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Reducir el consumo de 
medicamentos para los 
problemas de aprendizaje 
y proveer herramientas 
funcionales y no invasivas 
para los profesionales 
de la conducta humana.

Joel Acevedo
CEO Sharp Focus Vr

Sharp Focus VR es un 
proceso estructurado que 
tiene como fin incrementar 
la atención a través del 
entrenamiento en distintas 
fases: tiempos de reacción, 
lapso de atención, concentra 
ción, lectura guiada y tiempos 
de reacción nuevamente.

ser la compañía líder en 
investigación e integración 
de tecnologías emergentes 
que mejoren la calidad de 
vida de aquellos que sufren 
de problemas de aprendizaje.

Sharp Focus Vr

VISIÓN MISIÓN

SOBRE NOSOTROS
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Somos una compañía de investigación en el campo de la 
salud cognitiva que integra tecnologías emergentes como 
realidad virtual, realidad aumentada, inteligencia artificial, 
robótica y metodologías STEM con el fin de mejorar 
las habilidades cognitivas de pacientes y estudiantes.

El cerebro humano tiene 
las propiedades para 
enfocar, solo requieren 
del entrenamiento y la 
exposición adecuada.

“

Joel Acevedo

Sharp Focus Vr
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JOEL ACEVEDO
CEO

  Fundador de Sharp Focus VR y 
cuenta con un amplio conocimiento 
sobre la salud cognitiva, el 
funcionamiento del cerebro y la 
diversidad de aprendizaje. Dicho 
conocimiento le ha permitido 
ser entrenado en programas de 
Georgia Tech (NSF-I Corps Puerto 
Rico), SAP, SBIR, MIT, Harvard 
Medical School, Facebook, entre 
otros.

NUESTRO EQUIPO

Sharp Focus Vr
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MIGUEL NIEVES
Experto en robótica con un amplio 
conocimiento en software de programación. 
Nieves Chaves estuvo representado 
múltiples veces a Puerto Rico en 
competencias mundiales e Internacionales 
como Intel Isef, con su grupo de estudiantes 
a la vex world robotic championship entre 
muchas otras, ganando premios a nivel 
mundial. Ha colaborado en proyectos con 
la NASA y se desempeña en el desarrollo 
de proyectos relacionados a la innovación.

&RPSDQ\�3UR¿OH

Graduado de Trabajo Social, con amplio 
conocimiento sobre la inteligencia 
emocional. Actualmente trabaja con la 
Universidad Interamericana de Puerto Rico, 
capacitando a grupos de estudiantes en 
el área de emprendimiento, planificación, 
acción estratégica y liderazgo. En su tiempo 
es motivador, realiza mentoría en aspectos 
de planificación y estratégias creativas, 
actor y maneja agendas y redes sociales de 
diversas empresas y personas influyentes. 

ANDRÉS SANTIAGO
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Nuestro Servicio
Proveer a toda persona un espacio controlado de 
aprendizaje guiado. Por medio de una herramienta digital 
permitir que las personas puedan tener un espacio de 
lectura sin distracción. 

Sharp Focus Vr
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¿Cómo lo harás?

Sharp Focus Vr

REACCIÓN 
COGNITIVA

Es un proseso no 
invasivo. El paciente 
se sumerge en un 
espacio virtual con un   
lector de documentos 
PDF que leerá con un 
punto direccional que 
moverá con su cabeza y 
el enfoque de sus ojos. 

Utiliza el mismo 
punto direccional. 
El niño intentará 
tocar una pelota roja 
que irá cambiando 
de lugar en lugar 
y cuando más la 
toque más rápido irá.

Estimulación autditiva 
utilizando ondas de 
sonido para mejorar la 
concentración. Estas 
ondas generan estados 
de control y calma.

ESTIMULACIÓN
COGNITIVA

ESTIMULACIÓN 
SENSORIAL
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Sólo colocando tu dispositivo móvil e 
incorporando documentos pdf podrás 
hacer que tu aprendizaje sea más 
divertido, reduciendo totalmente la 
distracción.

Para reducir lo infinito a 
lo finito, lo inasequible a 
lo humanamente real, no 
hay más que un camino: 
la concentración.

“
Théophile Gautier

Sharp Focus Vr
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 Podrás tener control de tu 
espacio en tercera dimensión.
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¿POR QUÉ SHARP FOCUS VR? 

Mide tu mejora 
Mejora tu tiempo de reacción para mejorar tu 
velocidad de procesamiento.

Escuchas ondas de sonido
Estimule sus habilidades de concentración con 
ondas de sonido especializadas para mejorar el 
enfoque.

Estableces tu tiempo de 
entrenamiento
Con un cronógrafo para estimular la memoria de 
trabajo por proceso de intervalo.

Lees
Con un punto direccional, entrenarás tu cerebro 
leyendo documentos en VR.

Sharp Focus Vr



Descarga nuestra aplicación, 
accesa nuestra portal digital 
y síguenos en nuestras redes 
sociales. 

www.sharpfocusvr.com
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 (787) 231-8897 www.sharpfocusvr.com

SHARP FOCUS VR

Un espacio controlado no 
invasivo para entrenar las 

destrezas de atención.

HOLA



Behavioral/Cognitive

Eye-Movement Intervention Enhances Extinction via
Amygdala Deactivation

X Lycia D. de Voogd,1 Jonathan W. Kanen,1,3 X David A. Neville,1 X Karin Roelofs,1,2 Guillén Fernández,1

and Erno J. Hermans1

1Donders Institute for Brain, Cognition, and Behavior, Radboud University and Radboud University Medical Center, 6500 HB, Nijmegen, The Netherlands,
2Behavioral Science Institute, Radboud University, 6500 HE, Nijmegen, The Netherlands, and 3Behavioral and Clinical Neuroscience Institute, Department
of Psychology, University of Cambridge, Cambridge CB2 3EB, United Kingdom

Improving extinction learning is essential to optimize psychotherapy for persistent fear-related disorders. In two independent studies
(both n ! 24), we found that goal-directed eye movements activate a dorsal frontoparietal network and transiently deactivate the
amygdala (!p

2 ! 0.17). Connectivity analyses revealed that this downregulation potentially engages a ventromedial prefrontal pathway
known to be involved in cognitive regulation of emotion. Critically, when eye movements followed memory reactivation during extinction
learning, it reduced spontaneous fear recovery 24 h later (!p

2 ! 0.21). Stronger amygdala deactivation furthermore predicted a stronger
reduction in subsequent fear recovery after reinstatement (r ! 0.39). In conclusion, we show that extinction learning can be improved
with a noninvasive eye-movement intervention that triggers a transient suppression of the amygdala. Our finding that another task which
taxes working memory leads to a similar amygdala suppression furthermore indicates that this effect is likely not specific to eye move-
ments, which is in line with a large body of behavioral studies. This study contributes to the understanding of a widely used treatment for
traumatic symptoms by providing a parsimonious account for how working-memory tasks and goal-directed eye movements can en-
hance extinction-based psychotherapy, namely through neural circuits (e.g., amygdala deactivation) similar to those that support cog-
nitive control of emotion.

Key words: amygdala; cognitive control; extinction learning; eye movement desensitization and reprocessing (EMDR); functional MRI;
Pavlovian fear conditioning

Introduction
Extinction learning is core to most effective therapies for disor-
ders of fear and anxiety (Bisson et al., 2013). Exposure therapy,

for instance, results in the formation of an extinction memory
that suppresses fear expression. Relapse of pathological fear is
nevertheless common (Maren, 2011; Dunsmoor et al., 2015b).
Improving extinction learning is therefore an important goal of
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Significance Statement

Fear-related disorders represent a significant burden on individual sufferers and society. There is a high need to optimize treat-
ment, in particular via noninvasive means. One potentially effective intervention is execution of eye movements following trauma
recall. However, a neurobiological understanding of how eye movements reduce traumatic symptoms is lacking. We demonstrate
that goal-directed eye-movements, like working-memory tasks, deactivate the amygdala, the core neural substrate of fear learn-
ing. Effective connectivity analyses revealed amygdala deactivation potentially engaged dorsolateral and ventromedial prefrontal
pathways. When applied during safety learning, this deactivation predicts a reduction in later fear recovery. These findings
provide a parsimonious and mechanistic account of how behavioral manipulations taxing working memory and suppressing
amygdala activity can alter retention of emotional memories.
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translational research into fear-related disorders (Dunsmoor et
al., 2015b). Pharmacological treatments have proven effective in
preventing fear recovery in animal models (Nader et al., 2000),
but these methods are often not applicable in humans (Nader et
al., 2000) or have yielded inconsistent results in experimental
models with humans (Kindt et al., 2009; Bos et al., 2012). New
noninvasive techniques have been developed that target recon-
solidation of the original memory rather than enhance standard
extinction learning (Schiller et al., 2010). Although these results
are promising, their clinical utility is so far unclear.

Clinically effective treatments are not always derived from
such experimental models. One example is eye movement desen-
sitization and reprocessing (EMDR; Bisson et al., 2013), an
evidence-based therapy and part of mental health care guidelines
in many countries (Bisson et al., 2013; Lee and Cuijpers, 2013).
Despite its wide use, a mechanistic, neurobiological understand-
ing of EMDR is lacking. During treatment, patients divide their
attention between recalling traumatic memories and making lat-
eral eye movements directed by the therapist’s hand. Eye move-
ments are central to the procedure, but it is unclear whether they
play any role in the therapeutic outcome above normal extinction
(Lee and Cuijpers, 2013). Insight into the potential role of eye
movements and the neurobiological mechanisms underlying this
manipulation is not only crucial to further optimize this therapy
but would also importantly advance our fundamental under-
standing of extinction learning.

One lead into a neural mechanistic account is that goal-
directed eye movements are associated with activations in the
dorsal frontoparietal network, including frontal eye fields (FEFs;
Corbetta and Shulman, 2002), similar to working-memory tasks
that require goal-directed attention. Critically, working-memory
tasks are accompanied by robust deactivations in a posterior-
medial network (Qin et al., 2009), including the amygdala. Inter-
estingly, a similar activation of the dorsal frontoparietal network
and deactivation of the amygdala has been found during cogni-
tive regulation of emotion as well (Ochsner and Gross, 2005).
This is important because targeting the amygdala following
memory reactivation, by blocking protein synthesis, prevents fear
recovery in rodents (Nader et al., 2000). Similarly, systemic ad-
ministration of propranolol, a !-adrenoceptor antagonist, pre-
sumably exerts its effects on fear recovery via inhibition of
protein synthesis in the amygdala (Dębiec and Ledoux, 2004).
Amygdala reactivity measured with blood oxygenation level-
dependent (BOLD)-fMRI in humans is furthermore decreased
after propranolol administration (Hurlemann et al., 2010). In-
deed, it has been shown that working memory-like tasks, such as
a game of Tetris (Holmes et al., 2009; James et al., 2015) can affect
the emotionality of memories. We therefore hypothesized (1)
that goal-directed eye movements could be used as a noninvasive
tool to transiently suppress amygdala activity, comparable to
working-memory tasks, and (2) that a well timed application of
this deactivation following memory reactivation could reduce
fear recovery.

To test our hypotheses, in experiment 1 (n ! 24), participants
performed a two-back working-memory task and goal-directed
eye movements in a block design while undergoing functional
MRI. We tested whether both tasks would suppress amygdala
activity as well as alter the coupling between the amygdala and
dorsal lateral prefrontal cortex. In the second experiment (n !
24), we integrated eye movements into an established Pavlovian
fear conditioning/extinction/recall paradigm and tested whether
goal-directed eye movements prevent fear recovery via this
amygdala deactivation.

Materials and Methods
Experiment 1
Participants. Twenty-four right-handed healthy volunteers (12 females, 12
males; 23–37 years; M ! 26.95, SD ! 3.6) completed the study. Exclusion
criteria were any contraindications for MRI. All gave written informed con-
sent and were paid for their participation. This study was approved by the
local ethical review board (CMO region Arnhem-Nijmegen).

Experimental design. The tasks consisted of six blocks of a two-back
working-memory task (Qin et al., 2009), six blocks of smooth-pursuit
lateral eye movement task, and an additional eight blocks of low-level
fixation baseline. The duration of each block was 27 s. Within each two-
back block, participants saw a random sequence consisting of 15 single
digits. Each digit was presented for 400 ms, followed by an interstimulus
interval (ISI) of 1400 ms. Participants were asked to detect whether the
current item had appeared two positions back in the sequence and were
instructed to make a button press when detecting a target. For the eye-
movement blocks, participants were instructed to follow a laterally mov-
ing dot with their eyes. The speed of the eye movements was "1 Hz,
based on previous laboratory models of EMDR (van den Hout et al.,
2013). See Fig. 1.

MRI data acquisition. MRI scans were acquired using a Siemens
MAGNETOM Skyra 3T MR scanner. T2*-weighted BOLD images were
recorded using a customized EPI sequence with ascending slice acquisi-
tion [37 axial slices; TR ! 1.89 s, TE ! 25 ms, generalized autocalibrating
partially parallel acquisitions (GRAPPA), Griswold et al., 2002; acceler-
ation factor ! 2; flip angle ! 90°; slice matrix size ! 64#64; slice thick-
ness ! 3.3 mm; slice gap ! 0.3 mm; FOV ! 212 # 212 mm; bandwidth:
1776 Hz/px; echo spacing: 0.65 ms]. A structural image (1 mm isotropic)
was acquired using a T1-weighted 3D magnetization-prepared rapid
gradient-echo sequence (MP-RAGE; TR ! 2.73 s, TE ! 2.95 ms, flip
angle ! 7, FOV ! 256 # 256 # 176 mm).

MRI data preprocessing and statistical analyses. MRI data were prepro-
cessed in standard stereotactic (MNI152) space for the purpose of
whole-brain group analyses. Mutual information maximization-based
rigid-body registration was used to register structural and functional images.
Functional images were motion corrected using rigid-body transformations.
Structural images were segmented into gray matter, white matter, and CSF
images using a unified probabilistic template registration and tissue classifi-
cation method (Ashburner and Friston, 2005). Tissue images were then reg-
istered with site-specific tissue templates (created from 384 T1-weighted
scans) using DARTEL (Ashburner, 2007), and registered (using an affine
transformation) with the MNI152 template included in SPM8 (RRID:
SCR_007037). Identical transformations were applied to all functional im-
ages, which were resliced into 2 mm isotropic voxels and smoothed with a 6
mm FWHM Gaussian kernel.

Responses to the two-back task and lateral eye movements were mod-
eled using boxcar regressors (duration of 27 s). These two regressors were
temporally convolved with the canonical hemodynamic response func-
tion (HRF) included in SPM8 (RRID:SCR_007037). Additionally, six
movement parameter regressors (3 translations, 3 rotations) derived
from rigid-body motion correction, high-pass filtering (1/128 Hz cut-
off), and AR(1) serial correlation corrections were included in the model.
Single-subject contrast maps of the two-back and eye-movement blocks
against fixation were entered into second-level one-sample t tests.

Finally, we conducted a psychophysiological interaction (PPI) analysis
with the amygdala (left and right separately) as seeds for both the eye-
movement condition and the two-back condition. We performed the PPI
analysis in Experiment 1, because here we used a blocked design, which is
optimal for investigating task-driven connectivity changes on top of task
activation (Friston et al., 1997). These (four) first level models were
identical to the model described above, but each included two addi-
tional regressors namely (1) the time series for the first eigenvariate
of the amygdala seed (either left or right), and (2) the product of this
time series (after HRF deconvolution) with task regressor (either the
two-back blocks or the eye movement blocks versus fixation) that was
temporally convolved with the canonical HRF included in SPM8 (RRID:
SCR_007037). Single-subject contrast maps of the two-back and eye-
movement blocks against fixation were entered into second-level full
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factorial repeated-measures ANOVAs with hemisphere as a within-
subject variable.

