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      Abstract


      Postural stability was previously associated with academic achievements among primary school children, but only little is known on how cognitive-motor processes underlie academic achievements. This research was primarily aimed at investigating cognitive-motor performance (e.g., single vs. dual-task gait) and it correlates with achievements in math and language-arts. Fifth-graders (N = 86) performed several motor tasks while their mediolateral trunk sway was assessed using a Kinect 3D sensor. Achievements in math and language-arts were assess one's comply with motor task demands using standardized tests. Results showed that motor tasks predicted achievements in language-arts but not in math. More importantly, employing stability perform anceratios revealed that the ability to maintain static-balance in the absence of visual-information (standing on dominant foot, blindfolded/standing on dominant foot, eyes opened) as well as the ability to maintain dynamic-balance while carrying bean bag over the head (tandem walk with a bean bag on top of the head/tandem walk) were sole predictors of language-arts. This study stresses the importance of examining children in their natural environment and of employing performance ratio-scores to better understand the cognitive-motor processes underlying academic-performance.
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      Introduction


      Academic achievements are contributed by various social and cognitive factors, all directly or indirectly linked to executive functions (EF). EF is an umbrella term which refers to one's ability to plan, execute, or withhold actions, and to manage cognitive resources (e.g., to allocate attentional resources to task or tasks) [1]. EF were shown to be positively correlated with academic achievements in language arts and math, such that stronger executive abilities typically manifested with higher academic scores during elementary and middle school [2].


      EF also entails the control over movement and some motor activities. Specifically, gait and balance performance is mainly determined by one's own ability to initiate or maintain motor action (i.e., planning and executing), to adjust or withhold an action (i.e., response regulation and inhibition), and by the ability to divide attentional resources and allocate them to different simulations actions (i.e., divided attention) [3]. This intimate connection between EF and motor activity led scholars to suggest over the past few years, that motor activities may benefit academic achievements by strengthening EF [4].


      Indeed, some cross-sectional studies showed academic achievements to be positively associated with cardio-respiratory fitness among elementary school students (e.g., Castelli, Hillman, Buck, & Erwin [5]). Similarly, in a longitudinal study in which data were collected from preschool through the 5th grade, it was found that parents' evaluation of their child's physical activity was positively related with academic achievements in both mathematics and reading skills [6]. Furthermore, other studies which examined the effects of physical activity on the academic achievements among 6th grade and middle-school students, showed that students who engaged in some vigorous activity scored higher in standardized and non-standardized tests in reading and math, compared to students who reported no vigorous activity ([7-9]; for similar effect among high-school female students, see Shachaf, Katz, & Shoval [10]).


      So far, we have used the commonly used terms "physical activity" and "motor performance" in order to refer to motor task demands. Nonetheless, these terms are too broad and vague, and may represent a wide range of measures. In this study, we define motor performance in terms of maintaining balance, which is the process of maintaining the body's center of gravity vertically over the base of support. Maintaining balance is based on a rapid, continuous feedback from visual, vestibular and somatosensory structures and as a result performs smooth and coordinated neuromuscular actions [11]. Balance is typically divided into two main categories: Static and dynamic. Static balance defined as the ability to maintain a base of support with minimal movement; incontrast, dynamic balance is conceived as the ability to perform a task while maintaining or regaining a stable position [12], or as the ability to maintain or recoup balance on an unstable surface with minimal extraneous motion [13].


      Balance skills were previously associated with various cognitive abilities among boys aged 5-6 years [14], reading and math skills among children aged 7-11 years [15], spatial skills among 10-years-old [16], and executive functioning in adolescents [17]. Similarly, a longitudinal study on 126 children showed that balance skills at kindergarten explained a significant amount of the variance in proportional reasoning skills at the end of first grade [18].


