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Abstract
Executive function (EF) is a collection of self-regulatory control processes that are compromised by poverty and powerfully
predict academic outcomes in children. Despite this, there are few evidence-based interventions to improve EF. Given the
importance of measurement of EF in the context of the classroom where children learn, we first report results showing the
validity and reliability of over 60,000 web-based, classroom administrations of tests of EF that have previously only been widely
used in laboratory research. Using these tests, we next show that 800 min of computer-presented cognitive training exercises can
improve EF, after controlling for practice effects and developmental effects (working memory: partial η2 = .039, response
inhibition: partial η2 = .132, interference control: partial η2 = .072). The abilities to measure and improve EF at low cost and
large scale in classrooms can contribute to improved, evidence-based education and potentially help reduce achievement gaps
associated with poverty.
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Executive functioning (EF) is a collection of self-regulatory
control processes that are divided into core domains of work-
ing memory (i.e., maintain/manipulate data not perceptually
present), inhibition (i.e., inhibit or control of attention,
thoughts, behaviors), and flexibility (i.e., shift flexibly
between tasks/sets; Diamond 2013; Miyake et al. 2000).
Other models of attention and/or EF (e.g., Mirsky 1996;
Cohen et al. 1998) describe a similar set of cognitive functions
albeit in somewhat varying descriptors/classifications (e.g.,
sustained attention versus inhibitory control, flexibility versus
shifting, attention versus interference control). While such
functions can be considered ‘attention’ or ‘executive function-
ing’, the term executive functioning (EF) is utilized in the
current manuscript.

EF is neurally subserved by the cognitive control network,
an interconnected network of frontal, parietal, and subcortical
region structures (Senkowski and Gallinat 2015; Niendam

et al. 2012). EF is the most vulnerable or sensitive cognitive
function to disruption (Diamond 2013), and therefore deficits
occur in various childhood clinical conditions (e.g., depres-
sion, epilepsy, ADHD) and adverse psychosocial contexts/
experiences (e.g., poverty; Evans et al. 2009; Raver et al.
2013).While the most vulnerable, EF is also one of the stron-
gest cognitive predictors of clinical, functional, and academic
outcomes (Lee et al. 2013; Baum et al. 2010; Rinsky and
Hinshaw 2011; Gligorovic and Durovic 2014).

Particularly relevant to successful childhood outcomes is a
child’s ability to succeed in the academic environment and EF
has been closely tied to childhood academic functioning. The
association between EF and academic outcomes has been
identified from preschool (Willoughby et al. 2012, 2016) to
college/university (Georgiou and Das 2016; Sheehan and
Iarocci 2015) in typically developing (Berninger et al. 2017;
Best et al. 2011; Cantin et al. 2016; Georgiou and Das 2016;
Jacobson et al. 2011; Jacobson et al. 2017) and clinical sam-
ples (Biederman et al. 2004; Langberg et al. 2013; Rose et al.
2011; Sirois et al. 2016; Will et al. 2017). EF has been asso-
ciated with core academic achievement in reading Berninger
et al. 2017; Best et al. 2011; Cantin et al. 2016; Georgiou and
Das 2016; Jacobson et al. 2017; Rose et al. 2011; Sirois et al.
2016; Will et al. 2017) mathematics (Cantin et al. 2016; Rose
et al. 2011; Sirois et al. 2016; Will et al. 2017), science
(Latzman et al. 2010), and social studies (Latzman et al.
2010). The EF-academic association extends beyond core
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academic development into academic grades (Langberg et al.
2013), history of grade retention (Biederman et al. 2004),
academic adjustment/competence (Jacobson et al. 2011;
Sheehan and Iarocci 2015), homework problems (Langberg
et al. 2013), and academic readiness (Willoughby et al. 2017).
Althoughmany studies indicate correlation as opposed to cau-
sation, it is without question that EF has a near global associ-
ation to academic performance throughout childhood.

