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Visuospatial attention in children with Autism 
Spectrum Disorder: A comparison between 2-D and 
3-D environments
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Abstract: Previous research has illustrated the unique benefits of three-dimensional 
(3-D) Virtual Reality (VR) technology in Autism Spectrum Disorder (ASD) children. 
This study examined the use of 3-D VR technology as an assessment tool in ASD 
children, and further compared its use to two-dimensional (2-D) tasks. Additionally, 
we aimed to examine attentional network functioning in ASD children. We ad-
ministered a battery of visual processing and attentional tests on 18 ASD children 
and 18 age-matched typically developing counterparts. Results showed that both 
groups performed comparably on 2-D and 3-D visual processing and attention tasks, 
although the ASD group was significantly slower in the 3-D task. Intact attentional 
network functioning was also revealed in the ASD group. These findings have vali-
dated the use of VR technology as an assessment of ASD functions, and contributed 
to the understanding of functions in young ASD children.
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1. Introduction
To date, an extensive number of empirical studies have identified the unique profiles of strengths 
and weaknesses in individuals with Autism Spectrum Disorder (ASD) (e.g. Chien et al., 2014; Dakin & 
Frith, 2005; Keehn, Lincoln, Müller, & Townsend, 2010; Kuschner, Bennetto, & Yost, 2007; Minshew, 
Goldstein, & Siegel, 1997). Aside from core deficits in social communication and interaction (American 
Psychiatric Association, 2013), individuals with autism have also been observed to possess deficits in 
motor abilities (Staples & Reid, 2010), sensory processing (Liu, 2013) and attention (Keehn et al., 
2010), as well as strengths in visuospatial processing (Dakin & Frith, 2005; Simmons et al., 2009).

Given their unique behavioral profiles, it is no surprise that the assessment and treatment of ASD 
individuals presents a challenge to clinicians and researchers. However, there have been recent devel-
opments in novel computerized approaches to training and intervention programs for ASD individu-
als, capitalizing on their interest in computerized learning (Boucenna et al., 2014; Grynszpan, Weiss, 
Perez-Diaz, & Gal, 2014). Virtual Reality (VR), a computer-based technology capable of simulating 
immersive virtual environments (VEs), holds particular promise for learning and assessment for ASD 
individuals (Konstantinidis, Luneski, Frantzidis, Costas, & Bamidis, 2009). Recently, some studies have 
investigated the use of VR technology as a learning tool in small-scale ASD intervention programs. For 
example, researchers have developed VEs for fire safety drills (Self, Scudder, Weheba, & Crumrine, 
2007), road safety skills (Josman, Ben-Chaim, Friedrich, & Weiss, 2008), as well as social VE scenarios 
such as job interviews and meeting new people (Kandalaft, Didehbani, Krawczyk, Allen & Chapman, 
2013). Other preliminary studies have also successfully adopted VR technology for social skills train-
ing, reporting improvements in social cognition skills such as better recognition of facial emotions, 
emotional gestures, and emotional situations (Ip et al., 2016; Serret, 2012). However, no study has yet 
to look at the use of VR as an assessment tool, which offers several potential advantages particularly 
for the ASD population. Firstly, VR technology can create highly realistic settings that are safe, con-
trolled, and tailored to suit these individuals’ needs. Secondly, their preferences for VR technology 
ensure an optimal amount of task motivation and engagement, thus enabling responses that are of 
higher ecological validity. As such, VR technology can provide a novel understanding of functioning in 
ASD which may not be possible using traditional paper-and-pencil tests. The performances of the VR-
based assessment may also serve as a predictor for another learning outcome. For example, in one 
study of autism, it was found that children’s attention to both social and non-social virtual characters 
and objects was linked to their academic achievement, even after the effects of IQ were controlled for 
(Rajendran, 2013). Moreover, it is essential to validate the usefulness of VR technology for ASD chil-
dren before such technology can be widely used. According to the technology acceptance theory 
(TAM), the acceptance of VR technology by the potential users depends on the perceived usefulness 
of the technology (Davis, Bagozzi, & Warshaw, 1989). For these reasons, the present study will explore 
the use of 3-dimensional (3-D) VR technology as an assessment tool in ASD individuals.

