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Measuring neurodevelopment of
inhibitory control in children using
naturalistic virtual reality

Larisa-Maria Dina%2*“, Paola Pinti%3 & Tim J. Smith%*

Inhibitory control develops over time and is linked to fronto-striatal maturation. Traditional
computerised assessments often lack ecological validity and are not age appropriate. Here, we
developed a naturalistic, age-appropriate paradigm using a cave automatic virtual environment (CAVE)
and mobile functional near-infrared spectroscopy (fNIRS) to measure response inhibition in children
aged 3-7-years. The new task was validated in adults (N =24, Mage =30.38, SD=10.54), and children
(N=36, M__ =444, SDage =1.11 years). Participants completed two Go/No-Go tasks: a standard
computer-lg)ased version and an adapted CAVE version, while fNIRS recorded brain activity in the
bilateral dorsolateral frontal cortices. The aims were to compare behavioural performance in the CAVE
and computer tasks, establish if the tasks capture developmental differences in inhibitory control,
assess their psychometric properties (convergent and divergent validity), determine the feasibility
and acceptability of the multimodal CAVE-fNIRS setup in early childhood, and characterise the neural
correlates of response inhibition in both 2D and 3D tasks. Consistent with typical Go/No-Go tasks,

we found higher error rates in mixed blocks compared to Go-only blocks. No significant correlations
were found between self-reported (adults) or parent-reported (children) inhibition measures and

task performance, nor between performance metrics across the CAVE and computer tasks, though
children generally exhibited poorer performance across most metrics compared to adults, reflecting
the prolonged developmental trajectory of inhibitory control. The novel CAVE task proved feasible
and acceptable, with high completion rates and absent or minimal virtual reality-induced symptoms.
Specific to the early childhood sample, Go/No-Go blocks in the CAVE task elicited higher activity

in the left inferior frontal gyrus. This study shows the brain correlates of response inhibition during
unrestricted movement in 2D and 3D settings in young children, integrating age-appropriate fNIRS
with an immersive CAVE, opening potential new approaches to studying neurodevelopment.
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Inhibitory control is a core executive function and is often used as an umbrella term to refer to the multiple
facets of inhibition, including response inhibition'. Response inhibition refers to the ability to actively suppress
or delay prepotent responses and replace them with context-appropriate responses to fulfil a goal?. Inhibitory
control follows a long developmental trajectory as it emerges near the end of the first year of life, rapidly matures
throughout early childhood, and continues to develop throughout adolescence until early adulthood®?. This
prolonged developmental trajectory is closely linked to the maturation of brain structures and neural networks’.
Specifically, meta-analytic evidence highlights the existence of an inhibitory processing network system where
response inhibition activates a fronto-striatal system®. The association between response inhibition and the
structural and functional development of the prefrontal cortex (PFC) is further evidenced by multimodal
neuroimaging studies using inhibition tasks’.

Consistent with its role in goal-directed behaviour in everyday activities, there are widespread standardised
assessments of response inhibition’, some of which have also been adapted to be used in neuroimaging studies’
and across the lifespan®. There are multiple ways in which these assessments can be delivered, ranging from
pen and paper questionnaires’ to tasks or questionnaires delivered on computers, tablets or smartphones!®-14.
Nonetheless, despite multiple assessment delivery modalities and its importance in everyday behaviours,
response inhibition is typically assessed using non-naturalistic assessments. Non-naturalistic assessments can
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be conceptualised on the latter end of a continuum using decontextualised, static, repetitive stimuli, largely
delivered in constrained laboratory settings'>!®. While it is important that such tasks are domain-specific and
able to measure their target construct (convergent validity), filtering out noise or confounds in favour of isolating
latent variables means that the complexities of everyday life are not adequately captured!’. This is important
because real-life situations where the suppression or delay of prepotent responses is expected involve both task
relevant and task irrelevant information, depending on the context we are in, and the goal we aim to achieve.
One of the directions proposed to move the field towards more naturalistic research is bringing more realistic
stimuli into the laboratory'®!3. This allows for the isolation of latent variables while introducting curated noise,
which is possible through immersive virtual reality (VR). Tasks that use VR are characterised by interactive and
immersive elements produced using advanced computer technologies to create realistic environments in 3D'.
Inhibitory control tasks delivered through VR have been shown to have comparable psychometric properties with
equivalent computerised versions, and be acceptable and feasible for participants, with generally few reported
cybersickeness symptoms and high completion rates'®. Increasing the ecological validity of cognitive tasks is
crucial, as performance on neuropsychological tests has been shown to account for only 4.6-21.4% variance
in daily functioning®. Furthermore, an intrinsic property of naturalistic methods is that they are intuitive and
contribute to a level of enjoyment, therefore increasing participant engagement?! and making them attractive for
populations that are naturally more difficult to engage in research (e.g., children, clinical populations??).

Despite that virtual reality-based cognitive tasks have started to become increasingly used in
neuropsychological assessment!?, there are several angles that remain largely unexplored. Firstly, research using
VR methods focusing on children continues to be relatively scarce!®?*. This is a missed opportunity because
children naturally engage in play, and immersive VR can provide children with multisensory experiences which
may either replicate scenes from the physical world or create fictious scenarios, much like the settings where
play occurs or that are imagined during play. Secondly, most research using neuropsychological tests in VR in
developmental samples has evaluated the Virtual Classroom??, a continuous performance test embedded in a
virtual setting that most young people are familiar with—a school classroom. The Virtual Classroom system
has been shown to have high ecological validity, as it simulates a real-world classroom, and there is evidence
to suggest that it can discriminate between children with Attention Deficit Hyperactivity Disorder (ADHD)
from matched controls?®>2?°. While it is important that attention and cognitive control are measured in a real-
world context where school children spend a significant portion of their day, VR has rarely been used to assess
inhibitory control in children under the age of 7, for whom play contexts might be more salient?””. To our
knowledge, only two studies to date have used immersive VR in early childhood. One study compared the effect
of different technologies such as immersive VR and television on inhibitory control skills, social compliance and
sharing in four- to six-year-olds?. They used a Simon Says task in both conditions and found that children were
less likely to suppress their motoric response in the VR condition, indicating that VR might elicit differential
cognitive responses compared to less immersive technologies. The second study developed and validated an
immersive VR platform to assess social development in three- to five-year-olds whilst simultaneously recording
brain activity using a mobile functional near-infrared spectroscopy (fNIRS) system, showing the feasibility of
using this setup to assess social preferences in naturalistic settings®®. Nonetheless, none of the studies to date
used an immersive cave automatic virtual environment (CAVE) to study inhibitory control. Finally, no study to
date has assessed the neural correlates of inhibitory control in virtual environments. Existing paediatric studies
assessing the neural correlates of response inhibition using fNIRS during standard tasks report recruitment of
the right dorsolateral prefrontal cortex in children aged 4-10 years® and children aged 7-12 years®, stronger
connections between left frontal and parietal cortices®!, recruitment of the right middle and inferior frontal
gyri and bilateral supramarginal gyri in children aged 4-7 years®, and increased functional activation in the
right prefrontal and parietal cortices as early as at 10 months of age*. In addition to the frequently reported
involvement of the right prefrontal areas in inhibitory control, the left inferior frontal gyrus (IFG) is also critical
for response inhibition, as evidenced in functional magnetic resonance imaging (fMRI) studies in adults, e.g., in
patients with focal damage in the left IFG* and in charactising areas of absolute diversity for executive functions
in healthy adults®.

Despite a rapid maturation of inhibitory control in early childhood, it remains challenging to reliably
measure the neural correlates of response inhibition in paediatric populations. Most existing imaging techniques
are not appropriate for young children due to noise and movement restrictions (e.g., fMRI), and those that
are age-appropriate (e.g., electroencephalography) have limited spatial resolution, making it difficult to identify
neuroanatomical regions associated with response inhibition®®. More broadly, there is a lack of age-appropriate
assessments for assessing this construct, and many of the traditional executive function measures are designed
for adult populations and adapted for children®”-*, Furthermore, to date it remains unclear if response inhibition
may have different neural and behavioural characteristics during more naturalistic behaviour, such as during a
VR inhibitory control task. To our knowledge, no study to date used a multimodal fNIRS-VR setup during a
more naturalistic inhibitory control task, and only one study compared a VR task with a 2D equivalent in young
children?®. In that study, authors reported that children were more disinhibited in the VR condition of their
Simon Says inhibitory control task, possibly influenced by the salience of the VR environment, but the neural
correlates of this behaviour were not measured.

To address the age-appropriateness and ecological validity challenges highlighted above, the aim of the current
study is to develop a novel ecologically valid paradigm for the assessment of response inhibition in a CAVE
environment, a cubic room where virtual scenes are projected on the three walls surrounding the participants and
on the floor. The CAVE is well-suited for children for several reasons. First, the tracked stereoscopic glasses worn
in a CAVE are currently reported to weigh five to ten times less than a typical head-mounted display (HMD),
and they can be custom 3D-printed to create child-appropriate sizes®. This is an important consideration when
conducting research with young children. Second, a fundamental difference between CAVE and HMDs is the
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eye-to-screen distance, and the fixed distance of HMDs has been reported to impact distance perception®’.
To this point, CAVEs allow users to see their own bodies and other physical cues in their environment (e.g.,
screen edges), to estimate distances in the virtual world*!, make them feel safer and protect against safeguarding
concerns®?. Finally, this virtual environment is appropriate for recreating naturalistic settings from real life
into a controlled laboratory environment, therefore allowing us to introduce task-irrelevant information (i.e.,
contextual information, distractors) to the paradigm whilst also customising the context and stimuli for the
population being tested.

