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Lab-based experiments and randomized controlled trials consistently demonstrate improvements in youth cognition following physical activity (PA), while cross-sectional studies suggest that sedentary behavior (especially recreational screen time [RST]) and poor sleep are inversely related to cognition. However, little is known about how these 24-h movement behaviors—sleep, PA, and sedentary behavior—converge to affect youth cognition. Therefore, the purpose of this study is to test the associations between childhood 24-h movement behaviors and adolescent cognition using a longitudinal design and examine moderating effects of each behavior. This study utilized structural equation modeling with data from the NICHD Study of Early Child Care and Youth Development (N = 1,364, 52% female, 80% White). Independent variables—sleep, RST, and PA—were collected in grade 5. Dependent variables of cognitive and academic performance were collected at grade 9, including the Stroop task, Woodcock-Johnson, and Tower of London. Grade 5 PA was inversely associated with grade 9 cognition, but this relationship was no longer significant once grade 5 cognition was controlled for in analyses. Grade 5 sleep was positively related to grade 9 cognition, whether baseline cognition was controlled for or not. Finally, grade 5 RST was inversely related to cognition and academic performance, regardless of whether baseline values were controlled. Moderation analyses showed the relationship between grade 5 RST and grade 9 cognition was moderated by grade 5 PA, while the relationship between grade 5 PA and grade 9 cognition was moderated by grade 5 sleep. In each case, more PA and sleep blunted the negative relationships. These findings extend evidence that greater sleep promotes cognition and greater RST impairs cognition, by affirming these relationships over a longer period. They extend the evidence by demonstrating that the longitudinal relationship between individual 24-h movement behavior and cognition is moderated by other behaviors.
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Introduction

Late childhood and adolescence are important times for cognitive development. Research shows that children benefit greatly from more physical activity (PA) and sleep, and smaller quantities of sedentary behavior—waking activities in a seated or lying position that do not increase energy expenditure beyond resting levels (Pate et al., 2008) and recreational screen time (RST)—a subcategory of sedentary behaviors that are screen-based activities but not educational or activity-based (examples include television, movies, YouTube, and video games). Recently, there has been a shift in thought from considering the potential benefits and/or harms of engaging in these behaviors individually to a more holistic conceptualization that children’s health and development are likely to be optimized if adequate levels of these key health behaviors can be achieved simultaneously (Cliff et al., 2017). Therefore, it has been posited that all 24-h movement behaviors—PA, sleep, and sedentary behavior—interact with one another to influence neurocognitive development (Walsh et al., 2018).

In recent years, the Canadian 24-h movement guidelines for children and youth (Tremblay et al., 2016) have been adopted in Australia, New Zealand, South Africa, and the Asia Pacific Region (Tapia-Serrano et al., 2022). The Canadian recommendations for youth aged 5–17 are as follows: 60 min of moderate-to-vigorous physical activity (MVPA), 2 h of RST per day, 8–11 h of sleep per night (depending on age), and limited sitting for extended periods (Tremblay et al., 2016; Canadian Society for Exercise Physiology, 2021). Widespread adherence to these guidelines may lead to a decrease in public health problems such as obesity and cardiovascular disease, and an increase in cognition and mental health.

Physical activity has been considered a factor in children’s cognitive and character development since the ancient Greek writings of Aristotle [and likely before]. In his Nicomachean Ethics, Aristotle describes habituating children to behaviors that develop a moderate (fully developed/well-rounded) person who then will experience, through virtuous acts, eudaimonia (experiencing happiness by practicing virtues such as philosophy, learning, and teaching) (Lockwood, 2013). According to our modern understanding, a single session of MVPA, on the day it is performed, can reduce blood pressure, improve insulin sensitivity, improve sleep, reduce anxiety symptoms, and improve some aspects of cognition (Piercy et al., 2018). Additionally, meta-analyses consistently demonstrate improvements in cognition following multi-week PA programs (Christiansen et al., 2019), with especially large benefits in children with lower baseline cognition (e.g., obesity, attention-deficit hyperactivity/impulsivity disorder [ADHD]) (Watson et al., 2019; Bustamante et al., 2022). The evidence on PA and academic performance is less robust, though evidence is convincing that acute bouts of PA improve classroom engagement (Howie et al., 2014) and academic tests in labs for some transient period following bouts (e.g., Hillman et al., 2009). Unfortunately, data show few children meet the physical activity guideline; for example, in Canada, a cross-sectional study of 4,157 6–17-year-olds, from data collection years 2007–2013 showed only 17.1% of children met the PA guideline (Carson et al., 2017).

Similarly, sleep is seen as a vital component of neurocognitive development and academic achievement. For example, experiments reducing children’s sleep by 1–3 h/night increase attention problems the following day by 50–92% (Fallone et al., 2005; Vriend et al., 2013). Unfortunately, most children do not meet sleep guidelines either. One study found that, in a sample of 350 children aged 9–13, 75% were getting less than 9 h of sleep per night (Fairclough et al., 2021). A cross-sectional analysis of N = 4,524 US children found that only 51% of participants met sleep recommendations and confirmed a positive association between meeting sleep guidelines and global cognition (Walsh et al., 2018).

