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A B S T R A C T

Formal schooling places new demands on young children, requiring the inhibition of prepotent 
responses, sustained attention to instructions, and completion of academic tasks. Does this intense 
‘training’ enhance children’s general cognitive abilities? Prior research exploits the arbitrary 
school entry cut-off date as a natural experiment, comparing same-age children in different 
grades. A schooling effect is noted when higher-grade children outperform age-matched peers in 
lower grades. However, evidence for this effect on executive functions remains mixed. Here, we 
use meta-analytic methods to quantify the schooling effect on executive functions for the first 
time. We identified 12 studies published between 1995 and 2023 (N ≈ 1,611 children, age 4.5 to 
9 years, approximately 51 % female), containing a total of 33 effect sizes. A random-effects model 
combining 14 effect sizes (after accounting for dependencies and exclusions) revealed a small, but 
robust, schooling effect on children’s executive functions (g = 0.24, 95 % CI [0.13, 0.36]). This 
value provides an important reference point regarding the malleability of executive functions in 
early childhood.

Introduction

Formal school entry can be viewed as a kind of ‘global training program’ for executive functions, a set of cognitive processes – 
working memory, inhibitory control, and cognitive flexibility – that support goal-oriented behavior (e.g., Diamond, 2013; Miyake 
et al., 2000). The state of Massachusetts, for example, requires elementary schools to provide students with at least 900 h of structured 
learning time per school year, which is approximately 25 h per week (Massachusetts Department of Elementary & Secondary Edu
cation, 2022). In this nearly ubiquitous experience for children between five and seven years old (Baker, 2014; Sutton, 2000), children 
shift from play-oriented and less structured environments to an environment that requires inhibition of prepotent responses, sustained 
attention to instructions, and completion of academic tasks (Brod et al., 2017; Sameroff & Haith, 1996).

The variability in children’s age at entry into the same grade, due to school-entry cutoff dates, forms a fortuitous ‘natural exper
iment’ where researchers can compare outcome measures of interest between comparable-age peers who have had different levels of 
exposure to formal school: the schooling effect. For example, given a typical cutoff date of August 31, children born during August will 
enter kindergarten a year prior to those born in September. Outcome measures for these two groups – of similar age but different time- 
in-school – can then be compared. In the current meta-analysis, we quantify the effect of school on executive functions based on an 
exhaustive search of the literature from which 12 studies were deemed relevant (hand-screened from a set of 413 potential matches, 
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and yielding 14 estimates of effect size that factored into our meta-analysis) published between 1995 and 2023. These studies included 
12 measures (e.g., Stroop Task, Backward Digit Span, AX-CPT) over ~ 1,611 children, from 4.5 to 9 years of age (see Table 1).

The schooling effect

The schooling effect has been of empirical interest for more than thirty years (Bowey & Francis, 1991; Brod et al., 2017; Davidson 
et al., 2023; Morrison et al., 1995). Unsurprisingly, this body of research shows substantial evidence for schooling effects on core 
academic competencies such as literacy and numeracy (see, e.g., Morrison and colleagues (2019) for a review). Clearly, spending five 
to eight hours a day, 40 weeks a year, studying math, reading, and writing results in a measurable development of these skills (Kidron 
& Lindsay, 2014). However, from a basic science perspective, a key question is how much executive functions are shaped by these 
massive changes in children’s environments.

The challenge in assessing the effect of school on executive functions is differentiating it from the effect of age-related maturation. 
Isolating the schooling effect can be achieved in a variety of ways, most commonly, through cutoff and regression discontinuity (RDD) 

Table 1 
Descriptions of executive function tasks included in the meta-analysis.

Task Name Classic 
Reference

Current Study Brief Task Description Measure Executive 
Function

Auditory working 
memory

Woodcock et al. 
(2001)

Burrage et al. 
(2008)

Listen to a list containing nouns and numbers and 
repeat in a new prescribed order (e.g., nouns first, 
then numbers).

W-scores Working 
memory

AX-CPT Braver et al. 
(2005)

Zhang et al. 
(2019)

‘A’ cue: panda, ‘X’ probe: giraffe. Respond when A 
cue is followed by X probe, do not respond for pairs 
AY, BX, BY (Y and B are cues other than panda and 
giraffe)

BSI errors 
[(AY − BX)/(AY +
BX)]

Inhibitory 
control

Backward color 
recall

Schmid et al. 
(2008)

Roebers et al. 
(2011)

Series of colored discs were presented sequentially 
and participants were asked to recall colors in 
reverse order.

Number of color 
sequences correctly 
recalled

Working 
memory

Backward digit 
span

Wechsler (1991) Zhang et al. 
(2019)

Listen to sequence of single-digit numbers and repeat 
the sequence in reverse

Total number of trials 
repeated correctly

Working 
memory

Cats and Dogs 
Task (CDT)

Durston et al. 
(2002)

Brod et al. (2017) go/no-go task: withhold button press if a picture of a 
cat, perform button press if a picture of a dog

No-go accuracy Inhibitory 
control

​ ​ McKay et al. 
(2021)

​ Corrected Accuracy 
[Gocorrect −

NoGocorrect]

Inhibitory 
control

Digit Span Kodama et al. 
(1989)

Naito and Miura 
(2001)

A string of digits was presented sequentially and 
participants were asked to recall the digits.

Mean number of 
correctly-recalled 
digits

Working 
memory

Fruit Stroop Archibald and 
Kerns (1999)

Roebers et al. 
(2011)

Baseline, incongruent, congruent conditions. 
Incongruent condition: name the correct color when 
looking at incorrectly-colored fruits

Interference score Inhibitory 
control

​ ​ Oeri and Roebers 
(2021)

​ Incongruent 
condition accuracy

Inhibitory 
control

Heads-Toes- 
Knees- 
Shoulders 
(HTKS20)

McClelland et al. 
(2014)

Kim et al. 
(2021a)

Perform the opposite behavior of the stated 
command. For example, a child touches their head in 
response to the command ‘touch your toes’.

Average score Global EF

Heads-Toes- 
Knees- 
Shoulders 
(HTKS40)

McClelland et al. 
(2014)

Burrage et al. 
(2008); Kim et al. 
(2021a)

Same as above, but adds an additional pair of 2 
commands.

