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Traditional measurement of multisensory facilitation in tasks such as speeded motor reaction tasks (MRT) consistently show age-related improvement during early childhood. However, the extent to which motor function increases with age and hence contribute to multisensory motor reaction times in young children has seldom been examined. Thus, we aimed to investigate the contribution of motor development to measures of multisensory (auditory, visual, and audiovisual) and visuomotor processing tasks in three young school age groups of children (n = 69) aged (5−6, n = 21; 7−8, n = 25.; 9−10 n = 18 years). We also aimed to determine whether age-related sensory threshold times for purely visual inspection time (IT) tasks improved significantly with age. Bayesian results showed decisive evidence for age-group differences in multisensory MRT and visuo-motor processing tasks, though the evidence showed that threshold time for visual identification IT performance was only slower in the youngest age group children (5−6) compared to older groups. Bayesian correlations between performance on the multisensory MRT and visuo-motor processing tasks indicated moderate to decisive evidence in favor of the alternative hypothesis (BF10 = 4.71 to 91.346), though not with the threshold IT (BF10 < 1.35). This suggests that visual sensory system development in children older than 6 years makes a less significant contribution to the measure of multisensory facilitation, compared to motor development. In addition to this main finding, multisensory facilitation of MRT within race-model predictions was only found in the oldest group of children (9−10), supporting previous suggestions that multisensory integration is likely to continue into late childhood/early adolescence at least.
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Introduction

Multisensory processing, when defined as the neural interaction of multiple streams of information resulting in faster processing speed, is closely associated with higher-level perceptual and cognitive tasks (Rose et al., 2008; Stein et al., 2010; Barutchu et al., 2018, 2020; Denervaud et al., 2020; Pecher and Zeelenberg, 2022). It is assumed to be responsible for improving perception, such as an enhanced accuracy of sensory estimates, and facilitating motor actions, leading to quicker and more accurate motor responses (Barutchu et al., 2009; Downing et al., 2015; Nardini et al., 2016). Traditionally, experimental testing of multisensory motor performance has utilized speeded motor reaction tasks (MRT) (e.g., Barutchu et al., 2009; Nardini et al., 2016; Ainsworth et al., 2021; Crosse et al., 2022) to demonstrate the effect of multisensory integration on motor actions in children. However, despite the well accepted age related improvement in MRT during childhood, the extent to which motor function development per se influences age-related performance on multisensory tasks in children has not been thoroughly investigated. Thus this study aimed to examine the contribution of age related motor performance to multisensory motor reaction times in young early school age children.

Todd (1912) was one of the earliest of many manual and saccadic reaction time investigations of the facilitatory effect of multisensory integration in adults (e.g., Raab, 1962; Miller, 1982) showing that multisensory stimuli induced faster motor responses than either unisensory stimulus alone. Raab originally suggested that the race between the senses led to the emergence of multisensory facilitation, wherein the faster sense always initiates the motor responses (Raab, 1962). However, the fact that motor responses to multisensory audiovisual stimuli were faster than responses to either audio or visual stimuli alone led to the proposal of race model inequality by Miller (1982). The race model states CDFAV ≤ CDFA (t) + CDFV (t), where “CDF” is the Cumulative Density Function of the audiovisual motor responses condition (AV) and individual unisensory auditory (A) and visual (V) stimuli (for more details, see Ulrich et al., 2007). Studies employing this “inequality model” have now been widely utilized in adults and indicate that the level of gains from multisensory stimuli is too high to be predicted by race models in adults (e.g., Giray and Ulrich, 1993; Forster et al., 2002; Couth et al., 2018; Pinto et al., 2021). By comparison, Barutchu et al. (2009) confirmed that the motor responses of children under 8 fit with the predictions of race model inequality. Thus, we aimed to evaluate and compare the development in psychophysical performance of three different age groups of young school children, on a simple multisensory task similar to that, while also utilizing the race model predictions regarding aspects of unisensory (auditory and visual) and multisensory (audiovisual) stimulus processing and degrees of MRT facilitation. This was done to ascertain whether age-related motor performance or age-related threshold times for purely visual inspection (IT) tasks that measure object recognition time without any motor reaction aspects, also improve significantly with age.

Recent research has also shown that race models together with time for switching attention between sensorily driven information channels [i.e., the Modality Shift Effect (MSE) (Poole et al., 2021)] systematically contribute to multisensory motor speed enhancements (Fairhall and Macaluso, 2009; Botta et al., 2011; Barutchu et al., 2019; Barutchu and Spence, 2020). MSE also suggests that when individuals change tasks between uni-, and multisensory trials that require concurrent shifts in attention across or within the senses (Alsius et al., 2005; Kiesel et al., 2010; Talsma et al., 2010) then such a shift in attention and consciousness is predominantly reflected in slower and less accurate performance than automatic repetition of the same task (e.g., Sandhu and Dyson, 2013; Liu and Otto, 2020). Indeed, switching in stimulus-response domains may also confound changing the sensory modality and thus affect RT responses and motor speed performance (Otto and Mamassian, 2012; Shaw et al., 2020) especially in multisensory processing of unfamiliar stimuli in children.

