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Abstract

Theoretical models of Attention deficit/hyperactivity disorder (ADHD) have long implicated executive function (EF) skills as
contributing to the etiology, maintenance, and changes in ADHD symptomatology over time. Although there is interest making
within-person inferences (i.e., deficits in EF skills give rise to ADHD behaviors), most of the evidence has been derived from
studies that conflated between- and within-person sources of variance. Here, we use repeated-measures data to test within-person
association between EF skills and ADHD behaviors. Participants included 1160 children from the Family Life Project, an
ongoing prospective longitudinal study of child development in low-income, nonmetropolitan communities. We tested the
magnitude of the association between EF skills and ADHD behaviors when children were 3, 4, and 5 years old. Consistent with
meta-analyses, unadjusted bivariate associations between EF and ADHD (which reflect combined between- and within-person
variation) were of moderate magnitude (rs =—0.20 to —0.30). However, after controlling for all time-invariant, between-person
sources of variation, the within-person associations between EF skills and ADHD behaviors were weak (Gs —0.04 to —0.05, ps =
0.01). These results suggest that EF skills may contribute less prominently to ADHD behaviors in early childhood than is
commonly assumed and provoke broader questions about developmental models of ADHD.

Keywords Attention deficit/hyperactivity disorder - Executive function - Early childhood - Structural equation modeling -
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Attention deficit/hyperactivity disorder (ADHD) is a childhood-
onset disorder that is characterized by developmentally inappro-
priate levels of hyperactive, impulsive, and inattentive behaviors
that cause impairment in multiple settings (American
Psychiatric Association 2013). Over the past 4 decades, the most
prominent changes to the diagnostic criteria for ADHD have
involved the relative emphasis of specific behaviors (inattention,
hyperactivity, impulsivity) or the conceptualization of how these
behaviors relate to each other. Most recently, researchers have
emphasized that a single general factor explains most of the
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variation in ADHD symptoms and that this general factor is
more reliable than the subdimensions of inattention and
hyperactivity-impulsivity (Arias et al. 2018; Gomez et al.
2018). As such, in this study we focus on individual differences
in overall levels of ADHD behaviors.

A longstanding belief has been that individual differences
in ADHD behaviors reflect neurobiological dysfunction
(Levy 1991; Levy et al. 1998; Swanson et al. 1998; Wender
1975; Zametkin and Rapoport 1987). Although the sophisti-
cation of methods has increased over time (e.g., from gross
brain abnormalities to differences in neural network organiza-
tion; from heritability to genome-wide association or epige-
netic expression method studies), the underlying assumptions
about the origins of ADHD behaviors remain unchanged
(Castellanos and Aoki 2016; Cortese 2012; Middeldorp
et al. 2016; Walton et al. 2017). ADHD behaviors are pre-
sumed to reflect cognitive impairments, which reflect aberrant
neurobiological development, which results from complex in-
teractions between genes and environmental factors.

Decades of research have investigated the specific cogni-
tive processes that are presumed to give rise to ADHD
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behaviors. Although early conceptualizations of ADHD as a
purely attention disorder have been dismissed (Huang-Pollock
et al. 2005), numerous cognitive processes—including exec-
utive functions (EFs), delay aversion, reaction-time variabili-
ty, and vigilance/arousal—have been linked to ADHD
(Coghill et al. 2014; Sonuga-Barke et al. 2010; Tamm et al.
2012). The current consensus is that ADHD is a
neuropsychologically heterogeneous disorder across the
lifespan (e.g., Kofler et al. 2019; Mostert et al. 2015; Sjowall
and Thorell 2019; Wahlstedt et al. 2009). That is, as a group,
individuals with ADHD exhibit impairments in multiple cog-
nitive domains relative to their typically developing peers.
However, the specific cognitive impairments vary across in-
dividuals with ADHD, no single cognitive domain is neces-
sary or sufficient to inform diagnosis, and a minority of indi-
viduals with ADHD do not appear to exhibit any cognitive
impairment.

Meta-analytic studies have consistently reported medium-
sized associations between multiple cognitive processes and
ADHD symptomatology in middle childhood through adult-
hood (Alderson et al. 2007; Doyle 2006; Hervey et al. 2004;
Homack and Riccio 2004; Willcutt et al. 2005). This evidence
has only been extended to early childhood relatively recently
(Pauli-Pott and Becker 2011; Schoemaker et al. 2013). In their
meta-analysis of 23 studies, which included over 3000 children,
Pauli-Pott and Becker (2011) reported moderate-sized associa-
tions (rs =.18-.38) between multiple domains of cognitive
function (i.e., response suppression, interference, delay aver-
sion, vigilance, working memory) and ADHD symptomatology.
In their meta-analysis of 22 studies, which included over 4000
children, Schoemaker et al. (2013) reported a moderate-sized
association (r=.22) between EF skills and multiple domains
of externalizing behavior, including ADHD (rs=0.24, 0.17,
0.13 for inhibitory control, working memory, and cognitive flex-
ibility, respectively). Based on this evidence, researchers have
proposed early intervention efforts that target improved cogni-
tive function as a strategy to prevent ADHD or mitigate ADHD-
related impairments (Sonuga-Barke and Halperin 2010).