Average score Global EF

Hearts and 
Flowers Task 
(HFT)

Diamond et al. 
(2007)

Brod et al. (2017) Three conditions: congruent (heart appears, press 
button on same side), incongruent (flower appears, 
press button on opposite side), and mixed (continue to 
follow button press rule for both heart and for 
flower)

Mixed condition 
accuracy

Global EF

Picture Memory Baker-Ward 
(1985)

Morrison et al. 
(1995)

Sets of nine pictures were shown. Children were 
asked to recall as many pictures as possible after 
each set.

Average number 
recalled

Working 
memory

Flexibility task Zimmermann 
et al. (2002)

Roebers et al. 
(2011)

Children ‘fed’ two families of fish on a screen and 
had to remember whose turn it was to be fed – on 
every trial they had to feed fish from the other 
family, but the fish switched sides.

Proportion of correct 
responses

Cognitive 
flexibility

Wisconsin Card 
Sort Task 
(WCST)

Grant and Berg 
(1948)

McCrea et al. 
(1999)

Cards are sorted based on features of numerosity, 
shape, or color. Sorting rules change during sorting. 
The participant must adapt to the new rules based on 
correct/incorrect feedback alone.

Categories achieved Global EF

​ ​ McCrea et al. 
(1999)

As above Perseverative errors Cognitive 
flexibility
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designs. In a cutoff design, two groups will be defined, of similar age, on each side (e.g., +/- 6 months) of the school cutoff (where, say, 
the group above in age of the cutoff date stays in kindergarten and group below the cutoff advances to complete 1st grade) and the 
average of a given outcome variable in each group is compared directly. In an RDD design, age is treated as continuous and a sub
stantive ‘discontinuity’ in the outcome measure, centered on the cutoff, is attributed to the time spent in school. In either case, the 
observation that a particular outcome measure improves with schooling over and above age-related maturational changes is taken as 
the schooling effect (Morrison et al., 2019).

Executive functions

Executive functions are the cognitive abilities that facilitate the tracking and processing of information in service of a goal. In a 
seminal study with adult participants, Miyake and colleagues identified three underlying components of executive functions using 
confirmatory factor analysis: working memory, inhibitory control, and cognitive flexibility (Miyake et al., 2000). Working memory is 
the system that makes information available for in-the-moment processing (Cowan, 2017); inhibitory control describes the ability to 
inhibit prepotent responses; and cognitive flexibility describes the ability to switch between mental sets (Miyake et al., 2000).

Miyake’s classic tripartite model has been widely applied to children (Best et al., 2009; Carlson et al., 2013), and is considered the 
standard framework for evaluating executive functions (Bauer & Zelazo, 2013). However, it is worth noting that there are concerns 
about the broad applicability of this fixed, component-process model in developmental research. For one, there is evidence that a 
three-component structure may not align well with existing developmental data. For example, Lee and colleagues (2013) found that a 
two-factor model fits data for younger children better and evolves into a three-factor model in older children, while in a systematic 
review, Karr and colleagues (2018) reported that younger samples demonstrate greater unidimensionality of executive function, with 
differentiation into distinct components emerging later. Developmental trajectories of each of the subcomponents may also hold 
different timelines (e.g., Best & Miller, 2010). Further, even in adults, executive function components exhibit both unity and diversity, 
raising questions about whether early models adequately capture their developmental dynamics (Friedman & Miyake, 2017; Karr 
et al., 2018).

Second, methodological issues in developmental studies complicate interpretation. Best and Miller (2010) and Souissi and col
leagues (2022) highlight inconsistencies arising from non-standardized task difficulty and narrow age ranges, raising concerns about 
the reliability of developmental trajectories inferred from such models. The issue of measurement heterogeneity is particularly rele
vant when considering studies of schooling effects, where tasks used to assess executive functions may vary widely in their cognitive 
demands, making direct comparisons across studies difficult. Besides measurement heterogeneity, measurements often lack ecological 
validity. Grammer and Ahmed (2023) highlight that traditional laboratory tasks often compromise validity, failing to capture how 
children deploy executive functions in real-world settings. Finally, low sample sizes common in developmental research may lead to 
overestimation of effect sizes in executive function studies and can distort conclusions about developmental patterns (Garner et al., 
2024).

Lastly, executive functions are not merely fixed traits – they are shaped by environmental and social contexts. Factors such as 
parental scaffolding, cultural expectations, and pedagogical approaches significantly influence executive function development 
(Doebel, 2020; Niebaum & Munakata, 2023). Doebel (2020) proposed reconceptualizing executive function development as the 
emergence of goal-directed control skills rather than domain-general component processes and highlighted that context may play a 
greater role in shaping executive functions than previously assumed. In addition, environmental and social contexts also shape how 
executive functions are employed in-the-moment (Grammer & Ahmed, 2023).

While we expect that future research will refine developmental models and measures of executive functions, given that all 
commonly used executive function measurement tools developed in the past few decades are grounded in the tripartite framework, we 
had to adopt it in the current meta-analysis of the schooling effect. Though we did not analyze the three canonical factors as mod
erators, we did use the framework to structure our inclusion criteria for relevant studies (see 2.1 Study identification).

Executive functions and education

A large body of research explored the importance of executive functions in academic achievement. For example, Blair and Razza 
(2007) examined a sample of 170 students and found that inhibitory control in preschool and kindergarten predicted later mathe
matics and literacy achievement, whereas cognitive flexibility did not. In contrast, in a larger sample of 1,560 students, Tikhomirova 
and colleagues (2020) found that working memory – alongside other cognitive measures like fluid intelligence – predicted academic 
achievement within individuals from grades 1 through 11.

Further evidence comes from analyses of the Study of Early Child Care and Youth Development (SECCYD), a longitudinal dataset 
comprising approximately 1,000 participants from diverse backgrounds in the U.S. (Ahmed et al., 2019, 2021; Richland & Burchinal, 
2013). Using this dataset, Richland and Burchinal (2013) found that both inhibitory control at 4.5 years and composite executive 
function scores in first grade positively correlated with literacy performance at age 15. Ahmed and colleagues (2019) further 
demonstrated that working memory – though not other executive function components – predicted academic achievement at age 15. 
Expanding on this, Ahmed and colleagues (2021) found that early executive function abilities were stronger predictors of adult 
educational attainment than adolescent executive function scores.