Most multisensory processes, that are initiated by simple bottom-up information rapidly become familiar and automatized with practice, are underpinned and constantly being modulated by multiple neural networks including many subcortical brain regions as well as primary cortical and multiple secondary sensory processing areas (Pickering et al., 2021). Neurons responsive to information from multiple sensory systems have been identified in the brainstem Superior Colliculus (SC) region (Stein and Meredith, 1993; Driver and Noesselt, 2008) and in the thalamic pulvinar nucleus (Andersen et al., 1997; Driver and Noesselt, 2008; Froesel et al., 2021). More specifically, vision and audition have direct projections to the human colliculi and thalamic regions that are linked to the motor and frontal cortex (Corbetta and Shulman, 2002; Knopfel et al., 2019). Indeed, a behavioral and event-related potentials (ERPs) developmental study conducted by Brandwein et al. (2011) found that there was an overall positive correlation between age-group and brain processes underlying multisensory integration using motor speed audiovisual tasks. The behavioral data of this study also revealed that multisensory facilitation of simple motor reaction time tasks continues to develop till late adolescence.

Together, these lines of evidence provide direct support for the significant contribution of motor development to measurement of multisensory facilitation, while highlighting the different rates at which the motor responses and processing of different sensory information appear to develop. Thus, we aimed to investigate whether motor development is a limiting contributor to the current consideration of multisensory facilitation by assessing different tasks of motor functions associated with audiovisual and visuo-motor processing in elementary school children aged 5−10 years. Our rationale was based on the studies of Barutchu et al. (2009); Brandwein et al. (2011) who both found longer MRTs on the unisensory visual task compared to the unisensory auditory tasks even among adults. Consequently, we sought to investigate whether the improvement in multisensory facilitation is more closely related to motor development or vision alone. To do this, we used a simple motor detection task (audiovisual detection paradigm), similar to previous studies with children and adults by Barutchu et al. (2009) compared to a motor free assessment of threshold time for visual detection and identification of a stimulus in progressively shortened presentation times. An eye hand co-ordination task was also used to measure time for a child using their preferred hand to perform a more cognitive visually driven goal-directed tracing of a presented shape using the “SLURP” iPad app (Lee et al., 2014). This task is recognized as requiring integrated concurrent neural processing of vision, cognition, and manual dexterity (Wijesundera et al., 2022).

Lastly to determine the role visual development alone, played in threshold time for object/shape identification without a motor component we utilized the visual Inspection Time (IT) task, where improvements in IT performance has previously been used to predict future abilities on cognitive tasks such as perceptual speed, verbal IQ and working memory (Nettelbeck and Young, 1990; Nettelbeck and Wilson, 2004; Brown and Crewther, 2017; Ebaid et al., 2017). A modified Inspection Time (IT) task, was based on the version of Vickers et al. (1972) and adapted by Brown and Crewther (2017) for children aged 7–11 years.

To date little is known about the motor development in multi and unisensory tasks (i.e., simple detection task, and visuomotor processing) compared to non-motor visual perceptual time and how these abilities may develop with age. Therefore, the primary aims of the present study were:


(i)to examine age-related differences in motor reaction times to unisensory (visual and auditory), multisensory (audiovisual), and visuo-motor processing compared to non-motor visual perceptual processing.

(ii)to determine the relationships between the facilitation of classically defined multisensory integration, visuomotor, and non-motor visual perceptual processing.



We hypothesized that the children categorized as age groups of 5−6 years, 7−8 years, and 9−10 years old, would demonstrate significant age related improvements in motor reaction times as the older group would outperform younger groups on the processing of unisensory (auditory and visual) and multisensory information (audiovisual) and for the visuomotor task. We expected that facilitation of MRT associated with detection of simple unisensory and multisensory stimuli would correlate more significantly with all motor measures (Barutchu et al., 2009; Nardini et al., 2016) than threshold times for a simple unisensory vision system task.



Materials and methods


Participants

The present study included three groups of children: 5−6 years (n = 25), 7−8 years (n = 26), and 9−10 years (n = 18) recruited from Catholic and Public Elementary Schools in Victoria, Australia where all children from Prep/Foundation to Grade 4 were invited to participate in this project. Conduct of the project was approved by the Victorian Department of Education and the individual School Principals who facilitated in distribution of information and ethical consent forms to all student parent/guardians. This study was approved by the La Trobe University Human Ethics Committee (HEC 18139) and the Victorian Department of Education Human Ethics Committee, and the Victorian Catholic Schools Ethics Committee.

Only children whose parents had returned signed forms indicating parental agreement to “my child may participate in the project,” and parental completion of the accompanying brief questionnaire relating to medical health and neurodevelopmental anomalies were included in the study. Only children aged 5−10 years, with normal or corrected to normal vision and hearing, no history of a neurodevelopmental disorder (e.g., ADHD, ASD, Language Disorder or Intellectual Disability and scores below the 16th percentile, i.e., more than one standard deviation below the mean) on the Raven’s Coloured Progressive Matrices test of non-verbal intelligence were excluded in analyses for this study. Children and parents were informed that they could withdraw their child from the study at any time, in accordance with the Declaration of Helsinki. Prior to testing sessions, verbal assent was also ascertained from each child. The participant groups, eligibility criteria and experimental series flowchart are shown in Figure 1.
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FIGURE 1
Flowchart illustrating participant groups, eligibility criteria and experimental series. *There was no set task order after screening measures.