Despite the critical importance of EF in childhood out-
comes, there are few EF-targeted, evidence-based interven-
tions (Diamond and Ling 2016). One area of recent investiga-
tion is computerized cognitive training (CCT), which targets
cognition and the underlying neural networks to improve clin-
ical and functional outcomes (Keshavan et al. 2014; Diamond
and Ling 2016). CCT exerts its effect on cognition through
activity-dependent enhancement of neurocognitive systems
engaged by increasingly complex cognitive demands (e.g.,
training the individual to remember more information or with
increased distractions). CCT has shown efficacy for many
cognitive domains, including learning/memory, processing
speed, attention, and EF, across the lifespan in various clinical
and healthy populations (Keshavan et al. 2014; Diamond and
Ling 2016). A recent meta-analysis (Cortese et al. 2015) found
that CCT in children with ADHD resulted in medium to large
effect size improvements in working memory and rater-based
EF, although no consistent effects were seen in other func-
tions. More recent studies provide additional support that
CCTcan produce significant improvement in multiple aspects
of EF in children, including inhibition, working memory, flex-
ibility, and planning/problem solving (Hadwin and Richards
2016; Van der Donk et al. 2016; Mishra et al. 2016; Zhao et al.
2018). Significant questions have been raised, however, about
whether there are far transfer effects of CCT to real-world
functional outcomes or even near transfer to laboratory tests
dissimilar from the training itself (Cortese et al. 2015).
Transfer effects probably depend on features of the specific
CCT programs, including, for example, whether they address
multiple or single dimensions of EF (Cortese et al. 2015;
Diamond and Lee 2011). Initial pilot studies of the multi-
dimensional EF training used in the present study provided
evidence of near-transfer improvement in test of EF different
from the training exercises and far-transfer to dose-related
improvements in reading achievement (Wexler 2013). A more
recent and large-sample study showed robust far-transfer ef-
fects in improved performance on school-administered math
and reading achievement tests (Wexler et al. 2016). While not
all training programs have similar functionalities, select pro-
grams may have the ability to impact generalized academic
outcomes.

In addition, while the potential for CCT to be used effi-
ciently and effectively at large scale has been pointed out
(Keshavan et al. 2014; Etkin et al. 2013), this potential has
not been developed and evaluated. CCT programs such as

CogMed have implemented school-based interventions, al-
though typically in small-group administration outside the
classroom and without strong clinical outcomes (Roberts
et al. 2016). The validity of EF evaluation within the pre-
school environment has been established by prior researchers,
although evaluations were still conducted in a one-on-one
format in a quiet area of the school (Lipsey et al. 2017).
Other research is currently examining the efficacy of school-
based interventions to improve EF in preschool children
(Mind in the Making, Vroom, Circle Time Games; Galinsky
et al. 2017). Although evaluation and intervention for EF is
emerging in preschool students, there remains a dearth of lit-
erature on scalable applications to school-aged children.

The present study addressed both issues of scalability and
near transfer, drawing on a large database of pre- and post-
intervention EF assessments automatically collected by a
commercially available, web-based EF training program used
in schools across the USA. Given the value of assessment and
intervention within the child’s classroom learning environ-
ment rather than in a quiet office setting alone with an adult,
and the huge national infrastructure provided by schools, this
database provides an important research opportunity.
Analyses addressed three questions: (1) do formal tests of
EF typically used in laboratory research meet embedded
checks of performance validity when automatically adminis-
tered to large numbers of children in classroom settings?; (2)
how large are practice effects and test-retest correlations when
the tests are administered twice to the same children?; and (3)
does a web-based classroom administered EF cognitive skills
training program produce improvement in Bnear-transfer^
tests of EF beyond what would be expected from normal
developmental gains? Preliminary analyses also examined ef-
fects of training time on outcome.

Method

Sample/Procedure

All students from kindergarten to grade 8 in schools across the
USAwho used the described intervention program during the
2014–2015 and 2015–2016 academic years constituted the
overall study sample. No exclusion criteria were imposed.
The sample of schools is highly diverse in terms of socioeco-
nomic status and types of children within the programs (e.g.,
special education versus typically developing classrooms). On
average in participating schools, 58% of children were receiv-
ing free or reduced lunch indicating that the sample contains
many children from impoverished backgrounds. As described
in the following sections, three distinct hypotheses were tested
with the training program database.

As part of the school-based intervention, participants com-
pleted baseline evaluations of EF followed by training in 20–
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30 min sessions 1–4 times per week for 2–6 months. The
intervention is administered in a group format within the class-
room setting, sometimes for an entire general class and other
times to students selected based on school-assessed special
need for cognitive skill training. EF was automatically re-
evaluated for all users after approximately 400 and 800 min
of CCT, with times varying as a function of student attendance
and the proportion of training sessions completed. For a lim-
ited period of time, all students were given the tests twice at
the beginning of training (i.e., within the first 100 min of
training) in order to evaluate test-retest reliabilities and prac-
tice effects. These Bdouble-baselines^ were not made part of
ongoing standard practice in order to lighten demands made of
teachers.