Other large-scale or longitudinal datasets have yielded mixed findings on this relationship. Using the Family Life Project dataset (N =
1,292), Ribner and colleagues found that executive function scores at age 5 predicted math and reading scores in fifth grade (Ribner 
et al., 2017). However, in an analysis of the Early Childhood Longitudinal Study–Kindergarten, 2010–2011 (ECLS-K:2011) dataset (N =
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6,040), Willoughby and colleagues (2019) found little evidence supporting the predictive validity of early executive functions for later 
academic success – though their study only examined outcomes through second grade.

Thus, early executive functions are predictive of children’s later academic achievement. But what specific aspects of the school 
environment might shape executive functions? Upon entering school, children encounter a structured environment that is cognitively 
and socially demanding: children must inhibit prepotent responses, sustain attention to instructions, and complete academic tasks. 
Evidence suggests that such experiential, school-related factors contribute to executive function growth (e.g., Burrage et al., 2008; 
Zhang et al., 2019). While not school-as-usual, a school intervention study by Blair and Raver (2014) found that the Tools of the Mind 
curriculum – which incorporates, among other things, individualized goal-setting, teacher scaffolding, and planned make-believe play 
scenarios – improved children’s executive functions. Further, a cross-cultural study by Lan and colleagues (2011) showed that Chinese 
preschoolers outperformed age-matched American preschoolers in inhibition and attentional control tasks. The source of this dif
ference may be that increased emphasis on behavioral inhibition and attentional control in Chinese classrooms, in which teachers tend 
to provide more proactive – rather than reactive–instruction compared to teachers in American classrooms (Lan et al., 2011).

Some findings also support the value of less-structured experiences in promoting executive function development. Barker and 
colleagues (2014) showed that time spent in free play rather than adult-structured time, was associated with stronger self-directed 
executive functioning. Physical activity, too, has been related to increased executive functions (Best, 2010; Diamond, 2015). 
Together, these findings suggest that many diverse elements of the school experience – structured instruction, imaginative play, even 
movement – can improve executive functions.

Finally, it is important to acknowledge that the formal school experience exists in a relational context. Supportive relationships 
with peers and teachers may present opportunities for executive function growth, while maladaptive relationships may present risks 
for executive function development (Cumming et al., 2020; van Lier & Deater-Deckard, 2016). Most evidence to-date suggests an 
importance of the quality of the teacher-child relationship over-and-above the quality of the peer-peer relationship in promoting 
executive functions (Goble et al., 2020; Suntheimer & Wolf, 2020; Vandenbroucke et al., 2018; Y. Wang & Chen, 2022).

The current study

Given substantial evidence supporting a relationship between executive functions and academic outcomes, it is important to un
derstand the factors that shape their early development – particularly in the context of the significant and nearly universal environ
mental shift that occurs with the transition to formal schooling. However, while research in this area exists, findings are sparse, 
inconsistent, and methodologically diverse, making it challenging to synthesize conclusions qualitatively.

In a 2019 review, Morrison and colleagues provided a qualitative synthesis of the schooling effect for “untaught” cognitive pro
cesses, reporting a total of five experiments tapping executive functions (Morrison et al., 2019). Evidence from two of the five ex
periments (Burrage et al., 2008; Weiland & Yoshikawa, 2013) collectively support a pre-kindergarten schooling effect on cognitive 
flexibility, inhibitory control, and working memory. Evidence from a third experiment (Burrage et al., 2008) supports a kindergarten 
schooling effect on working memory but not inhibitory control. Finally, evidence from two published experiments (Brod et al., 2017; 
Grammer et al., 2019; Kim & Morrison, 2018) collectively provide evidence for a first-grade schooling effect on inhibitory control and 
global executive function (a common factor encompassing inhibitory control, working memory, and cognitive flexibility). Interest
ingly, this previous work suggests that long-term schooling experiences contribute to executive function development, while short- 
term executive function interventions often fail to produce sustained improvements (Grammer & Ahmed, 2023), making it criti
cally important to understand the extent of the impact of long-term schooling on executive function development. No prior work has 
attempted a comprehensive, quantitative synthesis of the effect of school on executive functions. This meta-analysis addresses that gap 
by integrating findings across studies to clarify the extent to which schooling shapes executive function development.

Here, our primary objective is to systematically review the existing literature and calculate an overall effect size across a liberal 
range of grade-level comparisons in early childhood, from preschool through fourth grade. This range is centered on the five-to-seven- 
year shift (Sameroff & Haith, 1996), the most common period of school entry, to assess the impact of the effect of school on executive 
functions. Approaches to examining the schooling effect vary depending on experimental design, which complicates direct compar
isons across studies. Many studies employ standard cutoff designs – comparing two roughly same-age groups across grade levels (see, e. 
g., (McCrea et al., 1999) – while other designs use regression discontinuity (RDD) if the sample is continuously distributed across an age 
range (see, e.g., Cahan and Noyman, 2001). Others adopt alternative modeling approaches (see, e.g., Finders et al., 2022). These 
variations are not inherently problematic, as differences in methodology are common in meta-analyses; rather, the challenge lies in 
synthesizing findings in a way that accounts for these differences while maximizing interpretability. By reassessing the data as pre
sented in each manuscript and calculating an approximate schooling effect size for each acceptable contrast, this meta-analysis aims to 
provide the most rigorous possible assessment of the effect of school on executive function development. We predicted that we would 
observe a positive, moderate effect for the impact of school on executive functions across grade-level comparisons (see Section 3 for 
results).

