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Introduction: Virtual Reality (VR) is revolutionizing healthcare research and practice by offering innovative methodologies across various clinical conditions. Advances in VR technology enable the creation of controllable, multisensory 3D environments, making it an appealing tool for capturing and quantifying behavior in realistic scenarios. This paper details the application of VR as a tool for neurocognitive evaluation, specifically in attention process assessment, an area of relevance for informing the diagnosis of childhood health conditions such as Attention Deficit Hyperactivity Disorder (ADHD).
Methods: The data presented focuses on attention performance results from a large sample (n = 837) of neurotypical male and female children (ages 6–13) tested on a visual continuous performance task, administered within an immersive VR classroom environment. This data was collected to create a normative baseline database for use to inform comparisons with the performances of children with ADHD to support diagnostic decision-making in this area.
Results: Results indicate systematic improvements on most metrics across the age span, and sex differences are noted on key variables thought to reflect differential measures of hyperactivity and inattention in children with ADHD. Results support VR technology as a safe and viable option for testing attention processes in children, under stimulus conditions that closely mimic ecologically relevant challenges found in everyday life.
Discussion: In response to these stimulus conditions, VR can support advanced methods for capturing and quantifying users’ behavioral responses. VR offers a more systematic and objective approach for clinical assessment and intervention and provides conceptual support for its use in a wide variety of healthcare contexts.
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1 INTRODUCTION
Over the past quarter-century, researchers and clinicians have harnessed Virtual Reality (VR) technology to push the boundaries of clinical assessment, intervention, and scientific research. With VR’s powerful confluence of modern computing, 3D graphics, body tracking, advanced user interfaces, gaming technology, big data analytics, and artificial intelligence, we are witnessing the dawn of a new era in mental health, rehabilitation, and general medical practices. VR-based testing, training, and treatment approaches that would be difficult, if not impossible, to deliver using traditional methods have now been developed that take advantage of these unique VR enabling technologies. VR allows for the creation of 3D computer-generated immersive simulations of real-world contexts, within which human performance can be tested under very precisely controlled stimulus conditions that can closely mimic ecologically relevant challenges found in everyday life. In response to these stimulus conditions, VR can support advanced methods for capturing and quantifying users’ behavioral responses. This capacity to create functionally relevant, systematically controllable, multisensory, interactive 3D stimulus environments, within which human behavior can be motivated and measured, offers a more systematic and objective approach for clinical assessment and intervention.
Thus, users can be immersed in VR simulations and interact with virtual content for human performance measurement and training, and by extension for the clinical purposes of assessment and intervention. This “Ultimate Skinner Box” perspective makes VR technology well-matched to the requirements of various experimental and clinical objectives and this provides conceptual support for its use in a wide variety of healthcare contexts (Maples-Keller et al., 2017; Rizzo and Koenig, 2017; Birckhead et al.,. 2019; Hoffman et al., 2019; Powers and Rothbaum, 2019; Riva et al., 2019; Slater et al., 2019; Schweitzer and Rizzo, 2022; Lacy et al., 2023; Rizzo et al., 2023). At the same time, a growing body of research evidence is emerging that supports the safety and added value for using VR across a diverse range of clinical applications. Thus, VR applications are being increasingly regarded as an innovative and evidence-based option for addressing the cognitive, psychological, motor, and functional impairments that are seen across a diverse range of clinical health conditions (Carl et al., 2019; Difede et al., 2022; Blanco et al., 2023; Demeco et al., 2023; Kwon et al., 2023; Perra et al., 2023; Pira et al., 2023; Satu et al., 2023).
1.1 VR and attention-deficit/hyperactivity disorder (ADHD) assessment
One clinical application where VR technology is especially well-matched is in the assessment of attention processes, specifically relevant in the evaluation of Attention-Deficit/Hyperactivity Disorder (ADHD) and other neurocognitive clinical conditions. ADHD is a chronic condition that has a significant impact on the wellbeing and academic success of children and is one of the more commonly diagnosed neurodevelopmental disorders with reported prevalence rates of 5%–8% in school children (Gnanavel et al., 2019). The definition of ADHD has evolved over time. In 1987, the Diagnostic and Statistical Manual of Mental Disorders (DSM)-III-R established a specific diagnostic checklist and identified three subtypes: primarily inattentive, primarily hyperactive, and combined. According to the DSM-V (APA, 2013) to receive an ADHD diagnosis, a child must exhibit symptoms (hyperactivity, impulsivity, inattentiveness) before the age of 12, for a minimum of 6 months, have an impact on at least two areas of life (e.g., home, school, with friends or relatives, etc.), and there is clear evidence that the symptoms interfere with (or reduce quality of) social, academic or occupational functioning. ADHD is considered a “symptom complex”—a condition with a combination of symptoms that result from various factors, including genetics, biology, and psychosocial influences. These factors can lead to different manifestations of ADHD. Because of this, there exists no single specific test that can be used to diagnose ADHD, and the most accepted method of assessment is the clinical judgment of the healthcare provider integrating multiple streams of assessment data.