Screening measures


Vision and hearing screening

All children were screened for normal hearing, and normal or corrected-to-normal visual acuity. Vision screening included the assessment of distance and near and visual acuity using a Snellen chart, and the Ishihara test of color vision. Hearing threshold was tested using a commercial audiometer (Interacoustic Screening Audiometer, portable audiometer model AS208) to evaluate hearing acuity, with a Peltor H7A sound-attenuating headphones to assess the ability to hear sounds with frequencies ranging from 250 Hz to 8000 Hz and the sound pressure level SPL at 20 dB at each octave step. Hearing Screening was measured for both ears with the child being required to indicate each time they hear the sound (the tone’s intensity was reduced) by raising the hand on same side as sound and placing it down when stops. The hearing screening procedure was carried out in accordance with the Guideline for Hearing Screening in the School Setting, Missouri Department of Health and Senior Services Division of Community and Public Health.



Intellectual functioning

Non-verbal IQ was measured with Raven’s Coloured Progressive Matrices RCPM (Raven and Court, 1990) for all participants. This test was selected as performance requires visual cognitive manipulation rather than prescribed auditory/lexicon choices. The RCPM is a quick and well normed psychometric test for non-verbal reasoning abilities normed in the United Kingdom (Raven et al., 1988) and in Australian children aged 5−11 years (Cotton et al., 2005) and is accepted internationally as a valid and reliable representation of non-verbal intellectual ability. The untimed test consists of 36 items divided into three sets (A, Ab, B) each comprising 12 problems. These sets listed in order of difficulty and complexity within each subset. Four distinct intellectual abilities are measured by the RCPM: (1) Completion of Simple Continuous Patterns, (2) Completion of Discrete Patterns, (3) Continuity and Reconstruction of Simple and Complex Structures, and (4) Reasoning by Analogy (Corman and Budoff, 1974; Goharpey et al., 2013). There are six possible alternatives available for each test item, and the participant is asked to identify the appropriate option to complete the matrix pattern.




Experimental measures


Multisensory task

Multisensory processing thresholds were measured as motor reaction times to target detection similar to the procedure used by Barutchu et al. (2009). The stimuli were presented and controlled using VPixx™ software (V 3.20), and RESPONSEPixx (VPixx, Vision Science Solutions, Quebec, Canada). The children were presented with either: an auditory stimulus (AS; beep), a visual stimulus (VS; gray circle), an audiovisual stimulus (AVS; beep and gray circle presented simultaneously), or a blank invalid trial (see Figure 2). The AS had a tone of 1500-Hz presented through closed headphones with a rise and fall time of 5ms. The visual stimuli were presented non-centrally with the target location varying between trials, and hence requiring greater attentional demands for successful completion. Visual stimuli were never positioned centrally and always presented peripherally as a Gaussian circle enveloped with sinusoidal shading across the stimuli. The children were instructed to use the forefinger of preferred hand to press on the RESPONSEPixx handheld 5-button response box that was made by Vpixx and developed by Peter April1. In our task, the (down-blue-button) has been chosen to indicate whether and when a stimulus had appeared, and to record their response for each trial as rapidly and accurately as possible. Practice trials for each condition (AS, VS, AVS, and blank trial) were presented till participants were familiar with the task and performing accurately and rapidly to ensure that even the youngest children understood the procedures prior to testing. Each child completed a total of 60 test trials in 4 blocks of 15 trials of each stimulus presented in random order. Two variables were extracted from each of the multisensory task condition (AS, VS, and AVS); time taken [i.e., mean motor reaction times (MRTs) between the onset of the stimulus and the pressing of the response button, and accuracy, i.e., number of errors made by each participant for each stimulus]. All trials were presented following an interstimulus interval (ISI) between 1500 and 2500 ms with a duration of 150 ms. RTs scores within 150–1500 ms were used to calculate the mean RT for participants. Error rates lower than 50% (i.e., seven out of 15 errors) for either AS or VS were excluded. As a measure of internal reliability the Cronbach alpha of multisensory task, was calculated for a total score of 0.93 and ranged between 0.87 to 0.9 for the AS, VA and AVS, indicating high reliability (Gliem and Gliem, 2003).
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FIGURE 2
An example of a sequence of multisensory task trial showing each of the stimuli type.




