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Early learning skills, such as executive function (EF), are a key component of healthy 

development and predict long-term academic success. Yet many children are entering 

kindergarten without the necessary skills (including EF) that are needed to set them on a 

successful learning trajectory. Early prekindergarten classrooms that encourage a high quality 

learning environment have shown a positive impact on the development of EF. However, 

because learning also takes place outside the classroom through fine and gross motor play, there 

is also a need to better understand the role of the physical body in the learning process. To 

address this gap, this dissertation focused on visual motor skills (VMS), and sport participation 

as tools that could be used to promote school readiness and long term academic success. Study I 

examined direct and interactive effects among different aspects of EF (working memory, 

cognitive flexibility, inhibitory control) and VMS with math and literacy achievement at four 

time points between the prekindergarten and kindergarten year. At the fall of prekindergarten, a 

behavioral measure of EF, working memory, and inhibitory control were directly associated with 

math. In addition, children’s VMS, working memory and cognitive flexibility were associated 

with initial literacy scores. Growth in math between the fall and spring of prekindergarten was 



	

predicted by VMS, a behavioral measure of EF, and a measure of cognitive flexibility, with 

working memory predicting growth between the spring of prekindergarten and the fall of 

kindergarten. For literacy, measures of VMS, working memory, and cognitive flexibility in the 

fall of prekindergarten predicted growth in literacy during the spring. In addition, at two 

transitional points, during the fall of prekindergarten and kindergarten, VMS compensated for 

low cognitive flexibility and behavioral EF on initial math achievement (fall), and for growth in 

math between the spring of prekindergarten and fall of kindergarten, respectively.  

For Study II, 15 youth sports (e.g., soccer, basketball, swimming, running) were 

categorized by being either open- or closed-skilled and by intensity to assess if children who play 

open-skilled sports, metabolically intense sports, or both, have higher EF, literacy, and math 

scores. The interaction between open-skilled sports and intensity was also explored with EF, 

literacy, and math. Results showed the relationship between sport intensity and EF varied by the 

number of open-skilled sports, with sport intensity more related to EF for children who play 

fewer open-skilled sports and less related for children who played a greater number of open-

skilled sports. For math, results differed for open-skilled and intense sports, with intensity 

associated with lower math scores, and open-skilled sports associated with higher math scores. 

Together, these studies offer a unique view into the role of the physical body and movement in 

the learning process, and could inform interventions aimed at promoting and maintaining EF and 

academic achievement prior to, and after entering formal school. 
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MOVING TOWARD ACADEMIC SUCCESS 2	

Moving Towards Early Academic Success and Life Long Learning   

A large proportion of children enter formal schooling without the necessary skills to 

engage in the learning process (Lin, Lawrence, & Gorrell, 2003; Rimm- Kaufman, Pianta, Cox, 

2000). Early learning research points to executive function (EF), which involves the conscious 

control of thought and action, as an important component of school readiness (McClelland et al., 

2007). Yet more than half of kindergarten children are entering formal schooling with poor 

learning related skills such as EF (Rimm-Kaufman et al., 2000).  This is placing many children at 

a disadvantage, as EF is closely tied to early and long-term academic success. 

EF influences higher-level, goal-directed processing, and can be seen in cognitive and 

behavioral skills involving updating (i.e., working memory), cognitive flexibility, and inhibitory 

control (Best & Miller, 2010). Research consistently shows a strong connection between EF and 

academic success throughout a child's academic career. For example, strong EF in 

prekindergarten is found to predict growth in math and literacy in kindergarten and the 

probability of completing college by age 25 (McClelland et al., 2007; McClelland, Acock, 

Piccinin, Rhea, & Stallings, 2013). Therefore, promoting skills such as EF is an important 

component of school readiness.  

In addition, although the National Association for the Education of Young Children 

(NAEYC), and Head Start endorse a multi-dimensional view of school readiness (Administration 

on Children Youth and Families/Head Start Bureau, 2010; NAEYC, 2004), little research has 

focused on the role of motor related skills, such as visual motor skills (VMS), or sport 

participation in promoting academic readiness. VMS involves the integration of visual and motor 

stimuli and is used when a child writes letters and numbers, picks up food with a fork, or 

manipulates blocks. Sports engage gross motor movements and can involve running, jumping, 
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kicking, and throwing. As much as half of the prekindergarten and kindergarten day is spent 

using some form of VMS (Marr, Cermak, Cohn, & Henderson, 2003), with 21.47 million 

children between age 6 and 17 playing some form of structured sports (Sabo, & Veliz, 2008). 

Given that evidence suggests both VMS and sport participation are associated with EF and early 

academic achievement (Becker, Miao, Duncan, & McClelland, 2014; Davis et al., 2011), motor 

related skills such as VMS, and motor activity involved in sports could be a viable path to 

promote EF and school readiness. The above studies offer support that promoting EF, VMS, and 

gross motor related skills could aid math and literacy between prekindergarten and grade school. 

Therefore, the overarching goals of this dissertation are to assess connections among fine and 

gross motor related activity (sports), EF, literacy, and math between prekindergarten and third 

grade.  

 In both prekindergarten and kindergarten, VMS, which require a child to hold, process, 

and recreate visual stimuli with a pencil, uniquely predicts math and literacy (even after 

controlling for EF) (Becker, et al., 2014; Cameron et al., 2012; Grissmer et al., 2010). In grade 

school age children, playing open-skilled sports that require EF to process fast-paced stimuli 

(e.g., soccer), and aerobically rigorous sports associated with the upregulation of 

neurotransmitters involved in EF (Erickson et al., 2010; Voss et al., 2010) are associated with 

enhanced EF and academic achievement (Budde, Voelcker-Rehage, Pietraßyk-Kendziorra, 

Ribeiro, & Tidow, 2008; Davis et al., 2011).  

 Given connections among EF, VMS, math, and literacy during prekindergarten and 

kindergarten (Grissmer et al., 2010; McClelland et al., 2007), and the role that EF plays in 

predicting VMS (Becker et al., 2014), there is a need to understand the role that VMS plays in 

predicting school achievement. For example, through the process of writing numbers and letters, 
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VMS have been found to predict early academic learning (Suggate, Pufke, & Stoeger, 2016).  

However, as VMS become automatic, there is also less need to engage EF, which could free 

cognitive resources to focus on other aspects of the learning task (Floyer-Lea & Matthews, 

2004).  As such, strong VMS could also compensate for low EF on math and literacy. Assessing 

the additive and compensatory effects of EF and VMS on literacy and math between the fall of 

prekindergarten through the spring of kindergarten can offer insight into the potential role of 

VMS in predicting and compensating for poor EF in children. It is important to assess these 

relationships early, as strong EF in the fall of prekindergarten is found to predict growth in math 

and literacy in kindergarten (McClelland et al., 2007), with kindergarten math, literacy and EF 

found to predict growth in achievement between the first and sixth grade (McClelland, et al., 

2006).  

In addition, as children move from grade school into high school, EF facilitates the 

development of learning strategies related to math and literacy scores between age 7 and 17 

(Altemeier, Abbott, & Berninger, 2008; Bull, Espy, & Wiebe, 2008; Meyer, Salimpoor, Wu, 

Geary, & Menon, 2010). Less work, however, has focused on understanding ways of promoting 

and improving EF for children in grade school. Work in younger samples shows that physical 

activity enhances EF and academic achievement (Budde, Voelcker-Rehage, Pietraßyk-

Kendziorra, Ribeiro, & Tidow, 2008; Davis et al., 2011), but a child’s level of physical activity 

typically declines between prekindergarten and adolescence (Gahche et al., 2014; U.S. 

Department of Health and Human Services 2012; Pellegrini & Smith, 1998). This suggests many 

children might not be reaping the cognitive and health benefits of an active lifestyle.   

 However, estimates suggest 21.47 million children between age 6 and 17 play a 

structured sport (Sabo, & Veliz, 2008), with little known about the cognitive and academic 
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benefits that could be associated with playing a variety of different structured sports. For 

example, a sport can be open-skilled, such as baseball and soccer, which require the ability to 

process information about opponents, teammates, the field, and the ball. Sports can also be 

physically intense but closed-skilled, such as swimming or running, which require repetitive 

motor movements (Ainsworth et al., 2011). Given that both open-skilled and physically intense 

physical activity are linked to cognitive performance (Davis et al., 2011; Castelli, Hillman, Buck, 

& Erwin, 2007), it is possible that playing open-skilled sports, physically intense sports, or some 

combination of the two could be related to EF, reading, or math. 

 As mentioned above, this dissertation aims to assess connections among fine and gross 

motor related activity (VMS and sports), EF, literacy, and math between prekindergarten and 

third grade. Study I will assess the direct effects of VMS and EF on literacy and math between 

fall of prekindergarten and spring of kindergarten, and examine if VMS compensates for the 

effect of low EF on children’s emergent literacy and math skills. Study II will assess whether 

higher EF, literacy, and math are found for children in the third grade who participate in open-

skilled sports and sports that vary by intensity, and if playing open-skilled sports moderates the 

relationship between sport intensity with EF, math, and literacy. 

Definition of Visual Motor Skills and Structured Sports 

 Visual motor skills (VMS) integrate fine motor control and perceptual ability and require 

movement within small muscle systems together with hand-eye coordination. Although VMS 

required the integration of visual and spatial information, they can also be understood as a proxy 

for fine motor skills (Carlson, Rowe, & Curby, 2013). Tasks that assess VMS often ask a child to 

copy an external image, draw a person, or manipulate blocks. For Study I in this dissertation, 

VMS are assessed by asking the child to recreate a series of geometric shapes that get 
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progressively harder (Beery & Beery, 2010).  

 Study II focuses on the role of structured sports participation in children. Structured sports 

can be understood as either open-skilled (externally paced) or closed-skilled (self-paced) (Singer, 

2000).  The context of an open-skilled sport is fluid and shifting (e.g., soccer, basketball, 

softball), whereas the context of a closed -skilled sport is stable and repetitive (e.g., running, 

swimming). A sport can be classified under different classifications (van der Fels et al., 2015), 

however the present paper focused on open-skilled sports given their connection with EF (Davis 

et al., 2011). At varying levels, all sports place demands on aspects of cognition, such as 

attention and EF, but the demands on cognition during an open-skilled sport are externally driven 

and vary from situation to situation. For example, in soccer, players continually move, 

participants must rapidly adjust movements when receiving or passing the ball, and attention 

must be given to one's position relative to teammates and opponents. During a closed-skilled 

sport such as running or swimming, the setting shifts relative to the pace of the runner, motor 

actions are more repetitive, and less attention is needed to attend to teammates and opponents. 

Data for the present dissertation included both open- and closed-skilled sports, however sports 

were not classified along a continuum. Each sport was categorized as being open-skilled, or not 

open-skilled (Lin et al., 2013; Saemi, Porter, Varzaneh, Zarghami, & Shafinia, 2012; Singer, 

2000).  

 Sports also vary in the level of energy needed to perform the activity. Sports such as 

baseball and gymnastics are complex but require less energy relative to less complex sports such 

as running or swimming.  In Study II, each sport was also categorized by its level of physical 

intensity by using a metabolic equivalent (MET) value (Ainsworth et al., 2011). A MET value 

expresses the energy expenditure during a given activity, with sedentary behavior having a MET 
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value of 1.0-1.5, moderate-intensity having a MET value between 3-5.9, and vigorous-intensity 

>6 METs (Ainsworth et al., 2011).  

Definition of Executive Function  

 Executive function (EF) is a set of cognitive processes involved in the control of goal 

directed cognition and behavior (Koziol, Budding, & Chidekel, 2012; Miyake, Friedman, 

Emerson, Witzki, & Howerter, 2000). The processes that comprise the EF construct are highly 

interrelated, but are delineated into three constructs, updating (i.e., working memory), cognitive 

flexibility, and inhibitory control (Best & Miller, 2010; Hughes, 1998; Lehto, Juujirvi, Kooistra, 

& Pulkkinen, 2003). EF is involved in the regulation of thought and action (Barkley, 1997, 2011; 

McClelland & Cameron, 2012), and is related to math and literacy in prekindergarten and 

kindergarten (Duncan et al., 2007; McClelland et al., 2007), and elementary and high school 

(Pingault et al., 2011).  

 As a child moves from grade to grade, EF aids a child as they shift between tasks, interact 

with peers, focus on instructions and follow directions. For example, as a child moves from free 

play to teacher-led instruction, she must inhibit the prepotent tendency to continue playing, move 

to the new activity, listen for directions, and remember and follow the teacher's instructions. For 

older children, EF aids a child as they focus on a task and inhibit attending to distracting stimuli, 

process information, and follow instructions as they focus on academic goals.  

The Connection Between Executive Function and Academic Achievement  

 Studies looking at connections between components of EF with achievement in 

prekindergarten and kindergarten populations consistently show that both are related to higher 

academic outcomes. For example, poor inhibitory control is related to lower math scores at age 7 

(Bull & Scerif 2001), with inhibition and shifting (cognitive flexibility) in prekindergarten found 
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to predict math and literacy scores in kindergarten (Blair & Razza 2007). Both working memory 

and a behavioral measure of EF measured at the start of prekindergarten significantly predict 

literacy and math skills at the end of the academic year (McClelland et al., 2007; Welsh, Nix, 

Blair, Bierman, & Nelson, 2010), and predict growth in math between fall and spring of 

kindergarten (McClelland et al., 2014).  

 In grade school populations, EF is found to facilitate the understanding of mathematical 

concepts, the development of learning strategies and strategy application between age 7 and 12 

(Imbo & Vandierendonck, 2007; van der Ven, Boom, Kroesbergen, & Leseman, 2012), and is 

related to literacy and math (Altemeier, Abbott, & Berninger, 2008; Bull, Espy, & Wiebe, 2008; 

Meyer, Salimpoor, Wu, Geary, & Menon, 2010). Measures of EF taken between age 4 and 12 are 

also found to predict math and literacy scores at age 17 along with high school and college 

completion (Breslau et al., 2009; McClelland et al., 2013; Pingault et al., 2011).  Finally, 

children who show growth in EF between age 6 and 11 also show growth in math and literacy 

between age 11 and 17 (Breslau et al., 2010). Together, the above studies show that EF predicts 

literacy and math during the early and late years of formal school, highlighting the importance of 

understanding what factors compensate for and predict EF across a child's academic career.  

Visual Motor Skills (VMS) and Executive Function (EF)  

 Motor skills involving the hand can be delineated into tasks involving motor control (e.g., 

tracing, motor speed), or tasks that integrate motor and spatial abilities (visual motor skills, e.g., 

copying a person, copying a geometric shape, stacking and manipulating blocks) (Carlson, 

Rowe, & Curby, 2013). Because VMS require a child to hold, process, and recreate visual 

stimuli, there is evidence these skills integrate components of EF (Decker et al., 2011). However, 

the association between the two is less established in the literature (Cameron, et al., 2012). In a 
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recent study, age moderated relations between EF and VMS, suggesting that EF related more to 

VMS for younger rather than older children (Becker et al., 2014).  Part of the discrepancy could 

relate to the fact that both VMS and EF show marked improvement with age (Decker et al., 

2011; Diamond, Prevor, Callender, & Druin, 1997), and as a result, less EF may be needed on 

visual motor tasks as children get older.  

 Further, as motor related skills become automatic there is a shift from cortical brain 

regions to subcortical regions (Floyer-Lea & Matthews, 2004), suggesting that less EF might be 

needed as VMS become automatic. At the classroom level, as VMS become automatic, children 

may utilize less EF as they translate letters and numbers to paper. This allows executive 

resources to be distributed to other aspects of learning. As such, it is possible that strong VMS 

might buffer the effect of low EF on math and literacy achievement by allowing the child to 

focus more on learning the names and sounds of letters and numbers through writing and less on 

integrating visual and motor stimuli during the learning process.  

 The entry into prekindergarten often marks a substantive shift in a child's life, as the child 

is asked to demonstrate self-regulatory behaviors in both social and classroom-based settings. 

Measures of EF taken at the start of prekindergarten are found to predict growth in literacy and 

math between the fall of prekindergarten and spring of kindergarten (McClelland et al., 2014), 

with VMS predicting growth in literacy (Cameron, et al., 2012). Yet, less work has focused on 

the compensatory role of VMS in predicting growth in math and literacy for children with low 

motor and cognitive EF together. The present dissertation will address this gap by assessing if 

VMS compensate for the effect of low EF with emergent literacy and math between the fall of 

prekindergarten and spring of kindergarten.  
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Visual Motor Skills and Academic Achievement  

 A large proportion of the prekindergarten and kindergarten day, between 27% to 66%, is 

spent working on some form of fine motor activity (Marr, Cermak, Cohn, & Henderson, 2003). 

As highlighted above, measures of fine motor skills vary in the extent to which they incorporate 

EF, as they require manual control and perceptual ability and often require the child to trace, 

manipulate blocks, or recreate an external image. Tasks that require VMS, which tap both fine 

motor control and perceptual ability, also incorporate spatial processing, small muscle 

movements, and hand-eye coordination, and are more strongly related to achievement relative to 

tasks that only assess motor control (Carlson et al., 2013).  

 For example, longitudinal studies assessing VMS and achievement show that VMS in 

kindergarten predict third grade literacy (Taylor, 1999), math, and spelling scores (McPhillips & 

Jordan-Black, 2007).  Grissmer and colleagues (2010) aggregated three longitudinal data sets and 

showed that VMS and a measure of EF at kindergarten entrance predicted third and fifth grade 

math and literacy achievement. Other studies looking at early math achievement show VMS at 

the start of kindergarten predict both initial math achievement and growth in these scores over 

the kindergarten year (Luo, Jose, Huntsinger, & Pigott, 2007; Son & Meisels, 2006).   

 Recent work further demonstrates connections among VMS, math, and literacy in 

prekindergarten and kindergarten children (Becker et al., 2014), and the role of VMS for growth 

in literacy between the fall and spring of prekindergarten (Cameron et al., 2012). Although the 

relationship between VMS with academic achievement appears to be robust, it remains unclear if 

VMS can compensate for low EF during the prekindergarten years. Therefore, Study I will assess 

if VMS can compensate for low EF between the fall and spring of prekindergarten and 

kindergarten.  
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Visual Motor Skills (VMS) and Structured Sports 

 Visual motor tasks usually examine spatial and motor integration, manual control, and 

perceptual ability, as a child is often asked to trace, manipulate blocks, or copy and create an 

external image (Carlson et al., 2013). In Study I, children’s VMS will be measured through their 

ability to copy a series of geometric shapes, which incorporates visual spatial processing, 

movement within small muscle systems, and hand-eye coordination. 

 Study II will focus on connections among structured sports, EF, math, and literacy in the 

third grade. Structured sports can be differentiated as open- or closed-skilled. Although there are 

other sport classifications (van der Fels et al., 2015), the present paper focused on open-skilled 

sports given their connection with EF (Davis et al., 2011). In general, the setting of an open-

skilled sport is fluid and shifting (e.g., soccer, basketball, softball), whereas the setting of a 

closed-skilled sport is more stable (e.g., running, swimming).  Open-skilled sports require 

focused attention and the ability to shift attention when appropriate.  For example, in soccer, a 

player must be able to focus on the ball and also attend to their position, shift positions when 

appropriate, and keep track of teammates and opponents. Both types of sports usually require 

aerobic output and can have either similar or varying levels of physical intensity (Ainsworth et 

al., 2011).  Physical intensity can be assessed using metabolic equivalent (MET) values, which is 

a physiological index that expresses the energy expenditure during a given activity.  Thus, a 

sport can be either open- or closed-skilled and have a high or low MET value.  

