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Visuospatial attention in children with Autism
Spectrum Disorder: A comparison between 2-D and
3-D environments
Horace H.S. Ip1, Candy Hoi-Yan Lai2, Simpson W.L. Wong2*, Jenny K.Y. Tsui2, Richard Chen Li1,
Kate Shuk-Ying Lau1 and Dorothy F.Y. Chan3

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 administered 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 validated the use of VR technology as an assessment of ASD functions, and contributed
to the understanding of functions in young ASD children.
Subjects: Computer Science; Behavioral Sciences; Education
Keywords: virtual reality; visuospatial attention; motor skills; Autism Spectrum Disorder;
preschoolers
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Individuals with Autism Spectrum Disorder (ASD)
possess a unique behavioral profile that presents
a challenge to clinicians and researchers in terms
of assessment and treatment. Following recent
developments in computer technology, the
preliminary use of Virtual Reality (VR) technology in
intervention programs for ASD has met with some
success. This perspective article examines the use
of VR technology in assessment tools for ASD.
VR technology presents several advantages for
individuals with ASD, who report a preference for
interacting with computer technology. Capitalizing
on this preference, this perspective article has
successfully implemented VR technology as an
assessment tool for ASD children. This preliminary
success not only provides a novel and ecologically
valid perspective into the understanding of ASD
but also opens up avenues for future research to
adopt VR technology in clinical assessments and
education tools.
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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 developments in novel computerized approaches to training and intervention programs for ASD individuals, 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 training, 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, controlled, 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 VRbased 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 children 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 mediated 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 dolphinarium for children with ASD (Cai et al., 2013). All these VR environments consist of a single or multiple 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 immersive experiences.
In VEs, realistic 3-D scenes are encountered in “real time”, such that movements in the VE correspond to actual movements in reality (Parsons, Mitchell, & Leonard, 2004). This idea is conceptualized 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 visuospatial 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 orienting 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 networks (Casagrande et al., 2012; Keehn et al., 2010). This is especially important given recent suggestions 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 children and adolescents of ages 8 to 19 revealed significantly impaired performance only on the orienting 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 hypothesized 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 (paperand-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 representation. 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 environment, we believe that the deficit is not medium-specific. Third, the study will examine the performances 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 kindergartens 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 children (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 nonverbal reasoning in Autism Spectrum Disorder and typically developing groups (N = 36)
Mean age (SD)

ASD (n = 18)

TD (n = 18)

t

p-value

5.23 (.77)

4.76 (.70)

−1.95

.060

Gender
Male

18

6

Female

0

12

Handedness
Left

1

0

Right

17

18

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

16.33 (5.07)b

16.71 (5.72)a

.20

.85

Motor performance

Non-verbal reasoning
Raven's Coloured Progressive Matrices (raw score)
1 case missing.

a
b

2 cases missing.
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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 informed written consent from participants’ caregivers. Participants were encouraged to complete the
assessments without parental assistance or involvement. The demographic questionnaire was completed 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 position. 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 button on the keyboard for 50 s, after which the total number of key presses was recorded. A 5 s practice 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 recorded. 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 alternate 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 assessment of visual attention and attentional network functioning in the present study. The ANT-C is frequently 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 location 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 assessment 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 session. 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 boredom 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 minimize 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 bubble/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 required 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 sensors, 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/bubble 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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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.

implemented in the two games (Figure 3(a)), with the presentation of a smiling face only upon completion 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 interested to examine the test performances of the three distinct attentional functions in ASD children. 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 revealed 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 requirements 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 sustained 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
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Table 2. Performances in visual attention and visuospatial attention tests
TD mean (SD)

F

p-value

η2

77.31 (10.04)e

58.63 (8.78)f

1.96

.17

.07

.15 (.10)e

.12 (.09)f

.08

.78

.00

120.88 (19.41)e

129.23 (16.97)f

.11

.75

.00

Error (raw score)

1.69 (.50)

1.53 (.44)

