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Abstract

Purpose—The current study examined the relationship between children’s performance on the 

Progressive Aerobic Cardiovascular Endurance Run (PACER) subtest of the FitnessGram® and 

aspects of cognitive control that are believed to support academic success.

Methods—Hierarchical linear regression analyses were conducted on a sample of 2nd and 3rd 

grade children (n = 397) who completed modified versions of a flanker task and spatial n-back 

task to assess inhibitory control and working memory, respectively.

Results—Greater aerobic fitness was significantly related to shorter reaction time and superior 

accuracy during the flanker task, suggesting better inhibitory control and the facilitation of 

attention in higher fit children. A similar result was observed for the n-back task such that higher 

fit children exhibited more accurate target detection and discrimination performance when 

working memory demands were increased.

Conclusion—These findings support the positive association between aerobic fitness and 

multiple aspects of cognitive control in a large sample of children, using a widely implemented 

and reliable field estimate of aerobic capacity. Importantly, the current results suggest that this 

relationship is consistent across methods used to assess fitness, which may have important 

implications for extending this research to more representative samples of children in a variety of 

experimental contexts.
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Introduction

Promoting academic success in children remains an integral focus of parents, teachers, and 

administrators alike. One of the most widely adopted methods for accomplishing this task 

has been to allocate time towards classroom education at the expense of physical activity 

opportunities (i.e., physical education, recess, after school programming), which many 

researchers believe is a contributing factor to the growing obesity rates and health 

complications reported in children (30). Given the current educational climate, it is not 

surprising that children’s academic performance has become a pivotal outcome measure for 

any program or study intent on providing increased opportunities for physical activity in 

school (e.g., TAKE 10!®; 22; Physical Activity Across the Curriculum [PAAC]; 11). 

Despite concerns regarding the potentially detrimental impact on academic achievement, 

research suggests that such an approach would, in a worst-case-scenario, leave academic 

performance unaffected (34). In fact, this growing body of research has revealed that 

increased physical activity levels and/or improved fitness may actually provide benefits to 

cognition, including better academic achievement and cognitive control (4).

Cognitive control refers to the regulation of goal-directed behaviors (33), and has been 

related to school readiness and academic achievement (10,20). A number of studies 

examining aerobic fitness have identified positive associations with aspects of cognitive 

control such as working memory, inhibitory control, and cognitive flexibility (e.g., 

6,7,9,17,18,32,39). Studies incorporating children as young as 4.5 years residing in low- or 

moderate-income households have reported that higher scores on cognitive control tasks 

during preschool are correlated with better mathematics and reading ability in kindergarten 

(1), and predict similar academic success ~ 3 years later during primary school (2). Thus, 

while further research is necessary to construct a complete understanding of children’s 

aerobic fitness and academic performance (20), continuing to explore factors that may 

mediate this interaction, such as cognitive control, is warranted (15). Investigations of 

cognitive control in children using laboratory-based measures of aerobic fitness (i.e., 

VO2max; 7,32,39) have indicated that, compared to lower fit children, those who are higher 

fit demonstrate shorter response times (RT) and greater accuracy on a modified version of 

the Eriksen flanker task (14). The flanker task is a popular and widely cited cognitive 

control task that measures an individual’s ability to inhibit unnecessary or distracting 

information in the stimulus environment, and direct attention towards relevant 

characteristics of the task at hand. By adhering to these methods, previous studies have not 

only established greater reliability of the findings, but have also revealed a pattern of results 

such that lower fit children exhibit disproportionately longer RT (7) and poorer accuracy 

(32,39) during the more difficult portions of the task that require the upregulation of 

inhibitory control. Recently, it was further reported that increases in VO2max following a 

randomized control trial (i.e., FITKids) were associated with improved working memory 

performance; an effect that became more evident as working memory demands increased 

(21). As such, the data suggest that higher aerobic fitness is associated with selectively 

greater performance as task difficulty increases and necessitates additional recruitment of 

cognitive control.
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However, one limitation of this previous research has been the relatively smaller sample 

sizes of children, perhaps due to complex laboratory-based measures of aerobic fitness and 

expensive neuroimaging methods that were incorporated. Therefore, this area of research 

would gain considerable momentum if researchers were able to adopt more feasible methods 

for assessing fitness, while maintaining sufficient validity. The FitnessGram® is a popular 

and reliable criterion-based fitness battery that tests aerobic capacity, muscle flexibility, 

muscle strength, and body mass (31). Its broad application across educational environments 

has led to numerous reports of a beneficial relationship between aerobic fitness and 

academic achievement as determined by the Progressive Aerobic Cardiovascular Endurance 

Run (PACER; 5,36,40) subtest. That is, children with higher levels of aerobic fitness 

commonly exhibit greater academic performance than their less-fit peers on topics such as 

reading and arithmetic. There is substantial evidence relative to the validity (25,26,37) and 

test-retest reliability (24,26) of the PACER as an accurate measure of aerobic capacity 

across a wide age range of children and adolescents (3,28). Despite the apparent influence of 

fitness on different aspects of cognitive control, surprisingly few studies have attempted to 

establish whether these relationships persist when using ecologically valid field measures of 

aerobic fitness. Hillman et al. (18) examined 24 children who were recruited and categorized 

according to the top (higher fit) or bottom (lower fit) 10% of PACER scores from a larger 

sample of 600 children. Compared to lower fit participants, higher fit children demonstrated 

shorter RT and marginally better accuracy while performing a simple stimulus 

discrimination task. In a subsequent study, Hillman et al. (17) investigated a sample of 38 

children (similarly divided according to fitness) who completed a modified flanker task and 

revealed that higher fit children performed more accurately relative to their lower fit peers, 

including greater accuracy following errors of commission.

Although there is consistency among findings in the literature, the amount of evidence 

directly comparing performance on field tests of aerobic fitness and cognitive control is less 

than comprehensive; primarily due to smaller and less representative samples of children. 