2. 3-D virtual reality
VR refers to a simulated environment that leads to telepresence, or the mediated perception of an 
environment. In other words, telepresence refers to the extent to which one experiences the medi-
ated environment rather than one’s immediate physical environment (Steuer, 1992). VEs primarily 
stimulate users through visual experiences, which encourage an optimal level of interaction and 
immersion within the VR experience. To date, there are only a handful of studies validating the use 
of VR and interactive media technologies for training the ASD population. In particular, these studies 
investigated how different levels of immersiveness in a virtual environment could affect the quality 
of user-VR interactions. For example, Matsentidou and Poullis (2014) used a Cave Automatic Virtual 
Environment (CAVE, Cruz-Neira, Sandin, DeFanti, Kenyon, & Hart, 1992) to deliver social skill training 
contents to children with autism. The similar CAVE technology also enabled social adaptation 
 training in inclusive education settings for school-aged children with ASD (IP et al., 2016). Lorenzo, 
Lledó, Pomares, and Roig (2016) employed a L-shape VR environment for emotional skills training of 
children with ASD, while a cylindrical panoramic virtual environment is used for simulating dolphi-
narium for children with ASD (Cai et al., 2013). All these VR environments consist of a single or mul-
tiple stereoscopic viewing projections arranged in various configurations. The employment of 
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stereoscopic viewing projections allows users to perceive depth, which should provide more immer-
sive experiences.

In VEs, realistic 3-D scenes are encountered in “real time”, such that movements in the VE corre-
spond to actual movements in reality (Parsons, Mitchell, & Leonard, 2004). This idea is conceptual-
ized as affordance, namely representational fidelity in the model of learning in 3-D virtual learning 
environments (Dalgarno & Lee, 2010). Learners who experience high level of representational fidelity 
will obtain enhanced spatial knowledge representation in the 3-D environment. This maximizes the 
user’s task motivation and engagement levels (Burdea & Coiffet, 2003; Mitchell, Parsons, & Leonard, 
2007; Self et al., 2007).

3. Visuospatial and attentional processing in ASD individuals
Over the past few decades, a growing amount of research has revealed unique capabilities in higher 
level visuospatial processing (Allen & Courchesne, 2001; Keehn et al., 2010; Kuschner et al., 2007; 
Simmons et al., 2009). One such capability is the perception of local aspects of a stimulus from a 
global context. In particular, ASD individuals have been found to perform better in certain visuospa-
tial attention tasks such as shape identification in the complex designs of the Children’s Embedded 
Figures Test (CEFT) (Jolliffe & Baron-Cohen, 1997; Shah & Frith, 1983), the Block Design subtest in the 
Wechsler Intelligence Scale for Children (WISC) (Shah & Frith, 1993), the Navon hierarchical letter 
test (Plaisted, Swettenham, & Rees, 1999), as well as conjunctive visual search tasks (Plaisted, 
O’Riordan, & Baron-Cohen, 1998).

Studies have also frequently reported abnormalities in sustained and focused attention in ASD 
individuals, even suggested as a distinguishing characteristic of later ASD diagnosis (Chien et al., 
2014; Elsabbagh et al., 2009; Zwaigenbaum et al., 2005). Yet, it is only recently that studies have 
started to conceptualize attention in ASD children in terms of the Attention Network Theory, in which 
attention is categorized into three distinct networks: namely the alerting, orienting, and executive 
control networks (Fan, McCandliss, Fossella, Flombaum, & Posner, 2005; Fan, McCandliss, Sommer, 
Raz, & Posner, 2002; Posner & Petersen, 1990). The alerting network accounts for the ability to attain 
and sustain a state of alertness (Keehn et al., 2010). The orienting network is responsible for orient-
ing visual attention, which refers to the disengaging, shifting, and re-engaging of attention (Posner, 
Walker, Friedrich, & Rafal, 1984). Finally, the executive control network is responsible for functions 
such as task switching, working memory, and inhibition (Miyake et al., 2000). The conceptualization 
of attention into three separate neural networks is proposed to offer greater efficiency at identifying 
specific attentional abnormalities in individuals and examining the relationships between the net-
works (Casagrande et al., 2012; Keehn et al., 2010). This is especially important given recent sugges-
tions that early attentional abnormalities may contribute to the development and emergence of 
ASD (Keehn, Müller, & Townsend, 2013). A better understanding of attentional functions in ASD may 
thus lead to improved early identification and screening of the disorder.