Although some sedentary activities (e.g., board games, puzzles, completing homework) are related to better cognitive and academic outcomes, it has been shown that overall, less time spent sedentary is associated with improved cognition in children (Carson et al., 2016). Notably, the sedentary activities thought to be cognitively beneficial are all active, meaning they require cognitive or physical engagement, such as reading, playing board games, video gaming, or completing homework on a computer (Sweetser et al., 2012; Walsh et al., 2020). Sedentary activities associated with poorer cognition and mental health and youth are passive, meaning they consist of passively receiving screen-based information, examples include TV, YouTube, TikTok, and movies (Sweetser et al., 2012; Kim et al., 2020; Walsh et al., 2020). Importantly, unsupervised children predictably spend most of their time on passive activities (e.g., TV viewing, social media scrolling, YouTube) as these forms of screen time are highly reinforcing and designed to capture children’s attention and not let it go. That passive sedentary activities constitute the largest portion of sedentary time may explain this seemingly contradictory set of findings. As mentioned above, it is recommended that children get less than 2 h of RST per day (e.g., video games, watching TV, YouTube, and social media) as this time may take away from behaviors that could be beneficial to health and development—PA and/or sleep (Canadian Society for Exercise Physiology, 2021). Cross-sectional data suggest that 9–10-year-old children average 3–4 h per day of RST and that less RST is associated with improved global cognition (Walsh et al., 2018).

While much is known about individual 24-h movement behaviors cognition, independently, few studies have utilized prospective cohort designs over long periods of time, and fewer still have investigated how 24-h movement behaviors converge to influence cognition (e.g., whether the effect of PA on cognition varies by sleep or whether the effect of RST on cognition varies by PA). What is firmly established, however, is that very few children meet all three 24-h behavior guidelines. In a sample of 10,160 children, grades 7–12, investigators found that only 5% of students met all three guidelines, whereas 39% did not meet any (Lien et al., 2020). Middle school students who either met all three guidelines or the screen time or sleep guideline, evidenced better academic performance than those who met none of the guidelines (Lien et al., 2020). In a large cross-sectional study, children (aged 9–10) who met all three behavior guidelines had higher global cognition scores compared to those that met some guidelines, who in turn had higher global cognition scores than children who did not meet any of the recommendations (Walsh et al., 2018).

Current evidence suggests the composition of movement behaviors within 24 h may have important benefits for cognitive health at all ages and that meeting the current 24-h movement guidelines is linked to several desirable health indicators for youth (Rollo et al., 2020). However, there remains a gap in the literature of robust longitudinal examinations of the 24-h movement behavior effects on cognition and academic performance over time, as well as the convergent effects of 24-h movement behaviors on cognition. Therefore, the purpose of this study was to test, longitudinally, relationships between childhood 24-h movement behaviors in grade 5 and adolescent cognition in grade 9. It was hypothesized that more minutes of device-assessed PA (i.e., MVPA, vigorous PA, and very vigorous PA), better sleep scores (often feeling tired, having trouble sleeping, and wishing they could get more sleep), and fewer minutes of RST in fifth grade would be associated with better cognition (i.e., Stroop Task, Tower of London, Woodcock–Johnson Tests) in ninth grade. Secondly, it was hypothesized that PA and sleep would moderate interactions between RST and cognition scores, such that high levels of sleep and PA would blunt the detrimental effects of RST on cognition.



Materials and methods


Dataset

Data for this study come from the National Institute for Child Health and Human Development (NICHD) Longitudinal Study of Early Child Care and Youth Development. More information about data collection methods, eligibility criteria, and demographics is reported elsewhere (NICHD Early Child Care Research Network, 2002). Briefly, researchers from ten institutions around the United States recruited mothers in hospitals awaiting childbirth. Eligibility criteria were: Mother at least 18 years old, spoke English, healthy, baby was not from multiple births, and they lived within an hour of the research site and did not plan to move in the next 3 years (NICHD Early Child Care Research Network, 2002). Twenty percent of mothers were of a minority race or ethnicity (13% Black, 2% Asian or Pacific Islander, 0.4% American Indian, Eskimo, Aleutian, and 5% other). Fourteen percent were single parents, 11% had not completed high school, and 21% had income levels less than twice the poverty level (NICHD Early Child Care Research Network, 2002). For this study, there were no subjects excluded from the analysis.