Such a limitation is unexpected considering that a primary benefit of field estimates is often 

the ability to collect large samples of data that laboratory-based experimental procedures 

might otherwise limit. There is also a lack of data with respect to working memory and 

aerobic fitness in children (38), regardless of the type of fitness measurement. Accordingly, 

the purpose of the current study was to investigate aerobic fitness in a large sample of 2nd 

and 3rd grade students using the PACER and measure their performance using the flanker, as 

well as a spatial n-back task, which have been successfully administered and modified for 

use in children. Performance on the flanker task was expected to mirror earlier findings, 

such that greater aerobic fitness would be related to better inhibitory control (i.e., higher 

accuracy, shorter RT), with the strongest associations occurring during the more difficult 

task conditions when the upregulation of cognitive control is necessary to ensure correct 

action. Similarly, aerobic fitness was predicted to relate positively with working memory 

performance; an effect that was expected to strengthen progressively as task conditions 

placed larger demands upon working memory. Collectively, such a relationship would 

provide support for the influence of aerobic fitness on select aspects of cognition, and 

suggest that field tests of aerobic fitness are ecologically valid tools for assessing this 

relationship in a large community-based sample of children.
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Method

Participants

Baseline data were collected as part of a larger study in children from seventeen schools 

participating in a cluster randomized trial (12). The University of Kansas Medical Center 

and University of Illinois at Urbana-Champaign Human Subjects Committee approved the 

study, which compares academic and cognitive outcomes following the addition of 

physically active academic lessons delivered by classroom teachers to regular, sedentary 

lessons (control). The guardians of 2nd and 3rd grade students received a flyer describing the 

study and the assessment procedures. Parents of students interested in participation provided 

their contact information to the school. Due to a large response, a random sample of 2nd and 

3rd grade students (stratified by grade and sex) in each school was selected from those who 

provided written parental consent/child assent to complete the outcome assessments used for 

this study, including cognitive function, and cardiovascular fitness. Parents completed a 

demographic questionnaire that assessed the grade, age, sex, and race of their child, as well 

as household income. Table 1 provides a summary of participant demographics.

Procedure

All assessments were completed at the respective schools by research staff that were trained 

and supervised by a qualified co-investigator. Testing was completed over the course of 2 

days with fitness and cognitive assessments occurring during separate testing sessions, and 

each visit lasting approximately 1 hour. During cognitive testing, students were removed 

from the classroom and tested on an individual basis in a private area such as a counselor’s 

office, conference room, or unused classroom, which were kept quiet and free of 

distractions. Cognitive testing was administered using a laptop and a handheld response pad 

(model: TR-1×4-CR; Current Designs Inc., Philadelphia, PA), with all participants 

completing the flanker and spatial n-back tasks in a consecutive and identical order. Due to 

the volume of students who needed to be tested and the limited time constraints, it was not 

possible to complete testing at the same time of day for all children. Thus, children were 

tested in both morning and afternoon hours.

Fitness Testing

Aerobic fitness was assessed using the PACER (31), which has established reliability and 

validity as a measure of aerobic capacity in children (3,24,25,26,37). The PACER has been 

implemented in hundreds of thousands of children, as young as 6-years-old, in over 35 

countries around the world (28). Correlations between the PACER and VO2 measures are 

moderate to strong in nature, ranging from r = 0.65 to 0.83 (25,26,37), with slight deviations 

based on the age and number of participants included in each study. During the PACER 

children are instructed to run back and forth between 2 lines, 20-meters apart, paced by a 

tone on a CD player signaling when they should reach the opposite line. The pace began 

slowly and progressively increased until the test ended when the student failed to traverse 

the 20-meter distance in the time allotted on two occasions. The fitness measure used for 

statistical analysis was the total number of laps completed on the PACER, with the greater 

number of laps indicating a higher level of aerobic capacity.
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Cognitive Tasks

Flanker—To assess inhibitory control, performance was measured during response 

compatible and incompatible conditions of a modified Eriksen flanker task, which has been 

used in a number of studies examining cognitive control and fitness in chidren (7,17,32,39). 

Stimuli were 2 cm tall child-friendly yellow goldfish, which were presented focally for 200 

ms on a blue background with a fixed inter-stimulus interval (ISI) of 1700 ms. Participants 

first completed the compatible condition in which they were instructed to attend to the 

centrally presented goldfish while disregarding the lateral flanking goldfish, and to respond 

as quickly and accurately as possible according to the direction the central goldfish was 

facing. Trials were divided evenly among congruent (i.e., all stimuli facing the same 

direction) and incongruent (i.e., the central and flanking stimuli faced opposite directions) 

trials. Participants were required to press a button with their left thumb using the response 

pad when the central fish faced left, and a button press with their right thumb when the 

central fish faced right. Task difficulty was further manipulated by next introducing 

participants to a stimulus-response incompatible condition, which was designed to increase 

conflict by modifying response selection such that participants had to respond in the 

opposite direction of the centrally presented stimuli. For both conditions, participants 

received 40 practice trials followed by a block of 100 trials with equiprobable congruency 

and directionality.

Spatial n-back—Participants also performed a modified child-friendly spatial n-back task, 

previously used by Drollette et al. (13), which was designed to assess variable working 

memory demands during the online monitoring and manipulation of remembered 

information (29). The task included six white-framed boxes, each measuring 4 × 4 cm, 

arranged in a circular orientation 9.5 cm from a centrally presented fixation cross. 

Participants’ viewed an illustrated black and white cow (named “Tab”) that appeared 

pseudo-randomly inside one of the six boxes. Three conditions were completed by each 

participant beginning with the 0-back task, which asked participants to respond as quickly 

and accurately as possible with a right thumb press when Tab appeared in the upper right 

box (i.e., target) and with a left thumb button press when Tab appeared in any of the 

remaining five boxes (i.e., correct reject for a non-target trial). For the 1-back and 2-back 

conditions, participants were instructed to respond as quickly and accurately as possible with 

a right button press if Tab appeared in the same box as the previous trial during the 1-back 

condition, and two trials prior for the 2-back condition. In both of these conditions, the left 

button was pressed if Tab appeared in any of the other five locations (i.e., correct reject). 