Previous administration of the Child version of the Attentional Network Test (ANT-C) on ASD chil-
dren and adolescents of ages 8 to 19 revealed significantly impaired performance only on the orient-
ing attentional network, suggesting its insufficient modulation (Keehn et al., 2010). Other studies, 
however, have produced inconsistent results supporting both intact and impaired alertness, visual 
attention, and executive function in ASD individuals. Research on attentional network functions in 
these individuals thus remains inconclusive to date (Corbett, Constantine, Hendren, Rocke, & Ozonoff, 
2009; Goldberg et al., 2005; Keehn & Joseph, 2008; Keehn et al., 2013; Palkovitz & Wiesenfeld, 1980). 
A potential concern with these studies is the participants’ age. While Rueda et al. (2004) observed 
little change in the development of all 3 attentional networks from age 6 to adulthood, little remains 
known about the functioning of these networks in younger children. The present study will thus 
make an important contribution to the field by extending the current understanding of attention 
network functioning to young ASD children.
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4. The present study
The present study is the first of its kind in adopting VR technology as an assessment tool on ASD 
children. As fully immersive systems may not be appropriate for use with young ASD children, we 
have chosen to employ a simpler VR system consisting of 3-D stereo projections projected onto a 
screen monitor and viewed with 3-D glasses. There are three major research questions in this study. 
First, do young ASD children experience visuospatial processing and attention deficits? It is hypoth-
esized that the ASD children will perform significantly worse than the TD controls in all relevant 
measures. Second, are the results obtained through tests presented in three types of media (paper-
and-pencil vs. 2-D computerized test vs 3-D computerized test) consistent or not? As predicted by 
the model of learning in 3-D virtual learning environments (Dalgarno & Lee, 2010), representational 
fidelity can enhance the sense of presence for VR users and promote spatial knowledge representa-
tion. If we observe that ASD children experience difficulty in processing visual information in a 2-D 
but not 3-D environment, this implies that the difficulties observed in ASD children is partly due to 
the media of presentation. In contrast, if ASD children showed the deficits in both 2-D and 3-D envi-
ronment, we believe that the deficit is not medium-specific. Third, the study will examine the perfor-
mances of ASD children in three areas, namely alerting, orienting, and executive control networks, 
as proposed by the Attention Network Theory (Fan et al., 2005).

5. Method

5.1. Participants
Thirty-six children, aged 4.0 to 6.6 years (mean age 4.99 ± .76), were recruited from local kindergar-
tens and a non-governmental organization for children with special needs. Eighteen were children 
with Autism Spectrum Disorder (ASD group), while 18 were aged-matched typically developing chil-
dren (TD group). Demographic information for both groups is displayed in Table 1. Children in the 
ASD group were diagnosed with either Autism, Asperger’s Syndrome, or Autistic features either by 
clinical psychologists, developmental and behavioral pediatricians, or psychiatrists. Children were 
excluded from the study if found to display any of the following: (a) uncorrected vision problems, (b) 
comorbid physical, cognitive, or neurological difficulties, (c) any physical condition that precluded 
them from engaging in the VR task, or (d) extreme fear or anxiety in an VR environment.

Table 1. Demographic information and descriptive statistics for motor performance and non-
verbal reasoning in Autism Spectrum Disorder and typically developing groups (N = 36)

a1 case missing.
b2 cases missing.

ASD (n = 18) TD (n = 18) t p-value
Mean age (SD) 5.23 (.77) 4.76 (.70) −1.95 .060

Gender

Male 18 6

Female 0 12

Handedness

Left 1 0

Right 17 18

Motor performance

Overhead arm elevation (No. of elevations in 10 s with 
dominant hand)

10.61 (4.27) 11.41 (4.26)a .56 .58

Finger tapping (No. of taps in 50 s with dominant hand) 140.78 (33.83) 126.44 (81.17)b −.69 .50

Non-verbal reasoning

Raven's Coloured Progressive Matrices (raw score) 16.33 (5.07)b 16.71 (5.72)a .20 .85
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5.2. Procedure
Human participation ethics approval was obtained from the Education University of Hong Kong prior 
to the study. Eligible children were invited to a laboratory for a 1.5 h assessment after obtaining in-
formed written consent from participants’ caregivers. Participants were encouraged to complete the 
assessments without parental assistance or involvement. The demographic questionnaire was com-
pleted by participants’ primary caregivers.