To further understand the neural correlates underlying response inhibition in naturalistic settings, we
combined the novel CAVE system with mobile fNIRS. fNIRS is a non-invasive neuroimaging technique
utilising near-infrared light to measure concentration changes in oxygenated (HbO,) and deoxygenated (HbR)
haemoglobin. This indirect measurement of functional brain activity is achieved by placing a certain number
of light sources on the scalp, capable of penetrating into the brain tissue, as well as optical detectors to collect
back-scattered light*. It is based on the principle of neurovascular coupling, referring to the oversupply of
cerebral blood flow to active brain regions to meet the increase in oxygen demand following neuronal firing**.
It is suggested that concentration changes in oxygenated and deoxygenated blood are closely related to neuronal
activity in the cerebral tissue®. Importantly for paediatric samples, fNIRS systems are lightweight, can be
wireless and can tolerate a large degree of motion, therefore allowing for less unrestrained movement. These
characteristics make fNIRS suitable for young children who are not able to remain still for long periods of
time?® and are also conducive to more naturalistic testing in cognitive science?¢. Based on the neural correates of
response inhibition previously reported in children and adults in standardised tasks, we decided to record brain
activity in the bilateral frontal cortices.

The aims of this proof-of-principle study were multifold. Our first aim was to compare behavioural
performance in a computerised Go/No-Go task with that in a naturalistic Go/No-Go task in a CAVE in two
separate samples of adults and young children - this was firstly done in adults to establish the feasibility of the
multimodal fNIRS-CAVE setup, and then in children aged 3-7 years. To this aim, we hypothesised there will be
higher error rates in Mixed blocks compared with Go blocks in both adults and children, as in typical for Go/
No-Go tasks?”*#8, and that these differences will be more pronounced in the novel CAVE task. To our knowledge,
this is the first study assessing inhibitory control in a CAVE setting against a 2D comparator, with only one
previous study measuring the same construct using an inhibition task delivered through either VR headsets, or a
2D comparator (a TV). Therefore, the expectation that behavioural performance would be poorer on the CAVE
task is informed by the results reported by Bailey et al.?%, who found that children exhibited lower inhibition in
the VR condition. Further related to performance metrics, we also expected to see longer reaction times in Go
blocks in the novel CAVE task, since the task is more visually and motorically complex. Our second aim was to
establish if the novel CAVE task is suitable for capturing developmental differences in inhibitory control. To this
aim, we hypothesised that age is positively associated with better performance on the CAVE task, in line with the
long developmental trajectory of inhibitory control*®. Our third aim was to assess the psychometric properties
of the task (convergent and divergent validity) and determine the feasibility and acceptability of the CAVE task
in conjunction with fNIRS in early childhood. To determine convergent validity, we hypothesised there would
be associations between behavioural performance in the CAVE and computer task and self- or parent-reports
on constructs relevant for inhibitory control (e.g., externalising symptoms, associated with lower inhibition*’).
To assess divergent validity, we did not expect to find correlations between behavioural performance and self-
or parent-reports of other executive functioning domains (e.g., working memory, cognitive flexibility). To
assess the feasibility of a multimodal CAVE-{NIRS setup, we reported study completion rates and to assess the
acceptability of the novel CAVE task, we measured possible VR-induced symptoms and effects following the
task. Lastly, we aimed to characterise the neural correlates of response inhibition in during a 2D and immersive
3D task, and assess associations between neural activity and behavioural performance. Here, we predicted that
functional brain activity would be localised in areas commonly associated with inhibitory control, i.e., in the
frontal regions, and that there would be stronger activation patterns during Mixed blocks compared with Go
blocks.

Results
36 children (36.1% female, M, =4.44,SD  =1.11 years) and 24 adults (58.3% female, Mage: 30.38, SD=10.54)
were included in the analyses of the behavioural data.

Behavioural analyses

Task performance in adults (aim 1)

Within tasks To address the first aim, we first investigated task performance separately in the CAVE and com-
puter task in the adult sample. Due to the non-parametric nature of this data, we used the Wilcoxon rank test
and a bootstrapping procedure to calculate the 95% confidence intervals. Error rates were significantly higher in
mixed blocks (M =0.03, SD =0.04) compared with Go blocks (M=0.01, SD=0.01) in the CAVE task (Z=-2.81
p=0.01) [95% CI(0.002, 0.004)], and in mixed blocks (M =0.03, SD=0.03) compared with Go blocks (M =0.00,
SD=0.00) in the standardised computer task (Z=-3.12, p=0.002) [95% CI (0.000, 0.001)] (Fig. 1).

Across tasks  Task performance metrics were also compared across the two tasks in adults using Wilxocon rank
tests for paired non-parametric data, and bootstrapping to calculate 95% confidence intervals. Error rates were
significantly different in the Go blocks (Z=-2.54, p=0.01) [95% CI(0.006, 0.010)], with slightly higher error
rates in the CAVE task (M =0.008, SD=0.01) than in the computerised task (M =0.000, SD=0.00). There were
no differences in Mixed blocks (Z=-0.79, p=0.43) [95% CI(0.457, 477)] (Fig. 1) between the computerised
(M=0.026, SD=0.03) and CAVE (M =0.033, SD =0.04) tasks. Comparing reaction times in Go blocks between
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Fig. 1. Error rates (%) in Go and Mixed blocks for the standardised computer-based task and the novel
CAVE task in (a) toddlers and pre-schoolers, and (b) adults. Error bars represent the standard error of the
mean (SEM). Wilcoxon rank tests were used to compare error rates between the two tasks for each group. ***,
p<0.001; ns, not significant.
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Fig. 2. Reaction times (seconds) in Go blocks for the standardised computer-based and the novel CAVE task
in (a) toddlers and pre-schoolers, and (b) adults. Error bars represent the standard error of the mean (SEM).

Wilcoxon rank tests were used to compare RT between the two tasks for each group. **, p<0.01; ns, not
significant.

the two tasks, we found higher reaction times in the novel CAVE task (M =1.09, SD =0.29) compared with the
computerised task (M=0.70, SD=0.30), Z=-3.23, p<0.001 [95% CI(0.000, 0.001)] (Fig. 2).

Task performance in children (aim 1)

Within tasks To address the first aim, in a second step we investigated task performance separately in the
CAVE task and, respectively in the computer task in the children sample, using the Wilcoxon rank test for
related, non-parametric data and a bootstrapping procedure to calculate 95% confidence intervals. Error rates
were significantly higher in mixed blocks (M =0.38, SD=0.21) compared with Go blocks (M =0.08, SD=0.09)
in the CAVE task (Z=-5.19, p<0.001) [95% CI(0.000,000)]. Nontheless, in contrast to the results from the
adult sample, in children the difference between error rates in mixed blocks (M =0.14, SD =0.13) and Go blocks

(M=0.09, SD=0.11) in the standardised computer task was not significant (Z=-1.89, p=0.07) [95% CI(0.062,
0.72)] (Fig. 1).

Across tasks Task performance metrics were also compared across the CAVE and computer task in children. In

children, error rates in the Mixed blocks were significantly different in the CAVE (M =0.38, SD=0.21) and com-
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puterised task (M =0.14, SD=0.13) (Z=-4.74, p<0.001) [95% CI(0.000, 0.000)]. There were no differences in
Go blocks (Z=-0.12, p=0.91) [95% CI(0.907,0.918) between the computerised (M =0.09, SD=0.11) and CAVE
(M =0.08, SD=0.09) tasks. Comparing reaction times in Go blocks between the two tasks in the early childhood
sample, we did not find a significant difference between the reaction times in the novel CAVE task (M =0.87,
SD=0.18) compared with the computerised task (M =0.88, SD=0.19), Z=-0.51, p=0.61 [95% CI(0.619,0.638)]
(Fig. 2).

Developmental differences in task performance (aim 2)

Since both tasks were designed to be age-appropriate for young children, we investigated if they captured
neurodevelopmental differences. To this end, Mann-Whitney U tests were computed using group (adults or
children) as the between-subject variable, and task performance in each task as the dependent variable. Error rates
in the novel CAVE task were significantly higher in the children group, as expected, for Go (Children: M=0.08,
SD=0.09; Adults: M=0.01, SD=0.01, Z=-4.29, p<0.001, 95% CI[0.000,000]) and mixed blocks (Children:
M=0.38, SD=0.21; Adults: M=0.03, SD=0.04, Z=-5.94, p<0.001, 95% CI[0.000,0.000]), and in the standard
computerised task for Go (Children: M=0.09, SD=0.11; Adults: M=0.00, SD=0.00, Z=-6.34, p<0.001,
95% CI[0.000,0.000]) and mixed blocks (Children: M=0.14, SD=0.13; Adults: M=0.03, SD=0.03, Z=-3.45,
p<0.001, 95% CI[0.000,0.001]). Interestingly, adults were significantly quicker in Go blocks in the computer task
(Adults: M=0.72, SD=0.30; Children: M=0.87, SD=0.19, Z=-2.61, p=0.009, 95% CI[0.006,0.010]) but slower
in Go blocks in novel CAVE task (Adults: M =1.09, SD =0.29; Children: M=0.87, SD=0.18, Z=-2.71, p=0.007,
95% CI[0.004,0.007]) (Figs. 1 and 2).