The rationale for early interventions that target improve-
ments in children’s cognitive function as a strategy for reduc-
ing ADHD behaviors is predicated on the longstanding notion
that ADHD behaviors result from cognitive dysfunction (i.e.,
these are within-person associations). However, this assump-
tion is not well founded. Meta-analyses report group differ-
ences between ADHD and non-ADHD youth on (or relate
continuous measures of ADHD behaviors to) cognitive per-
formance measures. However, the individual studies from
which effect sizes are derived primarily involve cross-
sectional or case-control designs, which conflate between-
and within-person sources of variation. Even when the studies
that contribute to meta-analyses involve longitudinal designs,
the descriptive statistics that are used to generate effect sizes
typically conflate between- and within-person sources of
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variation. Hence, the interpretation of an average effect size
of EF task performance and ADHD behaviors of »=10.30 is
ambiguous. Children with higher levels of ADHD behaviors
may perform more poorly on EF tasks because EF deficits
contribute to their ADHD behaviors. Alternatively, children
with higher levels of ADHD behaviors may perform more
poorly on EF tasks because of other differences that co-
occur with ADHD behaviors (e.g., unmeasured genetic, cog-
nitive, or experiential factors). The former interpretation re-
flects a within-person association, while the latter reflects a
between-person association. With few exceptions (e.g., Arnett
et al. 2016), studies of ADHD have rarely explicitly attended
to between versus within-person associations.

Measuring both EF skills and ADHD behaviors in the same
individuals across multiple occasions is one way in which
between- and within-person sources of variation can be disag-
gregated. However, this disaggregation is contingent on how
the repeated-measures data are analyzed (Curran and Bauer
2011). Conceptually, one can imagine a set of time-invariant
variables that contribute to increased levels of ADHD behav-
iors or that equivalently increased risk for diagnosis (e.g.,
parental ADHD, low birth weight). These time-invariant risk
factors are assumed to exert a constant effect on ADHD be-
haviors (i.e., on any given measurement occasion, children
who were exposed to time-invariant risk factors will, on aver-
age, exhibit higher levels of ADHD behaviors) and represent
between-person sources of variation. Importantly, we do not
have to specify what these time-invariant variables are (or
even measure them) in order to estimate their effects. If repeat-
ed measures of ADHD are available, we can estimate the
contributions of all measured and unmeasured time-invariant
contributions to ADHD behaviors based on the assumption
that they exert a constant effect at each measurement occasion.
At the same time, one can imagine a set of time-varying var-
iables that contribute to increased levels of ADHD behaviors
(e.g., EF skills). In contrast to time-invariant risk factors, time-
varying risk factors change over time and can exert time-
dependent contributions to ADHD behaviors. Time-varying
risk factors must be explicitly measured (their impacts cannot
be inferred) and they represent within-person associations
(i.e., they reflect the unique association of a risk factor on
ADHD at each measurement occasion, above and beyond
the influence of all time-invariant risk factors). In the broader
social science literature, random-effect and fixed-effect re-
gression models are the two most commonly employed strat-
egies for distinguishing between- and within-person associa-
tions using repeated-measures data (Allison 2009; Halaby
2004; Wooldridge 2002). Here, we followed Bollen and
Brand’s (2010) structural equation modeling approach for
testing between and within-person associations between EF
skills and ADHD behaviors. Their approach subsumes and
expands on traditional random and fixed-effects regression
models.
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The overarching objective of this study is to explicitly test
the between and within-person associations between chil-
dren’s performance on EF skills and ADHD behaviors in early
childhood. EF skills are a set of domain general cognitive
processes that include inhibitory control, working memory,
and cognitive flexibility (Diamond 2013; Garon et al. 2008).
EF skills represent one of multiple cognitive processes impli-
cated in ADHD. In early childhood, EF skills are unidimen-
sional (Espy 2017; Karr et al. 2018). Given our focus on early
childhood, we prioritized tests of overall EF skills on ADHD
behaviors. However, given that inhibitory control has long
been considered a defining characteristic of ADHD (Barkley
1997; Nigg 2001), we repeated all analyses focusing on the
time-varying effects of inhibitory control on ADHD behav-
iors. In both cases, our primary interest was determining
whether the frequently reported bivariate association between
EF skills and ADHD behaviors represented between- versus
within-person sources of variation. Based on the meta-analytic
results of Pauli-Pott and Becker (2011) and Schoemaker et al.
(2013), we hypothesized that the unadjusted bivariate associ-
ation between EF skills and ADHD behaviors would be =
0.30, with a somewhat smaller association at age 3 versus
5 years. We also hypothesized that the within-person associa-
tion between EF skills and ADHD behaviors would be smaller
in magnitude after we controlled for all time-invariant,
between-person sources of variation, though the specific size
of the within-person effect was unclear given the absence of
directly relevant previous studies.