Measures


Independent variables collected in grade 5

Physical activity measures included device-assessed minutes of physical activity measured through accelerometry. WAM 7164 monitors (what is now known as MTI Actigraph) were developed by the Ambulatory Monitoring Applications Division of Computer Science and Applications (CSA), Inc. The device collects movement data by recording multiple accelerations—changes in the rate of body movement—and is a measure of total body movement during the wear period of seven consecutive days. Validity of the WAM 7164 monitor has been found to correlate with heart rate telemetry successfully measuring children’s PA, aged 7–15 years, over a period of 4 days or longer (Janz, 1994). Additionally, the device has been validated on youth with indirect calorimetry while walking, jogging, and running, demonstrating moderate to strong correlations on the following outcomes VO2 (r = 0.86), energy expenditure (r = 0.86), and heart rate (r = 0.77) (Trost et al., 1998). The cutpoints used to determine minutes at each intensity were developed by Freedson et al. (1998). A full day of activity monitor data was calculated from any accelerometer count measured after 5 a.m. until: (a) 60 min of zero counts after 9 p.m., (b) 30 consecutive minutes of zero counts after 10 pm, or (c) the last non-zero count prior to midnight and invalid days were removed from calculation (Bradley et al., 2011).

Sleep for this study was measured via Likert scale questions related to quality. The name of the instrument used in the study is “My Sleep Habits” and was completed by the study child. Three specific questions were used to gather a proxy for sufficient sleep: (1) “How often do you feel tired?” (2) “How often do you have trouble sleeping?” and (3) “How often do you wish you could get more sleep?” The Likert scale ranged from 1 “Always” to 5 “Never.” Items on this questionnaire were adapted from the Children’s Sleep Habits Questionnaire; this questionnaire has shown validity when comparing community and clinical (sleep-disordered breathing) samples showing adequate internal consistency, test–retest reliability, and validity via significant different score distributions in the expected directions (Owens et al., 2000).

Recreational screen time (RST) was measured using a tool called the self-administered physical activity checklist (SAPAC). Researchers called participating families and administered a 1-day recall of PA and sedentary activities using a checklist. This checklist was developed for 10-year-old children and older during the child and adolescent trial for cardiovascular health (CATCH) trial (Nader et al., 1999) and was validated for PA and sedentary behavior using heart rate and accelerometer data with significant (p < 0.001) Pearson correlations of 0.57 and 0.30 to the self-administered form, respectively (Sallis et al., 1996). Children reported yes or no on an activity from the checklist of activities. When they answered yes, they provided the number of minutes they spent doing the activity. The data for this study were calculated as 5-min intervals spent in summed PA or sedentary activities. Sedentary activities used in this analysis were television viewing intervals and recreational personal computer intervals.



Dependent variables collected in grade 9

Executive function was measured with the Tower of London Test and Stroop Test, both collected in grade 9. The Tower of London Test requires working memory, cognitive flexibility, and planning to complete problem-solving tasks. To complete the computer-based tasks, the person must generate and conduct a series of moves to successfully complete the task while anticipating and avoiding incorrect moves. Each task is expected to be completed in a certain number of moves; however, extra moves are allowed. The need for extra moves to complete the task reflects poorer executive function. For these analyses, extra moves utilized, percent of moves performed correctly, and percentage of solutions were operationalized as dependent variables. The reliability coefficient for the test score in a similar population is considered moderate-to-high (r = 0.81, p < 0.005); while specificity (0.80) and sensitivity (0.64) rates are considered high and moderate, respectively (Culbertson and Zillmer, 1998).

The Stroop Test is a test of inhibition in which participants are presented with a series of words, each spelling the name of a color (i.e., blue, red, yellow, and green), and each printed in different colors (i.e., blue, red, yellow, and green). Participants must achieve 75% accuracy during practice trials to complete two test trial sets. In the initial trial, the lettering and print color match, and participants are asked to identify the color of the ink and their speed is recorded (Stroop, 1935). In the second trial, the color of the printing is no longer congruent with the letters of the word (e.g., the letters “YELLOW” are printed in green ink) and participants are to identify the color of the ink, ignoring the letters, as quickly as they can. Each test trial consists of 48 trials and 96 trials must be completed to be considered a complete test. The score is calculated by subtracting the average response time of the incongruent trial from the average response time of the congruent trial. This means that lower scores represent better performance. A systematic review of this test showed that ten studies that tested executive function via the Stoop test 1935 version in typically developing children compared to children with ADHD showed an effect size that ranged between –0.11 and –2.00, indicating that children with ADHD had impaired performance in the test compared to their typically developing peers (Homack and Riccio, 2004). The version of the Stroop Test used in this study was conducted with a computer application wherein the adolescents press a button corresponding to the color of the word (MacLeod, 1991).

Additionally, the Woodcock–Johnson Psychoeducational Battery – Revised Version (Hicks and Bolen, 1996) was collected in grade 9. For the purposes of this study, the subscales of interest were the Tests of Cognitive Ability (picture vocabulary, verbal analogies, applied problems, passage comprehension, and applied problems subscales) and the Tests of Achievement (picture vocabulary, applied problems, passage comprehension, and verbal analogies). The Woodcock–Johnson Psychoeducational Battery – Revised has been standardized for school-aged children and adolescents (kindergarten to twelfth grade) accounting for disability, gender, geographic area, race, and socioeconomic status (Hicks and Bolen, 1996). This test has shown to be reliable and valid in a similar sample as the one included in the present study. The Tests of Cognitive Ability have shown an internal consistency coefficient of 0.94 (Woodcock and Mather, 1989) and concurrent validity coefficients ranging from 0.46 to 0.69, which depends on the intellectual tool the authors used to compare against the Tests of Cognitive Ability (Hicks and Bolen, 1996).