The connection between VMS and structured sports is found in the neurocognitive and 

clinical evidence that links the early development of motor processes to the development of EF 

and related cognitive skills (Diamond, 2000). These connections are present from the first year of 

life, with the motor system acting to regulate both emotional and cognitive control (Sheese, 
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Rothbart, Posner, White, & Fraundorf, 2008). The theory of learning to learn (Adolph, 2005, 

2008), and the coupling of movement and attention (Harman, Rothbart, & Posner, 1997; 

Robertson, Johnson, Masnick, & Weiss, 2007; Rothbart, Ziaie, & O'Boyle, 1992), demonstrate 

the interconnected link between the cerebellum, a brain region central to sensory perception, 

coordination, and motor control (Marr, 1969), with higher cortical systems involved in EF 

(Stoodley & Schmahmann, 2009). For example, as a child is learning to learn, the coordination 

of reaching, grasping, and walking must take place within a changing body to produce solutions 

to novel locomotor challenges (Adolph, 2008). Through adapting to changing environmental 

demands, arousal and attention are regulated through movement attention coupling, with both 

emotional and self-regulatory systems sharing overlapping neural networks and developing 

together (Posner & Rothbart, 1998; Rueda, Posner, & Rothbart, 2004).  

Sensory-motor experience, the physical body, arm, and hand can all be tied to academic 

related development (Moreau, 2013a; Moreau & Conway, 2013; Thomspson, Nuerk, Moeller, & 

Kadose, 2013). At the level of the body, fingers can be used to represent abstract concepts such 

as numerals (Di Luca & Pesenti, 2011; Martin H Fischer & Brugger, 2011). Hand preference 

also plays a role in how numbers are represented along a mental number line (Fabbri & Guarini, 

2016). Whole body motor activity can also influence how spatial information is processed, and 

hand location can disrupt this connection (Moreau, 2013a). Thus, the intersection among 

sensory-motor experience and the physical, spatial, and embodied representation of information 

link VMS and structured sports, and both could act as a unique avenue to aid academic learning. 

Connections Among Executive Function, Sport Intensity, and Open-Skilled Sports  

 In Study II, connections among open-skilled sports, sport metabolic intensity, EF, literacy 

and math will be explored. Within the last several years, numerous studies have demonstrated 
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that both mental and physical training can improve a variety of cognitive abilities in children, 

including abilities related to learning, executive function (EF), and academic achievement 

(Diamond & Lee, 2011; Diamond, 2012). Although accumulating evidence shows that physical 

activity is linked to achievement and EF (Davis et al., 2011), less work has assessed if 

participating in open-skilled sports (e.g., soccer, basketball), or physically intense sports (e.g., 

swimming, running) are related to better cognitive function in children.  

 Research with children shows that open-skilled sports and physically intense activities 

enhances EF and academic achievement (Budde, Voelcker-Rehage, Pietraßyk-Kendziorra, 

Ribeiro, & Tidow, 2008; Davis et al., 2011), yet no study has compared the effects of 

participating in open-skilled sports or sports with varying metabolic demands in predicting EF. 

Both naturalistic and experimental studies spanning a variety of ages show physical activity and 

physical fitness are consistently linked to higher EF.  For example, active play in prekindergarten 

children (Becker et al., 2014) and experimental work with children between ages 6 and 10 (Best, 

2012), show greater levels of physical activity is related to better EF. 

 Work with prekindergarten age children show that better overall fitness is linked to better 

EF, attention, and memory (Niederer et al., 2011). In studies that manipulate physical activity, 

exercise is found to increase activation in the prefrontal cortex and improve EF between ages 7 

and 11 (Davis et al., 2011), and is related to higher mathematical computation from 13 to 17 

(Travlos, 2010). In work specifically looking at physical activity intensity, prekindergarten 

children who spent more time in moderate to vigorous physical activity (MVPA) had higher EF 

(Becker et al., 2014). Following a high intensity physical activity intervention, overweight 

children between ages 7 and 11 showed increased activation in the prefrontal cortex and 

improved EF relative to a low intensity condition (Davis et al., 2011). At similar ages, children 
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who participated in seventy minutes of MVPA over a nine-month period showed improvements 

in EF (Hillman et al., 2014). Given that both open- and closed-skilled sports require some level 

of physical activity, it is possible children participating in either type of sport could have higher 

EF. It is also possible that stronger effects on EF might be found for children participating in 

sports with higher metabolic values (e.g., Davis et al., 2011).  

 At the same time, participating in a structured sport is complex, as a child must understand 

the rules of the sport, react in compliance with the rules, and carry out physical actions 

appropriate for a variety of play situations. Although open- and closed-skilled sports both require 

physical activity, a key difference between them is found in the level of EF required by the two 

types of sports. For example, with open-skilled sports, players and the game context 

continuously shift, and a player must keep track, remember, react, and adjust to each game 

situation. Work shows that contexts that shift similar to that found with open-skilled sports lead 

to greater retention of motor skills (Saemi, Porter, Varzaneh, Zarghami, & Shafinia, 2012) and 

increased activation in cortical systems involving EF (Lin et al., 2013). Neurons in the 

hippocampus are also found to increase with physical activity (Kronenberg et al., 2006; van 

Praag, Kempermann, & Gage, 1999), but are maintained when physical activity is coupled with 

skill based physical learning (Curlik II, Maeng, Agarwal, & Shors, 2013; Curlik Ii & Shors, 

2013; Shors, Anderson, Curlik II, & Nokia, 2012). With open-skilled sports, the learning and 

acquisition of skills, motor plans, and physical actions are carried out in an environment that 

continually changes (Battig 1966), and the child must learn to play the sport within this shifting 

context.  

 Limited work with children has assessed relations between EF and participation in specific 

structured sports.  In a study that assessed open-skilled sports, elite male soccer players between 
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eight and sixteen showed better performance on an EF task requiring a motor response, but 

displayed no difference on non-motor measures of EF relative to less skilled players (Verburgh, 

Scherder, van Lange, & Oosterlaan, 2014). Other studies find neuroanatomical changes in the 

striatum and visual centers can occur after exposure to open-skilled sports such as volleyball and 

basketball (Park et al., 2011; Zwierko et al., 2014), but have not assessed the effect of these 

changes on EF. In Study II, connections among open-skilled sports and sport metabolic intensity 

will be explored with EF, literacy and math. 

Connections Between Physical Activity and Academic Achievement  

 Although the association between sports participation and achievement has not been 

extensively examined, research investigating physical fitness and physical activity shows 

positive connections with academic achievement.  Higher levels of fitness have been linked to 

higher math and literacy achievement in grade school students (Castelli, Hillman, Buck, & 

Erwin, 2007; Eveland-Sayers, Farley, Fuller, Morgan, & Caputo, 2009), and to achievement in 

adolescent samples (Kwak et al., 2009; Ruiz et al., 2010). Children who participate in more 

vigorous physical activity are also found to have higher grades relative to controls (Donnelly et 

al., 2009; Donnelly & Lambourne, 2011). 

 Work assessing connections among structured sports, math, and literacy achievement is 

limited. In an experimental study examining the effect of combining running, jump rope, 

basketball, and soccer found dose-response effects on EF and math for obese children between 7 

and 11 (Davis et al., 2011). A cross-sectional study that did not specify sport type found children 

between 13 and 18 participating in sports activities had higher verbal and numeric reasoning 

(Ruiz et al., 2010). Together the above studies are limited by not specifying the type or intensity 

of the sports played with literacy and math. 
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Goals of the Proposed Dissertation  

 The overarching goal of this dissertation is to assess relations between motor skills and 

sports participation with EF, math, and literacy between prekindergarten and third grade. Prior 

work has not examined longitudinal associations among VMS, motor and cognitive components 

of EF, and academic achievement with prekindergarten and kindergarten children. These early 

years set the stage for the transition into formal schooling and are a crucial time in the 

development of VMS and EF. 

 Two goals are embedded within the larger aim of this dissertation. The first goal is to 

understand if VMS compensates for the effect of low EF with math and literacy between the fall 

of prekindergarten and spring of kindergarten. The second goal is to assess if structured sports 

participation predicts literacy, math, and EF during third grade. 

 To address the first goal, Study I will examine the direct and interactive effects of EF and 

VMS on math and literacy between the fall of prekindergarten and spring of kindergarten. The 

first research question will assess whether EF and VMS both predict literacy and math 

achievement at each measurement point (fall and spring of both prekindergarten and 

kindergarten). Given that both EF and VMS are related to math and literacy (Becker et al., 2014), 

it is anticipated that EF and VMS will predict math and literacy achievement at each time point. 

The second research question will assess whether VMS compensates for the effect of low EF on 

both academic outcomes by assessing the interaction between VMS with EF. It is anticipated that 

strong VMS will buffer the effect of having low EF for both math and emergent literacy. 

 Study II will assess whether participating in open-skilled sports and metabolically intense 

sports are associated with higher EF, math, and literacy scores for children between age 8 and 9 

(i.e., the third academic year). It will also examine if playing open-skilled sports moderates the 
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association between the metabolic intensity of a sport with EF, math, and literacy scores.  

 Based on research showing that better EF and academic achievement are related to the 

intensity of physical activity (Becker et al., 2014; Donnelly et al., 2009; Donnelly & Lambourne, 

2011; Davis 2012; Ruiz et al., 2010) and participating in open-skilled structured sports (Chang, 

Tsai, Chen, & Hung, 2013; Davis et al., 2011; Moreau et al., 2011), this study addresses the 

hypothesis that playing open-skilled sports will moderate the relationship between sport intensity 

with EF, math, and literacy scores. It is predicted that both open-skilled sports and sport intensity 

will be positively related to the three outcomes (EF, math and literacy). It is also predicted that 

the metabolic intensity of a sport will be more strongly related to EF, math, and literacy scores 

for children who play fewer open-skilled sports and less strongly related to EF, math, and 

literacy scores for children who play a greater number of open-skilled sports. 
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Abstract 
 
At four time points between the prekindergarten and kindergarten year, direct and interactive 

effects among different aspects of executive function (EF; working memory, cognitive 

flexibility, inhibitory control) and visual motor skills (VMS) were examined on math and literacy 

achievement in a typically developing sample of children (n = 435). At the fall of 

prekindergarten, a behavioral measure of EF, and measure of working memory, and inhibitory 

control were directly associated with math. In addition, children’s VMS, working memory and 

cognitive flexibility were associated with initial literacy scores. Growth in math between the fall 

and spring of prekindergarten was predicted by VMS, a behavioral measure of EF, and a 

measure of cognitive flexibility, with a measure of working memory predicting growth between 

the spring of prekindergarten and the fall of kindergarten. For literacy, measures of VMS, 

working memory, and cognitive flexibility in the fall of prekindergarten predicted growth in 

literacy during the spring. In addition, at two transitional points, during the fall of 

prekindergarten and kindergarten, VMS compensated for low EF on initial math achievement 

(fall), and for growth in math between the spring of prekindergarten and fall of kindergarten, 

respectively. Results point to the benefits of strong VMS for children with low EF on math 

achievement, and the role of different aspects of EF in predicting initial math and literacy scores 

as well as growth over the prekindergarten and kindergarten year. 
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Visual Motor Skills and Executive Function Between Prekindergarten and Kindergarten 

There is evidence that components of learning, such as executive function (EF) which is 

understood as the conscious control of thought and action, (Garon, Bryson, & Smith, 2008), can 

predict a child's long term academic success  (McClelland, Acock, Piccinin, Rhea, & Stallings, 

2013). In turn, early math and literacy skills predict later achievement, suggesting a strong 

correspondence between factors related to EF, math, and literacy for promoting a child's long-

term success in school. Although the relationship between EF with academic achievement in 

prekindergarten and kindergarten is well established (McClelland et al., 2007), less is known 

about the moderating role of motor development, such as visual motor skills, in buffering the 

effect of low EF on math and literacy.   

Visual motor skills (VMS) include the integration of both fine motor control and 

perceptual ability and are significantly related to achievement (Cameron et al., 2012; Grissmer, 

Grimm, Aiyer, Murrah, & Steele, 2010). These skills also integrate components of EF (Becker, 

Miao, Duncan, & McClelland, 2014) as they require a child to hold, process, and recreate visual 

stimuli, but the association between the two is less established in the literature (Cameron et al., 

2012). Indeed, in a recent study, age moderated relations between EF with VMS suggesting that 

EF related more to VMS for younger rather than older children (Becker et al., 2014).  Part of this 

relationship could relate to the process of automaticity, as the automaticity of skills leads to a 

shift from cortical brain regions to sub-cortical regions (Floyer-Lea & Matthews, 2004). This in 

turn frees cognitive resources, and could indicate children with better VMS show a faster rate of 

automaticity and draw less on EF during visual motor tasks.  

At the same time, the three dimensions of EF, when combined with VMS could 

differentially predict literacy and math between the fall of prekindergarten and spring of 
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kindergarten (Becker et al., 2014; McClelland et al., 2014). For children in the classroom, the 

automatization of VMS could allow for an easier translation of letters and numbers to paper, 

leading to faster learning.  As such, it is possible that strong VMS might relate differently to 

components of EF between the fall of prekindergarten and spring of kindergarten.    

In the present study, at fall and spring of the prekindergarten and kindergarten year, 

children's math and emergent literacy skills were assessed together with cognitive components of 

EF, including working memory, cognitive flexibility, and inhibitory control (Best & Miller, 

2010; McClelland et al., 2007).  A behavioral measure of EF was also included. Finally, VMS 

were measured with the Beery Visual Motor Integration subtest (Beery, Buktenica, & Beery, 

2010), where children are asked to copy a series of geometric shapes. Given that behavioral and 

cognitive components of EF and VMS are related to math and literacy (Becker et al., 2014), and 

that each dimension of EF may differentially predict achievement between prekindergarten and 

kindergarten (McClelland et al., 2014), the connection between EF and VMS with growth in 

math and literacy achievement at each point was assessed. It was also examined if VMS could 

compensate for the effect of low EF with math and emergent literacy in the fall of 

prekindergarten, and if a similar compensatory relationship with VMS on EF could predict 

growth in achievement between fall and spring of prekindergarten, between spring of 

prekindergarten and fall of kindergarten, and fall and spring of kindergarten. 

Executive Function and Academic Achievement  

Executive function (EF) is a set of cognitive processes involved in the control of goal 

directed cognition and behavior (Koziol, Budding, & Chidekel, 2012; Miyake, Friedman, 

Emerson, Witzki, & Howerter, 2000). EF is involved in the regulation of thought and action 

(Barkley, 1997, 2011; McClelland & Cameron, 2012), and is related to literacy and math in 
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prekindergarten and kindergarten (Duncan et al., 2007; McClelland et al., 2007), and elementary 

and high school (Pingault et al., 2011). The processes that comprise the EF construct are 

interrelated, but are delineated into three constructs, updating (i.e., working memory), cognitive 

flexibility, and inhibitory control (Best & Miller, 2010; Hughes, 1998; Lehto, Juujärvi, Kooistra, 

& Pulkkinen, 2003). 

As a child moves through grade school, they must seamlessly engage EF as they shift 

between tasks, interact with peers, focus on instructions and follow directions. For example, in 

both prekindergarten and kindergarten, as a child moves from free play to teacher-led instruction, 

they must inhibit the prepotent tendency to continue playing, move to the new activity, listen for 

directions, and remember and follow the teacher's instructions.  

Studies looking at connections between EF with achievement in prekindergarten and 

kindergarten populations consistently show that EF is related to higher academic outcomes. 

These connections are first established as a child enters formal schooling as learning related 

skills emerge that are important for the learning process (Lan, Legare, Ponitz, Li, & Morrison, 

2011; McClelland, Acock, & Morrison, 2006; McClelland, Morrison, & Holmes, 2000). As early 

as age 4, measures of EF are found to predict both math and literacy scores into second grade 

(Blair, Ursache, Greenberg, & Vernon-Feagans, 2015; Bull, Espy, & Wiebe, 2008; Clark, 

Pritchard, & Woodward, 2010), and the probability of completing college by age 25 (McClelland 

et al., 2013).  

Although evidence for a single factor characterizes EF performance in prekindergarten 

and kindergarten age children (Sasser, Bierman, & Heinrichs, 2015; Willoughby, Blair, Wirth, & 

Greenberg, 2012), the specific components of EF (i.e., working memory, inhibitory control, 

cognitive flexibility) are each related to long-term academic achievement. For example, 
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inhibition and shifting (cognitive flexibility) in prekindergarten predicted both math and literacy 

scores in kindergarten (Blair & Razza 2007), and math scores at the end of first grade (Clark et 

al., 2010). Similar to inhibitory control and shifting, higher working memory at age 4 predicted 

math achievement measured at age 6 and again at age 7 (Bull et al., 2008). Finally, strong 

working memory and a behavioral measure of EF (i.e., Head Toes Knees Shoulders, HTKS) 

assessed at the start of prekindergarten predicted higher literacy and math skills at the end of the 

academic year (McClelland et al., 2007; Welsh, Nix, Blair, Bierman, & Nelson, 2010), and 

growth in math between fall and spring of kindergarten (McClelland et al., 2014).  

The strong longitudinal connections between EF and academic success point to a need to 

understand factors that could compensate for low EF as a child first enters and begins to move 

through formal schooling. In the present paper, the connection between EF and VMS with math 

and emergent literacy achievement was examined when a child first entered prekindergarten, 

with residualized growth (hence forth referred to as growth) in math and emergent literacy 

examined between prekindergarten and kindergarten. It was also assessed if VMS could 

compensate for low EF on a child’s initial math and literacy scores and for growth in math and 

emergent literacy achievement at each time point.  

Connections Among Visual Motor Skills, Executive Function, and Academic Achievement  

Both theoretical and empirical work link the motor system to non-motor related learning, 

with the cerebellum, a brain region central to sensory perception, coordination, and motor control 

(Mart, 1969), showing anatomical connections with brain systems involved in EF (Diamond, 

2000; Stoodley & Schmahmann, 2009). As motor fluctuations unlock gaze and allow the infant 

to shift attention during the 4th and 12th postnatal week, the first evidence for a connection 

between motor activity and learning can be seen (Robertson, Bacher, & Huntington, 2001; 



VISUAL MOTOR SKILLS AND EXECUTIVE FUNCTION  
	
	

24 

Robertson, Johnson, Masnick, & Weiss, 2007). The theory of learning to learn (Adolph, 2005, 

2008), demonstrates how the coordination of reaching, grasping, and walking take place in a 

changing body to produce solutions to novel locomotor challenges. As the physical body 

develops, the theory of embodied cognition finds that language comprehension (Fischer & 

Zwaan, 2008), problem solving (Boncoddo, Dixon, & Kelley, 2010), and math performance 

(Broaders, Cook, Mitchell, & Goldin-Meadow, 2007; Wartenburger et al. 2010) can all be tied to 

the motor system.  

Other work shows finger, arm, and hand movements are linked to EF, math, and spatial 

processing, with each found to be disrupted by manipulating or constraining the arm and hand 

(Crollen & Noël, 2015; Moreau, 2013a, 2013b). Although VMS required the integration of 

visual and spatial information, they can also be understood as a proxy for fine motor skills 

(Carlson, Rowe, & Curby, 2013). Within the classroom, fine motor measures that incorporate 

visual spatial processing, movement within small muscle systems, and hand-eye coordination are 

consistently related to early learning (Cameron et al., 2012; Carlson et al., 2013; Grissmer et al., 

2010; McPhillips & Jordan-Black, 2007). Given estimates suggesting that prekindergarten and 

kindergarten children spend close to half (between 27% and 66%) of the school day working on 

some form of fine motor activity (Marr, Cermak, Cohn, & Henderson, 2003), VMS are an 

important component of early learning.  