Age effects (aim 2) To further investigate the validity of the novel inhibitory control CAVE task, we corre-
lated error rates in Go blocks, a measure of task performance, with participants’ age in years for each group
(Fig. 3). In children, error rates showed negative associations with age in both tasks, such that being older was
linked to better performance, though these correlations did not survive FDR correction for multiple compar-
isons (CAVE task: tho=-0.35, p, ~  =0.037/Pror correctea = 0-07; CB task: rho=-0.40, p - =0.027/
PrDR corrected = 0-07) (Fig. 3A,B). In adults, error rates in Go blocks were not significantly correlated with age
in either task, as expected due to the tasks being designed for children and therefore easy for this age category
(CAVE task: tho=0.24,p . =0.26/Prrp correctea = 0-25) (Fig. 3C). Error rates in Go blocks in the computer
task were 0 for all participants, such that no statistics were computed (Fig. 3D).

Psychometric properties and user experience

Convergent validity (aim 3)

Next, we investigated potential associations between self-reported and parent-reported constructs belonging
to the same or similar domains. These included inattention, impulsivity or impulsiveness-hyperactivity and
inhibitory control, and were correlated with error rates and reaction times in the standardised computer task
and the novel CAVE task. To this end, we computer Spearman’s rho correlation coefficients, and applied the FDR
method for multiple testing correction.

Adults Firstly, we correlated self-reported measures of inhibition with task performance (error rates and re-
action times) and did not find any significant correlations in either of the two tasks. Simiarly, none of the cor-
relations between task performance metrics in the standardised, computer-based task and the novel CAVE task
were statistically significant or survived FDR correction. The full correlation matrix, and FDR-corrected and
uncorrected p-values are presented in full in Table S1 of the Supplementary Materials.
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Fig. 3. Error rates in Go blocks and participants’ age. Spearman’s correlation coefficients are denoted by the
letter p (rho), and statistically significant associations are these where p <0.05 (uncorrected). FDR-corrected
p-values are presented in the text and used for interpretation.
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Children Similar to the adult sample, we did not find any significant correlations in either of the two tasks for
parent-reported measures relevant to inhibition and task performance, nor between task performance metrics
across the two tasks. Nonetheless, we found moderate correlations between metrics within the same task. Spefi-
cially, there was a negative correlation between error rates in mixed blocks in the CAVE task and reaction time
in Go blocks in the same task (r=-0.58, Pyrr correctea = 0-003, 95% CI [-0.79,-0.24), and a negative correlation be-
tween error rate in mixed blocks in the computer task and reaction time in Go blocks in the same task (r=-0.62,
PEDR correctea = 0-001, 95% CI [-0.80, —0.31). The full correlation matrix, and FDR-corrected and uncorrected
p-values are presented in full in Table S2 of the Supplementary Materials.

Exploratory correlations between functional brain activity, behavioural performance and self- and parent-
reports are reported in the Supplementary materials for children (Tables S10 and S12), and for adults (Tables
S11 and S13).

Discriminant validity (aim 3)

Next, we investigated potential associations between self-reported and parent-reported constructs that refer to
separate, but related executive functioning domains, including planning and organisation skills, shifting and
working memory, and error rates and reaction times in the standardised computer task and the novel CAVE
task.

Adults In the adult sample, we found a medium correlation between reaction time in Go blocks in the CAVE
task and the Plan/organise subscale of the BRIEF-A (tho=0.56, Pryp correctea = 0-03> 95% CI [0.17, 0.82]). None
of the other correlations were statistically significant or survived FDR correction. The full correlation matrix,
and FDR-corrected and uncorrected p-values are presented in full in Table S1 of the Supplementary Materials.

Children There were no correlations between task performance metrics and parent-reported constructs that
were statistically significant or that survived FDR correction. The full correlation matrix, and FDR-corrected and
uncorrected p-values are presented in full in Table S2 of the Supplementary Materials.

Exploratory correlations between functional brain activity, behavioural performance and self- and parent-
reports are reported in the Supplementary materials for children (Tables S10 and S12), and for adults (Tables
S11 and S13).

Feasibility (aim 3)

The tasks were feasible for both the adult and the children, as reflected by completion rates (adult sample: 24/24,
100%; children sample: 39/40, 97.5%). Only one participant (age =4, female) refused to wear the fNIRS cap and
attempt the behavioural tasks and hence did not complete the study. All other participants complied with the
testing protocol.

Acceptability (aim 3)
The novel CAVE task was found to be acceptable for both developmental samples. Most participants reported
the absence of VR-induced symptoms and effects or very mild symptoms (see Fig. 4).

We also examined possible associations between VR-induced symptoms and effects and task performance in
the two developmental groups. There were no significant associations in either group (see Tables S1 and S2 in the
Supplementary Materials for full details).

fNIRS results

Mixed > Go contrast in adults (aim 4)

Our final aim focused on characterising the neural correlates of response inhibition during a 2D and immersive
3D task, and assessing associations between neural activity and behavioural performance. In line with our
hypothesis that stronger activation patterns will be found in mixed blocks compared to Go blocks, the analysis
of NIRS data focused on the Mixed>Go contrast of interest. fNIRS data consisted of HbO and HbR AUC
values for each channel, and one-sample channel-wise t-tests were run to test if there were significantly larger
hemodynamic changes in the Mixed blocks compared to the Go blocks.

In the adult sample in the computer-based task, the channels covering the superior frontal gyrus and middle
frontal gyrus (channels 9, 13, and 18) showed significant changes in HbO, and HbR (p <0.05) during the mixed
blocks of the task. Nonetheless, none of these channels survived FDR correction for multiple comparisons. In
the novel CAVE task, the channels covering the middle frontal gyrus and inferior frontal gyrus (channels 16, 19,
24) showed significant changes in HbO, and HbR (p <0.05) during the mixed blocks of the task and similarly did
not survive FDR correction. Figure 5 displays brain activation patterns for the adult sample.

Functional activity and task performance associations in adults (aim 4)
To further assess associations between fNIRS signal, comprised of HbO and HbR AUC values for each of the
channels, and response inhibition at the behavioural level in the adult sample, a multiple regression linear
model was specified using the Im function in the Imme4 package in R. fNIRS signal was entered as the outcome,
and block type (Go/Mixed blocks), task type (CB/CAVE), chromophores (HbR, HbO,), error rates, task
type x chromophore and task type x error rate as predictors. Statistically significant interactions were followed-
up using pairwise contrasts in the emmeans package in R. The analysis focused on the channels with significant
changes in HbO, and HbR in the Mixed > Go contrast (FDR corrected and uncorrected). Specifically, channels
9,13, 16, 18, 19 and 24 were included, covering the superior, middle frontal, and inferior frontal gyri.

The model was significant, F(7, 456)=5.43, p<0.001, explaining 7.7% of the variance (R*=0.077; adjusted
R2=0.063). A main effect of task revealed significantly greater activation during the CAVE task compared to the
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Fig. 4. Virtual reality-induced symptoms and effects in children and adults. For children, the VRISE subscale

was completed by parents in consultation with their children. Scores ranged from 1 to 7, and higher scores
indicated less VR-induced symptoms and effects. Error bars represent the standard error of the mean (SEM).

(Intercept) 0.00000159 | 0.00000512 | 0.757
Block (Mixed) —0.00000189 | 0.00000349 | 0.590
Task (CAVE) 0.00001269 | 0.00000454 | 0.005**
Chromophore (HbR) —0.0000014 | 0.00000435 | 0.751
Age 0.00000001 | 0.00000012 | 0.943
Error Rate 0.00005339 | 0.00009574 | 0.577
Task (CAVE)*Chromophore (HbR) | —0.0000172 | 0.00000586 | 0.003 **
Task (CAVE)*Error Rate 0.0001309 | 0.0001050 |0.213

Table 1. Multiple regression model with fNIRS signal as the outcome, and block type (Go/Mixed blocks), task
type (CB/CAVE), chromophores (HbR, HbO,), error rates, task type x chromophore and task type x error rate
as predictors in the adult sample. The analysis focused on the channels with significant changes in HbO, and
HbR in the Mixed > Go contrast (FDR corrected and uncorrected). Specifically, channels 9, 13, 16, 18, 19 and
24 were included, covering the superior, middle frontal, and inferior frontal gyri.

computer-based task (CB; $=0.00001269, p=0.005). Critically, a significant task type x chromophore interaction
(B=-0.0000172, p=0.003) indicated that this effect was specific to HbO signals. Follow-up contrasts confirmed
that CAVE trials elicited significantly greater HbO activation than the computer task trials (t(456)=-3.65,
p<0.001), with no task-related differences in HbR responses. The full regression model is presented in Table 1.

To supplement this analysis, Spearman correlations were further ran between task performance measureas
(error rates, reaction time) and signal, respectively for self-reports and NIRS signal in the channels found to be
significantly activated in the Mixed > Go contrast before multiple comparison corrections. These are reported in
Table S11 and S13 in the Supplementary materials.