The current standard for diagnosing ADHD is a multifaceted process that includes clinical interviews, behavior rating scales, and psychometric and computerized tests. While each method of assessment can provide data to inform diagnostic decisions regarding the presence or absence of ADHD, each method alone cannot be relied upon to confirm its presence. For example, information from clinical histories and behavior rating scales can provide some initial signal as to the possible presence of ADHD. However, the quality of behavioral ratings and patient history data can be biased by the subjective judgment of the person doing the ratings, as well as with their varied familiarity with the child’s history (e.g., teacher vs. parent). Paper and pencil psychometric and computerized versions of similar tests offer assessment methods that provide consistent stimulus delivery and are backed by a long history of research on their use to measure cognitive function. Yet these tests often lack the ecological relevance of real-world contexts, which can result in a disconnection between a child’s performance on traditional assessments and their everyday functioning. VR can address the limitations of these traditional assessment methodologies by leveraging assets available through the use of simulation technology, where the precise titration of stimulus presentation and quantification of naturalistic behavioral responses is possible. When combining these assets within the context of ecologically relevant virtual environments, a fundamental advancement emerges in how human functioning can be assessed.
The use of VR to test attention processes under conditions that mimic real-life performance challenges, like in a classroom context, is believed to provide compelling assessment data to inform diagnostic decisions regarding ADHD. When the VR world is delivered in a Head Mounted Display (HMD), the user’s experience is constrained to the content presented with the headset, as their view of distracting stimuli existing in the actual physical test setting is occluded. Additionally, VR leverages sophisticated tracking technology to capture and quantify the users’ physical head movement to drive the real time updating of audio-visual content in the HMD. This is required to create an immersive virtual experience where the user sees and hears what they would experience if they were looking around in the physical world. However, this capability also supports the measurement of head movement and serves added value as a measure of the hyperactivity component of the ADHD condition. This capability also supports quantification of the users’ response to the systematic delivery of distracting stimuli to assess performance under varied conditions of cognitive load. Distraction via naturally occurring classroom activities is a common experience in an actual physical classroom, and “virtual” distractions can add to the value of a VR approach as a method for quantifying distractibility. This is a capability that is not possible to objectively quantify with traditional paper and pencil and non-immersive computerized attention testing methods.
In the current study, we present results from a large United States normative sample (n = 837) of the performance of male and female neurotypical children (n = 409 females), aged 6–13 tested in what is referred to as the Virtual Classroom Assessment Tracker (vCAT™). The vCAT is a 13-min continuous performance test of visual attention, administered within a VR HMD. This initial study was the first step required to determine the system’s reliability and validity so as to establish its value as a psychometrically sound attention process assessment system. Specifically, this effort to create a standardization sample serves to determine the system’s feasibility for use by children at this age, and to create neurotypical performance norms that can later be used for performance comparisons against children being assessed for ADHD and other neurocognitive clinical conditions. Performance results from this effort were also collected to investigate sex differences and changes in status across this developmental period in neurotypical children. The construction of the test stimuli and VR classroom context was informed by the many years of research conducted using a previous research version of the system (Virtual Classroom; Rizzo et al., 2000; Schweitzer and Rizzo, 2022). Results reported from use of the previous system are well documented (see Rizzo et al., 2000; Rizzo et al., 2006; Parsons et al., 2007; Adams et al., 2009; Pollak et al., 2009; Bioulac et al., 2012; Parsons and Rizzo, 2019; Bioulac et al., 2020; Mangalmurti et al., 2020; Mühlberger et al., 2020); along with results from similarly developed systems by others (Iriarte et al., 2016; Rodríguez et al., 2018). The core assessment metrics presented from this normative study include errors of omission (missed targets—proxy for inattentiveness) and commission (responses in the absence of a hit target—proxy for impulsivity), accuracy, reaction time (speed of processing), reaction time variability (consistency over time), d-prime (signal to noise differentiation), and metrics of global head movement obtained during the assessment (measurements of hyperactivity and distractibility). An optimal result from this study would be to see clear performance improvements on these metrics across the age span. Male/female performance differences were expected, but predicted to vary significantly across different performance metrics depending upon whether CPT cognitive or motion variables are being measured.
2 MATERIALS AND METHODS
2.1 Participants
All participants were recruited from advertisements through multiple channels (including but not limited to local community social network, Facebook, student group (sports, after school clubs), community library, local summer camp collaboration, etc.). Before participation, all recruited participants completed the inclusion and exclusion criteria survey and were subsequently selected and rejected based on the study’s inclusion criteria and exclusion criteria (Supplementary Tables S1, S2). All participants’ parents or guardians gave informed consent along with participants’ assent. Data was collected from seven clinical centers across the United States (see Supplementary Table S3). All testing procedures were carried out by staff trained by Cognitive Leap Solutions Inc. A total of 16 participants dropped out due to adverse events or because they were unwilling to finish the study (see Supplementary Table S4).