Based on our a priori hypotheses, results for the amygdala and ventral
medial prefrontal cortex (vmPFC) were corrected for reduced search
volumes using small volume corrections (SVC) and were familywise er-
ror (FWE) corrected using voxel-level statistics. SVC of the amygdala was
based on a group mask that was created by averaging individual amygdala
segmentations (n ! 24) of T1-weighted images using FSL FIRST (RRID:
SCR_002823; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST), which were
warped into MNI space using DARTEL. The vmPFC was defined as 10
mm sphere around the 0, 40, "3 coordinate based on a previous study
(Schiller and Delgado, 2010).

Eye tracking. For 15 participants, eye tracking was recorded using an
MR-compatible eye-tracking system (MEye Track-LR camera unit, SMI,
SensoMotoric Instruments). Data were preprocessed using in-house
software (Hermans et al., 2013) implemented in MATLAB 7.14 (Math-
Works; RRID:SCR_001622). Blinks were removed from the signal using
linear interpolation. Eye-tracking data were normalized based on a cali-
bration at the start of the experiment. Visual inspection revealed partic-
ipants complied with the instructions of the task.

Experiment 2
Participants. Twenty-four right-handed healthy volunteers (12 females,
12 males; 20 –34 years; M ! 24.8, SD ! 3.6) completed the study. An
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Figure 1. A, Experimental design. B, Activations and deactivations of the two-back task and eye movements compared with fixation. The threshold for significance for the amygdala (whole-brain
threshold p # 0.005 uncorrected and peak voxel FWE-SVC p # 0.05) is applied to the whole brain to show the specificity of the effect. Whole-brain corrected inferential statistics are reported in
Table 1. C, PPI cluster with the left and right amygdala as a seed for the two-back task and eye movements compared with fixation. Images are thresholded at p # 0.05, whole-brain FWE-corrected.
Whole-brain corrected inferential statistics are reported in Table 2. D, Deactivation during the two-back blocks and eye-movement blocks (in green) overlaid onto the average T1 scan from all
participants. In red is the anatomical location of the amygdala. It can be seen that the deactivation (overlap is in yellow) is located toward the dorsal part in both tasks. EM, Eye movements.
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additional five participants did not complete the entire experiment due
noncompliance with instructions (e.g., falling asleep). Exclusion criteria
were as follows: current or lifetime history of psychiatric, neurological, or
endocrine illness, current treatment with any medication that affects
CNS or endocrine systems, average use of !3 alcoholic beverages daily,
average use of recreational drugs weekly or more, habitual smoking,
predominant left-handedness, uncorrected vision, intense daily phys-
ical exercise, and any contraindications for MRI. Participants gave
written informed consent and were paid for their participation. This
study was approved by the local ethical review board (CMO region
Arnhem-Nijmegen).

Experimental design. Participants were tested in a differential delay fear
conditioning paradigm (Schiller et al., 2010, 2013) on 3 consecutive days
with 24 h in between. The first day comprised an acquisition session, the
second day an extinction session, and the third day a recall session. The
stimulus set across the 3 d consisted of four squares as conditioned stim-
uli (CS) with a different color. The luminance of the stimuli, background,
and ISI screen was equalized. On Day 1, two cues (CS"s, 4 s duration)
were partially reinforced (37.5% reinforcement rate) with a mild electri-
cal shock to the fingers [i.e., the unconditioned stimulus (UCS)]. The two
other cues (CS-s, 4 s duration) were never reinforced. In total, there were
64 trials (16 trials per CS), including the CS-UCS trials. The CS"s rein-
forced, CS"s unreinforced, and CS-s were presented in a pseudorandom
order. The ISI was jittered between 4 and 8 s with an average of 6 s.

On Day 2, extinction included 48 CS trials (12 trials per CS, 4 s dura-
tion) and 24 eye-movement blocks (10 s duration). One CS" (CS"eye)
and one CS# (CS#eye) were always followed by an eye-movement block,
whereas the other CS" (CS"no-eye) and the other CS# (CS#no-eye) were
always followed by a fixation block. The ISI between CS and eye move-
ment block was jittered between 0.5 and 1.5 s, which was done to mini-
mize eye-movement anticipation during the CS presentation. With the
duration of 10 s, we stayed on the lower end of what is used in EMDR
treatment, in which the duration of eye movements varies between 8 and
96 s (Lee and Cuijpers, 2013). This 10 s duration limits the length of the
experiment while still including the peak of the BOLD response within
the eye-movement blocks (Heeger and Ress, 2002). As in Experiment 1,
the speed of the moving dot was $1 Hz, based on previous laboratory
models of EMDR (van den Hout et al., 2013). The visual angle was $11°.
The ISI after the eye-movement block varied between 4 and 8 s with an
average of 6 s. On Day 3, the experiment started with a re-extinction
session (re-extinction1), which included 24 CS trials (6 trials per CS, 4 s
duration) with an ISI jittered between 4 and 8 s (average of 6 s). After this
session there was a reinstatement procedure (Haaker et al., 2014) con-
sisting of three unsignaled UCS presentations (ISI: 10 s). Following this,
participants underwent a second re-extinction session (re-extinction2),
which included 24 CS trials (6 trials per CS, 4 s duration). ISI was jittered
between 4 and 8 s with an average of 6 s. See Fig. 2 for an overview.

Questionnaires and debriefing. Participants completed the Beck De-
pression Inventory (BDI; Beck et al., 1996) and the trait version of State-
Trait Anxiety Inventory (STAI-t; Van der Ploeg, 1980). A BDI score !13
was used to exclude participants from the analyses, but none of the par-
ticipants had a score higher than the cutoff. Average BDI score was 3.5
(range: 0 –10) and STAI-t was 33.5 (range: 25– 48). Participants were
debriefed after the completion of the experiment and asked about their
contingency knowledge on the occurrence of electrical shocks, as well as
the relationship between the CSs and eye-movement blocks. Participants
were furthermore asked about their knowledge of EMDR and whether
they at some time during the experiment thought of the experiment
in the context of EMDR treatment. Five participants reported doing so.
We therefore redid the analyses of the two re-extinction phases on Day 3
excluding these five participants. The results and conclusions remained
the same and therefore the results are reported including all participants.

Peripheral stimulation. Electrical shocks were delivered via two Ag/
AgCl electrodes attached to the distal phalanges of the second and third
fingers of the right or left hand (counterbalanced between subjects) using
a MAXTENS 2000 (Bio-Protech) device. Shock duration was 200 ms, and
intensity varied in 10 intensity steps between 0 – 40 V/0 – 80 mA. During
a standardized shock intensity adjustment procedure, each participant
received and subjectively rated five shocks, allowing shock intensity to

converge to a level experienced as uncomfortable, but not painful. The
resulting average intensity step was 4.8 (SD: 1.8) on a scale from 1 to 10.
The intensity step was set on Day 1 and remained the same on Day 3 for
the reinstatement procedure.

Peripheral measurements. Electrodermal activity was assessed using
two Ag/AgCl electrodes attached to the distal phalanges of the first and
second fingers of the left or right hand (counterbalanced between sub-
jects) using a BrainAmp MR system and recorded using BrainVision
Recorder software (Brain Products GmbH). Data were preprocessed us-
ing in-house software; radio frequency artifacts were removed and a
low-pass filter was applied. Skin conductance responses (SCRs) were
automatically scored with additional manual supervision using Autono-
mate (Green et al., 2014) implemented in MATLAB 7.14 (MathWorks;
RRID:SCR_001622). We opted to use the magnitude method, because it
has been considered the standard method of scoring SCRs for several
decades (Edelberg, 1972). SCR amplitudes (measured in microsiemens)
were determined for each trial within an onset latency window between
0.5 and 4.5 s after stimulus onset, with a minimum rise time of 0.5 s and
a maximum rise time of 5 s after response onset. Reinforced trials were
omitted and all other response amplitudes were square-root transformed
before statistical analysis. One subject was omitted from the SCR analyses
on Day 1 because of failed recordings presumably due to motion of the
hand. Four repeated-measures ANOVAs were conducted, one for each
experimental phase (acquisition, extinction, re-extinction1, and re-
extinction2). Each ANOVA included CS (CS", CS#) and extinction
manipulation (eye, no-eye) as within-subject factors. During the extinc-
tion and re-extinction phases, an additional within-subject factor was
included, namely Time (early, late). Subsequently, differential SCR were
calculated (CS" minus CS#) to test for differences between the two
conditions (eye movement and no-eye movement). To test for spon-
taneous recovery of fear, the differential response on the last trial of
extinction was subtracted from the first differential response during
re-extinction1 (Schiller et al., 2010, 2013). The reinstatement recovery
index was calculated in a similar way by subtracting the last differential
response during re-extinction1 from the first differential response during
re-extinction2 (Schiller et al., 2010, 2013). For the spontaneous recovery
index and reinstatement recovery index analyses, we covaried the order
of the CS" (CS"eye or CS"no-eye) presentation. Last, the amount of
amygdala suppression that occurred on Day 2 during the eye-movement
blocks was added as a covariate to the recovery index analyses on Day 3 to
test whether amygdala deactivation predicted fear recovery.

Eye tracking was recorded using an MR-compatible eye-tracking sys-
tem (MEye Track-LR camera unit, SMI, SensoMotoric Instruments).
Data were preprocessed using in-house software (Hermans et al., 2013)
implemented in MATLAB 7.14 (MathWorks; RRID:SCR_001622).
Blinks were removed from the signal using linear interpolation. Eye-
tracking data during the eye-movement blocks were normalized based
on a calibration at the start of the experiment. Visual inspection revealed
participants complied with the instructions of the task (see Fig. 3C).

Physiological noise correction. Finger pulse was recorded using a
pulse oximeter affixed to the third finger of the left or right hand
(counterbalanced between subjects). Respiration was measured using
a respiration belt placed around the participant’s abdomen. Pulse and
respiration measures were used for retrospective image-based correc-
tion (RETROICOR) of physiological noise artifacts in BOLD-fMRI data
(Glover et al., 2000). Raw pulse and respiratory data were processed
offline using in-house software for interactive visual artifact correction
and peak detection, and were used to specify fifth-order Fourier models
of the cardiac and respiratory phase-related modulation of the BOLD
signal (van Buuren et al., 2009), yielding 10 nuisance regressors for car-
diac noise and 10 for respiratory noise. Additional regressors were calcu-
lated for heart rate frequency, heart rate variability, (raw) abdominal
circumference, respiratory frequency, respiratory amplitude, and respi-
ration volume per unit time (Birn et al., 2006), yielding a total of 26
RETROICOR regressors.

MRI data acquisition and multiecho weighting. MRI scans were ac-
quired using a Siemens MAGNETOM Avanto 1.5T MR scanner. T2*-
weighted BOLD images were recorded using a customized multiecho EPI
sequence with ascending slice acquisition (35 axial slices; TR % 2.2 s;
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TE ! 9.4, 21, 33, 44, and 56 ms, GRAPPA, Griswold et al., 2002; acceler-
ation factor ! 3; flip angle ! 90°; slice matrix size ! 64 " 64; slice
thickness: 3.0 mm; slice gap: 0.51 mm; FOV: 212 " 212 mm; bandwidth:
2604 Hz/px; echo spacing: 0.49 ms). To account for regional variation in
susceptibility-induced signal dropout, voxelwise weighted sums of all
echoes were calculated based on local contrast-to-noise ratio (Poser et al.,
2006). A structural image (1 mm isotropic) was acquired using a T1-
weighted 3D MP-RAGE (TR ! 2.73 s, TE ! 2.95 ms, flip angle: 7°, FOV:
256 " 256 " 176 mm).

MRI data preprocessing in standard stereotactic space and statistical
analyses. MRI data were preprocessed in standard stereotactic (MNI152)
space for the purpose of whole-brain group analyses. Mutual informa-
tion maximization-based rigid-body registration was used to register
structural and functional images. Functional images were motion cor-
rected using rigid-body transformations. Structural images were seg-
mented into gray matter, white matter, and CSF images using a unified
probabilistic template registration and tissue classification method
(Ashburner and Friston, 2005). Tissue images were then registered with
site-specific tissue templates using DARTEL (Ashburner, 2007), and reg-
istered (using an affine transformation) with the MNI152 template in-
cluded in SPM8 (RRID:SCR_007037). Identical transformations were
applied to all functional images, which were resliced into 2 mm isotropic
voxels and smoothed with a 6 mm FWHM Gaussian kernel.

We created four first-level models for all stages of the experiment (i.e.,
acquisition, extinction, re-ectinction1 and re-extinction2). Responses to
the CSs were modeled using boxcar regressors (duration of 5 s). During
the acquisition phase, additional regressors included the reinforced
CS#s (duration of 5 s) and the shock which was modeled as a stick
function. During the extinction phase, responses to the eye-movement
blocks were modeled using boxcar regressors with a duration of 10 s.
Regressors were temporally convolved with the canonical HRF included
in SPM8 (RRID:SCR_007037). Additionally, six movement parameter
regressors (3 translations, 3 rotations) derived from rigid-body motion
correction, high-pass filtering (1/128 Hz cutoff), and AR(1) serial corre-
lation corrections were included in the model. Single-subject contrast
maps were entered into second-level one-sample t tests.

Although a PPI analysis in experiments with event-related designs is more
difficult to interpret (O’Reilly et al., 2012), we did perform a PPI analysis,

similar to Experiment 1, with the amygdala as a seed region in Experiment 2
as well. We did not find any statistically significant connectivity changes. As
an extra check, we used the FEF as a seed as well, but also here we did not
observe reliable connectivity differences. Additionally, we applied a ! series
correlation (Rissman et al., 2004) with the amygdala as a seed region. How-
ever, we did not find any statistically significant connectivity changes using
this method either. There are two possible explanations for this null finding.
First, the shape and assumptions regarding the HRF are more important in
event-related designs than in blocked designs (Gitelman et al., 2003). Sec-
ond, in the period where it is possible to look at task-driven connectivity
changes in event-related designs are shorter than in blocked designs. Thus,
PPI analyses have less power than task activity analyses and tend to have
smaller effect sizes than blocked designs.

Based on our priori hypotheses, results for the amygdala and dorsal
anterior cingulate cortex (dACC) were corrected for reduced search vol-
umes using small volume corrections (SVC) and were FWE-corrected
using voxel-level statistics. SVC of the amygdala was based on a group
mask that was created by averaging individual amygdala segmentations
(n ! 24) of T1-weighted images (using FSL FIRST; RRID:SCR_002823;
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST), which were warped into
MNI space using DARTEL. The dACC was defined based on a functional
ROI atlas (Shirer et al., 2012).

MRI data preprocessing of the extinction session in native space and
statistical analyses. For the primary fMRI analysis (amygdala response
during eye movements), we preprocessed MRI data during extinction in
native space (i.e., without stereotactic normalization) using SPM8
(RRID:SCR_007037; http://www.fil.ion.ucl.ac.uk/spm; Wellcome De-
partment of Imaging Neuroscience, London, UK). Because the results
from Experiment 1 showed the suppression was not specific to the
amygdala, we opted for this more specific analysis to make sure that the
amygdala effects are not, for example, due to signal blurring from
the hippocampus into the amygdala. Additionally, this analysis allowed
us to extract an averaged time course of the amygdala signal.

All functional scans were coregistered with structural scans using mu-
tual information maximization. The amygdala was individually defined
in native space using automated anatomical segmentation of T1-weighted
images using FSL FIRST (RRID:SCR_002823; https://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/FIRST). The amygdala segmentations underwent visual in-
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spection. We observed that some amygdala voxels for some participants
were not part of the mask, indicating that the FSL FIRST segmentation
was relatively conservative (e.g., in anterior parts; Moore et al., 2014). For
each participant, we made sure that the amygdala mask did not contain
voxels that were part of, or extended into, the hippocampus. We there-
fore conclude that our amygdala masks are representative of amygdala
volume, and that the suppression effect can be assigned to the amygdala.
The vmPFC was defined as 10 mm sphere around the 0, 40, !3 coordi-
nate based on a previous study (Schiller and Delgado, 2010). The FEFs
were defined based on a 5 mm sphere around the MNI peak coordinates
reported in a meta-analysis (Jamadar et al., 2013). Subsequently, the FEF
masks were transferred back into native space for each individual using
the reversed spatial normalization parameters.