5.3. Measures

5.3.1. Motor tasks
Two motor tasks served as control measures to evaluate motor speed and performance. The first 
motor task assessed overhead arm elevation movement, which was the movement pattern involved 
in the 3-D VR tasks. In this test, participants were instructed to assume a sitting position with both 
hands resting on their thighs, before performing a full arm elevation and returning to resting posi-
tion. This movement was demonstrated beforehand to ensure the participants’ understanding of the 
procedure. To maximize consistency among participants, three practice trials were conducted. Ten 
consecutive trials were conducted for the dominant arm, during which the number of elevation 
made within 10 s was recorded. The second motor task measured the speed and performance of 
participants’ finger tapping movement. This test emulated the finger tapping movement required for 
the key press response in the ANT-C. Participants were instructed to perform tapping on a single but-
ton on the keyboard for 50 s, after which the total number of key presses was recorded. A 5 s prac-
tice trial of finger tapping was provided beforehand. Only the dominant hand was assessed. To 
minimize potential distractions, a cardboard was used to cover all other keys on the keyboard that 
were not used.

5.3.2. Raven’s coloured progressive matrices test (CPM)
The CPM also served as a control measure and assessed non-verbal reasoning ability. The CPM has 
previously been established to have good psychometric properties as illustrated by high test–retest 
reliability (.70–.90) and internal consistency (.80–.90) (Raven, Court, & Raven, 1995).

5.3.3. Children’s color trails test (CCTT)
CCTT was employed as a 2-D paper-and-pen assessment of visual attention and cognitive flexibility 
in this study. The time in seconds to complete each test, and the number of errors made were re-
corded. While the CCTT is typically designed for use with those aged 8–16, it should be noted that it 
has also been administered successfully on children as young as 5 years old in clinical settings 
(Llorente, Williams, Satz, & D’Elia, 2003). Good reliabilities have been reported for the CCTT, with al-
ternate form’s reliability coefficients ranging from .85 to .90 and test–retest reliability coefficients of 
.90 to .99 (Llorente et al., 2003).

5.3.4. Child version of the attentional network test (ANT-C)
The ANT-C (Petersen & Posner, 2012; Posner & Petersen, 1990) formed the 2-D computerized assess-
ment of visual attention and attentional network functioning in the present study. The ANT-C is fre-
quently used to assess different diagnostic groups such as individuals with Attention Deficit 
Hyperactivity Disorder (ADHD) (Casagrande et al., 2012) and ASD (Dye, Baril, & Bavelier, 2007). In this 
test, each trial began with a fixation cross, followed by one of the following four types of warning 
cues: center cue, double cue, spatial cue, or no cue. Center cues consisted of an asterisk at the loca-
tion of the fixation cross, while double cues comprised two asterisks, one above and one below the 
location of fixation cross. Spatial cues consisted of a single asterisk at the location of the target fish. 
This was followed by the presentation of the target fish, presented either above or below the fixation 
cross. In congruent trials, flanking fish were presented facing the same direction as the target fish 
while in incongruent trials, they faced the opposite direction from the target fish. In neutral trials, 
the target fish appeared alone without any flanking fish. Participants were required to decide which 
direction the central target was facing (e.g. left or right), and to make the corresponding key press 
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response. High test–retest reliability has been reported for the ANT-C as a sensitive measure of the 
three distinct systems of visual attention (Fan et al., 2002).

5.3.5. 3-D virtual reality (3-D VR) program
A 3-D VR program, specially designed for the purpose of the present study, formed the 3-D assess-
ment of visuospatial processing and attention. A stereoscopic viewing projection system was used 
to create an immersive virtual environment and induce telepresence in participants. This system 
consisted of two projectors, a silver screen, and kinetic motion sensors. The 3-D stereo projection 
was operated to maximize immersion. Linear polarization was achieved by placing polarized filters 
in front of the projectors to separate the left-eye view from the right eye. This enabled participants 
to have an immersive experience with the aid of 3-D glasses. Kinetic motion sensors were employed 
as interaction devices to detect participants’ movements and gestures. Video-recorders were also 
set up in the front and back of the room to capture participants’ reactions in the experimental ses-
sion. The setup is illustrated below in Figure 1.