Method
Participants and Procedures

The Family Life Project is a longitudinal study of rural pov-
erty that involves families who delivered a new child between
September 2003 and August 2004 in one of six counties in
eastern North Carolina or central Pennsylvania. Complex
sampling procedures were employed to recruit a representa-
tive sample of 1292 children from rural counties, with
oversampling of low-income families in both states and of
African American families in North Carolina. A full charac-
terization of the sampling plan and study has been detailed
elsewhere (Vernon-Feagans et al. 2013). The University of
North Carolina at Chapel Hill Internal Review Board provided
oversight of the Family Life Project.

Following newborn hospital screening, families who were
selected and agreed to participate were formally enrolled into
the study by receiving a home visitor when the target child
was approximately 2 months old. Participating children and
their families subsequently completed multiple home and
school visits. The current study makes use of data that were
collected in home visits when children were 3 years, 4 years,

and 5 years old. Specifically, this study is limited to 1160
children who had ADHD or EF data from at least one of the
age 3-, 4-, or 5-year visits. Participating children (N =1160)
did not differ from nonparticipating children (V= 132) with
respect to state of residence (40% vs. 36% residing in
Pennsylvania, p = 0.51), living in a household that was recruit-
ed into the low-income stratum (78% vs. 73% poor, p = 0.33),
primary caregiver educational status at study enrollment (80%
vs. 82% with a high school degree or general education diplo-
ma, p =0.62), sex of the child (51% vs. 54% male, p =0.57),
race of the child (43% vs. 36% African American, p =0.28),
or child first-born status (39% vs. 46%, p =0. 25). The average
age of children at the 3-year visit was M =3.09 years (SD =
0.15), at the 4-year visit was M =4.03 years (SD=0.13), and
at the 5-year visit was M = 5.05 years (SD = 0.27). The child’s
primary caregiver completed ADHD ratings at each visit.

Measures

ADHD Symptom Ratings Consistent with previous studies
(Pelham et al. 1992), primary caregivers rated the presence
of 18 DSM-IV symptoms for ADHD using a 4-point Likert
scale (0 =not at all, 1 =just a little, 2 = pretty much, 3 =very
much) at the age 3-, 4-, and 5-year visits. We previously dem-
onstrated that the ADHD items in this sample at these ages
were most parsimoniously summarized by a single factor
(Willoughby et al. 2012b). As such, the mean rating of all
18 items was used to summarize ADHD at each assessment
(as=0.91, 0.91, and 0.93 at ages 3, 4, and 5 years, respec-
tively). Of the 1160 sampled children, 5 (0.4%) did not have
an ADHD rating at any timepoint, 72 (6.2%) had a rating at 1
timepoint, 97 (8.4%) had a rating at 2 timepoints, and 986
(85.0%) had a rating at all 3 timepoints.

Executive Function (Willoughby and Blair 2016) A common
battery of EF tasks was administered at the age 3-, 4-, and
5-year visits. One research assistant presented EF tasks to
the child using an open, spiral-bound flipbook (20 cm x
36 cm [8 in. x 14 in.]), and a second recorded the child’s
responses into a laptop for subsequent scoring. A standard
script and administration procedures were employed
throughout (i.e., items were demonstrated for each task,
and children were given up to three practice trials to dem-
onstrate their ability to understand task demands; children
who did not demonstrate understanding during training
were not administered the full task). The task administra-
tion procedures; the psychometric properties of individual
tasks; and the overall battery score, retest reliability, and
criterion validity of these tasks have been elaborated else-
where (Willoughby et al. 2010; Willoughby and Blair
2011; Willoughby et al. 2012a, b, ¢). Abbreviated task
descriptions are provided below.
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Working Memory Span (WMS; Working Memory) This span-
like task required children to perform the operation of naming
and holding in mind two pieces of information simultaneously
(i.e., the names of colors and animals in pictures of “houses”)
and to activate one of them (i.e., animal name) while over-
coming interference occurring from the other (i.e., color
name). Items were more difficult as the number of houses
increased (each house included a picture of a color and ani-
mal). The WMS was administered at the age 3-, 4-, and 5-year
visits and completed by 787 (67.8%), 958 (82.6%), and 983
(84.7%) children at the 3-, 4-, and S5-year visits, respectively.

Pick the Picture Game (PTP; Working Memory) This self-
ordered pointing task presented children with a series of
2, 3, 4, or 6 pictures in a set. Children were instructed to
pick a picture and on each subsequent page instructed to
pick a different picture within the set until each picture
had “received a turn.” This task required working memo-
ry because children had to update which pictures in each
item set they had already touched (the spatial location of
pictures changed across trials and was uninformative).
Pilot testing had revealed that the PTP was too difficult
for many 3-year-olds and therefore was administered only
at the 4- and 5-year assessments and completed by 934
(80.5%) and 1004 (86.6%) children at the 4- and 5-year
visits, respectively.