The schools purchased the program from the Yale
University startup company C8 Sciences which provided
training and customer support. Assessments of EF were built
into the program by C8 Sciences for purposes of product eval-
uation and improvement, and the results are provided to the
schools to aide in personalizing education. All activities are
conducted on school computers within the classroom. All pro-
cedures were approved by the Yale University School of
Medicine Human Investigations Committee (consent/assent
were not required per committee decision since the schools
made the decision to use the programs and assessments as part
of the school curriculum).

Assessment and Intervention

Assessment Neurocognitive outcomes were assessed with
three web-based measures of EF automatically presented, ad-
ministered, and scored in the classroom setting of the EF
training program itself. Two tests followed the design of tests
in the NIH Toolbox of tests of executive function (nihtoolbox.
org). The first was the Flanker Test. In this task, children have
to indicate by keyboard response the pointing direction (right
or left) of the center arrow in a linear horizontal array of five
arrows. On incongruent trials, the four Bflanking^ arrows
point in the opposite direction of the central arrow. There are
29 congruent and 17 incongruent trials presented in
pseudorandom order (with 1–4 congruent trials preceding
each incongruent trial and one place where there are 2
incongruent in succession). The flanking arrows precede the
central arrow by 100 m, and successive trials are triggered by
subject response. The second test was the List Sorting
Working Memory Test. Subjects are shown a series of
animals or household objects. They then have to click on the
objects they have just seen in a grid of 16 objects in order from
smallest to largest rather than the order in which they were
presented. The test starts with a list of two objects. If the
subject completes the list accurately, list length is increased
by one. If they err, the same length list is repeated. Two failed
attempts at the same list length end the test. The score is the

sum of correct list lengths. In part one, trials of animals and
household objects alternate. In part two, animals and
household objects are presented in the same trial, and
subjects have to reorder the animals first and then the
household objects. The third test is a go/no-go test of response
inhibition. Subjects are instructed to press the space bar when-
ever a Bgo^ stimulus is presented but not when a Bno-go^
stimulus is presented. There are three blocks with different
stimuli, 50 stimuli per block with 40 go and 10 no-go trials,
randomized in sets of 10 with 8 go and 2 no-go in each set. In
the first block BP^ is the go stimulus and BR^ is the no-go
stimulus. In the second block this is reversed. In the third
block, pictures of furniture are go trials and pictures of foods
like cake and ice cream are no-go stimuli. Stimuli are present-
ed for 400 ms with a 1400 ms response window after stimulus
offset. Errors are indicated by display of a large red BX.^

Consistent with prior research, primary outcome scores
were the List Sorting Working Memory Test: total score, go/
no-go (GNG) test: nogo condition correctly skipped raw
score, and Flanker test: incongruent condition correct re-
sponse reaction time. Data cleaning involved the identification
of those tests that were deemed valid/invalid based on perfor-
mance validity criteria described below.

Computer-Presented EF Training Exercises The brain training
games were designed by BEW and developed and supported
as web-based applications by the Yale startup company
C8Sciences. There are four games each with 80–150 levels
of difficulty and two simple spatial span exercises. The first
two games have identical underlying computer code and se-
quence of cognitive challenges but with different user inter-
face game features. These two games were designed to train
multiple components of executive functioning; focused atten-
tion, response inhibition, cognitive flexibility, divided atten-
tion, and working memory. In one, a Bmagic orb^ floats ran-
domly through an underground cave and intermittently turns
into a gem. The game begins with the child having to click on
red gems, exercising sustained attention. The orb moves faster
following correct responses and slows after errors. As they
either reach a preset high level of performance or stay at a
lower performance level without improvement for an extend-
ed period of time, the child is moved through progressive
levels that layer in additional cognitive demands. On the next
level the orb sometimes turns blue (a foil) that is to be ignored,
adding response inhibition. Next, the target color randomly
changes back and forth between blue and red gems, increasing
required response inhibition and adding cognitive flexibility.
Next levels require working memory as half-gems are present-
ed. When two of the same color appear consecutively, the
child has to click on the second to complete a whole one.
Next, they have to click on a half gem if it is a different color
from the one before to create mixed color gems. All rules are
repeated with two and then three balls on the screen. The other
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game of this pair follows the same sequence of cognitive de-
mands but the child clicks on different types of monkeys, or
pirate clothing, as a magic lens jumps around to reveal what is
inside moving rows of crates. In the third game, children click
on objects that a pirate throws out of a bottomless crate only if
the object is a member of a designated category (e.g., animals,
furniture, tools, machines) of things the pirate is then looking
for. With correct responses, the objects move faster and more
objects are on the screen at the same time (from 1 to 6). At
higher levels, categories rotate, two categories are targets si-
multaneously, or the child must find two objects on the screen
in the same category. Use of categories is a higher order EF
requiring top-down control and organization of information.
The game also demands attention, response inhibition, work-
ing memory, and cognitive flexibility. The fourth game re-
quires the child to figure out the rule that links a series of three
objects and use this rule to choose a fourth object to complete
the row. Time to respond becomes shorter with correct re-
sponses and rules become more complex in higher levels.
This task is designed to train pattern recognition and inductive
thinking, as well as attention, response inhibition, and cogni-
tive flexibility. The final two games are a pair of simple spatial
memory span games that change only in list length and differ
from one another in the visual space in which locations are to
be recalled. These tasks are designed to train spatial working
memory.