For statistical analyses, responses to the eye-movement and no-eye
movement blocks were estimated using a finite impulse response model
which included nine time bins (TR " 2.2 s) starting one time-bin before
the onset of the CS (!2.2 s) and ending one time bin after the eye-
movement blocks (17.6 s). Therefore, bin numbers 5– 8 (6.6 –15.4 s)
always fell within the eye-movement blocks. For the no-eye movement
block, the same time frame was used. This first-level model makes no
assumptions regarding the HRF shape and yields independent response

estimates for all nine time bins, which makes it possible to investigate the
time course of the responses. The first-level models additionally included
six movement parameter regressors (3 translations, 3 rotations) derived
from rigid-body motion correction, 26 RETROICOR physiological noise
regressors (see MRI data preprocessing in standard stereotactic space and
statistical analyses), high-pass filtering (1/128 Hz cutoff), and AR(1) se-
rial correlations correction. We extracted the average ! weights within
the amygdala and FEF for each time bin and each CS. A repeated-
measures ANOVA was conducted for each region with CS (CS#, CS!),
extinction manipulation (eye, no-eye), and time bin (5– 8) as within-
subject factors (see Fig. 3).

Statistical analysis. Sample size of 24 was determined based a pooled
effect size from four studies that have used similar paradigms (Schiller et
al., 2010, 2013; Agren et al., 2012; Kindt and Soeter, 2013), " " 0.05, and
1 ! ! " 0.80. Partial #-squared (#p

2) or Cohen’s d effect size estimates are
reported for all relevant tests. Alpha was set at 0.05 throughout and
two-tailed t tests were conducted unless stated otherwise. Statistical
analyses were performed using SPSS 19 (IBM; RRID:SCR_002865),
MATLAB 7.14 (MathWorks; RRID:SCR_001622), and SPM8 (RRID:
SCR_007037; http://www.fil.ion.ucl.ac.uk/spm; Wellcome Department

A B 

C

1.5

-1.5
0

1.5

-1.5
0

1.5

-1.5
0

1.5

-1.5
0

seconds

!2 0 2 4 6 8 10 12 14 16

!2 0 2 4 6 8 10 12 14 16

seconds

cs+ eye/no eye

cs- eye/no eye 

Ar
bi

tr
ar

y 
un

its
 (a

u)
Ar

bi
tr

ar
y 

un
its

 (a
u)

amygdala

vmPFC

FEF

-0.02

-0.01

0

0.01

-4 -2 0 2 4 6 8 10 12 14 16
-0.02

-0.01

0

0.01

-4 -2 0 2 4 6 8 10 12 14 16

-0.02

-0.01

0

0.01

-4 -2 0 2 4 6 8 10 12 14 16
-0.02

-0.01

0

0.01

-4 -2 0 2 4 6 8 10 12 14 16

-0.4

-0.2

0

0.2

0.4

-4 -2 0 2 4 6 8 10 12 14 16
-0.4

-0.2

0

0.2

0.4

-4 -2 0 2 4 6 8 10 12 14 16

eye
no-eye 

Ar
bi

tr
ar

y 
un

its
 (a

u)
Ar

bi
tr

ar
y 

un
its

 (a
u)

Ar
bi

tr
ar

y 
un

its
 (a

u)

seconds

seconds

seconds

seconds

seconds

seconds

cs+ eye/no eye 

cs+ eye/no eye 

cs+ eye/no eye 

cs- eye/no eye 

cs- eye/no eye 

cs- eye/no eye 

Am
yg

da
la

vm
PF

C
FE

F

Figure 3. Eye movements suppress amygdala activity. A, Single-subject example of the automated amygdala segmentation, vmPFC, was defined by a 10 mm radius around the 0, 40, !3
coordinate (Schiller and Delgado, 2010) and FEF as a bilateral 5 mm radius around the MNI peak coordinates reported in a meta-analysis of neuroimaging studies of eye movements (Jamadar et al.,
2013). B, Amygdala and vmPFC deactivation and FEF activation during eye-movement and no-eye movement blocks within the extinction phase. Error bars represent $ SEM. C, Eye-movement
recordings during eye-movement and no-eye movement blocks within the extinction phase. The black and white lines reflect the mean across all participants and the gray shaded area the SEM. Eye,
Eye movements; No-eye, no-eye movements.

de Voogd et al. • Eye Movements Enhance Extinction J. Neurosci., October 3, 2018 • 38(40):8694 – 8706 • 8699



of Imaging Neuroscience). Anonymized data will be made available to
others upon formal request.

Results
Experiment 1
A working-memory task and goal-directed eye movements
suppress amygdala activity
In a block design, participants performed a two-back working-
memory task and goal-directed eye movements while undergo-
ing functional MRI. We found typical activation patterns within
the dorsal frontoparietal network (Corbetta and Shulman, 2002;
Qin et al., 2009) during the two-back (e.g., the left and right
dorsolateral PFC: p ! 0.001 peak-voxel FWE-SVC, and left and
right posterior parietal cortex: p ! 0.001 peak-voxel FWE-SVC)
and eye-movement blocks (e.g., the left and right FEFs: p ! 0.001
peak-voxel FWE-SVC, and left and right posterior parietal cor-
tex: p ! 0.001 peak-voxel FWE-SVC). Further, and as expected,
both the two-back blocks (left: p " 0.001, right: p " 0.003; peak-
voxel FWE-SVC) and eye-movement blocks (left: p " 0.035;
right: p " 0.08, peak-voxel FWE-SVC) led to deactivations in the
amygdala compared with fixation. The amygdala suppression
during the eye-movement blocks was not as strong (i.e., suppres-
sion was only significant in the left amygdala); however, a direct
comparison revealed no difference in amygdala deactivation be-

tween the two-back and eye-movement blocks. When using the
two-back blocks as a functional localizer for the amygdala, the
suppression was significant as well (left: p " 0.015; right: p "
0.044, peak-voxel FWE-SVC), indicating the suppression is in a
similar location for both tasks. Among other regions, deactiva-
tion was also found in the ventromedial PFC (p ! 0.001, FWE-
SVC) in the two-back blocks. For all whole-brain activation and
deactivation results see Fig. 1B and Table 1. See Fig. 1D for an
illustration of the location of the suppression in the amygdala.

Finally, we conducted a PPI analysis and found enhanced cou-
pling between the amygdala and the dorsal frontoparietal network
during both the two-back (e.g., the left and right dorsolateral PFC:
p ! 0.001 peak-voxel FWE-SVC) and eye-movement blocks (e.g.,
the left and right dorsolateral PFC: p ! 0.001 peak-voxel FWE-SVC,
and left and right FEFs: p ! 0.001 peak-voxel FWE-SVC). We also
found enhanced coupling between the amygdala and ventromedial
PFC, during both the two-back (p ! 0.001 peak-voxel FWE-SVC)
and eye-movement blocks (p " 0.001 peak-voxel FWE-SVC). For
all connectivity results see Fig. 1C and Table 2.

In conclusion, goal-directed eye movements, similar to a
working-memory task (Qin et al., 2009), suppress amygdala ac-
tivity and induce enhanced coupling between the amygdala and
regions involved in cognitive regulation of emotion (Ochsner
and Gross, 2005).

Experiment 2
Goal-directed eye movements suppress amygdala activity
First, we investigated amygdala activity in response to the goal-
directed eye movements during extinction learning. We analyzed
the data in native space to make sure that the effects in the
amygdala are not due to signal blurring from the hippocampus
into the amygdala (Fig. 3). Replicating Experiment 1, goal-
directed eye movements increased FEF activity (F(1,23) " 13.11,
p " 0.001, !p

2 " 0.36) compared with fixation. Amygdala activity
was decreased (F(1,23) " 4.576, p " 0.04, !p

2 " 0.17) compared
with fixation and there was no interaction with CS (CS#, CS$;
F(1,23) " 1.296, p " 0.27, !p

2 " 0.05). Thus, in two independent
studies we found that goal-directed eye movements suppress
amygdala activity (Fig. 3).

Table 1. Peak voxel coordinates and statistics of activations and deactivations of
the two-back task and eye movements compared to fixation (Experiment 1)

Region Side x, mm y, mm z, mm Peak T p value

Two-back blocks % fixationa

Anterior insula R 34 26 0 14.70 !0.001
Dorsolateral prefrontal cortex L $40 2 30 8.57 !0.001

R 44 38 24 7.16 !0.001
Posterior parietal cortex L $34 $56 50 11.63 !0.001

R 48 $36 46 11.88 !0.001
Two-back blocks !fixation

Superior frontal gyrus L $18 42 46 13.38 !0.001
Precuneus L $4 $52 14 12.72 !0.001
Cerebellum R 34 $78 $34 10.80 !0.001
Rolandic operculum R 48 $22 18 10.12 !0.001
Angular gyrus L $48 $64 26 10.08 !0.001
Middle temporal gyrus L $58 $8 $6 9.69 !0.001
Fusiform gyrus L $32 $40 $12 9.60 !0.001
Angular gyrus R 56 $66 36 9.25 !0.001
Fusiform gyrus R 30 $42 $10 7.83 " 0.007
Inferior frontal gyrus R 52 32 6 7.80 " 0.007
Inferior orbital frontal gyrus R 38 36 $10 7.44 " 0.015
Cerebellum L $26 $84 $32 7.13 " 0.025
vmPFC L/R $6 46 0 8.39 !0.001*
Amygdala L $26 $10 $18 5.64 " 0.001*

R 24 $8 $16 4.73 " 0.003*
Eye movements % fixation

Calcarine R 6 $70 8 7.37 !0.001
Precentral gyrus (FEFs) L $40 $10 50 6.57 !0.001

R 32 $4 52 8.48 " 0.002
Posterior parietal cortex R 28 $52 50 5.81 " 0.001

L $26 $52 54 5.77 " 0.001
Middle cingulate cortex L $12 $20 40 5.22 " 0.018

Eye movements ! fixation
Amygdala L $24 $8 $14 3.17 " 0.035*

R 28 $8 $16 3.13 " 0.08*
Inferior occipital gyrus R 34 $98 $8 5.38 " 0.008

L $26 $98 $10 5.31 " 0.012
aTo reduce the number of peak voxels, only the peak voxels in the predefined ROIs are reported.

All coordinates are defined in MNI152 space. All statistics listed are significant at p !0.05, whole-brain FWE-
corrected unless indicated otherwise.

*Small volume corrected for ROI.

Table 2. Peak voxel coordinates and statistics of PPI analyses (with the amygdala
as a seed) of the two-back task and eye movements compared to fixation
(Experiment 1)

Region Side x, mm y, mm z, mm Peak T p value

Two-back blocks % fixation
Superior motor area R 2 $4 60 11.10 !0.001
Dorsolateral prefrontal cortex (dlPFC) L $4 56 36 6.84 !0.001

R 62 6 24 6.72 !0.001
Posterior parietal cortex L $32 $40 56 8.63 !0.001

R 6 $36 48 7.36 !0.001
vmPFC L/R $2 38 $6 6.12 !0.001*

Eye movements % fixation
Middle cingulate cortex R 6 $38 34 10.21 !0.001
dlPFC L $22 40 36 6.89 !0.001

R 4 66 10 6.52 !0.001
Posterior parietal cortex L $4 $62 30 7.47 !0.001

R 52 $24 14 7.24 !0.001
Precentral gyrus (FEFs) L $44 $18 46 7.01 !0.001

R 44 $14 56 7.04 !0.001
vmPFC L/R $4 42 $2 6.44 !0.001*

All coordinates are defined in MNI152 space. All statistics listed are significant at p !0.05, whole-brain FWE-
corrected unless indicated otherwise. To reduce the number of peak voxels, only the peak voxels in the predefined
ROIs are reported.

*Small volume corrected for ROI.
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Skin conductance responses during fear acquisition and extinction
SCR measures during acquisition (Fig. 4A and Fig. 5A) revealed a
robust differential conditioning effect (CS! vs CS") across all
trials (F(1,22) # 18.54, p # 2.86E"4, !p

2 # 0.46) and there was no
interaction with later extinction manipulation (eye, no-eye;
F(1,22) # 1.945, p # 0.18, !p

2 # 0.08). During early extinction,
there was a differential conditioning effect (F(1,23) # 49.77, p #
3.46E-7, !p

2 # 0.68) which became nonsignificant during late
extinction (F(1,23) # 0.896, p # 0.35, !p

2 # 0.04; Fig. 4B and Fig.
5B). There was full extinction on the last trial (F(1,23) # 0.260, p #
0.61, !p

2 # 0.01) and no interaction with extinction manipulation
(eye, no-eye; F(1,23) # 0.991, p # 0.33, !p

2 # 0.04). Thus, SCR
measures revealed there was successful acquisition and extinc-
tion, which did not differ significantly between the eye movement
and no-eye movement manipulation.

Eye movements during extinction block spontaneous recovery of
fear the following day
Crucially, and as predicted, a repeated-measures ANOVA across
all re-extinction1 trials on Day 3 revealed an interaction between
extinction manipulation (eye, no-eye) and time (first vs second half
of re-extinction1; F(1,22) # 6.723, p # 0.02, !p

2 # 0.23). Follow-up

tests on the spontaneous recovery index, indicated by a differential
responding from the last trial of extinction to the first trial of re-
extinction1 (Schiller et al., 2010), revealed that spontaneous recov-
ery differed between extinction manipulations (F(1,22) #
5.976, p # 0.02, !p

2 # 0.21). As expected, there was spontane-
ous recovery for extinction without (t(22) # 3.60, p # 0.002),
but not with (t(22) # 0.694, p # 0.50; Fig. 5C) eye movements.

To make sure that this difference in spontaneous recovery was
not driven by responses to the CS" rather than by responses to
the CS!, we additionally compared responses to the first CS"
and CS! during re-extinction1. Responses to both CS!
(F(1,22) # 4.305, p # 0.0499, !p

2 # 0.16) and CS" (F(1,22) # 6.705,
p # 0.02, !p

2 # 0.23) differed between eye-movement conditions,
showing that the reduction in spontaneous recovery was not
driven solely by responses to the CS".

In sum, eye movements during extinction learning indeed
blocked spontaneous recovery.

Eye movement-induced amygdala suppression during extinction
predicts a reduction in fear recovery after reinstatement
Analyses on the reinstatement recovery index, indicated by a dif-
ferential responding from the last trial of re-extinction1 to the
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first trial of re-extinction2 (Schiller et al., 2010), showed that
differential responses returned on average (F(1,22) ! 23.486, p !
7.65E-5, !p

2 ! 0.52), and that there was no interaction with ex-
tinction manipulation (F(1,22) ! 0.005, p ! 0.94, !p

2 " 0.001).
Notably, including strength of amygdala deactivation as a cova-
riate revealed an interaction between this deactivation and ex-
tinction manipulation (F(1,21) ! 7.252, p ! 0.01, !p

2 ! 0.26).
Follow-up tests showed a positive correlation between amygdala
deactivation and recovery following reinstatement for the eye-
movement manipulation (r(21) ! 0.39 p ! 0.028, one-tailed; Fig.
5E). Amygdala responses during the no-eye movement blocks
did not predict recovery following reinstatement (F(1,21) ! 1.392,
p ! 0.25, !p

2 ! 0.06). Additionally, a Steiger z test (Steiger, 1980)
comparing the correlation coefficients in both manipulation
types revealed the positive correlation was stronger for the eye-
movement manipulation compared with the no-eye movement
manipulation (z(22) ! 2.598, p ! 0.024). We furthermore did not
find an interaction between extinction manipulation and
amygdala deactivation for the spontaneous recovery index
(F(1,21) ! 1.592, p ! 0.22, !p

2 ! 0.07). Amygdala deactivation did,
however, predict the difference between the spontaneous recov-
ery index and reinstatement recovery index (r(20) ! 0.62 p !
0.002). Responses in the FEFs were not associated with recovery

following reinstatement (F(1,21) ! 0.44, p ! 0.51, !p
2 ! 0.02). To

further make sure this effect is specific for the amygdala, we
added the reinstatement recovery index as a covariate to a con-
ventional group analysis in standard stereotactic (MNI152)
space. With this analysis, we did not find any other region (in-
cluding the use of SVC for the vmPFC, FEF, and dACC) to be
correlated with the reinstatement recovery index other than the
right amygdala (p ! 0.024, peak-voxel FWE-SVC).