Method

Study identification

We developed a set of three inclusion criteria for the screening process. First, the age of participants must be between 4 and 9 years, 
OR participants must be enrolled in preschool to fourth grade, as this range covers the five-to-seven-year shift (Sameroff & Haith, 
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1996) liberally. Second, the study must compare approximately same-age peers with different schooling experiences. The ‘different’ 
experience could mean one group had less experience (e.g., completed first grade) and the other group had more (completed second 
grade). It could also mean that one group experienced no school and the second group had some schooling (e.g., kindergarten). It is 
important to note that, in the current study, we define kindergarten – where we could safely assume the presence of a structured 
educational environment – to be the earliest school experience. And, we define preschool/prekindergarten – which is focused primarily 
on play-based activities – to be no school (Burchinal, 2023; Early et al., 2010); please note that outside the US, ‘kindergarten’ may be 
equivalent US preschool, i.e., both at ‘Level 0′ in the International Standard Classification of Education (UNESCO Institute for Statistics, 
2012) and, for clarity, we have renamed these instances as ‘preschool’ where necessary). Third, the study must include at least one 
outcome measure of working memory, cognitive flexibility, inhibitory control, or global executive functioning, even if it was not 
labeled as such in the original manuscript but could be reasonably recast as such. There are a number of standardized measures that 
researchers use with children, for example, forward and backward digit span tasks for working memory, child versions of Stroop tasks 
to measure inhibitory control, and adapted Wisconsin Card Sort tasks (WCST) to measure cognitive flexibility (Zelazo et al., 2013). In 
our meta-analysis, we identified twelve different tasks. Table 1 shows a complete list of tasks and associated descriptions.

In addition, some tasks measure the same underlying construct, for example, auditory working memory, backward color recall, 
backward digit span, digit span, and picture memory; and Heads-Toes-Knees-Shoulders 20/40 and Heads-to-Toes are variants of each 
other. Overall, due to the limited number of studies in this field, our inclusion criteria were designed to be as liberal as possible.

We systematically searched databases Google Scholar, ERIC, PubMed, and PsycINFO. For each database, we searched using 
combinations of these search terms: school* effect*, cutoff design*, executive function*, regression discontinuity, RDD, memory, inhibit*, 
switch*, flexibility, cognit*, self regulat*, and intellig*. We also retrieved an initial list of references from Morrison et al. (2019). We 
limited our search to peer-reviewed articles and dissertations, in an attempt to minimize bias and maintain methodological rigor. This 
search process extended through January 8, 2025, and yielded 480 studies, which were then hand-screened for inclusion (see 2.2 
Coding).

It is an accepted practice to include grey (not peer-reviewed) literature to mitigate the risk of publication bias toward positive 
findings (Mahood et al., 2014; Paez, 2017), despite the risks associated with using work that has not undergone peer review 
(Bellefontaine & Lee, 2014; Sacks et al., 1996). Our initial literature search identified only two dissertations related to the schooling 
effect: Age and schooling effects on the development of early literacy and related skills (Cunningham, 2010) and Effects of Age and Schooling 
on 22 Ability and Achievement Tests (Gambrell, 2013). Neither of these two studies met our inclusion criteria: Cunningham’s measures 
were focused on literacy, while Gambrell’s study included older children and no executive function measures. In short, no dissertation 
studies could be included in our meta-analysis. We did not systematically search for other types of grey literature (e.g. conference 
abstracts), and we acknowledge that this could inflate estimates of the schooling effect. We assessed the potential effect of a publication 
bias in our results with a funnel plot and an Egger’s test (see Fig. 2).

Coding

Of the 480 identified studies, 67 were duplicates. With two independent screeners, we screened 413 abstracts and determined the 
majority (337) to be irrelevant (most were excluded because the design of the study (measures, contrasts) or tested ages did not meet 
our criteria). We then conducted a full-text screening using the inclusion criteria previously outlined and removed a further 64 studies 
(here again, most were excluded because the design or tested ages did not meet our criteria), leaving 12 studies. We excluded studies 
using designs in which the primary comparison was an intervention program (for example, Weiland and Yoshikawa (2013), which was 
included in Morrison and colleagues’ (2019) review). A list of the 19 studies that were closest to our inclusion threshold but were 
ultimately excluded and our reasons for excluding them is available in Table 2. Within the final set of 12 studies, 33 separate effect sizes 
were associated with measures of executive function. Of the 33 effect sizes, eight examined global executive function, nine examined 
working memory, five examined inhibitory control, and four examined cognitive flexibility. Fig. 1 shows a PRISMA flowchart for the 

Table 2 
The list of studies that were assessed for eligibility but were not included in our meta-analysis with reasons for exclusion.

Authors Year (Primary) Reason for 
Exclusion

Authors Year (Primary) Reason for Exclusion

Artman et al. (2006) Age group too old (grades 
7–––9)

​ Little (2021) Did not compare age-matched groups

Cahan and 
Cohen

(1989) Age group too old (grades 
5–––6)

​ Nanu et al. (2020) No relevant outcome measures

Christian et al. (2000) No relevant outcome measures ​ Rosenberg-Lee et al. (2011) Did not compare age-matched groups
Cunningham (2010) No relevant outcome measures ​ Röthlisberger et al. (2013) Did not compare age-matched groups
Dutra et al. (2022) Age group too old (8–––13 year- 

olds)
​ Skibbe et al. (2011) All children were at home or in preschool at each 

timepoint
Finders et al. (2022) Could not extract effect sizes ​ Vandecruys et al. (2024) No relevant outcome measures
Gambrell (2013) No relevant outcome measures ​ Varnhagen et al. (1994) No relevant outcome measures
Gormley et al. (2005) No relevant outcome measures ​ Wang et al. (2016) No relevant outcome measures
Jabr and Cahan (2015) No relevant outcome measures ​ Weiland and 

Yoshikawa
(2013) Intervention program (not business-as- usual 

schooling)
Kim et al. (2021b) Not examining schooling effect ​ ​ ​ ​
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screening process (Page et al., 2021).
The total number of participants across all 12 studies was approximately 1,611. This is an approximation because Cahan and 

Noyman (2001) – the study contributing the largest amount of data to the current meta-analysis – reported approximate, not exact, 
participant counts. Of these approximately 1,611 participants, we estimated that about 51 % identified as female. This is another 
approximation, as (1) Cahan and Noyman (2001) did not report gender counts, and, (2) in some studies, gender counts were not 
reported for our comparison of interest.

Descriptive statistics
For each of the included studies we recorded the executive function measure and whether the study was a cross-sectional design or 

a longitudinal design. After identifying all individual comparisons per study (one outcome variable compared for same-age peers 
between a lower and higher grade level), we recorded sample size, gender, grade, age, mean, and standard deviation for the outcome 

Fig. 1. PRISMA flowchart for the screening process. The literature search resulted in 480 studies, which were narrowed down by the screening 
process to 12 studies.
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Table 3 
The list of included studies. Study labels A, B… C represent schooling effect comparisons extracted from the same publication.