Statistical Analyses

As described above, the present study addressed questions
about test performance validity, practice effects, and test-
retest reliability, and intervention effectiveness. Effect sizes
were calculated using partial η2: small = .01; medium = .06;
large = .14. Significance was set at p < .01.

Test Performance Validity All tests administered during the
two school years were evaluated to determine the percentage
of test administrations that met embedded performance valid-
ity and effort criteria. Literature search revealed that test per-
formance validity are very rarely applied in research studies
and that there are no agreed upon criteria. Rationale for the
criteria adopted are provided below. Data were available on
19,413 WM, 20,775 GNG, and 25,689 Flanker tests, with
variation due to student attendance and test completion.

& WMT validity criteria: WMT total score > 2 demonstrated
that the child understood that they needed to recall the
animals or household items they saw and reorder them
from smallest to largest when responding.

& GNG validity criteria: (1) Go condition accuracy > 84%,
(2), < 10 trials with response time > 2001 ms, (3) < 15
trials with response time < 150 ms. Adequate Go condi-
tion accuracy is required both to establish the Go response

tendency and so as not to artificially inflate no-go correct
counts based on simply not paying attention. Response
times > 2001 ms are impossible to interpret since new
stimuli appear every 1800 ms and responses in less than
150 ms suggest random tapping responses.

& Flanker validity criteria: (1) congruent condition accuracy
> 74%, (2) < 4 incongruent trials with a response time >
4500 ms, (3) < 7 congruent trials with a response time >
3500 ms, (4) < 4 trials with a response time < 150 ms, (5)
> 8 correct incongruent trials. Individual trials that
exceeded the above response time cut-offs were eliminat-
ed from the set of test trials before scoring. With chance
performance 50% correct, we required 1.5 × chance on the
easy and frequent congruent trials to ensure the child un-
derstood and attended to the test. Exclusion thresholds for
slow trials are about 3 SDs from the overall means and if
common suggest lack of engagement with the test.

Practice Effects Practice effects and test-retest reliability were
evaluated in children that completed valid tests twice within
the first 100 min of training and with less than 25 min of
training between administrations (mean calendar days be-
tween sessions: 24 days): n = 547 (GNG), 877 (WMT) and
1056 (Flanker). Repeated measures ANOVA examined differ-
ences between testing sessions while Pearson correlation co-
efficients examined test-retest reliability.

Intervention Effects Effects were evaluated in children who
had valid tests at three time points: < 100 min of training
(baseline), after 300–600 min of training (midpoint), and >
800 min of training. C.1: repeated measures ANOVA with
post hoc pairwise comparisons examined changes in each
EF test across the three time points to evaluate training out-
comes and dose effects. C.2: change in EF as a function of
simply getting older was estimated for children in each grade
level based on the difference between the average score at the
beginning of the school year for children in that grade and the
next grade, multiplied by the percent of the year spent in
cognitive training. Sample size across grades for GNG (n =
377): kindergarten = 10; 1 = 14; 2 = 65; 3 = 43; 4 = 31; 5 = 24;
6 = 61; 7 = 76; 8 = 53. Sample size across grades for WMT
(n = 467): kindergarten = 27; 1 = 23; 2 = 90; 3 = 49; 4 = 35;
5 = 38; 6 = 78; 7 = 72; 8 = 55. Sample size across grades for
Flanker (n = 526): kindergarten = 17; 1 = 25; 2 = 90; 3 = 61;
4 = 36; 5 = 29; 6 = 82; 7 = 102; 8 = 84. Paired sample t tests
examined differences between change associatedwith training
and change expected from simply getting older. C.3: follow-
up mixed ANOVA were conducted to examine training-
related changes in EF in early elementary (K–2), late elemen-
tary (3–5), and middle school (6–8) children. The group ×
time interaction was the primary outcome variable and
follow-up simple effects analyses examined differences in
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change between groups. Grade was examined given the a
priori hypothesis that cohorts may potentially respond differ-
ently to interventions. As there were no a priori hypotheses
regarding sex, no sex analyses were conducted.