In conclusion, differential fear responses on average recov-
ered after reinstatement, however, recovery for the eye-
movement condition was attenuated when participants had
stronger amygdala deactivations during eye movements.

Whole-brain group analysis in standard stereotactic space
We first verified whether the acquisition phase exhibited the ex-
pected task-related activation and deactivation during CS presen-
tation using conventional group analyses in standard stereotactic
(MNI152) space. We observed robust differential BOLD re-
sponses in the anterior insula (left: p " 0.001, right: p " 0.001,
peak-voxel FWE-corrected) and dACC (p " 0.001, peak-voxel
FWE-corrected) among others. Additionally, we observed robust
deactivations in the vmPFC (p ! 0.007, peak-voxel FWE-
corrected) among others. See Table 3.
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Next, we investigated response patterns to the CS during
extinction learning. First, we found activation patterns in the
anterior insula (left: p ! 0.016, right: p ! 0.043, peak-voxel FWE-
corrected) and dACC (p ! 0.02, peak-voxel FWE-SCV) as a main
effect of CS (CS" vs CS#). We did not observe any deactivations.
Interestingly, similar to what our native space analysis of the FEFs
activation already showed (Fig. 3B), we found activation in the
FEF in response to the CS that was coupled to the eye movements
(left: p ! 0.034, peak-voxel FWE-corrected; right: p ! 0.001,
peak-voxel FWE-SVC) as a main effect of eye movements. This
was before the execution of the eye movements and thus indicates
an anticipation response. There was no CS (CS", CS#) by ex-
tinction manipulation (eye, no-eye) interaction.

Critically, in response to the eye movement blocks (which
followed the CS presentation after a brief delay) we found deac-
tivation in the vmPFC (p ! 0.025, peak-voxel FWE-corrected).
See Table 4 for the full whole-brain results. Additional analysis on
the vmPFC using the native-space data confirmed vmPFC was
deactivated compared with fixation (F(1,23) ! 7.265, p ! 0.013,
!p

2 ! 0.24). This deactivation did not predict recovery following
reinstatement (F(1,23) ! 0.065, p ! 0.801, !p

2 ! 0.003). Thus,
similar to amygdala responses, vmPFC responses are suppressed
during the eye-movement blocks (Fig. 3).

Finally, during re-extinction1, we found differential BOLD
responses (CS" vs CS#) in the anterior insula (p $ 0.001, peak-
voxel FWE-corrected). During re-extinction2, we found differ-
ential BOLD responses in the dACC (p $ 0.001, peak-voxel
FWE-corrected) and there was an interaction with extinction
manipulation (eye, no-eye; p $ 0.003, peak-voxel FWE-SVC).
We found dACC responses for the no-eye movement manipula-
tion (p $ 0.007, peak-voxel FWE-corrected), but no differential
responses for the eye-movement manipulation was present. This
is in line with previous findings (Schiller et al., 2013) and could be
because this analysis reflects both the process of recovery as well
as the process of re-extinction. See Table 5.

Discussion
This study aimed to test the hypotheses that goal-directed eye
movements, as used in EMDR therapy, can enhance extinction
through amygdala suppression. First, we found that goal-
directed eye movements (Experiments 1 and 2) as well as a
working-memory task (Experiment 1) deactivated the amygdala.
Second, we found that both tasks (Experiment 1) altered connec-

tivity between the amygdala and the dorsal frontoparietal net-
work as well as connectivity between the amygdala and the
ventromedial prefrontal cortex. Third, a precisely timed applica-
tion of the eye movements during extinction learning blocked
spontaneous recovery 24 h later (Experiment 2). Fourth, al-
though fear responses on average recovered after reinstatement,
recovery was attenuated when participants had stronger amygdala
deactivations during eye movements (Experiment 2). Given that

Table 3. Peak voxel coordinates and statistics during acquisition (Experiment 2)

Region Side x, mm y, mm z, mm Peak T p value

CS" % CS#
Inferior frontal gyrus/anterior insula R 50 24 4 9.6797 $0.001

L #36 24 4 8.90 $0.001
Supramarginal gyrus R 54 #40 28 8.6493 $0.001
dACC R 8 26 28 7.8007 $0.001
Supramarginal gyrus L #54 #40 32 6.1253 ! 0.002
Cerrebellum R 2 #54 #36 5.9356 ! 0.004

L #34 #54 #32 5.9167 ! 0.004
CS# % CS"

Middle occipital gyrus L #44 #74 30 5.8497 ! 0.006
Hippocampus L #24 #18 #18 5.8302 ! 0.006
vmPFC L #10 52 #6 5.7878 ! 0.007
Precuneus R 10 #54 14 5.7507 ! 0.008
Paracentral lobule R 8 #26 70 5.6498 ! 0.012
Precuneus L #8 #60 16 5.6123 ! 0.014
Fusiform gyrus/para-hippocampal gyrus R 32 #44 #4 5.3385 ! 0.038

All coordinates are defined in MNI152 space. All statistics listed are significant at p $0.05, whole-brain FWE-
corrected unless indicated otherwise.

Table 4. Peak voxel coordinates and statistics during extinction learning
(Experiment 2)

Region Side x, mm y, mm z, mm Peak T p value

CS presentation
CS" % CS# &main effect CS'

Anterior insula R 42 18 #6 6.36 !0.001
L #32 22 #4 5.75 !0.009

Frontal middle orbital cortex R 20 60 #12 5.61 !0.02
dACC R 4 28 30 5.31 !0.04

Eye movements % no-eye movements &main effect eye movements'
Calcrine L 10 #68 18 10.82 $0.001
Supplemental motor area L #4 #6 62 7.94 $0.001
Posterior parietal cortex L #26 #52 52 7.60 $0.001
Precentral gyrus (FEFs) L #44 #8 52 7.58 $001

R 44 #8 50 7.94 $0.001
Posterior parietal cortex R 26 #52 48 7.53 $0.001
Middle temporal gyrus R 44 #64 10 6.26 !0.001
Middle cingulate cortex L #14 #20 38 5.98 !0.044

Eye movement blocks
Eye movements % fixation

Lingual gyrus L #10 #88 #2 15.13 $0.001
Precentral gyrus (FEFs) R 48 #4 42 10.26 $0.001
Putamen L #22 #2 12 9.80 $0.001
Supplemental motor area L #4 #4 62 8.21 !0.003
Precentral gyrus (FEFs) L #52 #4 38 8.02 !0.005
Putamen R 22 8 10 7.46 !0.016

Eye movements $fixation
Posterior insula R 38 #18 12 11.22 $0.001
Parahippocampal gyrus R 18 #14 #24 9.16 $0.001
Posterior insula L #36 #20 8 8.99 !0.001
Inferior occipital gyrus R 32 #96 #4 7.80 !0.008
Superior parietal gyrus R 18 #44 68 7.44 !0.017
Inferior occipital gyrus L #28 #94 #6 7.34 !0.020
vmPFC L #8 24 #12 7.22 !0.025
Post-central gyrus R 44 #26 54 7.01 !0.036
Amygdala R 32 4 #20 4.43 !0.008*

All coordinates are defined in MNI152 space. All statistics listed are significant at p $0.05, whole-brain FWE-
corrected unless indicated otherwise.

*Small volume corrected for ROI.

Table 5. Peak voxel coordinates and statistics during re-extinction 1 and
re-extinction2 (Experiment 2)

Region Side x, mm y, mm z, mm Peak T p value

Re-extinction1
CS" % CS#

Anterior insula R 50 20 #2 6.3 $0.001
Re-extinction2

CS"%CS#
Dorsal anterior cingulate cortex R 8 26 50 5.52 !0.024
Thalamus R 6 #6 2 5.52 !0.024

CS by extinction manipulation interaction
Dorsal anterior cingulate cortex L #8 28 38 4.89 !0.003*

CS" % CS# &no-eye movements'
Dorsal anterior cingulate cortex R 8 36 40 6.24 !0.007

All coordinates are defined in MNI152 space. All statistics listed are significant at p $0.05, whole-brain FWE-
corrected unless indicated otherwise.

*Small volume corrected for ROI.
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we found similar amygdala suppression in another task taxing
working memory (Experiment 1), the reported effects on fear
recovery are likely not specific to eye movements.

A potential explanation for why amygdala deactivation oc-
curs, is that large-scale brain networks act reciprocally (Fox et al.,
2005) and compete for resources (Hermans et al., 2014). Acute
stress engages the amygdala but impairs dorsal frontoparietal
network functioning (Hermans et al., 2014). Our data confirm
that engaging the dorsal frontoparietal network has the opposite
effect of deactivating the amygdala. We furthermore found cou-
pling between the amygdala and dorsolateral as well as ventrome-
dial prefrontal pathways. The vmPFC plays a crucial role in
extinction learning and is thought to mediate dorsolateral PFC–
amygdala interactions (Delgado et al., 2008). Our finding aligns
closely with the literature on cognitive regulation of emotion
(Ochsner and Gross, 2005), while revealing that mere eye move-
ments are sufficient to engage these pathways.

A consequence of this resource competition might be that fear
expression is attenuated. Startle responses, for instance, are re-
duced when performing a working-memory task (Vytal et al.,
2012) and patients with amygdala lesions show enhanced work-
ing memory performance (Morgan et al., 2012). If this mecha-
nism underlies the role of eye movements in reducing traumatic
symptoms, then any task taxing working memory should have
similar effects. Indeed, emotionality and vividness of autobio-
graphical memories as well as intrusive memories are reduced
when memory reactivation is paired with working-memory tasks
(Holmes et al., 2009; Engelhard et al., 2010; James et al., 2015).
Last, other types of cognitive control, such as emotion regulation,
suppress amygdala activity and alter emotionality during autobi-
ographical memory recollection (Denkova et al., 2015). Our data
therefore provide an explanation for how both eye movements
and tasks involving cognitive control could affect the emotional-
ity of memories.

Spontaneous recovery was diminished after extinction with
eye movements. The dominant view on post-extinction recovery
(Maren, 2011; Dunsmoor et al., 2015b) holds that this can be due
to updating the original CS-US association or to the formation of
a stronger new extinction memory. In line with the latter account,
differential fear responses recovered after reinstatement, indicat-
ing the CS–US association was not fully eliminated. A similar
reduction in spontaneous recovery was observed in a study in
which the US was replaced by a nonaversive tone during extinc-
tion (Dunsmoor et al., 2015a). One possibility, therefore, is that
eye movements following the CS presentation, similar to a tone,
strengthen extinction by reducing the ambiguity of the CS either
predicting the US or not predicting anything. Unlike a tone, how-
ever, eye movements suppress amygdala activity and possibly
attenuate fear responses (Vytal et al., 2012). This may allow for
additional learned controllability over conditioned responses via
subsequent suppression. This interpretation aligns with findings
of reduced spontaneous recovery in rats when trained to actively
avoid the US during extinction learning (Moscarello and Le-
Doux, 2013).

The amygdala is, additionally, crucially involved in encoding
the CS-US association (Maren, 2011). Amygdala suppression fol-
lowing reactivation could therefore also have led to updating of
the CS–US association (e.g., as less aversive) rather than only
facilitating new learning. Although the finding that fear recov-
ered following reinstatement would speak against this explana-
tion, this finding is not conclusive on whether the eye movements
in EMDR therapy induce unlearning or new learning. Disentan-
gling unlearning from new learning in a laboratory experiment

relying on behavioral observations in humans is problematic,
since any behavioral outcome is consistent with multiple expla-
nations. Moreover, recent views on safety learning challenge a
strict dichotomy between unlearning and new learning (Clem
and Schiller, 2016). Future studies using an animal model of
EMDR, in combination with techniques with which a memory
trace modification can be measured, could shed more light on
this matter. For example, using engram-based tagging tech-
niques, a recent study showed how specific neurons are activated
during learning and recall of fear memories, and how these are
related to fear attenuation (Khalaf et al., 2018). Together, we
propose that eye movements during extinction learning may af-
fect fear recovery by enhancing extinction via newly learned in-
strumental control over CS-evoked fear responses following
memory reactivation (Moscarello and LeDoux, 2013), possibly
through pathways engaged during cognitive regulation of emo-
tion (Ochsner and Gross, 2005).

The observed amygdala suppression was located toward the
dorsal rather than ventral part. However, we are hesitant in as-
signing this deactivation to a specific subregion. A comparison
between dorsal and ventral is difficult due to inherent problems
of gradient EPI sequences, such as signal loss or distortions,
which are increased toward the ventral part of the brain (Mer-
boldt et al., 2001; Sladky et al., 2013). These inherent problems
(i.e., distance between a brain area and the head coil or cavities)
cannot be fully resolved (Merboldt et al., 2001; Sladky et al.,
2013). Whether the effect we observed can be attributed to a
specific subregion of the amygdala therefore remains an open
question.

We found anticipatory FEF activation in response to the CS
coupled with eye movements before eye movements took place.
This is in line with anticipatory responses observed using electro-
physiological recordings in monkeys (Zhou and Thompson,
2009). In our study, the CS!eye and CS"eye always predicted an
eye-movement block, therefore anticipatory responses could be
expected. Only five of 24 participants reported the association
between the CS and the eye-movement blocks. Excluding these
participants did not affect the results. The FEF activation, more-
over, did not predict the reduction in spontaneous recovery, sug-
gesting the anticipatory responses in the FEF did not affect fear
recovery.

Despite EMDR being an evidence-based therapy (Bisson et al.,
2013; Lee and Cuijpers, 2013), it has received substantial criticism
(Devilly, 2002; Rogers and Silver, 2002). Our results shed new
light on the working mechanisms of this treatment. One account
of EMDR holds that, unlike exposure therapy (Maren, 2011; Bis-
son et al., 2013), EMDR induces unlearning (Shapiro, 1989; Dev-
illy, 2002; van den Hout and Engelhard, 2012). We found
evidence speaking against this claim, since fear recovered follow-
ing reinstatement. However, as explained above, it is possible that
our design did not capture all processes that occur during EMDR
treatment, therefore, further research is necessary to investigate
whether EMDR may involve unlearning. Future studies could
focus on incorporating eye movements in paradigms that more
likely capture reconsolidation (Schiller et al., 2013; James et al.,
2015).

Another controversy regarding EMDR concerns the role of
eye movements, which some regard as crucial (Shapiro, 1989),
whereas others argue they have no added value (Rogers and Sil-
ver, 2002) or merely serve as a distractor (Devilly, 2002). Our data
demonstrate that eye movements have added value above stan-
dard extinction learning. However, the data from Experiment 1
suggest that any task taxing working memory would suppress
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amygdala activity and have similar effects. Indeed, there is a large
body of research indicating that working-memory tasks reduce
the emotionality of memories (Engelhard et al., 2011) as well as
memory intrusions (Holmes et al., 2009; James et al., 2015; Iya-
durai et al., 2018). These manipulations have also been shown to
be effective in a clinical setting (Iyadurai et al., 2018). Only tasks
with a working-memory load appear to have such effects,
whereas visual distraction by itself does not (Onderdonk and van
den Hout, 2016). Our data are also in line with studies using other
types of focused attention, such as emotion regulation strategies
(Denkova et al., 2015), which are accompanied by amygdala sup-
pression as well. In sum, although other manipulations may have
a similar effect, our data support the view that eye movements
have a functional role in EMDR.