Authors Year Lower-Level Group N Higher-Level Group N Test EF Location

Brod et al. (A) (2017) Completed 2nd year KG 36 Completed 1st year KG + 1st grade 19 Cats-and-dogs IC Berlin, 
Germany

​

(B) (2017) Completed 2nd year KG 39 Completed 1st year KG + 1st grade 21 Hearts and flowers: 
(mixed accuracy)

Global EF Berlin, 
Germany

​

Burrage et al. (A) (2008) End (Spring) PreK 18 End (Spring) KG 27 Auditory working memory WM Urban, Midwest, USA ​
(B) (2008) End (Spring) PreK 18 End (Spring) KG 27 HTKS40 Global EF Urban, Midwest, USA ​
Cahan and Noyman (A) (2001) In KG ~200 In 1st grade ~200 Number recall WM Israel ​
(B) (2001) In 1st grade ~200 In 2nd grade ~200 Number recall WM Israel ​
(C) (2001) In 2nd grade ~200 In 3rd grade ~200 Number recall WM Israel ​
Davidson et al. (2023) Completed 2nd year KG 39 Completed 1st year KG + 1st grade 40 Change detection WM Scotland ​
Kim et al. (A) (2021a) End (Spring) PS 44 End (Spring) KG 65 HTKS20 Global EF Michigan, 

USA
​

(B) (2021) End (Spring) KG 42 End (Spring) 1st grade 68 HTKS40 Global EF Michigan, 
USA

​

McCrea et al. (A) (1999) In 1st grade 24 In 2nd grade 16 WCST 
(perseverative errors)

Cognitive flexibility Calgary, 
Canada

​

(B) (1999) In 2nd grade 20 In 3rd grade 10 WCST 
(perseverative errors)

Cognitive flexibility Calgary, 
Canada

​

(C) (1999) In 3rd grade 24 In 4th grade 21 WCST 
(perseverative errors)

Cognitive flexibility Calgary, 
Canada

​

(D) (1999) In 1st grade 24 In 2nd grade 16 WCST 
(categories achieved)

Global EF Calgary, 
Canada

​

(E) (1999) In 2nd grade 20 In 3rd grade 10 WCST 
(categories achieved)

Global EF Calgary, 
Canada

​

(F) (1999) In 3rd grade 24 In 4th grade 21 WCST 
(categories achieved)

Global EF Calgary, 
Canada

​

McKay et al. (2021) Completed 2nd year KG 36 Completed 1st year KG + 1st grade 37 Cats-and-dogs IC Stirling, 
Scotland

​

Morrison et al. (1995) Completed KG 10 Completed 1st grade 8 Picture memory WM North America ​
Naito and Miura (2001) Mid (Fall) KG 22 Mid (Fall) 1st grade 22 Digit span WM Japan ​
Oeri and Roebers (2021) Beginning KG year 1 40 Completed KG year 1 40 Fruit Stroop IC Switzerland ​
Roebers et al. (A) (2011) End (Spring) 

Mixed grades
52 End (Spring) 

First grade
52 Fruit Stroop IC Switzerland ​

(B) (2011) End (Spring) 
Mixed grades

52 End (Spring) 
First grade

52 Backward color WM Switzerland ​

(C) (2011) End (Spring) 
Mixed grades

52 End (Spring) 
First grade

52 Flexibility task Cognitive flexibility Switzerland ​

Zhang et al.(A) (2019) At least 3 months KG 22 At least 3 months of 1st grade 25 Backward digit span WM Hangzhou, 
China

​

(B) (2019) At least 3 months KG 22 At least 3 months of 1st grade 25 AX-CPT IC Hangzhou, 
China

​
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Table 4 
Calculation of synthetic variables for the schooling effect. The adjusted direction of the effect is based on the task. NS = No School. (In school systems outside of the US, kindergarten (KG) may be 
equivalent to US preschool (PS), i.e., both at ‘Level 0′ in the International Standard Classification of Education (UNESCO Institute for Statistics, 2012); where necessary these have been re-coded.) In
formation on logic of decisions and equations for calculations is provided in supplemental section S1. A table of correlations is provided in S4.

SCHOOLING HISTORY
T1 T2

Authors Year Lower-Level Group Higher-Level Group Lower-Level Group Higher-Level Group Calculation Type SMD [95 % CISE]

Brod et al. (A) (2017) PS (NS) PS (NS) PS (NS) First Scenario A

0.21 [-0.29, 0.72]
(B) (2017) PS (NS) PS (NS) PS (NS) First Scenario A

Burrage et al. (A) (2008) PS (NS) PS (NS) PS (NS) KG Scenario A

− 0.48 [-1.04, 0.09]
(B) (2008) PS (NS) PS (NS) PS (NS) KG Scenario A

Cahan and Noyman (A) (2001) – – PS (NS) First Group contrast at a single timepoint

0.35 [0.19, 0.51]

(B) (2001) – – First Second Group contrast at a single timepoint

(C) (2001) – – Second Third Group contrast at a single timepoint
Davidson et al. (2023) PS (NS) PS (NS) PS (NS) First Scenario A 0.47 [0, 0.94]
Kim et al. (A) (2021a) NONE (NS) PS (NS) PS (NS) KG Scenario A

0.18 [-0.15, 0.50] 
(B) (2021) PS (NS) KG KG First Scenario B

McCrea et al. (A) (1999) – – First Second Group contrast at a single timepoint

0.12 [-0.42, 0.66](B) (1999) – – First Second Group contrast at a single timepoint

(C) (1999) – – Second Third Group contrast at a single timepoint
0.24 [-0.41, 0.88](D) (1999) – – Second Third Group contrast at a single timepoint

(E) (1999) – – Third Fourth Group contrast at a single timepoint

0.33 [-0.18, 0.84](F) (1999) – – Third Fourth Group contrast at a single timepoint
McKay et al. (2021) PS (NS) PS (NS) PS (NS) First Scenario A 0.20 [-0.34, 0.73]
Morrison et al. (1995) HOME (NS) KG KG First Scenario B 1.47 [0.52, 2.42]
Naito and Miura (2001) HOME (NS) PS (NS) PS (NS) First Scenario A 0.20 [-0.44, 0.84]
Oeri and Roebers (2021) – – PS (NS) PS (NS) Group contrast at a single timepoint 0.21 [-0.24, 0.65]
Roebers et al. (A) (2011) PS (NS) MIXED MIXED First Scenario B

0.11 [-0.14, 0.36]

(B) (2011) PS (NS) MIXED MIXED First Scenario B
(C) (2011) PS (NS) MIXED MIXED First Scenario B

Zhang et al.(A) (2019) HOME (NS) PS (NS) PS (NS) First Scenario A

0.33 [-0.35, 1.01]
(B) (2019) HOME (NS) PS (NS) PS (NS) First Scenario A
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variable of interest. These descriptive statistics were extracted for all studies (where possible, from text, tables or graphs). Table 3
shows the list of all included studies. All data were extracted by two independent reviewers (interrater reliability of approx. 90 %, and 
any discrepancies, that were primarily clerical errors, were reconciled).