Mixed > Go contrast in children (aim 4)

In children in the computer-based task, the channels covering the middle frontal, precentral and inferior frontal
gyri (channel 11 and 23) showed significant changes in HbO, and HbR (p <0.05) during the mixed blocks of the
task. Nonetheless, none of these channels survived FDR correction for multiple comparisons. In the novel CAVE
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Fig. 5. Group-level t-value maps for the Mixed > Go contrast in the standard computer-based task (top) and

in the novel CAVE task (bottom) in the adult group. Statistically significant channels (p <0.05, uncorrected)
have a white outline. Channels surviving FDR correction for multiple comparisons have a white outline and
are marked with a white asterisk. Positive t-values correspond to a HbO, increase and a HbR decrease; negative
t-values correspond to a HbO, decrease and a HbR increase.

task, we found significant changes in HbO, and HbR (p<0.05) during the mixed blocks in channels covering
the middle frontal, precentral and inferior frontal gyri (channels 2, 6, 7, 9, 14, 15, 23), but only the channel
corresponding to the inferior frontal gyrus (channel 9), survived FDR correction for multiple comparisons.
Figure 6 displays brain activation patterns for the early childhood sample.

Functional activity and task performance associations in children (aim 4)
To assess associations between fNIRS signal and response inhibition at the behavioural level in the early
childhood sample, the same multiple linear regression model was run, and any significant interaction terms were
followed up using pairwise contrasts. This time, the analysis focused on the channels with significant changes in
HbO2 and HbR in the Mixed > Go contrast (FDR corrected and uncorrected). Specifically, channels 2, 6, 7, 9, 14,
15, and 23 were included, covering the middle frontal, precentral and inferior frontal gyri.

The overall model was significant, F(7, 1568) =8.25, p<0.001, explaining 4% of variance (R?=0.04; adjusted
R%=0.03). The main effect of error rate was statistically significant, indicating that higher error rates were
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associated with increased neural activity ( =—0.00007466, p=0.014). The interaction between task and error
rate also reached significance (f=0.0001574, p <0.001), indicating that error rate was more strongly associated
with increased fNIRS activation in the CAVE task compared to the computer-based task. This pattern was
supported by follow-up contrasts showing significantly greater activation for the CAVE than the computer task
trials at average error rate (0.159; t(1568)=-2.99, p=0.003), suggesting increased neural engagement in the
CAVE under conditions of reduced accuracy. The full regression model is presented in Table 2.

To supplement this analysis, Spearman correlations were further ran between task performance measureas
(error rates, reaction time) and signal, respectively for parent-reports and fNIRS signal in the channels found to
be significantly activated in the Mixed > Go contrast before multiple comparison corrections. These are reported
in Table S10 and S12 in the Supplementary materials.

Discussion

This is the first study to investigate the brain correlates of response inhibition during a naturalistic task in early
childhood by integrating age-appropriate functional near-infrared spectroscopy (fNIRS) imaging with an
immersive cave automatic virtual environment (CAVE). To this end, we developed a novel response inhibition
task in a CAVE for children and compared it with a standardised age-appropriate response inhibition task whilst
simultaneously recording functional brain activity from the bilateral frontal cortices, areas associated with
response inhibition>¥3%. The novel and standardised tasks were first administered in a sample of adults to ensure
they are successful in measuring the construct of interest, and to investigate the feasibility and acceptability of
the newly developed task before being used in an early childhood sample (3-7-year-olds). Overall, participants
in both groups displayed increased error rates in mixed blocks compared with Go blocks across the novel
and standardised tasks, and, in general, displayed poorer task performance in the immersive task. The novel
CAVE task was feasible and acceptable to both participant groups, as indicated by high completion rates and
no or minimal adverse VR-induced symptoms or effects. The functional brain activity pattern indicated higher
functional activation in mixed blocks compared with Go blocks in the left inferior frontal gyrus in the novel
CAVE task, and this was associated with higher error rates. These findings were specific to the children sample
and indicate that the novel CAVE task was sensitive to age differences. Implications for multimodal naturalistic
setups in paediatric samples are discussed.

Task performance

Our first aim was to compare behavioural performance in a computerised Go/No-Go task with that in a
naturalistic Go/No-Go task in a CAVE in two samples of adults and young children. In line with our hypothesis,
task performance results in both developmental groups were consistent with typical performance in Go/No-
Go tasks. Go/No-Go tasks are characterised by the repeated execution of a motor response to Go stimuli and
withholding responses to No-Go stimuli. The frequency of each trial type can be manipulated experimentally,
but Go stimuli are predominant such that there is a prepotency of responding'®. Due to the predominance of
Go stimuli, these tasks are characterised by higher error rates in Mixed blocks, during which No-Go stimuli are
introduced. Lower accuracy in mixed blocks was confirmed in both samples in the current study in the CAVE
task. Furthermore, reaction time distributions are also usually positively skewed™, as was the case in the current
study. While performance on such tasks is established for traditional computer-based tasks, it is less clear how
participants’ performance on standardised tasks compares with performance in an immersive VR scenario.

In our study, participants in both samples displayed increased error rates in the novel CAVE task,
compared with the 2D computer task, but the pattern differed by developmental group. Specifically, adults
displayed worse performance during the Go blocks whilst children had lower accuracy in the mixed blocks
of the CAVE. This aligns with Bailey et al.?%, the only other study to date that compared a VR task with a 2D
equivalent to investigate inhibitory control in young children aged 4-6 years. Comparable to our results, they
found that children performed worse on their inhibitory control measure in the immersive VR condition
compared with children who completed the same task on a 2D screen. Comparing reaction time in the two
tasks, children responded uniformy across the two paradigms but the adult group took considerably longer to
make their response to Go stimuli in the immersive environment. This finding is similar to a study in adults
comparing performance between VR, 3D and 2D tasks, where they reported longer reaction times in the VR
and 3D conditions, together with a longer period of time fixating features of the paradigms®!. Furthermore,
computational models of the speed-accuracy trade-off propose that reaction time in each trial reflects the time
required for the nervous system to encode a stimulus, make a decision and then execute the motor response. In
our CAVE task, responses were made through hand gestures, which require hand-eye coordination and specific
motor strategies, possibly making them less familiar than traditional human-computer interaction modelities
such as keyboards and mice®. It is also possible that the content of the virtual scene introduced cognitive load,
leading to longer reaction times®!. Notably, this effect was isolated to adults, who might have have been less
accustomed to virtual environments than children. Nonetheless, we did not record prior exposure to virtual
environments in either sample.

Furthermore, Bailey et al. did not report reaction times in their VR and 2D inhibition tasks, and no previous
research to our knowledge has compared time to respond in VR environments across developmental groups?.
In general, it is worth noting that previous studies have observed longer reaction times in more complex
environments, whilst others did not find any differences®, and therefore future research on this topic is essential,
including accounting for prior exposure or familiarity with immersive technologies.

Developmental differences
The second aim was to establish if the tasks were suitable for capturing developmental differences in inhibitory
control. Contrary to our hypothesis that age would be positively associated with performance in the CAVE task,
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Fig. 6. Group-level t-value maps for the Mixed > Go contrast in the standard computer-based task (top) and
in the novel CAVE task (bottom) in the early childhood group. Statistically significant channels (p <0.05,
uncorrected) have a white outline. Channels surviving FDR correction for multiple comparisons have a white
outline and are marked with a white asterisk. Positive t-values correspond to a HbO, increase and a HbR
decrease; negative t-values correspond to a HbO, decrease and a HbR increase.

these associations did not survive multiple comparison correction. Since we report low to moderate effect sizes
and the study was powered to detect large effects, it is possible that our sample was not adequately powered
to detect these age-related associations. Despite this, the age-appropriateness of the tasks can be indirectly
evidenced through the increased neural activity in the children group in relation to higher error rates, especially
in the more naturalistic, immersive task. Moreover, though the tasks were developed specifically for children, we
observed the same pattern of behavioural performance in adults, albeit with lower error rates overall, denoting
decreased, age-related difficulty. Compared with adults, children generally had poorer performance across all
metrics, with the exception of reaction time in the CAVE, as discussed above. These findings likely reflect the
prolonged developmental trajectory of inhibitory control, which continues to develop in early childhood through
adolescence and early adulthood’, suggesting the tasks were successful in capturing neurodevelopmental
differences. In the CAVE, higher error rates could have been driven, at least in part, by the visual novelty of
the stimuli presented in the immersive setting and the richness of the environment surrounding them, which
was designed to be salient for children (i.e., playground). In fact, previous research has found the novelty effect
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Predictor B Std. error | p-value
(Intercept) 0.00000936 | 0.00001111 | 0.400
Block (Mixed) 0.00000183 | 0.00000522 | 0.726
Task (CAVE) -0.00000558 | 0.00000787 | 0.479
Chromophore (HbR) —0.00000520 | 0.00000645 | 0.420

Age -0.00000124 | 0.00000201 | 0.538
Error Rate* -0.00007466 | 0.00003031 | 0.014*
Task (CAVE)*Chromophore (HbR) | —0.00000925 | 0.00000903 | 0.306
Task (CAVE)*Error Rate 0.0001574 | 0.00003336 | <0.001***

Table 2. Multiple regression model with fNIRS signal as the outcome, and block type (Go/Mixed blocks), task
type (CB/CAVE), chromophores (HbR, HbO,), error rates, task type x chromophore and task type x error rate
as predictors in the children sample. The analysis focused on the channels with significant changes in HbO,
and HbR in the Mixed > Go contrast (FDR corrected and uncorrected). Specifically, channels 2, 6, 7, 9, 14, 15,
and 23 were included, covering the middle frontal, precentral and inferior frontal gyri.

of immersive VR learning environments to impact performance until adaptation takes place®®*’. Interestingly,
this effect did not dissipate entirely following adaptation through a tutorial®®, perhaps indicating that longer
exposure is necessary for full adaptation to occur. This would be a plausible explanation for our study, as all
participants first completed practice trials in both tasks, and were allowed time to familiarise themselves with
the virtual environment. Furthermore, children’s knowledge that Go and No-Go stimuli in the computer task
were not real, combined with the narrow field of view of the computer screen in the standardised computer task
which might have facilitated better inhibition, resulting in better performance and therefore could partly explain
the absence of differences between Go and mixed blocks in the computer task.