Several limitations regarding our study need to be mentioned.
First, some of our findings are only just statistically significant,
and were obtained in a limited sample (n ! 24 in each experi-
ment). Although amygdala suppression due to eye movements
was replicated across experiments, the effect on extinction learn-
ing was only tested in Experiment 2 and therefore awaits inde-
pendent replication. Second, the experimental model of EMDR
we developed in this study has inherent limitations because it is
impossible to capture every aspect of this therapy (e.g., regarding
timing of trauma recall and eye movements, or effects of repeated
sessions) in a controlled experiment. Future studies should there-
fore focus on (1) establishing the reproducibility and generaliz-
ability of our findings, (2) investigating the specificity of the
observed effects on extinction learning to eye movements, and
(3) further illuminating the causal chain from taxing working
memory to amygdala suppression and enhanced extinction
learning.

In conclusion, our findings show eye movements have added
value in safety learning above standard extinction alone. This
effect, while likely not specific to eye movements, is associated
with amygdala deactivation possibly as a consequence of recipro-
cally coupled activation of the dorsal frontoparietal network, via
ventromedial prefrontal pathways similar to those involved in
cognitive regulation of emotion. A key advantage of amygdala
deactivation through behavioral manipulations, rather than via
pharmacological treatments, is that they are noninvasive, precise
in time and duration, and shown to be clinically effective (Bisson
et al., 2013). Our findings provide a parsimonious account for
how a wide range of behavioral manipulations including
working-memory tasks, a game of Tetris, and eye movements can
alter retention of emotional memories.
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Abstract

Background

People with intellectual disabilities have poor access to health care, which may be further compromised
by a lack of accessible health information. To be effective, health information must be easily
understood and remembered. People with intellectual disabilities learn better from multimodal
information sources, and virtual reality offers a 3-dimensional (3D) computer-generated environment
that can be used for providing information and learning. To date, research into virtual reality
experiences for people with intellectual disabilities has been limited to skill-based training and leisure
opportunities within the young to mid age ranges.

Objective

This study assessed the acceptability, usability, and potential utility of a virtual reality experience as a
means of providing health care-related information to people with intellectual disabilities. We designed
a prototype multimodal experience based on a hospital scenario and situated on an island in the Second
Life 3D virtual world. We wanted to know how people of different ages and with varying levels of
cognitive function would participate in the customized virtual environment, what they understood from
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being there, and what they remembered a week later.

Methods

The study drew on qualitative data. We used a participatory research approach that involved working
alongside people with intellectual disabilities and their supporters in a community setting. Cognitive
function was assessed, using the Matrix Analogies Test and the British Picture Vocabulary Scale, to
describe the sample. Participants, supported by facilitators, were video recorded accessing and
engaging with the virtual environment. We assessed recall 1 week later, using a specialized interview
technique. Data were downloaded into NVivo 8 and analyzed using the framework analysis technique.

Results

Study participants were 20 people aged between 20 and 80 years with mild to severe intellectual
disabilities. All participants were able to access the environment and voluntarily stayed there for
between 23 and 57 minutes. With facilitator support, all participants moved the avatar themselves.
Participants engaged with the scenario as if they were actually there, indicating cognitive presence.
Some referred back to previous medical experiences, indicating the potential for experiential
knowledge to become the foundation of new learning and retention of knowledge. When interviewed,
all participants remembered some aspects of the environment.

Conclusions

A sample of adults with intellectual disabilities of all ages, and with varying levels of cognitive
function, accessed and enjoyed a virtual-world environment that drew on a health care-related scenario,
and remembered aspects of it a week later. The small sample size limits generalizability of findings, but
the potential shown for experiential learning to aid retention of knowledge on which consent is based
appears promising. Successfully delivering health care-related information in a non-National Health
Service setting indicates potential for delivery in institutional, community, or home settings, thereby
widening access to the information.

Keywords: Learning disabilities, intellectual disabilities, virtual reality, health information,
participatory research, capacity to consent, presence

Introduction

People with intellectual disabilities have the poorest access to health care [1], which may be worsened
by a lack of accessible health information. In the United Kingdom, the Mental Capacity Act [2] makes
it a legal requirement for health professionals to ensure patients are given full information, to enable
them to make their own decision about treatment. However, people with intellectual disabilities may
have difficulties in taking in and retaining information in order to make that decision, and therefore
they may not get the treatment they need, or they may get treatment they didn’t want. Even when they
agree to treatment, if they do not fully understand what is going to happen to them, they may refuse to
cooperate. This could be distressing for the person, his or her caregiver, and the health care staff, and
may lead to a longer stay in hospital.

Normally, information leaflets and storybooks are used to provide health care information. However, a
review of informed consent to health care interventions concludes that enhancing understanding may
depend on the effort made to tailor the information to the abilities and needs of the individual with
intellectual disabilities [3]. It is already known that learning in people with intellectual disabilities can



Go to:Go to:

be enhanced by using audio and video presentations [4,5]. Moreover, interactive multimedia
technologies such as virtual reality provide opportunities for people to interact with virtual objects and
events from everyday life, which can lead participants to feel that they are actually “there”—a
subjective experience known as cognitive presence [6]. These techniques may help bridge the gap
between information representation and experiential learning [7]. Virtual reality has been shown to
support learning in people with intellectual disabilities in a variety of ways [8-11] and to provide a safe
setting in which they can practice activities that might not be possible in the real world [12].

Gaming technology, which can enhance motivation, is being used increasingly to develop interventions
that improve health knowledge and assist in health-related decision making for the general population
[13]. Virtual reality gaming studies show that people with intellectual disabilities enjoy experiences
that allow them to take control of their environment and succeed in activities that are usually
inaccessible to them [14]. Use of Internet-based virtual reality environments, such as Second Life, is
also increasing. These environments can be accessed from any location and offer unique and interactive
ways to facilitate health care information, particularly when full advantage is taken of the experiential
features [15].

Existing research conducted with people with intellectual disabilities, using virtual reality applications,
mainly relates to skill-based training [9,10,16-18], rehabilitative skills [12,19], developing participation
in exercise skills [20], or leisure activity [14], and is mostly undertaken with a younger group of people
in institutional settings. Our study adds to existing knowledge because it reports on the acceptability,
usability, and potential utility of virtual reality as a means of providing health care-related information
to people with intellectual disabilities, and includes adult participants from the whole age range,
including older people. Delivering health care-related information in a social setting indicates potential
for its use in community or home settings, thereby widening peoples’ access to it. Importantly, we used
a participatory research method, working alongside people with intellectual disabilities and their
supporters to ensure their rights were recognized within the process and their experiences were
properly represented [21].

Methods

Study Design

This exploratory study drew on qualitative data, to assess the acceptability, usability, and potential
utility of a virtual reality experience to provide health care-related information to people with
intellectual disabilities. We were interested in how people of different ages and with varying levels of
cognitive function would participate in the customized virtual environment, what they understood from
being there, and what they remembered a week later.

We wanted to make the research participatory by working alongside people with intellectual disabilities
and their supporters. Therefore, we worked collaboratively with the Grace Eyre Foundation in Hove,
East Sussex, UK, which is a registered charity, providing support and services in the community for
people with intellectual disabilities. We also involved people with intellectual disabilities in the
delivery of the study itself, taking care to remain mindful of the potential vulnerability of the
participants, and the need to pay close attention to issues of recruitment and consent. The conduct of
the research was overseen by a steering group, which included a person with intellectual disabilities
and representatives from Grace Eyre. Not only did this provide a reference group within which to
discuss and monitor ethical practice, but also members provided practical advice on the production of



recruitment information.

The participants were video recorded while accessing and engaging with the virtual environment. Six
volunteer psychology graduates, who had been given rudimentary instruction on the use of Second Life
(http://secondlife.com/) and the navigational tools, acted as facilitators to the delivery of the virtual
environment. They encouraged the participants to recognize landmarks, and to engage and experiment
with various interactive elements contained within the environment.

We assessed each participant’s memory of the virtual environment exposure 1 week later using a
modified cognitive interview technique. The cognitive interview is made up of two parts. In the first
part, the participant is asked to recount as much as possible of the experience, without interruption. The
interviewer then probes the information systematically, using contemporaneous notes. Nonleading
questions target key items of information; other questions probe meaning. In the second part,
participants are shown screenshots of the exposure and asked questions aimed at further prompting
memory. This technique has been shown to increase the reporting of accurate recall from various
population groups [22-24], particularly if, as in this study, staged events are used [25]. An experienced
clinical psychologist conducted the modified cognitive interview, with a 1-week time lapse between
exposure and interview to mirror usual clinical practice when assessing retention of information on
which capacity to consent is assessed.

We chose to video record the participants accessing and engaging with the virtual environment,
although we acknowledge the potential criticisms of observer bias in studies using observational data.
However, the communication difficulties associated with our participant group, and their recognized
tendency to agreement and compliance, precluded direct questioning through standard interview or
questionnaire. Data triangulation, achieved through comparing the results of the observation analysis
with cognitive interview data and a focus group validation of findings, served to support study
credibility [26].

Setting and Participants

The research was conducted at the Grace Eyre social center, which provided a well-resourced
information technology suite. Undertaking the research at the center, rather than in a laboratory,
allowed us to assess the potential for delivering the virtual environment in a real-life community
setting. Moreover, it provided a sense of familiarity and security to the research participants.
Participants were invited to bring their support workers, but only 7 chose to do so.

We recruited a convenience sample from people with intellectual disabilities who use the center. The
sample comprised 20 people, 11 male and 9 female, between the ages of 20 and 80 years.

In order to describe the level of cognitive function in the sample, we used two minimally demanding
screening tools: one for verbal material, and the other visual. The British Picture Vocabulary Scale
(BPVS) assesses contextual receptive vocabulary and does not rely on speech or reading. The BPVS
test is acceptable to adults with intellectual disabilities because there is minimal experience of failure.
The Matrix Analogies Test (MAT) is a similar tool, requiring little language and no writing skills.
Scoring for each is governed by clear, manualized criteria, and gives rise to raw, age-equivalent, and
standard scores, from which an intelligence quotient can be estimated. From the analysis of the test
results we determined that the sample consisted of people with low, medium, and high cognitive
function within the intellectual disabilities range, with one exception indicated in the MAT score, a
person with an autistic spectrum disorder (see Table 1). In addition, we observed other conditions such
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as Down syndrome.

Table 1

Levels of cognitive function within the sample of people with intellectual disabilities

Open in a separate window

 British Picture Vocabulary Scale.

 Matrix Analogies Test.

Of the study participants, 16 had previously used a computer at Grace Eyre, but only 7 had medium
and 1 had high levels of computer usage. Although the computers in the information technology suite
were set up for use by people with intellectual disabilities, they had not previously been used to access
Second Life. People with intellectual disabilities may have trouble operating multifunction control
devices due to problems in remembering which device achieves which task, or they may experience
fine-motor difficulties, which could leave them feeling frustrated and demotivated [27]. Using the
equipment in the center, we undertook a small prestudy test to identify and rectify any preliminary
problems with the navigational and interaction control devices used to access the virtual environment.
No adjustments to the equipment were required.

We paid particular attention to obtaining consent in this potentially vulnerable population.
People with intellectual disabilities helped us write the patient information sheet and consent forms
(Multimedia Appendix 1, Multimedia Appendix 2). Posters were displayed in the Grace Eyre center
with an invitation to contact a staff member for more information and support to decide whether to
volunteer (Multimedia Appendix 3). Center staff sought initial consent from the participant but verbal
consent was also sought immediately prior to each element of the study.

Approval to undertake the study was granted by the University of Brighton Research Ethics and
Governance Committee. In addition, UK National Health Service Research Governance approval was
granted.

Virtual Environment Health Information Experience

A virtual environment, representing a stylized hospital building and internal rooms, was designed by
Imperial College London. The environment was hosted on a private Second Life server and was
accessible to the study, but not to the public, on a desktop computer over the Internet. Access to the
virtual environment was limited to authorized account holders. Authorized users could login and tour
the environment while being represented as an animated avatar in male or female human form. Users
were able to control their avatars’ movements using a computer keyboard’s arrow keys and a mouse. A
realistic 3-dimensional rendering of the key landmarks around the hospital in Brighton was developed,
and suitable streets that could be easily navigated were linked to these (see figure 1. A realistically
animated ocean bounded the simulated environment, and distant views of cliffs and buildings were
produced using large photographic images placed on the borders of the simulated space, rather like a
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film set. Two avatars were created with features that could be selected to provide a broad match with
the participant, such as male or female, hair color, and ethnicity, plus a wheelchair if required.

Open in a separate window
Figure 1

Screenshot of opening scene showing key landmarks and standard female avatar.

Interiors of the hospital buildings were also replicated (see figure 2). The hospital scenario
incorporated a programmed “nurse” robot, which was activated by participants taking a seat in a
waiting room. The nurse communicated with the participants using preprogrammed text in a dialogue
box and could be summoned by phone to a specific room in order to explain its purpose. In addition,
the nurse offered a tour of the hospital, with the participants having the choice of being pushed on a
hospital bed, using a wheelchair, or walking from room to room. The nurse robot was generated by a
special version of the Second Life client software running on a virtual server in the Amazon “cloud”
and controlled by a script that specified its responses and actions.

Open in a separate window
Figure 2

Screenshot of hospital waiting room.

The hospital also included a clinical examination room, with a bed on which the participant was invited
to lie, and could experience an interactive blood pressure machine and cuff (see figure 3, a preparation
room, an operating room wherein the participant could lie on the operating table, and a recovery ward
containing a static patient in a bed.

Open in a separate window
Figure 3

Screenshot of clinical examination room.

Other interactive hospital equipment was built into the rooms to provide a suitably realistic experience.
All of these virtual-world objects were automated using programs written in the Second Life java-like
scripting language (Linden Scripting Language). Multimedia Appendix 4 provides a video walk-
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through of the virtual environment.

Data Capture, Production, and Analysis

The participants were video recorded while accessing and engaging with the virtual environment. A
portable usability lab designed by the University of Brighton enabled us to capture audiovisual data in
the community center. Two high-definition camcorders were strategically positioned: one to capture
information about the physical use of computer equipment and navigational tools, and the other to
capture the participants’ engagement with, and response to, the scenario on the computer screen. A
video scaler and recorder captured concurrent images from the computer screen. Data from all three
streams were merged using Apple iMovie 09 (Apple, Cupertino, CA, USA) video-editing software and
downloaded into NVivo version 8 (QRS International, Doncaster, Australia), where an annotated
account of key events in each exposure video was prepared.

Cognitive interviews were digitally recorded and transcribed verbatim. To determine the degree of
accurate recall, a summary of each individual’s virtual environment experience was compared with the
events they recalled in the cognitive interview. This was undertaken by the researcher who analyzed the
video exposures, to reduce the risk of interviewer bias.

All data were entered into NVivo and analyzed the using the framework approach, which allows for
both deductive and inductive analysis [28]. This approach involves a systematic process of sifting,
charting, and sorting material according to key issues and themes, which is appropriately targeted
toward providing “answers” in the form of greater illumination or understanding of the issues. As there
were specific questions that we wanted to answer, the framework for analysis was formed from themes
arising directly from these questions and from the literature (see Table 2).

Table 2

Major themes and issues underpinning the framework analysis

Open in a separate window

Textual data were analyzed thematically, with key issues arising from the analysis being entered into a
casebook matrix in order to compare results across different characteristics or within and across themes
(Multimedia Appendix 5). For instance, from the cross-analysis we were able to report on whether the
people who enjoyed the experience were more likely to have identified with the avatar.

Results

We set out to explore the acceptability, usability, and potential utility of virtual reality as a means of
providing health care-related information to people with intellectual disabilities. All 20 participants
completed the Second Life exposure and were interviewed, using the cognitive interview technique,
within a 5-month period. The results from both these data sources are presented using the major theme
headings outlined in Table 2.