Silly Sounds Stroop (SSS; Inhibitory Control) This Stroop task
presented children with pictures of cats and dogs and asked
children to make the sound opposite of what was associated
with each picture (e.g., to meow when showed picture of a
dog). This task required inhibitory control, as children had to
inhibit the tendency to associate bark and meow sounds with
dogs and cats, respectively. The SSS was administered at the
age 3-, 4-, and 5-year visits and completed by 479 (41.3%),
894 (77.1%), and 995 (85.8%) children at the 3-, 4-, and 5-
year visits, respectively.

Spatial Conflict (SC; Inhibitory Control) This task presented
children with a response card that had one picture of a car
and another of a boat. Initially, all stimuli (pictures of cars or
boats identical to that on the response card) appeared directly
above the corresponding photo on the response card (i.e., in a
location that was spatially compatible with their placement on
the response card). Children were instructed to touch “their”
boat or car, according to which one they saw on the stimulus
page. Subsequently, test items required a contra-lateral re-
sponse (i.¢., children were to touch their picture of the car even
if its position relative to the stimulus card was reversed). This
task required inhibitory control as children had to override the
spatial location of test stimuli with reference to their response
card. The SC was administered at the 3-year assessment and
completed by 881 (75.9%) children.
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Spatial Conflict Arrows (Inhibitory Control) This task was
identical in format to the SC task with the exception that the
response card consisted of two black dots (“buttons™) and the
test stimuli were arrows, presented one at a time, that pointed
to the left or right. Children were instructed to touch the left
button for a left-pointing arrow and the right button for a right-
pointing arrow. Initially, all left-pointing arrows appeared ei-
ther centered or directly above the left button, and all right-
pointing arrows appeared either centered or above the right
button. In the final portion of the assessment, some arrows
pointed left but appeared above the right button, or vice versa.
The task was administered at the 4- and 5-year assessments
and completed by 985 (84.9%) and 1033 (89.1%) children at
the 4- and 5-year visits, respectively.

Animal Go no-Go (GNG; Inhibitory Control) This was a stan-
dard go no-go task in which children were instructed to click a
button (which made an audible sound) every time they saw an
animal (i.e., go trials) except when it was a pig (i.e., no-go
trials). Varying numbers of go trials appeared before each no-
go trial, including, in standard order, 1-go, 3-go, 3-go, 5-go, 1-
go, 1-go, and 3-go trials. The GNG was administered at the
age 3-, 4-, and 5-year visits and completed by 444 (38.3%),
796 (68.6%), and 980 (84.5%) children at the 3-, 4-, and 5-
year Vvisits, respectively.

Something’s the Same Game (STS; Attention Shifting) This
task presented children with a pair of pictures for which a
single dimension of similarity was noted (i.e., color, size, or
object type). Subsequently, a third picture was presented, and
children were asked to identify which of the first two pictures
was the same as the new picture. This task required the child to
shift their attention from the initial labeling to a new dimen-
sion of similarity (e.g., a small blue chair and large blue flower
would be described as “the same” in color; a small red dog
would be described as “the same” as the small blue chair
based on size). The STS was administered at the age 3-, 4-,
and 5-year visits and completed by 842 (72.6%), 971 (83.7%),
and 1024 (88.3%) children at the 3-, 4-, and 5-year visits,
respectively.

Executive Function Task Scoring and Composite Formation
Children completed an average of 3.0 (SD = 1.7) of the 5 tasks
that were administered at the age 3 assessment, 4.8 (SD =2.1)
of the 6 tasks that were administered at the age 4 assessment,
and 5.2 (SD = 1.9) of the 6 tasks that were administered at the
age 5 assessment. Correlations between the EF tasks within
time points were weak to moderate (age 3: rs = 0.08-0.25; age
4:rs=0.10-0.32; age 5: rs=0.07-0.28). As claborated else-
where (Willoughby et al. 2012a, b, c), item-response theory
models (i.e., graded-response and two-parameter logistic
models, depending on the task) were used for task scoring.
All tasks exhibited longitudinal measurement invariance and
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were scored on a common developmental scale (where M =0,
SD =1 was defined as average performance at the age 4 as-
sessment). In our previously published studies, we used indi-
vidual EF task scores as reflective indicators of a latent vari-
able of EF (e.g., Willoughby et al. 2010; Willoughby et al.
2012a, b, c). However, more recently, we have determined
that individual EF task scores are better represented as a com-
posite score (Willoughby et al. 2016, 2017). This EF compos-
ite was formed by taking the mean of each child’s task scores
and was used as the primary independent variable in the
models tested below. Of the 1160 sampled children, 39
(3.4%) did not have an EF composite score at any timepoint,
87 (7.5%) had a composite score at one timepoint, 169
(14.6%) had a composite score at two timepoints, and 865
(74.6%) had a composite score at all three timepoints.

