; 54(1-3):241-57. PMID: 11035225

Wiebe SA, Sheffield T, Nelson JM, Clark CAC, Chevalier N, Espy KA. The structure of executive func-
tion in 3-year-olds. Journal of Experimental Child Psychology. 2011; 108(3):436-52. https://doi.org/10.
1016/j.jecp.2010.08.008 PMID: 20884004

Kochanska G, Tjebkes TL, Forman DR. Children’s emerging regulation of conduct: Restraint, compli-
ance, and internalization from infancy to the second year. Child Development. 1998; 69(5):1378-89.
PMID: 9839422

Diamond A, Carlson SM, Beck DM. Preschool children’s performance in task switching on the dimen-
sional change card sort task: Separating the dimensions aids the ability to switch. Developmental Neu-
ropsychology. 2005; 28(2):689—-729. https://doi.org/10.1207/s15326942dn2802_7 PMID: 16144433

Espy KA, Kaufmann PM, McDiarmid MD, Glisky ML. Executive Functioning in Preschool Children: Per-
formance on A-Not-B and Other Delayed Response Format Tasks. Brain and Cognition. 1999; 41
(2):178-99. https://doi.org/10.1006/brcg.1999.1117 PMID: 10590818

Garcia C, Dick AS. Stuck in the moment: Cognitive inflexibility in preschoolers following an extended
time period [Original Research]. Front Psychol. 2013; 4.

Fuggetta GP. Impairment of executive functions in boys with attention deficit/hyperactivity disorder.
Child Neuropsychology. 2006; 12(1):1-21. https://doi.org/10.1080/09297040500203418 PMID:
16484099

Furman LM. Attention-deficit hyperactivity disorder (ADHD): Does new research support old concepts?
Journal of Child Neurology. 2008; 23(7):775-84. https://doi.org/10.1177/0883073808318059 PMID:
18658077

Goldberg M, Mostofsky SH, Cutting LE, Mahone EM, Astor BC, Denckla MB, et al. Subtle executive
impairment in children with autism and children with ADHD. Journal of Autism & Developmental Disor-
ders. 2005; 35(3):279-93.

Pennington BF, Ozonoff S. Executive functions and developmental psychopathology. Journal of Child
Psychology and Psychiatry. 1996; 37(1):51-87. PMID: 8655658

Fuglestad AJ, Whitley ML, Carlson SM, Boys CJ, Eckerle JK, Fink BA, et al. Executive functioning defi-
cits in preschool children with Fetal Alcohol Spectrum Disorders. Child Neuropsychology. 2014; 21
(6):716-31. https://doi.org/10.1080/09297049.2014.933792 PMID: 25011516

Espy KA, Senn TE, Charak DA, Tyler J, Wiebe SA. Perinatal pH and neuropsychological outcomes at
age 3 years in children born preterm: An exploratory study. Developmental Neuropsychology. 2007; 32
(2):669-82. https://doi.org/10.1080/87565640701376003 PMID: 17931124

Anderson PJ, Doyle LW, Victorian Infant Collaborative Study Group. Executive functioning in school-
aged children who were born very preterm or with extremely low birth weight in the 1990s. Pediatrics.
2004; 114(1):50-7. PMID: 15231907

Blencowe H, Cousens S, Oestergaard MZ, Chou D, Moller A-B, Narwal R, et al. National, regional, and
worldwide estimates of preterm birth rates in the year 2010 with time trends since 1990 for selected
countries: a systematic analysis and implications. The Lancet. 2012; 379(9832):2162-72.

Wild S, Roglic G, Green A, Sicree R, King H. Global prevalence of diabetes: estimates for the year 2000
and projections for 2030. Diabetes Care. 2004:1047-53. PMID: 15111519

Gerner G, Baron IS. Pregnancy complications and neuropsychological outcomes: A review. Child
Neuropsychology. 2014; 21(3):269-84. https://doi.org/10.1080/09297049.2014.910301 PMID:
24801883

van Wassenaer AG, Westera J, van Schie PEM, Houtzager BA, Cranendonk A, de Groot L, et al. Out-
come at 4.5 years of children born after expectant management of early-onset hypertensive disorders
of pregnancy. American Journal of Obstetrics & Gynecology. 2011; 204(6):510.e1-.e9.