Temporality



All participants sat at the computer, began to engage with the virtual environment immediately, and
maintained good concentration throughout, only disengaging for short tea or toilet breaks. Within 5
minutes of starting the virtual environment exposure, 18 people independently moved the avatar, with
the other 2 taking up to 10 minutes to do so. A total of 17 participants recognized aspects of the
Brighton scenario right away. All participants instantly noticed the avatar, and almost all of them
thought that it was “pretending” to be them. They remained in the exposure voluntarily between 23 and
57 minutes, with the majority staying between 40 and 45 minutes.

Accessibility

None of the participants had physical difficulty using the keyboard, although skill levels varied. Most
of those who started with a low level of keyboard skills improved during the exposure. However, there
were a small number whose skills remained underdeveloped throughout. With facilitator support, a lack
of skills did not seem to inhibit either active engagement in the scenario or decisions as to where the
avatar went and what it did.

The following extract from an annotated video record illustrates this observation:

The facilitators acted mainly as guides but sometimes intervened when participants could have done
things for themselves. The ability to move the avatar skillfully and autonomously meant that
sometimes people concentrated more on movement than on the content of the virtual environment, as
demonstrated in the following annotated video record:

Context

Two avatars were created with features that could be chosen to provide a broad match with the
participant, such as male or female, hair color, and ethnicity, plus a wheelchair if required. However,
other than gender, and skin color to reflect ethnicity, none of the other features were used in the study.

As a result, only 4 participants looked similar to their avatar and therefore it is difficult to assess
whether this affected identification with it.

Everyone recognized some aspects of the virtual environment, although not everyone identified the
outside of the hospital or was aware of the purpose of all the rooms they visited. The operating room
was the most likely to be recognized spontaneously during the virtual environment experience,
followed by the waiting room. However, in the cognitive interview, participants remembered activities
that occurred in the assessment room, such as the use of the blood pressure machine.

The facilitators were instructed to enable a nonthreatening experience using self-directed, informal, and
playful strategies. A lighthearted approach is important because engaging emotionally with the virtual
environment improves enjoyment, thereby aiding memory. However, observed styles ranged from

[Participant] understands how to move the avatar but reluctant to do so on her own without
support although later in this room her fingers hover over keys in readiness to press them before
guided. Gets on bed with help. Stands on bed by mistake and finds this funny.

Doesn’t know the purpose of the waiting room. Seeks help to move avatar onto seat. Not interested
in the dialogue with the nurse or even acknowledging her presence other than to move the avatar
to the next room.



enabling to directive across the participant group, and sometimes even within the individual’s virtual
environment experience. An enabling style encouraged participants to go where they wanted and do
what they wanted, but it did mean that the balance of the exposure was lost, and the person often did
not spend time in every area. Additionally, it meant that they might not have had the opportunity to
experience many of the activities. A more directive style often meant the participant spent time in all
the areas, but it sometimes resulted in the facilitator taking over the controls or telling the participant
where to visit, which lost some of the opportunities for playful engagement.

The ideal facilitation style appears to be one that enables access to all the opportunities available in the
virtual environment but takes a negotiated approach to determining what the person will do in it, and
how much help they need and want. However, it should also be gently directive in supporting the
person to learn to move the avatar to the best of his or her ability, while spending sufficient time in
each area. We term this assertive facilitation.

Support worker involvement was minimal, occasionally sharing jokes and enjoyment and offering
encouragement. Only 1 participant needed continuous input from her support worker to help her stay
focused.

Our participants were recruited from an organization that takes a positive stance toward its clients’ use
of technology and provides a structured day that encourages focused activity. This positive
environment and previous experience of using computers may have influenced the length of time
participants voluntarily stayed at the keyboard and their willingness to engage in the experience.

Cognitive Presence

Participants clearly knew that they were interacting with the virtual environment through a computer
because they were using the keyboard and mouse to access it, but this did not detract from their
engagement with the scenario. Several conditions promoted a sense of cognitive presence.

All participants identified with one or more of the virtual environment areas, with 17 recognizing
Brighton sea front instantly. This led to a high degree of engagement, as the participants recalled
previous experiences while in the virtual environment, expecting to see boats and to go swimming, and
even expecting to be able to locate their own home. Most people were curious and explored the
outdoor, as well as the indoor, environment. They tried to open doors in buildings to find out what was
behind them; they rang doorbells and tried to sit on seats. Within the hospital component of the virtual
environment they happily engaged in the programmed activities, such as having their blood pressure
taken, or lying on the operating room table. One participant said “And I laid on a bed to see what it
feels like when you do have an operation.”

More importantly, the experience also prompted them to recount prior experiences of hospital
treatments, such as having blood or blood pressure taken, or x-rays, or more generally about being in
hospital. When recognizing an x-ray machine, one participant said “I saw them before...when I had my
hip done.”

These associations were so strong that some people recounted them in the interview a week later. The
ability to extrapolate information from the virtual environment is important, as it indicates
understanding of the scenario and provides a foundation for learning about it [29].

Full identification with the avatar did not seem to be important; only a few participants referred to the
avatar as “I.” Others had a more superficial relationship with it, using it as a way of navigating through



the scenario, with some expressing concern for what it was doing in potentially dangerous situations—
for example, when crossing the road.

The technical performance of the nurse robot proved unpredictable during the virtual environment
experience: some participants followed her and some verbalized recognizing her, but only one person
wanted to talk to her. However, in the interview a week later, a large number of people mentioned a
nurse and the patient in the bed.

This indicates the potential value of including a human-like “other” presence with a specific purpose
appropriate to the scenario.

A total of 18 participants moved the avatar themselves or determined what it did. If the facilitator
intervened too much, or control was taken away, some participants appeared to lose interest or
confidence. In one example, a participant who chose to have his avatar pushed around the hospital on
the bed epitomizes this loss of confidence. Prior to the bed tour the participant was attempting to move
the avatar himself, but following the bed tour, he required continual prompting before he returned to
his previous activity level. In another example, the facilitator takes over control of the keys, and the
participant is observed losing concentration and starting to look round the information technology
suite.

Maintaining control of the avatar allowed participants to satisfy their curiosity by going to look at
things spontaneously. One participant asked “What’s that in there?” and, encouraged by the facilitator’s
prompt “Let’s go and have a look—get a bit closer”, engaged in a dialogue about the use of the piece of
hospital equipment.

The ability to move the avatar skillfully and autonomously was also linked with enjoyment. However,
even those who had not improved their skills expressed enjoyment during the experience and also in
the cognitive interview afterward, sometimes asking to repeat the virtual environment experience. For
example, in response to the cognitive interview question “What else happened in the computer?” one
participant with undeveloped skills responded “Dun a ’puter myself” and later in the interview the
participant reiterated “Do it again,” and yet later “Do it again—what date?”

Even when skills were underdeveloped, participants still wanted to navigate the avatar themselves and
expressed enjoyment at the result, prompting exclamations such as:

Judged through observations of their facial expressions and body language during the exposure, 17
participants demonstrated enjoyment—for instance, smiling, leaning forward into the screen, laughing
and pointing to elements on screen, and commenting and making jokes. Although we cannot say
whether the other 3 participants enjoyed the experience because their expressions remained neutral

Took him (the avatar)...um...yes...nurse going there—and I go—and (the nurse—dialogue spoken
by the facilitator) asked me about it—about being in the hospital there.

There was some writing on the screen...um—I am better now and I will go home...yes—that is
what the patient said.

Because you can look up the hospital.You can press what you can do on those little—thing—
pointer things. On the computer. You can. Yes I enjoyed looking on the computer.
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throughout, they did not show any signs of physical or emotional agitation such as rocking, stereotypy,
or distractibility. In fact, all 3 stayed in the virtual environment voluntarily for over 30 minutes.

From the above it can be seen that enjoyment was linked to the recognition of the scenario, the sense of
achievement in moving or directing the avatar, or engagement in the activities, which sometimes
stimulated wonder and amusement. When asked to explain, in the cognitive interview, why she had
said the experience was quite good, one participant said:

Recall

Participants were interviewed 1 week after the virtual environment experience. The cognitive interview
is made up of two parts. In the first part, the participant was asked to recount as much as possible of the
experience, without interruption. Nonleading questions targeted key items of information and asked—
for instance, “You said you stood in the operating theatre, tell me what you saw in the operating
theatre.” Other questions probed meaning, as in “You said there was an operating table; tell me what
that’s for, what happens there.” In the second part of the interview, participants were shown screenshots
of the exposure and were asked questions aimed at further prompting memory (for examples of
screenshots see Figure 1, Figure 2, and Figure 3).

All participants reported some accurate memories, but the amount varied. Both parts of the interview
elicited some made-up (confabulatory) information, or information that was added from their own
experiences. This was significantly higher when memory was prompted by screenshots, with some
participants “remembering” information about parts of the scenario that they had not visited. Although
the inclusion of confabulated information is not unusual in the nonintellectual disabilities population,
the increased reporting in the screenshot section indicates that the interview procedure needs to be
revised. However, although our primary aim was to test for accuracy, it is important to bear in mind
that the confabulated information was often based on the participant’s own personal experiences,
indicating that they had an understanding of what was in the virtual environment and demonstrating
potential for building on this knowledge.

Validation of the Findings

At the end of the study, 2 months after the cognitive interview, 8 participants volunteered to take part in
a 35-minute structured focus group to validate the results. The clinical psychologist and another
member of the research team with experience of working with marginalized groups led the participants
through the findings. To enhance the credibility of this process, we invited one of the steering group
members, a person with intellectual disabilities, to observe the focus group.

The participants confirmed that the results matched their perceptions of the virtual environment
experience. They all offered unprompted comments about various aspects of the exposure, and many
were keen to be involved in further stages of the virtual environment development, with some
suggesting other things that could be added to the scenario. At the end of the focus group, our steering
group member spontaneously commented that he was impressed that the participants were still
“buzzing” about the experience 2 months later.

Discussion

Well, going into hospital and look around. They give you confidence and then you won’t be
frightened when you do go in.
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Abstract
Background: A growing population is diagnosed with Attention Deficit Hyperactivity
Disorder (ADHD) and are currently being treated with psychostimulants. Brain
Computer Interface (BCI) is a method of communicating with an external program or
device based on measured electrical signals from the brain. A particular brain signal,
the P300 potential, can be measured about 300 ms after a voluntary cognitive
involvement to external stimuli. By utilizing the P300 potential, we have designed a
BCI- assisted exercising tool targeting attention enhancement within an immersive 3D
virtual reality (VR) classroom.

Methods: Combining a low-cost infrared camera with an “off-axis perspective
projection” algorithm to achieve the illusion of 3D, an engaging training environment
has been created. The setup also includes a single measurement electrode placed on
the scalp above the parietal lobe (Pz). Two sets of experiments have been performed to
elicit the P300 potential. One used a system which is a variant of Farwell and Donchin’s
famous P300 speller and the other used a system where the user is required to search
for a specific letter in a series of changing images. A non-linear optimized support vector
machine (SVM) classifier has been used to automatically detect the P300 potential.

Results: Six subjects have participated in the preliminary experiment to test the
prototype system, and an average error rate below 0.30 have been achieved, which is
noteworthy considering the simplicity of the scheme.

Conclusions: This work has successfully demonstrated a non-intrusive, low-cost, and
portable system targeting attention in a motivating and engaging environment.

Keywords: Attention deficit hyperactivity disorder (ADHD), Brain computer interfaces
(BCI), Neurorehabilitation, P300, Virtual reality

Background
Attention deficit hyperactivity disorder (ADHD) is a major ailment among children
characterized by behavioral problems in the form of inattentiveness, hyperactivity and
impulsiveness [1]. Worldwide the childhood prevalence of ADHD is about 5%, making it
one of the most dominant disorders among children [2]. The current first-line treatment
option for such disability involves pharmacotherapy by psycho-stimulants which directly
affects the central nervous system, and is associated with severe side effects [3]. The
demand for an alternative treatment is apparent in the vast majority of ADHD studies.
With the recent advances in neurofeedback, an alternative treatment for ADHD utilizing
the brain waves has shifted focus from psycho-stimulants to drug-free treatments.

© 2015 Rohani and Puthusserypady. Open Access This article is distributed under the terms of the Creative Commons Attribution
4.0 International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.
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Neurofeedback is a Brain-Computer Interface (BCI) variant where the user is receiv-
ing feedback based on the frequency components in the electroencephalogram (EEG) [4].
BCI is an interface between the brain and an external device which enables signals from
the brain to control the external device. It can be perceived as a communication scheme
in which the user’s intention is converted to an output without involving the usual out-
put pathways of peripheral nerves and muscles [5]. Several researchers have shown that
BCI has the potential as an alternative treatment option to train ADHD subjects [6–12].
Neurofeedback for ADHD treatment are of two different types: one based on the Sensory
Motor Rhythms (SMR), and the other based on the !, " and # waves in the EEG. The
latter approach is derived from the “low-arousal hypothesis” that the ADHD subjects are
experiencing less sensory stimuli than normal subjects [4]. When comparing ADHD sub-
jects to normal control subjects, an excessive amount of slow waves (# and !, usually
present during shallow sleep or relaxed state) and less amount of high frequency waves
(" , usually present during excited and mentally active states) are evident. By providing a
positive feedback when the subject manages to display higher frequency, a training tool
for attention can be developed.
The highly researched neurofeedback methods are subject to discussion. They are

based on brain indices that can be altered simply by closing or opening the eyes, or by
performing hard mental tasks. These parameters cannot be linked as a measure of atten-
tion to the relative task. In our pilot study, another approach is sought, that ensures
attention to the specific task. We propose a first-of-a-kind (to the best of our knowl-
edge) BCI system for attention training that is based on the P300 potential. P300 is
a large positive voltage in the recorded EEG, strongest around midline of the parietal
lobe, peaking 300 ms after a rare relevant stimuli. It is only present when the subject
has to get involved during a specific stimulus or event, and represents voluntary cog-
nitive processing [13, 14]. Therefore, we believe that P300, as a potential only present
at cognitive involvement, would be a suitable brain index that contains information on
whether the subject is attentive or not. With this idea in mind, our approach has been
to develop a prototype that uses numerous feedback systems as attention games. These
games require the subject to be fully engaged in locating or acquiring relevant information
that is presented rarely or in a short amount of time, amongst the frequent non-relevant
information. If the subject can attend the relevant information, a P300 response can
be identified in the EEG at that time. A competitive reward system provide points for
eliciting the P300 responses as well as for correctly answering questions where atten-
tion on the information is necessary. A training environment requires challenges for
the subject to be able to improve, just as gravity is a challenge when learning to ride a
bike. Therefore, we embedded the proposed system in a 3D virtual reality (VR) class-
room, that serves as an environment where real-life distractions can be simulated and
controlled.

Methods
This section covers the methodology for implementing the prototype of the training tool
which could eventually be used for ADHD subjects. It includes the design of the attention
games and the VR classroom with the simulated distractions. The experimental protocol
on healthy subjects and the machine learningmethods to classify a possible attentive state
are also explained in detail.
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Attention games

Two oddball attention experiments were designed for the BCI setup running inside the
VR classroom. These were constructed to challenge the sustained visual attention and
visual discrimination. Both experiments require a great deal of conscious effort to con-
centrate and continue looking as well as quickly shifting attention; tasks that are hard for
ADHD subjects [15].
In the first experiment, called the ANISPELL, a variant of the famous Farwell and

Donchin’s P300 speller is used [16]. The interface consists of a 4!4 grid of neutral animal
pictures in grayscale with black background. In a pseudorandom fashion, a row or column
of pictures were flashed-up, by displaying the true colors with a white background (illus-
trated in Fig. 1). The flash-up was kept for 100 ms and then followed by a 100 ms duration
with all pictures returned to grayscale, corresponding to an inter-stimulus interval (ISI)
of 200 ms. The sequence was repeated until all rows and columns have had 15 flash-up
phases, which was denoted as a trial.
The subject was asked to attend a specific animal for the entire trial. They have to

locate the most dominant color, a unique color, which could be a small area with manu-
ally changed pixel values, and a third attribute that was specified after the trial. Keeping
the third question unknown made the subject engaged even after finding the answer to
the two first questions. As an example, the third question for the goldfish was: “Was the
top of the head darker than the body?”. Twelve trials were conducted for this experiment,
with the two first trials used to generate an unbiased template for the feature extraction
process elaborated in the Feature Extraction section.