.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

.01

.93

.00

.25

.63

.01

ASD mean (SD)
2-D paper and pen condition (Children’s Color-Trails Test)
CCTT-1
Time (sec)
Error (raw score)
CCTT-2
Time (sec)

e

f

2-D computer condition (ANT-C neutral, no cue condition)g
Accuracy rate (%)
Reaction time (msec)

86.51 (2.66)c
1063.16 (47.85)

86.12 (1.98)d
c

1095.21 (42.70)

d

3-D VR conditiong
Bubble poking
Accuracy rate (%)
Reaction time (msec)

99.33 (.42)a

99.86 (.40)b

.86

.88

.04

599.89 (50.30)a

322.05 (46.47)b

16.04

.00

.42

97.14 (1.16)a

96.74 (1.08)b

.06

.81

.00

707.98 (63.82)a

308.94 (58.96)b

20.55

.00

.48

Balloon poking
Accuracy rate (%)
Reaction time (msec)
4 cases missing.

a
b
c

2 cases missing.

6 cases missing.

d
e
f

3 cases missing.

5 cases missing.

1 case missing.
Controlling for motor speed and non-verbal reasoning.

g

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 movements 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 intact 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 attained 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.
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Table 3 Performance in attentional network test-child version (ANT-C)
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

1,078.67 (44.92)

1.42

.25

.06

Congruent condition (mean reaction time)
No cue (msec)

1,159.67 (50.33)

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

1,184.60 (38.35)

.23

.63

.01

Incongruent condition (mean reaction time)
No cue (msec)

1,212.66 (42.97)

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

1,095.21 (42.70)

.25

.63

.01

Neutral condition (mean reaction time)
No cue (msec)

1,063.16 (47.85)

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

6 cases missing due to incomplete trials.

a
b

2 cases missing.

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 central-cue trials − median RT for spatial-cue trials; Executive Control: median RT for incongruent flanker 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 between 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 perceived 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 measuring 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.
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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 required 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 coherence (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 abnormalities 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 sample 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 minimizing 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 validated 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 assessment 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 research is needed to validate these findings.
Acknowledgement
We would like to thank all the participants and Ms Nek Mak
for drawing Figure 1.
Funding
The authors received no direct funding for this research.
Author details
Horace H.S. Ip1
E-mail: cship@cityu.edu.hk
Candy Hoi-Yan Lai2
E-mail: candylaihy@gmail.com
Simpson W.L. Wong2
E-mails: wlswong@gmail.com, swlwong@eduhk.hk
Jenny K.Y. Tsui2
E-mail: jennytsuikayi@gmail.com
Richard Chen Li1
E-mail: richard.li@cityu.edu.hk
Kate Shuk-Ying Lau1
E-mail: katelau2@cityu.edu.hk
Dorothy F.Y. Chan3
E-mail: dorothychan@cuhk.edu.hk
1
AIMtech Centre and Department of Computer Science, City
University of Hong Kong, Tat Chee Avenue, Hong Kong.
2
Department of Psychology, The Education University of Hong
Kong, 10 Lo Ping Road, Tai Po, NT, Hong Kong.
3
Department of Paediatrics, The Chinese University of Hong
Kong, Shatin, NT, Hong Kong.
Citation information
Cite this article as: Visuospatial attention in children
with Autism Spectrum Disorder: A comparison between
2-D and 3-D environments, Horace H.S. Ip, Candy HoiYan Lai, Simpson W.L. Wong, Jenny K.Y. Tsui, Richard
Chen Li, Kate Shuk-Ying Lau & Dorothy F.Y. Chan, Cogent
Education (2017), 4: 1307709.
References
Allen, G., & Courchesne, E. (2001). Attention function and
dysfunction in autism. Frontiers in Bioscience: A Journal
and Virtual Library, 6, D105–D119. doi:10.2741/allen
American Psychiatric Association. (2013). Diagnostic and
statistical manual of mental disorders (5th ed.). Arlington,
VA: American Psychiatric Publishing.
Boucenna, S., Narzisi, A., Tilmont, E., Muratori, F., Pioggia, G.,
Cohen, D., & Chetouani, M. (2014). Interactive technologies