Zelazo PD, Milller U. Chapter twenty two: Executive Function in Typical and Atypical Development. In:
Goswami U, editor. The Wiley-Blackwell Handbook of Childhood Cognitive Development: Second Edi-
tion Blackwell Publishing; 2011.

Overman WH, Bachevalier J, Schuhmann E, McDonough-Ryan P. Sexually dimorphic brain-behavior
development: A comparative perspective. In: Krasnegor NA, Lyon GR, editors. Development of the

PLOS ONE | https://doi.org/10.1371/journal.pone.0188158 November 22, 2017 20/23


https://doi.org/10.1207/s15326942dn2802_3
http://www.ncbi.nlm.nih.gov/pubmed/16144429
http://www.ncbi.nlm.nih.gov/pubmed/11035225
https://doi.org/10.1016/j.jecp.2010.08.008
https://doi.org/10.1016/j.jecp.2010.08.008
http://www.ncbi.nlm.nih.gov/pubmed/20884004
http://www.ncbi.nlm.nih.gov/pubmed/9839422
https://doi.org/10.1207/s15326942dn2802_7
http://www.ncbi.nlm.nih.gov/pubmed/16144433
https://doi.org/10.1006/brcg.1999.1117
http://www.ncbi.nlm.nih.gov/pubmed/10590818
https://doi.org/10.1080/09297040500203418
http://www.ncbi.nlm.nih.gov/pubmed/16484099
https://doi.org/10.1177/0883073808318059
http://www.ncbi.nlm.nih.gov/pubmed/18658077
http://www.ncbi.nlm.nih.gov/pubmed/8655658
https://doi.org/10.1080/09297049.2014.933792
http://www.ncbi.nlm.nih.gov/pubmed/25011516
https://doi.org/10.1080/87565640701376003
http://www.ncbi.nlm.nih.gov/pubmed/17931124
http://www.ncbi.nlm.nih.gov/pubmed/15231907
http://www.ncbi.nlm.nih.gov/pubmed/15111519
https://doi.org/10.1080/09297049.2014.910301
http://www.ncbi.nlm.nih.gov/pubmed/24801883
https://doi.org/10.1371/journal.pone.0188158

@° PLOS | ONE

Executive function assessment in 2-year-olds

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

prefrontal cortex: Evolution, neurobiology, and behavior. Baltimore, MD: Paul H. Brookes Publishing
Co.; 1997. p. 337-57.

Castellanos FX, Sonuga-Barke EJS, Milham MP, Tannock R. Characterizing cognition in ADHD:
beyond executive dysfunction. Trends in Cognitive Sciences. 2006; 10(3):117-23. https://doi.org/10.
1016/j.tics.2006.01.011 PMID: 16460990

Huijbregts SC, Warren AJ, de Sonneville LM, Swaab-Barneveld H. Hot and cool forms of inhibitory con-
trol and externalizing behavior in children of mothers who smoked during pregnancy: An exploratory
study. Journal of Abnormal Child Psychology. 2008; 36(3):323—-33. https://doi.org/10.1007/s10802-007-
9180-x PMID: 17924184

Cuevas K, Bell MA. Infant Attention and Early Childhood Executive Function. Child Development. 2013:
n/a—n/a.

Breckenridge K, Braddick O, Atkinson J. The organization of attention in typical development: A new
preschool attention test battery. British Journal of Developmental Psychology. 2013; 31(3):271-88.

Friedman NP, Miyake A. The relations among inhibition and interference control functions: A latent-vari-
able analysis. Journal of Experimental Psychology: General. 2004; 133(1):101-35.

Moffitt TE, Arsenault L, Belsky D, Dickson N, Hancox R, Harrington H, et al. A gradient of childhood
self-control predicts, health, wealth and public safety. Proceedings of the National Academy of Sciences
2011; 108(7):2693-8.

Roberts RJ, Pennington BF. An interactive framework for examining prefrontal cognitive processes.
Developmental Neuropsychology. 1996; 12(1):105-26.

Baddeley A. Working Memory: Looking back and forward. Nature Reviews: Neroscience. 2003; 4:829-39.

Baddeley A. Working Memory: Theories, models, and controversies. Annual Review of Psychology.
2012; 63(1):1-29.