Results

Performance Validity Data

Ninety one percent (91.3%) of the 19,413WMTs met validity
criteria. Nearly 73 % (72.8%) of the 20,775 GNG tests met
validity criteria. Eighty six percent (86.5%) of the 25,689
Flanker tests met validity criteria. Only valid testing results
were included in subsequent analyses.

Practice Effects

Repeated measures ANOVA found no statistically significant
differences between baseline and repeat testing for WMT total
score (F[1, 876] = 4.243, p = .040, partial η2 = .005), GNG no
go skipped (F[1, 546] = .490, p = .484, partial η2 = .001). A
significant difference was detected in Flanker incongruent cor-
rect RT (F[1, 1055] = 9.947, p = .002, partial η2 = .009).
Descriptive data is provided in Table 1. Test-retest correlations
were robust and statistically significant for Flanker (r = .673)
and no go skipped (r = .715), and significant but lower for
WMT (r = .494).

Differences Between Baseline, 400 min,
and Post-800 min

Working Memory Test Four hundred sixty children (grades
K-8) had valid tests at all three time points. Sixty six
percent (n = 303) of the sample was male and the mean
grade for the sample = 4.45. WMT total score increased

significantly over time (repeated measures ANOVA,
F[2458] = 9.191, p < .001, partial η2 = .039). Pairwise
comparisons noted statistically significant improvement
from baseline to midpoint (− 1.67 [95% CI, − 2.63 to
− .70], p = .001) and baseline to post-800 min (− 2.08
[95% CI, − 3.09 to − 1.06, p < .001). No improvement
was noted from midpoint to post-800 min (− .41 [95%
CI, − 1.38 to .55, p = .402). Results are provided in
Table 2.

Go/No Go Test Three hundred sixty six children (grades K-8)
had valid tests at baseline, at midpoint (between 300 and
600 min), and after at least 800 min of training. Sixty five
percent (n = 239) of the sample was male and the mean grade
for the sample = 4.90 (range = K to 8). No go skipped in-
creased significantly over time (repeated measures ANOVA,
F[2364] = 29.901, p < .001, partial η2 = .141). Pairwise com-
parisons noted statistically significant improvement from
baseline to midpoint (− 1.48 [95% CI, − 2.09 to − .86],
p < .001), baseline to post-800 min (− 2.45 [95% CI, − 3.07
to − 1.83, p < .001), and midpoint to post-800min (− .97 [95%
CI, − 1.53 to − .42, p = .001). Results are provided in Table 2.

Flanker Test Five hundred seven children (grades K-8) had
valid tests at baseline, midpoint (between 300 and
600 min), and after at least 800 min of training. Sixty four
percent (n = 322) of the sample was male and the mean
grade for the sample = 4.88 (range = K to 8). Correct in-
congruent RT decreased significantly over time (repeated
measures ANOVA, F[2505] = 23.412, p < .001, partial
η2 = .085). Pairwise comparisons noted statistically signif-
icant improvement from baseline to midpoint (76.87 [95%
CI, 48.30 to 105.44], p < .001), baseline to post-800 min
(115.68 [95% CI, 82.33 to 149.02, p < .001), and mid-
point to post-800 min (38.81 [95% CI, 14.60 to 63.01,
p = .002). Results are provided in Table 2.

Table 1 Test-retest data

n Baseline Retest p Partial η2 Test-retest R

WMT total score 877 15.01 (11.26) 15.81 (11.49)
.-

040
.005

.494

GNG nogo skipped 547 16.19 (6.791) 16.34 (7.094)
.-

484
.001

.715

Flanker incon. correct RT 1056 1121.23 (456.89) 1086.28 (431.53)
.-

002
.009

.673

WMT total score, Working Memory Test total score; GNG nogo skipped = go/nogo test no go condition correctly skipped; Flanker incon. correct RT =
Flanker test incongruent condition correct response reaction time
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Estimated Grade-Related Change Versus
Training-Related Change

Training-related change was significantly greater than estimated
grade-related changes on all three EFmeasures:WMT total score
(t[404] = 3.64, p< .001; actual change 5.3 times greater than es-
timated grade-related change), GNG nogo skipped (t[312] =
6.84, p < .001; actual change 12.7 times greater than estimated
grade-related change), Flanker incongruent correct RT (t[422] =
−6.45, p < .001; actual change 4.95 times greater than estimated
grade-related change). Results are provided in Table 3.