      A variety of methods were employed in the literature to assess static and dynamic balance performance. In the school or sport literature, it is common to assess balance using timed performance. For example, Frick and Möhring [18]. defined children's static balance ability as the duration in seconds they were able to stand on one foot. However, whereas timed performance may be easily assessed, it may not reflect the quality of one's motor performance [19]. In particular, Weiss, et al. [19] showed that dynamic balance may be more accurately assessed through trunk sway variability rather than overall performance time. Indeed, in the movement literature, it is common to assess medio-lateral (ML) trunk sway variability as a measure of balance quality.


      Nonetheless, ML sway may not be easily assessed in field studies, due to the need for participants to carry sensitive measuring devices (e.g., an accelerometer). However, some studies suggested that a Microsoft Kinect remote 3D sensor may be reliable, valid, and efficient instrument to assess balance in and out of the lab [20,21]. This instrument lies in the heart of the present study.


      The purpose of the present study was to further investigate the associations between balance and academic achievements among 5th graders. The study was guided by two major goals. First, we sought to generalize the current knowledge regarding balance and academic achievements to the objective quality of performance, assessed by trunk sway. To this end, instead of time-based motor assessment, dynamic and static balance were assessed using a Kinect sensor which remotely captured children's ML sway. Kinect-based assessment enables the examination of postural stability in close-to-natural settings; that is, participants are not required to wear or be in contact with the motion sensor and are free to move and act as they typically do [22].


      The second goal of the present study was to indirectly assess attentional and inhibitory processes through dynamic and static balance performance. Specifically, it is common to manipulate attentional demands by performing the primary task alone (i.e., a single task condition) or simultaneously with another task (i.e., a dual-task condition); similarly, it is common to manipulate the availability of visual information during motor task by performing the task with eyes open and again with eyes closed. These conditions may be employed for the extraction of performance scores (e.g., effect size) that may be indicative of certain cognitive states. For example, it was recently demonstrated that a performance score reflecting the availability of visual information during static balance task (i.e., a measure derived from performance with eyes open in relation to blindfolded), was predicted by participants' ability to be interoceptively aware [22]. Put differently, in the present study we sought to assess not only raw motor performance under common motor tasks, but also performance ratio scores which are commonly assumed to reflect attentional cost, availability of visual information, and inhibitory motor control.


      Academic achievements were examined in three language arts domains and three mathematics domains. In line with Frick & Mohring [18], it was hypothesized that stability during static balance tasks will predict achievements in math, such that lower ML variability will be accompanied by higher math scores. Furthermore, achievements in language arts were hypothesized to be predicted by both dynamic and static balance performance, such that lower ML variability will be accompanied by better performance in language arts test scores.


      Method


      Participants


      Overall, 86 5th graders (aged 10-13 years, M = 10.76, SD = 0.40; 53.5% females) participated in the research. All the participants were sampled at an elementary school located in a large city at the center of Israel. Information regarding children's Socio-Economic Status (SES) was not collected, but school records indicated that house hold's socio-economic standing was largely middle class. All children were native Hebrew speakers with no visible or known motor deficiencies (except for one hypotonic student). In order to avoid social or affective implications, all children were allowed to participate in the study; however, 10 of these children were later excluded from analyses due to hypotonic (n = 1), being diagnosed with various cognitive deficiencies (e.g., language impairment; n = 5), BMI < 13 (n = 2), or BMI > 19 (n = 2). Verbal and written consent of participation were provided by the children and their parents, respectively, and the study was approved by the institutional ethics committee and by the school principal.


      Tasks and measures


      Motor tasks


      Participants individually performed six tasks over approximately 3 (length) × 1.5 (width) meters testing space; three dynamic balance tasks and three static balance tasks, as follows:


      Static balance tasks (all carried on the floor for 21 seconds each)


      (1) Standing on dominant foot, eyes open.


      (2) Standing on dominant foot, eyes open with a beanbag on top of the head.


      (3) Standing on dominant foot, blindfolded.


      Dynamic balance tasks (all were self-paced and carried on a beam of a reverse Swedish bench (L: 285 cm, W: 9 cm, H: 28 cm).


