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were significant. Controlling for executive function, effects of poverty on
reading (—0.58 to —0.31) and math (-0.59 to —0.35) were diminished, indi-
cating partial mediation of effects of poverty on reading and math via ef-

fects on executive function. Conclusion: Interventions that enhance execu-
tive function in children in impoverished and/or violent environments
could mitigate damaging effects of these environments on neurocognitive
and associated life and health outcomes. Without intervention, many young
adults in troubled areas of the world will be ill-prepared for productive
function in society.

Key Notes: Analysis in 5717 children shows that poverty compromises academic proficiency in
large part by compromising executive cognitive skills necessary for learning, health and work.
World-wide nearly 400 million children live in impoverished circumstances that often include high
levels of violence and domestic instability. Without interventions to improve executive functions, a
large number of young adults are likely to have health problems and be ill-prepared for productive
function in their communities.
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1. Introduction

Executive cognitive functions (EF), including attention, self-control and memo-
ry, powerfully predict a wide range of important life outcomes starting with
academic success in elementary school and beyond, absence of legal problems,
and multiple health outcomes. Children with stronger EF engage more effec-
tively with classroom learning activities (Nelson et al. 2017) and have higher
reading and math achievement in elementary school (Yeniad et al, 2013; Best et
al, 2011; Cantin et al. 2016). A 16-year longitudinal study of 12,000 3™ grade
children found that the 17% with the lowest attention skills had a 7.6 X greater
chance of becoming high school drop outs with the accompanying life conse-
quences (Pingault et al. 2011). In a study following 1000 children from birth to
age 32, childhood self-control predicted metabolic syndrome, respiratory dis-
ease, periodontal disease, inflammation, sexually transmitted infections, tobacco
and other substance dependence, personal finances and criminal offences, con-
trolling for effects of general intelligence and social class (Moffitt et al. 2011).

Other research has established that children raised in impoverished commun-
ities (Noble et al, 2007; Welsh et al, 2010; Blair et al. 2011; Haft & Hoeft, 2017;
Ready & Reid, 2019) and in communities with high levels of violence have lower
EF (Heissel et al, 2018). Compromised development of brain systems associated
with EF in children from these disadvantaged backgrounds has been demon-
strated as early as 9 months of age (Tomalski et at. 2013) and is evident in meas-
ures of brain structure as well as function (Noble et al. 2015). Research has iden-
tified multiple mechanisms through which disadvantaged and problematic
childhood rearing environments compromise development of EF, and associated
brain structures with life-long consequences (Jensen et al. 2017). These mechan-
isms include parental stress, fatigue and anger (Luby et al. 2013), less time spent
by parents talking to and reading to their children (Hammond et al. 2012), fewer
resources for instructional toys and exposure to interesting places and activities,
exposure to environmental toxins , poor nutrition and sleep, and exposure to vi-
olence and stress (Sharkey et al. 2012). A recent study found that children in a
city in the United States slept significantly less the night after a violent crime in
their neighborhood, and had elevated cortisol levels the next morning (Heissel et
al. 2018). Controlled studies in animals and correlational studies in children
demonstrate a link between elevated cortisol and compromised development of
EF (Blair & Raver, 2016).

These two sets of findings together strongly suggest that compromised EF is

an important mechanism for the impact of poverty and violence on academic
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achievement, health and other important life outcomes. This has led to sugges-
tions that because of the great individual and social costs associated with grow-
ing up in poverty and associated low EF, interventions are urgently needed to
improve EF in children at risk for compromised EF development (Moffitt et al.
2011; Luby et al. 2013; Diamond & Ling, 2016). However, direct evidence de-
monstrating if and to what extent EF dysfunction mediates the impact of poverty
on academic and life outcomes is, in fact, sparse. In a study of 91 5 grade child-
ren in poverty community schools, Waber et al. (2006) found that EF accounted
for about 40% of the variance in math and reading proficiency test scores. Al-
though this study found that variance in EF among children in poverty area
schools contributes significantly to academic outcomes, the same was found
among children living in affluent communities. The study was not designed to
examine whether differences between children in high poverty vs. affluent
communities in academic outcomes were mediated by differences in EF. In a
more direct assessment of mediation in a study of 49 children (54 - 66 months
old) in a small town, Dilworth-Bart et al. (2012) found that EF did significantly
mediate the effects of socioeconomic status (SES) on math competency, but
notes that the study was limited both by sample size and constricted range of
SES, as the children were mostly from well-educated middle-income homes. The
most compelling existing data of mediation by EF deficits of the effects of po-
verty on academic outcomes is provided by a study of the development of brain
regions important in EF (Hair et al. 2015). In this longitudinal brain imaging
study of 389 children including 25% from households with reported income less
than 200% of federal poverty levels, 10% - 15% of the effects of poverty on aca-
demic outcomes were accounted for by the measured effects of poverty on brain
development.