Fig. 1 A close-up of the attention game, ANISPELL. It consist of 16 animal images in a 4 ! 4 grid. An entire
row or column is flashed-up in a pseudorandom sequence displaying the true color animal with white
background. The subject is asked to pay attention to a specific animal, and will at the end of a trial answer
questions related to the animal
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The second experiment, called the T-SEARCH, was designed with inspiration from
Frintrop et al. [17]. Twelve different images were shown randomly one at a time with an
ISI of 200ms containing several “X” and “T” in different colors. The images were repeated,
pseudorandomly, ten times. Three example images are displayed in Fig. 2a–c.
Four of the twelve images contain a blue “T” and the order of their appearance, in the

pseudorandom repetitions, would not change. The subjects were asked to pay attention
to the blue colored “T”, remember its location and count the number of red T’s that were
present together with the blue “T” images. Five trials were run each with a different set of
images. At the end of each trial, the subjects had to identify the location of the blue “T” in
a compartmentalized square (shown in Fig. 2d). The questions, that were answered in the
two experiments, were used in a cumulative scoring system to create a competitive game
between the subjects.

Virtual reality classroom

VR can be seen as a Human-Computer Interface where it is possible to interact and
become immersed in a computer created environment that is sought to be naturalistic and
provide a sense of presence [18]. It has the advantages that it provides a “real-life” chaotic
and naturalistic environment where the subject forgets the controlled test lab environ-
ment. Most importantly, the environment can be fully controlled making it possible to
simulate distractions. In our study, a classroom was chosen since it is an environment
that children are exposed to almost every day, where attention is especially important in
relation to learning and socializing.
The VR classroom was created using the gaming engine UNITY with some of the 3D

accessories designed in the 3D modeling software BLENDER. The classroom includes six

Fig. 2 a–c Illustrates three out of the twelve images presented during the attention game, T-SEARCH. The
images are shown one at a time with a frequency of five images each second, repeated several times. The
subject is asked to locate any blue colored “T” symbol presented in the images. d Represents the image that
is displayed at the end of a trial. The subject had to show (in the order of their appearance), which area a blue
colored “T” were present
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pupil desks each having two seats, projection screen, posters, a soccer ball, several hula-
hoops, a wall-clock, book shelves and a first aid kit. Two windows in the left side of the
room are facing out onto a road. The ceiling of the classroom contains a fan, projector and
six fluorescent lights. Also is seen a female teacher, her desk as well as a computer on the
desk, and a blackboard behind her. Screenshots of the VR classroom are shown in Fig. 3.

Distractions

Several distractions have been designed and incorporated inside the VR classroom. They
were split into auditory distractions (sound of cars passing outside, and ambient class-
room noise of children talking, pencil dropping and chairs moving) and visual distractions
(construction worker entering and exiting the classroom, paper planes flying in the class-
room, the fan rotating and a car passing outside) inspired by Rizzo et al. [19]. These
distractions were not used in our experiments with the prototype system, since the aim of
this pilot study was to prove that P300 is indeed a measure of attention. By excluding dis-
tractions in our preliminary experiment, we were able to assume attention on all relevant
stimuli. These distractions will be included in future training sessions on ADHD subjects.

Fig. 3 Two screenshots of the VR classroom scene. a A side view of the teacher pointing at the pupil. A large
portion of the accessories is visible, and one of the simulated distractions, the car driving by, is visible outside
the window. b A view from the back of the VR classroom. Note that the attention game ANISPELL is running
on the projection screen
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Microsoft kinect

An idea based on the work by Lee [20] provides an immersive “sense of presence” 3D
illusion on a standard monitor. With MICROSOFT Kinect - an infrared camera measuring
depth values, it is possible to track a person in front of it. The recorded depth values were
sorted into 32 bins covering a depth range of 4096mm, with each bin representing a depth
resolution of 128 mm. The torso of the subject in front of the camera is in general flat and
occupies a large area. Therefore, the bin with the largest count of depth values and the
two bins next to it were defined to represent the subject. The neighboring bins were used
to increase the robustness during bending posture. The depth values placed in the three
bins was averaged together and the modulus was calculated with respect to the frame size
to find the (x, y, z) position. The position was sent to an “off-axis perspective projection”
algorithm [21]. The algorithm was implemented inside UNITY, and updates the 3D view
of the entire VR classroom based on the received position. The subject was able to look
around, above, below or closer in the VR classroom just by moving respectively left or
right, down, up, or closer to the monitor.

Experimental setup

Six healthy young subjects (one female and five males) aged between 24 and 32, partic-
ipated in this pilot study (the first subject was excluded due to a different procedural
method). The EEG recordings were done using four electrodes. The unipolar reference
electrode was placed at the left earlobe, a ground electrode at Fpz, an electrooculography
(EOG) electrode below the left eye, and a measurement electrode at Pz. These positions
were in accordance with the 10-20 international standard of EEG electrode placement.
A fifth electrode input was activated as a trigger channel. Each time a stimulus was
presented to the user, a trigger was set as a simultaneous time-stamp to the EEG.
The electrodes were all attached to the GTEC bio-amplifier (G.USBamp), which dig-

itized the signal at 256 Hz, and band-pass (0.5 ! 30 Hz) filtered with an 8th-order
Butterworth filter. The amplifier was connected with a USB port to a 32-bit Windows XP
computer using MATLAB R2008 to run the amplifier. The VR classroom interface was run-
ning on a 64-bit Windows 7 with a Xeon processor. A UDP connection was established
between the two computers. Figure 4 illustrates the setup with the VR interface that was
presented to the user.
The subjects reported no discomfort with the experiments or mounting of the elec-

trodes. They reported that the questions and competition element made it motivating to
stay engaged during the entire recording session.

Classifier

We chose a subject specific classifier for the prototype system as per the findings by
Thulasidas et al. ([22], Table 1). The collected EEG signals were further low-pass filtered
by a 20-sample moving average filter with a corresponding cut-off frequency of 12.8 Hz
to minimize possible muscle artifacts, while still preserving the P300 potential [23]. The
VR classroom training system gave rise to eye movements from the subjects. An adaptive
filter based on the Recursive Least Squares (RLS) algorithm [24] was used to minimize
the EOG artifacts, from the EEG signals.
The preprocessed signal was divided into epochs each representing a displayed stimulus

from onset till 700 ms after. Five epochs representing identical stimuli (same row/column
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Fig. 4 Illustration of the experimental setup. G.USBamp is seen on the table with the attached EEG
electrodes. The reference electrode on the left earlobe and the recording electrode from Pz is visible. The
Kinect situated below the interface screen is turned on and tracking the subject. The tracked area is visualized
in the left screen as the red area, with the ceiling and the person taking a photo is colored gray representing
ignored depth value measurements

or same image) were then averaged together. An equal number of P300 epochs and non-
P300 epochs was ensured by removing a large portion of non-P300 epochs. The grand
average signal from the P300 epochs (solid lines) and the non-P300 epochs (dashed lines)
are displayed in Fig. 5.

Non-parametric permutation test

Before extracting the features from the preprocessed EEG signal, an interval defining the
P300 occurrence has to be located for each subject. By a permutation test using the paired
t-test statistics, and corrected for the Multiple Comparisons Problem (MCP) by the tmax
method [25], it was possible to locate samples that were statistically different. The MCP
has to be addressed, since we were testing all sample points within an epoch of length
700 ms with sampling frequency of 256 Hz, it corresponds to 179 samples to test for
significance. The probability for Type I error in the 179 tests (!fam) was set at 0.05 with
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Fig. 5 The grand average of the P300 epochs for all five subjects are shown with solid lines, while the
non-P300 epochs are shown with dashed lines. The epochs have a duration of 700, with t = 0 representing
the moment where the attended animal is flashed-up
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the null hypothesis that P300epoch ! P300non!epoch = 0 and the alternative hypothesis
P300epoch ! P300non!epoch "= 0.
The procedure was to calculate the paired t-value for all sample values, and then com-

pare it against the non-parametric null-distribution that was generated by permuting
the samples between P300 and non-P300 epochs. Each permutation generates 179 new
t-values, but only the largest (tmax) was stored for the null-distribution. The positive
statistically significant samples were chosen to define the P300 interval.

Feature extraction

The processed epochs constitute a matrix (S) as shown in Eq. (1) with epochs (m =
1, 2, . . .M) along the rows and sample number (n = 1, 2, . . .N) along the columns.

S =

!

""""""""""#

s1,1 s1,2 . . . s1,n . . . s1,N
s2,1 s2,2 . . . s2,n . . . s2,N
...

... . . . ... . . . ...
sm,1 sm,2 . . . sm,n . . . sm,N
...

... . . . ... . . . ...
sM,1 sM,2 . . . sM,n . . . sM,N

$

%%%%%%%%%%&

(1)

The collected data contains M = 240 rows (8 (flash targets) # 15 (repetitions)/
5(averages) # 10 (trials)), but cut down to (M = 120) for reasons mentioned earlier, and
N = 179 samples. A total of 24 features were extracted from S. We used features targeting
the temporal shape of the recorded epochs and (dis)similarity features that were produced
by comparing the epochs with a template epoch that was generated during the ANISPELL
recordings. The most relevant features are presented below (three temporal features and
three template features).

(i) Standard fraction: The ratio between the standard deviations in the P300 interval (tp)
and baseline interval (tb), defined here as the interval from onset till 200 ms after (the
intervals are shown in Fig. 6), denoted as f 3m in Eq. (2):

f 3m =

'
1
Tp

(tp(Tp)
n=tp(1)

)
sm,n ! µm(tp)

*2

+
1
Tb

(Tb
n=1

)
sm,n ! µm(tb)

*2 , (2)

where Tp and Tb are the number of samples respectively in tp and tb, and µm(·) are the
corresponding mean values of epochm.
(ii) Power fraction: The ratio between the total power in the P300 interval (Ptp ) and the

baseline interval (Ptb ), denoted as f 5m in Eq. (3):

f 5m =
Ptp
Ptb

=
(tp(Tp)

n=tp(1) s
2
m,n

(Tb
n=1 s2m,n

(3)

(iii) Triangle area: The area of a triangle within the P300 interval (as shown in Fig. 6),
denoted as f 23m in Eq. (4):

f 23m = 1
2

,,,,,,,

x1 y1 1
x2 y2 1
x3 y3 1

,,,,,,,
, (4)

where | · | denotes the determinant.
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Fig. 6 An example epoch from subject 2. The red area illustrates the baseline interval (tb), and the green area
illustrates the P300 interval (tp) found from the permutation test. Within the green area three points are
selected: the maximum value, the minimum to the left and the minimum to the right

(iv) Cosine similarity: For one of the template specific features, the cosine similarity
measure was used, denoted as f 8m in Eq. (5):

f 8m = !sTm!s"
#!sm##!s"# ;!sm,!s

" $ %N , (5)

where !sm =
!
sm,1, sm,2, . . . , sm,N

"T , !s" is a column vector representing the template epoch
and # · # denotes the Euclidean norm.

(v) Pearson correlation: A measure of the linear relationship between the epoch and
the template. It is calculated using Eq. (6) after making the vectors zero-mean and unit
variance, and is denoted as f 9m:

f 9m = !sTm!s"
N & 1 (6)

(vi) Weighted Euclidean: A weighted Euclidean distance measure between the epochs
and the template, denoted as f 12m in Eq. (7):

f 12m = #
'
D · (!sm & !s")#;

N#

n=1
wn = 1, (7)

where D = diag (w1,w2, . . . ,wN ) is a N ( N diagonal matrix with the elements repre-
senting the weighting of the sample points (the tp interval was weighted four times as
large).

At this stage we had a feature matrix of size 120 ( 24 of the ANISPELL data. From this
matrix, 25% of the data was allocated as a performance-set to evaluate the classifier.

Support vectormachine

Support Vector Machine (SVM) is a popular classifier for the binary separating (P300 vs
non-P300 epochs) scheme due to its stability, low variance and generalization properties;
a regularization term (C) and the maximum margin method [26].
Since SVM includes the dot product of the features, a nonlinear separation can be

achieved by the Kernel trick [27]. The Gaussian kernel; the most popular kernel was used
in this study and shown in Eq. (8) [26]:



Rohani and Puthusserypady EPJ Nonlinear Biomedical Physics  (2015) 3:12 Page 10 of 14

K(!fi, !fj) = e
"#!fi"!fj#2

! ; ! > 0, i , j = 1, . . . , 120, (8)

where !fi =
!
f 1i , f 2i , . . . , f 24i

"T is the i’th feature vector and ! denotes the smoothing
parameter, which models the degree of nonlinearity.
By introducing the nonlinear Gaussian kernel SVM, two parameters were to be tuned: !

and C. Optimization of these parameters was achieved, through a 3-fold cross-validation
(CV), by the Pattern Search (PS) algorithm included in the Global Optimization Toolbox
in MATLAB. Based on a given starting point, it searches for the maximum performance in
the {! ,C} space by a derivative-free direct search approach. Matthews correlation coeffi-
cient (") has been chosen as the performance criterion since it takes into account all four
outcomes with a single value [28]. A value of " = 1 indicates a perfect prediction, " = 0
represents random prediction, and " = "1, a complete mismatch. In each CV fold PS
was run with ten different starting points and with one feature at a time, selected through
a forward sequential search algorithm. The feature with the highest-averaged CV perfor-
mance was kept, and a new round with two features was run. This was continued until the
performance in the averaged test set did not improve. A pseudo-code for the algorithm is
shown in Algorithm 1. The selected features from each subject is shown in Table 1.

Algorithm 1 Pseudo-code for the classification algorithm
CV $ 3-fold cross-validation
feat $ Vector from 1 to 24
Self $ Empty
init_! $ Create 10 pseudorandom values
init_C $ Create 10 pseudorandom values
while Performance (") increases do

for i going through feat do
for j = 1 to 3 do

Training set (Tr),Test set (Te) $ CV(j)
for k = 1 to 10 do
Optimal ! ,C and " value $ Perform Patternsearch(myFcn) to find opti-
mal ! ,C: myFcn builds the SVM classifier using Tr, init_! (k), init_C(k) and
[ feat(i)Self ]. Estimates " using Te on the build SVM.

end for
Maximum " value is stored with its ! ,C value.

end for
Avg $ Average " value from the folds is calculated.

end for
The feature yielding max(Avg) is stored in Self and removed from feat

end while

" was assisted with the conventional error rate, a sensitivity (SE), specificity (SP) and the
area under the receiver operating characteristic curve (AUC) on the 25% performance-
set.
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Table 1 A complete table with results from the ANISPELL recordings

Subject 1 2 3 4 5

tp (10!2 s) 38 : 53 44 : 59 39 : 64 38 : 61 34 : 43

Features [9 16] [20 24 18 4] [9 18 13] [9 12 5] [1 3 24]

! test set 0.77 0.66 0.60 0.66 0.51

Def. p. error 0.47 0.33 0.30 0.23 0.37

Opt. " 0.66 1.80 6.00 20.35 1.60

Opt. C 17.10 0.59 1.20 11.00 1.24

Opt. p. error 0.37 0.30 0.27 0.23 0.30

! p. set 0.27 0.41 0.47 0.54 0.42

AUC p. set 0.68 0.77 0.68 0.80 0.73

SE. p. set 0.53 0.60 0.67 0.80 0.87

SP. p. set 0.73 0.80 0.80 0.67 0.53

TGS 80.5 78.5 85 79 87.5

“p” stands for the performance-set. Total game score (TGS) represents the points the subjects achieved during the experiments

Results and discussion
The MCP corrected permutation test was used to locate a subject specific P300 inter-
val. The P300 interval area for all five subjects were successfully observed, and visualized
in Fig. 7 which illustrates the t-values as a function of time. The significant t-values
are colored in the red and blue, while the gray color representing non-significant
time instances. P300, being a positive potential, the interesting areas are in the red
color-map. Subject 1 had the smallest averaged statistical significant P300 interval
(t(1, 9) = 5.78, p < 0.0153), while subject 4 had the largest averaged statistical significant
P300 interval (t(1, 9) = 17.31, p < 0.0022). These time instances were used as the P300
interval for the SVM analysis. The result of the analysis is displayed in Table 1.
The best performance was found from subject 4 with an error rate of 0.23. The PS

algorithm proved effective with subject 1 achieving a drop from 0.47 to 0.37 error rate.
The ! coefficient for the performance-set displayed a better performance than random
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Fig. 7 The t-values from the permutation test for all five subject through the entire epoch duration (for the
ANISPELL recordings). The negative values are colored with a blue color-map. They show negative t-values
that are significant. The gray colored pixels are non-significant t-values found from the controlled #fam-level
estimate and are on average between 4 and !4 (±0.13). The red color-map represents positive t-values that
are all significant
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guessing. The AUC value, being above 0.5, indicated a separation between the two classes
of epochs.
The developed non-intrusive VR BCI system achieved an average error rate below 0.30.