The normative sample was composed of 837 participants (48.9% female) with an age range from 6 to 13 years old (M = 9.83 years, SD = 2.19 years), after accounting for attrition and age outliers (<6 years and >13 years). The normative dataset was grouped into eight groups according to age and gender across the 6–13 age span. The eight groups consisted of: Male 6–7 years old, Male 8–9 years old, Male 10–11 years old, Male 12–13 years old, Female 6–7 years old, Female 8–9 years old, Female 10–11 years old, and Female 12–13 years old. The number of participants within each group can be found in Table 1.
TABLE 1 | Normative data: sample sizes (n) of each stratification by age-group and sex.
[image: Table 1]2.2 Testing instrument (vCAT™)
All participants were administered the Virtual Classroom Assessment Tracker (vCAT™), a 13-min continuous performance test which uses an HMD (HTC Vive) to immerse users in a VR classroom to assess attention processes under various conditions of distraction. Participants were seated at a desk and a technician fitted the HMD to each child’s head before activating the system, which presented a virtual classroom environment. Within the HMD, participants were immersed in a simulation of a standard rectangular classroom featuring three rows of desks, a teacher’s desk and whiteboard at the front, a female virtual teacher positioned to the right of the whiteboard, a large window on the left side displaying a roadway with buildings and vehicles, and on the opposite wall another window and doorway by which walking people and other activities occurred (Figure 1). The technician guided the participant in a brief exploratory session, encouraging them to look around the virtual room and identify various objects until they reported being familiarized with the vCAT environment. This was followed by a brief practice session prior to commencing the actual testing session.
[image: Figure 1]FIGURE 1 | (A–C) The vCAT virtual classroom environment from the participant’s view of the front (A), right side (B) and back (C) of the classroom.
During the practice session, the virtual teacher then provided instructions to the participant directing them to watch a sequence of letters displayed on the virtual whiteboard and to press a response button as quickly and accurately as possible only when the letter “X” was preceded by the letter “A.” The practice session consisted of a sequence of 20 stimuli (letters A, B, C, D, E, F, G, H, J, L, and X), with 2 “A-X” targets and one “A-H-X” non-target sequence randomly assigned in the full practice sequence. Each letter appeared for 150 ms with an inter-stimulus interval of 1,350 ms. The participant was required to perform with 100% accuracy on the practice session before progressing to the actual testing session. If the participant failed to complete and pass the practice session three times, they were asked to remove the HMD and the test session was discontinued.
Following successful completion of the practice session, the participant was then guided into the real test session, which lasted for 13-min with no breaks. The stimuli presented included the letters A, B, C, D, E, F, G, H, J, L, and X. Stimulus letters appeared on the “virtual whiteboard” at the front of the classroom for a duration of 150 ms with an interstimulus interval of 1,350 ms. The entire testing session lasted 13 min and consisted of 520 stimuli. The target letter “X” (that follows a preceding “A”) occurred 52 times in total (10% of stimuli). The task stimuli were balanced across four blocks (13 targets per block).
During the CPT task, a variety of distractor stimuli possibly found in a real classroom were presented in the virtual classroom. These distractors were multi-sensory, including pure auditory (e.g., sounds of pencils dropping, footsteps), pure visual (e.g., a paper-plane flown across the classroom), and mixed (both auditory and visual), such as a bus or a group of students passing by the outside windows. Each distractor was visible for 5 s and occurred at randomly assigned intervals of 10, 15, or 25 s. In total, there were 36 distractors, with 12 different types presented three times each (see Supplementary Table S5).
Performance data was captured continuously across the 13-min virtual classroom task (detailed below) and distinctly quantified for each of the 4 defined blocks. By incorporating this form of attention processing assessment within an immersive virtual environment with dynamic stimulus delivery of distractions, the vCAT aims to assess attention and impulsivity under conditions that closely mimic real-life classroom settings. This is anticipated to provide more ecologically valid data regarding the attentional processes of children, particularly those with ADHD.
2.3 Key variables measured
Key variables measured include standard attention process performance metrics (e.g., speed, accuracy, consistency over time) obtained from the AX-CPT task, as well as head movement variables recorded via the HMD tracking system during test sessions. The following is a description of the different measures obtained with vCAT.
2.3.1 AX-CPT variables
2.3.1.1 Omission errors
Number of errors where the participant fails to respond to the target stimulus as required. Omission errors are indicative of challenges in selective and focused attention, and freedom from distractibility.
2.3.1.2 Commission errors
Number of errors where the participant makes a “hit” response in the absence of a target stimulus. These errors reflect deficiencies in motor control or response inhibition.
2.3.1.3 Accuracy (%)
Percentage of correct responses to both the targets and the non-targets, as a measure of general performance combining focused and sustained attention.