Visuomotor processing using the SLURP (eye-hand coordination app)

The Lee-Ryan Eye-Hand Coordination Test Battery (SLURP) (Lee et al., 2014) iPad® application is a measure of fine visually driven motor (visuo-motor) processing in both children Alghamdi et al. (2021) and adults (Junghans and Khuu, 2019). This task has demonstrated the reliability and validity to assess visuomotor integration (Lee et al., 2014; Junghans and Khuu, 2019). In this task, children were asked to trace five shapes in order (Circle, Triangle, Square, Rabbit, and Snail) with their fingers as fast and accurately as possible (see Figure 3). The time taken and the number of errors made to complete each shape were automatically recorded. Total time scores are an important consideration when undertaking any eye-hand coordination (Miall and Reckess, 2002; Jung and Haier, 2007), thus only total time scores were extracted and analyzed from this task. Children first completed the practice trial with a Castle shape in order to ensure the familiarity with all aspects of the task (Lee et al., 2014). This item was chosen as it is comparatively difficult to trace and requires several angled and round changes of direction across a 12-inch iPad screen long distance.
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FIGURE 3
Lee Ryan Hand Co-ordination Test (SLURP).




Inspection time visual perceptual processing task

An Inspection Time (IT) task was used as a non-motor assessment of the speed of visual processing, based on a modified Vpixx version of Vickers et al. (1972) by Brown and Crewther (2017). In this task, three simple stimuli either (a Fish, Truck or Butterfly), were presented on an iMac computer (see Figure 4). A total of 32 trials and three practice trials (or more, where needed) were performed for each child. Estimation of exposure duration and confidence intervals (CI) were calculated using a parameter estimation by sequential testing (PEST) procedure, where the shorter exposure durations indicate a faster rate of visual information processing. Confidence intervals of 80% or below were extracted (Ebaid et al., 2017). Shorter exposure durations indicate a faster rate of visual information processing. IT task has been shown to be valid and reliable measure of visual information processing (Brown and Crewther, 2017; Ebaid et al., 2017).
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FIGURE 4
Inspection time (IT) trials Fish, Truck and Butterfly, only one stimulus presented for each trial.





Procedure

All children were tested individually in a quiet unused classroom during school hours across four sessions, with at least two researchers present. Sessions were restricted to 20 and 30 mins to ensure that children’s performances were not affected by fatigue or loss of motivation. Children were free to take breaks or leave at any time. Participant’s vision and hearing were assessed at the beginning of the first session. Parents were given feedback on all hearing and sight measures and where appropriate referrals were made. Where parents agreed to schools being informed of child’s performance this information was also made available. Participants were presented with practice trials prior to the beginning of each experimental task. At the end of each session, the children were thanked for their participation and received their choice of a small stationary item.



Data analysis


Power analysis

An a priori power analysis conducted using the G*Power 3.1 (Faul et al., 2007) indicated that a sample of 36 participants was required to obtain a moderate effect size at α < 0.05 at power of 0.8 (1-β error probability) for one way ANOVAs. However, the specific power outcome relating to each ANOVA showed that we have achieved and exceeded this power as we obtained a power of ≥0.9 (1-β error probability) (Cohen, 1992).



Data cleaning and outliers

The MRT response for each participant was recorded and averaged. As per previous publications (Barutchu et al., 2009; Ostrolenk et al., 2019), responses with reaction time values below 150 ms or greater than 1500 ms were excluded. It was assumed that extremely slow RTs were an indication of participant inattention, while overly fast RTs usually indicated either a response to a previous stimulus or a false alarm. Overall, only 1% of the RTs responses based on this criteria were excluded. Blank stimuli of multisensory task were not included in data analysis. The data of 5 children (four in the 5−6 years group, one in the 7−8 years group) whose error score was greater than 50% in either the AS or VS trials were excluded. For the IT task, one outlier was identified using boxplots and was removed from analysis; none were found for the SLURP task. For frequentist statistics presented in Supplementary materials, the assumptions of normality, linearity and homogeneity of variances were checked and not violated. The participants were divided into three categorical age groups (5−6, 7−8, and 9−10 years) bearing in mind that each age group represents the median school class age in Victorian schools. NVIQ was measured for all participants to ensure that children were within normal IQ range. Age and NVIQ data for each group are presented in Table 1.


TABLE 1    Descriptive statistics of the mean age (±SD) and IQ raw scores measure for each age group.
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ANOVA

A series of Bayesian one-way ANOVAs (BF10) were conducted to determine whether performance on the MRT measures, i.e., multisensory task “AS, VS and AVS,” visuo-motor “SLURP,” and non-motor visual perpetual processing “IT” were significantly different between the three age groups. These analyses were followed by pairwise post hoc Bayesian t-tests with default Cauchy prior as appropriate. A higher Bayes factors (BF10) ratio indicates evidence in favor of the alternative hypothesis (H1) relative to the null (H0) (Nuzzo, 2017). For interpretation of BF10 the following classifications were used; 1−3 indicates anecdotal evidence, 3−10 moderate evidence, 10−30 strong evidence, 30−100 very strong evidence, and >100 as decisive evidence (Wetzels and Wagenmakers, 2012). The posterior odds, and 95% credible intervals (95% CI) were reported. We calculated also Omega-squared (ω2) for ANOVA to estimate the effect size ES for the differences between our groups to ensure less biased estimations of variance across aspects of the design (Olejnik and Algina, 2003; Lakens, 2013). Effect sizes were set at: ω2 > 0.01 = small; ω2 > 0.06 = moderate; ω2 > 0.14 = large (Field, 2013).