Empirically, VMS are found to predict math and literacy achievement at several points 

between prekindergarten and kindergarten. In work measuring VMS prior to entering 

kindergarten, VMS significantly predicted fall reading, literacy comprehension, and sound 

awareness, as well as improvement in these scores from fall to spring (Cameron et al., 2012). In 

a cross-sectional sample of prekindergarten and kindergarten children, VMS measured in the 
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spring significantly predicted emergent math and literacy achievement for both groups (Becker et 

al., 2014).  VMS measured at the start of kindergarten also predicts both initial math 

achievement and growth in math scores over the kindergarten year (Luo, Jose, Huntsinger, & 

Pigott, 2007; Son & Meisels, 2006), as well as third and fifth grade literacy and math 

achievement (Grissmer et al., 2010). Other longitudinal studies show VMS measured in 

kindergarten predicts third grade literacy (Taylor, 1999), math, and spelling scores (McPhillips 

& Jordan-Black, 2007).   

At the same time, when VMS are measured together with EF, both are found to uniquely 

contribute to both academic outcomes. Inhibitory control, working memory, the HTKS, and 

VMS together are all found to predict literacy scores (Becker et al., 2014; Cameron et al., 2012; 

Grissmer et al.,  2010), with a combination of the HTKS and VMS relating to math (Becker et 

al., 2014). Although EF and VMS are each uniquely related to academic success, longitudinal 

relations among each with math and literacy achievement have not been examined between the 

fall of prekindergarten and spring of kindergarten. Further, the direct and compensatory effect of 

EF and VMS on growth in math and literacy at each time point is also not clear. It is possible 

that strong VMS could compensate for different components of EF at different points during the 

transition to kindergarten.   

Interactions Among Visual Motor Skills and Executive Function 

Although the above work points to connections among EF and VMS with early and long 

term math and literacy achievement, evidence suggests that EF and VMS are not completely 

independent. For example, strong behavioral aspects of EF, working memory, and inhibitory 

control directly predict VMS, but also vary by child age (Becker et al., 2014). Strong inhibitory 

control and working memory are more related to VMS for prekindergarten age children but less 



VISUAL MOTOR SKILLS AND EXECUTIVE FUNCTION  
	
	

26 

related for kindergarten age children. This suggests that different aspects of EF can contribute to 

VMS, contribute to early learning concurrently with VMS, and also vary by child age. 

Adding to the connections among EF and VMS is evidence that VMS can compensate for 

low EF on several aspects of early learning. In a recent study with children between the ages of 

two and five, strong VMS compensated for low inhibitory control with initial levels of 

vocabulary and literacy scores (Cameron et al., 2015). In terms of growth, Cameron found that 

VMS compensated for low inhibitory control for improvement in literacy but not vocabulary 

over a 3-month period. As the development of literacy skills is sensitive to environmental input 

(Justice, Kaderavek, Fan, Sofka, & Hunt, 2009), integrating visual and motor information 

through writing is a large component of literacy development (Suggate, Pufke, & Stoeger, 2016).  

Thus, for children with a strong ability to integrate visual and motor stimuli, poor inhibitory 

control appears to be less detrimental to their growth in literacy.  

Together, the above connections with early learning can be partly explained by the 

automation of motor skills. When a motor skill becomes automatic, cortical activity shifts to 

subcortical regions and cognitive resources are freed (Floyer-Lea & Matthews, 2004; Hua & 

Houk, 1997). For children with less experience integrating both visual and motor activity, more 

EF could be needed on a VMS task. Yet as VMS become automatic, children could then focus 

their attention on the academic task and learning could be improved. For children in the 

classroom, when a visual motor task becomes automatic, translating letters and numbers to paper 

could become easier. As such, it is possible that strong VMS might buffer the effect of low EF, 

allowing the child more cognitive energy to focus on the learning task. It is also possible 

between prekindergarten and kindergarten, the compensatory effect of VMS could vary for the 
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different components of EF (i.e., inhibitory control, working memory, cognitive flexibility) 

(Cameron et al., 2015; McClelland et al., 2014). 

For example, there is evidence that inhibitory control and working memory are more 

associated with VMS for prekindergarten age children and less for kindergarten age children 

(Becker et al., 2014). However, for prekindergarten children with strong VMS, it is possible that 

less inhibitory control and working memory would be needed on learning tasks requiring VMS. 

This could suggest that strong VMS could compensate for low inhibitory control and working 

memory during prekindergarten. Further, the HTKS, a behavioral measure of EF, is associated 

with strong VMS for both prekindergarten and kindergarten age children (Becker et al., 2014). 

The HTKS is also a more comprehensive and complex measure of EF, as it taps inhibitory 

control, working memory, and cognitive flexibility (McClelland et al., 2014). Therefore, it is 

possible that strong VMS could compensate for low behavioral EF during both the 

prekindergarten and kindergarten year.  Finally, although cognitive flexibility has not been 

examined together with VMS, similar to the HTKS, cognitive flexibility is a complex task that 

also draws on both inhibitory control and working memory to shift and flexibly engage 

attentional resources (Best & Miller, 2010). As such, strong VMS could compensate for low 

cognitive flexibility during both the prekindergarten and kindergarten year. 

Summary and Hypothesis  

The present study examined the direct effects of EF and VMS and the interaction 

between VMS with EF on math and literacy between the fall of prekindergarten and spring of 

kindergarten. Given evidence that VMS are related to math and literacy scores between 

prekindergarten and kindergarten (Becker et al., 2014; Cameron et al., 2012; Luo et al., 2007; 

Son & Meisels, 2006), and inhibitory control, working memory, and behavioral EF relate to math 
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and literacy (Becker et al., 2014; Cameron et al., 2012; Cameron et al., 2015), it was 

hypothesized that EF and VMS would relate to and predict residualized growth (henceforth 

referred to as growth) in math and literacy achievement at each time point.  

Evidence also suggests that connections among EF, VMS, math and literacy when 

measured together vary between prekindergarten and kindergarten (Becker et al., 2014; Cameron 

et al., 2015; McClelland et al., 2014). Further, as motor skills become automatic, there is a shift 

from cortical brain regions to sub-cortical regions (Floyer-Lea & Matthews, 2004; Hua & Houk, 

1997), suggesting the compensatory effects of VMS could vary over time. Based on evidence 

that inhibitory control and working memory are more related to VMS for prekindergarten age 

children (Becker et al., 2014), which could suggest strong VMS could free both during a learning 

task that requires VMS, it was hypothesized that strong VMS would compensate for low 

inhibitory control and working memory on math and literacy during prekindergarten (Cameron et 

al., 2015). Further, given evidence that strong behavioral aspects of EF are associated with VMS 

in both prekindergarten and kindergarten age children (Becker et al., 2014), and that both the 

HTKS and cognitive flexibility are complex measures of EF (Best 2010; McClelland et al., 

2014), it was hypothesized that strong VMS would compensate for low behavioral EF and 

cognitive flexibility during both the prekindergarten and kindergarten year. Maternal education, 

English language learner (ELL) status, Head Start status, child gender, and child age were all 

included as covariates, as these factors are shown to significantly relate to early academic 

outcomes and EF (Evans & Rosenbaum, 2008; Matthews, Cameron Ponitz, & Morrison, 2009; 

McClelland et al., 2007; Wanless, McClelland, Tominey, & Acock, 2011). 
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Methods 

Participants and Procedure 

The sample included 435 children (51% male) who participated in the Kindergarten 

Readiness Study between 2012 and 2014. Families were recruited from 61 classrooms and 17 

preschools located in the Pacific Northwest United States. The following kindergarten year, 

children were in 121 classrooms and 39 schools. Children and families were recruited through 

letters in an enrollment packet sent during the summer prior to the prekindergarten year. Consent 

was obtained from a parent of all children in the study, and families were given $20 gift cards at 

each time point of the study. Children were followed between prekindergarten and kindergarten, 

with assessments in the fall and spring of each year (4 waves total). Wave 1 through 4 (fall 

prekindergarten, spring prekindergarten, fall kindergarten, spring kindergarten) will be used in 

the present study. Children were assessed in English or Spanish in 2-3 sessions lasting 10-15 

minutes each. Children were tested in a quiet location outside the classroom. About 55% of the 

children were enrolled in Head Start during the prekindergarten year. 

Measures 

Executive Function: HTKS. The extended version of the Head-Toes-Knees-Shoulders 

(HTKS) task is a measure of behavioral aspects of EF that requires cognitive flexibility, working 

memory, and inhibitory control (Cameron Ponitz, McClelland, Matthews, & Morrison, 2009; 

McClelland & Cameron, 2012). Previous research has found that the task is related to 

components of EF including inhibitory control, working memory and attentional shifting (Lan, 

Legare, Cameron Ponitz, Li, & Morrison, 2011; McClelland et al., 2014). There are a total of 30 

test items with scores of 0 (incorrect), 1 (self-correct), or 2 (correct) for each item. A self-correct 

is defined as any motion to the incorrect response, but self-correcting and ending with the correct 
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action. Scores range from 0 to 60 where higher scores indicate higher levels of behavioral self-

regulation. The task takes approximately 5-7 minutes with strong inter-rater reliability (K = 0.90; 

Cameron Ponitz et al., 2009; McClelland and Cameron, 2012). The HTKS in the current sample 

had Cronbach's alphas of 0.96, 0.96, 0.95, and 0.94 across the four waves.  

Executive Function: Day-Night Stroop. Inhibitory control was assessed using the Day-

Night Stroop task (Berwid et al., 2005; Gerstadt, Hong, & Diamond, 1994). In the Day-Night 

Stroop task, the child must inhibit a predominant response by verbally saying the opposite of 

what the picture is depicting. Children are instructed to respond to a picture of a sun by saying 

"night" and a picture of a moon by saying “day." The task is measured with 16 trials.  No and 

incorrect responses are coded as 0, self-corrected responses are coded as 1, and correct responses 

are coded as 2. Scores can range from 0 to 32. The Day-Night task has been shown to be a 

reliable and valid assessment in prekindergarten and kindergarten-age children (Carlson, 2005; 

Gerstadt et al., 1994). The Day-Night in the current sample had Cronbach's alphas of 0.92, 0.92, 

0.86, and 0.85 across the four waves of the study. 

Executive Function: Working Memory. The Woodcock-Johnson Auditory Working 

Memory subtest (Woodcock, McGrew, & Mather, 2001) is a working memory task that requires 

the child to repeat back to the assessor a list of numbers and objects. The task begins with one 

number and one object, and then increases in difficulty with additional numbers and objects. The 

numbers and objects are presented in differing orders, but the child must always repeat back the 

objects first then the numbers in the correct order. If only the objects or the numbers are repeated 

back correctly in the correct order (objects first, then numbers), partial credit is given. W-scores, 

which were developed with Rasch-based measurement models to create equal-interval scale 

characteristics (Mather & Woodcock, 2001a) were used in the current analyses. The W-scores 
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are centered at 500, which is the approximate average performance of a 10-year-old child. In the 

current sample, the measure of Auditory Working Memory had Cronbach's alphas of 0.87, 0.89, 

0.88, and 0.86 across four waves for English-speaking children and 0.89, 0.80, 0.86, and 0.86 

across the four waves of the study for Spanish-speaking children. 

 Executive Function: Dimensional Change Card Sort. The Dimensional Change Card 

Sort (DCCS) assesses cognitive flexibility and was given both in English or Spanish using an 

adapted version of the Dimensional Change Card Sort (Cepeda & Munakata, 2007; Deak, 2003; 

Hongwanishkul, Happaney, Lee, & Zelazo, 2005; Zelazo, 2006), which is reliable and valid for 

children ages 3-5 years. Children were presented with cards that differed based on shape (i.e., 

dog, fish, bird), color (i.e., red, yellow, blue), and size (small, medium, large). Children were 

instructed to sort cards by each of the three dimensions. The first six trials ask the child to sort by 

shape, the next six trials by color, and the last six trials by size. If a score of five is accomplished 

on the sorting by size trial, the child is given six more trials to sort cards by color or size 

depending on a border rule. The score is the sum of the total number of cards correctly sorted (1 

= correct, 0 = incorrect) and scores can range from 0 to 24. In the current sample, the DCCS had 

Cronbach's alphas of 0.95, 0.93, 0.91, and 0.88 across four study waves. 

The Beery Visual-Motor Integration subtest. The Beery Visual-Motor Integration 6th 

Edition (VMI; Beery & Beery, 2010) requires the child to demonstrate fine motor skills by 

accurately copying figures. The assessment begins with copying a vertical line, a horizontal line, 

and a circle. As the task progresses, figures get increasingly more difficult to copy (e.g., square, 

triangle, and combinations of circles). In total, 21 figures were copied and raw scores were 

calculated based on the number of correctly recreated figures (1 point each), for a possible range 
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between 0 and 21. In the current sample, the VMI had Cronbach's alphas of 0.63, 0.65, 0.52, and 

.53 across the four study waves. 

Achievement Outcomes. All achievement outcomes utilized W-scores from sub-tests 

from the Woodcock-Johnson Psycho-Educational Battery-III Tests of Achievement (WJ-III; 

Woodcock et al., 2001) or the Batería III Woodcock-Muñoz (Muñoz-Sandoval, Woodcock, 

McGrew & Mather, 2005). As with the Auditory Working Memory subtest, W-scores were used 

because they utilize Rasch-based measurement models to create equal-interval scale 

characteristics (Mather & Woodcock, 2001b). The WJ-III is widely used and standardized with 

strong reliability and validity in both English and Spanish speaking children (Mather & 

Woodcock, 2001b; McGrew & Woodcock, 2001; McGrew, Schrank, &Woodcock, 2007; 

Woodcock & Mather, 2000). The English and Spanish WJ-III measures have been equated using 

item response theory methodology and indicate that they assess the same competencies 

(Woodcock and Mufioz-Sandoval, 1993), with recent research showing no significant 

differences on scores between the two versions (Hindeman, Skibbe, Miller, & Zimmerman, 

2010). 

Applied Problems. The Applied Problems subtest of the WJ-III or The Batería III 

Woodcock-Muñoz was used to assess children's early mathematical operations needed to solve 

practical problems. The Applied Problems subtest involves understanding quantities, simple 

calculations, and solving practical problems using mathematical skills that include calculations in 

response to word and story problems that tap both basic and conceptual skills. In the current 

sample, the Applied Problem subtest had Cronbach's alphas of 0.85, 0.85, 0.82, and 0.78 across 

four study waves for English-speaking children and 0.87, 0.85, 0.87, and 0.82 across four study 

waves for Spanish-speaking children. 
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 Letter-word Identification. Children's early literacy skills were measured using the 

Letter-Word Identification subtest of the WJ- III (Woodcock et at., 2001 a) or The Batería III 

Woodcock-Muñoz (Muñoz-Sandovat et at., 2005a). The first five items involve the ability to 

match a pictographic representation of a word with an actual picture of the object. The remaining 

items require the child to read and identify letters and words independent of context. Cronbach's 

alphas of 0.89, 0.91, 0.93, and 0.95 across four study waves for English-speaking children and 

0.83, 0.81, 0.86, and 0.97 across four study waves for Spanish-speaking children. 

Missing data, attrition, and descriptive statistics 

For wave one, fall of prekindergarten, 422 children participated in the study.  Both 

applied problems (N = 406) 3.79% and working memory (N = 405) 4.02% showed the most 

missing data. At wave two, spring of prekindergarten, 404 children participated in the study. The 

HTKS (N= 395) 2.22% and working memory (N = 394) 2.47% had the most missing data.   

At wave three, fall of kindergarten (N = 311), 23% of the sample was lost to attrition. 

During year one, children who were enrolled in Head Start and those with lower maternal 

education were less likely to remain in the study during year two. Although differential attrition 

can lead to bias in parameter estimates, the use of covariates that predicted attrition (i.e., Head 

Start status, parental education) with full information likelihood estimators are shown to provide 

reliable parameter estimates  (Steiner, Cook, Shadish, & Clark, 2010). 

At wave four, spring of kindergarten, 98% of the sample had data for both applied 

problems and emergent literacy. In the fall of prekindergarten, children were clustered in 61 

classrooms. By the spring of kindergarten children were clustered into 123 classrooms.  

Analytic Strategy  
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All research questions, descriptive and missing data analysis were addressed with Stata 

13.1 (StataCorp, 2013). The generalized structural equation modeling function in Stata (i.e., 

gsem) was used. The gsem function allows for modeling of multilevel data adjusting for the 

nested nature of the data (children within classrooms) and was used to address both research 

questions. The ICCs for the outcome achievement measures in the fall of prekindergarten 

through the spring of kindergarten ranged from 0.12 to 0.19, suggesting multilevel models were 

appropriate. The gsem command deletes observations based on missing cluster observations. 

Time one (fall of prekindergarten) had the most cluster information and was used for clustering. 

Because the gsem function uses equation-specific listwise deletion, results were cross verified 

using xtmixed. Results did not substantially differ between the two analytic strategies, thus 

results for gsem models are reported below to better account for clustering.  

For each model, maternal education, child’s gender, child’s age, Head Start status, and 

English Language Learner status were used as controls. For both research questions, all 

interactions were added in model one. Non-significant interactions were then trimmed one at a 

time to reduce the inflation of standard errors (Aiken & West, 1991) and to achieve the most 

parsimonious model. The final model includes all main effects and significant interactions. 

Data were examined for univariate outliers. Outliers were classified as values which were 

greater or lesser than 3.3 standard deviations from the mean. Outliers were found for each of the 

following: Applied Problems, Letter Word, Day–Night, VMS, and parent education. Each outlier 

was recoded to the next closest valid value for that measure within ±3.3 standard deviations. 

Four outliers were also found for child age. Given these children were outside the age range for 

the study, all outliers for child age were removed from analyses. Estimated parameter 
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coefficients were similar in analyses where outliers were and were not recoded. Results for 

analyses that included the recoded outlier cases are presented in the current study. 

Results 

Descriptive statistics for all variables included in the current analyses are presented in 

Table 1.1 and are shown for each wave included in the analysis. Unadjusted bivariate 

correlations showed significant associations between the academic outcomes, VMS, EF tasks, 

maternal education, and child age covariates at all four waves (see Table 1.2). 

Does Executive Function and Visual Motor Skills Predict growth in Math between the 

Fall of Prekindergarten and Spring of Kindergarten, and does Visual Motor Skills Compensate 

for Low Executive Function? 

Fall of Prekindergarten. At the fall of prekindergarten, results showed that strong 

behavioral aspects of EF (HTKS) (B = .10, p = .009), inhibitory control (B = 2.34, p = .000), and 

working memory (B = .17, p = .010) were significantly associated with higher math scores (see 

Table 1.3). Results also showed VMS significantly moderated the relationship between cognitive 

flexibility (B =-.11, p = .014) on children’s initial math scores in the fall of prekindergarten (see 

Table 1.3). Figure 1.1 shows that children with low cognitive flexibility but high VMS scored 10 

points lower on math compared to children with high cognitive flexibility and low VMS. 

Children low on both VMS and cognitive flexibility showed the lowest overall math 

achievement.  

Fall of Prekindergarten to Spring of Prekindergarten. Results assessing growth in math 

between the fall and spring of the prekindergarten year showed that the HTKS behavioral 

measure of EF (B = .06, p = .016), cognitive flexibility (B =.46, p = .000), and VMS (B = 1.52, p 

= .000) predicted growth in math scores between the fall and spring of prekindergarten (see Table 
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1.3). However, results also showed all interactions between VMS with EF were non-significant. 

This suggests VMS did not compensate for low EF on growth in math between the fall of 

prekindergarten and spring of kindergarten.  