Woodcock–Johnson tests at grade 9 were included for both models as dependent variables, and grade 5 scores were included in the sensitivity analysis as a latent variable covariate. The same measures of picture vocabulary, passage comprehension, and applied problems were used; however, verbal analogies were not measured in grade 5. Therefore, grade 5 letter-word identification was used in lieu of picture vocabulary, along with the other three grade 5 Woodcock–Johnson measures, as a latent variable covariate in the sensitivity analysis for that outcome. Brief descriptions of each measure follow:


•Picture vocabulary: measures the ability to identify objects in a picture by asking the child to do so. For example, the researcher points to the object in the picture and asks the child “what is this?” (Grades 5 and 9).

•Applied problems: measures the ability to analyze and solve math problems. The child listens to a problem, is asked to recognize the mathematical procedure to solve it, and then performs the appropriate calculations (Grades 5 and 9).

•Passage comprehension: measures the ability to verbally provide a word to complete a passage after listening to a short audio-recorded passage (Grades 5 and 9).

•Verbal analogies: measures the ability to comprehend and discover the underlying logical word relationship to complete the analogy. For example, the administrator of the test will say: “Finish what I say – a bird flies: a fish … (15-s pause).” The child is expected to respond swims or swim (Grade 9 only).

•Letter-word identification: measures word identification skills. Initially, students identify individual letters in bold type, and then read words of increasing difficulty in isolation (Grade 5 only).





Covariates

Child sex and race/ethnicity were measured 1 month after birth. Family income to needs ratio was measured during the first month of the study as well. Additionally, parents were asked how many people were supported by the family income, the sources of the income, and the amount from each source. These data were used to calculate whether the family was above or below the poverty level. Finally, ADHD was measured in grade 5 using the disruptive behavior disorders (DBD) Rating Scale. The scale provides a total score for hyperactivity/impulsivity and inattention with higher scores indicating worse symptoms; importantly, the score itself is not a method for diagnosing ADHD, it is a measure of the symptoms only (Pelham et al., 1992). Lastly, grade 5 value of each dependent variable Woodcock–Johnson was entered as a covariate in the sensitivity analysis.



Primary analysis

First, a model was created to test the direct predictive effects of grade 5 independent variables—PA, sleep, and RST (television viewing and recreational personal computer use)—on grade 9 dependent variables—Woodcock–Johnson Test, Stroop Test, and Tower of London Test—scores. This model was designated complex in the Mplus software—clustering data by geographic location categorical data—wherein subjects were nested in a multilevel framework with random effects as a data collection location, and fixed effects were the independent variables and covariates. Figure 1 shows the path analysis of all tested interactions. All independent variables (including latent variables) and covariates were modeled to correlate with each model as the measures may be related yet are independent and thus multicollinearity is less likely to occur (e.g., a child may watch TV, yet never spend time recreationally on a PC). Furthermore, general structural equation modeling practice assumes dependent variables (not independent variables) are normally distributed much like typical linear regression modeling. Most of our dependent variables were normally distributed, though some measures were slightly skewed. However, parameter estimation for this model was full information maximum likelihood (FIML) wherein missing cases were computed based on complete data on other variables. FIML uses robust standard errors for parameter estimation (Savalei, 2014) and has been shown to outperform other imputation methods to compensate for convergence problems, parameter estimate bias, parameter estimate efficiency, and model goodness-of-fit (Enders and Bandalos, 2001). This type of robust estimation has been shown to “nearly eliminate the negative impact of non-normal missing data” when data are either missing at random or missing completely at random (Enders, 2001; Jia, 2016). It is the case when using FIML, the covariance matrix of the parameter estimation equation has non-normality correction wherein the inverse Fisher information matrix surrounds the asymptotic covariance matrix serving as a correction factor depending on the magnitude and type of kurtosis (Enders, 2022).


[image: image]

FIGURE 1
Path model for primary analysis. MVPA, moderate to vigorous physical activity; VPA, vigorous physical activity; VVPA, very vigorous physical activity; TV, television viewing; PC, recreational personal computer time; WJ, Woodcock Johnson; ToL, Tower of London.