Analytic Strategy

We estimated a series of structural equation models following
the approach described by Bollen and Brand (2010). As
depicted in Fig. 1, the general form of these models was:

ADHD;, = ﬂtEFit + >\x77,~ + €ir

In words, ADHD is a dependent variable for the i child at
time ¢ (here the age 3-, 4-, and 5-year assessments). EF is a time-
varying independent variable for the /™ child at time 7. Beta (3) is
a vector of coefficients that relate time-specific measures of EF
to ADHD behaviors. Eta sub i (7,) is a latent variable that rep-
resents the impact of all time-invariant factors that influence
ADHD behaviors for child i. Lambdas ()\) are coefficients that
represent the magnitude of the associations between these latent
time-invariant influences on ADHD at time 7. One lambda co-
efficient is fixed to 1 for model identification; we chose age 4
because of our interest in understanding whether the effect of EF

on ADHD differed across age 3 and 5 assessments. The epsilon
(€) term represents the variation in ADHD (for the i™ child at
time £) that is unexplained by time-varying EF and latent time-
invariant factors.

The magnitude and statistical significance of the beta coeffi-
cients were of primary substantive interest. However, we began
by fitting a sequence of models that imposed increasingly re-
strictive constraints on the lambda, beta, and epsilon parameters,
along with the correlations between eta with EF (represented as
phi /] parameters). Our sequence of models followed the back-
ward search strategy that was described by Bollen and Brand
(2010). We used likelihood ratio tests, global model fit statistics
(i.e., comparative fit index [CFI], root mean squared error of
approximation [RMSEAY), and information criteria (Akaike in-
formation criteria, Bayesian information criteria) to determine
which model specification provided the best fit to the observed
data. It was only after we had identified this best-fitting model
that we interpreted the association between EF and ADHD. All
models were fit using a robust full-information maximum-like-
lihood estimator that took individual probability weights and
stratification variables into account to appropriately represent
the complex sampling design. Full-information maximum-like-
lihood estimation also accommodated missing data (i.e., all
available EF and ADHD data for each child were included)
and is considered a statistical best practice (Schafer and
Graham 2002). All models were estimated using version 8.0
of Mplus (Muthén & Muthén, 1998-2017).

Results
Bivariate Associations

Descriptive statistics for parent-reported ADHD symptoms
and children’s EF composite scores are provided in Table 1.

®3 EF (Age 3)

¢4 EF (Age 4)

@5 EF (Age 5)

Fig. 1 General Panel Model. Caption. ADHD = attention deficit
hyperactivity disorder; EF = executive function. 5= coefficients relating
time-specific measures of EF to ADHD behaviors; € = variation in
ADHD unexplained by time-varying EF and latent time-invariant factors;

ADHD (Age 3)

ADHD (Age 4)

ADHD (Age 5)

€5

Latent Time
Invariant Covariates

A = coefficients for the magnitude of the associations between latent time-
invariant influences on ADHD; ¢ = correlations between unmeasured
time-invariant factors and EF
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Table 1 Descriptive statistics 0.016 (0.000, 0.054). Model 2 tested whether the lambda pa-
| 5 3 4 5 6 rameters could all be constrained to 1, which would imply that

the latent time-invariant influences on ADHD were constant

1. ADHD (age 3) — across ages 3—5 years. Although global fit for Model 2 was
2. ADHD (age 4) 0.663 — acceptable (see Table 2), this model fit the data significantly
3. ADHD (age 5) 0.602 0.724 — worse than Model 1, Ax? (2) =8.6, p=0.014. An inspection
4. EF (age 3) -0.205 —0226 —0.155 — of the parameter estimates from Model 1 suggested that the
5. EF (age 4) -0.219 —0302 -0.257 0385 - lambda parameter at age 3 was weaker than at ages 4 and 5.
6. EF (age 5) -0.240 —0309 —0290 0358 0.606 — Model 2b freed the constraint on the lambda parameter at age
N 1096 1062 1066 973 1009 1038 3 and no longer differed in fit from Model 1, sz (1)=2.8,
M 0998 0922 0.823 -0454 —0.033 0363 p=0.10. Building on Model 2b, Model 3 tested whether the
SD 0584 0579 0.583 0541 0507 0458 beta parameters could be constrained to be equal, which

ADHD, Attention deficit/hyperactivity disorder; EF, executive function;
ADHD scores represent mean ratings of 18 symptoms on a 0-3 scale. EF
scores represent IRT-based scores that are on a common developmental
scale which has a mean of 0 and a standard deviation of 1 based on the age
4 assessment

The across-time correlations for ADHD measures were large
(rs=0.60-0.72, ps < 0.001) and for EF were moderate to large
(rs=0.36-0.61, ps <0.001). The within-time associations be-
tween EF and ADHD were consistent with previous meta-
analytic results (s =0.20, 0.30, and 0.29 for the age 3-, 4-,
and 5-year assessments, respectively, all ps <0.001). In terms
of mean differences, there were substantial increases in per-
formance on the EF composite and modest decreases in
parent-reported ADHD symptomatology.

Model Description, Fit, and Comparisons

A synopsis of global model fit, information criteria, and like-
lihood ratio tests that were used for model comparisons ap-
pears in Table 2. Model 1 was a baseline model in which all
parameters were freely estimated and fit the data well, x* (3) =
3.9, CF1=0.99, RMSEA (95% confidence interval [CI]) =

would imply that the time-varying effect of EF on ADHD
was constant across ages 3—5 years. This constraint was rea-
sonable, as Model 3 fit the data as well as Model 2b, sz
2)=1.2,p=0.55.