Errors of commission were deemed as a “false alarm” when participants incorrectly 

identified a non-target trial with a right button press, and a “miss” when target trials 

engendered a left button response. All trials were presented for 250 ms with a fixed ISI of 

2500 ms on a green background. Targets were presented with 33.3% probability in all 

conditions with the 0-back condition containing 45 trials (15 targets), and the 1- and 2-back 

containing 72 trials (24 targets). The outcome variable d’ was calculated as z(adjusted target 

accuracy) – z(adjusted false alarm rate) in accordance with the formula provided by Sorkin 

(35). Adjustments were implemented for perfect scores if the probability of target response 

accuracy was 1.0 then the adjustment of 2−(1/n) (n= number of trials) would replace the 

maximum probability, and if the probability of false alarm rate was 0.0 then the adjustment 
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of 1-(2−(1/n)) would replace the minimum probability. Higher values of d’ indicate increased 

ability to discriminate between targets and non-targets with the highest possible score after 

adjustment equal to 3.7 for the 0-back, and 4.1 for the 1- and 2-back.

Statistical Analysis

Pearson product-moment correlations were conducted between the number of laps run on 

the PACER test (representing aerobic fitness), body mass index (BMI), age, grade, sex 

(coded as 0 = female, 1 = male), and household income (coded as 1: < $10,000 per year, 

through 11: > $100,000 per year, with $10,000 increments) using SPSS v.21 (IBM Corp., 

Armonk, NY). Separate linear hierarchical regression analyses were conducted using the 

four dependent flanker variables (congruent RT/accuracy, incongruent RT/accuracy) from 

each response compatibility manipulation (compatible/incompatible), as well as the six 

dependent variables from the n-back task (target RT/accuracy, non-target RT/accuracy, false 

alarm rate, and d’) across the 0-, 1-, and 2-back conditions. To assess the unique 

contribution of aerobic fitness, PACER was entered into Step 2 in the hierarchical regression 

analysis following the inclusion of significant demographic variables (Step 1). Flanker 

accuracy and RT were also characterized using a Condition (compatible, incompatible) × 

Trial (congruent, incongruent) multivariate analysis of variance (MANOVA). n-back 

accuracy and RT were compared similarly with Condition representing the 0-, 1-, and 2-

back, and Trial indicating target or non-target. n-back false alarm rate and d’ were also 

compared across the 3 conditions. Analyses with three or more within-subjects levels report 

p-values after Greenhouse-Geisser correction for violations of sphericity. Significance levels 

were set at p = .05, and post-hoc comparisons were conducted using Bonferroni correction. 

Cohen’s d is reported to indicate effect size. Assumptions of linearity, equality of variance, 

independence, and normality, were plotted, inspected, and verified using studentized 

residuals. Participants were included in the analyses if their overall mean flanker accuracy 

was above 50% across compatible and incompatible conditions, and their mean d’ score was 

above a 0 across the 1- and 2-back conditions of the spatial n-back task (indicative of 

performance at or above chance; 35)1.

Results

Initial Pearson product-moment correlations revealed that fitness was significantly related to 

BMI (Pearson’s r = −.32), age (r = .17), grade (r = .19), sex (r = .23), and household income 

(r = .27), indicating the need to control for these demographic variables in Step 1 of the 

regression analyses. Grade was included in the analyses rather than age because it was more 

strongly associated with fitness and the dependent cognitive variables.

Flanker

Task manipulation—The analysis of flanker RT uncovered main effects of Condition, 

F(1, 396) = 125.5, p < .001, η² = .24, and Trial, F(1, 396) = 141.3, p < .001, η² = .26, which 

1In addition to excluding participants who performed below chance for flanker (n = 97) and spatial n-back (n = 72) tasks, participants 
reporting a neurological disorder were withheld from all analyses including those with ADHD (n = 55), dyslexia (n = 3), or a learning 
disability (n = 20). Participants who could not complete all aspects of cognitive testing (e.g., were absent from school, did not follow 
instructions, etc.) and anyone missing necessary demographic information were also excluded (n = 22).
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were superseded by an interaction of Condition × Trial, F(1, 396) = 10.5, p = .001, η² = .03. 

Post-hoc analysis confirmed that RT was prolonged in the incompatible compared to the 

compatible condition (Cohen’s d’s ≥ 0.3). Incongruent trials also resulted in longer RT than 

congruent trials across both conditions, d’s ≥ 0.1 (see Figure 1a).

For flanker accuracy, a main effect of Trial was observed, F(1, 396) = 272.4, p < .001, η² = .

41, which was superseded by a Condition × Trial interaction, F(1, 396) = 132.5, p < .001, η² 

= .25. Comparing congruent and incongruent trial types within each response compatibility 

condition revealed that in both the compatible and incompatible conditions, accuracy was 

greater for congruent trials compared to incongruent trials, d’s ≥ 0.1. Significant differences 

were also witnessed when comparing trial types across compatibility conditions, indicating 

that congruent trial accuracy was greater in the compatible compared to the incompatible 

condition, d = 0.2. Analysis further revealed that incongruent trial accuracy was significantly 

higher in the incompatible compared to the compatible condition, d = 0.3 (see Figure 1b).

RT regression analyses—Table 2 provides a summary of each flanker regression 

analysis along with all corresponding statistical values for PACER effects. For the flanker 

compatible condition, fitness demonstrated a significant effect for both congruent and 

incongruent trials (see Figure 2a), in addition to grade (β’s ≥ −.20, p’s ≤ .001) and sex (β’s ≥ 

−.11, p’s ≤ .03). These findings indicate that across both types of flanker trials, RT was 

shorter in higher fit children as well as males and older participants. Comparable results 

were observed for the incompatible condition with fitness exhibiting an effect for congruent 

and incongruent trials (see Figure 2b). Grade (β’s ≥ −.28, p’s ≤ .001) and sex (β’s ≥ −.11, p’s 

≤ .02) were again negatively correlated, mirroring the earlier analysis.

Accuracy regression analyses—Higher fit children performed more accurately on 

congruent trials during the compatible condition. This effect explained a significant amount 

of the variance in addition to grade (β = .11, p < .03) and household income (β = .10, p < .