Interaction of physical activity, sleep, and recreational screen time

Moderation analyses tested variable interactions using Mplus software and full information maximum likelihood estimation. Methodology for these tests are outlined by Stride et al. (2015). Variables are first standardized, then an interaction variable is created using the “xwith” command. Each variable is named with an intercept—predictor (b1), moderator (b2), and interaction (b3)—and is regressed on the dependent variable along with covariates. The model constraint subcommand is then used to test simple slopes. Low, medium, and high moderator values chosen were –1, 0, and 1, respectively, and loop plots were created with predictor values between –3 and 3. Moderation by both sleep and PA were tested on the effects of both television viewing intervals and recreational personal computer intervals on dependent variables. Furthermore, the interaction between sleep and PA in Tower of London Extra Minutes was tested by moderating the effect of PA with sleep on the dependent variable.



Sensitivity analysis

Finally, we conducted a sensitivity analysis, rerunning the primary analysis but this time controlling for baseline cognition to interpret the effects of total PA on cognition, again using full information maximum likelihood estimation. The path analysis for this model is shown in Figure 2. In this analysis, baseline cognition was controlled for by a latent variable of four available Woodcock–Johnson test scores. The same tests were used as those in the dependent variable version except for Verbal Analogies which were not available in grade 5. In this case, the letter-word identification score was used.
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FIGURE 2
Path model for sensitivity analysis.


Other differences in the primary analysis and the sensitivity analysis were as follows: using one measure of total device-assessed PA minutes, using one measure of total sedentary screen time (television viewing intervals + recreational personal computer intervals), using a latent variable for the dependent variables for Woodcock–Johnson scores, and using a latent variable for Tower of London Solutions and Tower of London Extra Minutes.





Results


Descriptive statistics

Table 1 shows descriptive statistics for all variables at each time point. Children in Grade 5, on average, performed about 95 min of MVPA, 10 min of vigorous PA, and 4 min of very vigorous PA in a typical week. Weekly mean minutes of total PA in Grade 5 were about 190, ranging from 10 to more than 800 min. At grade 5, sleep variables were normally distributed with most children wishing to get more sleep but only a minority of children expressing feeling tired or having trouble sleeping. On average, children during after-school hours only spent 1–2 15-min intervals on RST.


TABLE 1    Descriptive statistics of all variables.
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Grade 9 cognition variables scores were normally distributed and similar to national norms. The sample was slightly more female than male and the majority was White. About 1/5 of families were below the poverty level wherein their income did not meet their needs. Finally, the sample showed some difficulty with hyperactivity/inattention as mean scores—symptom counts—were similar to teacher ratings in a 6–12-year-old sample of 55 children diagnosed with ADHD (M = 13.55, SD = 7.55), though less than parent-rated scores in that sample (M = 17.16, SD = 4.86) (Antrop et al., 2002).

A correlation matrix using Spearman correlations for all variables in both the primary and secondary analysis is included as Supplementary material.



Primary analysis

Table 2 shows all standardized effects of grade 5 independent and control variables on grade 9 dependent variables. Significant covariates for both Woodcock–Johnson scores and Tower of London scores were sex, White/not White, income meeting needs, and ADHD symptoms. Stroop task significant covariates were child Hispanic and sex.


TABLE 2    Standardized predictive effects for primary analysis.

[image: Table 2]

Fit statistics for this model are listed in the footer of Table 2 and are described in the subtext under each figure—values exceeded norms. Overall, grade 5 MVPA negatively predicted grade 9 Woodcock–Johnson scores of cognitive abilities (picture vocabulary β = –0.138, p < 0.001; verbal analogies β = –0.138, p = 0.052), and positively predicted grade 9 extra moves (i.e., poorer performance) on the Tower of London Test (β = 0.114, p < 0.01)—in sum, more MVPA in grade 5 was associated with poorer cognition in grade 9. Grade 5 sleep positively predicted grade 9 Woodcock–Johnson cognitive ability score of Applied Problems (β = 0.077, p = 0.055) and negatively predicted grade 9 extra moves on the Tower of London Test (β = –0.077, p = 0.057)—in sum, more grade 5 sleep 5 was associated with better cognition and academic performance in grade 9. Finally, grade 5 intervals of television viewing during after-school hours negatively predicted all Woodcock–Johnson scores (picture vocabulary β = –0.077, p < 0.05; verbal analogies β = –0.079, p < 0.05; passage comprehension β = –0.062, p < 0.05, and applied problems β = –0.099, p < 0.01), while intervals of grade 5 recreational personal computer use during–hours negatively predicted all grade 9 Woodcock–Johnson scores save verbal analogies (picture vocabulary β = –0.060, p < 0.05; passage comprehension β = –0.047, p < 0.05; and applied problems β = –0.048, p < 0.05)—in sum, more RST in grade 5 was associated with poorer cognition and academic performance in grade 9. Supplementary Figure 1 is a visual representation of the significant effects for the primary analysis.



