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We describe and validate a novel, scalable, group-based assessment of executive functions (EFs) in a classroom
setting using tablet computers. Relative to the conventional method of a more controlled, one-on-one individual
assessment (IA), the group assessment (GA) can be administered quickly tomany students, requires less training
for assessors, andmeasures performance in a naturalistic classroom setting. In a socioeconomically and ethnically
diverse sample of 269 students in third through fifth grade, we show that IA and GA scores for the same tasks
were highly inter-correlated, equally reliable, and showed analogous associations with known EF covariates. IA
and GA scores independently predicted teacher-rated self-regulated classroom behavior and standardized test
scores. Further, only the GA score emerged as a unique predictor of academic achievement when controlling
for prior achievement. We are sharing the tablet apps, source code, and supporting materials for this GA proce-
dure at no cost under an open-source license.

© 2017 Elsevier Inc. All rights reserved.
Keywords:
Executive function
Assessment
Academic achievement
Classroom behaviors
Self-regulation
1. Introduction

Executive function (EF) skills have been linked to various education-
al outcomes, including specific academic skills, school engagement, and
self-regulated classroom behaviors (Diamond, 2013; Obradović,
Portilla, & Boyce, 2012). However, the conventional approach to EF as-
sessment is to measure children's performance on standard EF tasks in
a highly controlled, laboratory-like setting, typically with a ratio of one
child to one assessor. This approach lacks the ecological validity of as-
sessment in a classroom setting—where children practice and apply EF
skills daily—anddoes not scalewell for collecting data froma large num-
ber of students. We developed a new procedure to simultaneously as-
sess EF skills in all students in a classroom using standard EF tasks
administered on tablet computers. The goals of the current study are
to validate this new assessment by: (1) examining convergent validity
with conventional individual assessment procedures; (2) comparing
students' EF performance across group and individual assessment set-
tings; (3) comparing associations of EFs with known demographic and
educational covariates across the two assessment settings; and (4)
investigating the predictive validity of EF skills assessed in group versus
individual assessment settings for teachers' reports of students' self-
regulated classroom behaviors and their academic achievement on
standardized tests.
adović).

al., Assessing students' execu
Psychology (2017), http://dx.d
1.1. Executive functions and educational outcomes

EFs are a set of higher-order cognitive skills that enable children to
inhibit their impulses, control inappropriate behaviors, ignore distrac-
tions, hold and manipulate information in the mind, and shift between
competing rules or attentional demands. As such, EF skills are implicat-
ed in many aspects of school success. Over the last decade, researchers
have linked direct assessments of EF skills to teachers' reports of stu-
dents' self-regulated classroom behaviors, such as their ability to follow
instructions, stay focused on tasks, and work collaboratively with peers
(Ciairano, Visu-Petra, & Settanni, 2007; Diamond, 2013; Obradović et al.,
2012; Rimm-Kaufman, Curby, Grimm,Nathanson, & Brock, 2009). How-
ever, most of these studies have been conducted in early childhood.
Researchers working with this age group often employ a composite of
EF tasks tapping into multiple EF components (Fuhs, Farran, & Nesbitt,
2015; Neuenschwander, Röthlisberger, Cimeli, & Roebers, 2012;
Sasser, Bierman, & Heinrichs, 2015). However, more research is needed
to better understand how similar direct assessments of EFs relate to self-
regulated classroom behaviors in middle childhood.

In addition to their role in promoting self-regulated behaviors, EF
skills also contribute directly to academic performance. For example,
solving math problems requires children to flexibly shift attention be-
tween different strategies and to manipulate and update information
in working memory (Blair, Ursache, Greenberg, Vernon-Feagans, &
Family Life Project Investigators, 2015). Although empirical evidence
is most robust for the association between working memory and math
skills (Bull & Lee, 2014; Jacob & Parkinson, 2015), meta-analytic studies
have demonstrated that direct assessments of inhibitory control (Allan,
tive functions in the classroom: Validating a scalable group-based
oi.org/10.1016/j.appdev.2017.03.003
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Hume, Allan, Farrington, & Lonigan, 2014), workingmemory (Friso-van
den Bos, van der Ven, Kroesbergen, & van Luit, 2013) and cognitive flex-
ibility (Yeniad, Malda, Mesman, van IJzendoorn, & Pieper, 2013) are all
associated with children's performance on literacy and math achieve-
ment tests.

1.2. Ecological validity of executive function assessments

Researchers often assess children's EF skills in university-based lab-
oratory settings using a battery of developmentally appropriate stan-
dard tasks administered by a highly trained research assistant
(Carlson, 2005; Kochanska & Knaack, 2003). There are also many
school-based studies, but these typically mimic a laboratory setting: re-
searchers take children out of their classrooms to be assessed one-on-
one in a quiet space such as a library room (Blair & Razza, 2007; Raver
et al., 2011; Schmitt, McClelland, Tominey, & Acock, 2015; Weiland,
Barata, & Yoshikawa, 2014). The assessor works closely with the child
to explain the task instructions, provide guidance and feedback during
practice trials, and ensure focused completion of the test trials. This con-
text provides many external motivators (both intentional and inadver-
tent) for children to perform well on EF tasks—motivators that are not
normally present in the classroom. Assessors are trained to establish
good rapport with participants and express a caring and affirmative de-
meanor. They provide positive encouragement during practice trials,
physical proximity during test trials, and praise after the task is com-
pleted. This individualized attention may motivate some children to
(try harder to) perform well on the tasks and may contribute to artifi-
cially inflated EF performance that does not reflect the child's ability
to engage EF skills in a more natural setting. Conversely, some children
may be more comfortable in the classroom or better motivated by the
presence of peers and teachers, and thusmay underperform in a labora-
tory setting. Individual assessment minimizes the external distractions
and interpersonal dynamics present in the classroom, and it provides
controlled testing conditions that include constant monitoring and
timed positive feedback (Silver, 2014), but it lacks ecological validity.

Ecological validity is an aspect of research design that refers to the
similarity between the participants, materials, and settings used in a
study and the real-world context under investigation (Shadish, Cook,
& Campbell, 2002). By better aligning the assessment context with
real-world conditions in which children employ their EF skills, re-
searchers can improve the ecological validity of EF assessments
(McCabe, Hernandez, Lara, & Brooks-Gunn, 2000; Sbordone, 2001). Spe-
cifically, assessing EF skills in a classroom setting, with its naturally oc-
curring distractors and motivators, will yield a more ecologically valid
measure of EF skills. It may also improve the predictive validity of di-
rectly assessed EF skills for students' self-regulated classroom behavior
and measures of academic achievement such as performance on stan-
dardized tests.