Grade Effects

Mixed ANOVA revealed a significant time × group interac-
tion for incongruent correct RT (F[4, 1006] = 12.760,
p < .001, partial η2 = .048). Simple main effects analysis re-
vealed significant changes in early elementary (F[2503] =
36.221, p < .001, partial η2 = .126) and late elementary (F[2,
503] = 15.616, p < .001, partial η2 = .058), and but not in mid-
dle school (F[2, 503] = .066, p = .936, partial η2 = .000).
Time × group interactions were not significant for WMT
(F[4, 912] = 1.448, p = .216, partial η2 = .006), GNG nogo
skipped (F[4, 724] = 1.408, p = .230, partial η2 = .008), or
GNG go clicked (F[4, 724] = 1.216, p = .303, partial
η2 = .007).

Discussion

This study demonstrated the feasibility and validity of web-
based, computer-presented, and classroom-administered as-
sessment of working memory, response inhibition, and inter-
ference control, executive cognitive functions (EF) important
in learning which have typically been assessed in more costly

office-based clinical and research studies. In addition, using
these assessments, we demonstrated that children in K-8 who
used a novel computerized cognitive training program showed
significant improvement in these key cognitive skills.

EF Assessment

The Flanker Test and the List Sort Working Memory Test
followed descriptions of tests in the NIH-Toolbox of best
practice measures of EF. The toolbox does not include a mea-
sure of response inhibition, and given the importance of this
aspect of EF in predicting school success (Allan et al. 2014;
Latzman et al. 2010), a web-based version of the widely used
research go/no-go (GNG) test was created. All tests had a
Bgame-like^ feel and instructions that include checks and
practice to help make sure the child understands how to pro-
ceed, with the instructions and practice trials repeated if the
first practice trials are incorrect. Still, given the classroom
administration of the tests, we thought it was important to
apply performance validity checks to eliminate tests where
performance may have been compromised due to lack of un-
derstanding of the test, lack of effort, or distraction during
testing. Considering both accuracy checks and individual tri-
als with unusually short or long response times, 91% of work-
ing memory, 86% of Flanker, and 73% of GNG tests were
considered valid. There is a dearth of literature utilizing a
priori performance validity exclusion criteria for EF tasks in
children (and more generally on all neurocognitive measures).
Most commonly, researchers have excluded scores greater
than 2–3 standard deviations from the test mean. More recent
studies have utilized response accuracy and reaction time
ranges to remove those scores thought to reflect invalid per-
formance potentially due to factors such as limited compre-
hension of task expectations and overall effort/motivation
(Zabel et al. 2009; Tarp et al. 2016; Zelazo et al. 2013;

Table 2 Differences between baseline, 400 min, and post-800 min

n Baseline Midpoint Post 800 min p Partial η2 Pairwise

WMT: total score 460 14.24 (9.81) 15.91 (10.41) 16.32 (10.89) < .001 .039 1 < 2,3

GNG: nogo skipped 366 16.55 (5.98) 18.03 (6.03) 19.00 (6.13) < .001 .141 1 < 2 < 3

Flanker: incon. correct RT 507 976.31 (438.51) 899.45 (.345.99) 860.64 (309.64) < .001 .085 1 < 2 < 3

WMT total score =WorkingMemory Test total score;GNG no go skipped = go/nogo test no go condition correctly skipped;Flanker incon. correct RT =
Flanker test incongruent condition correct response reaction time

Table 3 Differences between
actual and predicted change n Actual change Predicted change p Cohen’s D

WMT total score 405 2.44 (10.99) .46 (.66) < .001 .18

GNG nogo skipped 313 2.54 (6.05) .20 (.45) < .001 .39

Flanker incongruent correct RT 423 − 146.38 (385.78) − 29.57 (76.55) < .001 .31

WMT total score =Working Memory Test total score; GNG no go skipped = go/nogo test no go condition cor-
rectly skipped; Flanker: incon. correct RT = Flanker test incongruent condition correct response reaction time
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Graham et al. 2016). Rates of valid task performance were
reported as 82% (Graham et al. 2016) and 92% (Tarp et al.
2016) in two recent child studies. Current rates (i.e., 73%,
86%, 91%) are consistent with these reports of laboratory-
based performance validity criteria rates and suggest that valid
measurement of EF can be conducted in the classroom
environment.