Interaction of physical activity, sleep, and recreational screen time

Moderation by Grade 5 PA and sleep was tested on the relationship between grade 5 RST and grade 9 Woodcock–Johnson Test scores. Table 3 shows the standardized effects and 95% confidence intervals of the latent variable interactions. Notably, significant moderation interactions were for all the effects PA had on the relationship between television viewing intervals and Woodcock–Johnson scores. All Woodcock–Johnson moderation analyses showed the same pattern: significant negative relationships between television viewing and cognition for children evidencing low (one standard deviation below the mean) and medium (at the mean) PA and non-significant positive relationships between television viewing and cognition among children evidencing high PA (one standard deviation above the mean). Therefore, the moderation analysis was run using a latent variable for all Woodcock–Johnson Test scores, which showed this same pattern of results. Figure 3 shows three graphs—one for low, medium, and high PA moderation, respectively—where PA moderates the relationship between television viewing and the latent grade 9 Woodcock–Johnson Test score. Significant negative trends were found for youth with low and medium PA (confidence interval does not include 0 on the extreme levels), followed by a non-significant positive trend for youth demonstrating high PA (confidence interval does include 0 on the extreme levels). Therefore, high levels of PA may blunt the negative relationship between television viewing and cognition.


TABLE 3    Standardized effects and 95% CI of variable interactions.
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FIGURE 3
Effects of television viewing (TV) on Woodcock Johnson (WJ) latent variable scores moderated by physical activity (PA). Blue dotted line is the 95% confidence interval and red line is the trend line of the means. The X axis for all three figures is TV viewing, and the Y axis is WJ scores.


We also tested the moderating effect of grade 5 sleep on the relationships between Grade 5 PA and grade 9 Tower of London extra moves represented by Figure 4. Grade 5 sleep was a significant moderator of the relationship between PA and Tower of London extra moves (β = –0.334, 95% CI [–0.546, –0.123], p = 0.002). At low SD sleep scores, the 95% confidence interval of the standardized conditional effect was [0.244, 0.735]. At mean sleep scores, the 95% confidence interval of the standardized conditional effect was [0.037, 0.273]. Finally, at high SD sleep scores, the 95% confidence interval of the standardized conditional effect was [–0.418, 0.060]. These results identify sleep as a moderator of the relationship between PA and Tower of London extra moves, such that the negative relationship between earlier PA and later cognition was blunted by high levels of sleep.
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FIGURE 4
Effects of physical activity (PA) on Tower of London extra moves scores moderated by sleep. Blue dotted line is the 95% confidence interval and red line is the trend line of the means. The X axis for all three figures is PA, and the Y axis is Tower of London extra moves.




Sensitivity analysis

Table 4 reports all effects in the sensitivity analysis. Model fit indices met standard accepted levels (CFI = 0.910, RMSEA = 0.057, SRMR = 0.032). This model is more parsimonious with 141 degrees of freedom (χ2 = 767.867, p < 0.001) and controls for baseline Woodcock–Johnson Test scores. After controlling for grade 5 cognition, a higher grade 5 sleep score was a significant predictor of a higher grade 9 Woodcock–Johnson (β = 0.050, p < 0.05) and Tower of London Test latent scores (β = 0.043, p < 0.05). The sensitivity analysis also revealed that grade 5 RST remained positively related—a worse reaction time score—to grade 9 Stroop task scores (β = 0.111, p < 0.001), even after controlling for baseline cognition. Notably, after controlling for grade 5 cognition, grade 5 PA was no longer related to grade 9 cognitive outcomes. Hence, only the results on PA and cognition changed in the sensitivity analysis. Supplementary Figure 2 is a visual representation of the significant effects of the sensitivity analysis.


TABLE 4    Predictive effects for sensitivity analysis.
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Discussion

Overall analyses of PA, sleep, and RST on cognition, controlling for sex, race/ethnicity, poverty, and ADHD showed adolescent cognition to be negatively affected by childhood RST and positively affected by childhood sleep. In our initial analysis, grade 5 PA was inversely associated with grade 9 cognition. This was surprising, as a recent meta-analysis of 20 studies investigated the relationship between PA and cognition (Esteban-Cornejo et al., 2015) reported that 15 of the studies found a positive benefit of PA on cognition, while 4 found no relationship (Daley and Ryan, 2000; Lindner, 2002; Nelson and Gordon-Larsen, 2006; Kantomaa et al., 2010), and only 1 found a negative relationship (Huang et al., 2006). Findings from the analysis showed, out of twenty articles, four found no association between PA and academic performance (while one showed a negative association between MVPA and cognition). One longitudinal study of sport participation found a negative association with cognition even while controlling for academic achievement in previous grades (Marsh and Kleitman, 2003). However, the remaining 14 articles in the meta-analysis found positive associations between PA and achievement and cognition. Hence, our PA result was surprising though not unprecedented (Esteban-Cornejo et al., 2015).