Psychometric properties

The third aim of this study was to understand the psychometric properties of the novel CAVE task. Our findings
on convergent and discriminant validity provide a nuanced perspective on the psychometric properties of
the novel CAVE task in comparison to traditional computer-based assessments. For convergent validity, our
study found no significant correlations between self-reported (adults) or parent-reported (children) measures
of inhibition and task performance metrics in either the CAVE or the standardised computer task. Crucially,
there were also no statistically significant correlations observed between task performance metrics (error rates
and reaction times) when directly comparing the computer-based task and the novel CAVE task in either
developmental group. This suggests that the two tasks were not equivalent. However, within the same task for
children, moderate negative correlations were found between error rates in mixed blocks and reaction times
in Go blocks in both the CAVE (r=-0.58) and computer task (r=-0.62). These findings present a point of
divergence from a recent systematic review of naturalistic tasks, including those using virtual environments,
assessing inhibitory control, which found that most studies comparing the VR task with a standardised
equivalent reported significant correlations, albeit ranging from negligible to high (r=0.03-0.82)'¢. Nonetheless,
our results are on par with Bailey et al.?%, who reported poor convergent validity and found children performed
better in the standard 2D task compared to the 3D version. These mixed findings could reflect the qualitative
differences between the two environments, and could be in part influenced by the design®®. Unlike the studies
included in the review using HMDs, the current study used an immersive CAVE. CAVEs have been shown
to provide a more natural sense of embodiment and provide more movement freedom for participants, and
therefore our CAVE setup could have been experienced differently™. Nonetheless, it is worth noting that
few studies directly compared CAVEs and HMDs, and those that did report mixed results, possibly reflecting
the rapid advancement of VR technologies, and of HMDs specificially®!. On discriminant validity, the overlap
between CAVE task performance and planning skills in adults in the current study aligns with the findings of the
review of naturalistic inhibitory control tasks'®. The review noted that few studies formally assessed discriminant
validity, and those that did often reported mixed or poor results, supporting the notion that naturalistic tasks

may tap into a broader range of cognitive processes!®.

User experience

Besides psychometric properties, we were also interested in understanding user experience in the form of
feasibility and acceptability. Both adults and children successfully completed the testing procedures and
complied with wearing the hardware necessary for the study (fNIRS system, 3D-shutter glasses and motion
tracking glove). Furthermore, participants generally did not experience any VR symptoms or had very mild
symptoms. Importantly, this work shows that VR is safe, feasible and acceptable in children as young as 3 years
old and can be used for cognitive assessment. This is important, because VR research in paediatric populations
has mainly focused on its use as a distraction intervention to reduce pain and anxiety in medical settings®>%3,
and, to our knowledge, only two other studies to date have used VR in healthy young children*®*°. In older
children and adolescents, several studies employing VR tasks have been successfully conducted in the context of
ADHD®*-%. In a next step, future studies may consider extending the use of virtual reality paradigms to younger
children with conditions characterised by deficits in inhibition, for whom naturalistic metods might facilitate
engagement.
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Neural activity using fNIRS

Our final aim was to characterise the neural correlates of response inhibition in 2D and 3D scenes, and explore
associations between neural activity and behavioural performance. In both tasks in children, we found significant
changes in HbO, and HbR in the middle frontal, precentral and inferior frontal gyri; however, none of these
channels survived multiple comparison correction in the standard computer task. Other fNIRS studies using
non-immersive Go/No-Go tasks in paediatric populations with age ranges similar to ours reported increased
functional activation in the right middle and inferior frontal gyri and in the bilateral supramarginal gyriSz,
recruitment of the right dorsolateral prefrontal cortex in children aged 4-10%, and 7-12 years®, and increased
functional activation in the right middle and inferior frontal hyri and bilateral supramarginal gyri in 4 to 7-year-
olds*. These findings partly align with ours in terms of the channels preferentialy recruited in these tasks,
though ours did not withstand the Benjamini-Hochberg correction®. It is agreed that inhibitory control tasks
activate a network consisting of bilateral mesial, medial, inferior frontal and parietal cortices, and therefore it is
not surprising that there are slight differences in the regions identified in different studies, within the inhibitory
control network umbrella®. For instance, a meta-analysis of eleven studies employing Go/No-Go tasks during
fMRI found that tasks using simpler stimuli demonstrated distinct patterns of concurrence compared with
those using more complex stimuli'. Specifically, they found differential right-laterialised prefrontal-parietal
circuits only in the complex tasks, requiring involvement from related, but distinct executive functions such
as working memory. The definition of “simple” Go/No-Go tasks, those in which the No-Go stimulus-response
association remains the same, captures the computer task used in our study and could help explain the weaker
signal captured in this task.

The only channel that survived multiple comparisons correction corresponded to the left inferior frontal
gyrus and this was the case only in the novel CAVE task and only in the children sample. These findings are
consistent with previous research using fMRI to investigate the shared inhibitory neurocognitive network™,
showing more frequent left lateralisation in Go/No-Go tasks specifically®”°. This left frontal lateralisation has
been further documented in several studies conducted in developmental samples’!”2. Furthermore, evidence
from neurological patients with brain lesions indicate that the integrity of the IFG in particular is critical for
successful implementation of response inhibition over motor responses®. The IFG is also used to characterise
areas of absolute diversity for executive functioning®.

One possible explanation for this result is the complexity of the CAVE task relative to the computerised task,
placing higher strain on cognitive control to attend to the task at hand and ignore task-irrelevant information
in the immersive environment, and possibly requiring more recruitment of the inhibitory network. Increased
cognitive load in immersive virtual environments has been reported in previous studies comparing 3D and 2D
tasks”?, and immersive 3D surgical procedures with conventional setups’®. Furthermore, previous research has
found different mechanisms to be implicated in immersive and non-immersive encovironments, even when
performance was otherwise comparable. In”?, participants completing the VR condition using HMDs had lower
performance than those in the computer-based condition, and showed greater reliance on explicit cognitive
mechanisms, rather than implicit. The increased functional activation in the IFG in the CAVE task only could
also be related to an increased prepotency of response due to the involvement of the whole arm and torso
movement compared to a simple key tap, which could place higher strain on inhibitory processes. This is in line
with previous studies showing that increased cognitive load is related to tasks requiring more complex motor
skills”®. Nonetheless, since this is the first study to use a VR-fNIRS protocol to study response inhibition in
children, there are no direct comparisons with neural correlates we can make with equivalent studies.

None of the channels in the frontal regions survived multiple comparison correction in the adult sample. This
is in contrast to prior studies employing a VR-fNIRS setup in adults, reporting increased functional activation
in the VR paradigms compared with non-VR equivalents’>’%, as do studies using a combined VR and fMRI
protocol””. However, a key distinction is that the VR and computer paradigms used in the current study were
specifically designed to be age-appropriate for young children aged 3-7 years, and therefore the cognitive
demand of the tasks on response inhibition was likely low, as reflected by the low error rates in the behavioural
data. Nonetheless, when examining associations between neural and behavioural data in adults, we found
increased functional activation during trials of the CAVE task, suggesting that engaging the body more actively
has implications for responding, and implicitly for the recruitment of the inhibitory control network. Moreover,
as is standard in fNIRS research, neural activation was indexed by increases in oxyhemoglobin (HbO,)3.

Strengths, limitations and recommendations for future work

This work has several strengths. First, it is the first study to develop and validate an age-appropriate response
inhibition task for young children in an immersive CAVE, whilst simultaneously recording neuroimaging data
using wearable fNIRS. Second, the task was tested in a sample of adults first, to ensure the setup was feasible and
acceptable, and then further validated in a sample of 3-7-year-olds. It is also important to note that the novel
task was compared with a similar computer-based Go/No-Go task to test its convergent validity, and with parent
reports of other cognitive domains to assess discriminant validity. Third, for the first time in young children
we used short separation channels and showed that superficial signal contamination is present in children
and adults. Notably, we demonstrated that the localisation of neural activity can be improved using superficial
signal regression in both tasks, but to a larger extent in the novel CAVE task. The in-depth method, results and
implications are discussed at length in a separate paper””.