2.3.1.4 Latency (ms)
The average reaction time (ms) to correctly respond to a target, measured across all correct responses.
2.3.1.5 Variability of response time (ms)
This measure reflects the standard deviation of reaction times (ms) of correct hits, capturing the variability or inconsistency of responses, and may provide insight on vigilance across time as well.
2.3.1.6 D-prime
D-prime measures the participant’s ability to discriminate between signal and noise. It is calculated as a Z-score, providing a standardized metric for signal detection.
2.3.2 Motion signal variables
2.3.2.1 Immobility duration (ms)
The average time (ms) spent sitting still (not moving head more than 1 mm in virtual space) as a measure of physical stillness. The longer the Immobility Duration, the less movements the participant made during the 13-min test.
2.3.2.2 Movements
The number of head movements (more than 1 mm in virtual space) as a measure of the number of large magnitude movements. The number or count of movements indicates how frequently the participant is moving across the 13-min test.
2.3.2.3 Total displacement (cm)
The cumulative length (cm) that the head moved over the 13 min, as a measure of the total amount of movement that was made across the test period. A participant making large movements but infrequently will have a relatively smaller Total Displacement outcome. A participant making small to medium movements but frequently will end up with a relatively larger Total Displacement outcome.
2.3.2.4 Area (m2)
The total spatial area (expressed in m2 in 2D space) that is covered by the path of head movement, as a measure of the spatial range of movement. A larger number indicates the participant’s range of movement in space is bigger, and a smaller area indicates that the participant’s range of movement in space is smaller.
2.3.2.5 Temporal scaling
The proportion (0–1) of time spent moving (more than 1 mm in space) as a measure of frequency of movement. The higher the Temporal Scaling score, the more time was spent moving around during the 13-min test. The lower the Temporal scaling score, the less time was spent moving around.
2.3.2.6 Time at board (min)
Cumulative time (in minutes) spent facing towards the whiteboard and CPT task, as a measure of sustained attention and stillness. A higher score for Time At Board means the participant spent more time in minutes with their head facing directly towards the whiteboard. A lower score indicates the participant spent more time looking away from the board.
3 RESULTS
All vCAT variables represent performance measured across the 13-min vCAT test.
3.1 Distribution and normality
Shapiro-Wilk tests were performed for each continuous variable to determine distribution normality. Results for all variables showed significant departure from normality (Supplementary Table S6). Non-parametric tests were used subsequently.
3.2 Age-group effects
To investigate the effect of age group in the normative dataset, Kruskal–Wallis tests were conducted for each of the vCAT measurement variables. Results indicate significant effect of age group for all variables [Omission Errors: H (3) = 230.34, p = 1.17e-49; Commission Errors: H (3) = 122.32, p = 2.44e-26; Accuracy: H (3) = 243.35, p = 1.79e-52; Latency: H (3) = 229.82, p = 1.51e-49; Variability: H (3) = 189.91, p = 6.40e-41; D-prime: H (3) = 225.04, p = 5.33e-55; Immobility Duration: H (3) = 76.84, p = 1.46e-16; Movements: H (3) = 76.15, p = 2.05e-16; Total Displacement: H (3) = 96.83, p = 7.47e-21; Area: H (3) = 42.36, p = 3.37e-09; Temporal Scaling: H (3) = 76.17, p = 2.04e-16; Time at Board: H (3) = 83.95, p = 4.36e-18].
Pairwise comparisons using Dunn’s post hoc test were performed to further delineate the group differences. Results show significant differences for all pairwise observations across all age groups for all vCAT measurement variables (see Supplementary Table S7), with the exception of non-significant group differences between the 10–11 and 12–13 age groups for the vCAT motion variables of Immobility Duration (p = 0.173), Movements (p = 0.127), Total Displacement (p = 0.071), Area (p = 0259), Temporal Scaling (p = 0.127) and Time at Board (p = 0.177) (see Figures 2A–F).
[image: Figure 2]FIGURE 2 | (A–F) Age-group effects, with Dunn’s post hoc pairwise comparisons for each vCAT motion variable. Pair-wise comparisons are non-significant between age groups 10–11 and 12–13, for all motion variables. (ns: p ≤ 1.00e+00; *: 1.00e-02 < p ≤ 5.00e-02; **: 1.00e-03 < p ≤ 1.00e-02; ***: 1.00e-04 < p ≤ 1.00e-03; ****: p ≤ 1.00e-04).
3.3 Sex differences
All vCAT measurement variables show trends of sex differences, where differences are observed in the same direction in each age group within the same vCAT measurement variable. To test the effect of sex on vCAT performance, two sided Mann-Whitney-Wilcoxon tests with Bonferroni corrections were performed for each age-group for each variable measured by vCAT.