1.3. Scalability of executive function assessments

As educators and policymakers debate the merits of assessing stu-
dent progress using measures of socioemotional learning (Campbell et
al., 2016; Duckworth & Yeager, 2015; Ursache, Blair, & Raver, 2012;
West, 2016), researchers need to create valid, pragmatic, and cost-effec-
tiveways of assessing EFs at scale. Although teacher report on question-
naire measures of EF has been found consistently to predict children's
academic achievement (Allan et al., 2014; McClelland, Acock, &
Morrison, 2006), teacher report has several known limitations. First,
teacher report of student behavior can be subject to a “halo” effect
(Nisbett & Wilson, 1977), where the respondent's general impression
of the child's overall functioning biases the report of specific skills.
Thismay be exacerbatedwhen teachers are required to rapidly evaluate
and compare many students. There is also evidence of systematic racial
and gender bias in teachers' reports (McKown & Weinstein, 2008;
Ready & Wright, 2011). Moreover, when asked to consider students'
Please cite this article as: Obradović, J., et al., Assessing students' execu
procedure, Journal of Applied Developmental Psychology (2017), http://dx.d
self-regulation, teachers may find it difficult to differentiate between
EFs and related constructs such as conscientiousness (Eisenberg,
Duckworth, Spinrad, & Valiente, 2014). Further, questionnaire items
tend to capture broad behavioral markers of self-regulation and com-
posites tend to have positively skewed distributions, with many stu-
dents scoring at or close to the scale maximum. As such, they are less
sensitive than direct assessments in reflecting small differences in EF
skills across students and incremental changes in EF skills over time. Fi-
nally, questionnaires require teachers to contribute considerable time
and cognitive effort, which makes it difficult to gather information on
all students in a classroom or to track changes throughout an academic
year.

Direct assessment of EF skills addresses problems with objectivity
and measurement precision (Silver, 2014) and is thus considered to
be the “gold standard” of EF measurement. However, extant individual
assessment procedures are prohibitively expensive for large-scale stud-
ies such as program evaluations. Further, taking children out of the
classroom one at a time burdens teachers by reducing instructional
time and disrupting students' attention and behavior. Understandably,
teachers and district officials often object to this type of research design.
In order to employ direct assessments of EF skills at scale, we need to
develop a group-based assessment procedure that is pragmatic, cost-
effective, and minimally disruptive.

Although researchers have recognized the need to measure EF skills
in real-world settings (McCabe et al., 2000; Sbordone, 2001), they al-
most exclusively employ individual assessment procedures (Fuhs,
Farran, & Nesbitt, 2013; Prager, Sera, & Carlson, 2016; Schmitt et al.,
2015; Weiland et al., 2014). We were able to identify only one small
pilot study (reported in a book chapter) inwhich EF data were collected
in a group context. McCabe, Rebello-Britto, Hernandez, and Brooks-
Gunn (2004) tested 44 preschoolers in a group administration proce-
dure,where four familiar peers simultaneously completedmodified lab-
oratory-based tasks in a classroom setting with one administrator. The
authors coded video recordings of group assessment and reported that
children had a harder time controlling impulses during the Gift Wrap
task when assessed in a peer group setting than during individual as-
sessment, but otherwise did not compare children's EF performance
across the two settings. Computerized tasks that automatically score ac-
curacy and reaction time (RT) create an opportunity to extended this
work and evaluate the feasibility of group assessment of EFs in middle
childhood.

1.4. Current study

The main goal of the current study was to evaluate a new group as-
sessment procedure that allows researchers to directlymeasure EF skills
in all students at the same time. Our assessment procedures included a
number of methodological innovations to obtain reliable and valid data
while simultaneously reducing staff training requirements and the cost
of data collection. We adapted developmentally appropriate, widely
used EF tasks for administration on tablet computers. These tasks
were selected to yield a broad measure of EFs, as represented by inhib-
itory control, working memory, and cognitive flexibility (see Measures
for details). The computer-based tasks provided both accuracy and RT
data, thus eliminating the need for video recording or coding of
children's responses. Moreover, the portability of tablet devices and
children's ease with the touch-screen interface enabled group assess-
ment. Our procedure has the potential to significantly lower the costs
and increase the widespread use of high quality direct assessments of
EFs.

Our analyses compare the reliability and validity of this novel group
assessment procedure with the reliability and validity of an analogous
individual assessment procedure that was conducted in a quiet, highly
controlled setting. We hypothesized that children's performance in
the group assessment setting would show convergent validity with
their performance in the more conventional individual assessment
tive functions in the classroom: Validating a scalable group-based
oi.org/10.1016/j.appdev.2017.03.003
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setting. Further, we expected that EF skills would show similar associa-
tions with known demographic and educational covariates across both
assessment settings. Finally, since direct assessment of EFs in the class-
room has greater ecological validity, we hypothesized that performance
in the group assessment setting would have greater predictive validity
for children's self-regulated classroombehaviors and academic achieve-
ment compared to performance in the individual assessment setting.

2. Method

2.1. Participants

Students and teachers in 33 classrooms across eight schools in the
San Francisco Bay Area participated in a three-tiered, longitudinal
study design. First, all but one parent agreed to let their child participate
in classroom activities, including the group assessment (GA) of EF skills.
During GA, 720 students completed at least one of the three EF tasks
evaluated in the current study. Second, we received parental written
consent for 71% of these students to access their school records data.
Third, to minimize burden on teacher time, we obtained teacher report
of classroom behavior for a selected subsample of 334 students (ap-
proximately 10 per classroom). Separately, a subsample of 293 students
was also tested in an individual assessment (IA) context for the pur-
poses of the current study.

Thus, the primary analytic sample for this study includes 269 chil-
dren (103 third-graders, 106 fourth-graders, and 60 fifth-graders; 52%
female) with valid data for at least one EF task in both GA and IA set-
tings. This sample was socioeconomically and ethnically diverse;
among the 77% of parents who reported their children's ethnicity, chil-
dren were identified as 7% African American, 23% Caucasian or White,
33% Asian or Pacific Islander, 32% Hispanic/Latino, and 5% multiracial
or other. Among the 64% of parents who reported their educational at-
tainment, 32% of parents had a high school education or less. This pri-
mary analytic sample (N = 269) was compared to children who
completed the same EF tasks only in the GA setting (N = 451). There
were no significant differences between these two samples in age, gen-
der, ethnicity, or parent education. Children in the primary analysis
sample had a slightly higher EF accuracy composite in the GA setting
(β = 0.13, t(716) = 2.08, p = .038) than children who completed
only the GA, but there was no significant group difference in the RT
composite.

For analyses predicting academic achievement and teachers' reports
of self-regulated classroom behavior, this sample was further restricted
to the subset of participants for whom we had permission to access
school records (N = 204) and for whom we collected teacher report
(N = 197). Within the primary analytic sample (N = 269), there were
no significant differences in EF performance, in both IA andGA contexts,
between children who had school records data (N = 204) and those
who did not (N=65), as well as between children who had teacher re-
port data (N=197) and children for whom teacher report was not col-
lected (N = 72).