Nonetheless, building and testing a naturalistic paradigm presents multiple challenges and there are
limitations that should be acknowledged, as well as several directions for further studies that we would like to
highlight. While the novel naturalistic task was compared with an equivalent computerised Go/No-Go task, the
two tasks used different stimuli, motor responses and hence were not identical. This could have impacted the
comparisons we can draw between the two tasks. However, with this study using a within-subjects design, the fact
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that the tasks were not identical might have helped improve user experience and reduce boredom. It is also worth
noting that while VR-induced symptoms and effects were absent or mild for most participants, future studies
using VR in young children should further enquire about familiarity with technology, any prior experience with
2D and 3D media and consider including motion sickness as potential confounds®. Furthermore, our study
focused on typically developing children. Children were recruited from our centre’s database, and those with
neurodevelopmental diagnoses or a family history of such diagnoses were not eligible for the study. Nonetheless,
it is worth noting that, due to resource and time constraints, we were not able to conduct clinical interviews to
confirm the absence of such diagnoses. Relatedly, the results presented here cannot be extrapolated to specific
diagnoses, and, to our knowledge, no studies to date have used VR to assess response inhibition in young children
with neurodevelopmental or psychiatric diagnoses'®. Nonetheless, the evidence we have thus far from children
with ADHD aged 6-14 years indicates that this methodology is suitable for assessing inhibitory processes?>481,
It is also important to acknowledge that here we used a CAVE system. Whilst it may have advantages such as
increased awareness of on€’s body in space, a wider viewing angle, less restricted movement and higher screen
resolution®, it is also resource intensive and therefore not readily accessible. Having shown that the CAVE is
feasible and acceptable to children as young as 3-years-old, future studies can consider similar paradigms with
head-mounted displays, which are considerably more accessible and have the potential to be used remotely!®52.
Furthermore, another limitation of this work related to statistical power and multiple comparison correction in
the NIRS data. While we conducted an a priori power analysis using a medium to large effect size at an alpha
threshold of 0.05 with 80% power, this was based on the effect reported in a meta-analysis of {NIRS studies
assessing multiple constructs (not only inhibitory control) in a range of different ages (3—17 years). Furthermore,
this effect size referred to task performance rather than brain activity data, and as such the study might not have
been adequately powered for fNIRS analysis. For this reason, we report both uncorrected and corrected results
but focus our discussion on data collected from channels that passed the p <0.05 threshold, corrected.

It is also important to note that dynamic tasks can elicit systemic changes®>, and therefore future studies
should consider adding additional monitors of systemic physiology such as electrocardiograms, blood pressure
or respiration besides short channels® to further improve robustness of the {NIRS signals. In addition, motion
tracking could be used and averaged data included as a predictor in models examining associations between
functional activity and behavioural performance.In the current study, we chose not to add these due to the
challenges of using multiple pieces of equipment on young children. Nonetheless, now that we have shown
this setup to be feasible, future research may consider taking a Systemic Physiology Augmented fNIRS (SPA-
fNIRS) approach®. Finally, as described in the Methods section, the localisations of the optodes and channels
were recorded individually for each participant, but co-registered on a common MRI template. This is common
practice in fNIRS research and a compromise between accuracy, cost® and using a more age-appropriate,
naturalistic method to measure brain activity*>.

Conclusion

To summarise, this is the first study to investigate response inhibition in young children in naturalistic settings
(a CAVE) and concomitantly measure its neural correlates during unrestricted movement. Here we demonstrate
that a novel CAVE task is a valid measure of response inhibition, activating frontal brain regions identified as
part of the neural inhibitory control network in prior neuroimaging research. We further show that an immersive
VR and fNIRS setup can be safely, feasibly and acceptably be used in children as young as 3 years old. Our work
further opens multiple avenues for future research. For example, the task could be further expanded to include
several levels of difficulty, and could be integrated with other physiological measures, such as eye-tracking. It
may also be useful for assessing response inhibition in conditions characterised by deficits in response inhibition,
such as ADHD.

Methods
Pre-registration
The protocol for this study was submitted and pre-registered on the Open Science Framework (https://osf.io/w

yp4s/).

Ethical approval

Ethical approval was granted by the Birkbeck Ethics Committee (2021072), and all methods were performed in
accordance with the relevant guidelines and regulations. Informed consent was obtained from all participants
and/or their parents or legal guardians.

Sample size

We conducted an a priori power calculation in G* power (Erdfelder et al., 1996) based on a medium to large
correlation (r=0.39) or a large difference (d=0.83) between two groups at an alpha threshold of 0.05 with 80%
power which resulted in 30 participants per group (see Figure S1 in Supplementary Materials). It should be noted,
however, that the effect size is based on a meta-analysis aggregating results of {NIRS studies assessing multiple
constructs (including executive functions and inhibitory control specifically) in children and adolescents (aged
3-17 years) as research using fNIRS in early childhood is limited®”. Nonetheless, this large difference between
the two groups is further supported by a previous study using a TV and a VR condition to measure inhibitory
control in younger children (N=52, 26 children in each condition)?. In that study, children aged 4-6 years
demonstrated better inhibitory control in the TV condition than in the VR condition (Cohen’s d = 0.89; TV
condition: M = 0.83, SD = 0.15; VR condition: M = 0.67, SD = 0.21), even after controlling for age. Whilst this
is a behavioural study without fNIRS, to our knowledge it is the only study investigating a VR inhibition task
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with a comparator in young children. Finally, the estimated sample size is also comparable to those reported in
studies using fNIRS to study response inhibition using standard Go/No-Go tasks in developmental samples [e.g.,
22 children aged 4-6 years®, 17 children aged 4-8%, 21 children aged 4-10 years®, 19 children with a mean age
of 6 years™.

Participants

Twenty-four healthy adults (range: 18-59 years, M, . =30.38, SD=10.54, 58.3% female) and thirty-nine healthy
children (range: 3-7 years, M, =4.45, SD=1.08, 35.9% female) were enrolled into the study. For recruitment,
a two-pronged approach was used: adults were recruited via institutional advertisements and word-of-mouth,
and children were recruited from the Centre for Brain and Cognitive Development participant database.
Participants were not eligible to participate if they had a neurodevelopmental, or psychiatric/physical health
condition, or a family history of neurodevelopmental or psychiatric disorders. For adults, this was established
based on self-report and scores on Part 1 of the Adult ADHD Self-Report Scale (ASRS) (scores >14 might be
indicative of ADHD and were excluded). For children, this was based on information held in the database and
parent reports. We applied multiple exclusion criteria for behavioural, and fNIRS data analysis respectively. For
the behavioural analysis, three children were excluded because their overall performance was less than 50%
on the computer-based (N =2), and on the novel CAVE inhibition tasks (N =2). One child was excluded from
both the computer-based and the CAVE task (hence why only 3 children were excluded) (M, =4.5, SD=0.71,
1 female). None of the adult participants were excluded based on task performance. Consequently, 24 adults
(M,,,=30.38, SD=10.54, 58.3% female) and 36 children (Mage=4.44, SD=1.11, 36.1% female) were included
in the behavioural analysis. For the fNIRS analysis, 11 participants were excluded from the CAVE task analysis
because of poor fNIRS data (4 adults, and 7 children) and 6 participants were excluded from the computer-
based task for poor fNIRS data quality (4 adults, 2 children). Criteria for exclusion is detailed in the fNIRS data
analysis’ section below. The final fNIRS analytical sample included 30 children for the CAVE task (M, =4.5
years, SD=1.14, 21 males), 30 children for the computer-based task (Mage:4.53 years, SD =1.14, 21 males), 20
adults participants for the CAVE task (M, =31.3 years, SD=11.33, 10 males) and 21 adult participants for the
computer-based task (Mage =30.95 years, Sﬁ) =11.16, 10 males).

Procedure

Participants or their parents (for children) were e-mailed an information sheet and consent form ahead of the
testing session. Prior to the testing session, participants (or their parents) were asked to complete a short online
questionnaire asking for basic demographic information (age, gender) and self-report/parent questionnaires
measuring attention, impulsivity and hyperactivity symptoms. For adults, these questionnaires were the Adult
Self-Report ADHD Scale, and the Barrett Impulsiveness Scale; for children, parents were asked to complete the
Strengths and Weaknesses of Attention Deficit/Hyperactivity Disorder Symptoms and Normal Behavior Scale.
Following this, participants and their parents attended a 1-hour testing session at the new ToddlerLab at Birkbeck,
in central London. Upon arrival, participants and their parents were presented with the information sheet and
consent form again. Then, two block-designed tasks were evaluated for each participant, in counterbalanced
order: (1) a validated computerised inhibitory control task (Go/No-Go)*’; (2) a novel CAVE inhibitory control
task (Go/No-Go). Participants wore a wireless fNIRS system during both tasks, and for the novel CAVE task
participants also wore custom 3D-printed shutter-glasses which enabled active-stereo viewing to facilitate
immersion into the virtual space, and a glove fitted with motion tracking markers which allowed them to interact
with the virtual objects in the virtual environment. The glove was always worn on the right hand.

Computerised inhibitory control task

We used a standardised child-friendly version of a Go/No-Go task?, in which participants were presented with
static illustrations of either bats or cats on a laptop screen. Participants were told their role is to help protect
a town by catching the bats, because they could turn into vampires, and protect the cats. To ‘catch’ the bats,
participants pressed the space bar on the laptop keyboard. To ensure participants understood the instructions,
the task started with two practice trials consisting of a bat (Go trial) and a cat (No-Go trial). The task consisted of
120 trials, split into 90 Go trials and 30 No-Go trials, and followed a block design, with 12 blocks split into 6 Go-
only blocks and 6 Go/No-Go blocks (mixed blocks) (50% Go, 50% Mixed blocks). The blocks were alternated,
and the task always started with a Go block. Mixed blocks had 10 trials each, and Go blocks had 11, 9, 10, 9,
11 and 10 trials. Each stimulus was presented on screen for 2 s, with a 1-s inter-stimulus interval. Participants
were presented with a fixation cross between trials and the inter-block time varied between 8 and 12-s and was
randomised (Fig. 7). The task took between 6 And 8 min to complete, and participants wore a portable fNIRS
system throughout.