Significant group differences in sex were found in the following variables: For Commission Errors, male participants made more errors than female participants in both the 6–7 age group (U = 6225, p = 0.027) and 8–9 age group (U = 1070, p = 0.008). For Latency, sex differences were observed for all but the 12–13 age groups, where male participants responded significantly faster than female participants (6–7 age group: U = 3842, p = 0.010; 8–9 age group: U = 6157, p = 0.0002; 10–11 age group: U = 4146, p = 0.004). For Immobility Duration, male participants maintained immobility for a significantly shorter duration compared to female participants in the 8-9 age group (U = 7216, p = 0.049) and 12–13 age group (U = 2363, p = 0.048). For Movements, male participants made significantly more movements than female participants in the 6–7 age group only (U = 6176, p = 0.038). For Total Displacement, male participants moved a significantly greater distance cumulatively compared to female participants in the 6–7 age group (U = 6281, p = 0.018) and the 8–9 age group (U = 1049, p = 0.025). For Area, male participants moved a significantly greater total area than female participants only in the 6–7 age group (U = 6415, p = 0.006). For Temporal Scaling, male participants moved significantly more frequently than females in the 6–7 age group only (U = 6176, p = 0.038).
3.4 Assessing performance over time
3.4.1 Distribution and normality per block
Shapiro-Wilk tests were performed for each variable per block to determine distribution normality across time. For all blocks, results for all variables showed significant departure from normality (see Supplementary Table S6). Non-parametric tests were used subsequently taking into consideration the non-normal distribution of all blocks of the motion and CPT variables.
3.4.2 Block effects
The effect of block as an indication of performance over time was calculated using a Friedman Test as a one-way repeated measures analysis of variance by ranks. Results indicate that there was no significant main effect of block for all CPT measures. However, there were significant differences in performance across time for all the motion variables. Results showed highly significant differences between blocks for the variables Area [Q (3) = 715.66, p = 8.44e-155], Immobility Duration [Q (3) = 729.37, p = 9.00e-158], Movements [Q (3) = 858.72, p = 7.95e-186], Temporal Scaling [Q (3) = 850.63, p = 4.52e-184], Time At Board [Q (3) = 498.45, p = 1.03e-107], and Total Displacement [Q (3) = 994.87, p = 2.33e-215].
Post-hoc analyses were performed using the Nemenyi post hoc test with Holm correction. Results indicate that for all motion variables, all pairwise contrasts were significantly different (see Supplementary Table S8) except for between the age groups 10–11 and 12–13 for the variable Time at Board (p = 0.30).
3.4.3 Block by age-group interaction
To examine the effect of age-group on performance over time, a two-way mixed ANOVA was performed to assess interaction between Block and Age-group. Results show significant Age Group by Block interactions for the variables Omission Errors [F (9, 2454) = 4.35, p = 1.21e-05], D Prime [F (9, 2454) = 3.06, p = 1.21e-03], Immobility Duration [F (9, 2493) = 8.48, p = 1.37e-12], Total Displacement [F (9, 2493) = 4.42, p = 9.33e-06], Movements [F (9, 2493) = 8.55, p = 1.03e-12] and Time At Board [F (9, 2493) = 3.79, p = 9.20e-05].
3.5 Construct validity
Construct validity was examined using principal component analysis (PCA) and exploratory factor analysis (EFA). Items with a loading of ≥.4 (16% of variance) were retained.
3.5.1 Correlation, sphericity, and sampling adequacy
Spearman rank correlations were computed to assess the relationship between all variables. When examining performance collapsed across four blocks, there were significant correlations between all variables except for the relationship between Latency and Commission Errors (see Figure 3), indicating that the data were likely to be factorable.
[image: Figure 3]FIGURE 3 | Spearman correlation tests were used to evaluate possible association between the different variables. Values indicate the correlation coefficient R (top) and corresponding p-value (bottom).
To further determine if the data were adequate for factor analysis, Bartlett’s test of sphericity was conducted to determine if the observed measurements intercorrelate, using the observed correlation matrix against the identity matrix. The Bartlett’s sphericity test yielded a statistically significant result [χ2 (11, N = 837) = 12,148.25, p = 2.91e-86], confirming the suitability of the correlation matrix for factor analysis and rejecting the null hypothesis. The Kaiser-Meyer-Olkin (KMO) measure of sampling adequacy was also calculated with a KMO index of 0.79, exceeding the recommended value of .6 (Kaiser, 1974), also supporting the factorability of the correlation matrix.
3.5.2 Principal component analysis and exploratory factor analysis
The number of components to be retained was determined using Kaiser’s criterion (eigenvalue ≥1) and using scree plot inspection (Cattell’s scree test) (Cattell, 1966). PCA identified three components with eigenvalues of ≥1.0 (Supplementary Table S9), suggesting that vCAT measurement variables may be divided into three components. In the subsequent factor analysis, orthogonal rotation (varimax) was used to further delineate the three components, with the assumption of independence between the variances explained by each factor. Factor rotation therefore increases the interpretability of the components.