      (1) Tandem walk (Walking hill to toe along a straight line)


      (2) Tandem walk with a beanbag on top of the head


      (3) Dual tasking. The primary task was tandem walk, which was performed along with a secondary task of selective attention. The secondary task was d2 [23], in which participants were to find and cross with two lines the letter "d" in a randomly mixed set consisting of "b", "d", "p", and "q". Set size was 40 letters, 10 letters of each type. Participants were instructed to perform both tasks equally, as best as they can. The task-page was placed on a clipboard held by the student.


      Instruments


      Motor performance was assessed using a Microsoft Kinect 3D sensor connected to a Windows 10 operated Core-i3 laptop. The Kinect sensor was primarily designed by Microsoft as a remote game controller, which captures users' fine and gross movements and translate them to on-screen actions. The Kinect's ability to identify body position in 3D-space was employed in order extract data regarding participants' ML trunk sway. Specifically, the Kinect SDK provided by Microsoft identifies body limbs position in 3D space. Participants' torso position was extracted from these raw data, and ML deviations from upright straight stance (in degrees) were sampled at a rate of 25Hz such that higher deviation score represented greater sideways tilt of the torso relative to the upright stance. Split-half reliabilities were calculated by correlating between mean performances in the first and second halves of each task (that is, performance in the first and last 10.5 seconds or 262 data points) and was found high for all motor tasks (Spearman-Brown split-half corrections varied between 0.82 to 0.95).


      ML data were processed to produce two types of scores: First, six raw stability scores which represented performance variability in each of the six motor tasks (i.e., high variability represented less stability); Second, four ratio scores were calculated to represent inhibitory control during gait, attentional cost during gait, inhibitory control during static balance, and the availability of visual information, as follows: Inhibitory control during gait was defined as the effect of beanbag during walking, and was calculated as the ratio between the stabilities in Dynamic Task 2 and Dynamic Task 1 (i.e., Ratio dynamic 2/1). Attentional cost during gait was defined as the effect of dual task during walking, and was calculated as the ratio between the stabilities in Dynamic Task 3 and Dynamic Task 1 (i.e., Ratio dynamic 3/1). Inhibitory control during static balance was defined as the effect of bean bag while standing on dominant foot, and was calculated as the ratio between the stabilities in Static Task 2 and Static Task 1 (i.e., Ratio static 2/1); and finally, the availability of visual information was defined as the effect of being blind folded while standing on dominant foot, and was calculated as the ratio between the stabilities in Static Task 3 and Static Task 1 (i.e., Ratio static 3/1). High ratio scores represented more variability in the inhibition of movement while carrying bean bag during dynamic balance, while maintaining dynamic balance in the lack of attention (i.e., high attentional cost), in the inhibition of movement while carrying beanbag during static balance, and while maintaining balance in the absence of visual information, respectively.


      Academic achievements


      Nationally standardized tests in mathematics and language arts. The language arts test consisted of three domains: A) Reading comprehension: Understanding the meaning of the text, interpreting, processing, and evaluating textual, structural, and linguistic components; B) Expression in writing: Content, structure, and use of language were assessed through a short essay; and C) Grammar: Proper use of linguistic forms and structures, linguistic awareness and linguistic knowledge. The math test consisted of three domains: A) Numbers and operations in simple fractions and decimals; B) Natural numbers and operations including 0 and data analysis; C) Geometry and measurements.


      Demographics


      Some demographic information was collected, as the date of birth, gender, and type and frequency of extra-curriculum physical activity.