for autistic children: A review. Cognitive Computation, 6,
722–740. doi:10.1007/s12559-014-9276-x
Burdea, G., & Coiffet, P. (2003). Virtual reality technology.
Presence: Teleoperators and Virtual Environments, 12,
663–664. doi:10.1162/105474603322955950
Cai, Y., Chia, N. K., Thalmann, D., Kee, N. K., Zheng, J., & Thalmann,
N. M. (2013). Design and development of a virtual
dolphinarium for children with autism. IEEE Transactions on
Neural Systems and Rehabilitation Engineering, 21, 208–217.
doi:10.1109/TNSRE.2013.2240700.
Casagrande, M., Martella, D., Ruggiero, M. C., Maccari, L.,
Paloscia, C., Rosa, C., & Pasini, A. (2012). Assessing
attentional systems in children with attention deficit
hyperactivity disorder. Archives of Clinical
Neuropsychology, 27, 30–44. doi:10.1093/arclin/acr085
Chien, Y. L., Gau, S. S. F., Chiu, Y. N., Tsai, W. C., Shang, C. Y., &
Wu, Y. Y. (2014). Impaired sustained attention, focused
attention, and vigilance in youths with autistic disorder
and asperger’s disorder. Research in Autism Spectrum
Disorders, 8, 881–889. doi:10.1016/j.rasd.2014.04.006
Corbett, B., Constantine, L., Hendren, R., Rocke, D., & Ozonoff, S.
(2009). Examining executive functioning in children with
autism spectrum disorder, attention deficit hyperactivity
disorder and typical development. Psychiatry Research,
166, 210–222. doi:10.1016/j.psychres.2008.02.005
Cruz-Neira, C., Sandin, D. J., DeFanti, T. A., Kenyon, R. V., & Hart,
J. C. (1992). The CAVE: Audio visual experience automatic
virtual environment. Communications of the ACM, 35,
64–73. doi:10.1145/129888.129892
Dakin, S., & Frith, U. (2005). Vagaries of visual perception in autism.
Neuron, 48, 497–507. doi:10.1016/j.neuron.2005.10.018
Dalgarno, B., & Lee, M. J. (2010). What are the learning
affordances of 3-D virtual environments? British Journal of
Educational Technology, 41, 10–32.
doi:10.1111/j.1467-8535.2009.01038.x
Davis, F. D., Bagozzi, R. P., & Warshaw, P. R. (1989). User
acceptance of computer technology: A comparison of two
theoretical models. Management Science, 35, 982–1003.
doi:10.1287/mnsc.35.8.982
Dye, M. W., Baril, D. E., & Bavelier, D. (2007). Which aspects of
visual attention are changed by deafness? The case of the
attentional network test. Neuropsychologia, 45, 1801–
1811. doi:10.1016/j.neuropsychologia.2006.12.019
Elsabbagh, M., Volein, A., Holmboe, K., Tucker, L., Csibra, G.,
Baron-Cohen, S., … Johnson, M. H. (2009). Visual orienting
in the early broader autism phenotype: Disengagement
and facilitation. Journal of Child Psychology and Psychiatry,
50, 637–642. doi:10.1111/j.1469-7610.2008.02051.x
Page 11 of 13