Assessment of multisensory task performance accuracy in context with other measures

To estimate the accuracy (number of errors made by each participant) in the multisensory task, the error rate percentages were calculated for each stimulus type (AS, VS, and AVS) and for each participant, Bayesian repeated measures ANOVA, followed by post hoc comparison was performed to calculate the group differences in MRT accuracy.



Bayesian correlations analyses

Bayesian correlations analyses were also performed to explore the relationships between MRT to multisensory and unisensory stimuli, degree of multisensory facilitation, visuomotor and non-motor visual perceptual processing (IT), separately for each group. The Pearson correlation coefficient (r), the Bayes Factor (BF10), and credible intervals (95% CI) are reported.



Race model and multisensory facilitation

The degree of multisensory facilitation was computed to quantify multisensory benefits on MRTs for audiovisual stimuli as compared to unisensory for each participant. The following calculation from Denervaud et al. (2020) was utilized:
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In addition to this, the Race Model Inequality analysis as described in Ulrich et al. (2007) was conducted to determine whether motor responses of AVS were faster than unisensory AS and VS as discussed previously. MATLAB software (R2020a, Mathworks, Inc.), and the RMItest program were used to analyze data from the multisensory task. In this model, the cumulative density functions (CDFs) of the MRTs were calculated for individual participants, and for each stimulus condition (VS, AS, and AVS). The MRT from the two unisensory conditions were then calculated for each participant in order to predict the violations of the Race Model. We then computed the distribution of MRTs for 10 percentiles from 0.05th to 0.95th for each child, and each stimuli condition. Bayesian paired sample t-tests were used to compare the MRTs of the compound (auditory and visual) vs audiovisual stimuli for each percentile and each group (5−6, 7−8, and 9−10), using the default Cauchy prior width (0.707). Finally, the percentage of participants who showed faster MRTs for audiovisual stimuli than for the compound AS+VS were computed for each age group. All Bayesian hypothesis tests (ANOVA, correlations and paired sample t-tests) were performed in JASP 0.16.3.0 (JASP Team, 20222).





Results


Results 1: Age-group differences in motor reaction tasks (auditory stimulus, visual stimulus, audiovisual stimulus), (SLURP) and non-motor visual perceptual processing inspection time

A series of Bayesian one-way ANOVAs were conducted to determine whether there were age-related differences in the MRT for AS, VS and AVS, SLURP, and non-motor visual perceptual processing (IT) between the three age groups. This analysis was then supported by traditional parametric ANOVA measures and reported in the Supplementary material. Table 2 presents the descriptive statistics for all dependent measures.


TABLE 2    Descriptive statistics for auditory RT, visual RT and audiovisual RT, visuomotor, and visual perceptual processing by age groups.
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Bayesian one-way ANOVA of MRT for unisensory and multisensory processing speed revealed decisive differences between the three age groups in Auditory RT that supported the alternative hypothesis (BF10 = 247045.85,ω2 = 0.39). Post hoc comparisons showed that there were decisive differences between the 9−10 group and 5−6, 7−8 group, while there was no evidence of differences between 7−8 and 5−6 group (Figure 5A and Table 3A). Visual RT also showed decisive differences between the three age groups that supported the alternative hypothesis (BF10 = 1.365e+9, ω2 = 0.54). Post hoc comparisons showed that these differences were caused by the 9−10 group being decisively greater than 5−6 and 7−8 group. There was also a strong difference between the 7−8 and 5−6 groups (Figure 5B and Table 3B). Audiovisual RT also indicated decisive evidence of the alternative hypothesis (BF10 = 3.782e+8, ω2 = 0.52), that was due to 9−10 group performing decisively better than 5−6 and 7−8 group. There were only anecdotal level differences between 5−6 and 7−8 group (Figure 5C and Table 3C).
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FIGURE 5
The model-averaged posterior distribution (horizontal bars show the 95% credible intervals around the median) in MRTs across three conditions (A) auditory (AS), (B) visual (VS) and (C) audiovisual (AVS), (D) visuomotor processing (SLURP), and (E) visual perceptual processing (IT).



TABLE 3    Bayesian post hoc comparisons for auditory RT, visual RT and audiovisual RT, visuomotor, and visual perceptual processing.
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Visuo-motor processing (SLURP) also demonstrated a decisive difference between groups (BF10 = 8537.115,ω2= 0.34) in favor of the alternative hypothesis. Post hoc comparisons showed that there were strong to decisive differences between the 9−10 and the 5−6 and 7−8 groups. Moderate evidence of differences between 7−8 and 5−6 groups was also found (Figure 5D and Table 3D).

By comparison, non-motor Inspection Time for simple visual perceptual processing demonstrated decisive differences between groups (BF10 = 452.346, ω2 = 0.27). Post hoc comparisons showed that strong to very strong differences existed between the 5−6 group and 9−10, 7−8 group, though no differences were found between 7−8 and 9−10 groups (Figure 5E and Table 3E). The lack of difference between the older groups supported the null hypothesis, and indicated that the youngest group (5−6 years) required a significantly longer exposure time to identify the visual stimuli in comparison to other age groups.