Effect size extraction
Studies varied in design structure and result reporting styles. However, all studies reported means and standard deviations for our 

measures of interest (with the exception of Cahan and Noyman, (2001)). According to Borenstein et al. (2009), computing the 
standardized mean difference (SMD) is the preferred approach when means and standard deviations are available, allowing for 
consistency across measures and accounting for small samples. Thus, we elected to estimate a common effect size measure based on 
these descriptive statistics. For Cahan and Noyman (2001) effect sizes were extracted directly from Fig. 3 (pg. 833), and the standard 
error was estimated based on the estimated sample size per group of 200. Details for computing the SMD and variance for each 
comparison of interest are reported in the Supplementary Materials.

After computing the SMD and variance for each comparison of interest, we then addressed dependencies. Dependencies occur when 
a single study reports multiple related effect sizes – such as two different measures of executive function from the same group of 
children. These estimates are not statistically independent. To avoid overweighting that study in a meta-analysis, a synthetic effect size 
and variance is used to combine the two while accounting for their correlation. This approach helps ensure that studies contributing 
multiple outcomes do not artificially inflate their influence on the final results (Borenstein et al., 2009). In seven of the 12 studies 
included in this meta-analysis, data from the same participants were used in multiple comparisons. (Please refer to Step 1 and Step 2 in 
Table S3 for synthetic effect size and synthetic variance, respectively.) Synthetic effect size is a straightforward average, while syn
thetic variance is a more complex calculation. A list of estimated pairwise correlations and their sources used in the synthetic variance 
calculation is shown in Table S4. Sources for the pairwise correlations varied depending on the study: when available, they were 
extracted directly from the study. If unavailable, we searched the literature for a reasonable replacement reflecting a pairwise cor
relation between similar outcome measures in a similar age group. When this was not available, we substituted a reasonable estimate. 
These calculations collapsed the original list of 33 effect sizes to 14 independent effect sizes, shown in Table 4.

Results

Tests of potential publication bias and heterogeneity

We assessed publication bias with a funnel plot and Egger’s test, and conducted leave-one-out sensitivity analyses; no studies 
needed to be excluded on the basis of these analyses. The funnel plot to assess publication bias was approximately symmetrical with 
only minor outliers (i.e., (Burrage et al., 2008; Morrison et al., 1995), and Egger’s test was not significant: t(12) = -0.14, p = 0.89 (see 
Fig. 2). (The results of the Egger’s test and visual inspection of the funnel plot should be interpreted with caution given the relatively 

Fig. 2. Funnel plot for the main analysis. Egger’s test: (t(12) = -0.14, p = 0.89).
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few studies included in the meta analysis (Michael, 2024).
We then conducted a leave-one-out sensitivity analysis for the 14 independent effect sizes – systematically removing each effect size 

and examining the impact on the overall estimate – to assess the robustness of our findings (see Fig. 3).
Results of the leave-one-out sensitivity analysis showed that none of the studies unduly influenced the overall effect size (across all 

iterations, the estimated effect size remained relatively consistent and statistically significant, from g = 0.19 [0.06, 0.32] to g = 0.28 
[0.17, 0.39]). The overall pooled effect size was g = 0.25, 95 % CI [0.15, 0.35], p < .0001. Of note, omitting Burrage et al. (2008) or 
Morrison et al. (1995) reduced I2 to 0, suggesting that these two studies contributed most of the between-study variability. Otherwise, 
heterogeneity remained stable and low-moderate throughout the analysis.

Main results

We used the ‘meta’ package in R to generate pooled estimates and forest plots of the comparisons of interest (Balduzzi et al., 2019). 
The resulting pooled effect was g = 0.24, 95 % CI [0.13, 0.36] (see Fig. 4).

Although the test of heterogeneity was not statistically significant (p = 0.21), the I2 value of 23.1 % suggests a modest degree of 

Fig. 3. Results of the leave-one-out sensitivity analysis. Grey boxes around each point estimate are proportional to the weight of each estimate 
(inverse variance). 95% confidence intervals are represented by the black lines around point estimates.

Fig. 4. Main results: forest plot of the effect of schooling on executive functions. Heterogeneity: I2 
= 23.1 %, τ2 

= 0.0042, p = 0.204. Grey boxes 
around each point estimate are proportional to the weight of each estimate (inverse variance). 95 % confidence intervals are represented by the 
black lines around point estimates.
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variability between studies. Given the number of included studies, the meta-analysis is underpowered to detect small-to-moderate 
levels of heterogeneity with confidence. Power calculations indicate only a 61 % probability for detecting τ2 = 0.1, underscoring 
that non-significance should not be taken as strong evidence of homogeneity. It remains possible that meaningful between-study 
differences exist but cannot be reliably detected with the available data. Despite these limitations, we argue that the estimated ef
fect sizes remain interpretable due to the robustness of our findings: the confidence interval around the pooled effect size is narrow and 
the leave-out analyses showed that no single study was disproportionately influencing the magnitude of the overall result.

No moderator analyses

Studies included in the present meta-analysis use age range comparisons that require choices about bandwidth magnitudes near the 
cutoff – that is, within how many months around the arbitrary school cutoff date are children considered to be ‘the same age’? While choices 
here can affect point estimates and generalizability (Chaplin et al., 2018), it is important to note that all 12 of the included studies were 
explicit studies of the schooling effect, so bandwidth choices were, assumedly, made deliberately to facilitate a valid assessment of the 
effect. That said, within the present meta-analysis, it would have been interesting to examine bandwidth as a moderator. However, the 
small number of studies available meant we were underpowered for this analysis (as well as the assessment of other potential mod
erators such as age or grade). More large-scale, representative primary studies are needed so that the sources of variability in effect 
sizes across studies can be accounted for quantitatively. The best that can be done given the empirical evidence to date is to report a 
pooled effect that aggregates potential moderators.