05), indicating that older participants and children living in higher income families were 

more accurate. Higher fit children also had better incongruent trial accuracy (see Figure 2c), 

yet no demographic variables exhibited a significant effect. In the incompatible condition, 

fitness (see Figure 2d), grade (β = .10, p < .05), and household income (β = .12, p < .02) 

were positively associated with congruent trial accuracy. Accordingly, higher fit and older 

children, as well as those living in higher income families, elicited greater accuracy for 

congruent trials. Similar trends were observed for incongruent trials, however, none of these 

effects reached significance during the incompatible condition.

Spatial n-back

Task manipulation—The MANOVA for n-back RT uncovered main effects of Condition, 

F(1.8, 720.7) = 886.3, p < .001, η² = .69, and Trial, F(1, 396) = 172.5, p < .001, η² = .30, and 

a Condition × Trial interaction, F(1.8, 699.6) = 30.0, p < .001, η² = .07. This interaction 

indicated that RT was delayed for both trial types, with greater delays observed across each 

subsequent condition, d’s ≥ 0.3. However, when comparing the two trial types within each 

condition, target trials resulted in shorter RT in the 0-back and 1-back conditions, d’s ≥ 0.4, 
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yet no difference was observed for the 2-back condition, d = 0.1, following Bonferroni 

correction (see Figure 1c).

The MANOVA for n-back accuracy also revealed effects of Condition, F(2.0, 783.7) = 

923.0, p < .001, η² = .70, Trial, F(1, 396) = 275.0, p < .001, η² = .41, and a Condition × Trial 

interaction, F(1.9, 747.4) = 79.0, p < .001, η² = .16. Decomposition of the interaction 

indicated that target and non-target trial accuracy decreased as difficulty was elevated across 

each subsequent condition, d’s ≥ 0.4. Further, children were more accurate for non-target 

trials compared to target trials across all three n-back conditions, d’s ≥ 0.2 (see Figure 1d). 

An effect of Condition, F(1.8, 710.7) = 468.5, p < .001, η² = .54, for false alarm rate 

revealed that the 2-back condition engendered a significantly greater number of false alarms 

than either the 0-back or 1-back conditions, d’s ≥ 1.6. The rate of false alarms in the 0- and 

1-back conditions was equivalent, d = 0.1 (see Figure 1e). Lastly, analysis of d’ scores 

resulted in an effect of Condition, F(2.0, 784.5) = 887.8, p < .001, η² = .69, which revealed 

steadily declining values as task difficulty increased across conditions, d’s ≥ 0.9 (see Figure 

1f).

0-back regression analyses—Table 3 provides a summary of all n-back regression 

analyses and contains the statistical values for each PACER effect. Comparable to the 

flanker results, fitness was significantly correlated with target trial RT (see Figure 3a), 

signifying that higher fit children exhibited shorter RT. Further, effects of grade (β = −.19, p 

< .001) and sex (β = −.11, p < .04) suggested that older children and males also 

demonstrated shorter RT for target trials. No significant fitness effects were witnessed for 

non-target trial RT, accuracy, false alarm rate, or d’.

1-back regression analyses—An effect of fitness was observed for false alarm rate (see 

Figure 3b), indicating that children with greater fitness generated fewer false alarms, while 

no demographic variables were significantly related. Effects of fitness (see Figure 3c) and 

household income (β’s ≥ .11, p’s ≤ .04) were significant for both target and non-target trial 

accuracy, indicating that higher fit children and children living in higher income families 

outperformed their peers on both trial types. Additionally, an effect of BMI (β = −.14, p < .

01) revealed that individuals with lower BMI achieved greater accuracy for target trials. 

Lastly, higher fit individuals and children living in higher income families (β = .13, p < .02) 

achieved superior d’ scores, representing an increased ability to accurately discriminate 

between target and non-target stimuli. No significant fitness effects were observed for RT.

2-back regression analyses—Analysis of target trial accuracy indicated effects of 

fitness, sex (β = .16, p = .001), and household income (β = .18, p < .001), suggesting that 

higher fit children, males, and those living in families reporting greater household income 

demonstrated greater accuracy. For non-target trial accuracy, effects of fitness (see Figure 

3d) and grade (β = .13, p < .02) were observed signifying that higher fit and older children 

performed more accurately for non-target trials. Lastly, the regression analysis for d’ 

revealed significant effects for fitness (see Figure 3e), sex (β = .15, p < .01), and household 

income (β = .14, p < .01) confirming that higher fit participants, males, and those living in 

families reporting greater household income exhibited an increased propensity to accurately 
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distinguish targets from non-target stimuli. No significant findings were discovered for false 

alarm rate, or for RT.

Discussion

The current findings are consonant with previous investigations of fitness and inhibitory 

control using flanker tasks (7,17,32,39). Incongruent trials successfully placed a larger 

demand on cognitive control processes, which was reflected by longer RT and decreased 

accuracy compared to congruent trials. The introduction of the response incompatible 

condition resulted in a further overall delay in RT and decrease in accuracy, reflecting the 

need for greater inhibitory control and heightened attention. Although the hypothesis that 

higher fit children would demonstrate better performance was upheld, it did not appear that 

this effect was selectively modulated for situations necessitating increased cognitive control 

(failing to support the selectivity hypothesis). This study is not the first to report such 

findings using a flanker task, as Hillman et al. (17) observed general fitness differences on 

behavioral and neuroelectric measures in 9-10 year old children across congruent and 

incongruent trials. As such, it is reasonable to conclude that the lack of consensus in the 

literature between general and selective fitness effects may be due to nuances in study 

design or differences in the age or maturation of preadolescent participants across studies. 

For instance, previous cross-sectional studies reporting selective benefits in children 

(7,32,39) have incorporated individuals from opposite ends of the fitness spectrum, residing 

either below the 30th or above the 70th percentiles for fitness. With regards to maturation, 

the mean age of children in the current study was only 7.6 years as compared to other 

studies in which the mean age was ~ 10 years. It is conceivable that overall increased 

difficulty of the flanker task at younger age ranges may alter the pattern of results with 

respect to aerobic fitness, yet a detailed and controlled account of this relationship across 

different age ranges does not currently exist. Given the conflicting results regarding general 

and selective findings in children, future research needs to explore this relationship to better 

understand the interaction between fitness, maturation, and inhibitory control.