Test-retest reliability with classroom administration on the
GNG and Flanker tests fell in the acceptable range
(r = .67–.73), while reliability on the working memory test
was at the upper end of the poor range (r = .49). Although
the NIH Toolbox Flanker and List Sorting Working Memory
tasks in children show good to excellent test-retest reliability
(r = .86–.92; Tulsky et al. 2013; Zelazo et al. 2013), other test-
retest reliability data in children have shown more modest
results consistent with the current findings (ranging from .09
to .87 for EF tasks in children; Leark et al. 2004; Soreni et al.
2009; Zabel et al. 2009; Bezdjian et al. 2009; Tarp et al. 2016).
Adult EF task data has also shown similarly modest findings
(ranging from .11 to .88; Langenecker et al. 2007; Bollini et al.
2000; Hahn et al. 2011; Paap and Sawi 2016). Taken together,
current test-retest reliability approximates those seen in prior
studies utilizing well-established EF measurements in labora-
tory settings.

Assessment of EF in the settings of research laboratories or
clinician offices with a single child sitting with an adult in a
quiet roommay yield somewhat higher test-retest consistency,
but assessment in the classroom setting where the child has to
learn has important ecological validity. Moreover, the web-
based classroom testing is easily scaled and available at a
small fraction of the cost of office-based testing, making it
potentially available to much larger numbers of children.
Valid, feasible, and scalable classroom testing of EF, as our
data indicates is possible, would be of great value in identify-
ing children with special needs or special talents, and provid-
ing teachers with information to better personalize education.
Moreover, because of the low cost and easy availability of the
tests, invalid tests can be repeated after additional instruction,
unexpected results can be confirmed with retesting, and
teachers can assess effects of their interventions with pre-
and post-intervention assessments. Equally important, valid
measurement of EF in large numbers of children in classroom
settings makes possible new research on development and
significance of EF, and on classroom interventions to improve
EF. Such research is essential to the development of evidence-
based pedagogy.

Effectiveness of EF Training

Results of the current study suggest that EF training within the
classroom setting can lead to statistically significant and
meaningful EF improvement, and contribute to the growing
body of research that suggest cognitive training interventions

can result in EF improvements in children (Cortese et al. 2015;
Diamond and Ling 2016; Hadwin and Richards 2016; Van der
Donk et al. 2016; Mishra et al. 2016; Zhao et al. 2018).
Collecting naturalistic data from real-world implementations
of the EF training program makes possible large study sam-
ples without research funds typically needed to gather such
data and offers the important advantage of assessment of out-
comes in a range of more general use settings than is often the
case. However, the absence of a randomized control group
raises possibilities of at least three potentially significant con-
founds. First, results are simple practice effects from taking
the EF assessments two times. To address this possible con-
found, we evaluated improvement in samples of 500 to 1000
children taking the tests twice with little training or time be-
tween the two tests. Whatever practice effects are present in
these samples are expected to be greater than in our imple-
mentation outcome data where the test and retests were sepa-
rated by much longer time intervals. Practice effects were
small and statistically insignificant for working memory and
interference control. Practice effects were statistically signifi-
cant for response inhibition but an order of magnitude smaller
than the observed improvement after training (partial
η2 = .009 versus .141).

The second possible confound is that EF may have im-
proved in the implementation sample simply because the chil-
dren got older, and during this time had the stimulation offered
by their school programs. Fortunately, our sample allowed
estimate of the expected time-related improvement in EF.
Using EF test scores from the beginning of the school year
for each grade, we used the difference from each year to the
next as the 12-month time-related improvement from biolog-
ical maturation and general environmental stimulation. Using
the actual calendar time between tests at baseline and after
800-min training to estimate the expected time-related im-
provement in test scores for that child, we found change ob-
served during the intervention was between 4.95 and 12.7
times greater than predicted neurodevelopmental growth dur-
ing the same time period (d = .18 to .31).