The effect of one (school) year of maturation with and without school

The results thus far provide a robust estimate of an ‘accumulated’ schooling effect, providing an answer to the question: “Within 
this age range of interest, given two groups of children of similar ages but a grade-level apart, how much will their executive function 
scores differ?” Another interesting question is, “Within this age range of interest, how much of a change in executive function does one 
(school) year of life afford?” In the data we have available here, the longitudinal studies can provide some insight into this question.

Eight of the nine longitudinal studies under review here (all but Morrison et al., 1995) included two groups (total N = 562), which 
we term ‘NoNet’ and ‘PlusOne’. Over the course of a school year (approx. 9 months), the NoNet groups had no net schooling experience 
(i.e., did not increment in schooling level from T1 to T2, for example, staying in preschool). In explicit contrast, children in the 
‘PlusOne’ groups, over the course of a nominal ‘school year’, were exposed to an increased level of school (e.g., completing 1st grade 
between T1 and T2). (We should note that the period between T1 and T2 varied from study to study, and we define ‘school year’ as the 
mean of this timespan, 8.6 months; see Supplementary Materials S2 for further detail). This means that any change in executive 
function scores in the NoNet groups is our best estimate, in the present context, of the effect of age-related maturation alone (i.e., 
minimizing the effect of schooling). In the PlusOne groups, we have our best estimate of the combined effect of maturation and 
schooling, that is, simply a general change in executive functions over time.

In an exploratory analysis, we computed effect size estimates for the NoNet and PlusOne groups (see Section S2). We did not 
remove any studies from this analysis on the basis of funnel plot asymmetry: studies were clustered symmetrically around the pooled 
effect in funnel plots for the NoNet and PlusOne groups. We computed Hedges’ g for each of these studies using the means and standard 
deviations extracted from the primary analyses. The pooled estimate for the NoNet maturation-alone effect (random effects model) was 
g = 0.27 (95 % CI [0.05, 0.49]) and the pooled estimate for the the PlusOne maturation and schooling combined effect (random effects 
model) was g = 0.37 (95 % CI [0.22, 0.52]; see Fig. S1). These results, while suggestive, should be taken with caution given the small 
number of studies under consideration.

To provide independent corroboration, we extracted estimates of general executive function gains over time from a large-scale (N =
1,020; across 9 sites in the US) standardized measurement of executive functions that used the NIH Toolbox (Akshoomoff et al., 2014). 
We extracted scores for 3.5–––7.5 year olds (matching the age range of the longitudinal studies that contributed to the above 
maturation analyses). We found increases over a nominal school year (i.e., 8.6 months, matching the average T1 to T2 timespan of our 
longitudinal studies) in DCCS (dimensional change card sort), flanker, picture sequence, and list sort to have effect sizes of 0.36, 0.34, 
0.36, and 0.34, respectively, closely matching the value (0.37) for general maturation we reported above (see also Fig. S2).

Discussion

The transition from early childhood to formal education represents one of the most significant environmental shifts in a child’s 
development. The structured nature of the classroom – rules, schedules, explicit goals, and academic tasks – demands that children 
exercise inhibition of prepotent responses, sustain attention to instructions, and complete academic tasks more rigorously than in 
informal learning environments such as at home or in play-focused childcare (Morrison et al., 2019). Thus, formal schooling can be 
interpreted as an intensive, structured training ground for executive functions – working memory, inhibitory control, and cognitive 
flexibility (Diamond, 2013; Miyake et al., 2000, Morrison et al., 2019). This shift is nearly universal for children between age five and 
seven, making it an unavoidable factor to be addressed in developmental science.

While many studies have measured executive functions as a function of schooling, ours is the first systematic meta-analysis of the 
schooling effect. We synthesized findings across 33 effect sizes from 12 published studies (individually screened from a set of 413 
potentially relevant matches), incorporating data from approx. 1,611 participants. We predicted a positive, moderate effect size for the 
effect of school on executive functions across grade-level comparisons. Our results did find evidence for a schooling effect (albeit with a 
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smaller, but robust, effect size (g = 0.24, 95 % CI [0.13, 0.36]) demonstrating that schooling is not just an arena for knowledge 
transmission, but also a training ground for cognitive control.

In an exploratory analysis, we used the longitudinal studies under analyses here to address a finer-grained question: How much do 
executive functions change over one school year? Eight (of the nine) longitudinal studies (total N = 562) included two groups, one that 
had no net schooling over the school year (e.g., repeating preschool) thereby providing our best estimate of age-related maturation 
alone, and one which completed a higher grade (e.g., finishing 1st) thereby providing an estimate of the combined effect of maturation 
and schooling. We found, unsurprisingly, that the combination of maturation and schooling increased executive functions (g = 0.37) 
more than age-related maturation alone (g = 0.27) over the (approx. 8.6 months) school year. Due to the small number of studies 
contributing to this analysis, these values should be treated with caution and are provided primarily to help inform future work. That 
said, our estimate for general, combined gains in executive functions closely matched those we extracted from a large-scale, NIH 
Toolbox-based study (Akshoomoff et al. 2014) that similarly tracked general, combined gains in executive functions. There we esti
mated gains in executive function-related using the DCCS, flanker, picture sequence, and list sort to have effect sizes of 0.36, 0.34, 0.36, 
and 0.34, respectively.