The percent of missing data on EF variables ranged from 0% to 14%.
Within the school records subsample, the percent of missing achieve-
ment data ranged from5% to 19%. By study design, therewas nomissing
data on teacher report of self-regulated classroom behavior. We used
multiple imputation to generate 20 complete data sets for each of
these three samples.

2.2. Procedures

Longitudinal data from four time points were used in this study. The
participants described above (third- through fifth-graders) completed
EF assessments in the fall of 2013 (Time 2), and teacher reports of stu-
dents' classroom behavior were collected using an online questionnaire
in the spring of 2014 (Time 3). Students' academic achievement data
were obtained from school records for the previous academic year,
Please cite this article as: Obradović, J., et al., Assessing students' execu
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2012–13, when students attended second through fourth grades
(Time 1), and for the following academic year, 2014–15, when students
attended fourth through sixth grades (Time 4). Teachers were compen-
sated with $95 for their participation and were given a tablet computer
for classroom use.

2.2.1. Assessment of executive functions
Developmentally-appropriate and widely used EF tasks were

adapted to be used on Android™ tablet computers. The tasks were de-
signed to look fun and attractive to children by including cartoon pic-
tures next to simplified task rules that students could easily read on
their own. Theywere programmed to include afixednumber of practice
trials and passcode-locked screens at designated intervals, to ensure
that all students completed the tasks at a similar pace and were paying
attention at the appropriate times to a research assistant who explained
task instructions.

During GA, each child was given a tablet computer and all students
in the classroom completed the EF tasks simultaneously. We developed
a classroom procedure that enabled three research assistants (RAs) to
administer EF assessment in a fashion similar to how teachers and
their aides sometimes administer academic activities and tests. The
lead RA, akin to a head teacher, stood at the front of the classroom, elic-
ited students' attention, and explained the task rules using large
posterboards thatmimickedwhat studentswould later see on their tab-
let screens. The lead RA facilitated a group practice of each task rule by
soliciting students' verbal responses. Afterward, all students had an op-
portunity to read the simplified task rules on their tablet screens and re-
ceive individualized feedback from the computer program, based on
their performance on practice trials. The lead RA ensured that students
completed practice and test trials at the same time by providing them
with the passcodes to unlock different task blocks when all students
were ready to proceed.Meanwhile, the other two RAs roamed the class-
room like teacher's aides, helping students who needed technical
assistance.

For IA, a subset of students completed the same tablet tasks outside
of their classrooms in a quiet space such as a library room. A single RA
explained the task rules to a child using a flipbook that contained the
exact same images that were presented on posterboards in the GA con-
text. Analogous to GA, the child was asked to verbally respond to two
practice trials before proceeding to complete a practice block on a tablet
computer. To account for practice effects, we administered IA in a
counterbalanced fashion so that half of the students completed IA be-
fore GA and half of the students completed IA after GA. The amount of
time between the IA and the GA ranged from 3 to 60 days (M =
25.2 days; SD= 17.6 days).

2.3. Measures

2.3.1. Hearts and Flowers
The Hearts and Flowers (H&F) task, designed to assess inhibitory

control and cognitive flexibility skills, has been widely used with ele-
mentary school students (Davidson, Amso, Anderson, & Diamond,
2006; Oberle & Schonert-Reichl, 2013; Roy, McCoy, & Raver, 2014;
Yeniad et al., 2014). There were three blocks: (1) 12 congruent ‘heart’
trials, (2) 12 incongruent ‘flower’ trials, and (3) 33 mixed ‘heart and
flower’ trials. Students were presented with an image of a red heart or
flower on one side of the screen. For congruent heart trials, students
were instructed to press the button on the same side as the presented
stimuli (i.e., heart). For incongruent flower trials, students were
instructed to press the button on the opposite side of the stimuli (i.e.,
flower). Accuracy scores were drawn from the incongruent block and
the mixed block. Although the window of time in which children
could respond (i.e., 750 ms) was based on previous research
(Davidson et al., 2006), the pacing for the mixed block was too rapid
for children in this study, resulting in many missing RT scores during
tive functions in the classroom: Validating a scalable group-based
oi.org/10.1016/j.appdev.2017.03.003
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this block. Consequently, RT scoreswere drawn only from the incongru-
ent block.
2.3.2. Multi-Source Interference Test
TheMulti-Source Interference Test (MSIT) is a measure of inhibitory

control skills that is used in middle childhood and adolescence (Bush &
Shin, 2006; Liu, Angstadt, Taylor, & Fitzgerald, 2016; Ursache, Noble, &
Blair, 2015). There were two blocks: (1) 24 congruent trials and (2)
24 incongruent trials. On both blocks, students were presented with a
sequence of three digits. For each trial, two of these digits (the
distractors) were the same and one (the target) differed from the
distractors (e.g., “2 2 1”). Students were instructed to press a button
whose numeric value corresponded to the numeric value of the target.
For example, the correct response to the sequence “2 2 1” would be
“1”. For the congruent trials, the distractors were always zeroes and
the numeric value of the target always corresponded to the numeric
value of the correct button press (i.e., “1 0 0”, “0 2 0”, “0 0 3”). For the
incongruent trials, the distractors were non-zero and the numeric
value of correct button press was always different from the position of
the correct response (e.g., “2 3 3”, “2 2 1”, “1 3 1”). Accuracy and RT
scores from the incongruent block of trials were used.
2.3.3. Digit Span Backward
The Digit Span Backward (DSB) is a standard measure of working

memory drawn from the Wechsler Intelligence Scale for Children-IV
(Flanagan & Kaufman, 2009) that is commonly used in middle child-
hood (Blankenship & Bell, 2015; Brocki & Bohlin, 2004; St
Clair-Thompson & Gathercole, 2006). A series of digits were presented
sequentially on the tablet screen. The student was instructed to enter
those numbers backwards onto a numeric keypad after the last digit
was presented. There were four practice trials, each using strings that
were two digits long. These practice trials were followed by eight test
trials of increasing difficulty (two trials each of length two, three, four,
and five digits). Accuracy scores were computed as the proportion of
correct test trials.
2.3.4. Scoring of EF tasks
Anticipatory responses—defined as a response b200 milliseconds

(ms) after stimulus presentation—were recoded asmissing for the accu-
racy scores and RT scores. Further, the H&F and MSIT tasks were timed,
such that students were unable to respond after 750 ms and 2500 ms,
respectively. If the student failed to respond during this window, the
trial was counted as incorrect for the accuracy score and as missing for
the RT score. Finally, as is standard practice, RT scores were calculated
only for the accurate trials and were not calculated for the first trial in
each block. To receive an accuracy score for each task, a participants
were required to have non-missing scores for 8/8 DSB trials (because
difficulty varied across trials), 5/12 H&F incongruent trials, 10/33 H&F
mixed trials, and 15/45 MSIT incongruent trials. In addition, RT scores
were based on aminimum of three accurate trials for the H&F incongru-
ent block and the MSIT incongruent block. Three outliers, defined as
accuracy or RT scores that were N4 SD above or below the sample
mean, were Winsorized to the highest non-outlier value that was
observed for that task.