Contrary to the flanker findings, children’s behavior during the spatial n-back supported the 

a priori hypothesis that fitness would exhibit a stronger association with task performance 

when working memory demands were increased during the 1- and 2-back conditions. 

Importantly, the data suggest that difficulty was successfully modulated across conditions, 

which was evidenced by overall delays in RT, a larger number of false alarms in the 2-back 

condition, decreases in accuracy, and lower d’ scores. Fitness was related to target trial RT 

during the 0-back, which served as a control condition as it does not require the storage or 

manipulation of remembered information. As such, these results closely align with those 

first reported by Hillman et al. (18), which indicated that high fit children (i.e., those in the 

top 10% of completed PACER laps) displayed shorter RT during the successful 

identification of a pre-specified stimulus.

Working memory d’ scores were elevated, and accuracy was significantly greater in higher 

fit children for target and non-target trials during both the 1- and 2-back conditions. Further, 

higher fit individuals committed fewer false alarms in the 1-back, suggesting an increased 

propensity for correctly discriminating non-target trials. Kamijo and colleagues (21) recently 
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demonstrated that an increase in VO2max following a randomized controlled physical 

activity intervention was associated with improved working memory accuracy, and that such 

effects were absent in the control group. Importantly, the effect only existed for the more 

demanding conditions (i.e., those placing increased demands upon working memory) of a 

modified Sternberg task. Fisher et al. (16) conducted an exploratory randomized controlled 

trial in younger children (5-6 years old) and administered working memory measures of the 

Cambridge Neuropsychological Test Battery (CANTAB) before and after a 10-week 

physical activity intervention. The authors indicated that children who received physical 

education class with added emphasis on time spent in moderate to vigorous aerobic physical 

activity demonstrated a reduction in the number of spatial working memory errors at post-

testing. However, these findings were tempered by several limitations described by the 

authors, and aerobic fitness information was not provided. Although the nature of these 

relationships are inherently different across studies due to differences in study design and 

methods for measuring fitness and working memory, the similarity in the pattern of results 

are intriguing and together suggest a beneficial association. The current results provide 

evidence of a selective relation between fitness and tasks requiring greater amounts of 

working memory; however, as a recent meta-analysis has indicated, there is still a need for 

additional research exploring aerobic fitness and working memory due to the limited number 

of studies (38).

It is worth noting that evidence from the opposite end of the age spectrum supports the 

conclusion that improved fitness or increased physical activity levels may exert selectively 

greater cognitive benefits for more difficult tasks. General improvements in flanker RT have 

been associated with greater physical activity levels in both young and older adult cohorts, 

yet increased physical activity was selectively related to better accuracy during incongruent 

trials in the older group (19). Meta-analytic reviews in older populations (8) provide further 

support for such a selectivity hypothesis. The reason it is important to continue exploring 

these different aspects of cognitive control is because the pattern of results informs 

researchers about the possible neural networks that may be amenable to physical activity 

interventions or changes in fitness. For instance, in addition to the selective behavioral 

effects that have been previously witnessed in higher and lower fit children, neuroimaging 

methods have revealed that these differences may be linked to underlying brain activation 

patterns involving the prefrontal cortex (39) and the integrity of specific brain structures 

such as the basal ganglia (7) and hippocampus (6). These discoveries have lead researchers 

to suggest that the observable patterns in children’s cognitive performance may reflect their 

ability to adopt certain cognitive control strategies, which may have considerable 

implications for learning and academic achievement (32,39).

Fortunately, the popular application of the flanker task permits further validation of the 

current results in accordance with demographic factors that significantly interacted with 

fitness and cognitive performance. Mezzacappa (27) successfully identified a number of 

important sociodemographic correlates in a large and diverse group of children, 

demonstrating that age and social economic status (SES) were significantly related to better 

performance and shorter RT, which was corroborated in the present findings. It was also 

reported that race influenced RT; however, given the ethnic distribution of the current 

population, which was predominately Caucasian children living in higher income families, it 
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is doubtful that race had a significant influence on the outcome measures of this study, but 

does potentially limit the generalizability to children of other races. It is important to 

highlight the similarities and differences that exist across variables such as fitness, SES, and 

age, because it will help identify child populations who may derive the greatest benefit from 

physical activity programs and interventions, such as associated improvements in academic 

performance. For instance, working memory training has been developed for use in children 

and often results in adaptive performance, even for tasks that are not specifically included in 

the training regimen (23). Although relatively few physical activity interventions have 

explored cognitive outcomes in children, including academic achievement, the overall 

benefits may prove worthwhile.

However, certain limitations within the current study will require additional research to 

confirm the positive associations between children’s PACER performance and cognitive 

control. Due to the cross-sectional nature of the findings, causal inference of aerobic fitness 

on cognitive control cannot be determined. Longitudinal designs and interventions to 

improve children’s fitness levels will be required to examine whether these changes are in 

fact related to better cognitive performance. Such approaches would further benefit from the 

inclusion of racially diverse samples of children. Relatedly, although the regression analyses 

controlled for factors such as SES and grade, it is impossible to completely control for the 

influence of these demographic variables, given that findings may change based on the 

manner in which they are measured (e.g., SES was only represented by household income). 

Lastly, due to time constraints and the large number of children that were tested, children’s 

cognitive performance was measured at different times throughout the day. As such, future 

studies will wish to try and control for potential ‘time of day’ effects.

In summary, a strength of the current study was the inclusion of a large sample of children 

to establish a broad perspective of aerobic fitness and cognitive control. This was made 

possible by having children complete the PACER at their respective schools, as opposed to 

using a laboratory-based measure, such as VO2max, which has been the standard procedure 

throughout much of the literature. Fortunately, the use of the flanker task permitted 

comparisons with prior research and provided greater reliability for the current findings. 