Spring of Prekindergarten to Fall of Kindergarten. Results showed working memory (B = 

.06, p = .016) was the only measure of EF in the spring of prekindergarten that significantly 

predicted growth in math scores between the spring of prekindergarten and fall of kindergarten 

(see Table 1.3). All other measures of EF were non-significant. Results also showed VMS 

moderated the relationship between the behavioral measure of EF (HTKS) on growth in 

children’s math scores between the spring of prekindergarten and fall of kindergarten (B = -.02, p 

= .020). Figure 1.2 shows children with low HTKS scores but high VMS scored 5 points lower 

on math compared to children with high HTKS scores and low VMS. Children low on both VMS 

and HTKS showed the lowest overall math achievement.  

Fall of Kindergarten to Spring of Kindergarten. Between the fall and spring of 

kindergarten, results showed that neither the direct effect of EF and VMS or the interaction 

between VMS and EF in the fall of kindergarten significantly predicted growth in math (see 

Table 1.3).  

Does Executive Function and Visual Motor Skills Predict growth in Literacy between the 

Fall of Prekindergarten and Spring of Kindergarten, and does Visual Motor Skills Compensate 

for Low Executive Function? 

Fall of Prekindergarten. In the fall of the prekindergarten year, results showed that 

cognitive flexibility (B = .54, p = .014), working memory (B =.26, p = .000), and VMS (B = 3.47, 

p = .000) were significantly associated with literacy scores (see Table 1.4).  However, results also 
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showed all interactions between VMS with EF were non-significant, suggesting that VMS did 

not compensate for low EF on a child’s initial literacy scores in the fall of prekindergarten.  

Fall of Prekindergarten to Spring of Prekindergarten. For growth between the fall and 

spring of prekindergarten, results showed that the behavioral measure of EF (B = .11, p = .008) 

and working memory (B =.14, p = .038) predicted growth in literacy scores (see Table 1.4). 

Results also showed all interactions between VMS and EF were non-significant, suggesting that 

VMS did not compensate for low EF on growth in literacy between the fall of prekindergarten 

and spring of prekindergarten.  

Spring of Prekindergarten to Fall of Kindergarten. Between the spring of prekindergarten 

and fall of kindergarten, results showed that the behavioral measure of EF (B =.11, p = .007) and 

working memory (B =.14, p = .035) both predicted growth in literacy (see Table 1.4). All 

interactions between the VMS and EF were non-significant, suggesting that VMS does not 

compensate for low EF on growth in literacy between the spring of prekindergarten and fall of 

kindergarten. 

Fall of Kindergarten to Spring of Kindergarten. Results showed that neither the direct 

effect of EF and VMS nor the interaction between VMS and EF significantly predicted growth in 

Literacy between the fall of kindergarten and spring of kindergarten (see Table 1.4).  

Discussion 

Prior studies suggest that EF and VMS are significantly related to academic achievement 

and show that VMS can compensate for low EF on vocabulary and literacy scores (Becker et al., 

2014; Cameron et al., 2015). However, the compensatory effects of strong VMS for low EF on 

growth in math and literacy achievement have not been explored. The purpose of this study was 

to investigate if strong VMS could compensate for low EF on a child’s initial prekindergarten 
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math and literacy scores, and if a similar compensatory association with VMS for children with 

low EF (working memory, cognitive flexibility, and inhibitory control) could predict growth in 

math and literacy between the fall of prekindergarten and spring of kindergarten.  

Results showed that during the fall of prekindergarten and kindergarten, VMS 

compensated for low cognitive flexibility and behavioral aspects of EF on the Head-Toes-Knees-

Shoulders (HTKS) on initial math achievement (fall), and for growth in math between the spring 

of prekindergarten and fall of kindergarten, respectively. Direct associations were also found for 

the HTKS, the measure of inhibitory control, and working memory with math, and cognitive 

flexibility, VMS, and working memory for literacy in the fall of prekindergarten. Between the 

fall and spring of prekindergarten, growth in math was predicted by the HTKS, cognitive 

flexibility, and VMS, with working memory predicting growth in math between the spring of 

prekindergarten and fall of kindergarten. The HTKS and working memory both predicted growth 

in literacy between the spring of prekindergarten and fall of kindergarten. Finally, neither the 

direct effect of EF or VMS nor the interaction between VMS with EF on growth in math and 

literacy scores was statistically significant between the fall and spring of kindergarten.  

Visual Motor Skills, Executive Function, and Math from the Fall of Prekindergarten to the 

Spring of Kindergarten  

Results for math showed that fall prekindergarten math scores were predicted by HTKS 

scores, inhibitory control, and working memory, and that growth in math between the fall and 

spring of prekindergarten was predicted by strong HTKS scores, cognitive flexibility, and VMS. 

Between the spring of prekindergarten and fall of kindergarten, growth in math was predicted by 

working memory, with fall kindergarten math predicting growth in math between the fall and 

spring of kindergarten. Results also showed that strong VMS compensated for low cognitive 
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flexibility in the fall of prekindergarten with math, and for growth in math for children with low 

HTKS scores between the spring of prekindergarten to fall of kindergarten.  

The above main effects are consistent with past work that examined multiple components 

of EF (i.e., McClelland et al., 2014), that show strong HTKS, inhibitory control, and working 

memory scores all predicted higher math achievement in the fall of prekindergarten. In past work 

examining VMS concurrently with measures of EF, only the HTKS and VMS predicted higher 

math scores (Becker et al., 2014). Other work examining the same EF measures on math growth 

from the fall to the spring of prekindergarten showed significant effects for all but working 

memory (McClelland et al., 2014).  When the same variables were assessed with VMS in the 

present study, inhibitory control no longer predicted growth. The DCCS, VMI, and HTKS are 

each related to inhibitory control (Becker et al., 2014; Best & Miller, 2010; McClelland et al., 

2014), but also tap specific cognitive skills such as working memory and visual motor 

integration. It is possible that when inhibitory control is assessed relative to tasks that also draw 

on inhibition, strong inhibitory control no longer predicts growth in math. 

At the fall of prekindergarten and kindergarten, results suggest that VMS could 

compensate for low cognitive flexibility and HTKS scores with initial math achievement and for 

growth in math between the spring of prekindergarten and fall of kindergarten, respectively. Past 

work has found independent associations between VMS and cognitive flexibility with math 

(Becker et al., 2014; McClelland et al., 2014), yet both have not been explored in the same 

model. The measure of cognitive flexibility asks children to sort according to different 

dimensions (color, shape, size). For children to perform the task they must inhibit attending to 

the previous sorting rule and sort according to the new rule. The shifting component inherent 

within tasks that require cognitive flexibility draw heavily on both inhibitory control and 
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working memory (Best & Miller, 2010), and both are highly predictive of math performance 

(Viterbori, Usai, Traverso, & De Franchis, 2015). Results could suggest that for children with 

low cognitive flexibility but high VMS, better VMS can compensate for the influence of low 

cognitive flexibility scores on math.  

The measure of cognitive flexibility used in the present study (the DCCS) requires 

children to shift between different rules. The ability to shift responses within everyday life 

requires the formation of a higher order rule. For example, a child who is familiar with a 

morning routine of getting up, eating breakfast, and going to school, must alter this behavior on 

non-school days. The higher order rule, the day of the week, needs to be established and 

understood to alter this routine. Understanding relations between numbers (e.g., 2 is less than 3), 

cardinality, and simple addition and subtraction requires the child to develop a higher order 

representation of an abstract symbol and shift how that symbol is represented.  Consequently, the 

ability to shift on the DCCS has been associated with better math performance (Coldren, 2013; 

McClelland et al., 2014).  

For children who have difficulty shifting, strong VMS could be acting to free cognitive 

resources. Although children in the fall of prekindergarten would have less classroom-based 

instruction focused on learning numbers, prior experience with visual and motor integration 

could help compensate for poor shifting when a child is presented with math related concepts. 

The HTKS, similar to cognitive flexibility, requires shifting, inhibitory control, and working 

memory (McClelland et al., 2014). The task also requires the former to be integrated with a 

behavioral response.  

At the same time, the ability to integrate visual and motor stimuli is independently 

associated with components of mathematical performance such as number line estimation 
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(Simms, Clayton, Cragg, Gilmore, & Johnson, 2016). Evidence also suggests that sensory-motor 

experience, the physical body, arm, and hand can be tied to the development of math skills 

(Moreau, 2013a; Moreau & Conway, 2013; Thompson, Nuerk, Moeller, & Kadosh, 2013). At the 

level of the physical body, fingers can be used to represent numerals (Di Luca & Pesenti, 2011; 

Fischer & Brugger, 2011), with hand preference influencing mental number line representations 

(i.e., the spatial location of a number along a number line) (Fabbri & Guarini, 2016).  

Thus, the ability to integrate visual and motor stimuli is also an underlying skill linked to 

the development of mathematical competency. However, given the nature of the interaction, 

where children high on either VMS or HTKS showed higher math achievement in the fall of 

kindergarten, the above findings also point to VMS and the HTKS acting as important skills that 

precede growth in math over the kindergarten year. Further, results also suggest that VMS is a 

unique skill that could compensate for low EF on math performance as a child enters both 

prekindergarten and makes the transition into kindergarten. 

Visual Motor Skills, Executive Function, and Literacy from the Fall of Prekindergarten to 

the Spring of Kindergarten  

For literacy in the fall of prekindergarten, cognitive flexibility, working memory, and VMS all 

predicted higher literacy scores. Yet between the fall and spring of prekindergarten, literacy was the 

only significant predictor of growth. The HTKS and working memory both predicted significant growth 

in literacy in the fall of kindergarten, with fall literacy the only significant predictor of growth between 

the fall and spring of kindergarten.  

Work with similar aged children show that VMS, working memory, the HTKS, and inhibitory 

control predict higher literacy achievement in the fall of prekindergarten (Becker et al., 2014; Cameron 

et al., 2015; Cameron et al., 2012), and children high on either VMS or inhibitory control perform better 
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on measures of literacy and vocabulary compared to children low on both (Cameron et al., 2015). The 

present study is a more comprehensive examination into connections among multiple indices of EF and 

VMS on early literacy development, and suggests that the ability to shift attention, hold and manipulate 

information, and integrate visual and motor stimuli is associated with higher literacy scores early in 

prekindergarten.   

At the same time, VMS did not compensate for growth in literacy at any time point. Although 

Cameron et al., (2015), found VMS compensated for low inhibitory control on a measure of print 

knowledge, it is possible that differences in the sample demographics could account for the significant 

interaction, as children in the Cameron study were more disadvantaged and contained more children 

from minority backgrounds than in the present study.  Literacy in the fall of kindergarten was the only 

significant predictor of growth in spring literacy, after accounting for VMS, inhibition, and shifting. 

However, given that the HTKS and working memory predicted fall kindergarten literacy scores, both 

appear to be an important prerequisite transitional skill for promoting literacy as a child enters and 

moves through kindergarten.  

Limitations  

This study revealed important connections among EF, VMS, and measures of math and 

emergent literacy achievement but some limitations must be noted. For example, the present 

study examined growth in math and literacy, but did not examine the role of growth in EF or 

VMS on the two outcomes. Given that past work has found that growth in the HTKS and VMS 

predict growth in math and literacy (McClelland et al., 2007; Cameron et al., in production), 

VMS could act to compensate for the lack of growth in EF on growth in literacy or math. 

Second, it was the goal of the present study to examine connections among the three components 

of EF (inhibitory control, working memory, cognitive flexibility), VMS, math, and literacy. 
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However, a latent variable approach could also yield important insights into the direct and 

compensatory role of EF and VMS on early achievement. This should be examined in future 

work. Finally, the present study ran multiple interactions which can inflate the risk of Type 1 

error. Despite these limitations, the present study revealed the importance of VMS in 

compensating for early math growth for children with low EF.   
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Table 1.1 
Descriptive Statistics for All Study Variables  

 Fall prekindergarten Spring prekindergarten Fall kindergarten Spring kindergarten 
 N M (SD) N M (SD) N M (SD) N M (SD) 
Age  426 56.20 4.07 405 61.67 3.59 322 67.78 3.67 304 73.75 3.61 
Percent Male  431 51.50% – 431 51.50% – 431 51.50 – – – – 
Percent Head Start  426 55.63% – 420 55.95% – – – – – – – 
Percent Ell 426 15.25% – 420 15.47% – 431 15.08% – 435 14.74% – 
HTKS 401 31.62 28.00 390 44.11 29.04 306 56.65 26.83 – – – 
DCCS 407 13.66 6.67 394 16.43 5.95 309 18.64 4.83 – – – 
Day-Night Stroop   407 23.89 8.84 393 26.74 7.35 310 28.85 4.55 – – – 
Working Memory  401 450.29 14.78 391 455.94 17.99 307 464.35 19.33 – – – 
VMS 413 12.06 2.36 397 13.42 2.53 309 14.95 2.27 – – – 
Mathematics   402 410.21 22.70 397 419.84 22.28 309 431.29 19.41 300 442.02 18.88 
Early Literacy 409 335.36 25.75 397 348.82 26.12 309 365.60 28.88 300 399.45 35.61 
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Table 1.2   
Bivariate Pairwise Correlations Between Variables. 
Variable  1 2 3 4 5 6 7 8 9 10 11 12 13 14 
1. Fall HTKS – .55 .32 .39 .34 .66 .38 – – – – – .64 .40 
2. Fall DCCS .50 – .29 .32 .30 .59 .30 – – – – – .52 .28 
3. Fall Day-Night Stroop   .37 .30 – .22 .24 .33 .28 – – – – – .28 .29 
4. Fall Working Memory  .35 .24 .13 – .21 .48 .40 – – – – – .45 .40 
5. Fall VMS  .29 .34 .23 .10 – .47 .37 – – – – – .41 .35 
6. Fall Mathematics   .52 .58 .33 .34 .42 – .53 – – – – – .81 .56 
7. Fall Early literacy .40 .41 .27 .29 .43 .53 – – – – – – .52 .81 
8. Spring HTKS .66 .54 .34 .35 .34 .61 .44 – – – – – – – 
9. Spring DCCS .45 .62 .24 .18 .35 .59 .39 .57 – – – – – – 
10. Spring Day-Night Stroop   .30 .28 .35 .15 .26 .36 .26 .34 .26 – – – – – 
11. Spring Working Memory  .39 .36 .24 .34 .23 .45 .38 .41 .33 .24 – – – – 
12. Spring VMS   .30 .37 .23 .12 .72 .40 .40 .31 .32 .22 .26 – – – 
13. Spring Mathematics   .56 .60 .35 .35 .46 .81 .53 .64 .61 .32 .45 .42 – .55 
14. Spring Early Literacy .34 .37 .21 .27 .38 .53 .81 .41 .41 .28 .38 .38 .53 – 

Correlations on the bottom diagonal are for prekindergarten. Correlations on the top diagonal are for kindergarten. 
Covariates (not shown) include parental education, child age (in months), Head Start status, gender, and English Language Learner 
status. 
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Table 1.3 
The Main Effect of Visual Motor Skills and Executive Function and Interaction Between Visual Motor Skills and Executive Function 
with Math    

 
 

Fall Prekindergarten 
Matha 

Spring Prekindergarten 
Matha 

Fall Kindergarten 
Matha 

Spring Kindergarten 
Matha 

Variable B SE B SE B SE B SE 
HTKS .10** .04 .07** .02 .36** .15 .06† .04 
DCCS 2.42*** .58 .49*** .12 .11 .14 .25 .18 
Day-Night Stroop .31* .13 .09 .10 .23 .13 -.11 .16 
Working Memory .16*** .04 .05 .04 .12** .04 .06† .04 
VMS 3.57*** .80 1.43*** .30 2.21*** .66 .43 .33 
VMS*HTKS – – – – -.02* .01 – – 
VMS*DCCS -.12** .04 – – – – – – 
VMS*DN  – – – – – – – – 
VMS*WM – – – – – – – – 
Mathb  – – .46*** .04 .50*** .08 .61*** .08 

Covariates (not shown) include parental education, child age (in months), Head Start status, gender, and English Language Learner 
status. 
B = Unstandardized Estimate. SE = Standard Error. 
†p < .10. *p < .05. **p < .01. ***p < .001 
aThe Woodcock-Johnson Applied Problems Subtest 
bThe Woodcock-Johnson Applied Problems Subtest Measured at the Time Point Prior to the Predicted Outcome   
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Table 1.4  
The Main Effect of Visual Motor Skills and Executive Function and Interaction Between Visual Motor Skills and Executive Function 
with Literacy  

 Fall Prekindergarten 
Emergent Literacya 

Spring Prekindergarten 
Emergent Literacya 

Fall Kindergarten 
Emergent Literacya 

Spring Kindergarten 
Emergent Literacya 

Variable B SE B SE B SE B SE 
HTKS .07† .04 -.02 .03 .11** .04 .10 .08 
DCCS .55* .22 .04 .14 -.40 .27 -.09 .31 
Day-Night Stroop .23† .14 .01 .10 -.06 .18 .34 .32 
Working Memory .25*** .07 .06 .06 .14* .06 .07 .09 
VMS 3.41*** .53 .21 .42 .33 .48 .85 .67 
VMS*HTKS – – – – – – – – 
VMS*DCCS – – – – – – – – 
VMS*DN  – – – – – – – – 
VMS*WM – – – – – – – – 
Literacyb  – – .78*** .04 .86*** .05 .92*** .05 

Covariates (not shown) include parental education, child age (in months), Head Start status, gender, and English Language Learner 
status. 
B = Unstandardized Estimate. SE = Standard Error. 
†p < .10. *p < .05. **p < .01. ***p < .001 
aThe Woodcock-Johnson Letter-Word Identification Subtest 
bThe Woodcock-Johnson Letter-Word Identification Measured at the Time Point Prior to the Predicted Outcome 
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Figure 1.1 Interaction between Cognitive Flexibility with Visual Motor Skills 

 
Fig.1. Note: VMS= estimated visual motor skills raw score on VMS task. Cognitive Flexibility = 
sum score on the Dimensional Change Card Sort. Covariates included in estimated applied 
problem scores. High and low VMS are graphed one standard deviation above and below the 
mean.  
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Figure 1.2. Interaction between Head Toes Knees Shoulders with Visual Motor Skills  

 
Fig.2. Note: VMS= estimated visual motor skills raw score on VMS task. Covariates included in 
estimated applied problem scores. High and low VMS are graphed one standard deviation above 
and below the mean.  
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Abstract 

 In the present study connections among participation in open- and closed-skilled sports, the 

metabolic intensity of each sport, and executive function (EF), literacy, and math achievement 

were explored in the third grade.  Utilizing data from the National Institute of Child Health and 

Human Development Study of Early Child Care and Youth Development (NICHD SECCYD), 

15 youth sports (e.g., soccer, basketball, swimming, running) were categorized by being either 

open- or closed-skilled, and by their level of intensity to assess if children who play open-skilled 

sports, metabolically intense sports, or both, have higher EF, literacy, and math scores. The 

interaction between open-skilled sports and sport intensity was also explored with EF, literacy, 

and math. Results showed the relationship between sport intensity and EF varied by the number 

of open-skilled sports, with sport intensity more related to EF for children who play fewer open-

skilled sports and less related for children who played a greater number of open-skilled sports. 

For math, results differed for the number of open-skilled sports and intensity of a sport, with 

intensity associated with lower math scores, and the number of open-skilled sports associated 

with higher math scores. Literacy was not significantly related to structured sports participation. 

These findings highlight relations between participating in structured sports with EF, math, and 

literacy achievement and add to the growing body of work that shows higher levels of physical 

activity are linked to better cognitive function. 
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Open-Skilled Sports, Sport Intensity, Executive Function, and Academic Achievement in Grade 

School Children 

 Although numerous studies demonstrate physical activity can improve the cognitive and 

physical health of children (Diamond & Lee, 2011; Diamond, 2012), the level of physical 

activity typically declines between preschool and adolescence (Gahche et al., 2014; U.S. 