Two 3-D VR games, namely Bubble Poking and Balloon Poking, were administered in the testing 
session (Figures 2(a) and (b)).

Both games were basically the same except for some graphic differences in the types of stimuli 
used (i.e. balloons or bubbles), designed to induce some variation in the games and minimize bore-
dom for the children. In addition to observing a demonstration of the task procedure, participants 
were given a practice trial for each program to ensure their understanding of the procedure. To mini-
mize environmental distraction, the background music of the programs was turned off and the room 
lights were dimmed. Calibration of the motion sensors was conducted for every participant prior to 
each test session. Each game consisted of six blocks (five trials in each block). Both Bubble Poking 
and Balloon Poking programs required the participants to perform an arm elevation to burst the bub-
ble/balloon stimuli as soon as they reached the black line on the screen. A simple movement pattern 
(overhead arm elevation) was chosen to minimize possible confounding variables such as motor 
clumsiness, poor motor planning, and inadequate physical endurance. Moving targets were used as 
it required good temporal-spatial capabilities of motor control. To start with, participants were re-
quired to place their hand on thigh. Once the target stimulus touched the black vertical line, the 
participant was required to elevate his arm in full range before returning to the resting position 
(hand on thigh). Real-time measurement of the movement pattern was recorded by the motor sen-
sors, Kinect (Microsoft, 2010). Only a complete set of the movement pattern would be identified as a 
successful attempt by the motion sensors, which resulted in the outburst of the target balloon/bub-
ble stimuli. Visuospatial performance was measured in terms of both accuracy rate (i.e. ability to 
burst the target stimulus) and time taken (msec). A delayed reinforcement scheme was 

Figure 1. Layout of the VR 
technique employed in the 
current study.

Source: Adapted from Ip, 
Bryne, Cheng, Kwok and Lam, 
(2011).
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implemented in the two games (Figure 3(a)), with the presentation of a smiling face only upon com-
pletion of each block. Figure 3(b) shows the superimposed image as experienced by the participants 
in the VR Scenario.

6. Results
The purpose of the current study is to examine whether young children with ASD showed similar 
performances in visual-spatial tests that were presented in 2D vs. 3D environments. We are also in-
terested to examine the test performances of the three distinct attentional functions in ASD chil-
dren. Before testing the major hypotheses, we evaluated children’s performances across the two 
control variables, namely motor performance and non-verbal reasoning. Independent t-tests re-
vealed no significant differences between groups on finger tapping, overhead arm elevations, and 
non-verbal reasoning, as shown in Table 1.

6.1. Performances of visual-spatial attention tests in 2-D vs 3-D environments
No significant difference was obtained between ASD and TD groups in our 2-D paper-and-pencil 
measure of visual attention (CCTT-1 and CCTT-2), in terms of the time taken to complete the tests 
(CCTT-1 − F(1, 28) = 1.964, p = .17, η2 = .07; CCTT-2 − F(1, 28) = .11, p = .75, η2 = .00), number of errors 
accumulated (CCTT-1 − F(1, 28) = .08, p = .78, η2 = .00; CCTT-2 − F(1, 28) = .06, p = .81, η2 = .00), and 
the interference index, F(1, 28) = 2.96, p = .10, η2 = .10. The interference index (ratio of CCTT-2 minus 
CCTT-1 time score over CCTT-1 time score) measures the effort needed for the additional task re-
quirements of CCTT-2 and has been suggested to provide a purer measure of divided attention 
(Strauss, Sherman, & Spreen, 2006). These results, displayed in Table 2, indicate intact visual sus-
tained and divided attention as well as executive functioning in the current ASD sample.