The third possible confound is that the schools using the
intervention also introduced other program changes, and that
these program elements rather than the EF cognitive training
program were the cause of the observed improvement in EF.
While we cannot rule this possibility out, three things make it
likely that the improvements were related to the EF training
intervention. First is the fact that the EF intervention was
designed and employed with the a priori predictions that it
would improve EF performance. While it is important to con-
sider alternative explanations of the improvements that were
then observed, it is reasonable to think they are likely due to
the program that was specifically designed to produce the
improvements. Secondly, the improvements were evident in
all grade levels from K-8 and across many schools and class-
rooms across the country. The only thing all these schools and
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classrooms had in common was the use of the EF skills
training program. It is actually exceedingly unlikely that
they all also introduced other programs that were the
source of observed improvement in EF. Finally, we found
a dose response for improvements in inhibition and inter-
ference control, and such dose response relationships are
thought to further link the response to the intervention. Of
note, while no grade effect was found for working mem-
ory or response inhibition, significant gains in interfer-
ence control were observed in younger, but not older
children. Interference control was measured by reaction
time on correct incongruent trials, and this indicator con-
tinues to improve as children develop through the full age
range of our study population. However, several aspects
of neurocognitive function contribute to better scores on
this indicator, including, for example, focused attention
and motor speed. Perhaps Activate training impacts as-
pects of function that are developing at earlier ages, but
not factors that are the primary basis of the improvement
at later ages.

Current results only report on the direct effects of the EF
tasks, without examination of far transfer or ecologically valid
findings (e.g., grades, academic test performance). In a recent
related study, Wexler et al. (2016) identified the currently ex-
amined cognitive training program (three sessions per week
for 4 months) showed significant effects on school-
administered math and reading achievement tests. While the
current study utilized a ‘target engagement’ approach (i.e., can
the program modulate the primary target of intervention),
these recent results provide evidence to suggest that this target
engagement can lead to subsequent enhancement of academic
outcomes.

Current results have critical implications for child develop-
mental outcomes. EF deficits are the most common type of cog-
nitive deficits and can occur within the context of any type of
neurodevelopmental disruption, such as onset of a clinical con-
dition or living in adverse or suboptimal environments (Diamond
2013). Despite the fact that EF is often the strongest predictor of
clinical/functional outcomes in these children, there are very few
evidence-supported and scalable interventions to improve EF.
Not only do current results suggest this cognitive training pro-
gram can effectively improve EF, but it can validly measure pre-/
post-training EF and do so within the child’s primary learning
environment. These findings have direct implications for socio-
economically disadvantaged children. Given the influence of EF
on academic outcomes, cognitive training that successfully tar-
gets and improves EF has the potential to help reduce the large
achievement gaps associated with poverty (Reardon 2013;
Bohrnstedt et al. 2015), and indirectly with race, across the
USA (Blair and Raver 2016). School-based EF evaluation and
intervention also holds promise as a primary and/or secondary
preventative intervention for EF deficits related to clinical
neurodevelopmental disorders.

Although demographic data on individual students is lim-
ited, the majority (58%) of students in this sample were eligi-
ble for the National School Lunch Program, an indicator of
poverty. Analysis of the relationship between poverty in a
larger sample that includes the present sample found robust
relationships between percent of children NSLP eligible and
the same tests of inhibition and working memory used in this
study (Imal et al., submitted). Repeated unpublished analysis
of data from individual schools with more than 50% of the
children NSLP eligible have shown both school wide gains in
attention, self-control and memory, and greater gains in chil-
dren who were weak at baseline. On the other hand, our pub-
lished report (Wexler et al. 2016) of far-transfer training ef-
fects to improvement on school-administered math and read-
ing tests was from schools with less than 10% of children
NSLP eligible. Unpublished data provided by other schools,
however, has shown even greater gains on math and reading
proficiency tests in general classroom implementations of the
program in poverty community schools. This data together,
then, not only shows gains in students from both affluent and
impoverished communities, but also suggests the gains are
larger in the later part. Regarding children with identified
learning disorders, teachers have provided multiple anecdotal
reports of substantial improvement, but the absence of more
complete demographic and clinical data has prevented sys-
tematic analysis.

Limitations

As noted above, the absence of a non-intervention control
group is a significant limitation, and while major potential
confounds have been addressed to a significant degree, the
evidence does not meet the highest evidentiary standard of a
randomized controlled study, and follow-up randomized clin-
ical trials would be of value. Current results should be consid-
ered correlational data and not causal findings, given the lack
of randomization and possibility that observed improvements
were secondary to other program initiatives in the schools
using the EF training program. Very limited clinical/
demographic information was available on individual children
in the current study, and it will be important in future research
to better understand user characteristics that predict response
to the EF training intervention. Finally, variability in the num-
ber of children in each school and grade prevents use of so-
phisticated statistical models (e.g., nested data), and variability
in the types of students across grades/schools further limits
interpretability of grade effects.
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