Rotated component matrix sorted twelve variables into three groups, and items with a loading of ≥.4 (16% of variance) were retained. There were no blanks in the matrix where all weights were more than 0.5 (Supplementary Table S10). The factor column represents the rotated factors that were extracted out of the total factor.
Six items loaded onto component 1, containing all motion variables derived from the HMD motion signals (Immobility Duration, Total Displacement, Area, Temporal Scaling, Time At Board, Movements), and explaining 57.27% of the variability in the performance of vCAT. Component 1 was subsequently labeled Hyperactivity.
Three items loaded onto component 2, consisting of the CPT variables of Accuracy, Commission Errors and D-prime, and explained 14.79% of variance from PCA. Component 2 was subsequently labeled Impulsivity.
Four items loaded onto the component 3, consisting of the CPT variables Omission Errors, Latency, Variability and Dprime, which explained 10.92% of the variance, and component 3 was subsequently labeled Inattention (see Supplementary Table S9).
4 DISCUSSION
The integration of VR with the neurocognitive assessment process represents a fusion of technology and human experience that holds significant potential for improving the quantity, quality, and relevance of data collected to inform diagnostic decision making. Within the realm of special education and cognitive research, VR presents an innovative platform for testing and observation. The virtual reality environment of the classroom offers a controlled yet immersive setting, which arguably mimics real-life scenarios more effectively than traditional 2-dimensional testing approaches. Such virtual settings might engage the participants’ attention and cognitive faculties more holistically, leading to a more accurate representation of their capabilities (Parsons, 2015). Additionally, VR’s capacity for dynamic multi-sensory stimulus presentations that can mimic naturalistic distractions found in a typical classroom setting, can afford the opportunity to assess their impact on attentional focus and distractibility as measured by movement tracking in VR. Moreover, the standard baseline data that this normative database provides will support comparative analyses with children suspected of having ADHD or other childhood neurocognitive conditions.
The current study utilized a VR classroom to administer a continuous performance cognitive test with 837 male and female neurotypical children, aged 6–13 years old. The results from this normative test clearly document the evolution of attention performance across this developmental age span and have also highlighted sex differences in different aspects of performance.
4.1 Improvement in inattention and hyperactivity-related measures with increasing age
Across the age span of 6–13, quantifiable improvements in attention process performance were observed on both the cognitive and motion-tracked components of the vCAT test. Results indicate significant effect of age group for all performance metrics (e.g., Omission Errors, Commission Errors, Accuracy, Latency, Variability, D-prime, Immobility Duration, Movements, Total Displacement, Area of movement, Temporal Scaling, and Time at Board). This aggregate collection of results corroborates the well-documented notion of neurotypical cognitive development advancing with age during this critical period (Lillas and Turnbull, 2009).
The improvement in attention and hyperactivity-inhibition in children with age is a complex process influenced by various factors, including cortical development, cognitive maturation, social experiences, and environmental influences. The prefrontal cortex, associated with executive function, working memory, cognitive flexibility, impulse control, attention, and decision-making, becomes more efficient during development, leading to improved impulse control and attentional abilities (Best and Miller, 2010; Shaw et al., 2012). With age, neural pathways related to attention and impulse control also become more efficient at allocating attention resources and suppressing irrelevant information, leading to improved focus and inhibition (Luna and Sweeney, 2004). External factors, like regular attendance at school, help hone executive function skills daily. Social interactions with peers and adults also reinforce appropriate behavior and impulse control, aiding the development of self-regulation and enhancing these skills over time (Brocki and Bohlin, 2004).
4.2 Age-related ceiling effects in hyperactivity measures
A striking result emerging from age-related improvements in inattention and hyperactivity-related performance is the ceiling effect observed in only hyperactivity measures, which occurs between ages 11 and 12. This developmental age coincides with the onset of puberty and the transition from elementary to middle school for some children. The ceiling effect observed in our normative dataset may represent the inability to further increase one’s physical impulse control or stability while engaged in an executive function task. This may be due to a wide range of reasons, from hormonal and neurophysiological changes to environmental and socioemotional factors.
During puberty, which can typically take place around 11–12 years old, significant changes in the brain’s catecholamine system occur. Catecholamines, neurotransmitters that include dopamine, norepinephrine, and epinephrine, play essential roles in regulating mood, attention, and other cognitive functions. Dopamine pathways in the brain, involved in reward and motivation, undergo significant increase during puberty (Laube et al., 2020), whilst norepinephrine receptor sensitivities also change and affect how adolescents respond to stress and emotional stimuli. These developmental changes in dopamine neurotransmission during puberty can have significant implications for ADHD symptoms, especially hyperactivity. As dopamine levels increase during puberty, there is a greater difficulty in regulating impulses and maintaining attention, which can translate into frequent and uncontrolled locomotor activity, and impulsive or novelty-seeking actions in pursuit of immediate gratification in children diagnosed with ADHD.