Best JR, Miller PH. A developmental perspective on executive function. Child Development. 2010; 81
(6):1641-60. https://doi.org/10.1111/j.1467-8624.2010.01499.x PMID: 21077853

Bull R, Espy KA, Wiebe SA. Short-term memory, working memory, and executive functioning in pre-
schoolers: Longitudinal predictors of mathematical achievement at age 7 years. Developmental Neuro-
psychology. 2008; 33(3):205-28. https://doi.org/10.1080/87565640801982312 PMID: 18473197

Gathercole SE, Alloway TP, Willis C, Adams A-M. Working memory in children with reading disabilities.
Journal of Experimental Child Psychology. 2006; 93(3):265-81. https://doi.org/10.1016/j.jecp.2005.08.
003 PMID: 16293261

Brydges CR, Reid CL, Fox AM, Anderson M. A unitary executive function predicts intelligence in chil-
dren. Intelligence. 2012; 40:458—69.

Diamond A. Biological and social influences on cognitive control processes dependent on prefrontal cor-
tex. In: Braddick O, Atkinson J, Innocenti GM, editors. Progress in Brain Research 2011. p. 319-39.
https://doi.org/10.1016/B978-0-444-53884-0.00032-4 PMID: 21489397

Garon N, Bryson SE, Smith IM. Executive function in preschoolers: A review using an integrative frame-
work. Psychological Bulletin. 2008; 134(1):31-60. https://doi.org/10.1037/0033-2909.134.1.31 PMID:
18193994

Chevalier N, Wiebe SA, Huber KL, Espy KA. Switch detection in preschoolers’ cognitive flexibility. Jour-
nal of Experimental Child Psychology. 2011; 109(3):353-70. https://doi.org/10.1016/j.jecp.2011.01.006
PMID: 21353678

Clark CA, Sheffield TD, Chevalier N, Nelson JM, Wiebe SA, Espy KA. Charting early trajectories of
executive control with the shape school. Developmental Psychology. 2013; 49(8):1481-93. https://doi.
org/10.1037/a0030578 PMID: 23106846

Pozzetti T, Ometto A, Gangi S, Picciolini O, Presezzi G, Gardon L, et al. Emerging executive skills in
very preterm children at 2 years corrected age: A composite assessment. Child Neuropsychology.
2014; 20(2):145-61. https://doi.org/10.1080/09297049.2012.762759 PMID: 23360101

Diamond A, Barnett WS, Thomas J, Munro S. Preschool program improves cognitive control. Science.
2007; 318(5855):1387-8. https://doi.org/10.1126/science.1151148 PMID: 18048670

Healey DM, Halperin JM. Enhancing Neurobehavioral Gains with the Aid of Games and Exercise
(ENGAGE): Initial open trial of a novel early intervention fostering the development of preschoolers’
self-regulation. Child Neuropsychology. 2014; 21(4):465-80. https://doi.org/10.1080/09297049.2014.
906567 PMID: 24735230

Wass SV. Applying cognitive training to target executive functions during early development. Child Neu-
ropsychology. 2014; 21(2):150-66. https://doi.org/10.1080/09297049.2014.882888 PMID: 24511910

Olds DL, S L, K H. Programs for parents of infants and toddlers: recent evidence from randomized trials
[Article]. Journal of Child Psychology & Psychiatry. 2007; 48(3/4):355-91.

PLOS ONE | https://doi.org/10.1371/journal.pone.0188158 November 22, 2017 21/23


https://doi.org/10.1016/j.tics.2006.01.011
https://doi.org/10.1016/j.tics.2006.01.011
http://www.ncbi.nlm.nih.gov/pubmed/16460990
https://doi.org/10.1007/s10802-007-9180-x
https://doi.org/10.1007/s10802-007-9180-x
http://www.ncbi.nlm.nih.gov/pubmed/17924184
https://doi.org/10.1111/j.1467-8624.2010.01499.x
http://www.ncbi.nlm.nih.gov/pubmed/21077853
https://doi.org/10.1080/87565640801982312
http://www.ncbi.nlm.nih.gov/pubmed/18473197
https://doi.org/10.1016/j.jecp.2005.08.003
https://doi.org/10.1016/j.jecp.2005.08.003
http://www.ncbi.nlm.nih.gov/pubmed/16293261
https://doi.org/10.1016/B978-0-444-53884-0.00032-4
http://www.ncbi.nlm.nih.gov/pubmed/21489397
https://doi.org/10.1037/0033-2909.134.1.31
http://www.ncbi.nlm.nih.gov/pubmed/18193994
https://doi.org/10.1016/j.jecp.2011.01.006
http://www.ncbi.nlm.nih.gov/pubmed/21353678
https://doi.org/10.1037/a0030578
https://doi.org/10.1037/a0030578
http://www.ncbi.nlm.nih.gov/pubmed/23106846
https://doi.org/10.1080/09297049.2012.762759
http://www.ncbi.nlm.nih.gov/pubmed/23360101
https://doi.org/10.1126/science.1151148
http://www.ncbi.nlm.nih.gov/pubmed/18048670
https://doi.org/10.1080/09297049.2014.906567
https://doi.org/10.1080/09297049.2014.906567
http://www.ncbi.nlm.nih.gov/pubmed/24735230
https://doi.org/10.1080/09297049.2014.882888
http://www.ncbi.nlm.nih.gov/pubmed/24511910
https://doi.org/10.1371/journal.pone.0188158