Department of Health and Human Services 2012; Pellegrini & Smith, 1998). This suggests many 

children might not be reaping the cognitive and health benefits of an active lifestyle. For 

example, work shows that physical activity and fitness are linked to better executive function 

(EF) skills, which are defined as the conscious control of thought and action (Garon, Bryson, & 

Smith, 2008) and is highly related to academic success (McClelland et al., 2007). Along with the 

connection to EF, physical activity is also linked to higher academic achievement (Davis et al., 

2011; Kamijo et al., 2011). Yet despite the above decline in physical activity, it is estimated that 

21.47 million children between age 6 and 17 play some form of structured sports (Sabo, & Veliz, 

2008), with little known about the cognitive and academic benefits that could be associated with 

structured sports participation.  

 Work with children suggests playing modified versions of soccer and basketball can 

enhance EF and academic achievement (Budde, Voelcker-Rehage, Pietraßyk-Kendziorra, 

Ribeiro, & Tidow, 2008; Davis et al., 2011), but no study has assessed if certain sport types, such 

as open-skilled (e.g., soccer) and closed-skilled (e.g., swimming) sports are more related to EF, 

literacy, and math. For example, a sport can be classified as open-skilled, such as baseball and 

soccer, which require the ability to process information about opponents, teammates, the field, 

and the ball. Sports can also be physically intense, such as swimming or running, which require 
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repetitive motor movements (Ainsworth et al., 2011). Given that participating in both open-

skilled sports and physically intense physical activity are linked to cognitive performance (Davis 

et al., 2011; Castelli, Hillman, Buck, & Erwin, 2007), it is possible that playing open-skilled 

sports, physically intense sports, or some combination of the two could be related to EF, literacy, 

or math. It is also possible that connections between physical intensity with EF, literacy, or math 

could vary based on if a sport is open-skilled, as physical intensity could be more important for 

children who play fewer open-skilled sports. In the present paper, utilizing a concurrent research 

design, we assessed if children between 8-9 years who participated in 15 sports that varied by 

intensity and open-skills had higher EF, literacy, and math scores. We also assessed if playing a 

greater number of open-skilled sports moderated the relationship between intensity with the three 

outcomes. 

Sport Intensity and Open-Skilled Sports  

 Structured sports can be categorized as being either open (externally paced) or closed (self-

paced) skilled (Singer, 2000). Although there are other sport classifications (van der Fels et al., 

2015), the present paper focused on open-skilled sports given their connection with EF (Davis et 

al., 2011). In general, the context of an open-skilled sport is fluid and shifting (e.g., soccer, 

basketball, softball), whereas the setting of a closed-skilled sport is stable and repetitive (e.g., 

running, swimming).  At varying levels, all sports place demands on aspects of cognition, such 

as attention and EF (i.e., working memory, inhibitory control, attentional flexibility), but the 

demands on cognition during an open-skilled sport are externally driven and vary from situation 

to situation. For example, in soccer, players continually move, participants must rapidly adjust 

movements when receiving or passing the ball, and attention must be given to one's position 

relative to teammates and opponents. These actions are also carried out in response to the actions 
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of others, and are thus externally paced. During a closed-skilled sport such as running or 

swimming, the setting shifts relative to the pace of the runner, motor actions are more repetitive, 

and less attention is needed to attend to teammates and opponents. Data for the present paper 

included both open- and closed-skilled sports, however sports were not classified along a 

continuum. Each of the 15 sports was categorized as being open-skilled, or not open-skilled (Lin 

et al., 2013; Saemi, Porter, Varzaneh, Zarghami, & Shafinia, 2012; Singer, 2000).  

 Each sport was also categorized by its level of physical intensity by using a metabolic 

equivalent (MET) value (Ainsworth et al., 2011). A MET is a physiological index that expresses 

the energy expenditure during a given activity. In terms of youth MET values, watching 

television has a MET value of 1.2, walking with light to moderate effort is between 2.9 - 3.6 

METs, and light to vigorous jogging is between 7.7 - 9.3 METs. Each of the 15 sports was given 

a MET value to assess the relationship between open-skilled sports and sport intensity with EF, 

literacy, and math.  

Structured Sport Intensity and Executive Function 

Executive function (EF) is a set of cognitive processes involved in the control of goal-

directed cognition and behavior (Koziol, Budding, & Chidekel, 2012; Miyake, Friedman, 

Emerson, Witzki, & Howerter, 2000). EF involves the ability to hold and manipulate information 

(working memory), inhibit responding to prepotent non-goal directed stimuli (inhibitory control), 

and the ability to monitor and shift between competing information (cognitive flexibility) 

(Miyake et al., 2000). These skills are involved in the regulation of thought and action 

(McClelland & Cameron, 2012), and aid in the development of abstract thought and the 

formation of rules involved in the learning process (Kharitonova & Munakata, 2011; Snyder & 

Munakata, 2010).  
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The connection between structured sports and EF can be found in two aspects of 

participation: the physical activity inherent within the sport, and the difficulty of playing a sport 

in which the play setting continually shifts. For the former, in the present study, each sport is 

categorized by its metabolic equivalent (MET) value. In work specifically looking at physical 

activity intensity, children who spend more time in moderate to vigorous physical activity 

(MVPA), which is equivalent to METs between 2.9 - 9.3, are found to have higher EF. For 

example, during a single outdoor play session, Becker and colleagues found that prekindergarten 

children who spent more time in MVPA also performed better on a gross motor EF task (Becker 

et al., 2014). Similar connections were also found for children between ages 7 and 11 who spent 

seventy minutes in MVPA over a nine-month period (Hillman et al., 2014). At similar ages, 

better working memory was associated with nine months of daily participation in 70 minutes of 

MVPA (Kawasaki, Yasuda, Fukuhara, & Higuchi, 2011).   

 For open-skilled sports, the game context continuously shifts and children must keep track 

of, remember, and adjust to the game situation as it evolves.  Evidence suggests this shifting 

context could relate to greater retention of motor skills and increased activation in cortical 

systems involving EF (Lin et al., 2013; Saemi, Porter et al., 2012). Neurons in the hippocampus 

are also found to increase with physical activity (Kronenberg et al., 2006; van Praag, 

Kempermann, & Gage, 1999), but this growth is only maintained when the physical activity is 

coupled with skill based physical learning (Curlik II, Maeng, Agarwal, & Shors, 2013; Curlik Ii 

& Shors, 2013; Shors, Anderson, Curlik Ii, & Nokia, 2012).  

  In younger samples, evidence suggests that activities that more closely resemble open-

skilled sports, such that combine aerobic movement, complex motor skills such as kicking, 

throwing, catching, and are played in a shifting context, are linked to higher EF and math scores 
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in children (Chang, Tsai, Chen, & Hung, 2013; Davis et al., 2011). The majority of these studies 

examine acute coordinative exercise and physical activity games that tap EF. In one study, after a 

single bout of exercise requiring motor coordination, normal weight children between thirteen 

and sixteen showed higher EF, with no effect found on EF for children who participated in the 

exercise only condition (Budde, Voelcker-Rehage, Pietraßyk-Kendziorra, Ribeiro, & Tidow, 

2008). In a related study, Pesce, et al. (2009) put two groups of 11 to 12 year- olds through 

separate exercise conditions with similar MET levels, circuit training program or open-skilled 

team games, and found that the sport like games improved both delayed and free recall of 

memory. However, the closed-skill circuit training condition also improved delayed recall. 

Finally, Schmidt, Egger, & Conzelmann, (2015), found similar effects on EF for children 

between 11 and 12 who participated in ninety minutes of open-skilled type physical activity. 

 In work examining the effects of participating in chronic, or long term physical activity, 

obese children between seven and eleven who participated in 40 minutes of basketball and soccer 

games over thirteen weeks showed improvement in fitness, EF, and math achievement, and 

demonstrated increased activation in the prefrontal cortex relative to controls on an EF task 

(Davis et al., 2011). These results suggest the growth in EF may not have been related to 

improved fitness, but rather to the increased time spent playing open-skilled sports. However, 

intervention work has found changes in EF following aerobic training (Kamijo et al., 2011), with 

weekly participation in activities with higher MET values also related to higher EF (Swagerman 

et al., 2015). Thus, it is possible MET intensity could be more important when a child plays 

closed-skilled sports, and less important when a child plays a greater number of open-skilled 

sports.  

 In the present study, we were interested in examining if children who participated in 15 
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sports that varied by intensity and open-skills had higher EF, literacy, and math scores. We were 

also interested in assessing if playing open-skilled sports moderated the relationship between 

intensity with the three outcomes. 

Associations Between Executive Function and Learning 

 One reason it is important to study factors that improve EF is the well-documented 

association between EF and a variety of academic and cognitive outcomes. For example, 

between ages 7 and 12, EF has been found to facilitate the understanding of mathematical 

concepts, the development of learning strategies, and strategy application (Imbo & 

Vandierendonck, 2007; van der Ven, Boom, Kroesbergen, & Leseman, 2012). Research suggests 

that EF is highly involved in learning and predicts academic success in prekindergarten (Becker, 

Miao, Duncan, & McClelland, 2014; Duncan et al., 2007; McClelland et al., 2007), and grade 

school (Best, Miller, & Naglieri, 2011; Imbo & Vandierendonck, 2007; Sarver et al., 2012). 

Strong EF at age 4 is found to predict the odds of completing college by age 25 (McClelland, 

Acock, Piccinin, Rhea, & Stallings, 2013). EF is also related to the development of abstract 

thought, creativity, and scientific understanding (Benedek, Jauk, Sommer, Arendasy, & 

Neubauer, 2014; Kharitonova & Munakata, 2011; Zaitchik, Iqbal, & Carey, 2014).  

 The connection between EF and numerous components of learning point to a need to better 

understand factors that could improve EF early in a child's academic career. In this study, we 

assess connections among open-skilled and metabolically intense sports with EF, literacy, and 

math achievement.  

Connections Between Physical Activity, Sports Participation, and Academic Achievement  

 Although connections between participating in open- and closed-skilled sports and 

achievement have not been extensively examined, research investigating physical activity and 
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physical fitness shows positive connections between activity level and academic achievement.  

Experimental training studies with elementary and middle school students demonstrate that 

children who participate in more vigorous physical activity have higher grades relative to 

controls (Donnelly et al., 2009; Donnelly & Lambourne, 2011). A cross-sectional study found 

that children between ages 13 and 18 participating in sports activities had higher verbal and 

numeric reasoning (Ruiz et al., 2010). Davis and colleagues found dose-response effects on EF 

and math scores for obese children between 7 and 11 who participated in an intervention that 

combined running, jump rope, and modified basketball and soccer (Davis et al., 2011). In 

addition, higher levels of fitness have been linked to higher math and literacy achievement in 

grade school students (Castelli et al., 2007; Eveland-Sayers, Farley, Fuller, Morgan, & Caputo, 

2009), and to academic achievement in adolescent samples (Kwak et al., 2009; Ruiz et al., 2010).  

 Other studies have found that participating in open- and closed-skilled sports is related to 

better spatial skills (Jansen & Lehmann, 2013; Moreau, 2012, 2013; Ozel, Larue, & Molinaro, 

2004; Pietsch & Jansen, 2012), which could support a link to both math and literacy achievement 

through spatial processing (DeStefano & LeFevre, 2004; O'Boyle et al., 2005; Reuhkala, 2001; 

Thompson, Nuerk, Moeller, & Kadosh, 2013). Consistent with the connection between spatial 

skills and sport participation, there is also evidence that between the ages of 8 and 9 (i.e., third 

academic year), children begin to rely on brain regions associated with spatial processing during 

math related problem solving (Meyer et al., 2010; Simmons, Willis, & Adams, 2012). It is 

possible that given the above connections among open- and closed-skilled sports, spatial skills, 

math, and literacy, the third academic year is an optimal time to examine these connections. The 

present study assessed if children between age 8 and 9 who participated in sports that varied in 

the level of intensity or open-skills had higher EF, literacy, and math scores, and if playing open-
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skilled sports moderated the relationship between intensity with the three outcomes. 

Summary and Hypotheses  

 The purpose of this study was to assess if the metabolic intensity of a sport, the open-

skilled component of the sport, or the interaction between sport intensity and playing open-

skilled sports was related to EF, literacy, and math skills in a sample of third grade children. 

Thus, there were three research questions: 

 Research Question 1: Is sport metabolic intensity, open-skilled sports, or the interaction 

between sport intensity and open-skilled sports related to executive function? 

   Research Question 2: Is sport metabolic intensity, open-skilled sports, or the interaction 

between sport intensity and open-skilled sports related to math scores? 

 Research Question 3: Is sport metabolic intensity, open-skilled sports, or the interaction 

between sport intensity and open-skilled sports related to literacy scores?  

  To address these questions, 15 sports were categorized by determining if the sport was 

either open or closed-skilled (Lin et al., 2013; Saemi et al., 2012; Singer, 2000). Sports were also 

grouped by level of intensity by determining the sports MET value. Analyses included only 

children who play one of the 15 sports included in the NICHD study.  

 Based on research showing that better EF and academic achievement are related to the 

intensity of physical activity (Becker et al., 2014; Donnelly et al., 2009; Donnelly & Lambourne, 

2011; Davis 2012; Ruiz et al., 2010) and participating in open-skilled structured sports (Chang, 

Tsai, Chen, & Hung, 2013; Davis et al., 2011; Moreau et al., 2011), this study addressed the 

hypothesis that the metabolic intensity of a sport and playing a greater number of open-skilled 

sports would be positively related to children’s EF, math, and literacy scores. It was further 

hypothesized that playing open-skilled sports would moderate the relationship between sport 
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intensity with children’s EF, math, and literacy scores. It was predicted that the number of open-

skilled sports, and intensity of a sport (either open- or closed-skilled) would be positively related 

to the three outcomes.  It was also predicted that the metabolic intensity of a sport would be more 

strongly related to EF, math, and literacy scores for children who play fewer open-skilled sports 

and less strongly related to EF, math, and literacy scores for children who play a greater number 

of open-skilled sports.   

 In all analyses we controlled for child gender, family income, and maternal education. 

Parent education and family income are shown to be significantly related to early academic 

outcomes (Evans & Rosenbaum, 2008; McClelland et al., 2007). Further, aspects of 

socioeconomic status are related to after school or leisure time activities (e.g., Bodovski & 

Farkas, 2008; Lareau 2003). 

Method 

Study Design  

 Data came from the National Institute of Child Health and Human Development (NICHD) 

Study of Early Child Care and Youth Development (SECCYD), a longitudinal study that 

included 10 locations throughout the United States. Recruitment and selection procedures are 

described in detail elsewhere (see http://secc.rti.org). Of the 8,986 mothers who gave birth during 

the sampling period in 1991, 5,416 (60%) met the eligibility requirements and agreed to be 

telephoned within 2 weeks following the birth of the child. Families included in the SECCYD 

met all of the following criteria: the mother of the targeted child was age 18 years or older, spoke 

English, and lived within an hour of a research location. Of the eligible mothers, a conditionally 

random sample of 3,015 received a 2-week follow-up phone call. Selection criteria ensured that 

the following groups represented at least 10% of the total sample: single parent households, 
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mothers with less than a high school education, and mothers identifying as ethnic minorities. 

Families were excluded if the baby had been hospitalized for more than 7 days, the family 

expected to move in the next 3 years, or they could not be reached in three attempts. A total of 

1,525 families were determined to be eligible and agreed to an interview, with 1,364 families 

completing a home interview when the infant was 1 month old. Phase I (1991-1995) included the 

1,364 children at age one month. At phase II (1996-1999), 1,220 of the enrolled children and 

families were followed through first grade and phase III (2000-2004) followed 1,100 children 

through sixth grade. Phase III was used in the present study.  

Participants 

 The original sample included 1,364 children (52% male), with 1,100 comprising the active 

participants in 3rd grade (between ages 8 and 9). Of the 1,100 children from the original sample, 

660 children played at least one of the 15 sports included in the data set. Only children who 

played a sport were included in the present analysis. For children included in the analysis, the 

average years of maternal education reported at the beginning of the study (when the child was 1 

month of age) was 14.79 years (SD = 2.37).  The average family income, $84,373.03 (range 

$2,500 to $500,001, was measured when the child was in 3rd grade.  

Measures  

 Open-Skilled Structured Sports. Data for the NICHD study was collected on a year-in-

school basis. When children were in third grade, mothers (or other parents/guardians) were asked 

to complete an interview designed to measure parental support for child physical activity. The 

parent interview was completed in a one-on-one format with the mother or guardian of the study 

child. Structured sports participation was measured by asking parents if the child participated in 

any of 15 sports over the past year.  All sports selected for the present analysis were considered 
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either open- or closed-skilled (Singer, 2000). Data for structured sports participation was 

available for 897 children. Among the children who participated in at least one sport, 318 

participated in one closed-skilled sport, and 583 participated in one open-skilled sport. For 

children participating in two or more sports, 451 participated in mixed sports (i.e., at least one 

open- and one closed-skilled sport), 84 participated in two or more closed-skilled sports, and 339 

participated in two or more open-skilled sports (see Table 2.1).    

 The 15 sports were categorized by determining if the sport was open-skilled (Singer, 

2000). A sport was categorized as open-skilled if the context was fluid and shifting, externally 

driven, and highly variable. The open-skilled variable was a count of the number of open-skilled 

sports a child played. The number of open-skilled sports ranged from 0 to 6. Children who had 

parents that reported that the child only played a closed-skilled sport received a 0.  

 Metabolic equivalent. Along with sport complexity, each sport, both open- and closed 

skilled, was given a metabolic equivalent (MET) intensity value. Frequency and duration of sport 

participation was not available, and therefore cumulative intensity could not be determined. 

Therefore, the MET per minute value for each sport was taken from the Compendium of 

Physical activity (Ainsworth et al., 2011) and the Compendium of Physical Activity for Youth 

(Ridley et al., 2008). A MET value of 1 is considered the resting metabolic rate obtained during 

quiet sitting, determined to be the ratio of work metabolic rate to a standard resting metabolic 

rate (Ainsworth et al., 2000). In the youth Compendium, watching television has a MET value of 

1.2, walking with light to moderate effort is between 2.9 - 3.6 METs, and light to vigorous 

jogging is between 7.7 - 9.3 METs. Where possible, MET values were taken from the 

Compendium of Physical Activity for Youth (Ridley et al., 2008). If a sport was not contained in 

the youth Compendium, MET values were then taken from the 2011 Compendium (Ainsworth et 
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al., 2011). Two sports were not listed in the youth Compendium (dance, cheerleading). MET 

values for both dance and cheerleading were taken from (Ainsworth et al., 2011). The final MET 

score for each participant represents a sum of the METs for each sport, both complex and non-

complex, that a parent reported a child played during the third grade year.  