4.3 Sex differences in inattention and hyperactivity related measurements
Of interest were the sex differences in neurotypical children revealed in the current study. Male participants, particularly at younger ages, demonstrated a higher degree of physical activity within the virtual environment compared to their female counterparts, as captured by the sex difference in performance in hyperactivity-related measures. This was especially pronounced for the age 6–7 group. In this age group, males displayed more frequent movements measured by the Immobility Duration and Movement variables and produced greater total movement distance (i.e., Total Displacement and Area of Movement). This observation dovetails with past research highlighting the general propensity for males to be more kinesthetically active (Brand et al., 2002). In the current study, younger males were observed to produce faster reaction times compared to females (age groups 6–7 and 8–9) while also displaying more impulsive responding as reflected in the total number of commission errors.
Previous research suggests that there are developmental sex differences in terms of cortical development related to motor control, impulse control, and hyperactivity inhibition (Davies, 2014; Slobodin and Davidovitch, 2019), with preliminary research pointing towards genetic mechanisms contributing to the observed sex differences in hyperactivity (Tartaglia et al., 2012). For example, females often demonstrate slightly better fine motor skills at younger ages (Matarma et al., 2020). Fine motor skills involve the coordination of small muscles in movements, such as grasping small objects, and females may show earlier development in tasks requiring precision movement control, such as maintaining stillness of the head and neck positions in the vCAT test. Males of comparative age, on the other hand, may tend to excel in gross motor skills, which involve larger muscle groups and coordination for activities like running and jumping (Kokštejn et al., 2017). These differences are often attributed to both biological and social factors.
Past studies have also suggested that females might develop impulse control skills earlier than males, particularly in social contexts (Piek et al., 2006). This early development of impulse control might contribute to differences in behavior observed in various situations, including those observed in the current study. Females also often show slightly more advanced emotional regulation skills, as well as social skills such as empathy and communication, at younger ages than compared to their male counterparts (Zahn-Waxler et al., 2006; 2008), which can contribute to differences in social interactions and emotional processing. It is important to note that females’ observed ability to better stop themselves from acting impulsively at a young age may on the one hand be related to their ability to better regulate behavior and emotions, while on the other hand may be related to gender biases in behavioral expectations of obedience and compliance implicitly placed upon young females (Leaper and Brown, 2014; Leaper et al., 2002; Solbes-Canales et al., 2020). These factors may together contribute to female children exhibiting more advanced inhibitory control compared to male children in the current study (Ribeiro et al., 2021).
Although previous research examining sex differences in children with ADHD has explored potential differences in cortical functioning between males and females, individual studies have yielded varying results and existing biases may contribute to the research and interpretation narratives (Waddell and McCarthy, 2010). In children, males have historically been more frequently diagnosed with ADHD than females, having led to gender biases in ADHD research, with more studies involving males (Mowlem et al., 2019). For example, this concern has been cited many years ago in a U.S. National Institutes of Health ADHD Consensus report (NIH, 1998) that recommended more effort was needed in assessing the inattentive subtype, particularly since it may comprise a higher proportion of young females than the other subtypes. This underscores an area where social expectations for classroom behavior may result in biased behavioral observations that affect diagnostic accuracy and ultimately limit females’ access to appropriate clinical services. A VR approach in this area would be well suited to address this question via the differentiation between the attentional and movement variables. This lends support for the rationale underlying our ongoing efforts to conduct a vCAT study with children having well documented ADHD diagnoses for comparison research using the neurotypical normative data generated in the current study.
4.4 Differentiation between cognitive and motor measurements of inattention, impulsivity and hyperactivity
The above results from neurotypical behavior as measured by the vCAT demonstrates conspicuous disparities across multiple dimensions between the variables associated with motor functions and those related to cognitive processes when it comes to measures of attention. This differentiation between cognitive versus motor measurements of attention are further supported by two different aspects of results revealed in the current study. First, results showed significant decay in performance over time during vCAT testing, only for measures of hyperactivity, but not for inattention. Second, results from the exploratory factor analysis, where vCAT variables representing aspects of hyperactivity, inattention, and impulsivity, loaded distinctly into these identified factors. This pattern of results highlights clear differentiation in hyperactivity-related motion variables compared to the cognitive measurements derived from the CPT task. This is in line with the many levels of observations (genetic, neurophysiological, behavioral, and clinical) that point to the distinct demarcation in mechanisms underlying inattention and hyperactivity in both neurotypical and ADHD populations (Cai et al., 2021).
One of the most well-studied neural systems underlying inattention and hyperactivity is the fronto-striatal dopaminergic circuit, which is involved in executive functions such as attention, working memory, and inhibitory control (Durston, 2003; Castellanos and Proal, 2012; Mills et al., 2012; Vaidya, 2012). Research has shown that children with ADHD have decreased activity and connectivity in this circuit, particularly between the prefrontal cortex and basal ganglia (Leisman and Melillo, 2013; Riva et al., 2018). These regions are important for maintaining cognitive control over physical behavior; in particular, the basal ganglia is involved in reward processing, motivation and motor activity, and is critical for the regulation of executive functions. Dopaminergic pathways between the basal ganglia’s striatum and the thalamus are thought to be compromised in ADHD pathology (Leisman et al., 2014), leading to an imbalance between the direct and indirect thalamic pathways, and a reduced ability to control impulses and maintain attention, as well as impaired psychomotor control.