CAVE inhibitory control task
Response inhibition in the VR environment consisted of an adapted version of the computer-based task. The
number, length and order of the trials and blocks were the same. Instead of the cats and bats, the VR task
involved the popping of bubbles coming out of an elephant’s trunk. Participants were presented with bubbles of
two different colours. They were instructed to pop the blue bubbles (Go trials) and refrain from popping the red
bubbles (No-Go trials). Participants interacted with the bubbles via the motion tracking gloves that tracked their
hand’s movements. Each stimulus was presented on screen for 2 seconds, with a 1 second interstimulus interval
(Fig. 8). Participants wore the portable fNIRS system throughout the task and custom 3D-printed shutter glasses
with head motion tracking markers, and motion tracking gloves.

To mimic the fixation cross in the computer-based task, participants were asked to fixate a star on the
elephant’s head. The star appeared at the start of the task and between the blocks. The inter-block, interstimulus
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Fig. 7. Example Go and No-Go trials from the standardised computer-based response inhibition task.

No Go

Fig. 8. Example Go and No-Go trials from the novel CAVE response inhibition task.

and stimulus presentation times were the same as in the computer task. The same outcome variables were
derived from this task.

Cave automatic virtual environment (CAVE) setup

The CAVE system used here (Mechdyne Corporation) is part of the Birkbeck ToddlerLab in London. The four-
sided custom-designed display system involves one frontal (4.3 x2m) and two side projection walls (2.4 x2m
each), as well as a projection floor (4.3 x 2m). The front wall and the floor use two overlapped and blended single
chip laser projectors, each having a resolution of 2716 x 1528 pixels (total resolution: 3297 x 1528 pixels). The
side walls are served by a single laser projector (2716 x 1528 pixels). To interact with the CAVE, participants wore
custom 3D-printed child/adult-sized liquid crystal display (LCD) shutter glasses, enabling active stereo viewing
which allowed full immersion into the CAVE. To enable the orientation and rotation of the virtual scenes as
participants were moving in the CAVE, the LCD shutter glasses had head motion tracking markers attached
on the sides. To interact with the virtual scenes (i.e., for bubble popping), motion tracking markers were also
attached to the glove participants were wearing on their right hand (Fig. 9). These markers were tracked by the
four six-degrees-of-freedom optical motion tracking cameras located in each of the four corners of the CAVE
(Vero 1.3 X, Vicon).

fNIRS acquisition and pre-processing

Two wireless continuous wave Brite MKII fNIRS devices (Artinis Medical Systems BV, the Netherlands) were
combined onto the same cap to measure the cortical changes in HbO, and HbR from the dorsolateral prefrontal
cortex and the motor cortex bilaterally during the CB and CAVE tasks. Each system had 10 light sources and
8 detectors. Light sources emitted light at 760 nm and 840 nm, and the sampling frequency of the acquisition
was set to 25 Hz. Optodes were arranged to form 44 long separation channels with a source-detector distance
of 3 cm for adults and 2.5 cm for children. We have further modified the children’s array to include 4 additional
short separation channels (source-detector distance=1 cm). Recommendations on the use of superficial signal
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Fig. 9. Experimental setup in the CAVE. Participants wore a portable fNIRS system, consisting of two
continuous wave fNIRS devices (Brite MKII, Artinis Medical Systems BV, Netherlands) mounted on a
neoprene cap, a backpack for tucking away the fNIRS system’s wires, a motion tracking glove for interacting
with the virtual objects, custom-made 3D-printed shutter glasses allowing 3D vision, and non-slip socks to
ensure safe and unrestricted in the CAVE.

regression to improve the localisation of functional brain activity in mobile children and more details on the
pre-processing and analysis of fNIRS data can be found elsewhere®. The placement of the optodes and their
corresponding channel number is shown in Fig. 10a for adult participants and in Fig. 10b for children. Because
we were interested in areas associated with response inhibition, the analysis focused on the 26 channels covering
the bilateral dorsolateral prefrontal cortex>3%3>,

To achieve reliable placement for participants, we aligned the cap to the Fpl and Fp2 landmarks on the
10 to 20 electrode placement system, and recorded frontal videos of the cap placement for each participant
which were used for co-registration on a common template. The localisations of the optodes and channels were
co-registered onto a 5-year-old MRI template from the Neurodevelopmental MRI Database of the University
of South Carolina®!. To this end, the MRI template was 3D-printed to create a head model and find the ideal
placement of the cap, including the head model coordinates of the sources and detectors and the anatomical
landmarks (Nasion, Inion, Cz, right and left preauricular points, Fpl, Fp2, Fpz, F7, F8, Ol, and O2). The
anatomical landmarks were registered using a 3D magnetic digitizer (FasTrak, Polhemus, Colhester, Vermont,
United States). In a next step, these data and the frontal videos of the participants were inputted into STORM-
NET (https://github.com/yoterel STORM-Net) to estimate the position of the optodes and landmarks®2. To
identify the anatomical locations of the channels, we used the LONI Probabilistic Brain Atlas (LPBA40)%. The
specific channel assignments for each region of interest are included in the Supplementary Materials (Table S5).

Self-report measures

The Barratt Impulsiveness Scale (BIS*) is used extensively in the field of impulsivity and is the gold-standard
self-report questionnaire for this construct. The BIS has 30 items and consists of six correlated subdomains:
attention (“I concentrate easily”), cognitive instability (“I have racing thoughts”), motor impulsiveness (“I buy
things on impulse”), perseverance (“I change jobs”), cognitive complexity (“I save regularly”) and self-control
(“T plan tasks carefully”). The six subdomains can be further grouped into three second-order factors in
accordance with Barratt’s three-factor theory®*: attentional impulsiveness (attention, cognitive instability), motor
impulsiveness (motor, perseverance) and non-planning impulsiveness (cognitive complexity, self-control). The
BIS contains 30 items which are rated on a scale of 1 (rarely/never) to 4 (almost always). Some items are reverse
scored (items 1,7,8,9,10,12,13,15, 20, 29, 30). Scores range from 30 to 120, with higher scores indicating higher
impulsivity. The scale shows excellent internal reliability (Cronbach’s alpha=0.83).

The 18-item Adult ADHD Self-Report Scale (ASRS)*® was used to assess ADHD symptomology. The scale
is formed of two parts — part A (questions 1-6), which has been found to be the most predictive of adult ADHD
symptoms, and part B (questions 7-18), which provides insight into symptom frequency®”. Although the ASRS
can be scored in multiple ways, the 0-24 scoring method has been shown to outperform the 0-4 scoring®®%.
This method was therefore used, and part A items were ranked quantitatively with scores ranging from 0 to 4,
for a maximum possible score of 24.

The Behaviour Rating Inventory of Executive Function—Adult Version (BRIEF-A) is a 75-item
standardised self-report or informant measure assessing executive functions or self-regulation in adults aged
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Fig. 10. Optodes arrangement and corresponding channel numbers. Long separation channels are marked in
yellow, and short separation channels are marked in green. Channels that were not included in the analysis are
depicted in grey.

18-90 years (Roth et al., 2005). The scale produces an overall score (Global Executive Composite) and two
indexes, metacognition and behavioural regulation. The behavioural regulation index is formed of four scales
(Inhibit, Shift, Emotional Control, and Self-Monitor), while the metacognition index has five scales (Initiate,
Working Memory, Plan/Organise, Task Monitor, and Organisation of Materials). The scale also includes three
validity scales (negativity, inconsistency, and infrequency). The items are rated on a 3-point frequency scale (0-3;
never-often). The scale shows good internal reliability for the self-report scales (Cronbach’s alpha=0.73-0.90)
and for the indexes and the Global Executive Composite (Cronbach’s alpha=0.93-0.96). Higher scores indicate
worse executive functioning.

The Strengths and Weaknesses of ADHD-symptom and Normal-behaviour (SWAN) Scale is an 18-item
parent questionnaire assessing inattention and hyperactivity-impulsivity in children. The scale is based on the
symptom criteria outlined in the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-
IV)® and Fifth Edition (DSM-V)!%. Ttems are worded positively (e.g. “Remembers daily activities), relative
to normal behaviour expectations rather than with a focus on deficits. Each item is scored on a 7-point scale,
ranging from -3 (far below average) to + 3 (far above average), and measures strengths and weaknesses on one
continuum. The scale has shown excellent internal validity (Cronbach’s alpha=0.88) and results in normally
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distributed data in the general population!®!. Furthermore, the scale has been shown to be highly sensitive and
specific in distinguishing between children with and without ADHD and other psychiatric disorders!%%. Higher
scores indicate greater symptomology.

The Behaviour Rating Inventory of Executive Function - Preschool Version (BRIEF-P) is a 63-item
standardised informant measure assessing executive functions or self-regulation in pre-school children aged 2
to 5 years and 11 months!'®. Informants can be parents, teachers or other habitual child caregivers. Similarly to
the BRIEF-A, the BRIEF-P produces an overall score (Global Executive Composite), three indexes (inhibitory
self-control, flexibility and emergent metacognition), and five clinical scales (inhibition, emotional control,
flexibility, working memory and plan/organise). The BRIEF-P also includes two validity scales (inconsistency
and negativity). The measure takes between 10 and 15 min to administer, and questions are answered on a
3-point frequency scale (0-3; never-often). The scale shows good internal reliability (Cronbach’s alpha=0.80-
0.95 for parents and 0.90-0.97 for teachers) and moderate test-retest reliability (0.78-0.90 for parents and 0.64-
0.94 for teachers). Higher scores indicate worse executive functioning.