      Procedure


      The study was conducted during school hours, that is, from 8:30 am to 1:30 pm over two days, at the school gym where the students study physical education. Before the students arrived to the gym, the experimenters set up the bench, the Kinect, and the computer. The Kinect was placed on a microphone stand fitted to firmly accommodate the sensor. The stand's height was adjusted to 100 cm and was placed about 10 cm in front of the end of the beam so it would capture participant's torso throughout the walking distance. The computer was placed on a small table behind the stand. Both computer and sensor positions were not altered throughout the entire study. Using a paper masking tape, the experimenters marked the position of the bench on the floor along with another position designated for the static balance tasks. The students entered the gym in groups of 6-8 and sat on scouts' chairs. The students first filled out the demographic questionnaire, and then were asked to practice finding the letter "d" on a the d2 practice sheet (which was similar to the actual test sheet but consisted of a smaller set size of 20 letters), while waiting for their turn to perform the motor tasks. The nature of the upcoming tasks was described by the experimenter, and participants were instructed to walk slowly during the dynamic tasks. Each student was individually tested and performed the six motor tasks in two blocks. In one block, the three dynamic tasks were carried, and in the second block, the static tasks were carried. The order of the tasks in each block was fixed as described above, but the presentation order of the blocks was counterbalanced across participants. When the static balance block was carried, the experimenters moved the beam aside and the participant performed the tasks in a pre-marked position located 200 cm from the sensor. When the dynamic balance block was carried, the experimenters placed back to its pre-marked position.


      Statistical Analysis


      Sample size was determined based on a small-to-medium dual-task effect size (Cohen's d = 0.36; N = 103) obtained in previous study using the Kinect [23]. G*Power software [24] revealed that a sample size of 68 was needed in order to gain statistical power of 90%. Several hierarchical multiple regressions were performed in order to examine the extent to which academic achievements were predicted by motor performance. Because background variables tend to explain some of the variance of academic achievements and motor performance, these variables were entered to the first block of each regression analysis. Furthermore, because the motor tasks employed in this study shared common characteristics, they were selected onto the second block of each regression analysis using stepwise.


      Results


      Preliminary data treatment


      Motor performance data was first processed in order to refine the assessment of stability. Specifically, for each participant and in each task, outliers were excluded from analysis (we followed the common cutoff of ± 2 SDs from mean performance; Osler, Tersteeg, Reynolds, & Loram, [25]). Then, ML variability was assessed as the standard deviation score of the performance in each task, such that high score represented less stable performance. This yielded six stability scores corresponding with the six motor tasks assessed in this study. These stability scores were employed for the calculation of the four performance ratios. Descriptive statistics are presented in Table 1.


      Next, several hierarchical regressions were conducted in order to examine the unique contribution of each motor task to academic achievements when background variables were controlled. In particular, we controlled for sex, age, dominant foot, the extant of engagement with extra-curriculum physical activity, the order of tasks carried in the study, and for learning disabilities (LD, n = 5). To this end, six hierarchical regression analyses were conducted each with one of the six academic scores as the predicted variable. In each analysis, the background variables were entered simultaneously into the first block; the six motor performance variables (three dynamic and three static), were entered into the second block using stepwise selection. This method was employed to reduce statistical errors due to the common motor bases underlying these tasks. Regression coefficients are presented in Table 2.


      Table 2 reveals that academic achievements were predicted mainly by dynamic tasks, but these effects were limited to reading comprehension and total verbal scores. In particular, ML trunk variability during the simple gait task (asassessed in Dynamic Task 1) negatively predicted achievements in reading comprehension and total verbal score, such that better gait stability (less variability) predicted better academic performance in these domains. In contrast, gait performance while carrying a bean bag (asassessed in Dynamic Task 2) positively predicted achievements in reading comprehension and total verbal scores, such that less stable gait performance (more variability) was accompanied by higher academic achievements in these domains. Finally, the ability to maintain balance in the absence of eyesight (asassessed in Static Task 3) negatively predicted grammar scores, such that better ability to maintain balance in the absence of eyesight was accompanied by higher grammar scores. No effect was observed for math.


      Next, we repeated these analyses with the exception that the aforementioned motor tasks were now replaced with the four performance ratios as predictors. Regression coefficients are presented in Table 3.