 Executive Function. Executive function was assessed using the Tower of Hanoi (TOH) 

task (Borys, Spitz, & Dorans, 1982). In the TOH, children are required to move a configuration 

of rings from one peg to another without violating constraining rules. The child is presented with 

two sets of 3 vertical pegs. One set represents the goal state and shows rings in prearranged 

positions. The other set also includes prearranged rings but these rings need to be moved from 

their positions so as to replicate the arrangement on the goal state set of pegs. The movement of 

the rings is constrained by three rules: 1. Only one ring can be moved at a time; 2. Large rings 

cannot be placed on smaller rings; and 3. A ring must be on a peg or in a player's hand at all 

times. The TOH taps the component skills that make up the EF construct: inhibitory control, set 

shifting, and working memory (Best & Miller, 2010).  The child is given a maximum of 6 trials 

to complete each task. Planning efficiency scores, which reflect the number of trials needed to 

successfully complete a task, were calculated based on a coding system developed by Borys and 

colleagues (1982). A maximum score of 6 is given if the task is successfully completed on the 

first two trials; a score of 5 is given if it is successfully completed on the second and third trials, 

and so on.  Scores on the individual tasks were summed to yield a total planning efficiency score 

for the present analysis for Tasks 2 through 7. Values range from 0 to 35, with higher scores 

reflecting greater EF. The raw items used to create this score have moderate internal reliability (6 

items, Cronbach’s alpha = .75). 
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Woodcock-Johnson Measures 

 Selected tests from the Woodcock-Johnson Psychoeducational Battery - Revised (WJ-R; 

Woodcock & Johnson, 1989) measured academic functioning in this study. All WJ-R measures 

were administered during lab visits at each of the participating sites. Analyses were run using W-

scores, as they utilize Rasch-based measurement models to create equal-interval scales (Mather 

& Woodcock, 2001). All W-scores are centered at 500, which are considered the mean score for 

a 10-year-old (Woodcock, McGrew, & Mather, 2001). 

In this study, the Applied Problems subtest was used to assess math ability and the Letter 

Word Identification was used to assess literacy. Previous research has found the WJ-R Applied 

Problems and Letter Word Identification subtests to be reliable and valid (Guo, Sun, Breit-Smith, 

Morrison, & Connor, 2015; Hamre & Pianta, 2005; Mather & Woodcock, 2001; McGrew & 

Woodcock, 2001; McGrew, Schrank, & Woodcock, 2007; Woodcock & Mather, 2000). 

 Math. The Applied Problems subtest involves understanding quantities, simple 

calculations, and solving practical problems using mathematical skills that include calculations in 

response to word and story problems that tap both basic and conceptual skills.  

 Literacy. The Letter-Word Identification test is a measure of basic sight word 

identification. The first five items involve the ability to match a pictographic representation of a 

word with an actual picture of the object. The remaining items require the child to read and 

identify letters and words independent of context.  

Analytic Plan 

 All analyses were completed using Stata 13.1 (StataCorp, 2013). The percent of missing 

data ranged from < .01% to .18%, with Full Information Maximum Likelihood estimation 

(FIML) used to address the issue of missing data (Schafer & Graham, 2002). FIML utilizes all 
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available information and has been shown to produce less biased estimates than listwise deletion 

(Acock, 2012; Enders, 2001). Children were nested in 616 classrooms (range: 1–5 children in 

each class) in 10 research sites (range: 98–118 children in each site). Intra-class correlation 

coefficients (ICCs) at the site level were small (ICC range: <.001, .02). At the classroom level, 

ICCs ranged from .000 for executive function to .24 for math and .13 for literacy. Although 

children were sampled from classrooms, the majority of the classrooms (88%) contained one 

child, meaning the ICCs were estimated using only 12% of the total sample. We therefore did not 

use multilevel modeling, but instead adjusted standard errors to account for clustering at the 

classroom level. 

 For each model, maternal education, child’s gender, and family income were used as 

controls. To assess if EF, literacy, or math is stronger for children who play physically intense 

sports, open-skilled sports, and if relations between physical intensity with EF, literacy, or math 

vary based on the number of open-skilled sports, model one regressed each outcome on intensity, 

open-skills, and the interaction between intensity and open-skills. Each non-significant 

interaction was removed first, followed by non-significant main effects (i.e., intensity, open-

skills).  

Results 

 Table 2.1 contains descriptive statistics for open- and closed-skilled sports, and Table 2.2 

descriptive statistics (including correlations) for all variables included in the current analyses. 

Bivariate correlations showed positive significant associations between open-skilled sports with 

EF and math (see Table 2.2). Child gender was positively related to both sport intensity and 

open-skilled sports, suggesting boys were more likely to play both type of sports. 

 Research Question 1: Is sport metabolic intensity, open-skilled sports, or the interaction 
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between sport intensity and open-skilled sports related to executive function? 

 Results for model one showed the number of open-skilled sports moderated the effect of 

sport intensity on children’s executive function in the third grade (ß = -.19, B = -.03, p = .048); 

see Table 2.3). A test of the regions of significance (Preacher, Curran, & Bauer, 2006), to 

identify the number of open-skilled sports within which sport metabolic intensity was linked 

with children’s executive function, showed that for children who played two or fewer open-

skilled sports, sport metabolic intensity predicted higher EF. This group included children 

participating in two or fewer open-skilled sports and closed-skilled sports. Sport metabolic 

intensity also predicted higher EF for children who played no open-skilled (i.e., only closed-

skilled) sports. However, for children who played three or more open-skilled sports, sport 

metabolic intensity predicted lower EF (see Figure 2.1). Again, this group included children 

participating in three or more open-skilled sports and closed-skilled sports.  

   Research Question 2: Is sport metabolic intensity, open-skilled sports, or the interaction 

between sport intensity and open-skilled sports related to math? 

 Results for model one showed playing open-skilled sports did not moderate the effect of 

sport intensity on children’s math scores (see Table 2.3). The interaction was removed for model 

two, with a significant negative relationship found for sport intensity (ß = -.13, B = -.14, p = 

.029) with math. However, a positive significant relationship was found between open-skilled 

sports (ß = .19, B = 2.11, p = .005) with math scores.    

 Research Question 3: Is sport metabolic intensity, open-skilled sports, or the interaction 

between sport intensity and open-skilled sports related to literacy scores?  

 Results for model one and model two indicated that neither the interaction between sport 

intensity and open-skilled sports, nor the effect of sport intensity or open-skilled sports 
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significantly concurrently predicted emergent literacy scores in the third grade (see Table 2.3). 

Discussion 

 Prior studies have indicated that better EF and academic achievement are related to the 

intensity of physical activity (Becker et al., 2014; Davis 2012) and participating in open-skilled 

structured sports (Chang et al., 2013; Davis et al., 2011), but the cognitive and academic benefits 

of sports participation are not fully understood. Therefore, the purpose of this study was to assess 

if the metabolic intensity of a sport, the open-skilled component of a sport, or the interaction 

between sport intensity and the number of open-skilled sports was related to EF, literacy, and 

math in a sample of third grade children. Results supported the hypothesis that the number of 

open-skilled sports would significantly moderate the relationship between sport metabolic 

intensity with EF but not with math or literacy scores. Metabolic intensity was more related to 

EF for children who played two or fewer open-skilled sports. For math, results showed a 

negative association between sport metabolic intensity with lower math scores. However, 

playing open-skilled sports was associated with higher math scores. Finally, results showed no 

significant association between sport participation and literacy scores.  

Sport Intensity, Open-skilled Sports, and Executive Function   

 Results showed that the number of open-skilled sports significantly moderated the 

relationship between playing metabolically intense sports with EF, with metabolic intensity less 

related to EF for children who played three or more open-skilled sports. For children who played 

two or fewer open-skilled sports, metabolic intensity was positively associated with higher EF. 

This means that for children who play a greater number of open-skilled sports, the relationship 

with EF is not heightened by playing sports with a greater metabolic demand.  

 Studies assessing open-skilled sports in adults (e.g., Vestberg et al., 2012), and children 
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(Davis et al., 2011), find that playing open-skilled sports is related to EF. Adults who participate 

in closed-skilled sports (e.g., swimming) and children who spend more time in moderate to 

vigorous physical activity are also found to have higher EF (Becker et al., 2014; Hillman et al., 

2014; Davis et al., 2011). Findings in the present study shed light on the above connections, 

suggesting for children who play a greater number of open-skilled sports, the relationship with 

EF is not heightened by playing sports with a greater metabolic demand. Rather, for these 

children, EF declines as sport metabolic intensity increases. For children who play fewer open-

skilled sports, EF increases as sport metabolic intensity increases.   

 To understand the above connections, it is important to keep in mind that as metabolic 

intensity builds, the number of sports increases. That is, sports with some of the highest 

metabolic intensity, such as skating, swimming, soccer, and basketball have metabolic values 

ranging between 8.8 and 10.  At higher metabolic values, outside of sport complexity, children 

could be playing up to 6 or more sports.  Given that the range of open-skilled sports was from 0 

to 6, children in the high open-skilled sport group could also be playing up to 6 open-skilled 

sports in addition to playing closed-skilled sports. For these children, the increased number of 

complex sports, or the repetition that could be found with playing sports with similar cognitive 

demands and the high number of sports played overall could lead to the association between 

lower EF with higher metabolic demands. 

 At the same time, although statistically significant, the drop in EF scores for children who 

play more open-skilled sports was small. Taken another way, results could suggest that sport 

metabolic intensity is more important for children who play fewer open-skilled sports. This is 

demonstrated by children who play no open-skilled sports (i.e., only closed-skilled sports), with 

these children showing the steepest increase in EF with increases in metabolic intensity.  This 
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suggests that at low metabolic demands, higher EF is associated with playing a greater number of 

open-skilled sports. However, when a child plays fewer open-skilled sports, higher EF is found 

when the sports have a higher metabolic intensity.   

Sport Intensity, Open-skilled Sport, and Math  

 Results suggested that sport intensity did not moderate the association between the number 

of open-skilled sports with math. Past work shows children who participate in more vigorous 

activity, who are physically fit, or participate in open-skilled sports have higher math 

achievement (Castelli, et al., 2007; Davis et al., 2011; Eveland-Sayers et al., 2009). Results 

partially agree with the above findings, as playing open-skilled but not intense sports was 

positively associated with math scores.  Further, consistent with the negative association found 

with the interaction for EF for children who played three or more open-skilled sports, metabolic 

intensity was negatively associated with math scores. 

 The above finding could suggest the relationship to math could be specific to some 

component, such as improved spatial skills, which is associated with math performance and 

participating in open-skilled sports. Support for this hypothesis is found in studies showing open-

skilled sports are linked to spatial processing (Jansen & Lehmann, 2013; Moreau, 2012; Pietsch 

& Jansen, 2012), which is connected to performance on math related tasks (Casey, Pezaris, & 

Nuttall, 1992; Reuhkala, 2001; DeStefano & LeFevre, 2004). There is also evidence that the 

growth in mathematical problem solving between ages seven and nine years (i.e., second and 

third grade) relates to a shift in visuospatial representations during math related problem solving 

(Meyer et al., 2010; Simmons et al., 2012). This shift corresponds to neurodevelopmental 

changes that suggest that between ages seven and nine children rely more on areas of the 

posterior parietal cortex (Rosenberg-Lee et al., 2011), which is associated with visuospatial 
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attention when solving math related problems (Andres, Pelgrims, Michaux, Olivier, & Pesenti, 

2011; Wu et al., 2009).  

 The activation in the posterior parietal cortex also suggests less reliance on frontal areas 

involved in EF (Meyer et al., 2010) and could help explain the negative association between EF 

and metabolic intensity.  That is, at higher metabolic values, children could be playing up to 6 or 

more sports. Whereas playing fewer open-skilled, metabolically intense sports could lead to 

higher EF, it could subtract from the development of math related skills through the time needed 

to participate in such activities. Given the age of the sample, these children could also be relying 

less on frontal areas involved in EF (Rosenberg-Lee et al., 2011). It is possible that participating 

in open-skilled sports is improving aspects of spatial processing, and improved spatial processing 

is related to the higher math scores (Cheng and Mix, 2014). 

Sport Intensity, Open-skilled Sports, and Literacy Achievement   

 For the literacy outcome, structured sports participation (intensity or open-skilled) was not 

significantly related to literacy scores. This is consistent with Eveland-Sayers and colleagues 

(Eveland-Sayers et al., 2009) who found more physically fit third grade students had higher math 

but not literacy achievement. Although other work shows physical activity and better fitness 

predict literacy (Castelli et al., 2007; Donnelly & Lambourne, 2011; Ruiz et al., 2010), it is 

possible that open-skilled sports tap an underlying mechanism outside of EF that relates more to 

math relative to literacy. For example, as EF is highly involved in mathematical problem solving 

(Bull & Scerif, 2001) we would have expected to find a similar relationship for both EF and 

math. It is possible that the relationship to EF and math is likely specific to some component, 

such as improved EF and spatial skills, which is also related to metabolic intensity and playing 

open-skilled sports. 



OPEN-SKILLED SPORTS, SPORT INTENSITY, AND LEARNING  
 
 

81 

Limitations and Future Directions  

 This study revealed links among metabolically intense and open-skilled sports, EF, and 

measures of math and literacy achievement, but there were also a number of limitations. First, 

given that this was a cross-sectional study with the goal to investigate a potential association 

between sports participation and EF, literacy, and math, it was not possible to assess the 

directionality between sports participation with these cognitive outcomes. It is entirely possible 

that children with better EF and spatial skills selectively chose to participate in open-skilled 

sports. Future work should assess longitudinal connections between sports participation, EF, and 

math, and assess if EF mediates associations between early sports participation and later math 

and literacy achievement.  Second, frequency and duration was not available, making it 

impossible to assess cumulative intensity. We therefore could not determine the amount of time a 

child spent participating in each sport. Future work should objectively assess physical activity. 

However, given that little research has examined how participating in open-skilled sports could 

relate to EF, literacy, and math, this study is a starting point for future work in this area. Further, 

results can only be generalized to the 15 sports analyzed in the present analysis. Future work 

should examine if similar connections are found with other less traditional sports. Finally, the 

present sample was relatively advantaged and the results might be less generalizable to 

disadvantaged or at-risk children. Future work should assess connections between sports 

participation with EF and academic achievement with a more diverse sample.       

Conclusions and Implications 

 Although more work is needed to fully understand the link between sports participation 

and EF and academic achievement, results from this study further our understanding of these 

connections and offer both practical and theoretical implications for teaching and research. At a 
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translational level, an understanding that metabolic intensity, when coupled with tasks that 

require EF, promote better EF and academic achievement could be used to guide teaching 

strategies (see Kibbe et al., 2011; Trost, Fees, & Dzewaltowski, 2008), and organize physical 

activity education. This knowledge could also inform interventions aimed at improving early EF 

and achievement (Diamond, 2012; Schmitt, McClelland, Tominey & Acock, 2015), with an 

emphasis on promoting skills such as spatial processing to aid math performance.   
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Table 2.1 
Open and Closed-Skilled Sport Groupings    

Open-Skilled Sports N Closed-Skilled Sports N Sport Groups  N 
Baseball/Softball  313 Swimming  207 One Closed-skilled Sports 52 
Martial Arts  55 Cheerleading  39 One Open-skilled Sports 25 
Hockey: Field, Roller, Ice  35 Skating: Inline, Ice  73 Two Closed-skilled Sports 144 
Tennis  44 Track and Field  30 Two Open-skilled Sports 180 
Football  59 Dance: Team/Groups  103 Mixed Open/Closed-skilled Sports 259 
Soccer  318 Skateboarding  9   
Basketball  257     
Volleyball  9     
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Table 2.2  
Descriptive Statistics and Bivariate Pairwise Correlations Between Variables. 

Variable 1 2 3 4 5 6 7 8 
1. Sport Intensity  - - - - - - - - 
2. Open-Skilled Sports  .75*** - - - - - - - 
3. aExecutive Function .07† .09* - - - - - - 
4. bLetter Word .04 .06† .19*** - - - - - 
5. cApplied Problems .06† .15*** .24*** .55*** - - - - 
6. Gender .13*** .36*** -.04 -.00 .05 - - - 
7. Maternal Education  .11** .11** .12** .28*** .28*** -.01 - - 
8. Family income .13*** .13** .13*** .22*** .21*** -.05 .45***  - 
N 660 660 640 641 640 660 660 634 
Mean 18.37 1.65 18.07 495.38 499.04 - 14.79 84,373 
SD 10.76 1.04 7.53 17.58 11.37 - 2.37 69,154 
Min 5.3 0 0 427 448 0 7 2,500 
Max 73.17 6 35 536 525 1 21 500,001 

Note. Tower = Executive Function,  
aW score.  
†p < .10. *p < .05. **p < .01. ***p < .001 
aTower of Hanoi 
bThe Woodcock-Johnson Applied Problems Subtest (Math) 
cThe Woodcock-Johnson Letter-Word Identification subtest (Reading) 
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Table 2.3 
Regression Model Results: Main Effects Open-skilled Sports, Sport Intensity, and the Interaction Between Open-skilled Sports and 
Intensity with Executive Function, Math, and Literacy. 

 
Executive Functiona  

Model 1 
Mathb Final Model  

 
Literacyc  Model 2  

Variable B SE β B SE β B SE β 
Sport Intensity  .05 .06 .07 -.14* .06 -.13 -.05 .10 -.03 
Open-Skilled Sports 1.49* .62 .20 2.11** .74 .19 .76 1.09 .04 
Intensity*Open-Skilled  -.03* .01 -.19 - - - - - - 
Gender -.86 .65 -.05 .33 1.00 .01 -.47 1.48 -.01 
Family Income .00** .00 .09 .00* .00 .09 .00*** .00 .11 
Maternal Education .20 .14 .06 1.15*** .22 .24 1.81*** .95 .24 

Note. B = Unstandardized Estimate. β = Standardized Estimate. SE = Standard Error. 
†p < .10. *p < .05. **p < .01. ***p < .001 
aTower of Hanoi 
bThe Woodcock-Johnson Applied Problems Subtest W score 
cThe Woodcock-Johnson Letter-Word Identification subtest W score 
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Figure 2.1  
Interaction Between Open-skilled Sports and Intensity with Executive Function. 

 
Note. Slopes represent the relationship between metabolic intensity with executive function for children who play 0, 1, and 2 open- 
skilled sports 
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CONCLUSION 

Early learning skills, such as executive function (EF), are a key component of healthy 

development and predict long-term academic success (Evans, Fuller-Rowell, & Doan, 2012; 

McClelland et al., 2007; McClelland et al., 2014).  Yet despite the critical role EF plays in school 

achievement, many children are entering kindergarten without the necessary skills (EF) that are 

needed to set them on a successful learning trajectory (Rimm-Kaufman et al., 2009). Early 

prekindergarten interventions that encourage a high quality learning environment have shown a 

positive impact on the development of EF (Raver et al., 2008). However, because learning also 

takes place outside the classroom through fine and gross motor play, there is also a need to better 

understand the role of the physical body in the learning process.   

 For example, the theory of embodied cognition suggest that learning is an embodied 

process (Barsalou, 1999), with the body implicated in language development (Fischer & Zwaan, 

2008), problem solving (Boncoddo, Dixon, & Kelley, 2010), and mathematical processing 

(Broaders, Cook, Mitchell, & Goldin-Meadow, 2007; Wartenburger et al. 2010). Other work 

finds that visual motor skills (VMS), which are involved in drawing, building with blocks, and 

manipulating Legos to form objects can predict early academic learning (Suggate el al., 2016). 

Finger, arm, and hand movements are also associated with EF, math, and spatial processing 

(Crollen & Noël, 2015; Moreau, 2013a, 2013b), with alterations in posture and hand position 

disrupting these connections (Moreau, 2013a). Finally, gross motor activity that involves 

running, jumping, catching and throwing are also associated with better EF (Davis et al., 2011).  

Together, the above studies demonstrate the intricate role of the body in acquiring knowledge, 

and offer a unique view into how VMS and sports could be used to promote learning. 