Results 2: Assessment of errors in multisensory task performance

The response accuracy rate to the stimuli of the multisensory task (AS, VS, and AVS) was computed and analyzed for each participant. As presented in Figure 6, the percent error rate for AS, VS, and AVS was low in both older groups (7−8 and 9−10), with the median percent error score being 0, and indicating total accuracy in responding to AS, VS, and AVS stimuli. By contrast, the youngest (5−6) age group showed a higher error rate for VS than AS and AVS trials, with a median percent error score of 20, 6.6, and 6.6, respectively. Inspection of Figure 6 shows that, on average, children displayed the greatest level of accuracy with the AVS task where the percent of errors decreased for all age groups. For the 5−6 age group, Bayesian repeated measures test showed that there was strong evidence of a difference in percent error for detection of AS, VS, and AVS in favor of the alternative hypothesis, (BF10 = 17.89). Post hoc comparison revealed strong evidence in the error rate between VS vs. AVS (BF10,U = 21.61), and anecdotal evidence between VS vs. AS (BF10,U = 1,26), showing that young children (5−6 age group) made more errors with VS than AS and AVS, with no evidence of differences between AS vs AVS (BF10,U = 0.79). However, there was no evidence of differences in error rates for AS, VS and AVS amongst the 7−8 age group (BF10 = 0.39) and the 9−10 age group (BF10 = 0.23).
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FIGURE 6
Median and mean (±SD) percentage error (%) for the three trial conditions auditory (AS), visual (VS), and audiovisual (AVS) stimuli.




Results 3: Relationships among motor reaction tasks to auditory stimulus, visual stimulus, audiovisual stimulus, multisensory facilitation, SLURP and inspection time task

To explore the relationships between MRT to AS, VS, and AVS, multisensory facilitation, SLURP and non-motor visual perception processing (IT), Bayesian correlations were performed separately for each age group (5−6, 7−8, and 9−10 years). For the 5−6 group, results revealed moderate evidence of the correlations in favor of the alternative hypothesis between MRT AVS, and SLURP, MRT facilitation and SLURP, indicating that faster multisensory MRT was associated with the timed motor component of SLURP. Further, there was moderate to decisive evidence of correlations between MRT to AS, VS and AVS in favor of the alternative hypothesis (Table 4). For the 7−8 group, there was decisive evidence of correlations between MRT to AS, VS, and AVS in favor of the alternative hypothesis (Table 5). For the 9−10 group, a pattern of strengthening correlations from strong to decisive was found between MRT to AS, VS, AVS, and SLURP in favor of the alternative hypothesis, suggesting that the faster MRT of multisensory tasks are more likely to be related to the motor component of SLURP than to the visual component. There was also moderate evidence of the association between MRT AVS and facilitation in this age group which supports the alternative hypothesis (Table 6). However, there were no statistically supported correlations in any of the three age groups between any MRT measures for the multisensory task components or SLURP or the threshold time for the non-motor IT task.


TABLE 4    Bayesian Pearson Correlations, 5−6 group.
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TABLE 5    Bayesian Pearson Correlations, 7−8 group.
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TABLE 6    Bayesian Pearson Correlations, 9−10 group.
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Results 4: Race model comparisons of motor reaction times to unisensory and multisensory stimuli

As Bayesian ANOVAs analysis showed that MRTs of multisensory task (visual, auditory, and audiovisual) were significantly different across age groups, a Race Model analysis was performed to investigate the facilitation of multisensory integration across the three groups. Race Model analyses were performed for each age group as a whole before separating data by individual participant (see Table 7). For the 9−10 group, Bayesian t-tests indicated that there was strong evidence that the AVS CDF violated the assumption of the model from the 15th to 25th percentile (BF10 = 27.8) and there was also anecdotal evidence at the 15th percentile in favor of the alternative hypothesis, indicating AVS CDF was faster than the AS+VS CDF in this group. However, there was decisive evidence at the 95th percentile in favor of the null hypothesis, indicating the AVS CDF was slower than the AS+VS CDF at the 95th percentile. In contrast, for the 7−8 and 5−6 groups, there was no evidence for violation of inequality, and all probabilities at 45th and above showed anecdotal to decisive evidence in favor of the null hypothesis, indicating AVS CDF was slower than the AS+VS CDF, suggesting no evidence for multisensory facilitation.


TABLE 7    Race model inequality analysis results by three age groups using Bayesian paired samples t-test to compare mean MRTs for AVS and the compound AS+VS.
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To better understand the differences in multisensory integration across ages, the same analysis was run using individual data for the three age groups and similar results were obtained. The race model’s prediction analysis for the 9−10 group showed that there was evidence that AS+VS CDF was to the right of AVS for all probability values for the 45th percentile and below, except for the 5th percentile (see Figure 7C). In contrast, for the 7−8 and 5−6 groups, there was no evidence of violations (see Figures 7A,B). Observation of development in the motor speed for all three conditions AS, VS and AVS with age are apparent as in Figure 7.