@° PLOS | ONE

Executive function assessment in 2-year-olds

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Campbell FA, Wasik BH, Pungello E, Burchinal M, Barbarin O, Kainz K, et al. Young adult outcomes of
the Abecedarian and CARE early childhood educational interventions. Early Childhood Research Quar-
terly. 2008; 23(4):452—66.

Roberts G, Anderson PJ, Doyle L. The stability of the diagnosis of developmental disability between
ages 2 and 8 in a geographic cohort of very preterm children born in 1997. Archives of Disease in Child-
hood. 2010; 95:786-90. https://doi.org/10.1136/adc.2009.160283 PMID: 19828882

Meltzoff A, Gopnik A, Repacholi B. Toddlers’ understanding of intentions, desires and emotions: Explo-
rations of the dark ages. In: Zelazo P, Astington J, Olson D, editors. Developing theories of intention:
Social understanding and self-control. Mahwah, NJ: Lawrence Erlbaum Associates; 1999. p. 17—41.

Hughes C, Ensor R. Executive Function and Theory of Mind in 2 Year Olds: A Family Affair? Developmen-
tal Neuropsychology. 2005; 28(2):645—68. https://doi.org/10.1207/s15326942dn2802_5 PMID: 16144431

Hack M, Taylor HG, Drotar D, Schluchter M, Cartar L, Wilson-Costello D, et al. Poor predictive validity of
the Bayley Scales of Infant Development for cognitive function of extremely low birth weight children at
school age. Pediatrics. 2005; 116(2):333—41. https://doi.org/10.1542/peds.2005-0173 PMID: 16061586

Zelazo PD, Anderson JE, Richler J, Wallner-Allen K, Beaumont JL, Weintraub S. NIH toolbox cognition
battery (CB): Measuring executive function and attention. Monographs of the Society for Research in
Child Development. 2013; 78(4):16-33. https://doi.org/10.1111/mono.12032 PMID: 23952200

Chan RCK, Shum D, Toulopoulou T, Chen EYH. Assessment of executive functions: Review of instru-
ments and identification of critical issues. Archives of Clinical Neuropsychology. 2008; 23(2):201-16.
https://doi.org/10.1016/j.acn.2007.08.010 PMID: 18096360

Aron AR. Progress in executive-function research: From tasks to functions to regions to networks. Cur-
rent Directions in Psychological Science. 2008; 17(2):124-9.

Bradley RH, Corwyn RF. Socioeconomic status and child development. Annual Review of Psychology.
2002; 53:371-99. https://doi.org/10.1146/annurev.psych.53.100901.135233 PMID: 11752490

Oakes JM. Measuring socioeconomic status. e-Source: Behavioral and social sciences research 2012.

Hughes C, Ensor R. Independence and interplay between maternal and child risk factors for preschool
problem behaviors? International Journal of Behavioral Development. 2009; 33(4):312—-22.

Lipina S, Segretin S, Hermida J, Prats L, Fracchia C, Camelo JL, et al. Linking childhood poverty and
cognition: environmental mediators of non-verbal executive control in an Argentine sample. Develop-
mental Science. 2013; 16(5):697—-707. https://doi.org/10.1111/desc.12080 PMID: 24033575

Lipina SJ, Martelli MI, Vuelta B, Colombo JA. Performance on the A-not-B task of Argentinean infants
from unsatisfied and satisfied basic needs homes. Revista Interamericana de Psicologia = Interameri-
can Journal of Psychology [Internet]. 2005; 39(1):49-60. Available from: www.psicorip.org.