      Table 3 reveals that the ratio scores unfolded a different picture of the relationship between motor performance and academic achievements than provided by the raw stability scores. Specifically, achievements in grammar, as well as total language arts scores, were positively predicted by Ratio Dynamic 2/1, such that less body control during gait (less stability) predicted higher grammar scores; grammar was also negatively predicted by Ratio Static 3/1, such that students who were more stable in the absence of visual information were better in grammar. Achievements in written expression were negatively predicted by Ratio Static 3/1, indicating that better balance in the absence of eyesight was accompanied by higher achievements in this domain. Finally, Ratio Dynamic 2/1 positively predicted achievements in reading comprehension, indicating that less body control during gait (less stability) predicted better comprehension. As before, no effects were observed for math.


      Discussion


      This study was aimed at investigating the associations between balance skills and academic achievements, and to extend existing knowledge by employing continuous assessment of motor performance. To this end, several static and dynamic balance tasks were assessed. As predicted, more stability in a single gait task predicted better academic achievements in comprehension and overall language arts scores. Similarly, as predicted, better ability to maintain balance while standing blindfolded on one foot predicted higher achievements in grammar. These findings support previous reports of an intimate connection between balance skills and academic achievements in language arts (e.g., Lopes, Santos, Pereira, & Lopes; Son & Meisels [26,27]), and further generalize this connection to ML trunk sway. However, in contrast with our predictions and not in-line with previous findings, the association between balance and academic achievements was limited only to language arts and was not observed for none of the three math domains examined in this study.


      Two explanations may account for the differential associations between balance skills and achievements in language compared to math. First, this incompatibility with previous findings may be due to the measures employed. Specifically, it has been argued before that time-based measures may tap onto different cognitive or motor abilities than sway-based measures [19]; because most of the data on academic achievements and balance was time-based, it is possible that the association between balance and math is less evident using a continuous assessment of ML sway. The second explanation focus on the motor task. Specifically, in the present study dynamic balance was tested using tandem walk on a beam, which forced participants to move more slowly compared to regular walk. However, some studies have demonstrated that more active dynamic performance (e.g., running) was more likely to be associated with achievements in math rather than in language arts [28,29]. Similarly, it was recently reported that compared to other stances, semi-tandem dynamic balance (tandem stance with a little sideways gap between the feet) was predictive of academic achievements among 6-year-olds [30], thus strengthening the notion that task characteristics plays a role in the extent to which balance is associated with math achievements.


      Following Rosenstreich, et al. [22], the current study was guided by the notion that motor performance ratio scores may tap onto the cognitive processes underlying dynamic and static balance, and thus may be more indicative of the balance-academic achievements association. Indeed, when performance ratios were examined, a more complex pattern was observed. First, an interesting finding was that participants who maintained better stability on dominant foot blindfolded (ratio static 3/1), scored higher in grammar, written expression, and in total language arts score. In our view, this ratio mainly manifested participant's ability to be attentive to internal ques needed for maintaining balance in the absence of visual information, as muscle tone or information from the vestibular system [22]. Although such interoceptive attention processing has been documented in the literature (e.g., Payne, Levine, & Crane-Godreau [31]) to the best of our knowledge it was not examined in the context of balance and academic achievements. The importance of this finding is twofold. First, understanding the role of interoceptive attention in movement may strengthen our understanding of the underlying processes of mind-body connection in general, and embodied cognition in particular. In line with this notion, it seems that similar interoceptive information processing at the fringes of consciousness [32] may also take place when attempting to maintain static balance in the absence of visual information [22] Second, because interoceptive attention may be cultivated (e.g., through mindful physical activities; Diamond & Lee [1]), researchers and educators may employ interventions aimed at increasing interoceptive attention for promoting the cognitive abilities in the bases of academic learning [33].