Model 4 tested whether the covariances between the latent
variable eta and the time-varying measures of EF could be
constrained to 0, which would imply that the latent time-
invariant influences on ADHD were independent of the effects
of EF on ADHD. Model 4 fit the data more poorly than Model
3, sz (3)=70.4, p<0.001. An inspection of the parameter
estimates from Model 3 clearly indicated that all three of the
covariances between the latent variable and time-varying mea-
sures of EF were non-zero, and no further constraints for the
phi parameters were considered.

Continuing to build from Model 3 (because none of the
constraints in Model 4 were supported), Model 5 tested
whether the residual variances (epsilon) could be constrained
to be equal, which would imply that the combined time-
varying and time-invariant effects on ADHD were equivalent
across ages 3—5 years. Model 5 fit the data more poorly than
did Model 3, sz (2)=31.1, p<0.001. An inspection of the
parameter estimates from Model 3 suggested that the epsilon
parameter at age 3 was larger than that at ages 4 and 5. Model

Table 2 Summary of model fit statistics and model comparisons
Model fit statistics Model comparisons

Model AlC BIC Chi-square (df) RMSEA (90% CI) CFI Comparing models Chi-square (df)
8019.89 8141.24 3.88(3) 0.016 (0.000, 0.054) 0.999 - -

2 8031.30 8142.54 13.78 (5)* 0.039 (0.015, 0.064) 0.992 1vs.2 8.57 2)*

2b 8022.50 8138.79 6.98 (4) 0.025 (0.000, 0.056) 0.997 1vs.2b 2.76 (1)

3 8020.02 8126.20 8.25 (6)* 0.018 (0.000, 0.046) 0.998 2bvs. 3 1.19 2)
8101.47 8192.48 75.60 (9)*:* 0.080 (0.064, 0.097) 0.938 3vs. 4 70.38 (3)*:#*

5 8063.45 8159.52 42.33 (8)*** 0.061 (0.044, 0.079) 0.968 3vs. 5 3111 (2)***

5b 8027.85 8128.98 15.00 (7)* 0.031 (0.008, 0.053) 0.993 3 vs. 5b 5.70 (1)*

Model 3 provided the best fit to the data

AIC, Akaike information criteria; B/C, Bayesian information criteria; CF/, comparative fit index; CI, confidence interval; RMSEA, root mean squared

error of approximation
*p<0.05. **p <0.01. **¥¥p <0.001
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5b freed the constraint on the epsilon parameter at age 3 but
continued to fit the data more poorly than Model 3, Ax? (1) =
5.7, p=0.017.

Consistent with the nested likelihood ratio tests, a compar-
ison of the information criteria across models also indicated
that Model 3 represented the most parsimonious representa-
tion of the data (see Table 2). Hence, although all models met
traditional standards for acceptable global model fit, the like-
lihood ratio tests and information criteria converged in identi-
fying Model 3 as providing the best fit to the observed data.
Having identified the model that best represented the observed
data, we next focused on the interpretation of model
parameters.

Effects of Executive Function Skills on ADHD
Behaviors

Based on Model 3, the within-person effect of EF on ADHD
at age 3 was $=—.052 (95% CI=-0.093 to —0.011), p=

0.012; at age 4 was 5=—0.051 (95% CI=-0.090 to
—0.011), p=0.013; and at age 5 was 5=-0.043 (95% Cl=

—0.078 to —0.009), p = 0.014. In contrast, the between-person
correlations involving the time-invariant latent influences on
ADHD and time-specific indicators of EF were ¢s=—0.211,
—0.286, and — 0.312, for age 3, 4, and 5 years, respectively, all
ps<0.001. Figure 2 replaces the general form of the panel
model with model-based estimates. To reinforce the impor-
tance of identifying the model that provided the best fit to
the observed data, we summarized the point estimate and con-
fidence interval for the within-person effects of EF on ADHD
across all the models in Fig. 3. It is noteworthy that the esti-
mated effect of EF skills on ADHD behaviors was largest
when the latent time-invariant influences on ADHD were as-
sumed to be uncorrelated with time-varying measures of EF
skills (Model 4), a condition that was not supported by the
data. The ability to test this assumption is not possible in
studies that employ cross-sectional designs or in studies that
employ longitudinal designs but that do not parameterize
models in ways that permit the explicit partitioning of
between- and within-person variation in ADHD behaviors.

Supplementary Models

Up to this point, we have focused on the association between
an overall measure of EF and ADHD. Although combining
multiple EF tasks into a single score improves the reliability of
measurement (Willoughby et al. 2017), ADHD may be more
strongly associated with specific dimensions of EF skills, such
as inhibitory control. To test this possibility, we recomputed
the EF composite using up to three inhibitory control tasks and
re-estimated the full sequence of structural equation models.
The same pattern of results was evident with respect to the
model comparisons. However, the magnitude of the effect was
somewhat smaller for inhibitory control than for all EF tasks
combined: age 3 3=-0.037 (95% CI=—0.077 to 0.003), p =

0.068; age 4 3=-0.034 (95% CI=—-0.071 to 0.003), p=

0.069; age 5 3=-0.028 (95% CI=-0.059 to 0.002), p=

0.071. A summary of these results appears in supplementary
materials (Online Resource Fig. 1 and Online Resource
Table 1).