The present study of a large sample of children from kindergarten to 8" grade
in schools located in a wide range of socioeconomic settings in the United States
aimed to provide a more definitive test of the hypothesis that EF abilities me-
diate the relation between compromised rearing environments and academic
achievement, and provide additional estimates of the magnitude of the media-
tion effect. Such data, together with existing data, would provide compelling
evidence for allocating funds to develop and implement existing interventions to
promote EF development in communities compromised by poverty and dis-
rupted by violence (LCAH, 2019).

2. Methods
2.1. Participants

Participants were all children (n = 5717) grades K-8 in schools (n = 40) across
the United States in which at least 20 children in a single grade used a cognitive
skills training program purchased by their school from C8 Sciences and had va-
lid on-line classroom-administered tests of EF. Individual EF data were aggre-

gated at the school level since available socioeconomic and academic proficiency
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data were available only at the school level. In order to have a large enough sam-
ple to create a representative value for each school, schools were only included if
there were at least 20 children in a single grade with valid assessments on all
three EF tests. Since school officials selected the program for use in their curri-
culum and all data analysis was on the group level without identifying informa-
tion on individual children, the Yale Human Investigations Committee deter-
mined that individual consent was not needed and all procedures were in accor-
dance with the Helsinki Declaration of 1975, revised in 1983.

2.2. School Socioeconomic Status and Academic Outcome

The percentage of children eligible for free or reduced lunch based on family in-
come was used as the indicator of the SES of the community of each school.
Academic achievement was measured by the percentage of children meeting
math and reading proficiency levels on school-administered state proficiency
exams. All data were drawn from the US Department of Education, National

Center for Education Studies (data available at https://www.niche.com).

2.3. Measures of Executive Function

EF outcomes were assessed with three web-based measures embedded in the
cognitive skills training program and automatically presented, administered and
scored in the classroom. EF measurements started on the third day of the pro-
gram to give teachers and students time to be familiar with the program, and
were given either one per day for three days or two per day for two days. Two
tests (Flanker and Working Memory) followed precisely the design of tests in the
NIH Toolbox of tests of EF (nihtoolbox.org). The third test is a Go/No-Go test
of response inhibition, very similar to continuous performance tasks commonly
used in research studies. The fact that the tests are done in the classroom envi-
ronment adds ecological validity to the scores. But since the testing environment
is not controlled and there are no direct observations of children while testing,
test validity criteria are applied as part of the auto-scoring of all tests (see below).

The Flanker Test of focused attention uses reaction time on correct incon-
gruent trials as its primary performance measure. In this task, children 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 “flank-
ing” arrows point in the opposite direction of the central arrow. Following the
procedure of the NIHToolbox, there are 29 congruent trials and 17 incongruent
trials. Response times longer than 4500 msec on incongruent trials and 3500
msec on congruent trials were so slow as to suggest classroom distraction or
momentary disengagement from the test, and those trials were excluded. Re-
sponse times faster than 150 msec suggested random responding and such trials
were also excluded. Tests with more than 4 incongruent “too slow” trials, more
than 7 congruent “too slow” trials, more than 4 “too fast” trials, less than 75%
correct on the congruent trials or fewer than 8 correct incongruent trials were

considered invalid because there were not enough valid trials to reliably evaluate
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performance and because they suggested repeated distraction or disengagement.
Finally, tests were considered invalid if average reaction time was more than two
standard deviations from the mean.

The List Sorting Working Memory Test presents the child with a series of
animals or household objects. The child must select the objects just seen from
among a grid of 16 objects, clicking them in order from smallest to largest rather
than the order in which they were presented. The test starts with a list of 2 ob-
jects. If the child completes the list accurately, list length is increased by one. If
the child errs, the same length list is repeated. Two failed attempts at the same
list length ends the test. The score is the sum of correct list lengths. The test has
two parts. In part one, trials of animals and household objects alternate. In part
two, animals and household objects are presented in the same trial, and the child
must reorder the animals first and then the household objects. As a validity
check, if a child was unable to report back two items in correct order, we consi-
dered it possible that the child did not understand or engage with the test and
their scores were considered invalid.