 Based on the National Association for the Education of Young Children (NAEYC) and 
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Head Start’s endorsement of a multi-dimensional view of school readiness (Administration on 

Children Youth and Families/Head Start Bureau, 2010; NAEYC, 2004), this dissertation focused 

on VMS and sport participation as tools that could be used to promote school readiness. Using 

data from the Kindergarten Readiness Study, Study I investigated the direct connection between 

EF and VMS with literacy and math at the start of prekindergarten, and with growth in literacy 

and math between the fall and spring of prekindergarten and kindergarten. This study also 

investigated if VMS could compensate for low EF on literacy and math at the start of 

prekindergarten, and if VMS compensated for low EF on growth in math and literacy between 

the fall and spring of prekindergarten and kindergarten. Study II utilized the National Institute of 

Child Health and Development Study of Early Child Care and Youth Development (NICHD 

SECCYD) data set, and investigated the direct associations between playing metabolically 

intense sports and open-skilled sports with EF, reading, and math. Study II also assessed if the 

number of open-skilled sports a child played moderated the association between sport metabolic 

intensity with EF, reading, and math. Together, these studies offer a unique view into the role of 

the physical body and movement in the learning process, and could inform interventions aimed 

at promoting and maintaining EF and academic achievement prior to, and after entering formal 

school.  

Overview of Findings  

 Results from Study I showed that fall prekindergarten math scores were predicted by 

HTKS scores, inhibitory control, and working memory, and that growth in math between the  

fall and spring of prekindergarten was predicted by strong HTKS scores, cognitive flexibility, 

and VMS. Between the spring of prekindergarten and fall of kindergarten, growth in math was 

predicted by working memory, with fall kindergarten math predicting growth in math between 
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the fall and spring of kindergarten. Results also showed that strong VMS compensated for low 

cognitive flexibility in the fall of prekindergarten with math, and for growth in math for children 

with low HTKS scores between the spring of prekindergarten to fall of kindergarten. This could 

suggest that VMS is compensating for math performance for children who have not mastered 

complex measures of EF. 

 However, for the literacy outcome, VMS did not compensate for low EF at any time 

point. At the fall of prekindergarten, cognitive flexibility, working memory, and VMS 

concurrently predicted higher literacy scores, with literacy found to be the only significant 

predictor of growth between the fall and spring of prekindergarten. Between the spring of 

prekindergarten and fall of kindergarten, HTKS scores and working memory both predicted 

significant growth in reading. However, similar to math, literacy in the fall of kindergarten was 

the only significant predictor of growth between fall and spring of kindergarten.   

 In Study II, the unique association among playing complex sports and metabolically 

intense sports with EF, math, and literacy was explored in a sample of third grade children. 

Results showed playing open-skilled sports was significantly associated with math, but not with 

literacy or EF. Open-skilled sports significantly moderated the relationship between playing 

metabolically intense sports with EF, with metabolic intensity less related to EF for children who 

played three or more open-skilled sports.  

 Together, findings from both studies suggest that learning is an embodied process, with 

activities that involve movement of the fingers and hand (i.e., VMS), and activities which 

involve movement of the whole body, (i.e., structured sports participation), predicting literacy 

and math for children prior to, and after entering formal school. Findings also suggest 

connections among VMS and sports with math and EF are complex and vary by the level of EF 
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and sport complexity, respectively. Two important themes emerged from the two studies: 1) 

activities that involve movement of the arm, hand, and whole body could be used to promote 

school readiness; and 2) activities that involve spatial processing are more strongly associated 

with mathematical performance.    

Movement and School Readiness  

 As early as the 4th and 12th postnatal week, the development of motor processes can be 

linked to the development of executive function (Diamond, 2000; Paus, 2001; Robertson, 

Bacher, & Huntington, 2001; Robertson et al., 2007). The theory of “learning to learn” (Adolph, 

2005, 2008), and embodied cognition (Barsalou, 1999), point to the interconnected link between 

the acquisition of knowledge and physical movement. Within these related theories, 

neuroanatomical evidence links the cerebellum, a brain region central to coordination and motor 

control (Marr, 1969), to brain areas involved in EF (Stoodley & Schmahmann, 2009). Both 

studies in this dissertation uniquely demonstrate the theoretical and anatomical evidence for a 

connection between movement and learning at two distinct developmental ages and could offer 

insight into ways to enhance learning through movement within and outside the classroom.   

 In Study I, the direct and moderated path between VMS with early academic learning 

could be seen for children with strong VMS. Within an early care and education (ECE) setting, 

VMS appears to be an important component of early learning. At two transitional points, in the 

fall of prekindergarten and the fall of kindergarten, strong VMS compensated for low EF with 

math achievement. Fall math was also the strongest predictor of growth between the fall and 

spring for both prekindergarten and kindergarten. Both cognitive flexibility and the HTKS are 

complex measures of EF (Best & Miller, 2010; McClelland et al., 2014), and it appears that 

VMS could be compensating for math performance for children who have not mastered these 
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more complex forms of EF. This suggest that within ECE settings, curriculum focused on 

developing and integrating visual and motor skills could help compensate for low EF on math 

achievement. Further, higher math scores could then lead to growth in math between the fall and 

spring of prekindergarten and kindergarten (McClelland, et al., 2006).    

 For Study II, playing open-skilled sports predicted higher math scores but also moderated 

the association between sport intensity with EF with a sample of children between 8-9 years.  

When children played sports that required a high level of focus and the ability to shift attention, 

they were more likely to have higher math scores. Yet, if a child played fewer open-skilled sports 

but more physically intense sports they had higher EF. This means that for children who play a 

greater number of open-skilled sports, the relationship with EF is not heightened by playing 

sports with a greater metabolic demand. This suggests that for grade school age children, 

physical education classes that promote activities that are metabolically intense, open-skilled, or 

both could promote EF and math achievement. Together, findings from both studies suggest 

specific visual motor or sport based curriculum could support children with low EF and math 

achievement.     

Visual Motor Skills, Sport Participation, Spatial Processing and Math  

 Although the direct association between VMS and open-skilled sports differed for math 

achievement, both studies in this dissertation found a connection with math. The strong 

connection between spatial skill development with mathematical processing (Casey, Pezaris, & 

Nuttall, 1992; Reuhkala, 2001; DeStefano & LeFevre, 2004), could be an underlying factor 

linking VMS and open-skilled sports. In Study I, strong VMS was associated with a direct and 

moderated connection to math. One underlying skill linked to the development of mathematical 

processing can be found in the ability to integrate visual and motor stimuli (Simms, Clayton, 



Moving Towards Academic Success 
 
 

107 

Cragg, Gilmore, & Johnson, 2016). It is possible that children with better VMS also have strong 

spatial skills, with the spatial skills leading to higher math scores. 

 For Study II, results showed a positive association between playing open-skilled sports 

with math scores. Similar to VMS, this finding could suggest the relationship to math could be 

specific to improved spatial skills which is associated with math performance and participating 

in open-skilled sports (Jansen & Lehmann, 2013; Moreau, 2012; Pietsch & Jansen, 2012). 

Consistent with this connection, there is evidence for a shift in visuospatial representations 

during math related problem solving that occurs around age nine (Meyer et al., 2010; Simmons, 

Willis, & Adams, 2012). At this age, children begin to rely more on brain areas (e.g., posterior 

parietal cortex) which are connected to visuospatial attention during the processing of math 

related tasks (Andres, Pelgrims, Michaux, Olivier, & Pesenti, 2011; Wu et al., 2009). 

Participating in open-skilled sports could be improving spatial processing, and improved spatial 

processing could then lead to higher math scores (Cheng and Mix, 2014). 

 As mentioned previously, there is evidence that both EF and spatial skills are associated 

with math performance (Best, 2010; Jansen & Lehmann, 2013). Given the close connection 

between motor and cognitive components of EF (McClelland et al., 2014), for children in Study I 

with low HTKS scores, it is possible the spatial integration needed to perform a VMS task could 

be associated with their higher math scores. This is similar to Study II, which found that playing 

open-skilled sports was not associated with EF but math, suggesting a possible link to spatial 

processing. As such, visual motor or open-skilled sport type activities could be a mechanism to 

improve math achievement.  

Limitations  

 Although the findings of both studies improve our understanding of how VMS and sports 
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participation relate to EF and academic achievement, they were not without limitations. First, the 

studies were limited in terms of generalizability. Results from Study I differed from work that 

included a more diverse sample (Cameron et al., 2015), and could have contributed to the lack of 

findings with literacy. For Study II, although the NICHD SECCYD study (NICHD ECCRN, 

1996) recruited an economically diverse sample of children, it was not nationally representative. 

It’s possible that sport participation would differ with a more representative sample and this 

could influence the connection with EF, reading, and math. Currently, results can only be 

generalized to the 15 sports analyzed in the present analysis. 

  Study II was also limited in how key constructs of interest were measured. Frequency and 

duration were not available, making it impossible to assess cumulative intensity. Therefore, the 

level or amount of physical activity was not objectively assessed for each sport. It is possible that 

differences in the level or time of participation in each sport could influence the connection with 

EF and math. Study II was also correlational, and it is possible that omitted variables could be 

partly driving the study results (Vandell, 2004). However, given that little research has examined 

how sport intensity and playing open-skilled sports could relate to EF, literacy, and math, this 

study can lay the foundation for other work in this area.   

Conclusions and Future Directions  

 The two studies in this dissertation examined connections among VMS, sports 

participation, EF, and academic achievement. Findings from both studies further our 

understanding into the role of motor related skills and sports participation with EF, literacy, and 

math between prekindergarten and third grade. Both studies demonstrate the role of the body in 

acquiring knowledge. By offering insight into how VMS and sport participation relate to early 

learning at different developmental ages, these studies can be used to help inform early 
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childhood programs and policy initiatives that aim to support children at-risk for low 

achievement.  

 Future work should examine if sport participation in prekindergarten and kindergarten is 

associated with similar connections as that found in 8- and 9-year-old children. Further, the 

compensatory role of VMS for children with low EF should be examined in older samples. 

Future work should also assess growth in VMS, and EF, and changes in sports participation 

overtime. This would allow for a better understanding as to how changes in both sets of variables 

predict changes in literacy and math.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Moving Towards Academic Success 
 
 

110 

Bibliography 

Administration on Children Youth and Families/Head Start Bureau. (2010). The Head Start child 

development and early learning framework: Promoting positive outcomes in early 

childhood programs serving children 3–5 years old. Retrieved from 

http://eclkc.ohs.acf.hhs.gov/hslc/ttasystem/teaching/eecd/Assessment/Child%20Outcome

s/HS_Revised_Child_Outcomes_Framework(rev-Sept2011).pdf 

Adolph, K. E. (2005). Learning to Learn in the Development of Action. In J. J. Rieser, J. J. 

Lockman, & C. A. Nelson (Eds.), Action as an Organizer of Learning and Development: 

Volume 33 in the Minnesota Symposia on Child Psychology (pp. 91-122). Mahwah, NJ, 

US: Lawrence Erlbaum Associates Publishers. 

Adolph, K. E. (2008). Learning to move. Current Directions in Psychological Science, 17(3), 

213-218. doi:10.1111/j.1467-8721.2008.00577.x 

Ainsworth, B. E., Haskell, W. L., Herrmann, S. D., Meckes, N., Bassett Jr, D. R., Tudor-Locke, 

C., . . . Leon, A. S. (2011). 2011 Compendium of Physical Activities: a second update of 

codes and MET values. Medicine and science in sports and exercise, 43(8), 1575-1581.  

Altemeier, L. E., Abbott, R. D., & Berninger, V. W. (2008). Executive functions for reading and 

writing in typical literacy development and dyslexia. Journal of Clinical and 

Experimental Neuropsychology, 30(5), 588-606. doi:10.1080/13803390701562818 

Andres, M., Pelgrims, B., Michaux, N., Olivier, E., & Pesenti, M. (2011). Role of distinct 

parietal areas in arithmetic: an fMRI-guided TMS study. NeuroImage, 54(4), 3048-3056.  

Barkley, R. A. (1997). Behavioral inhibition, sustained attention, and executive functions: 

constructing a unifying theory of ADHD. Psychological Bulletin, 121(1), 65.  



Moving Towards Academic Success 
 
 

111 

Barkley, R. A. (2011). Attention-deficit/hyperactivity disorder, self-regulation, and executive 

functioning. In K. D. V. R. F. Baumeister (Ed.), Handbook of self-regulation: Research, 

theory, and applications (2nd ed.) (pp. 551-563). New York, NY, US: Guilford Press. 

Barkley, Β. A. (1997). Behavioral inhibition, sustained attention, and executive functions: 

Constructing a unifying theory of ADHD. Psychological Bulletin, 121, 65-94.  

Barsalou, L. W. (1999). Perceptual symbol systems. Behavioral and Brain Sciences, 22(4), 577-

660. doi:10.1017/s0140525x99002149 

Becker, D. R., Miao, A., Duncan, R., & McClelland, M. (2014). Behavioral self-regulation and 

executive function both predict visuomotor skills and early academic achievement. Early 

Childhood Research Quarterly.  

Best, J. R. (2012). Exergaming immediately enhances children's executive function. 

Developmental Psychology, 48(5), 1501-1510. doi:10.1037/a0026648 

Best, J. R., & Miller, P. H. (2010). A developmental perspective on executive function. Child 

Development;Child Development, 81(6), 1641-1660. doi:10.1111/j.1467-

8624.2010.01499.x 

Blair, C., & Razza, R. P. (2007). Relating effortful control, executive function, and false belief 

understanding to emerging math and literacy ability in kindergarten. Child Development, 

78(2), 647-663.  

Boncoddo, R., Dixon, J. A., & Kelley, E. (2010). The emergence of a novel representation from 

action: Evidence from preschoolers. Developmental Science, 13(2), 370-377. 

doi:10.1111/j.1467-7687.2009.00905.x 



Moving Towards Academic Success 
 
 

112 

Breslau, J., Miller, E., Breslau, N., Bohnert, K., Lucia, V., & Schweitzer, J. (2009). The impact 

of early behavior disturbances on academic achievement in high school. Pediatrics, 

123(6), 1472-1476. doi:10.1542/peds.2008-1406 

Breslau, N., Breslau, J., Peterson, E., Miller, E., Lucia, V. C., Bohnert, K., & Nigg, J. (2010). 

Change in teachers' ratings of attention problems and subsequent change in academic 

achievement: A prospective analysis. Psychological Medicine: A Journal of Research in 

Psychiatry and the Allied Sciences, 40(1), 159-166. doi:10.1017/s0033291709005960 

Broaders, S. C., Cook, S. W., Mitchell, Z., & Goldin-Meadow, S. (2007). Making children 

gesture brings out implicit knowledge and leads to learning. Journal of Experimental 

Psychology: General, 136(4), 539-550. doi:10.1037/0096-3445.136.4.539 

Budde, H., Voelcker-Rehage, C., Pietraßyk-Kendziorra, S., Ribeiro, P., & Tidow, G. (2008). 

Acute coordinative exercise improves attentional performance in adolescents. 

Neuroscience Letters, 441(2), 219-223.  

Bull, R., Espy, K. A., & Wiebe, S. A. (2008). Short-term memory, working memory, and 

executive functioning in preschoolers: Longitudinal predictors of mathematical 

achievement at age 7 years. Developmental Neuropsychology, 33(3), 205-228. 

doi:10.1080/87565640801982312 

Bull, R., & Scerif, G. (2001). Executive functioning as a predictor of children's mathematics 

ability: Inhibition, switching, and working memory. Developmental Neuropsychology, 

19, 273-293.  

Cameron, C. E., Brock, L. L., Hatfield, B. E., Cottone, E. A., Rubinstein, E., LoCasale-Crouch, 

J., & Grissmer, D. W. (2015). Visuomotor integration and inhibitory control compensate 

for each other in school readiness. Developmental Psychology, 51(11), 1529.  



Moving Towards Academic Success 
 
 

113 

Cameron, C. E., Brock, L. L., Murrah, W. M., Bell, L. H., Worzalla, S. L., Grissmer, D., & 

Morrison, F. J. (2012). Fine motor skills and executive function both contribute to 

kindergarten achievement. Child Development, 83(4), 1229-1244. doi:10.1111/j.1467-

8624.2012.01768.x 

Carlson, A. G., Rowe, E., & Curby, T. W. (2013). Disentangling fine motor skill's relations to 

academic achievement: The relative contributions of visual-spatial integration and visual-

motor coordination. The Journal of Genetic Psychology: Research and Theory on Human 

Development, 174(5), 514-533. doi:10.1080/00221325.2012.717122 

Casey, M. B., Pezaris, E., & Nuttall, R. L. (1992). Spatial ability as a predictor of math 

achievement: The importance of sex and handedness patterns. Neuropsychologia, 30(1), 

35-45.  

Castelli, D. M., Hillman, C. H., Buck, S. M., & Erwin, H. E. (2007). Physical fitness and 

academic achievement in third- and fifth-grade students. Journal of Sport & Exercise 

Psychology, 29(2), 239-252.  

Chang, Y.-K., Tsai, Y.-J., Chen, T.-T., & Hung, T.-M. (2013). The impacts of coordinative 

exercise on executive function in kindergarten children: an ERP study. Experimental 

Brain Research, 225(2), 187-196.  

Cheng, Y.-L., & Mix, K. S. (2014). Spatial training improves children's mathematics ability. 

Journal of Cognition and Development, 15(1), 2-11.  

Crollen, V., & Noël, M.-P. (2015). Spatial and numerical processing in children with high and 

low visuospatial abilities. Journal of Experimental Child Psychology, 132, 84-98.  



Moving Towards Academic Success 
 
 

114 

Curlik II, D. M., Maeng, L. Y., Agarwal, P. R., & Shors, T. J. (2013). Physical skill training 

increases the number of surviving new cells in the adult hippocampus. PLoS ONE, 8(2), 

e55850.  

Curlik Ii, D. M., & Shors, T. J. (2013). Training your brain: Do mental and physical (MAP) 

training enhance cognition through the process of neurogenesis in the hippocampus? 

Neuropharmacology, 64, 506-514. doi:10.1016/j.neuropharm.2012.07.027 

Davis, C. L., & Cooper, S. (2011). Fitness, fatness, cognition, behavior, and academic 

achievement among overweight children: Do cross-sectional associations correspond to 

exercise trial outcomes? Preventive Medicine: An International Journal Devoted to 

Practice and Theory, 52(Suppl), S65-S69. doi:10.1016/j.ypmed.2011.01.020 

Davis, C. L., Tomporowski, P. D., McDowell, J. E., Austin, B. P., Miller, P. H., Yanasak, N. E., . 

. . Naglieri, J. A. (2011). Exercise improves executive function and achievement and 

alters brain activation in overweight children: A randomized, controlled trial. Health 

Psychology, 30(1), 91-98. doi:10.1037/a0021766 

Decker, S. L., Englund, J. A., Carboni, J. A., & Brooks, J. H. (2011). Cognitive and 

developmental influences in visual-motor integration skills in young children. 

Psychological Assessment, 23(4), 1010-1016. doi:10.1037/a0024079 

DeStefano, D., & LeFevre, J.-A. (2004). The role of working memory in mental arithmetic. 

European Journal of Cognitive Psychology, 16(3), 353-386. 

doi:10.1080/09541440244000328 

Di Luca, S., & Pesenti, M. (2011). Finger numeral representations: more than just another 

symbolic code. Frontiers in psychology, 2. doi:10.3389/fpsyg.2011.00272 



Moving Towards Academic Success 
 
 

115 

Diamond, A. (2000). Close interrelation of motor development and cognitive development and 

of the cerebellum and prefrontal cortex. Child Development, 71(1), 44-56. 

doi:10.1111/1467-8624.00117 

Diamond, A. (2012). Activities and programs that improve children’s executive functions. 

Current Directions in Psychological Science, 21(5), 335-341. 

doi:10.1177/0963721412453722 

Diamond, A., & Lee, K. (2011). Interventions shown to aid executive function development in 

children 4 to 12 years old. Science, 333(6045), 959-964. doi:10.1126/science.1204529 

Diamond, A., Prevor, M. B., Callender, G., & Druin, D. P. (1997). Prefrontal cortex cognitive 

deficits in children treated early and continuously for PKU. Monographs of the Society 

for Research in Child Development, 62(4), 1-205. doi:10.2307/1166208 

Donnelly, J. E., Greene, J. L., Gibson, C. A., Smith, B. K., Washburn, R. A., Sullivan, D. K., . . . 