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

Fan, J., McCandliss, B. D., Fossella, J., Flombaum, J. I., & Posner, M. I.
(2005). The activation of attentional networks. Neuroimage,
26, 471–479. doi:10.1016/j.neuroimage.2005.02.004
Fan, J., McCandliss, B. D., Sommer, T., Raz, A., & Posner, M. I.
(2002). Testing the efficiency and independence of
attentional networks. Journal of Cognitive Neuroscience,
14, 340–347. doi:10.1162/089892902317361886.
Goldberg, M. C., Mostofsky, S. H., Cutting, L. E., Mahone, E. M.,
Astor, B. C., Denckla, M. B., & Landa, R. J. (2005). Subtle
executive impairment in children with autism and
children with ADHD. Journal of Autism and Developmental
Disorders, 35, 279–293. doi:10.1007/s10803-005-3291-4
Greffou, S., Bertone, A., Hahler, E.-M., Hanssens, J. M., Mottron,
L., & Faubert, J. (2012). Postural hypo-reactivity in autism
is contingent on development and visual environment: A
fully immersive virtual reality study. Journal of Autism and
Developmental Disorders, 42, 961–970. doi:10.1007/
s10803-011-1326-6
Grynszpan, O., Weiss, P. L. T., Perez-Diaz, F., & Gal, E. (2014).
Innovative technology-based interventions for autism
spectrum disorders: A meta-analysis. Autism, 18, 346–
361. doi:10.1177/1362361313476767
Ip, H. H. S., Bryne, J., Cheng, S. H., Kwok, R. C. W., & Lam, M. S. W.
(2011). Smart Ambience for Affective Learning (SAMAL): An
innovative exploration for integrating immersive virtual
reality in education. Proceedings of the international
conference on e-Education, e-Business, e-Management
and e-Learning, Mumbai.
Ip, H. S. H., Wong, S. W. L., Chan, D. F. Y., Byrne, J., Li, C., Yuan, S.
N. V., ... Wong, J. Y. W. (2016). Virtual reality enabled
training for social adaptation in inclusive education
settings for school-aged children with autism spectrum
disorder (ASD). In K. S. S. Cheung, L. Kwok, J. Shang, A.
Wang, & R. Kwan (Eds.), Blended Learning: Aligning Theory
with Practices (pp. 94–102). Switzerland: Springer.
Jolliffe, T., & Baron-Cohen, S. (1997). Are people with autism
and asperger syndrome faster than normal on the
embedded figures test? Journal of Child Psychology and
Psychiatry, 38, 527–534. doi:10.1111/j.1469-7610.1997.
tb01539.x
Josman, N., Ben-Chaim, H. M., Friedrich, S., & Weiss, P. L. (2008).
Effectiveness of virtual reality for teaching street-crossing
skills to children and adolescents with autism.
International Journal on Disability and Human
Development, 7, 49–56. doi:10.1515/IJDHD.2008.7.1.49
Kandalaft, M. R., Didehbani, N., Krawczyk, D. C., Allen, T. T., &
Chapman, S. B. (2013). Virtual reality social cognition
training for young adults with high-functioning autism.
Journal of Autism and Developmental Disorders, 43, 34–
44. doi:10.1007/s10803-012-1544-6.
Keehn, B., & Joseph, R. M. (2008). Impaired prioritization of
novel onset stimuli in autism spectrum disorder. Journal
of Child Psychology and Psychiatry, 49, 1296–1303.
doi:10.1111/j.1469-7610.2008.01937.x
Keehn, B., Lincoln, A. J., Müller, R. A., & Townsend, J. (2010).
Attentional networks in children and adolescents with
autism spectrum disorder. Journal of Child Psychology and
Psychiatry, 51, 1251–1259.
doi:10.1111/j.1469-7610.2010.02257.x
Keehn, B., Müller, R. A., & Townsend, J. (2013). Atypical
attentional networks and the emergence of autism.
Neuroscience and Biobehavioral Reviews, 37, 164–183.
doi:10.1016/j.neubiorev.2012.11.014
Ke, F., & Im, T. (2013). Virtual-reality-based social interaction
training for children with high-functioning autism. The
Journal of Educational Research, 106, 441–461.
doi:10.1080/00220671.2013.832999
Konstantinidis, E. I., Luneski, A., Frantzidis, C. A., Costas, P., &
Bamidis, P. D. (2009). A proposed framework of an
interactive semi-virtual environment for enhanced
education of children with autism spectrum disorders.