The Go/No-Go Test of Response Inhibition instructs the child to press the
space bar whenever a “Go” stimulus is presented but not when a “No-Go” sti-
mulus 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 “P” is the Go stimulus and “R” is the No-Go
stimulus. In the second block this is reversed. In the third block, pictures of fur-
niture are the Go trials and pictures of foods like cake and ice cream are the
No-Go stimuli. Stimuli are presented for 400 msec with a 1400 msec response
window after stimulus offset. Errors are indicated by display of a large red “X.”
Trials with response times greater than 2000 msec were eliminated since the re-
sponse was after presentation of another stimulus. Trials with response times
less than 150 msec. were also eliminated because response was too fast to confi-
dently be related to the stimulus. Tests with less than 85% correct response to
Go-Trials were considered invalid because the child failed to establish the con-
sistent response bias required to measure response-inhibition. Also, not res-
ponding due to general inattention or poor accuracy artificially elevates the rate
of No-Go trials correctly skipped. Tests with more than 10 “too slow” trials or
more than 15 “too fast” trials were also considered invalid because of concern

that the children were attending inconsistently or responding randomly.

2.4. Statistical Analyses

Relations among EF, school SES and school academic achievement were eva-
luated using average grade-based z-scores for children within each school (Fig-
ure 1). All variables were coded such that higher scores indicate better perfor-
mance. Potential associations between levels of lunch subsidization, EF (Flanker,
GNG, WMT), and reading and math proficiency were assessed using correlation
analysis. Mediation by EF of the association between lunch subsidization and

academic proficiency was evaluated as outlined by Baron and Kenny (1986). The
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Figure 1. Age-related growth on three tests of Executive Function: Flanker Test of Focused Attention (reaction times on correct

incongruent trials become faster); Go/No-Go Test of Response Inhibition (percent correct on No-Go trials); List Sorting Working

Memory Test (total score).

estimated indirect effect was tested for significance using bootstrapping proce-
dures (Preacher & Hayes, 2004) with n = 5000 samples. In lieu of testing the me-
diating effects of each EF measure separately, regression-based factor scores
were estimated based on a one-factor solution for the Flanker, GNG, and WMT
tasks. Despite its low factor loading, the GNG task was included in the calcula-
tion of the EF factor score so as to encompass all available information. Analyses

were conducting using SAS, version 9.4 (Cary, NC).

3. Results

Growth of Executive Function: As expected, improvement in EF from K to 8
grade is significant on all tests (effect of grade p < 0.0001, Figure 1).

Relations Among EF, SES and Math and Reading Achievement (Table 1):
Increased lunch subsidy was strongly associated with diminished performance
on both the Flanker and WMT tasks and math and reading assessments. No as-
sociations with performance on the GNG task were observed.

Regression models (Table 2, Figure 2(a), Figure 2(b)) showed significant re-
lations between lunch subsidization and EF (b = —0.57, p < 0.0001) and EF and
both reading (b = 0.46, p = 0.002) and math (b = 0.42, p = 0.005) proficiency af-
ter controlling for lunch subsidization, supporting the mediation hypothesis.
The estimated indirect effect was (-0.57) (0.46) = —0.26 on reading and (-0.57)
(0.42) = —0.24 on math, with both significant according to bootstrap results
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Table 1. Correlations among lunch subsidization, measures of executive function, and
reading and math proficiency (n = 40).

Flanker GNG WMT Read Math
Lunch r=-0.50 -0.06 -0.61 -0.63 -0.65
p=10.0009 0.72 <0.0001 <0.0001 <0.0001
Flanker -0.11 0.62 0.51 0.52
0.49 <0.0001 0.0008 0.0006
GNG 0.20 0.18 0.14
0.23 0.28 0.39
WMT 0.69 0.66
<0.0001 <0.0001
Read 0.95
<0.0001
Factor Loading 0.883 0.126 0.914

Lunch: % students receiving free or reduced lunch; Flanker: (Flanker Test) reaction time to target (coded
such that higher scores indicate better performance); GNG: (Go-No-Go task) correct percent; WMT:
(Word Memory Test); Read: % students reading proficient; Math: % students math proficient.

Table 2. Summary of mediation analyses.