[image: image]

FIGURE 7
(A–C) Cumulative density functions (CDFs) for each individual’s auditory stimuli (AS; blue line), visual stimuli (VS; red line), audiovisual stimuli (AVS; gray line) and the combined CDF AS+VS (the black line), CDFs were computed by calculating the probability of MRTs from 0.05 to 0.95 in intervals of 0.1 (y-axis represent the probability).


Inspection of individual participant responses showed that 83% (15 out 18) in the 9−10 group, 60% (15 out of 25) in the 7−8 group, and 42% (9 out of 21) in the 5−6 group showed MRTs for AVS faster than the AS+VS for at least two consecutive values at the 0.35th and below. The percentage of participants in each age group at each of the six probabilities that showed faster MRTs for AVS than AS+VS is presented in Figure 8. The six percentiles were chosen because violations of the race-model inequality were anticipated to occur (Ostrolenk et al., 2019; Ainsworth et al., 2021). Individual participants’ data and additional analyses can be found in the Supplementary material.
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FIGURE 8
The percentage of participants in each group who show faster MRTs for AVS than AS+VS CDF predicted by the race- model at each of the six percentiles.





Discussion

The aim of the current study was to examine motor development using audiovisual and visuomotor tasks to investigate whether such maturation of motor functions contributed more significantly to multisensory facilitation than sensory visual development and processing in three groups of early school-aged children (5−6, 7−8, and 9−10 years old). The most important findings of this study using both traditional and Bayesian analyses were significant and moderate to decisive evidence suggesting that age-related reductions in all speeded motor reaction time measures of multisensory facilitation for children aged 5−10, were primarily due to decrease in timed motor responses rather than due to increase in rate of visual sensory processing with age. We found no evidence of correlations between visual-only processing measures and multisensory facilitation further suggesting that the increase in MRT for detection of multisensory stimuli was not a function of increase in rate of visual processing per se. Our analyses also showed that despite faster motor responses being seen on the audiovisual and visuomotor tasks, multisensory facilitation of MRTs was observed only in the oldest group of children, consistent with race-model predictions and previous literature (Barutchu et al., 2009, 2010; Brandwein et al., 2011).


Age and performance on measures of motor reaction times and non-motor visual perceptual processing


Age-related differences in multisensory and visuomotor tasks

As expected, there was moderate to decisive evidence for age-group differences in MRT on our multisensory and visuo-motor processing tasks, but not for the simple motor-free threshold measure of visual perception. Improvements in age related motor reaction time to detection of both unisensory and multisensory stimuli by school age children are in line with previous findings (Barutchu et al., 2009; Cameron et al., 2012; Square et al., 2014; Nardini et al., 2016; Alghamdi et al., 2021). Furthermore, our findings are also consistent with previous studies demonstrating age-related improvement in visual-motor integration reflected by faster sensory processing speed and fewer errors, in children until the age of 10, after which performance stabilizes, when using a variety of tasks such as the Slurp Eye-Hand Coordination Test (Junghans and Khuu, 2019), and the Purdue Pegboard Test (Gardner and Broman, 1979). Indeed, Lyzohub et al. (2019) have suggested that age related increase in speed of motor reaction tasks by children aged 7–8 and late adolescence could be due to the morphological and functional maturation in the neural networks of motor and cognitive brain systems around the precentral area of the cerebral cortex and intercentral cortices as well as the improvement of the neuromuscular system.



Age-related differences in IT task

Although there was Bayesian evidence to suggest age-group differences in the threshold IT task in the current study, IT performance was only different for children aged 5 to 6 but not children aged 7 and above, suggesting that the threshold for IT had begun to plateau around 5/6-years-old. The decreasing time required to successfully identify the IT task stimuli is likely to be associated with retinal development where the fovea reaches adult photoreceptor density and differentiation by approximately 5 years (Hendrickson et al., 2012). The slower rate of identification in younger children may be attributable to physiological conduction rates and latency of retinal ganglion magnocellular and parvocellular projection time from the eye to primary visual cortex, that does not reach maturity until late childhood or early adolescence (Klistorner et al., 1997; Crewther et al., 1999). Equally importantly is the fact that the youngest group of 5−6 year old, children had only recently started school and often show limited receptive language skills leading to inability to attend to and understand unusual and more complex instructions, suggesting that our results showing significant differences in the 5 to 6 age group for the IT threshold, may also be partly due to underdeveloped visual and cognitive abilities.