Paper presented in 22nd IEEE International Symposium,
Vancouver, Canada.
Kuschner, E. S., Bennetto, L., & Yost, K. (2007). Patterns of nonverbal
cognitive functioning in young children with autism spectrum
disorders. Journal of Autism and Developmental Disorders, 37,
795–807. doi:10.1007/s10803-006-0209-8
Liu, T. (2013). Sensory processing and motor skill performance
in elementary school children with autism spectrum
disorder. Perceptual and Motor Skills: Physical Development
and Measurement, 116, 197–209. doi:10.2466/10.25.
PMS.116.1.197-209
Llorente, A. M., Williams, J., Satz, P., & D’Elia, L. F. (2003).
Children’s color trails test: Professional manual. Odessa:
Psychological Assessment Resources.
Lorenzo, G., Lledó, A., Pomares, J., & Roig, R. (2016). Design and
application of an immersive virtual reality system to
enhance emotional skills for children with autism
spectrum disorders. Computers & Education, 98, 192–205.
doi:10.1016/j.compedu.2016.03.018
Matsentidou, S., & Poullis, C. (2014, January). Immersive
visualizations in a vr cave environment for the training
and enhancement of social skills for children with autism.
In Computer Vision Theory and Applications (VISAPP), 2014
International Conference on (Vol. 3, pp. 230–236). IEEE.
Microsoft. (2010). Kinect [computer software]. Redmond, WA:
Author.
Minshew, N. J., Goldstein, G., & Siegel, D. J. (1997).
Neuropsychologic functioning in autism: Profile of a
complex information processing disorder. Journal of the
International Neuropsychological Society, 3, 303–316.
Retrieved from http://0-journals.cambridge.org.edlis.ied.
edu.hk/article_S1355617797003032
Mitchell, P., Parsons, S., & Leonard, A. (2007). Using virtual
environments for teaching social understanding to 6
adolescents with autistic spectrum disorders. Journal of
Autism and Developmental Disorders, 37, 589–600.
doi:10.1007/s10803-006-0189-8
Miyake, A., Friedman, N. P., Emerson, M. J., Witzki, A. H.,
Howerter, A., & Wager, T. D. (2000). The unity and diversity
of executive functions and their contributions to complex
“Frontal Lobe” tasks: A latent variable analysis. Cognitive
Psychology, 41, 49–100. doi:10.1006/cogp.1999.0734
Palkovitz, R. J., & Wiesenfeld, A. R. (1980). Differential
autonomic responses of autistic and normal children.
Journal of Autism and Developmental Disorders, 10, 347–
360. doi:10.1007/BF02408294
Parsons, S., Mitchell, P., & Leonard, A. (2004). The use and
understanding of virtual environments by adolescents
with autistic spectrum disorders. Journal of Autism and
Developmental Disorders, 34, 449–466.
doi:10.1023/B:JADD.0000037421.98517.8d
Petersen, S. E., & Posner, M. I. (2012). The attention system of
the human brain: 20 years after. Annual Review of
Neuroscience, 35, 73–89. doi:10.1146/
annurev-neuro-062111-150525
Plaisted, K., O’Riordan, M., & Baron-Cohen, S. (1998). Enhanced
visual search for a conjunctive target in autism: A
research note. Journal of Child Psychology and Psychiatry,
39, 777–783. doi:10.1111/1469-7610.00376
Plaisted, K., Swettenham, J., & Rees, L. (1999). Children with
autism show local precedence in a divided attention task
and global precedence in a selective attention task.
Journal of Child Psychology and Psychiatry, 40, 733–742.
doi:10.1111/1469-7610.00489
Posner, M. I., & Petersen, S. E. (1990). The attention system of
the human brain. Annual Review of Neuroscience, 13,
25–42. doi:10.1146/annurev.ne.13.030190.000325
Posner, M. I., Walker, J. A., Friedrich, F. J., & Rafal, R. D. (1984).
Effects of parietal injury on covert orienting of attention.
The Journal of Neuroscience, 4, 1863–1874. Retrieved
from http://www.jneurosci.org/content/4/7/1863