The second research question addressed in this study was whether interactions of these behaviors affect cognition through their interaction with each other. Moderation analyses in this study showed significant interactions between television viewing and PA on adolescent cognition such that television viewing’s negative effect on cognition may be mitigated by introducing high levels of PA; however, said mitigation is limited only to making the negative trend not significant. In other words, television behaviors had significant negative small effects on Woodcock–Johnson scores, these negative effects remained significant among youth engaging in low and medium levels of PA but were not significant among youth engaging in high levels of PA. Therefore, the significant negative trend became non-significant with the interaction of higher intensity minutes of PA one standard deviation above the mean. It is likely that other factors also affect the longitudinal relationships of PA, RST, and sleep on cognition; for example, cross-sectional studies have found genetic (Erickson et al., 2013; Smith et al., 2014) and diet (Leckie et al., 2014) factors to moderate the chronic relationship PA has on cognition.

In interpreting the primary analysis, a concern arose as to whether there was self-selection into behavior patterns based upon cognition. For example, children in grade 5 with ADHD are more active by accelerometry due to their hyperactivity/impulsivity but their ADHD also impairs their cognitive performance—this is why ADHD symptoms were entered as a covariate. However, controlling for ADHD symptoms is not sufficient to fully account for the effect of differential activity preferences based upon cognitive attributes. Similarly, regarding sleep, one could imagine that children with poorer cognition may be less able to detach from screens to honor bedtimes, and therefore, spend more time engaging in RST. To address this concern, the sensitivity analysis controlled for grade 5 values of Woodcock Johnson scores. With this adjustment, we found that the negative relationship between grade 5 PA and grade 9 cognition was no longer significant. This finding raises the possibility that some 3rd factor not controlled for in the primary analysis led to self-selection of higher movement behaviors in childhood (e.g., disinhibition) and that this unmeasured third factor also led to poorer cognition scores. Interestingly, sleep and RST in grade 5 remained significantly related to grade 9 cognition, even after controlling for baseline cognition.

As referenced above, one other longitudinal study examining cognition and PA-related activity (sports) found negative associations after controlling for academic performance in previous grades (Marsh and Kleitman, 2003). These authors divided sport participation into team and individual sports wherein they found team sport participation to remain negatively associated with cognitive performance and individual sport to have no association. Marsh and Kleitman’s study differs greatly in the type of measures used—sport and coursework selection, homework, future aspirations, self-esteem, applications to university, college enrollment, and educational attainment—where the present study used device-assessed PA measures and cognitive test scores. Their remaining negative associative findings may be attributed to the specification of athletes (e.g., athletes may self-select to spend more time in athletic pursuits during college rather than education and/or non-athletic career development), whereas the present study classifies by PA minutes regardless of sport participation.

Sleep was longitudinally associated with cognition both controlling for and not controlling for baseline cognition. Similar findings have been reported previously. For instance, a meta-analysis that tested the effects of sleep duration on cognition among children (between 6- and 11-years-old) reported a positive effect of sleep duration on intelligence coefficient (Short et al., 2018). The authors also combined intelligence coefficient, memory, executive function, processing speed, and attention measures to create an overall cognition performance score. Sleep duration had a positive effect on overall cognition performance in that study as well (Short et al., 2018). This similar result was found despite distinct operationalization of the variables in our study vs. the meta-analysis, sleep seems to be associated with better cognition consistently and independent of cognition earlier in life. Whether it is the actual physiological benefits through its role in recovery follow stress that improves cognition, as has been proposed previously (Bustamante, 2018), or whether sleep time is serving as a proxy for parent wherewithal (e.g., a child with more capable parents is likely to have a more structured home and set sleep routines, and more likely to challenge their children cognitively) cannot be determined from our study.

Recreational screen time was longitudinally associated with lower cognition scores. Before controlling for baseline cognition, grade 5 RST was associated with lower grade 9 Woodcock–Johnson Test scores only. After controlling for baseline cognition, grade 5 RST was still associated with grade 9 Woodcock–Johnson test scores and became associated with Stroop task scores. The relationship with the Stroop task was positive but one must remember that the Stroop task measures response time, thus higher scores are a more negative outcome for this measure. Hence, the performance is in the expected direction with higher RST being related to poorer performance 4 years later. In the secondary analysis, television viewing and recreational personal computer intervals were added together for a score of total RST. These findings then may be explained by television viewing, recreational computer time, or both. Evidence has shown computer time to affect Stroop task in both positive and negative ways. One study found short-term positive effects from pre to post Stroop task from playing a motor-racing game on the computer for 1 h (Tahiroglu et al., 2010). Another study using Stroop task and frequent massively multiplayer online role-playing games (MMORPG) found frequent gamers to have significantly longer reaction times to “negative” and “MMORPG” words compared to “neutral” words (Metcalf and Pammer, 2011). Interestingly, recent data suggest that the type of RST has an important moderating effect on the relationships between RST and cognition. For example, Walsh et al. found that video game playing was positively associated with cognition cross-sectionally—it is thought that some video games require a strategy that would improve cognition. In contrast, watching YouTube videos, television, and social networking activities were related to poor cognition (Walsh et al., 2020). Hence, the idea is that passive screen time is detrimental to cognitive development, while active cognitively challenging RST is not. What our findings likely reflect is that when youth are given a free choice of what to do with their RST they will most often choose the most reinforcing option, which tends to be more passive activities (e.g., TV, movies, and social media), though we do not have measure of this in our data.