The VR-induced symptoms and effects (VRISE) subdomain of the Virtual Reality Neuroscience
Questionnaire (VRNQ!%) was used to evaluate the acceptability of the CAVE. Items were answered on a 7-point
Likert scale, ranging from 1 (extremely low) to 7 (extremely high). Higher scores on the domain indicated a more
positive outcome. The domain took approximately 1 to 2 min to administer. The VRNQ scale demonstrated
good convergent and discriminant validity, as well as good construct validity for the VR induced symptoms
and effects subscale (alpha=0.89). Due to a technical problem, participants were presented with only 4 of the
5 items of the VRISE subdomain, such that they were not asked about symptoms of nausea. The 4 items that
participants or their parents were presented with enquired about disorientation, dizziness, and fatigue during
the novel CAVE task.

Data analysis

Behavioural data analysis

Demographic characteristics are presented for the participants included in the analyses for the adult and the early
childhood groups. The feasibility and acceptability of the task are also assessed. Some of the most frequently used
indictors of feasibility are completions rates, inconvenience and reasons for non-completion!®®. Acceptability
refers to the appropriateness of the task, based on anticipated or experienced responses to the task!. Enquiring
about VR-induced symptoms and effects is one method to evaluate acceptability of virtual environments'?’.
Before any statistical analysis, data were checked for normality by visual inspection of histograms and using
the Shapiro-Wilk normality test, recommended for small sample size (<50 participants). Reaction time
distributions are usually positively skewed. In our data, we found that reaction time in Go blocks in the CAVE
task was non-normally distributed for adults (Shapiro-Wilk=0.90, p=0.04) and reaction time in Go blocks
in the computer task was non-normally distributed for children (Shapiro-Wilk=0.93, p=0.03). Furthermore,
error rates in Go blocks in the CAVE task were non-normally distributed for both adults (Shapiro-Wilk=0.69,
p<0.001) and children (Shapiro-Wilk=0.83, p <0.001), as were error rates in mixed blocks in adults (Shapiro—
Wilk=0.75, p<0.001). Error rates in Go (adults: Shapiro-Wilk=0.24, p <0.001; children: Shapiro-Wilk=0.73,
p<0.001) and mixed blocks (adults: Shapiro-Wilk=0.76, p <0.001; children: Shapiro-Wilk=0.88, p=0.001) in
the computerised task were also non-normally distributed for both groups.

Paired student t-tests were used for within-group comparisons for normally distributed variables, and
Wilcoxon ranked tests were used for variables with skewed distributions. For between-group comparisons,
we used independent student t-tests or Mann-Whitney U tests respectively. To assess task performance, we
compared task performance outcomes (error rates, reaction times) across the two tasks in the adult and the early
childhood groups separately. To compute 95% confidence intervals (Cis), we applied a bootstrapping procedure.
Specifically, 10,000 bootstrap samples were generated by resampling the observed differences with replacement.
The 95% CI were determined as the 25" and 97.5% percentiles of the distribution of bootstrapped medians. This
approach is non-parametric and does not assume normality of the data.

Moreover, we were also interested to check if the tasks are suitable for capturing developmental differences
in response inhibition and compared task performance outcomes between the two developmental groups. To
validate the novel CAVE task, we were interested to check convergent validity by assessing correlations between
the CAVE task performance measures and task performance on the standardised computer task, as well as on
self- or parent-reported constructs belonging to the same or similar domains, including inattention, impulsivity
or impulsiveness-hyperactivity and inhibitory control. Finally, we assessed discriminant validity through
correlations between the CAVE task performance measures and self- or parent-reported constructs that relate
to separate, but related executive functioning domains, including planning and organisation skills, shifting and
working memory.

Self- or parent-reported scale scores were assessed for normality by visually inspecting histograms and using
the Shapiro-Wilk test. In the early childhood sample, SWAN (Shapiro-Wilk=0.83, p <0.001), VRISE (Shapiro-
Wilk=0.61, p<0.001) and the BRIEF-P subscale assessing Shifting (Shapiro-Wilk=0.89, p=0.01) were not
normally distributed. SWAN scores were left skewed, with most participants having higher scores indicative
of higher symptomology. VRISE scores were similarly left skewed, as most participants did not experience
any VR-induced symptoms and effects. Finally, the distribution of the Shift subscale was right skewed. In the
adult group, VRISE (Shapiro-Wilk=0.75, p<0.001) and all subscales derived from BRIEF-A except the Shift
subscale were non-normally distributed, namely Emotional Control (Shapiro-Wilk=0.87, p=0.012), Inhibition
(Shapiro-Wilk=0.84, p=0.004), Plan/Organise (Shapiro-Wilk=0.91, p=0.043), and Working Memory
(Shapiro-Wilk=0.89, p=0.031). Therefore, we used pairwise Spearman’s correlations to assess convergent and
discriminant validity, removing missing datapoints, and applied the False Discovery Rate (FDR; Benjamini &
Hochberg, 1995) method to correct for multiple comparisons.
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Outlier correction

All behavioural data were screened for outliers. For non-normally distributed variables (assessed using the
Shapiro-Wilk test), we used the interquartile range (IQR) approach, identifying values falling below the 2.5th
percentile or above the 97.5th percentile. This is more robust to non-parametric data. Outliers were then replaced
with the median value for the respective variable to reduce the impact of extreme values while preserving the
overall distribution. For parametric data, outliers were defined as values exceeding + 3 standard deviations from
the mean and were replaced with the variable’s mean!%.

In the adult sample, eight outliers from seven different participants were identified M, ,=34.13 years,
SD, . =12.99; 4 male), pertaining to the VRISE, emotional control, inhibition, shift and working memory
subscales of the BRIEF-A, error rate in Go blocks in the computer task, and reaction time in the computer task.
In the children, seven outliers from six different participants were identified (Mage:4.71 years, SD_ =0.95; 4
male), and related to SWAN scores, error rates in Go blocks in both tasks, error rates in mixed blocks in the
computer task and reaction time in the computer task.

NIRS data analysis
To process the fNIRS data, we followed the procedure described in Pinti et al. (2024). First, noisy channels,
such as those with no clear heart rate peak or with detector saturation or considerable motion artifacts were
excluded after visually inspecting the raw intensity fNIRS data. The intensity signals were further processed
using Homer 2!%°. There were several steps to the analysis pipeline. First, raw fNIRS data were converted to
changes in optical density (hmriIntensity20D), and a wavelet-based algorithm was used to correct for motion
artifacts (iqr=0.8 for children, iqr=1.5 for adults, hmrMotionCorrect Wavelet)'\°. Next, we applied a band-pass
filter (Fc=[0.01, 0.1] Hz; hmrBandpassFilt) to optical density signals, which were then converted into changes
in HbO, and HbR using the modified Beer-Lambert law (DPF = [5.5 4.7] for the children, DPF = [6 6] for adults;
hmrOD2Conc'''. Following these steps, participants were excluded from analysis if they had less than 50% good
quality fNIRS channels, and less than 3 blocks with performance>50% for the Go and Mixed blocks. Details
on excluded participants for either poor fNIRS data quality or poor performance in the behavioural tasks were
provided in the ‘Participants’ subsection above. In addition, Table S14 in the Supplementary Materials shows the
number of Go and No-Go trials included in the analysis for each block type, each task and each developmental
group. Before any statistical analysis, data were checked for normality using the kstest function in Matlab to
run the Kolmogorov-Smirnov test for each channel. Data were normally distributed and we used a general
linear model-based deconvolution approach to estimate the hemodynamic response separately for the Go and
Mixed blocks. This was done for each participant, channel and chromophore. For the children, this included
the regression of the short channel with the highest correlation to each long separation channel'!? (trange =[-2
32], glmSolveMethod=1, idxBasis=1, paramsBasis=[1.5 1.5], rhoSD_ssThresh=1.5 cm, flagSSmethod=1,
driftOrder =0, flagMotionCorrect =0; hmrDeconvHRF_DriftSS). The area under the curve (AUC) for the Go
and Mixed blocks for both the novel CAVE and the standardised computer task was calculated within a time
window from 15 to 25 s for children and 10 to 20 s for adults following the start of each task, to include the largest
changes in the response. The decision to choose different time windows for adults and children was guided by
previous research showing that the peak latency of the haemodynamic response function is delayed in younger
populations'!*!%, and that the time-to-peak decreases with age!!>. The AUC was calculated for both HbO, and
HDR for each participant and then used in the group-level analyses. To test whether there were significant larger
hemodynamic changes in the Mixed blocks compared to the Go blocks, we ran one-sample channel-wise t-tests.
The False Discovery Rate (FDR) method was used to correct for multiple comparisons®®.

Exploratory subgroup analyses were performed in high impulsive participants (as determined using a score
of >72 on the BIS in adults and using a median split in the SWAN for children as no clinically relevant cut-offs
exist!'!%, and are reported in Tables S3 and S4 in the Supplementary materials.

Data availability
The data supporting this manuscript can be made available upon request to the corresponding author through a
formal data sharing and project affiliation agreement.
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