Williams, S. L. (2009). Physical Activity Across the Curriculum (PAAC): A randomized 

controlled trial to promote physical activity and diminish overweight and obesity in 

elementary school children. Preventive Medicine, 49(4), 336-341.  

Donnelly, J. E., & Lambourne, K. (2011). Classroom-based physical activity, cognition, and 

academic achievement. Preventive Medicine: An International Journal Devoted to 

Practice and Theory;Preventive Medicine: An International Journal Devoted to Practice 

and Theory, 52(Suppl), S36-S42. doi:10.1016/j.ypmed.2011.01.021 

Duncan, G. J., Dowsett, C. J., Claessens, A., Magnuson, K., Huston, A. C., Klebanov, P., . . . 

Japel, C. (2007). School readiness and later achievement. Developmental Psychology, 

43(6), 1428-1446. doi:10.1037/0012-1649.43.6.1428 



Moving Towards Academic Success 
 
 

116 

Erickson, K. I., Prakash, R. S., Voss, M. W., Chaddock, L., Hu, L., Morris, K. S., . . . Kramer, A. 

F. (2009). Aerobic fitness is associated with hippocampal volume in elderly humans. 

Hippocampus, 19(10), 1030-1039.  

Evans, G. W., Fuller-Rowell, T. E., & Doan, S. N. (2012). Childhood cumulative risk and 

obesity: the mediating role of self-regulatory ability. Pediatrics, 129(1), e68-e73.  

Eveland-Sayers, B. M., Farley, R. S., Fuller, D. K., Morgan, D. W., & Caputo, J. L. (2009). 

Physical fitness and academic achievement in elementary school children. Journal of 

Physical Activity & Health, 6(1), 99-104.  

Fabbri, M., & Guarini, A. (2016). Finger counting habit and spatial–numerical association in 

children and adults. Consciousness and Cognition, 40, 45-53. 

doi:http://dx.doi.org/10.1016/j.concog.2015.12.012 

Fischer, M. H., & Brugger, P. (2011). When digits help digits: Spatial-Numerical Associations 

Point To Finger Counting as Prime Example of Embodied Cognition. Frontiers in 

psychology, 2. doi:10.3389/fpsyg.2011.00260 

Fischer, M. H., & Zwaan, R. A. (2008). Embodied language: A review of the role of motor 

system in language comprehension. The Quarterly Journal of Experimental Psychology, 

61(6), 825-850. doi:10.1080/17470210701623605 

Floyer-Lea, A., & Matthews, P. M. (2004). Changing Brain Networks for Visuomotor Control 

With Increased Movement Automaticity. Journal of Neurophysiology, 92(4), 2405-2412. 

doi:10.1152/jn.01092.2003 

Gahche, J., Fakhouri, T., Carroll, D., Burt, V., Wang, C., & Fulton, J. (2014). Cardiorespiratory 

fitness levels among us Youth aged 12-15 years: United States, 1999-2004 and 2012. 

NCHS data brief(153), 1-8.  



Moving Towards Academic Success 
 
 

117 

Grissmer, D., Grimm, K. J., Aiyer, S. M., Murrah, W. M., & Steele, J. S. (2010). Fine motor 

skills and early comprehension of the world: Two new school readiness indicators. 

Developmental Psychology, 46(5), 1008-1017. doi:10.1037/a0020104 

Harman, C., Rothbart, M. K., & Posner, M. I. (1997). Distress and attention interactions in early 

infancy. Motivation and Emotion, 21(1), 27-43.  

Hillman, C. H., Pontifex, M. B., Castelli, D. M., Khan, N. A., Raine, L. B., Scudder, M. R., . . . 

Kamijo, K. (2014). Effects of the FITKids randomized controlled trial on executive 

control and brain function. Pediatrics, 134(4), e1063-e1071.  

Hughes, C. (1998). Executive function in preschoolers: Links with theory of mind and verbal 

ability. British Journal of Developmental Psychology;British Journal of Developmental 

Psychology, 16(2), 233-253. doi:10.1111/j.2044-835X.1998.tb00921.x 

Imbo, I., & Vandierendonck, A. (2007). The development of strategy use in elementary school 

children: Working memory and individual differences. Journal of Experimental Child 

Psychology, 96(4), 284-309. doi:10.1016/j.jecp.2006.09.001 

Jansen, P., & Lehmann, J. (2013). Mental rotation performance in soccer players and gymnasts 

in an object-based mental rotation task. Advances in Cognitive Psychology, 9(2), 92.  

Koziol, L. F., Budding, D. E., & Chidekel, D. (2012). From movement to thought: Executive 

function, embodied cognition, and the cerebellum. The Cerebellum, 11(2), 505-525. 

doi:10.1007/s12311-011-0321-y 

Kronenberg, G., Bick-Sander, A., Bunk, E., Wolf, C., Ehninger, D., & Kempermann, G. (2006). 

Physical exercise prevents age-related decline in precursor cell activity in the mouse 

dentate gyrus. Neurobiology of Aging, 27(10), 1505-1513.  



Moving Towards Academic Success 
 
 

118 

Kwak, L., Kremers, S. P. J., Bergman, P., Ruiz, J. R., Rizzo, N. S., & Sjöström, M. (2009). 

Associations between physical activity, fitness, and academic achievement. The Journal 

of Pediatrics, 155(6), 914-918. doi:10.1016/j.jpeds.2009.06.019 

Lehto, J. E., Juujärvi, P., Kooistra, L., & Pulkkinen, L. (2003). Dimensions of executive 

functioning: Evidence from children. British Journal of Developmental 

Psychology;British Journal of Developmental Psychology, 21(1), 59-80. 

doi:10.1348/026151003321164627 

Lin, C.-H., Chiang, M.-C., Knowlton, B. J., Iacoboni, M., Udompholkul, P., & Wu, A. D. 

(2013). Interleaved practice enhances skill learning and the functional connectivity of 

fronto-parietal networks. Human Brain Mapping, 34(7), 1542-1558. 

doi:10.1002/hbm.22009 

Lin, H. L., Lawrence, F. R., & Gorrell, J. (2003). Kindergarten teachers’ view of children’s 

readiness for school. Early Childhood Research Quarterly, 18, 225-237.  

Lowe Vandell, D. (2004). Early child care: The known and the unknown. Merrill-Palmer 

Quarterly, 50(3), 14.  

Luo, Z., Jose, P. E., Huntsinger, C. S., & Pigott, T. D. (2007). Fine motor skills and mathematics 

achievement in East Asian American and European American kindergartners and first 

graders. British Journal of Developmental Psychology, 25(4), 595-614. 

doi:10.1348/026151007x185329 

Marr, D. (1969). A theory of cerebellar cortex. The Journal of Physiology, 202(2), 437-470.  

Marr, D., Cermak, S., Cohn, E. S., & Henderson, A. (2003). Fine Motor Activities in Head Start 

and Kindergarten Classrooms. American Journal of Occupational Therapy, 57(5), 550-

557.  



Moving Towards Academic Success 
 
 

119 

McClelland, M. M., Acock, A. C., & Morrison, F. J. (2006). The impact of kindergarten 

learning-related skills on academic trajectories at the end of elementary school. Early 

Childhood Research Quarterly, 21, 471-490.  

McClelland, M. M., Acock, A. C., Piccinin, A., Rhea, S. A., & Stallings, M. C. (2013). Relations 

between preschool attention span-persistence and age 25 educational outcomes. Early 

Childhood Research Quarterly, 28(2), 314-324. doi:10.1016/j.ecresq.2012.07.008 

McClelland, M. M., & Cameron, C. E. (2012). Self-regulation in early childhood: Improving 

conceptual clarity and developing ecologically valid measures. Child Development 

Perspectives, 6(2), 136-142.  

McClelland, M. M., Cameron, C. E., Connor, C. M., Farris, C. L., Jewkes, A. M., & Morrison, F. 

J. (2007). Links between behavioral regulation and preschoolers’ literacy, vocabulary and 

math skills. Developmental Psychology, 43(4), 947-959.  

McClelland, M. M., Cameron, C. E., Duncan, R., Bowles, R. P., Acock, A. C., Miao, A., & Pratt, 

M. (2014). Predictors of early growth in academic achievement: The Head-Toes-Knees-

Shoulders task. Name: Frontiers in Psychology, 5, 599.  

McPhillips, M., & Jordan-Black, J.-A. (2007). The effect of social disadvantage on motor 

development in young children: A comparative study. Journal of Child Psychology and 

Psychiatry, 48(12), 1214-1222.  

Meyer, M. L., Salimpoor, V. N., Wu, S. S., Geary, D. C., & Menon, V. (2010). Differential 

contribution of specific working memory components to mathematics achievement in 2nd 

and 3rd graders. Learning and Individual Differences, 20(2), 101-109. 

doi:10.1016/j.lindif.2009.08.004 



Moving Towards Academic Success 
 
 

120 

Miyake, A. U., Friedman, N. P., Emerson, M. J., Witzki, A. H., & Howerter, A. (2000). The 

unity and diversity of executive functions and their contributions to complex ‘frontal 

lobe’ tasks: A latent variable analysis. Cognitive Psychology, 41, 49-100.  

Moreau, D. (2012). The role of motor processes in three-dimensional mental rotation: Shaping 

cognitive processing via sensorimotor experience. Learning and Individual Differences, 

22(3), 354-359. doi:10.1016/j.lindif.2012.02.003 

Moreau, D. (2013). Motor expertise modulates movement processing in working memory. Acta 

Psychologica, 142(3), 356-361. doi:10.1016/j.actpsy.2013.01.011 

Moreau, D., & Conway, A. R. A. (2013). Cognitive enhancement: A comparative review of 

computerized and athletic training programs. International Review of Sport and Exercise 

Psychology, 6(1), 155-183. doi:10.1080/1750984x.2012.758763 

Moreau, D., Mansy-Dannay, A., Clerc, J., & Guerrién, A. (2011). Spatial ability and motor 

performance: Assessing mental rotation processes in elite and novice athletes. 

International Journal of Sport Psychology, 42(6), 525-547.  

Network, N. E. C. C. R. (1996). Characteristics of Infant Child Care: Factors Contributing to 

Positive Caregiving. Early Childhood Research Quarterly, 11(3), 269-306.  

Niederer, I., Kriemler, S., Gut, J., Hartmann, T., Schindler, C., Barral, J., & Puder, J. (2011). 

Relationship of aerobic fitness and motor skills with memory and attention in 

preschoolers (Ballabeina): A cross-sectional and longitudinal study. BMC Pediatrics, 

11(1), 34.  

Park, I. S., Lee, K. J., Han, J. W., Lee, N. J., Lee, W. T., Park, K. A., & Rhyu, I. J. (2011). 

Basketball training increases striatum volume. Human Movement Science, 30(1), 56-62. 

doi:10.1016/j.humov.2010.09.001 



Moving Towards Academic Success 
 
 

121 

Pellegrini, A. D., & Smith, P. K. (1998). The development of play during childhood: Forms and 

possible functions. Child Psychology & Psychiatry Review, 3(2), 51-57. 

doi:10.1017/s1360641798001476 

Pietsch, S., & Jansen, P. (2012). Different mental rotation performance in students of music, 

sport and education. Learning and Individual Differences, 22(1), 159-163. 

doi:10.1016/j.lindif.2011.11.012 

Pingault, J.-B., Tremblay, R. E., Vitaro, F., Carbonneau, R., Genolini, C., Falissard, B., & Côté, 

S. M. (2011). Childhood trajectories of inattention and hyperactivity and prediction of 

educational attainment in early adulthood: A 16-year longitudinal population-based 

study. The American Journal of Psychiatry, 168(11), 1164-1170.  

Posner, M. I., & Rothbart, M. K. (1998). Attention, self–regulation and consciousness. 

Philosophical Transactions of the Royal Society of London. Series B: Biological 

Sciences, 353(1377), 1915-1927.  

Raver, C. C., Jones, S. M., Li-Grining, C. P., Metzger, M., Champion, K. M., & Sardin, L. 

(2008). Improving preschool classroom processes: Preliminary findings from a 

randomized trial implemented in Head Start settings. Early Childhood Research 

Quarterly, 23(1), 10-26.  

Reuhkala, M. (2001). Mathematical skills in ninth-graders: Relationship with visuo-spatial 

abilities and working memory. Educational Psychology, 21(4), 387-399. 

doi:10.1080/01443410120090786 

Rimm-Kaufman, S. E., Curby, T. W., Grimm, K. J., Nathanson, L., & Brock, L. L. (2009). The 

contribution of children’s self-regulation and classroom quality to children’s adaptive 



Moving Towards Academic Success 
 
 

122 

behaviors in the kindergarten classroom. Developmental Psychology, 45(4), 958-972. 

doi:10.1037/a0015861 

Rimm-Kaufman, S. E., Pianta, R. C., & Cox, M. J. (2000). Teachers’ judgments of problems in 

the transition to kindergarten. Early Childhood Research Quarterly, 15, 147-166.  

Robertson, S. S., Bacher, L. F., & Huntington, N. L. (2001). The integration of body movement 

and attention in young infants. Psychological Science, 12(6), 523-526. doi:10.1111/1467-

9280.00396 

Robertson, S. S., Johnson, S. L., Masnick, A. M., & Weiss, S. L. (2007). Robust coupling of 

body movement and gaze in young infants. Developmental Psychobiology, 49(2), 208-

215. doi:10.1002/dev.20201 

Rothbart, M. K., Ziaie, H., & O'Boyle, C. G. (1992). Self-regulation and emotion in infancy 

Emotion and its regulation in early development. (pp. 7-23): San Francisco, CA, US: 

Jossey-Bass. 

Rueda, M. R., Posner, M. I., & Rothbart, M. K. (2004). Attentional control and self-regulation. 

Handbook of self-regulation: Research, theory, and applications, 2, 284-299.  

Ruiz, J. R., Ortega, F. B., Castillo, R., Martín-Matillas, M., Kwak, L., Vicente-Rodríguez, G., . . . 

Moreno, L. A. (2010). Physical activity, fitness, weight status, and cognitive performance 

in adolescents. The Journal of Pediatrics, 157(6), 917-922. 

doi:10.1016/j.jpeds.2010.06.026 

Sabo, D., & Veliz, P. (2008). Go Out and Play: Youth Sports in America. Women's Sports 

Foundation.  



Moving Towards Academic Success 
 
 

123 

Saemi, E., Porter, J. M., Varzaneh, A. G., Zarghami, M., & Shafinia, P. (2012). Practicing along 

the contextual interference continuum: A comparison of three practice schedules in an 

elementary physical education setting. Kinesiology, 44(2), 191-198.  

Sheese, B. E., Rothbart, M. K., Posner, M. I., White, L. K., & Fraundorf, S. H. (2008). Executive 

attention and self-regulation in infancy. Infant Behavior & Development, 31(3), 501-510. 

doi:10.1016/j.infbeh.2008.02.001 

Shors, T., Anderson, M., Curlik II, D., & Nokia, M. (2012). Use it or lose it: how neurogenesis 

keeps the brain fit for learning. Behavioural Brain Research, 227(2), 450-458.  

Simmons, F. R., Willis, C., & Adams, A.-M. (2012). Different components of working memory 

have different relationships with different mathematical skills. Journal of Experimental 

Child Psychology, 111(2), 139-155.  

Simms, V., Clayton, S., Cragg, L., Gilmore, C., & Johnson, S. (2016). Explaining the 

relationship between number line estimation and mathematical achievement: The role of 

visuomotor integration and visuospatial skills. Journal of Experimental Child 

Psychology, 145, 22-33. doi:http://dx.doi.org/10.1016/j.jecp.2015.12.004 

Son, S.-H., & Meisels, S. J. (2006). The relationship of young children's motor skills to later 

reading and math achievement. Merrill-Palmer Quarterly: Journal of Developmental 

Psychology, 52(4), 755-778. doi:10.1353/mpq.2006.0033 

Stoodley, C. J., & Schmahmann, J. D. (2009). Functional topography in the human cerebellum: a 

meta-analysis of neuroimaging studies. NeuroImage, 44(2), 489-501.  

Suggate, S., Pufke, E., & Stoeger, H. (2016). The effect of fine and grapho-motor skill demands 

on preschoolers’ decoding skill. Journal of Experimental Child Psychology, 141, 34-48.  



Moving Towards Academic Success 
 
 

124 

Taylor, K. M. (1999). Relationship between visual motor integration skill and academic 

performance in kindergarten through third grade. Optometry and Vision Science: Official 

Publication of The American Academy of Optometry, 76(3), 159-163.  

Thompson, J. M., Nuerk, H.-C., Moeller, K., & Kadosh, R. C. (2013). The link between mental 

rotation ability and basic numerical representations. Acta Psychologica, 144(2), 324-331. 

doi:10.1016/j.actpsy.2013.05.009 

Travlos, A. K. (2010). High intensity physical education classes and cognitive performance in 

eighth‚Äêgrade students: An applied study. International Journal of Sport and Exercise 

Psychology, 8(3), 302-311. doi:10.1080/1612197x.2010.9671955 

van der Fels, I. M., te Wierike, S. C., Hartman, E., Elferink-Gemser, M. T., Smith, J., & 

Visscher, C. (2015). The relationship between motor skills and cognitive skills in 4–16 

year old typically developing children: A systematic review. Journal of Science and 

Medicine in Sport, 18(6), 697-703.  

van der Ven, S. H. G., Boom, J., Kroesbergen, E. H., & Leseman, P. P. M. (2012). Microgenetic 

patterns of children‚Äôs multiplication learning: Confirming the overlapping waves 

model by latent growth modeling. Journal of Experimental Child Psychology, 113(1), 1-

19. doi:10.1016/j.jecp.2012.02.001 

van Praag, H., Kempermann, G., & Gage, F. H. (1999). Running increases cell proliferation and 

neurogenesis in the adult mouse dentate gyrus. Nature Neuroscience, 2(3), 266-270.  

Verburgh, L., Scherder, E. J., van Lange, P. A., & Oosterlaan, J. (2014). Executive functioning 

in highly talented soccer players. PLoS ONE, 9(3), e91254.  



Moving Towards Academic Success 
 
 

125 

Voss, M. W., Prakash, R. S., Erickson, K. I., Basak, C., Chaddock, L., Kim, J. S., . . . White, S. 

M. (2010). Plasticity of brain networks in a randomized intervention trial of exercise 

training in older adults. Frontiers in aging neuroscience, 2.  

Wartenburger, I., Kühn, E., Sassenberg, U., Foth, M., Franz, E. A., & van der Meer, E. (2010). 

On the relationship between fluid intelligence, gesture production, and brain structure. 

Intelligence, 38(1), 193-201. doi:10.1016/j.intell.2009.11.001 

Welsh, J. A., Nix, R. L., Blair, C., Bierman, K. L., & Nelson, K. E. (2010). The development of 

cognitive skills and gains in academic school readiness for children from low-income 

families. Journal of Educational Psychology, 102(1), 43-53.  

Wu, S., Chang, T., Majid, A., Caspers, S., Eickhoff, S., & Menon, V. (2009). Functional 

heterogeneity of inferior parietal cortex during mathematical cognition assessed with 

cytoarchitectonic probability maps. Cerebral Cortex, 19(12), 2930-2945.  

Zwierko, T., Lubi≈Ñski, W., Lesiakowski, P., Steciuk, H., Piasecki, L., & Krzepota, J. (2014). 

Does athletic training in volleyball modulate the components of visual evoked potentials? 

A preliminary investigation. Journal of Sports Sciences(ahead-of-print), 1-10.  

 