Up to this point, we have focused on overall ADHD
behaviors. However, there is a long tradition in the
ADHD literature of distinguishing inattentive from
hyperactive-impulsive behaviors (Willcutt et al. 2012).
We re-estimated the full sequence of structural equation
models using EF composite scores with inattentive scores
and then separately with hyperactive-impulsive scores.
Model 3 continued to be the best representation of the data.
None of the within-person associations between inattention
and EF were statistically significant: age 3 3=-0.036
(95% C1=-0.078 to 0.007), p=0.100; age 4 3=-0.035
(95% CI1=-0.077 to 0.007), p=0.100; age 5 3=—0.030
(95% CI=-0.067 to 0.006), p=0.103. In contrast, the
within-person associations between hyperactive-impulsive
behaviors were small but statistically significant: age 3 3=
—0.064 (95% CI=-0.106 to —0.023), p=0.003; age 4 5=
—0.061 (95% CI1=-0.101 to —0.021), p =0.003; age 5 B=
—0.053 (95% CI1=-0.088 to —0.018), p =0.003. A summa-
ry of these results is available in supplementary materials
(Inattentive: Online Resource Fig. 2 and Online Resource
Table 2; Hyperactive/Impulsive: Online Resource Fig. 3
and Online Resource Table 3).

Fig. 2 Representation of Model 3
Estimates. *p < 0.05. **p <0.01.
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Fig. 3 Standardized Effects of EF Skills on ADHD Behaviors, by Model
and Child Age

Discussion

A prevailing assumption in ADHD research has been that
individual differences in ADHD symptomatology reflect the
outward manifestation of underlying cognitive impairments.
EF skills represent one domain of cognitive functioning that
has been consistently related to ADHD symptoms across the
life span. EF skills undergo pronounced normative improve-
ments in early childhood, which has led to suggestions that
early intervention efforts that target EF skill development may
provide a means of preventing ADHD symptomatology or
mitigating symptom-related impairments (Halperin et al.
2012; Sonuga-Barke and Halperin 2010). The purpose of this
study was to leverage repeated-measures data to provide a
stronger test of whether the association between EF skills
and ADHD behaviors in early childhood reflects differences
that exist between versus within children.

We observed bivariate associations between EF skills and
ADHD behaviors that were in line with previous meta-analyses,
including evidence of stronger associations among older versus
younger preschool-aged children (rs = 0.30 vs. 0.20). These age
differences were consistent with the idea that the association
between EF skills and ADHD is less pronounced during periods
of substantial normative developmental change (Pauli-Pott and
Becker 2015). Notably, we have previously established that our
measures of EF skills and ADHD behaviors exhibited longitu-
dinal measurement invariance during the ages studied here
(Willoughby et al. 2012a, b, c). This helps to rule out the possi-
bility that these age-related differences in the association be-
tween EF skills and ADHD behaviors is an artifact of poorer
quality measurement at age 3 versus age 5 years.

Most studies that have investigated the association between
EF skills and ADHD in early childhood have not provided

@ Springer

strong control for confounder variables that may account for
some or all these associations. Here, we took advantage of
repeated-measures data to control for all time-invariant con-
founder variables that might have accounted for the associa-
tion between EF skills and ADHD behaviors. We fit a range of
models that differed with respect to the assumptions that were
made about the nature of the association between EF skills and
ADHD behaviors, and we used formal statistical criteria to
discern which model specification provided the best fit to
the observed data. Our emphasis of model comparisons was
important because all the models exhibited acceptable global
model fit (see Table 2). Nonetheless, some models provided
relatively better fit than others. We selected the model that
provided the best representation of the observed data. It was
only after we identified this model that we began to interpret
parameter estimates. The benefits of this approach are evident
from a review of Fig. 3, which demonstrates how the magni-
tude of the within-person association between EF and ADHD
varies across a series of models, any one of which would have
been considered to have “good enough fit” if considered in
isolation.

In this study, the association between EF skills and ADHD
behaviors primarily resulted from differences between chil-
dren, which is consistent with confounding. That is, the results
of this study suggest that EF skills are moderately to strongly
correlated with other time-stable influences on children’s
ADHD behaviors. When those time-stable influences were
controlled for, the time-specific within-person time associa-
tions between EF skills and ADHD behaviors were small—
far smaller than what is conveyed by meta-analytic studies
(which typically conflate between- and within-person effects).