Reading Proficiency

Model Coefficient Stderr T (1) P R-square
Read = Lunch -0.57 0.12 -4.99 <0.0001 0.40
EF = Lunch -0.57 0.12 -4.83 <0.0001 0.38
Read = EF (control lunch) 0.46 0.14 3.26 0.002 0.53
Read = Lunch (control EF) -0.31 0.13 -2.39 0.02 0.53

Total effect = —0.57; Direct effect = —0.31; Indirect effect = —0.26; % mediation = 46%

Lower Upper

Bootstrap Mean Stderr 959% CI 95% CI

Effect -0.26 0.10 -0.47 -0.07

Math Proficiency

Model Coefficient Stderr T (1) P R-square
Math = Lunch -0.59 0.11 =5.27 <.0001 0.42
EF = Lunch -0.57 0.12 —4.83 <.0001 0.38
Math = EF (control lunch) 0.42 0.14 2.99 0.005 0.53
Math = Lunch (control EF) -0.35 0.13 -2.71 0.01 0.53

Total effect = —0.59; Direct effect = —0.35; Indirect effect = —0.24; % mediation = 40%

Lower Upper

Bootstrap Mean Stderr 95% CI  95% CI

Effect -0.23 0.10 —0.44 -0.06
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Figure 2. (a) Regression coefficients for relations between percent of children in the
school receiving free or reduced lunch and Executive Function, Executive Function and
Reading Proficiency, and percent of children in the school receiving free or reduced lunch
and Reading Proficiency without and with mediation by effect of percent of children in
the school receiving free or reduced lunch on Executive Function. ***p < 0.001, **p <
0.01, *p < 0.05. (b) Regression coefficients for relations between percent of children in the
school receiving free or reduced lunch and Executive Function, Executive Function and
Math Proficiency, and percent of children in the school receiving free or reduced lunch
and Math Proficiency without and with mediation by effect of percent of children in the
school receiving free or reduced lunch on Executive Function. ***p < 0.001, **p < 0.01, *p
< 0.05.

(reading: —0.26, 95% CI: —0.47, —0.07; math: —0.23, 95% CI: —0.44, —0.06). The
effect of lunch subsidization, after controlling for EF, was significant, but dimi-
nished on both reading (-0.58 to —0.31) and math (-0.59 to —0.35), consistent
with partial mediation. 46% and 40% of the effect of lunch subsidization on

reading and math proficiency was mediated via EF.

4. Discussion

Previous research has established that EFs of focused attention, inhibition and
working memory continue to develop throughout childhood, predict academic
success, and are compromised in children from impoverished backgrounds.
These findings have suggested that compromise in EF may be one important
cause of lower academic achievement in children in poverty area schools. How-
ever, data confirming this hypothesis has been limited and some possibly even
non-confirmatory e.g., The present study provides the first confirmation in a
large and economically diverse sample that EF deficits substantially mediate the

impact of poverty on academic achievement. These findings, together with the
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studies showing impact on brain development in regions associated with EF, and
mediation of the effects of poverty on academic achievement by alterations in
brain development (Hair et al., 2015), support suggestions that childhood inter-
vention to improve EF may have significant positive value at both individual and
social levels.

“Poverty disproportionately affects the young. Worldwide, one in five child-
ren, a staggering 385 million, survive on less than US$1.90/day (LCAH, 2019).”
Of the children under the mandate of the UN Commission on refugees, nearly 3
million do not attend school

(https://www.unicef.org/eca/emergencies/latest-statistics-and-graphics-refugee-a

nd-migrant-children). Over 40% of Syrian child refugees in surrounding coun-

tries are out of school, and millions more in Syria are exposed daily to the full
range of environmental factors that compromise EF (Jensen et al. 2017). Similar
conditions face additional millions of children in Yemen where thousands have
died from starvation, 5 million are said to face starvation and 11 million are in
need of humanitarian aid according to the United Nations, in a country of only

25 million

(https://www.savethechildren.net/article/vemen-further-one-million-children-ri
sk-famine-food-and-fuel-prices-soar-across-country,

https://www.unicef.org/mena/press-releases/three-million-children-born-war-ye
men). Without intervention, it is likely that large numbers of children will be-

come young adults without the cognitive skills to function effectively in 21
century societies, with increased medical disease® and with the potential to bur-
den and destabilize social organization rather than contribute to it.