Incorporating the spatial n-back task was also a considerable advantage as it allowed for an 

extension of the previous literature by measuring children’s working memory, which has 

received little attention throughout this area of study.

Importantly, the data from both of these tasks suggests that higher fit children outperformed 

their lower fit peers. The relative ease of conducting the PACER (in addition to the low 

costs and minimal participant burden) makes this subtest a viable option for schools and 

researchers to effortlessly track the progression of children’s fitness levels. It is conceivable 

that with the reliability and wide-spread use of fitness field tests, especially in educational 

domains, this area of research will continue to extend to larger representative samples of 

children, as well as interested researchers without the capabilities for laboratory 

assessments. Collectively, the current findings support the development of comprehensive 

health recommendations for children from the perspective of influencing cognitive function 

and improving overall health and well-being.

Scudder et al. Page 11

Med Sci Sports Exerc. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Acknowledgments

The authors would like to thank Jessica L. Betts, Jeffery J. Honas, and Katherine Henley for providing their 
knowledge and assistance towards the development and planning of the study. Support for our research and the 
preparation of this manuscript were provided by a grant from the National Institutes of Health (NIH DK085317) to 
Joseph Donnelly.

References

1. Blair C, Razza RP. Relating effortful control, executive function, and false belief understanding to 
emerging math and literacy ability in kindergarten. Child Dev. 2007; 78:647–63. doi: 10.1111/j.
1467-8624.2007.01019.x. [PubMed: 17381795] 

2. Bull R, Espy KA, Wiebe SA. Short-term memory, working memory, and executive functioning in 
preschoolers: Longitudinal predictors of mathematical achievement at age 7 years. Dev 
Neuropsychol. 2008; 33:205–28. doi: 10.1080/87565640801982312. [PubMed: 18473197] 

3. Carrel AL, Bowser J, White D, et al. Standardized childhood fitness percentiles derived from 
school-based testing. J Pediatr. 2012; 161:120–4. doi: 10.1016/j.jpeds.2012.01.036. [PubMed: 
22364851] 

4. Castelli, DM.; Hillman, CH. Physical activity, cognition, and school performance: From neurons to 
neighborhoods. In: Meyer, AL.; Gullotta, TP., editors. Physical activity across the lifespan, issues in 
children’s and families’ lives. Springer Science+Business Media; New York: 2012. p. 41-63.doi: 
10.1007/978-1-4614-3606-5_3

5. Castelli DM, Hillman CH, Buck SM, Erwin HE. Physical fitness and academic achievement in 3rd 
& 5th grade students. J Sport Exerc Psychol. 2007; 29:239–52. [PubMed: 17568069] 

6. Chaddock L, Erickson KI, Prakash RS, et al. A neuroimaging investigation of the association 
between aerobic fitness, hippocampal volume and memory performance in preadolescent children. 
Brain Res. 2010; 1358:172–83. doi: 10.1016/j.brainres.2010.08.049. [PubMed: 20735996] 

7. Chaddock L, Erickson KI, Prakash RS, et al. Basal ganglia volume is associated aerobic fitness in 
preadolescent children. Dev Neurosci. 2010; 32:249–56. doi: 10.1159/000316648. [PubMed: 
20693803] 

8. Colcombe S, Kramer AF. Fitness effects on the cognitive function of older adults: A meta-analytic 
study. Psychol Sci. 2003; 14:125–30. doi: 10.1111/1467-9280.t01-1-01430. [PubMed: 12661673] 

9. Davis CL, Cooper S. Fitness, fatness, cognition, behavior, and academic achievement among 
overweight children: Do cross-sectional associations correspond to exercise trial outcomes? Prev 
Med. 2011; 52:S65–9. doi: 10.1016/j.ypmed.2011.01.020. [PubMed: 21281668] 

10. Diamond A, Barnett WS, Thomas J, Munro S. Preschool program improves cognitive control. 
Science. 2007; 318:1387–8. doi: 10.1126/science.1151148. [PubMed: 18048670] 

11. Donnelly JE, Greene JL, Gibson CA, et al. Physical activity across the curriculum (PAAC): A 
randomized controlled trial to promote physical activity and diminish overweight and obesity in 
elementary school children. Prev Med. 2009; 49:336–41. doi: 10.1016/j.ypmed.2009.07.022. 
[PubMed: 19665037] 

12. Donnelly JE, Greene JL, Gibson CA, et al. Physical activity and academic achievement across the 
curriculum (A + PAAC): Rationale and design of a 3-year, cluster-randomized trial. BMC Public 
Health. 2013; 13:307–21. doi: 10.1186/1471-2458-13-307. [PubMed: 23565969] 

13. Drollette ES, Shishido T, Pontifex MB, Hillman CH. Maintenance of cognitive control during and 
after walking in preadolescent children. Med Sci Sports Exerc. 2012; 44:2017–24. doi: 10.1249/
MSS.0b013e318258bcd5. [PubMed: 22525770] 

14. Eriksen CW, Eriksen BA. Effects of noise letters upon the identification of a target letter in a non-
search task. Percept Psychophys. 1974; 25:249–63. doi: 10.3758/BF03203267. [PubMed: 461085] 

15. Eveland-Sayers BM, Farley RS, Fuller DK, Morgan DW, Caputo JL. Physical fitness and 
academic achievement in elementary school children. J Phys Act Health. 2009; 6:99–104. 
[PubMed: 19211963] 

Scudder et al. Page 12

Med Sci Sports Exerc. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



16. Fisher A, Boyle JME, Paton JY, et al. Effects of a physical education intervention on cognitive 
function in young children: randomized controlled pilot study. BMC Pediatr. 2011; 11:97–105. 
doi: 10.1186/1471-2431-11-97. [PubMed: 22034850] 

17. Hillman CH, Buck SM, Themanson JR, Pontifex MB, Castelli D. Aerobic fitness and cognitive 
development: Event-related brain potential and task performance indices of executive control in 
preadolescent children. Dev Psychol. 2009; 45:114–29. doi: 10.1037/a0014437. [PubMed: 
19209995] 

18. Hillman CH, Castelli DM, Buck SM. Aerobic fitness and neurocognitive function in healthy 
preadolescent children. Med Sci Sports Exerc. 2005; 37:1967–74. doi: 10.1249/01.mss.
0000176680.79702.ce. [PubMed: 16286868] 

19. Hillman CH, Motl RW, Pontifex MB, et al. Physical activity and cognitive function in a cross-
section of younger and older community-dwelling individuals. Health Psychol. 2006; 25:678–87. 
doi: 10.1037/0278-6133.25.6.678. [PubMed: 17100496] 

20. Howie EK, Pate RR. Physical activity and academic achievement in children: A historical 
perspective. J Sport Health Sci. 2012; 1:160–9. doi: 10.1016/j.jshs.2012.09.003. 