In many respects, the results of this study are unsurprising.
The discordance between performance-based measures of EF
skills and ADHD behaviors is well known, which is why
performance-based EF measures are not used to diagnose
ADHD. Paradoxically, a recurring idea in the literature, which
has received some empirical support, is that efforts to improve a
child’s EF skills (or related neurocognitive processes) will have
corresponding benefits in terms of their ADHD behaviors (e.g.,
Spencer-Smith and Klingberg 2015). Although the methods of
improving EF skills vary across studies—from meta-cognition
training, to increased physical activity, to enhanced play, to
adaptive computerized games—the theory of change underlying
many interventions that are used in early childhood is the same
(Halperin et al. 2013; Hoza et al. 2015; Tamm and Nakonezny
2015; van Dongen-Boomsma et al. 2014). This contradiction
about whether an individual’s EF skills contribute to their
ADHD behaviors—and if so, by how much—abounds in the
literature. The results of this study suggest that most of the
association between EF skills and ADHD behaviors derives
from differences that exist between, not within, children.

It is instructive to contrast our approach with other recent
studies that have investigated the association between ADHD
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symptoms and EF skills in early childhood. For example,
Sjowall and colleagues reported that measures of EF skills that
were obtained in early childhood predicted ADHD behaviors
and academic achievement in adolescence, above and beyond
the effects of preschool ADHD behaviors (Sjowall et al. 2017).
Pauli-Pott and colleagues reported that EF skills (and related
neurocognitive processes) that were measured at ages 4 and 5
predicted ADHD symptom changes from age 4 to 5 but that the
converse was not true (Pauli-Pott et al. 2017). Tibu and col-
leagues reported that psychosocial deprivation experienced in
early childhood predicted EF skills and ADHD behaviors in
middle childhood and adolescence and that EF skills served to
mediate the association between early deprivation and later
ADHD behaviors (Tibu et al. 2016a, 2016b). These studies
and others like them are interpreted as evidence that individual
differences in EF skills precede and contribute to the manifesta-
tion of ADHD behaviors, which is inherently a within-person
inference. However, despite the use of longitudinal designs,
none of these studies analyzed repeated-measures data in ways
that explicitly distinguished between- and within-person sources
of variation. As such, they offer a relatively weak basis of infer-
ence for the assertion that ADHD behaviors reflect underlying
impairments in EF skills.

Another approach for investigating the association between
EF skills and ADHD behaviors has involved recruiting sam-
ples of children who meet diagnostic criteria for ADHD and a
matched group of typically developing comparison youth. All
children complete a common set of EF (and/or other cognitive
performance-based) tasks. Statistical methods are then used to
identify subgroups of children who are homogenous with re-
spect to their patterns of EF (and/or other cognitive) task per-
formance (e.g., Fair et al. 2012; Rajendran et al. 2015; Roberts
et al. 2017). These studies provide an elegant way of empiri-
cally documenting cognitive heterogeneity within ADHD
youth, which was anticipated over a decade ago (see Nigg
et al. 2005). Nonetheless, these studies do not inform ques-
tions about whether ADHD behaviors reflect underlying EF
impairments, even for the subgroups of children who exhibit
elevated ADHD symptomatology and who exhibit impair-
ments in EF task performance. Once again, these studies do
not test within-person associations.

This study suffered from five limitations. First, a variety of
cognitive processes that have been implicated in the develop-
ment of ADHD were not included in this study (e.g., delay
aversion, reaction-time variability). It is unclear whether a
similar pattern of results would have been evident had these
other constructs been included. Second, we focused on the
association between EF skills and ADHD behaviors, without
consideration of whether these behaviors resulted in impair-
ment, which may limit the clinical utility of this study. Third,
our results indicated that stable inter-individual difference var-
iables accounted for most of the association between EF skills
and ADHD behaviors. However, we did not consider the

origin or predictors of these individual differences, which is
an important direction for future research. Fourth, our study is
based on a community sample of families and children who
were recruited from nonmetropolitan, low-wealth counties in
North Carolina and Pennsylvania. It is unclear to what extent
these results would generalize to other settings. Fifth, we cap-
italized on normative changes that occur in EF skill develop-
ment and ADHD behaviors in early childhood. The approach
that we used here is not well suited to circumstances in which
within-person variation in EF skills and ADHD behaviors are
not expected.

Modern perspectives of developmental psychopathology
emphasize the multilevel nature of all disorders, which repre-
sent complex associations among genetic, neural, cognitive,
behavioral, and environmental factors. ADHD has long been
characterized in this vein, such that individual differences in
ADHD behaviors have been presumed to reflect developmen-
tal impairments in specific cognitive processes. Much of the
extant evidence that has been marshalled to support this as-
sumption conflates between- and within-person sources of
variation, even though within-person variation is implicated
in theoretical models of ADHD and is uniquely relevant to
clinical decision making. We hope that the results of this study
will challenge others to think critically about this distinction.
Although we have emphasized the merits of using repeated-
measures data, experimental studies that narrowly target im-
provements in EF (or other related cognitive) skills and that
evaluate whether these experimentally induced improvements
in EF skills result in improvements in ADHD behaviors, re-
main the strongest test of whether impaired EF skills contrib-
ute to the emergence and/or maintenance of ADHD behaviors
in individual children.
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