For a parallel comparison of visual attention performances between 2-D and 3-D environments, 
we chose the neutral, no cue condition of the ANT-C computer task as the 2-D task to compare with 
the performances in the 3-D VR task. This condition was selected as it was thought to provide an 
unbiased measure of visual attention without the presence of cues or interference. A MANCOVA was 
performed to compare 2-D visuospatial performance between groups. Accuracy rate and reaction 

Figure 2. (a) Screenshots of 
bubble poking game and (b) 
Screenshots of balloon poking 
game.

Figure 3. (a) The immediate 
pictorial reinforcement after 
each successful attempt and 
after completion of the whole 
set of game. (b) The resulting 
image by superimposing two 
images from the left-eye 
view and right-eye in the VR 
scenario.
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times in the 2-D ANT-C computer task were entered as dependent variables. Conditions (ASD and TD 
groups) were entered as independent variables. Despite the finding of similar finger speed move-
ments and non-verbal reasoning between ASD and TD groups, these variables were nevertheless 
entered as covariates to control for any insignificant differences that may still contribute to error 
variance. Results revealed no significant differences between both groups with regard to reaction 
time, F(1, 23) = .25, p = .63, η2 = .01, and accuracy rate, F(1, 23) = .01, p = .93, η2 = .00, indicating in-
tact visuospatial attention in the current ASD sample.

A MANCOVA was conducted to compare performances between ASD and TD groups in the 3-D VR 
tasks while controlling for arm elevation speed and non-verbal reasoning. The results, as shown in 
Table 2, did not reveal any significant differences between ASD and TD groups in accuracy rate at-
tained in both 3-D Bubble Poking, F(1, 22) = .86, p = .37, η2 = .04, and Balloon Poking games, F(1, 
22) = .06, p = .81, η2 = .00. However, a significantly longer reaction time was observed in the ASD 
group relative to the TD group in both 3-D Bubble Poking, F(1, 22) = 16.04, p < .01, η2 = .42, and 
Balloon Poking games, F(1, 22) = 20.55, p < .01, η2 = .48. No interaction effect was observed for the 
effect of group and stimuli type (bubble/ balloon) on reaction time, F(1, 25) = .29, p = .60, η2 = .01, or 
accuracy rate, F(1, 21) = .67, p = .42, η2 = .03.

Table 2. Performances in visual attention and visuospatial attention tests

a4 cases missing.
b2 cases missing.
c6 cases missing.
d3 cases missing.
e5 cases missing.
f1 case missing.
gControlling for motor speed and non-verbal reasoning.

ASD mean (SD) TD mean (SD) F p-value η2

2-D paper and pen condition (Children’s Color-Trails Test)

CCTT-1

Time (sec) 77.31 (10.04)e 58.63 (8.78)f 1.96 .17 .07

Error (raw score) .15 (.10)e .12 (.09)f .08 .78 .00

CCTT-2

Time (sec) 120.88 (19.41)e 129.23 (16.97)f .11 .75 .00

Error (raw score) 1.69 (.50)e 1.53 (.44)f .06 .81 .00

Interference index (ratio of CCTT2 minus 
CCTT1 time score over CCTT1 time score)

1.22 (.83) .69 (.81) 2.96 .10 .10

2-D computer condition (ANT-C neutral, no cue condition)g

Accuracy rate (%) 86.51 (2.66)c 86.12 (1.98)d .01 .93 .00

Reaction time (msec) 1063.16 (47.85)c 1095.21 (42.70)d .25 .63 .01

3-D VR conditiong

Bubble poking

Accuracy rate (%) 99.33 (.42)a 99.86 (.40)b .86 .88 .04

Reaction time (msec) 599.89 (50.30)a 322.05 (46.47)b 16.04 .00 .42

Balloon poking 

Accuracy rate (%) 97.14 (1.16)a 96.74 (1.08)b .06 .81 .00

Reaction time (msec) 707.98 (63.82)a 308.94 (58.96)b 20.55 .00 .48



Page 9 of 13

Ip et al., Cogent Education (2017), 4: 1307709
http://dx.doi.org/10.1080/2331186X.2017.1307709