      More interesting, in contrast with our expectations, participants who their dynamic performance was downsized by the beanbag (ratio dynamic 2/1), scored higher in grammar, reading comprehension, and in total language arts score. Because this ratio may be interpreted as a measure of inhibitory control over gait, two explanations may account for this effect. First, this finding may indicate that more control was associated with lower grammar grades. A possible explanation is that the acquisition of certain verbal aspects requires a reduction in control, which may also manifest in less stable motor performance. This notion is supported by a recent study which tested the association between self-regulation elements (cognitive flexibility, working memory, and inhibitory control) and academic achievements [34]. It was found that inhibitory control was linked to achievements in mathematics alone while cognitive flexibility was linked to both mathematic and verbal achievements. Hence, verbal learning may benefit from reduction in cognitive control and maintaining flexibility and openness to new information.


      However, an opposite explanation may interpret high dynamic 2/1 ratio as an increased control over gait, rather than a decreased control. Specifically, Dault, Frank, and Allard [35] suggested that increased cognitive load during gait task may result with increased sway frequency along with a decrease in sway amplitude, which represent more effort to monitor and adjust movement. Following this notion of tighter control over gait during the beanbag task, our findings may indicate that increased control was associated with better academic performance. However, the data collected in this study is not sufficient to prefer one explanation over the other, and further study is needed in order to better understand the association of gait beanbag task and inhibitory processes.


      Altogether, our findings generally support previous findings regarding the associations between balance skills and academic performance (e.g., Planinsec; Rigoli, et al. [14,17]). However, the strength and innovation of the current study lies, in our view, in the use of performance ratios. Although studies occasionally examined dynamic balance in single compared to dual task, and static balance with eyes open compared to blindfolded (e.g., Stins, Emck, de Vries, Doop & Beek [36]) to the best of our knowledge performance scores were scarcely employed. Such performance scores, as the difference or ratio between two conditions, are common practice in cognitive research (e.g., Rosenstreich & Goshen-Gottstein [37]), and as demonstrated in the current study, these scores may shed more light on the associations between motor performance and other variables.


      Another aspect regarding the employment of performance ratio scores is the effectiveness of cognitive assessment in young children. That is, assessing certain cognitive functions among children, as inhibitory control or attention, may be more easily carried using motor activity, especially in field studies (see also, McClelland, et al. [34]). However, one caveat in our study is that these ratios were not examined against golden standards of attention or inhibitory control (e.g., Federico, Marotta, Martella, & Casagrande [38]), hence our interpretation of these ratios as reflecting cognitive processes should be considered with caution. One notion that stresses this caveat is that the same control condition was employed as a comparison for the beanbag gait task (dynamic task 2) and the dual-task (dynamic task 3) conditions. Because the dual-task condition consisted of increasing attentional load through visual search, and because the control condition consisted of no-load as well as no-search, the ratio between these two conditions may reflect the cost of visual rather than attentional demands. Therefore, further study is needed in order to fully understand the cognitive processes tapped by these motor performance ratios.


      A second caveat in this study is the Kinect's validity in assessing motor performance. Despite its commercial success and some promising lab-based evidence [20,21], the Kinect's validity may be restricted to the assessment of rather simple gross-motor activity, and may be solely on the ML axis [39]. Nonetheless, being cost-effective, mobile, and easy to deploy, makes the Kinect a promising instrument for assessing children; hence, further study is needed in this field in order to map its potential and limitations.


      Finally, a third caveat in this study was the notion that children were summoned to the school gym in groups of 6-8, with one student tested at a time while the rest watching. This was done due to time and academic constrains, but may have influenced participants' performance through collaborative inhibition [40] or through social facilitation [41].
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        Table 1: Descriptive statistics of motor performance and academic achievements scores. View Table 1

      


      
        Table 2: Standardized regression coefficients of background and motor variables as predictors and academic achievements as the predicted variables. View Table 2

      


      
        Table 3: Standardized regression coefficients of background variables and performance ratios as predictors and academic achievements as the predicted variables. View Table 3
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