Farah MJ, Shera DM, Savage JH, Betancourt L, Giannetta JM, Brodsky NL, et al. Childhood poverty:
Specific associations with neurocognitive development. Brain Research. 2006; 1110(1):166—74. https://
doi.org/10.1016/j.brainres.2006.06.072 PMID: 16879809

Nelson JM, Choi H-J, Clark CAC, James TD, Fang H, Wiebe SA, et al. Sociodemographic risk and early
environmental factors that contribute to resilience in executive control: A factor mixture model of 3-year-
olds. Child Neuropsychology. 2014; 21(3):354—78. https://doi.org/10.1080/09297049.2014.910300
PMID: 24814463

Harris DL, Weston PJ, Signal M, Chase JG, Harding JE. Dextrose gel for neonatal hypoglycaemia (the
Sugar Babies Study): A randomised, double-blind, placebo-controlled trial. The Lancet. 2013; 382
(9910):2077-83.

Bayley N. Bayley scales of infant and toddler development. 3rd ed. San Antonio, TX: Pearson; 2006.

Salmond C, Crampton P, King P, Waldegrave C. NZiDep: A New Zealand index of socioeconomic dep-
rivation for individuals. Social Science & Medicine. 2006; 62(6):1474-85.

Salmond C, Crampton P, Sutton F. NZDep91: A New Zealand index of deprivation. Australian and New
Zealand Journal of Public Health. 1998; 22(7):835—7. PMID: 9889455

Carlson SM. e-mail: Executive function protocols. 2010.

Carlson SM, Mandell D, Williams L. Executive function and theory of mind: Stability and prediction from
ages 2 to 3. Developmental Psychology. 2004; 40(6):1105—22. https://doi.org/10.1037/0012-1649.40.6.
1105 PMID: 15535760

Kochanska G, Murray KT, Harlan ET. Effortful control in early childhood: Continuity and change, ante-
cedents, and implications for social development. Developmental Psychology. 2000; 36(2):220-32.
PMID: 10749079

Zelazo PD, Reznick JS, Spinazzola J. Representational flexibility and response control in a multistep
multilocation search task. Developmental Psychology [Internet]. 1998; 34(2):203—-14. Available from:
www.apa.org/. PMID: 9541773

PLOS ONE | https://doi.org/10.1371/journal.pone.0188158 November 22, 2017 22/23


https://doi.org/10.1136/adc.2009.160283
http://www.ncbi.nlm.nih.gov/pubmed/19828882
https://doi.org/10.1207/s15326942dn2802_5
http://www.ncbi.nlm.nih.gov/pubmed/16144431
https://doi.org/10.1542/peds.2005-0173
http://www.ncbi.nlm.nih.gov/pubmed/16061586
https://doi.org/10.1111/mono.12032
http://www.ncbi.nlm.nih.gov/pubmed/23952200
https://doi.org/10.1016/j.acn.2007.08.010
http://www.ncbi.nlm.nih.gov/pubmed/18096360
https://doi.org/10.1146/annurev.psych.53.100901.135233
http://www.ncbi.nlm.nih.gov/pubmed/11752490
https://doi.org/10.1111/desc.12080
http://www.ncbi.nlm.nih.gov/pubmed/24033575
http://www.psicorip.org
https://doi.org/10.1016/j.brainres.2006.06.072
https://doi.org/10.1016/j.brainres.2006.06.072
http://www.ncbi.nlm.nih.gov/pubmed/16879809
https://doi.org/10.1080/09297049.2014.910300
http://www.ncbi.nlm.nih.gov/pubmed/24814463
http://www.ncbi.nlm.nih.gov/pubmed/9889455
https://doi.org/10.1037/0012-1649.40.6.1105
https://doi.org/10.1037/0012-1649.40.6.1105
http://www.ncbi.nlm.nih.gov/pubmed/15535760
http://www.ncbi.nlm.nih.gov/pubmed/10749079
http://www.apa.org/
http://www.ncbi.nlm.nih.gov/pubmed/9541773
https://doi.org/10.1371/journal.pone.0188158

@° PLOS | ONE

Executive function assessment in 2-year-olds

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Noble KG, McCandliss BD, Farah MJ. Socioeconomic gradients predict individual differences in neuro-
cognitive abilities. Developmental Science. 2007; 10(4):464—80. https://doi.org/10.1111/j.1467-7687.
2007.00600.x PMID: 17552936

Espy KA, Sheffield TD, Wiebe SA, Clark CAC, Moehr MJ. Executive control and dimensions of problem
behaviors in preschool children. Journal of Child Psychology & Psychiatry. 2011; 52(1):33—46.