Mechanisms underlying the schooling effect

The mechanisms underlying the schooling effect are complex and multifaceted, and a systematic assessment of them is outside the 
scope of the current work. However, existing research suggests the importance of several features of the school environment on 
children’s executive functions. School intervention studies provide evidence that the type and structure of classroom practices play a 
role in shaping executive functions, for example school interventions such as the Tools of the Mind educational program (Bodrova & 
Leong, 2007) – which emphasizes make-believe play, individualized goal-setting, and teacher scaffolding – produce more positive 
outcomes (Blair & Raver, 2014; Diamond & Lee, 2011; Weiland & Yoshikawa, 2013). Blair and Raver (2014) conducted a randomized 
controlled trial with nearly 800 kindergarten children and found that children in the program showed greater gains in executive 
functions. Similarly, Weiland and Yoshikawa (2013) showed that another preschool intervention program focused on mathematics, 
language, and literacy curricula was associated with small ‘spillover’ effects in executive functions. It should be noted too that the 
addition of unstructured time and physical activity, in the context of a school environment, have been associated with improvements in 
executive function in children (Barker et al., 2014; Best, 2010; Diamond, 2015).

Findings from school intervention research intersect with the broader and more contentious executive function training literature. 
Targeted executive function training – the use of specific games and tasks to enhance general cognition – has become a popular yet 
controversial industry (Takacs & Kassai, 2019). Evidence including numerous meta-analyses (Kassai et al., 2019; Melby-Lervåg et al., 
2016; Sala & Gobet, 2017; Takacs & Kassai, 2019) show that targeted executive function training does not generalize to untrained tasks 
nor improve general cognition in children. Widely embraced tools like CogMed (working memory) and Braingame Brian (cognitive 
flexibility and inhibitory control) do not appear to have effects outside of the practiced skill sets (Takacs & Kassai, 2019). A school 
intervention, Brain Games, involving 31 games targeting executive function, did not produce consistent positive impacts on executive 
functions in elementary schoolers (Barnes et al., 2021). While some studies in children have reported modest gains in working memory 
or numeracy as a result of targeted training (e.g., (Kroesbergen et al., 2014; Ramani et al., 2017), overall findings remain mixed and 
inconsistent, with a lack of persistence in observed effects. Why doesn’t targeted executive function training work? According to 
Niebaum and Munakata (2023), the decontextualization of abstract, computerized and/or lab-based tasks, makes far-transfer of skills 
unlikely. Executive function skills develop through interaction and engagement within a sociocultural context − such as a holistic 
school setting − and not simply through practice on a specific task (Niebaum & Munakata, 2023).

Our finding offers another way to help reconcile the lack of robust cognitive effects of targeted executive function training pro
grams with the conventional acceptance of the existence of a schooling effect: while malleable, altering executive functions may simply 
require much more ‘training’ than conventionally thought. A year in school represents over 500 h of experience in an environment, as 
described above, organized around rules, schedules, explicit goals, and academic tasks that demand children exercise inhibition of 
prepotent responses, sustain attention to instructions, and complete academic tasks – yet this experience results only in a relatively 
small change in executive functions (i.e., g = 0.24). Targeted programs, in contrast, typically last just weeks with maybe an hour per 
day of training.

The challenges of measuring executive functions

Alongside all of this is a more existential question about the domain-general component theory of executive functions. Doebel 
(2020) suggests that this accepted theory is wrong − our tasks should measure cognitive control in service of goals in the real world. 
The challenge for future research is to create measures that maintain a high degree of internal validity while increasing external 
validity. Thus, a focus on how executive functions are deployed – rather than merely measuring maximum capacity under decontex
tualized conditions – is needed. Conventional tasks that assess what individuals can do at their peak performance risk limiting our 
understanding by emphasizing edge cases rather than typical, situated and goal-driven behavior (Blaser & Kaldy, 2025; Kaldy & Blaser, 
2020).

Even with this in mind, there still remain concerns about the way executive functions are conceptualized and measured, as 
highlighted by Doebel and Müller’s (2023) prominent review. Because executive functions are context-dependent – engaged differ
ently depending on goals, environments, and social dynamics – the standard laboratory tasks used to assess them often lack external 
validity (Doebel & Müller, 2023). Conventional executive function measures – like those included in the present meta-analysis, such as 
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the backward digit span and flanker tasks – assess cognitive control in decontextualized settings that may not reflect how executive 
functions operate in real-world situations (Doebel, 2020; Doebel & Müller, 2023). For example, Munakata and Michaelson (2021)
showed that the same executive function tasks conducted in different cultural settings can result in different outcomes: for example, 
differences between Japanese and American children’s socially normative practices around eating and gift-opening lead to differences 
in outcomes on delay-of-gratification tasks (Yanaoka et al., 2022). Put together, this raises a limitation of the current meta-analysis: it 
can only be as strong as the studies it is based on.

Analytical limitations

Another limitation of the current study is that the number of studies in our data set prevented a finer-grained assessment of po
tential moderating and mediating factors such as executive function outcome measure, bandwidth (accepted region around the school 
cutoff point, socioeconomic background, and grade transition. On this latter factor, prior research suggests that the preschool-to- 
kindergarten transition may have the most pronounced impact on executive function development in the US educational system. 
For example, Kim and colleagues (2021a) describe this transition as one of the most dramatic shifts in formal structure, potentially 
even greater than the shift from kindergarten to first grade. During this transition, children experience a marked increase in structured 
learning time, behavioral expectations, and cognitive demands – all of which place increased demands on executive functions. Studies 
have shown that kindergarten introduces significantly greater emphasis on sustained attention, following multi-step instructions, and 
self-regulation (e.g., Weiland & Yoshikawa, 2013), making it a likely inflection point in executive function development in the US. 
However, in our meta-analysis, we could not compare the effect of preschool-to-kindergarten transition to later grade transitions. 
Future research should aim to disentangle these early schooling effects by directly comparing transitions between preschool, 
kindergarten, and first grade, while also considering differences in educational systems around the world. For instance, Roebers and 
colleagues (2011) described a highly “play-oriented” and “child-centered” kindergarten experience in Switzerland, where formal 
academic instruction is minimized. Thus, there are important differences globally in the timing and the “abruptness” of the transition 
into school that make generalizations that are necessary for meta-analyses difficult. Future research should continue to examine which 
aspects of schooling – such as classroom structure, curriculum design, and instructional strategies – exert the strongest influence on 
executive function development, particularly in these early school years when effects may be most pronounced.

Summary

Our meta-analysis revealed a modest, but robust, finding: across programs, grades, executive function components, and variations 
across nations in curriculum and teaching styles, schooling enhances executive function skills (g = 0.24, 95 % CI [0.13, 0.36]). Schooling is 
not only an arena for learning academic content, it is also a training ground for children’s cognitive control.
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