21. Kamijo K, Pontifex MB, O'Leary KC, et al. The effects of an afterschool physical activity program 
on working memory in preadolescent children. Dev Sci. 2011; 14:1046–58. doi: 10.1111/j.
1467-7687.2011.01054.x. [PubMed: 21884320] 

22. Kibbe DL, Hackett J, Hurley M, et al. Ten years of TAKE 10!®: Integrating physical activity with 
academic concepts in elementary school classrooms. Prev Med. 2011;52:S43-50. doi: 10.1016/
j.ypmed.2011.01.025. 

23. Klingberg T. Training and plasticity of working memory. Trends Cogn Sci. 2010; 14:317–24. doi: 
10.1016/j.tics.2010.05.002. [PubMed: 20630350] 

24. Léger LA, Mercier D, Gadoury C, Lambert J. The multistage 20 metre shuttle run test for aerobic 
fitness. J Sports Sci. 1988; 6:93–101. doi: 10.1080/02640418808729800. [PubMed: 3184250] 

25. Mahar MT, Guerieri AM, Hanna MS, Kemble CD. Estimation of aerobic fitness from 20-m 
multistage shuttle run test performance. Am J Prev Med. 2011; 41:S117–23. doi: 10.1016/
j.amepre.2011.07.008. [PubMed: 21961611] 

26. Mahar MT, Rowe DA, Parker CR, Mahar FJ, Dawson DM, Holt JE. Criterion-referenced and 
norm-referenced agreement between the mile run/walk and PACER. Meas Phys Educ Exerc Sci. 
1997; 1:245–58. doi: 10.1207/s15327841mpee0104_4. 

27. Mezzacappa E. Alerting, orienting, and executive attention: Developmental properties and 
sociodemographic correlates in an epidemiological sample of young, urban children. Child Dev. 
2004; 75:1373–86. doi: 10.1111/j.1467-8624.2004.00746.x. [PubMed: 15369520] 

28. Olds T, Tomkinson G, Léger L, Cazorla G. Worldwide variation in the performance of children 
and adolescents: An analysis of 109 studies of the 20-m shuttle run test in 37 countries. J Sports 
Sci. 2006; 24:1025–38. doi: 10.1080/02640410500432193. [PubMed: 17115514] 

29. Owen AM, McMillan KM, Laird AR, Bullmore E. N-Back working memory paradigm: A meta-
analysis of normative functional neuroimaging studies. Hum Brain Mapp. 2005; 25:46–59. doi: 
10.1002/hbm.20131. [PubMed: 15846822] 

30. Pate RR, Davis MG, Robinson TN, Stone EJ, McKenzie TL, Young JC. Promoting physical 
activity in children and youth: A leadership role for schools: A scientific statement from the 
American heart association council on nutrition, physical activity, and metabolism (physical 
activity committee) in collaboration with the councils on cardiovascular disease in the young and 
cardiovascular nursing. Circulation. 2006; 114:1214–24. doi: 10.1161/CIRCULATIONAHA.
106.177052. [PubMed: 16908770] 

31. Plowman SA, Sterling CL, Corbin CB, Meredith MD, Welk GJ, Morrow JR. The history of 
FITNESSGRAM®. J Phys Act Health. 2006; 3:S5–20. Available from: http://activitygram.net/
JPAH/HistoryOfFG.pdf. 

32. Pontifex MB, Raine LB, Johnson CR, et al. Cardiorespiratory fitness and the flexible modulation 
of cognitive control in preadolescent children. J Cogn Neurosci. 2011; 23:1332–45. doi: 10.1162/
jocn.2010.21528. [PubMed: 20521857] 

Scudder et al. Page 13

Med Sci Sports Exerc. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://activitygram.net/JPAH/HistoryOfFG.pdf
http://activitygram.net/JPAH/HistoryOfFG.pdf


33. Ridderinkhof KR, Ullsperger M, Crone EA, Nieuwenhuis S. The role of the medial frontal cortex 
in cognitive control. Science. 2004; 306:443–7. doi: 10.1126/science.1100301. [PubMed: 
15486290] 

34. Sallis JF, McKenzie TL, Kolody B, Lewis M, Marshall S, Rosengard P. Effects of health-related 
physical education on academic achievement: Project SPARK. Res Q Exerc Sport. 1999; 70:127–
34. doi: 10.1080/02701367.1999.10608030. [PubMed: 10380244] 

35. Sorkin RD. Spreadsheet signal detection. Behav Res Methods Instrum Comput. 1999; 31:46–54. 
doi: 10.3758/BF03207691. [PubMed: 10495832] 

36. Van Dusen DP, Kelder SH, Kohl HW, Ranjit N, Perry CL. Associations of physical fitness and 
academic performance among schoolchildren. J Sch Health. 2011; 81:733–40. doi: 10.1111/j.
1746-1561.2011.00652.x. [PubMed: 22070504] 

37. Varness T, Carrel AL, Eickhoff JC, Allen DB. Reliable prediction of insulin resistance by a 
school-based fitness test in middle-school children. Int J Pediatr Endocrinol. 2009:487804. doi: 
10.1155/2009/487804. [PubMed: 19956706] 

38. Verburgh L, Königs M, Scherder EJA, Oosterlaan J. Physical exercise and executive functions in 
preadolescent children, adolescents and young adults: A meta-analysis. Br J Sports Med. 2013 doi: 
10.1136/bjsports-2012-091441. 