Hongwanishkul D, Happaney KR, Lee WSC, Zelazo PD. Assessment of hot and cool executive function
in young children: Age-related changes and individual differences. Developmental Neuropsychology.
2005; 28(2):617—44. https://doi.org/10.1207/s15326942dn2802_4 PMID: 16144430

Kochanska G, Murray K, Coy KC. Inhibitory control as a contributor to conscience in childhood: From
toddler to early school age. Child Development. 1997; 68(2):263—77. PMID: 9180001

Aarnoudse-Moens CSH, Smidts D, Oosterlaan JP, Duivenvoorden HJ, Weisglas-Kuperus N. Executive
function in very preterm children at early school age. Journal of Abnormal Child Psychology. 2009; 37
(7):981-93. https://doi.org/10.1007/s10802-009-9327-z PMID: 19488851

Ardila A, Rosselli M, Matute E, Guajardo S. The influence of the parents’ educational level on the devel-
opment of executive functions. Developmental Neuropsychology. 2005; 28(1):539-60. https://doi.org/
10.1207/s15326942dn2801_5 PMID: 15992255

Potijk MR, Kerstjens JM, Bos AF, Reijneveld SA, de Winter AF. Developmental delay in moderately pre-
term-born children with low socioeconomic status: Risks multiply. The Journal of Pediatrics. 2013; 163
(5):1289-95. https://doi.org/10.1016/j.jpeds.2013.07.001 PMID: 23968750

Martel MM. Individual differences in attention deficit hyperactivity disorder symptoms and associated
executive dysfunction and traits: Sex, ethnicity, and family income. Am J Orthopsychiatry. 2013; 83(2,
Pt. 3):165-75.

Hackman DA, Farah MJ. Socioeconomic status and the developing brain. Trends in Cognitive Sci-
ences. 2009; 13(2):65—73. https://doi.org/10.1016/j.tics.2008.11.003 PMID: 19135405

American Psychological Association task force on socioeconomic status. Report of the APA task force
on socioeconomic status. Washington, DC: American Psychological Association2007.

Ansell J. Inter-assessor variability: scant data proves the point. Developmental Medicine & Child Neu-
rology. 2016; 58(2):111-.

Loe IM, Chatav M, Alduncin N. Complementary assessments of executive function in preterm and full-
term preschoolers. Child Neuropsychology. 2014; 21(3):331-53. https://doi.org/10.1080/09297049.
2014.906568 PMID: 24754400

Diamond A, Lee K. Interventions shown to aid executive function development in children 4 to 12 years
old. Science. 2011; 333(6045):959-64. https://doi.org/10.1126/science.1204529 PMID: 21852486

PLOS ONE | https://doi.org/10.1371/journal.pone.0188158 November 22, 2017 23/23


https://doi.org/10.1111/j.1467-7687.2007.00600.x
https://doi.org/10.1111/j.1467-7687.2007.00600.x
http://www.ncbi.nlm.nih.gov/pubmed/17552936
https://doi.org/10.1207/s15326942dn2802_4
http://www.ncbi.nlm.nih.gov/pubmed/16144430
http://www.ncbi.nlm.nih.gov/pubmed/9180001
https://doi.org/10.1007/s10802-009-9327-z
http://www.ncbi.nlm.nih.gov/pubmed/19488851
https://doi.org/10.1207/s15326942dn2801_5
https://doi.org/10.1207/s15326942dn2801_5
http://www.ncbi.nlm.nih.gov/pubmed/15992255
https://doi.org/10.1016/j.jpeds.2013.07.001
http://www.ncbi.nlm.nih.gov/pubmed/23968750
https://doi.org/10.1016/j.tics.2008.11.003
http://www.ncbi.nlm.nih.gov/pubmed/19135405
https://doi.org/10.1080/09297049.2014.906568
https://doi.org/10.1080/09297049.2014.906568
http://www.ncbi.nlm.nih.gov/pubmed/24754400
https://doi.org/10.1126/science.1204529
http://www.ncbi.nlm.nih.gov/pubmed/21852486
https://doi.org/10.1371/journal.pone.0188158