The differentiation between inattention and hyperactivity due to underlying mechanisms is further delineated in computational models of psychiatric neural dynamics (Hauser et al., 2016). ADHD and key symptoms of inattention and hyperactivity may be characterized by low neural gain (the ability of neural circuits to amplify or attenuate incoming signals), specifically in cortico-striatal loops influenced by catecholamine modulation. This causes an inability to differentiate among competing stimuli on a cortical signaling level, leading to behavioral instability and variability. Inattention is described as frequent shifting between different goals and an inability to focus on the most valuable option. Alternatively, neural gain impairments might occur only at a motor level, resulting in increased, undifferentiated motor actions and an inability to suppress inappropriate motor responses without marked inattentive symptoms, defining a hyperactive-impulsive subtype of ADHD.
5 CONCLUSION
The merger of Virtual Reality with neurocognitive assessment offers a promising future for enhancing diagnostic decision-making and treatment progress by collecting more abundant, high-quality, and relevant data. VR, especially within the domains of special education and cognitive research, emerges as a cutting-edge platform for testing and observation within precisely controlled, ecologically relevant simulated contexts. Testing administered in VR contexts can closely mimic the demands of real-world scenarios better than 2D methods and could possibly result in assessment outcomes that provide more accurate representations of participants’ abilities. The present study employed a VR classroom to conduct a continuous performance cognitive attention test on a large sample of neurotypical male and female children between the ages of 6–13. This vast dataset helped chart the progression of neurotypical attention performance through these developmental years and highlighted gender-specific performance variances. This effort also resulted in a normative database that will be used to support comparison analyses with children being assessed for ADHD or other neurocognitive conditions.
This research produced some key findings. Results indicated age-wise improvement in attention and hyperactivity. Both cognitive and motion-tracked elements of the vCAT test exhibited improvements in attention process performance from ages 6 to 13. This aligns with the well-known trajectory of neurotypical cognitive development. Factors like brain maturation, cognitive growth, social experiences, and environmental interactions influence attention and impulse control progression. With age, neural networks associated with these faculties become more adept at directing attention and filtering out irrelevant stimuli.
Hyperactivity ceiling effects were also observed. An interesting age-related trend is the ceiling effect seen in only hyperactivity measures, notably between the ages of 11 and 12. This period typically coincides with puberty and brings about significant brain changes, especially in dopamine levels, that can escalate ADHD symptoms in children.
The study also found distinct differences between male and female participants. Younger males showcased more physical activity in the VR setting and responded more impulsively than females. In contrast, females might develop impulse control abilities sooner than males, possibly due to biological and societal reasons. These findings prompt a re-evaluation of behavioral expectations and potential biases affecting diagnostic precision, especially in ADHD research where males have been historically overrepresented.
There was a clear differentiation between cognitive and motor measurements. The results underline the distinct separation between variables tied to motor functions versus those linked to cognitive processes concerning attention metrics. The evidence points towards distinct mechanisms underpinning inattention and hyperactivity, as cited in past research, and further substantiated by the results observed in the vCAT performances of these neurotypical children.
Future directions in fusing VR with neurocognitive testing would benefit from the inclusion of biological markers such as gaze fixation through eye-tracking, stress response through heart-rate and respiratory-rate derived metrics for comprehensive profiling. Combination with neurophysiological measures can also help to explain the underlying cortical mechanisms giving rise to the observed results in the current study. Calculation of a wider set of variables from the current task, such as distractor-related time-specific effects and how they are related to movement variables, can also increase understanding of group or individual differences in distractor response, which may lend precision to methods that ultimately can help reduce distraction. It will be important to compare the performance on the vCAT by age-matched children diagnosed with ADHD, as well as other neurocognitive disorders, as a means of pinpointing the potential pathological differences in cognition and psychomotor function, as well as how these differences vary according to age and sex. Finally, the demonstration of VR as a tool that sensitively detects and reflects differential underlying mechanisms of cognition and psychomotor function in neurotypical children serves as a prototypical doorway for VR to be incorporated more broadly into clinical diagnostic and therapeutic decision making processes.
In essence, VR’s integration with neurocognitive assessment opens new avenues for a deeper, more nuanced understanding of cognitive development and offers invaluable insights into conditions like ADHD. The technology holds the potential to reshape the landscape of cognitive testing, in a fashion that supports both the experimental precision and contextual relevance of neurocognitive assessment data. From a clinical perspective, these advances are anticipated to enhance diagnostic decision-making and provide a more objective method for documenting treatment response to interventions.
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