39. Voss MS, Chaddock L, Kim JS, et al. Aerobic fitness is associated with greater efficiency of the 
network underlying cognitive control in preadolescent children. Neuroscience. 2011; 199:166–76. 
doi: 10.1016/j.neuroscience.2011.10.009. [PubMed: 22027235] 

40. Wittberg RA, Northrup KL, Cottrell LA. Children’s aerobic fitness and academic achievement: A 
longitudinal examination of students during their fifth and seventh grade years. Am J Public 
Health. 2012; 102:2303–7. doi: 10.2105/AJPH.2011.300515. [PubMed: 22698045] 

Scudder et al. Page 14

Med Sci Sports Exerc. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1. 
Children’s behavioral performance is displayed for both cognitive control tasks. a) 

Incongruent trials resulted in longer RT across both conditions, yet overall flanker RT was 

delayed in the incompatible condition. b) Congruent trials resulted in higher accuracy across 

both conditions compared to incongruent trials, however, congruent trial accuracy decreased 

during the incompatible condition whereas incongruent accuracy significantly increased. c) 

Overall RT for the n-back task was delayed across each subsequent condition, and target 

trials resulted in shorter RT compared to non-target trials in the 0- and 1-back conditions. d) 

Overall accuracy decreased across n-back conditions, with target trials having lower 

accuracy compared to non-target trials in each condition. e) False alarm rate was 

significantly higher in the 2-back condition, yet no difference was observed between the 0- 

and 1-back. f) Mirroring the effect of n-back accuracy, d’ scores progressively decreased 

across the subsequent conditions.
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Figure 2. 
Partial regression plots depicting the relationship between fitness and flanker task 

performance for: a) compatible RT, b) incompatible RT, c) compatible accuracy, and d) 

incompatible accuracy, after controlling for grade, sex, household income, and BMI. Partial 

correlations (pr) are provided. *p ≤ .05, **p ≤ .01
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Figure 3. 
Partial regression plots depicting the relationship between fitness and the spatial n-back task 

for: a) 0-back target RT, b) 1-back false alarm rate, c) 1-back accuracy, d) 2-back accuracy, 

and e) d’ scores in the 1- and 2-back conditions, after controlling for grade, sex, household 

income, and BMI. Partial correlations (pr) are provided. *p ≤ .05, **p ≤ .01
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Table 1

Participant Demographic Variables.

Measure N / (M) % / (SD) Range

N 397 (225 female) 56.7% female -

Age (year) 7.6 0.6 6 - 9

Grade

 Grade 2 183 46.1% 2nd - 3rd

 Grade 3 214 53.9% 2nd - 3rd

Height (cm) 130.0 6.7 110.1 - 150.2

Weight (kg) 29.8 7.5 16.5 - 66.0

Household Income 7.1 3.3 1 - 11

Race

 White/Caucasian 325 81.8% -

 Black/African American 12 3.0% -

 Native Hawaiian/Pacific Islander 1 0.3% -

 Asian 7 1.8% -

 American Indian/Alaska Native 5 1.3% -

 Two or more races 44 11.1% -

 Refused/missing 3 0.8% -

BMI (kg·m−2) 17.5 3.1 12.1 - 30.1

BMI Percentile 61.6 29.0 0 - 100

PACER (number of laps) 17.1 8.9 1 - 52
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Table 2

Flanker Task Hierarchical Regression Values for PACER Laps.

Measure Step 1 R2 Step 2 ΔR2 B SE B β t

Compatible Congruent RT .053** .031** −2.53 0.69 −.20 −3.7

Compatible Incongruent RT .042** .024** −2.42 0.76 −.18 −3.2

Compatible Congruent Accuracy .015* .010* 0.18 0.09 .12 2.0

Compatible Incongruent Accuracy .001 .010* 0.18 0.09 .11 2.0

Incompatible Congruent RT .093** .012* −1.61 0.71 −.12 −2.3

Incompatible Incongruent RT .095** .009* −1.52 0.76 −.11 −2.0

Incompatible Congruent Accuracy .021* .013* 0.21 0.09 .13 2.3

Incompatible Incongruent Accuracy .010 .004 0.14 0.10 .08 1.3

Note:

Step 1 included demographic variables (BMI, grade, sex, and household income) and Step 2 included PACER (representing aerobic fitness).

*
p ≤ .05,

**
p ≤ .01.
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Table 3

Spatial n-back Task Hierarchical Regression Values for PACER Laps.

Measure Step 1 R2 Step 2 ΔR2 B SE B β t

0-back Non-target RT .058** .009 −1.50 0.78 −.11 −1.9

0-back Target RT .041** .016** −2.11 0.83 −.14 −2.6

0-back Non-target Accuracy .021* .001 0.04 0.06 .03 0.5

0-back Target Accuracy .020* .003 0.12 0.09 .07 1.2

0-back False Alarm Rate .010 .001 −0.03 0.06 −.03 −1.1

0-back d’ .025** .003 0.01 0.005 .07 1.2

1-back Non-target RT .039** .004 −1.84 1.38 −.08 −1.3

1-back Target RT .031** .008 −2.50 1.34 −.11 −1.9

1-back Non-target Accuracy .016* .013* 0.21 0.09 .13 2.3

1-back Target Accuracy .027** .019** 0.28 0.10 .16 2.8

1-back False Alarm Rate .005 .011* −0.12 0.06 −.12 −2.1

1-back d’ .011 .021** 0.02 0.005 .17 3.0

2-back Non-target RT .038** .003 1.83 1.57 .07 1.2

2-back Target RT .008 .000 0.03 1.70 .00 0.0

2-back Non-target Accuracy .015* .010* 0.18 0.09 .12 2.0

2-back Target Accuracy .056** .016** 0.28 0.11 .14 2.6

2-back False Alarm Rate .001 .004 −0.11 0.08 −.08 −1.3

2-back d' .044** .027** 0.01 0.003 .19 3.4

Note:

Step 1 included demographic variables (BMI, grade, sex, and household income) and Step 2 included PACER (representing aerobic fitness).

*
p ≤ .05,

**
p ≤ .01.
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