Page 12 of 13

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

Rajendran, G. (2013). Virtual environments and autism: A
developmental psychopathological approach. Journal of
Computer Assisted Learning, 29, 334–347. doi:10.1111/
jcal.12006
Raven, J., Court, J., & Raven, J. C. (1995). Manual for raven’s
progressive matrices and vocabulary scales. Section 2:
Colored progressive matrices. Oxford: Oxford Psychologists
Press.
Rueda, M. R., Fan, J., McCandliss, B. D., Halparin, J. D., Gruber, D.
B., Lercari, L. P., & Posner, M. I. (2004). Development of
attentional networks in childhood. Neuropsychologia, 42,
1029–1040. doi:10.1016/j.neuropsychologia.2003.12.012
Self, T., Scudder, R. R., Weheba, G., & Crumrine, D. (2007). A
Virtual approach to teaching safety skills to children with
autism spectrum disorder. Topics in Language Disorders,
27, 242–253. doi:10.1097/01.TLD.0000285358.33545.79
Serret, S. (2012, July). Jestimule, a serious game for autism
spectrum disorders. Paper presented at the 20th World
Congress of the IACAPAP, Paris, France. Abstract retrieved
from http://www.sciencedirect.com/science/article/pii/
S0222961712012731
Shah, A., & Frith, U. (1983). An islet of ability in autistic children:
A research note. Journal of Child Psychology and
Psychiatry, 24, 613–620. doi:10.1111/j.1469-7610.1983.
tb00137.x

Shah, A., & Frith, U. (1993). Why do autistic individuals show
superior performance on the block design task? Journal of
Child Psychology and Psychiatry, 34, 1351–1364.
doi:10.1111/j.1469-7610.1993.tb02095.x.
Simmons, D. R., Robertson, A. E., McKay, L. S., Toal, E., McAleer,
P., & Pollick, F. E. (2009). Vision in autism spectrum
disorders. Vision Research, 49, 2705–2739. doi:10.1016/j.
visres.2009.08.005
Staples, K. L., & Reid, G. (2010). Fundamental movement skills
and autism spectrum disorders. Journal of Autism and
Developmental Disorders, 40, 209–217. doi:10.1007/
s10803-009-0854-9
Steuer, J. (1992). Defining virtual reality: Dimensions
determining telepresence. Journal of Communication, 42,
73–93. doi:10.1111/j.1460-2466.1992.tb00812.x
Strauss, E., Sherman, E. M. S., & Spreen, O. (2006). A
compendium of neuropsychological tests: Administration,
norms, and commentary. New York: Oxford University
Press.
Zwaigenbaum, L., Bryson, S., Rogers, T., Roberts, W., Brian, J., &
Szatmari, P. (2005). Behavioral manifestations of autism
in the first year of life. International Journal of
Developmental Neuroscience, 23, 143–152. doi:10.1016/j.
ijdevneu.2004.05.001

© 2017 The Author(s). This open access article is distributed under a Creative Commons Attribution (CC-BY) 4.0 license.
You are free to:
Share — copy and redistribute the material in any medium or format
Adapt — remix, transform, and build upon the material for any purpose, even commercially.
The licensor cannot revoke these freedoms as long as you follow the license terms.
Under the following terms:
Attribution — You must give appropriate credit, provide a link to the license, and indicate if changes were made.
You may do so in any reasonable manner, but not in any way that suggests the licensor endorses you or your use.
No additional restrictions
You may not apply legal terms or technological measures that legally restrict others from doing anything the license permits.

Cogent Economics & Finance (ISSN: 2332-2039) is published by Cogent OA, part of Taylor & Francis Group.
Publishing with Cogent OA ensures:
•

Immediate, universal access to your article on publication

•

High visibility and discoverability via the Cogent OA website as well as Taylor & Francis Online

•

Download and citation statistics for your article

•

Rapid online publication

•

Input from, and dialog with, expert editors and editorial boards

•

Retention of full copyright of your article

•

Guaranteed legacy preservation of your article

•

Discounts and waivers for authors in developing regions

Submit your manuscript to a Cogent OA journal at www.CogentOA.com

Page 13 of 13