Conclusion

Cross-sectional evidence shows a strong connection between childhood 24-h movement behaviors and adolescent cognition and academic performance. These behaviors influence cognition acutely, that is, performance may improve for some transient period following their completion (e.g., a good night’s sleep leads to good focus during the morning hours). These acute bout benefits may accrue over time and lead to long-term benefits if they facilitate sustained cognitive engagement. This longitudinal study shows that sleep and RST are important for long-term cognitive development in youth. PA, however, seems to have a more complicated relationship. Despite ample randomized controlled trial evidence of the cognitive benefits of PA programs, we found earlier PA to be related to poorer cognition in adolescence in our initial analysis. However, after controlling baseline cognition, there was no relationship, suggesting that some aspects of cognition, potentially related to hyperactivity/impulsivity, led to higher PA and low cognitive scores. Hence, at best, PA in general, as assessed by accelerometry, is unrelated to cognition longitudinally. Importantly, the same nuances exist in this study as exist in the RST data. That is, a PA program may be structured and cognitively demanding, hence, the consistent beneficial clinical trial results evident in the literature, while total accelerometer-assessed PA in children may predominantly be composed of free play that does not challenge cognition, hence our current findings. Our findings on RST and PA suggest us that there is a little innate contribution from PA or RST that improves or reduces cognition independent of cognitive engagement. Rather, engagement with the cognitive challenge through either medium can improve cognition, but unstructured unsupervised time in these activities is unlikely to lead to this benefit, and in fact, if they displace structured cognitively challenging time may be related to poorer cognition over years. Importantly, in such a stress-adaptation framing to cognition, the adaptation occurs during sleep, which we observed as consistently beneficial. Finally, our findings suggest that knowing only one of a child’s movement behaviors is insufficient. Instead, it is likely that these behaviors interact with one another to shape cognition. In our case, the negative relationship between RST and cognition was not present among children with high levels of PA, and the negative relationship between PA and cognition was not present among children achieving high levels of sleep. Parents, teachers, and clinicians should be aware of the totality of a child’s 24-h movement behavior routine.



Limitations

This study used a large sample of children from geographically diverse areas around the US; however, data are not nationally representative in terms of race or ethnicity. Findings are more generalizable to White children. Furthermore, though PA was measured with accelerometers, RST and sleep were self-report taken from the child. This type of measurement is susceptible to bias both in the accuracy of memory and wishing to appeal to the researcher by overestimation. Finally, Tower of London and Stroop task measures were not collected before grade 9 and thus were not able to be used as covariates in the sensitivity analysis. Including those scores as we did the Woodcock–Johnson scores could potentially affect outcomes from the sensitivity analysis.
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Independent variables - Grade 5

PA MVPA 696  96.08 37.86 5.25-411.29
VPA 10.02 8.6 0-52.86
VVPA 4.24 L1.5 0-272.29
Total PA 192 757 10.5-823

SLEEP Often feels tired 1,012 2091 0.98 1-5
Often trouble sleep 24 1.02
Often wish more sleep 362 124

RST TV 959 2 2.6 0-11.57
PG 0.92 1.98 0-12

wJ Picture vocabulary* 992  103.09 14.78 29-155
Letter-word identification* 993  108.37 14.48 36-154
Passage comprehension* 991 105.39 1233 29-151
Applied problems* 993  109.31 13.54 37-156

Dependent variables - Grade 9

WJ Picture vocabulary 889  99.93 14.77 34-158
Verbal analogies 891 113.7 16.01 68-167
Passage comprehension 887 107.71 15.72 44-160
Applied problems 887 102.92 1422 48-168

ToL  Perfect solutions 932 53.06 13.76 10-100
Percent solved 94.43  9.04 35-100
Extra moves 1.87 1.04 0-6.75

Stroop task 928  0.09 0.07 -0.1-0.32

Control variables

Sex 1,364 52% Female

Child white/Not white 80% White

Child hispanic 6% Hispanic

Income met needs 1,273 21% Income did not meet needs

ADHD Symptoms 1,018 13.09 936 0-53

PA measures represent minutes per day. Sleep variables measured on a 5-point Likert
scale. RST values indicate number of 15-min intervals. ADHD measured using the
DBD Rating Scale wherein children receive a total score. MVPA, moderate to vigorous
PA; VPA, vigorous PA; VVPA, very vigorous PA; WJ, Woodcock-Johnson; ToL,
Tower of London. *Indicates variables included only in the sensitivity analysis.
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Standard errors in brackets. Fit statistics: y2(df) = 101.553(68), p = 0.005. CFI = 0.992. RMSEA = 0.019. SRMR = 0.016. Bold indicates significant associations.
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Fit statistics: x 2(df) = 767.867(141), p < 0.001. CFI = 0.91. RMSEA = 0.057. SRMR = 0.032. Bolded cells highlight significant trends.
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