Cronbach's alpha reliability for the RT variables was as follows: MSIT
incongruent IA=0.91, GA=0.90; H&F incongruent block IA=0.88, GA
=0.90. Since Cronbach's alpha systematically underestimates reliability
of scale using binary indicators (Raykov, Dimitrov, & Asparouhov,
2010), we used tetrachoric correlations to correct for this bias in our
computation of alpha coefficient for the binary accuracy variables.
Alpha reliability for the accuracy variables was as follows: digit span
IA = 0.85, GA = 0.82; MSIT incongruent block IA = 0.90, GA = 0.95;
H&F incongruent block IA = 0.91, GA = 0.89; H&F mixed block IA =
0.92, GA = 0.91.
Please cite this article as: Obradović, J., et al., Assessing students' execu
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2.3.5. Academic achievement
State-administered standardized test scores were used to measure

English/language arts and mathematics skills at two time points. In
spring of 2013, scores were drawn from the California Standards Test
(California Department of Education, 2016a), a test designed to match
the state's academic content standards. In spring of 2015, scores were
drawn from the Smarter Balance Assessment Consortium (California
Department of Education, 2016b), a test designed to match the new
Common Core State Standards.

2.3.6. Self-regulated classroom behaviors
Teachers reported on students' classroom behaviors relevant to aca-

demic success using the Teacher-Child Rating Scale (TCRS; Hightower,
1986). Each item on the task orientation (e.g., “well-organized”, “com-
pletes work”, “works well without adult support”) and frustration toler-
ance (e.g., “accepts things not going his/her way”, “copes well with
failure”) scales was rated on a five-point scale, ranging from 1 = “not
at all” to 5 = “very well”. The reliability of these two 5-item scales
was high (αs = 0.88 and 0.91). These scales were highly correlated (r
= 0.66) and were averaged to create a score assessing self-regulated
classroom behaviors.

2.3.7. Covariates
Child age in years, child gender (0=male, 1= female), and years of

parent education were included as covariates.

2.4. Analysis plan

We performed a series of four analyses to validate GA and describe
similarities and differences between IA and GA. First, we examined de-
scriptive statistics and the correlations between IA and GA for each
task. Second, we compared associations of EF composites with known
demographic and educational covariates across the two assessment set-
tings. Third, we examined whether there were mean differences be-
tween IA and GA performance composites while accounting for the
ordering of the two assessments. Finally, we tested the unique contribu-
tion of EF performance in IA and GA settings for the prediction of self-
regulated classroom behaviors and academic achievement.

3. Results

3.1. Descriptive statistics and correlations

3.1.1. Individual executive function tasks
Correlations and descriptive statistics for the scores on the individual

EF tasks are presented in Table 1. Only accuracy for the incongruent
blocks on MSIT and H&F tasks showed an indication of ceiling effects.
For the MSIT incongruent block, 20% of students attained perfect scores
during IA, and 19% of students attained perfect scores duringGA. For the
H&F incongruent block, 38% of students attained perfect scores during
IA, and 34% of students attained perfect scores during GA. Although ex-
tant studies do not explicitly state how many children hit ceiling, they
report comparable mean and standard deviation statistics on these
tasks (Liu et al., 2016; Oberle & Schonert-Reichl, 2013; Yeniad et al.,
2014).

The accuracy scores across taskswere generallymoderately correlat-
ed, with rs ranging from 0.13 to 0.52 for IA and from 0.16 to 0.42 for GA.
Similarly, the RT scores across tasks were positively related for IA (r =
0.44, p b 0.001) and for GA (r = 0.33, p b 0.001). Consistent with prior
research, the accuracy and RT scores were negatively correlated within
each task block (IA H&F incongruent block: r = −0.55, p b 0.001; GA
H&F incongruent block: r = −0.49, p b 0.001; IA MSIT incongruent
block: r = −0.28, p b 0.001; and GA MSIT incongruent block: r =
−0.23, p b 0.001).
tive functions in the classroom: Validating a scalable group-based
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Table 1
Descriptive statistics and correlations among executive function individual task scores.

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

1 IA DSB Acc –
2 IA H&F Inc Acc 0.34⁎⁎⁎ –
3 IA H&F Mix Acc 0.33⁎⁎⁎ 0.52⁎⁎⁎ –
4 IA MSIT Inc Acc 0.32⁎⁎⁎ 0.13⁎ 0.22⁎⁎⁎ –
5 GA DSB Acc 0.44⁎⁎⁎ 0.29⁎⁎⁎ 0.37⁎⁎⁎ 0.32⁎⁎⁎ –
6 GA H&F Inc Acc 0.19⁎⁎ 0.31⁎⁎⁎ 0.29⁎⁎⁎ 0.11 0.28⁎⁎⁎ –
7 GA H&F Mix Acc 0.15⁎ 0.32⁎⁎⁎ 0.52⁎⁎⁎ 0.18⁎⁎ 0.34⁎⁎⁎ 0.42⁎⁎⁎ –
8 GA MSIT Inc Acc 0.30⁎⁎⁎ 0.14⁎ 0.12 0.48⁎⁎⁎ 0.38⁎⁎⁎ 0.21⁎⁎⁎ 0.16⁎⁎ –
9 IA H&F Inc RT −0.23⁎⁎⁎ −0.55⁎⁎⁎ −0.57⁎⁎⁎ −0.09 −0.24⁎⁎⁎ −0.33⁎⁎⁎ −0.34⁎⁎⁎ −0.08 –
10 IA MSIT Inc RT −0.34⁎⁎⁎ −0.42⁎⁎⁎ −0.53⁎⁎⁎ −0.28⁎⁎⁎ −0.28⁎⁎⁎ −0.19⁎⁎ −0.21⁎⁎⁎ −0.23⁎⁎⁎ 0.44⁎⁎⁎ –
11 GA H&F Inc RT −0.05 −0.26⁎⁎⁎ −0.27⁎⁎⁎ 0.01 −0.15⁎ −0.49⁎⁎⁎ −0.52⁎⁎⁎ −0.07 0.43⁎⁎⁎ 0.16⁎⁎ –
12 GA MSIT Inc RT −0.19⁎⁎ −0.17⁎⁎ −0.14⁎ −0.14⁎ −0.25⁎⁎⁎ −0.31⁎⁎⁎ −0.39⁎⁎⁎ −0.23⁎⁎⁎ 0.13⁎ 0.38⁎⁎⁎ 0.33⁎⁎⁎ –