6.2. Attentional network performances
No significant differences were obtained across all conditions (congruent, incongruent and neutral) 
and cue types (no cue, double cue, center cue, and spatial cue) in the ANT-C, as displayed in Table 3. 
Subsequently, performance scores for the three attention network systems (Alerting, Orienting, and 
Executive control) were calculated using Rueda et al.’s (2004) subtractions: Alerting: median 
Reaction Time (RT) for no-cue trials − median RT for double-cue trials; Orienting: median RT for cen-
tral-cue trials − median RT for spatial-cue trials; Executive Control: median RT for incongruent flank-
er trials − median RT for congruent flanker trials. Finally, a MANCOVA was conducted to examine any 
differences in attentional network functioning between ASD and TD groups, while controlling for 
finger speed movement and non-verbal reasoning. Results revealed no significant differences be-
tween groups in functioning on all three attentional systems (Alerting − F(1, 25) = .53, p = .47, 
η2 = .02; Orienting − F(1, 25) = .89, p = .36, η2 = .03; Executive Control − F(1, 25) = .37, p = .55, η2 = .02), 
indicating intact attentional network functioning in the current ASD sample.

7. Discussion
This study is the first of its kind to explore the use of 3-D VR technology as an assessment tool for 
visuospatial and visual attention in preschool children with ASD. Despite some concerns about the 
applicability of immersive 3-D VR technology in ASD individuals, majority of the ASD children were 
able to complete the VR tasks without problems. This included the appropriate usage of 3-D glasses. 
Our evidence has provided support to the TAM (Davis et al., 1989), which postulates that the per-
ceived usefulness of VR technology in ASD children can promote the acceptance of the use of VR in 
education. With wider application of VR technology in ASD children, a more precise form of measur-
ing test performance using VEs modeled after real life settings can be obtained. Hence, educators 
are better informed of the predictions of the expected training outcomes in the real world. VEs are 
especially useful for allowing the children to be the actual agent in tasks that are hard to control 
ethically and experimentally in everyday life.

Table 3 Performance in attentional network test-child version (ANT-C)

a6 cases missing due to incomplete trials.
b2 cases missing.

ASDa TDb F p-value η2

Attentional networks (mean difference score)

Alerting 73.11 (27.13) 45.50 (26.30) .53 .47 .02

Orienting −10.44 (25.37) 22.94 (24.50) .89 .36 .03

Executive control 80.93 (17.84) 96.06 (17.22) .37 .55 .02

Congruent condition (mean reaction time)

No cue (msec) 1,159.67 (50.33) 1,078.67 (44.92) 1.42 .25 .06

Double cue (msec) 1,055.73 (49.92) 1,070.35 (44.56) .05 .83 .00

Center cue (msec) 1,098.72 (48.00) 1,020.89 (42.84) 1.44 .24 .06

Spatial cue (msec) 1,085.64 (48.04) 1,028.16 (42.88) .78 .39 .03

Incongruent condition (mean reaction time)

No cue (msec) 1,212.66 (42.97) 1,184.60 (38.35) .23 .63 .01

Double cue (msec) 1,174.21 (47.05) 1,147.96 (42.00) .17 .69 .01

Center cue (msec) 1,232.93 (43.30) 1,152.25 (38.65) 1.90 .18 .08

Spatial cue (msec) 1,182.05 (49.05) 1,113.69 (43.78) 1.06 .31 .04

Neutral condition (mean reaction time)