These statistics portend serious risk for individual and societal well-being and
stability. Current understanding of healthy brain development and the brain’s
neuroplastic potential provide evidence-based and targeted interventions to ad-
dress this crisis (Diamond & Ling, 2016; Jensen et al. 2017). Randomized con-
trolled trials of in-home parenting interventions to support cognition-enhancing
parent-child interactions for 9 - 24 month old children (Walker et al. 2005), and
full-day child-care center providing games for 3 - 5 year olds to improve EF
found faster and greater cognitive development in the intervention groups with
gains still evident when the children were 17 - 21 years old . Another 8-week
RCT of a 2 times/week parenting skill and child EF training groups showed in-
tervention-related enhancement of language function, social skills and ERP
measures of attention-related brain function (Neville et al. 2013). A controlled
study involving 759 children in 79 classrooms trained teachers to use special
games and pedagogic techniques to enhance EF and found broad EF gains in
children in low SES schools (Blair & Raver, 2014). Studies in 500 to 1000 child-
ren of low-cost, easily scaled, web-based EF training games for classroom use
found increases in EF (Kavanaugh et al. 2018) and far-transfer to improved per-
formance on school-administered reading and math achievement tests (Wexler

et al. 2016). As Luby wrote (Luby, 2015), “In developmental science and medi-
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cine, it is not often that aspects of a public health problem’s etiology and solu-
tion become clearly elucidated. It is even less common that feasible and
cost-effective solutions to such problems are discovered and within reach.” Sub-
sequent work, including that described in this report, provide additional support
for these important but yet to be widely acted on assessments. There are neuros-
cience-informed, evidence-based interventions to address the urgent problems
related to compromised neurocognitive development in children raised in po-
verty and/or exposed to violence. Application of these interventions in areas of
poverty, violence and domestic instability could have positive public health out-
comes on the same scale as vaccination against viral diseases.

Although we found grade-related growth of inhibition on the GNG test,
scores were not significantly associated with SES or academic achievement. Best
et al. (2011) argued that more complex tests of EF are more predictive of aca-
demic success, and the GNG measure of inhibition is less complex than the tests
of attention and working memory used in the present study. Cheung et al.
(2004) found that in young adults, inhibition as measured by a GNG test was not
correlated with three other measures of inhibition or any other tests of EF, while
two of the other tests of inhibition (the Competing Motor Program and Stop
Signal Response Task) were correlated with each other and other tests of EF. Not
surprisingly, then, past studies using different measures of inhibition have found
varying degrees of association with academic achievement, and other studies
using the GNG test also failed to find associations with academic achievement
(Noble et al. 2007; Vandenbroucke & Baeyens, 2017). While different tests of in-
hibition may relate to the same general construct, the nature and degree of cog-
nitive demand for successful inhibition seems to be related to the context of
other cognitive operations in which it is required, leading to different degrees of
association between inhibition and other measures depending on the specific

measure of inhibition.

5. Limitations

This study had the advantage of a large and heterogenous sample of children,
but it was a convenience sample comprised of schools using the C8 Sciences
program. At the individual level of 5717 children we are confident the sample is
truly representative. At the school level, the sample was more limited; but the 40
schools were distributed in urban and rural areas across the United States
representing a full SES range. While validity criteria were applied to tests, some
valid data may have been excluded or some invalid data included. Motivation for
performance was not directly observed, and it is a potential confound even in
individual administration under optimal conditions. However, using embedded
validity checks is consistent with other on-line testing systems which have been
well-accepted by the professional community. In addition, there are other di-
mensions of EF that we did not test and which if included might increase the

degree of mediation by EF. Finally, there are limitations inherent in the correla-
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tional foundation of all mediation analyses such that EF compromise could be a
correlate of some other variable that is the real causal mediator of the effects of
poverty on academic outcomes. Since we aggregated data at the school level, this
other variable could be some characteristic of the schools. However, the media-
tion analysis tested specific a priori assumptions based on extensive existing re-
search showing that EF is related to both poverty and academic outcomes.
Moreover, interventions to increase EF have been shown in randomized con-
trolled studies to increases academic outcomes in children raised in poverty.
These prior findings greatly increase the likelihood that EF is itself the mediator
rather than being a “stand-in” variable for some other factor not similarly recog-

nized or targeted in past research.

6. Conclusion

One set of previous research studies has established that executive functions
predict academic, health and employment outcomes. Another set of studies has
demonstrated that poverty compromises academic, health and employment
outcomes. A third set of studies has shown that poverty compromises executive
cognitive functions. This study provides more direct empirical support for the
first time in a large and economically diverse population that poverty compro-

mises academic outcomes by compromising executive function.
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