Mean 0.51 0.84 0.48 0.87 0.46 0.86 0.51 0.85 561 1400 544 1383
SD 0.20 0.18 0.19 0.13 0.20 0.15 0.20 0.17 68 228 73 225
Min 0.00 0.25 0.12 0.33 0.00 0.33 0.06 0.08 385 860 383 672
Max 1.00 1.00 0.94 1.00 1.00 1.00 0.97 1.00 718 2014 734 2100
N 262 245 232 253 252 266 248 268 244 253 266 267

Note. IA= individual assessment, GA=group assessment; DSB=Digit SpanBackwards, H&F=Hearts and Flowers;MSIT=Multi-Source Interference Test. Inc= incongruent block;Mix
= mixed block. Acc = accuracy; RT = reaction time. Correlations, Ms, and SDs use multiply imputed data (N = 269).
⁎ p b 0.05.
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001.
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3.1.2. Executive function composites
Weaggregated individual EF task accuracy and RT variables to create

more reliable measures of EF skills within IA and within GA. The DSB,
H&F incongruent block, H&F mixed block, and the MSIT incongruent
block accuracy scores were standardized and averaged to create
accuracy composite scores (IA: α = 0.65; GA: α = 0.63). Similarly,
the RT variables for the H&F incongruent block and the MSIT incongru-
ent block were standardized and averaged to create RT composite
scores.

Correlations among the EF IA and GA composite scores and other
study variables are presented in Table 2. The IA and GA accuracy com-
posites were strongly positively correlated (r = 0.59, p b 0.001); simi-
larly, the IA and GA RT composites were positively correlated (r =
0.40, p b 0.001). The accuracy and RT composites were strongly nega-
tively correlated within the IA (r = −0.64, p b 0.001) and within the
Table 2
Bivariate correlations and descriptive statistics for all study variables.

1 2 3 4 5

1 IA Acc comp (T2) –
2 GA Acc comp (T2) 0.59⁎⁎⁎ –
3 IA RT comp (T2) −0.64⁎⁎⁎ −0.41⁎⁎⁎ –
4 GA RT comp (T2) −0.27⁎⁎⁎ −0.54⁎⁎⁎ 0.40⁎⁎⁎ –
5 Self-reg behavior (T3) 0.29⁎⁎⁎ 0.32⁎⁎⁎ −0.15⁎ −0.22⁎⁎⁎ –
6 ELA (T1) 0.43⁎⁎⁎ 0.40⁎⁎⁎ −0.20⁎⁎⁎ −0.14⁎ 0.57⁎⁎

7 Math (T1) 0.46⁎⁎⁎ 0.35⁎⁎⁎ −0.32⁎⁎⁎ −0.14⁎ 0.43⁎⁎

8 ELA (T4) 0.49⁎⁎⁎ 0.50⁎⁎⁎ −0.27⁎⁎⁎ −0.26⁎⁎⁎ 0.55⁎⁎

9 Math (T4) 0.53⁎⁎⁎ 0.50⁎⁎⁎ −0.37⁎⁎⁎ −0.25⁎⁎⁎ 0.49⁎⁎

10 Female student −0.15⁎ −0.17⁎⁎ 0.19⁎⁎ 0.11 0.25⁎⁎

11 Student age 0.31⁎⁎⁎ 0.44⁎⁎⁎ −0.30⁎⁎⁎ −0.35⁎⁎⁎ −0.07
12 Parental education 0.16⁎ 0.12 −0.06 −0.03 0.11

Mean 0.00 0.00 0.00 0.00 3.59
SD 1.00 1.00 1.00 1.00 0.93
Min −2.50 −3.11 −2.02 −2.33 1.20
Max 1.49 1.36 2.27 1.97 5.00
% missing 0%a 0%a 0%a 0%a 1%b

Note. IA= individual assessment; GA=group assessment; Acc comp=accuracy composite; RT
= Time 3 (Spring 2014); Time 4 (Spring 2015). Self-reg behavior = self-regulated classroom b
English/Language Arts.

a N = 269 for EF variables.
b N = 199 for teacher report of students' self-regulated behaviors.
c N = 206 for achievement and demographics variables drawn from school records data. Co
⁎ p b 0.05.
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001.
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GA (r = −0.54, p b 0.001). Relative to boys, girls performed modestly
better for the IA accuracy (r = −0.15, p b 0.05) and GA accuracy (r =
−0.17, p b 0.01) scores and faster for the IA RT score (r = 0.19, p b

0.01). Girls were also rated as higher in self-regulated classroom behav-
iors by their teachers (r=0.25, p b 0.001). Older children had greater IA
accuracy (r=0.31, p b 0.001) and GA accuracy (r=0.44, p b 0.001), as
well as faster IA RT (r = −0.30, p b 0.001) and GA RT (r = −0.35, p b

0.001). Finally, the EF accuracy and RT composites across both assess-
ment contexts were moderately to strongly correlated with the aca-
demic achievement variables and teachers' reports of self-regulated
classroom behaviors. As expected, these correlations were positive for
accuracy and negative for RT variables.We used Fisher's r-to-z transfor-
mation to test whether the correlations between the EF composites and
main covariates and outcome variables differed across IA and GA
settings; there were no significant differences.
6 7 8 9 10 11 12

⁎ –
⁎ 0.74⁎⁎⁎ –
⁎ 0.78⁎⁎⁎ 0.63⁎⁎⁎ –
⁎ 0.71⁎⁎⁎ 0.74⁎⁎⁎ 0.80⁎⁎⁎ –
⁎ 0.12 −0.07 0.11 −0.04 –

0.02 −0.01 0.20⁎⁎ 0.15⁎ −0.19⁎⁎ –
0.32⁎⁎⁎ 0.29⁎⁎⁎ 0.39⁎⁎⁎ 0.34⁎⁎⁎ 0.03 0.04 –

362 405 2500 2513 0.52 9.91 13.76
73 97 97 93 0.50 0.87 3.48

187 191 2266 2243 0 8.00 8.00
600 600 2701 2728 1 12.29 18.00
6%c 5%c 19%c 19%c 0%c 0%c 16%c

comp=reaction time composite. T1=Time 1 (Spring 2013); T2=Time 2 (Fall 2013); T3
ehaviors, as indexed by teacher report of task orientation and frustration tolerance. ELA=

rrelations, Ms, and SDs use multiply imputed data (N = 269).

tive functions in the classroom: Validating a scalable group-based
oi.org/10.1016/j.appdev.2017.03.003

http://dx.doi.org/10.1016/j.appdev.2017.03.003


6 J. Obradović et al. / Journal of Applied Developmental Psychology xxx (2017) xxx–xxx
3.2. Mean differences

To test whether there were mean differences in performance be-
tween IA and GA scores (0 = GA; 1 = IA), we estimated a multilevel
model for each accuracy and RT variable in which scores were nested
within individuals and individuals were nested within classrooms. We
included school fixed effects as covariates to control for any school-
level differences in students EFs and achievement. Including school
fixed effects removes any biases from omitted variables that are con-
stant within schools and accounts for the nesting of classrooms within
schools (Allison, 2009). It is a recommended modeling strategy when
the number of schools is relatively small and not the focus of the analy-
ses (McNeish & Wentzel, 2016). In addition, covariates included age,
gender, ethnicity, parent education, and a dummy variable representing
the assessment order effect (i.e.,whether the assessmentwas donefirst:
0 =No; 1= Yes), given the counterbalanced IA/GA assessment design.
Results for these models are presented in Table 3.