Race model analysis

Although our age group differences using traditional and Bayesian analyses are in line with previous studies and support our motoric development hypotheses, tests of multisensory facilitation-driven race model violations may still have theoretical validity to show the facilitation of multisensory integration (Ulrich et al., 2007; Downing et al., 2015; Crosse et al., 2019). Results from the current study for traditionally defined multisensory facilitation of MRT are also consistent with those found in a study conducted by Brandwein et al. (2011) that used an AV simple reaction time task to show that multisensory facilitation is still immature at around 8 years of age, but reaches mature levels later in childhood. Indeed, in the current study children in the 5−6 and 7−8 year old groups did not violate the race model prediction of inequality, though they showed faster motor responses. A possible explanation for this is the greater number of errors in these two younger groups, i.e., a decrease in MRT accuracy (Miller, 2004), as well as the variation in performance across participants (Ulrich and Giray, 1986). Barutchu et al. (2009), using a similar multisensory task to that of the current investigation, did not observe the consistent increases in multisensory facilitation we saw for children aged 6 to 11 years, with no violation being particularly apparent in two groups of children aged 6 and 10−11 years old. The race model violation we observed in children aged 9 to 10 years suggests that in many cases there is a trend in multisensory facilitation that continues into late childhood and adolescence; (Brandwein et al., 2011), with little multisensory integration occurring before 8 years of age (Gori et al., 2008, 2021; Nardini et al., 2008; Barutchu et al., 2009, 2010). This age is similar to the time when higher order visually driven cognitive processes such as sustained attention, vocabulary (Pickering et al., in press) and decision making have also begun to develop and mature (Cotton et al., 2005), similar to motor processing that continues to improve till late adolescence. Importantly our results are consistent with the electrophysiological findings of Brandwein et al. (2011) showing that the cortical regions underlying multisensory processes continue to develop as a function of age, and brain imaging investigations showing continuing development through adolescence of higher visual areas that receive Magnocellular driven dorsal visual stream information (see Klaver et al., 2011 for a review).




Audiovisual, visuo-motor and visual perceptual processing and their relationship with multisensory facilitation

The hypothesis regarding a progressive age related decrease in MRT to multisensory and unisensory stimuli in school age children was supported by our Bayesian analyses that indicated moderate to decisive evidence for correlations between MRT to AS, VS, AVS, and SLURP in children aged 9 to 10, and is consistent with past studies that have demonstrated faster performance on the MRT measures with age (Barutchu et al., 2020; Denervaud et al., 2020). The current study also demonstrated that the level of multisensory facilitation of motor responses correlated with visuomotor (SLURP) task performance and MRT to AVS, indicating that the motor system in children no older than 10 years, is an important contributor to multisensory integration. Interestingly, there were no significant correlations between the threshold IT and any measure of MRT (audiovisual and visuo-motor) tasks and multisensory facilitation for all our groups indicating that maturation of the sensory visual processing does not contribute as significantly to multisensory facilitation as does motor maturation. This is in line with previous results by Alghamdi et al. (2021) in children aged 5 to 7, and Ebaid et al. (2017) in adults, who investigated the associations between processing speed with motor components tasks and simple visual information processing as measured with the IT task, and also found no significant correlations between motor tasks and IT.




Limitations

The strength of this study was the use of traditional statistics with null hypothesis and Bayesian probability statistics. Furthermore, we have included a Race Model analysis to determine the age related changes in performance of school age children. However, there are several limitations to this study. First, a major limitation of our findings is that we did not independently assess non-motor auditory threshold detection times. However, the overarching aim of our experiment was to focus on the threshold time for visual recognition as both past research and the current study demonstrate that MRT for visual-motor detection is always greater than MRT for auditory-motor detection in children and adults (see Barutchu et al., 2009; Downing et al., 2015). Future studies may benefit from including both visual and auditory threshold detection tasks without any motor component. It may also be useful for future research to use other robust measures of motor reaction times such as that for eye movements, or familiar objects/sound identification rather than a non-specific Gaussian stimulus, as developmental literature in this area remains relatively rare. Furthermore, sample sizes with fewer participants in the 9−10 age group compared to the other groups was a minor limitation in the current study, thus future research should aim to obtain samples of equal sizes in the various age groups to ensure the strength of analyses and results.



Conclusion and future directions

To our knowledge, this study is the first to measure motor speed on multisensory processing tasks (i.e., audiovisual and visuomotor tasks) in children, and to compare these measures to performance on simple threshold development of visual object identification, that was quantified using a simple non-motor Inspection time task. Our findings indicate that motor RT contributed more to threshold times of age-related multisensory integration up to 10 years than improvement in visual detection alone when measured with the IT task.

In summary, the present study used traditional and Bayesian analyses to provide a novel perspective on motor function with age and demonstrate evidence that motor responses per se contribute significantly to multisensory facilitation in older primary school-aged children. Furthermore, our results confirm that MRTs to multisensory stimuli continue to develop throughout childhood as the oldest children showed enhanced multisensory integration. Although prior studies reported a link between multisensory integration and the performance of cognitive development in younger and older adults (Fahey et al., 2018; Murray et al., 2018), further research is needed to investigate the contributions of cognitive tasks such as IQ, working memory to the motor development of multisensory integration in children. Results from the current study also indicate that multisensory processing tasks could be a useful tool for the assessment of sensory and motor development in a public health screening in school-aged children. Given that multisensory processing has been demonstrated to be impaired in some realms of research such as Autism (Stevenson et al., 2017; Ainsworth et al., 2021), as well as in dyslexia (Harrar et al., 2014), it would be useful to apply the current findings to the neurodevelopmental populations.
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