No cue (msec) 1,063.16 (47.85) 1,095.21 (42.70) .25 .63 .01

Double cue (msec) 1,052.77 (54.21) 1,022.78 (48.38) .17 .69 .01

Center cue (msec) 1,079.19 (51.47) 1,037.85 (45.94) .35 .56 .02

Spatial cue (msec) 1,054.24 (57.04) 1,048.34 (50.91) .01 .94 .00
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7.1. Visuospatial attention
In the subsequent 3-D VR tasks, ASD children were not found to significantly differ from TD children 
in terms of successful attempts to burst the bubble or balloon stimuli, although the ASD group re-
quired a significantly longer time for successful attempts. Given that both groups were matched on 
performance speed in the 2-D ANT-C task, as well as movement speed in the arm elevation motor 
control task, performance differences between both groups in the 3-D tasks are likely not an issue of 
differences in motor abilities. Rather, it is likely that the differential nature of the stimuli in the tasks 
may have contributed to such findings. While the stimuli in the 3-D VR task were in motion, the 
stimuli in the 2-D ANT task were static. As such, a slower performance in the 3-D task and not the 2-D 
task may reflect challenges in the processing of motion stimuli rather than a weaker task motivation 
specific to the 3-D task. Indeed, some literature has previously suggested ASD individuals to be less 
sensitive to several aspects of motion, namely: global motion, second-order motion and motion co-
herence (Dakin & Frith, 2005). This reduced sensitivity may cause problems in the processing and 
analysis of dynamic information, which involves the integration of information over time. A longer 
processing period of temporal integration may thus be required for these individuals. Their slower 
performances may also be accounted for their poor integrative functioning between subsystems 
(visual-motion detection, temporal sequence processing, and motor coordination) in the present 3-D 
visual spatial task (Greffou et al., 2012). Future study can make use of different VEs to decompose a 
complex task into different subtasks, so that the precise deficit area can be identified.

Our findings have also clarified the hypothesized enhancement of representational fidelity in the 
model of learning in 3-D virtual learning environments (3D-VLEs; Dalgarno & Lee, 2010). While the 
model suggests that a 3-D environment can enhance the viewers’ spatial knowledge representation, 
our ASD children showed accurate but delayed performances in visual-spatial processing task. This 
result calls for a further specification of the nature of spatial knowledge suggested by the model of 
3D-VLEs. It is probable that “static” and “dynamic” spatial knowledge could be processed differently 
in VEs.

7.2. Attentional network functioning
Intact sustained and divided visual attention was observed in the current ASD sample using the 2-D 
paper-and-pencil CCTT test. Although inconsistent with previous reports of attentional abnormali-
ties in ASD, this finding is congruent with present findings of intact attentional network functioning 
on the 2-D computerized ANT-C. That is, ASD children were not impaired in achieving and sustaining 
alertness, orienting visual attention, as well as executive functioning. Such results are consistent 
with that of Keehn et al.’s (2010), of which intact functioning was found in the alerting and executive 
control network in their ASD sample. These intact skills in ASD children enable them to pay enough 
attention to the entire VE and therefore benefit from VR-based social skills training (Ke & Im, 2013). 
However, significant impairment on the orienting network was revealed in their ASD sample, unlike 
in the present study. It is likely that these differential results are attributable to participants’ age. In 
the present study, we recruited younger ASD children of ages 4 to 6, whereas other studies have 
mostly recruited an older sample (Keehn et al., 2010). Given that ASD is a developmental disorder, 
certain abilities or deficits such as attentional dysfunction may only present themselves over time. 
If this is the case, the development of attentional abnormalities then opens up further questions 
such as its relationship to the development of other deficits in ASD. For instance, it remains unknown 
if attentional dysfunction is a consequence or a causation of other ASD symptoms.

8. Limitations
It should be noted that this study was not without its limitations, the first of which was its small sam-
ple size. Despite efforts to recruit an equal ratio of male and female ASD participants, the current 
sample remained predominantly male. This limited the generalizability of the present findings. 
Secondly, we acknowledge that the visuospatial and attentional tasks of differential 2-D and 3-D 
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modalities were not entirely parallel. While these tasks were employed with the intentions of minimiz-
ing practice effects, they may have limited our ability to draw strong comparisons across participants’ 
performances on 2-D and 3-D tasks. This is also somewhat related to the design of the 3-D VR task, 
which in providing an increased ecological validity has resulted in a loss of experimental control and 
task specificity. As such, we are able to provide comparisons in performances between 2-D and 3-D 
tasks only in the broad domain of visuospatial attention, but are unable to tease apart the specific 
aspects of visuospatial attention performance in the VR task. Nevertheless, the present study has vali-
dated the use of VR technology as an assessment tool and paved the way for future research to adopt 
similarly ecologically valid measures that examine specific processes in visuospatial attention.

9. Conclusion
The current study has provided evidence for the successful application of VR technology as an as-
sessment tool for a sample of ASD preschool children, and has also provided a novel perspective into 
the understanding of visuospatial processing and attention. Such research carries growing relevance 
in the face of increasing ASD prevalence rates. Present findings of intact attentional functions in 
young ASD children carry potential implications for identification and diagnosis, although future re-
search is needed to validate these findings.
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