There were assessment order effects for all six EF variables. For
all four accuracy scores, children performed better the second time
they were assessed: bs ranged from −0.04 to −0.11 and correspond
to the difference in the accuracy proportion for the first assessment
relative to the second assessment. There was also evidence of
assessment order effects for RT. On average, RT was 36 ms faster for
the H&F incongruent block and 171 ms faster for the MSIT incongruent
blockwhen childrenwere assessed the second time (relative to the first
time).

Some differences in average performance between IA and GA
emerged; however, the direction of these effects was not entirely con-
sistent. Children's average accuracy on the MSIT incongruent block (b
= 0.02, t(240.66) = 2.50, p = 0.013) and DSB task (b = 0.05,
t(236.28) = 4.05, p b 0.001) was greater in IA compared to GA. In con-
trast, children's average RT during the H&F incongruent block was
slower in IA relative to GA (b = 12.93, t(237.56) = 3.09, p = 0.002).
Therewere no significant differences between GA and IA for H&F incon-
gruent and mixed block accuracy and for MSIT incongruent block RT.
We also tested interactions between task order and type of assessment
setting. The interaction was significant only for DSB (b = −0.10,
t(241.53)=−2.67, p= 0.008). For children who were being assessed
the first time, there was no difference in performance between IA
and GA. However, for children who were being assessed the second
Table 3
Mean differences between EF performance in individual and group assessment contexts.

Accuracy Reaction time

b (se) b (se)

Hearts and Flowers, incongruent block
Intercept 0.914 (0.064)⁎⁎⁎ 499.694 (25.840)⁎⁎⁎

First assessment −0.063 (0.012)⁎⁎⁎ 36.296 (4.194)⁎⁎⁎

Context (0 = GA, 1 = IA) −0.014 (0.012) 12.933 (4.188)⁎⁎

Hearts and Flowers, mixed block
Intercept 0.510 (0.067)⁎⁎⁎

First assessment −0.111 (0.010)⁎⁎⁎

Context (0 = GA, 1 = IA) −0.019 (0.010)

MSIT, incongruent block
Intercept 0.867 (0.063)⁎⁎⁎ 1394.060 (82.646)⁎⁎⁎

First assessment −0.041 (0.010)⁎⁎⁎ 170.760 (11.634)⁎⁎⁎

Context (0 = GA, 1 = IA) 0.024 (0.010)⁎ 0.362 (11.613)

Digit Span Backwards
Intercept 0.437 (0.066)⁎⁎⁎

First assessment −0.035 (0.013)⁎⁎

Context (0 = GA, 1 = IA) 0.054 (0.013)⁎⁎⁎

Note. School fixed effects and demographic covariates (child's age, gender, ethnicity, and
parent education) were included in the models.
⁎ p b 0.05.
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001.
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time, performance was better for IA than for GA (b = 0.10,
t(245.51) = 4.58, p b 0.001).

3.3. Predictive validity

We estimated a series of multilevel models to test whether teachers'
reports of students' self-regulated classroom behaviors in the spring of
the focal assessment year (T3) and academic achievement on state
tests the following year (T4) were independently predicted by the IA
and GA EF composite scores. First, we examined whether accuracy and
RT composite scoresmeasured in each assessment contextwere predic-
tive of each dependent variable. Then, we examined the IA and GA
scores within a single model. In all of these models, we accounted for
the nesting of children within classrooms and included school fixed ef-
fects, child age, gender, and ethnicity, and parent education as covari-
ates. For the achievement variables, we ran the models with and
without controlling for prior academic achievement at T1. Teachers' re-
ports of student behavior were collected on only one occasion, so it was
not possible to control for earlier teachers' reports of self-regulated
classroom behaviors. When IA accuracy and RT were tested as predic-
tors and when GA accuracy and RT were tested as predictors, only the
accuracy variableswere significantly related to the dependent variables.
Based on the null results for RT, we only included the accuracy compos-
ites in our subsequentmodels testing the joint contribution of IA andGA
to self-regulated classroom behaviors and academic achievement.

Results for thesemodels are presented in Table 4. IA accuracy andGA
accuracy were each independently predictive of teachers' reports of
self-regulated classroom behavior (bs = 0.23 and 0.51, t(204.89) =
2.26 and t(201.09) = 4.85, p = 0.025 and p b 0.001), as well as ELA
achievement (bs = 27.97 and 41.14, t(185.77) = 3.17 and t(222.36)
= 4.55, ps b 0.001) and math achievement (bs = 30.70 and 34.96,
t(186.91)= t(199.84)=3.57 and 3.89, ps b 0.001)when prior achieve-
ment was not included as a predictor. Controlling for prior academic
achievement (see Model 2), IA accuracy was no longer related to ELA
or math. However, GA was still significantly related to both ELA (b =
19.64, t(179.90) = 2.74, p = 0.007) and math (b = 22.73, t(126.26)
= 2.92, p = 0.004).

We conducted follow-up analyses to examine whether the interac-
tion between assessment order and the IA and GA accuracy scores pre-
dicted school outcomes. We found no significant interactions between
assessment order and EF scores when predicting math or ELA
Table 4
Multilevel regression analyses predicting students' self-regulated classroom behavior and
academic achievement.

Self-regulated
classroom
behaviors (T2)

ELA achievement
(T3)

Math achievement
(T3)

Model 1 Model 1 Model 2 Model 1 Model 2
b (se) b (se) b (se) b (se) b (se)

IA EF
accuracy
composite
(T2)

0.233⁎ 27.971⁎⁎ 5.533 30.696⁎⁎⁎ 5.032
(−0.103) (−8.815) (−6.969) (−8.591) (−7.639)

GA EF
accuracy
composite
(T2)

0.512⁎⁎⁎ 41.140⁎⁎⁎ 19.641⁎⁎ 34.959⁎⁎⁎ 22.731⁎⁎

(−0.106) (−9.048) (−7.173) (−8.989) (−7.792)

Prior
ELA/math
(T1)

0.796⁎⁎⁎ 0.552⁎⁎⁎

−0.067 −0.056

Note. IA= individual assessment; GA= group assessment. ELA= English/Language Arts.
T1 = Time 1 (Spring 2013); T2= Time 2 (Fall 2013); T3= Time 3 (Spring 2014); Time 4
(Spring 2015). School fixed effects and demographic covariates (child's age, gender,
ethnicity, and parent education) were included in the models.
⁎ p b 0.05.
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001.
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achievement. This was true both formodels inwhichwe did not control
for prior test scores and for models where we did control for prior test
scores. Therewas an interaction between assessment order and IA accu-
racy (but not between assessment order and GA accuracy) for teachers'
reports of self-regulated classroom behaviors. For children who
completed IA after GA, IA accuracy was positively related to children's
self-regulated classroom behaviors, b = 0.73, t(244.39) = 4.81, p b

0.001. For children who completed IA before GA, IA accuracy was unre-
lated to children's self-regulated classroom behaviors, b = 0.01,
t(140.10) = 0.07, p = 0.943.
4. Discussion

In the current study, we demonstrated that a novel, group-based ap-
proach to measuring students' EF skills in a classroom context is a reli-
able and valid alternative to a conventional, individual assessment
approach. One important advantage of the group-based assessment
procedure over the conventional individual assessment approach is
that it provides a way to simultaneously collect direct tests of EFs for
all students in a class, making this a pragmatic and scalable method of
data collection for school-based studies. Further, the group assessment
procedure, designed to improve the ecological validity of EF measure-
ment, yielded a measure of EF skills that uniquely predicted teacher
report of self-regulated classroom behaviors and solely predicted a
two-year improvement in ELA and math achievement scores.

Despite the established importance of EF skills for school success—via
self-regulated classroom behaviors that support learning as well as
specific academic skills (Ciairano et al., 2007; Rimm-Kaufman et al.,
2009)—extant school-based studies assess student EFs in quiet, con-
trolled settings thatminimize the distractions that are present in a class-
room environment (Blair & Razza, 2007; Fuhs et al., 2013; Raver et al.,
2011; Schmitt et al., 2015). We aimed to demonstrate that standard EF
tasks can be employed in a more naturalistic classroom setting, directly
assessing EF skills for all students at the same time.We adapted standard
EF tasks to run as apps on tablet computers and developed a scripted
classroom procedure that enabled three research assistants to adminis-
ter the assessment, akin to how lead teachers and their aides conduct ac-
ademic activities. This involved minor EF task modifications, such as
incorporating more practice trials and using passcode-locked screens
to control the pacing of the assessment and enable an RA to deliver
task instructions to the full group. An important advantage of this tab-
let-based assessment method is that it requires significantly less time
and training for personnel relative to data collection using traditional
“table-top” EF assessment procedures. It also obviates the need for man-
ual task scoring because the tablet computers automatically record accu-
racy and RT of students' responses.

Our findings show evidence of convergent validity in that student EF
performance in the classroom setting was strongly correlated with per-
formance on the same tasks administered in a quieter, individual assess-
ment outside the classroom. This was true for measures of accuracy and
for RT across all three EF tasks. Individual EF tasks' accuracy and RT
variables showed similar internal reliability of task trials across two as-
sessment settings. Moreover, the accuracy composite variables, which
reflected overall student EF performance, showed almost identical
internal reliability across the two assessment settings. Similarly, the
strength of correlation between the two RT variables did not vary across
settings. Finally, the bivariate associations of EF accuracy composites
with student demographic variables, teacher report of self-regulated
classroom behavior, and standardized measures of academic achieve-
ment did not differ across the two settings. Together, these results dem-
onstrate that direct assessment of EF skills in a group setting is as
reliable and valid as direct assessment of EF skills in a conventional, in-
dividual setting. As such, group-based assessment is a viable option for
researchers interested in using direct tests of EF skills in large-scale
program evaluation studies or in school- or district-wide assessments.
Please cite this article as: Obradović, J., et al., Assessing students' execu
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Although we compared students' average performance across the
two settings, we did not expect that mean-level scores would be clearly
better in one setting, because sources of motivation and distraction dif-
fer in each context. For example, some students may be motivated to
performbetter in individual assessment due to the caring demeanor, in-
dividualized feedback, and physical proximity of the assessor, whereas
other students may be motivated to perform better in the group setting
due to interpersonal dynamics with peers and teachers. Indeed, we
found small differences in average performance across the two settings,
going in both directions. On average, students performed better in the
group than in the individual assessment setting on a measure of inhib-
itory control (Hearts & Flowers task), as indexed by slightly lower RTs
on accurate trials. In contrast, students performed better in the individ-
ual than in the group setting on tasks designed to assess their ability to
inhibit interference (Multi-Source Interference Test) and engage work-
ing memory (Digit Span Backwards task). We can only speculate about
the reasons for these differences. Perhaps the mere presence of peers
may exert pressure on students to respond faster when suppressing a
dominant motoric response, whereas classroom distractions may hin-
der attention focusing or manipulation of mental information. Future
studies should investigate contextual factors that may explain these
mean-level performance differences and identify which types of stu-
dents are more likely to perform better in a given context.

By design, group-based EF assessment has greater ecological validity
than traditional individual EF assessment, as it is more similar to the
real-world conditions in which students rehearse and apply EF skills
(Shadish et al., 2002). Unlike external validity, ecological validity is not
a testable construct; however, we hypothesized that the greater ecolog-
ical validity of the group assessment setting would improve predictive
validity of EF scores. Our study revealed that the accuracy of student
EF performance in both assessment settings independently predicted
teachers' perceptions of self-regulated classroom behavior. Specifically,
the two analogousmeasures of EF skillswere uniquely related to teacher
report of students' ability to be organized, complete classwork, ignore
distractions, work independently, accept imposed limits, cope with fail-
ure, and tolerate frustration. Likewise, the two accuracy composites in-
dependently predicted student performance on standardized tests of
ELA and math achievement the following year. In contrast, accuracy on
EF tasks in the group setting was the sole EF predictor of both math
and ELA achievement test scores across two academic years when con-
trolling for prior achievement. The unique contribution of EF skills
assessed in the group context for the longitudinal change in academic
skills is notable, given the robust longitudinal stability of achievement
test scores (Duncan et al., 2007). In our study, repeated measures of ac-
ademic achievement shared more than half of their variance.

We propose that EF skills assessed in an individual setting capture the
child's EF capacity in a controlled testing environment, whereas EF skills
assessed in a group context capture the child's ability to engage the same
EF skills in a naturalistic setting characterized by distractions and inter-
personal dynamics. Our findings demonstrated that EF skills measured
in both contexts are relevant for students' ability to control their atten-
tion, behaviors, and emotions in the classroom, aswell as for their perfor-
mance on standardized academic tests. However, only EF performance in
a classroomenvironment emerged as a significant predictor of changes in
students' achievement test scores, empirically corroborating the notion
that improved ecological validity of classroom assessment may also im-
prove predictive validity of directly assessed EF skills for school success.

Investigators typically use accuracy scores to measure EF in early
childhood and early school-age children, whereas RT scores are typically
used in studies of adolescents and adults. Accuracy scores are sensitive to
large between-person differences in EFs in younger children, but as chil-
dren get older these scores approach a ceiling for many EFmeasures and
eventually they no longer vary meaningfully across persons. However,
RTs can be used to assess EFs in older participants, evenwhen using com-
paratively simple EF tasks that are appropriate for children (Best &
Miller, 2010). In this study, we measured accuracy and RT for two EF
tive functions in the classroom: Validating a scalable group-based
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tasks to gain a more complete view of children's EF during middle child-
hood, a developmental period that has been studied less thoroughly than
early childhood (Hughes, 2011). There are few general guidelines about
the age at which it is appropriate to switch from using accuracy to RT for
EF measurement. This could be because even superficially similar EF
tasks can differ substantially in difficulty (Lagattuta, Sayfan, & Monsour,
2011) and because performance differs depending on socioeconomic
status (Vernon-Feagans, Cox, & The Family Life Project Key
Investigators, 2013), making general recommendations difficult.

In this study, two EF RT variables showed excellent internal reliabil-
ity and expected associations with corresponding EF accuracy variables
and with performance on other EF tasks. Further, they were strongly
negatively correlated with each other, and each was correlated in ex-
pected ways with children's age, academic achievement, and self-regu-
lated classroom behavior. However, when both accuracy and RT
composites were included in the same model, only the accuracy com-
posite was uniquely associated with ELA scores, math scores, and
teachers' reports of self-regulated classroom behaviors. These results
suggest that the switch from accuracy to RT measures of EF (at least
for the H&F and MSIT tasks) should occur after the age period studied
here (third through fifth grade), although lower reliability for the RT
composite (due to fewer tasks being represented by the RT composite
than the accuracy composite) could also have contributed to weaker
predictive findings for RT. In any case, our tablet assessment provides
both scores, facilitating continuity of assessment across time and across
a range of participants' ages.

4.1. Limitations and future directions

There are several important limitations to our study. First, although
the same child completed both IA and GA (which was necessary in
order to examine how these two different assessments were related),
the order of these assessments could potentially influence the scores
for the later assessment (e.g., due to practice effects). To mitigate this
issue, we counterbalanced the assessment order, which allowed us to
investigate whether assessment order was systematically related to
performance: indeed, performance was consistently better on the later
assessment. A second limitation is that the response window for the
mixed Heart & Flower block trials was too short for children in this
study. Future studies should conduct thorough pilot testing to ensure
appropriate specification of each task that will be used in a field setting.
A third limitation was that we did not measure systematic differences
between classrooms that could affect the testing environment. We did
account for the nesting of childrenwithin classrooms andwe controlled
for school fixed effects. Future research should investigate whether GA
is a better predictor of academic achievement than IA among children
who regularly experience a more distracting learning environment
that places strong demands on attentional control and other EF skills.
In such cases, we posit that classroom-based assessment would better
reflect the real-world application of EF skills. A fourth limitation was
that, unlike the longitudinal measures of academic achievement,
teachers' reports of self-regulated classroom behaviors was collected
at a single time point. Consequently, we could not control for prior rat-
ings for the models predicting teachers' reports.

Althoughwe aimed to assess EF skills in amore naturalistic setting, it
is important to note that the EF tasks themselves are not naturalistic, at
least not in the same way as direct observation of real-life behaviors. In
early childhood, some researchers have employed game-like EF tasks
that incorporate activities that are common in classroom or playground
settings, such as walking on a straight line, using a quiet voice, or
waiting for a desirable object. For example, the Head-Toes-Knees-
Shoulders (HTKS) task, a highly accessible and fun task with a simple
administration procedure, has been widely used to assess and live-
code preschoolers' EF skills (Cameron Ponitz et al., 2008). However,
these tasks still require a ratio of one child to one assessor and are typ-
ically administered in a quiet space outside classrooms (Cameron Ponitz
Please cite this article as: Obradović, J., et al., Assessing students' execu
procedure, Journal of Applied Developmental Psychology (2017), http://dx.d
et al., 2008; Carlson, 2005; Carlson &Wang, 2007; Obradović, 2010). Re-
searchers should continue to improve the ecological validity of EF mea-
sures and develop more naturalistic, direct measures that better
approximate the everyday application of EF skills in educational set-
tings. New tests of EF skills in middle childhood should try to measure
the collaborative use of EF skills among peers, using group assessments.
While we recognize the limitations of our work and stress the need for
continual improvement of ecological validity along these new lines of
inquiry, our study nonetheless represents a unique attempt to obtain
an objective measure of EF skills in an environment where students
are expected to apply EFs regularly.

4.2. Conclusion

By describing and validating a novelmethod for assessing student EF
skills in a classroom setting using tablet computers, we hope to provide
researchers with a newway of studying EFs. Relative to the convention-
al method of a more controlled, one-on-one individual assessment, the
group assessment we designed can be administered quickly to many
students, requires less assessor training, and measures performance in
a more ecologically valid setting. As such, the new protocol represents
a pragmatic, cost-effective way to obtain direct assessment of children's
EF skills at scale. Althoughwe demonstrate the benefits of testing EFs in
a group context, our tablet-based tasks also offer a quick and simpleway
to assess EFs in an individualized setting. This may be particularly appli-
cable in studies of younger children,who often requiremore individual-
ized attention and scaffolding during assessment. Our tasks can be
easily adjusted for use with different age groups. For example, the pro-
gram code can be modified to provide younger children more time to
respond to each trial, administer additional practice trials, or simplify
stimuli (e.g., use only the first five digits in Digit Span Backwards
task), if necessary. By using portable computerized tasks that automat-
ically score accuracy and reaction time, researchers can ensure high-
quality data collection in large samples by a team of field assessors
whose assessment experience may vary.

To facilitate these efforts, we are sharing the tablet apps, source code,
and supporting materials with scientists worldwide at no cost using an
open-source license. For example, Raver and Morris (2016) employed
our tasks in evaluating New York City's Pre-K for All initiative, a full-
day, universal pre-kindergarten program that enrolled 68,647 children
in the 2015–2016 school year (New York City Department of
Education, Division of Early Childhood Education, 2014). They adminis-
tered the tablet-based assessments in order to efficiently examine the
longitudinal EF gains in 1145 preschoolers attending the city-wide pro-
gram (Morris, 2016; Raver & Morris, 2016). Training teachers to assess
student EFs on an ongoing basis creates an opportunity to test whether
improvements in EFs are linked to students' academic progress and also
to identify how classroom and teaching practices contribute to develop-
ment of EFs in school-age children. Given recent efforts to incorporate
measures of socio-emotional skills in school district accountability sys-
tems (Bartolino, Arnold, & LaRocca, 2016) and to build research-practice
partnerships between universities and school districts (Wentworth,
Carranza, & Stipek, 2016), our protocol offers scalable direct assessment
of EFs that can be used to validate and complement student report of
self-control (West, 2016).
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