The performance is comparable to the literature but suffers from the children friendly
setup. The setup was based on four electrodes and only one electrode for classification. A
single recording electrode to capture the P300 response is rarely used as several electrodes
can increase the amount of averaged epochs, as seen in the P300 controlled apartment
by Bayliss [29] utilizing 9 electrodes. In the preprocessing step, the number of epochs
for averaging was kept as low as five, which is usually in the order of 10 ! 20. In the
classification step, we detected P300 or non P300 epochs with no a-priori assumptions
while many P300 classifiers uses a trial-based soft score measures in which one epoch (the
most likely) is classified as a P300 epoch [30].
A careful tradeoff is needed between simplicity and performance, since performance is

particularly important when BCI is used for neuro-rehabilitation. The feedback is consid-
ered, by the user, to be the correction solution and many false classifications will inhibit
improvement. Besides the accuracy, a feedback which is fast enough is also important.
Feedback from the P300 response happens after five averages of the target which corre-
sponds to a time between 3.4 s to 5 s, depending on the pseudorandom order. This is a
slower feedback than the usual neurofeedback methods which utilizes ! and " waves, and
improvement in this area will be needed for a future setup.
The large variability in chosen features illustrated a low amount of data in the SVM

analysis. Nevertheless, f 9m was proven superior since it was selected frequently as the best
feature to discriminate P300 epochs from non-P300 epochs. Only 40% of the features
selected were temporal features with the rest being template based features. Therefore,
the template generating trials were an important and somewhat limiting factor in the clas-
sification method. ADHD subjects are expected to have larger inter-subject differences
in the P300 potential reflecting cognitive and processing difficulties [31]. The T-SEARCH
game may prove more difficult than the flashing ANISPELL game, from which the tem-
plate signal was derived, and could easily increase the amount of false negatives from the
template based features. Furthermore, as argued by Wolpaw et al. [32], the P300 is likely
to change over time, reflecting task adaptation. In contrast to the above, as the user pro-
gresses, the template has to be updated to accommodate the changes in the latency and
amplitude.

Conclusions
With the results and feedback from the healthy subjects who participated in the first-of-
a-kind P300 based VR training system for ADHD subjects, it is apparent that the system
meets the insufficiencies seen in previous neurofeedback studies. The automatic P300
detection classifier was trained through forward selection of features derived from a tem-
plate of the P300 signal, and temporal patterns. Although the non-linear SVM only used
five repetitions of the same stimuli, the classifier still managed to detect the P300 with an
average error below 0.30.
The P300 was demonstrated to be connected to attention in the healthy subjects, and

suggests a positive effect on ADHD subjects as well. With the results on this preliminary
study, demonstrating our prototype system, we hope to encourage the neurofeedback
community to expand their BCI systems with interactive settings, competitive games, and
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the use of the P300 potential when aimed at a drug-free treatment for ADHD subjects.
If the long-term effects proves significant, the training environment will be expanded to
include several more oddball games.
With cheap hardware and a simple “off-axis perspective projection” algorithm, we have

been able to suggest an affordable portable interactive environment with added visual and
auditory distractions that can easily be used directly at schools, institutions or at private
homes. The setup will require minimal instructions for the school- or after-school care
personnel and we envision that the training games would be an integrated part for ADHD
subjects, just as medication is a integrated part in our present day life.
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Abstract-Attention Deficit Hyperactivity Disorder (ADHD) is 
a disorder characterized by a persistent pattern of inattention 
and/or hyperactivity/impulsivity that occurs in academic, 
occupational, or social settings. Though the number of men 
having this disorder increases gradually all over the world, the 
treatment for ADHD is limited to stimulant medications or a 
cognitive behavioral treatment. This fact caused us to develop 
the newly system for treatment of ADHD using Virtual Reality 
technology. Psychotherapy using VR has some advantages that 
it is safer and more effective than conventional therapeutic 
methods. We divided subjects into control group and VR group 
depending on whether they will have VR therapy with HMD & 
Tracking system. And we compared the results of CPT 
(Continuous Performance Test) between before and after the 
experiments. So we will show the effect of this VR system and 
the possibility VR technology can contribute greatly to the 
treatment of ADHD in this paper. 
Keywords - ADHD, VR, HMD, Tracking 

 
I. INTRODUCTION 

   
According to DSM-IV (American Psychiatric Association, 

1994), Attention Deficit Hyperactivity Disorder (ADHD) is 
divided into 3 patterns such like inattention, hyperactivity 
and impulsivity[1]. This is one of behavioral disorders that 
can be shown generally during a child’s growth progress. 
 These primary problems can cause the emotional 
maladjustment including an absence of self-confidence as 
well as the secondary problems, that is, maladjustment to 
one’s social environment like academic settings, the 
relationship with friends. Especially these land oneself in 
trouble when a child is under school age that learning 
becomes structuralized and personal relations widen. 
 The epidemiological studies about the rate of the outbreak 
of illness in America revealed prevalence rates generally 
ranging from 4% to 12% in the general population of 6 to 12 
years old[2]. According to the result Korea Institute for 
Health and Social Affairs investigated how many children 
have behavioral problems in primary school students of 
2,899, 8.6% of them showed symptoms of inattention and 
impulsivity and other study revealed that 9.5% of subjects 
showed the same symptoms[3]. 
 One method having been used to treat ADHD is stimulant 
medications making use of Ritalin, Dexedrin, Cylert. 
 The other is behavior therapy based on several simple and 
sensible notions about what leads children to behave in 
socially appropriate ways. But both two methods have some 
following disadvantages; side-effects (Ritalin can cause a 
cancer of liver[4]), needs of much time and efforts from 
many persons concerned. To overcome these disadvantages, 
we developed the treatment system using VR technology. 

 The goal of this experiment is to develop the VR system to 
treat ADHD and verify the effectiveness of the VR system to 
treat children having ADHD. In general, VR program is 
progressed by the measurement of subject’s EEG signal. By 
comparison between the results of Continuous Performance 
Test (CPT) before and after exposure to VR, we present how 
effective our VR system is for treatment of ADHD children. 
 

II. DISCRIPTION OF VIRTUAL REALITY SYSTEM 
 

1. The Characteristics of Virtual Reality System 
 

 The recent advancement of computer and display 
technology enables people to make the VR environment that 
can show a similar situation to real to a subject. Unlike the 
existing treatment methods, VR Therapy system does not 
have any side effects and can present many situations to a 
subject without making efforts of many people. As the 
supply of personal computer increases and the price of HMD 
(Head Mounted Display) and Head Tracker decreases 
gradually, many children having ADHD will be able to be 
treated in their home soon. 
 !

 
Fig. 1 Virtual Classroom 

2. Virtual Reality system 
 

 The hardware used for creation of the virtual world was the 
personal computer system having a Pentium-III 500MHz 
CPU, 256MB RAM, and a 3D acceleration graphic card. To 
enhance the immersion to virtual environment, we used 
HMD and Head Tracker having 3 DOF (Degree of 
Freedom)[5]. The equipment supporting 4 channels of 
LAXTHA Co. Ltd was used for acquiring a subject’s EEG 
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signal. We used Rhinoceros (Robert McNeel & Assoc.) and 
3D StudioMax (Kinetix) as 3D modeling tools. And we built 
a real time virtual environment with Visual C++ 6.0, DirectX 
7.0a SDK (Software Development Kit). 
 VR program is progressed by the FFT processing of 
subject’s EEG signal. Subjects are measured baseline for 1 
minute before session every day. A little change is given to 
virtual environment whenever subject’s Beta(15~18Hz) goes 
up the threshold value in correspondence with the day-
baseline through processing of EEG signal obtained from 
subject. Subjects can see the counter number on the left 
which indicates the rate of progress and disappears when it 
become 100. After a while, a dinosaur egg rises from the 
desk. Then the egg is broken to two pieces. From the broken 
egg, one part of a dinosaur picture steps up to whiteboard in 
order gradually. If all 6 parts are put together, a subject can 
hear the dinosaur! s roaring. After completion, the scripts 
including the explanations about the dinosaur in the picture 
are presented. After the explanations, 5 questions about the 
dinosaur are presented one by one and the subject is 
encouraged to press the number key that is thought to be a 
correct answer. The results about biofeedback data and 
picture completion time are saved automatically into a 
specified file. 
 

 
Fig. 2 The images of VR Biofeedback program 

III. CLINICAL EXPERIMENTS 
 

1. Subjects 
 

Subjects are young boys staying in a reformatory. They 
are thought to have impulsivity and attention problem. The 
adolescents in the delinquent group have a tendency to be 
more identified as having ADHD than non-group[6]. 10 
persons are a control group and 10 persons are a group to 
experience VR. None had the experience of using an HMD 
or VR in any sense. Each subject was fully informed of the 
experimental procedure to understand the study and the fact 
that he was free to withdraw from the experiment at any time. 
Subjects are connected to the EEG signal acquisition device 
using three electrodes attached to their scalp at the placement 
of Cz and grounded at the right and left ears. The sampling 
frequency of EEG signal acquisition is 256Hz. The latest 3-
second data of acquired EEG signal are analyzed in 
frequency domain through Fast Fourier Transform. And then 
we can extract frequency parameter such as Delta (0.5~3Hz), 
Theta (4~7Hz), Alpha (8~12Hz), SMR (12~15Hz), and Beta 
(15~18Hz). The data is updated every 0.5 second and we can 
measure frequency parameter in real time. 

 

 
Fig. 3 Biofeedback measurement program 

2. Evaluation  
 

Subjects performed total 10 sessions and each session was 
made to take 10 minutes because usage of VR system within 
20 minutes does not cause any significant physical effect on 
the healthy young subjects[7]. VR group undergoes a CPT 
(Continuous Performance Test) before and after exposure to 
VR. On the other hand, Control group waits during VR 
experiment and only undergoes a CPT at the same time with 
VR group. CPT is widely known to be effective in 
discriminating between an ADHD child and a normal child 
and measuring stimulant medication (Corkum & Siegel, 
1993; Coons, Klorman, & Borgstedt, 1987; Fischer, 1996; 
Garfinkel et al., 1986). To verify the effectiveness of VR, we 
measured various dependent variables such like Response 
Time (RT), Standard Deviation of RT, Variability, Errors of 
Commission, Errors of Omission, Response Sensitivity (d’ 
score), etc. 



 Errors of Omission are interpreted as a measure of 
inattention and errors of commission are as a measure of 
impulsivity or failure to inhabit response and Standard 
deviation response time is a measure of variability or 
consistency[8]. Response sensibility is a measure of the 
decrease of performance with the passage of time.  
 

IV. RESULTS 
 

In this paper, we presented the results obtained by 
comparing and analyzing the numerical values before and 
after VR experiments in Table 1. According to those results, 
VR group showed the considerable changes, compared with 
those of control group. A little changes of control group are 
thought to be the results from the experience of 1st CPT.  

Decrease of errors of omission or commission says VR 
group’s inattention or impulsivity is more decreased than 
that of control group. According to Fig. 5, response 
sensibility after VR treatment was decreased than before VR 
treatment and control group. This means that the rate to 
response sensitively and impulsively decreased and subjects 
who experienced the VR treatment thought more carefully 
when they were supposed to choice. 
 

 
Table 1. CPT results based on measurement time 

 

 
Fig. 4 Errors of Omission 

 

 
Fig. 5 Response Sensibility 

 
V. CONCLUSION 

 
So far we have presented the results of experiments using 

VR technology for treatment of ADHD unlike the existing 
methods. It is premature to say that this VR system is fully 
usable. In clinical tests, however, we were able to get the fact 
that the improvement of attention is achieved through VR 
and the system using VR technology is effective in treating 
children having ADHD. 

VR system’s advantages that we could get in this paper 
are in the following. 

1) It is easy to develop various environments to make 
ADHD children be treated. 

2) Less people are required to maintain the treatment 
than before. 

3) It is easy to make steady progress with the treatment, 
arousing one’s interest not to be tired. 

But the disadvantage of this experiment is that any 
authority of medical doctor was not given to subjects. In the 
future, we will need that. It will be also useful to develop 
more methods using VR. For example, it is needed to give 
VR Cognitive Training (CT) to be effective in improving 
subject’s attention and concentration. And it is required to 
compare and analyze the results between VR system and 
Non-VR (i.e. without HMD and tracker system). The 
comparison between CT and Biofeedback Training and the 
quantitative verification by examining bio-signals are also 
required. In the last place, we are going to develop 
stereoscopic display because stereoscopic display for virtual 
reality has been shown to improve user depth perception and 
task performance in a variety of tasks[9,10]. 
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A CONTROLLED CLINICAL COMPARISON OF ATTENTION 
PERFORMANCE IN CHILDREN WITH ADHD IN A VIRTUAL 
REALITY CLASSROOM COMPARED TO STANDARD 
NEUROPSYCHOLOGICAL METHODS

Thomas D. Parsons,1,2 Todd Bowerly,1 J. Galen Buckwalter,3 
and Albert A. Rizzo1

1University of Southern California in Los Angeles, Los Angeles, CA, 2University of
North Carolina School of Medicine, Chapel Hill, NC, and 3Southern California Kaiser
Permanente Medical Group in Pasadena, CA, USA

In this initial pilot study, a controlled clinical comparison was made of attention perforance
in children with attention deficit-hyperactivity disorder (ADHD) in a virtual reality (VR)
classroom. Ten boys diagnosed with ADHD and ten normal control boys participated in the
study. Groups did not significantly differ in mean age, grade level, ethnicity, or handedness.
No participants reported simulator sickness following VR exposure. Children with ADHD
exhibited more omission errors, commission errors, and overall body movement than nor-
mal control children in the VR classroom. Children with ADHD were more impacted by dis-
traction in the VR classroom. VR classroom measures were correlated with traditional
ADHD assessment tools and the flatscreen CPT. Of note, the small sample size incorpo-
rated in each group and higher WISC-III scores of normal controls might have some bearing
on the overall interpretation of results. These data suggested that the Virtual Classroom
had good potential for controlled performance assessment within an ecologically valid envi-
ronment and appeared to parse out significant effects due to the presence of distraction stimuli.

Keywords: Virtual Reality, Attention Deficit Hyperactivity Disorder, Neurocognitive

Attention deficit-hyperactivity disorder (ADHD) is a heterogeneous developmental
disorder of unknown etiology, which is comprised of difficulties with sustained attention,
distractibility, impulse control, and hyperactivity (Biederman, 2005). Researchers have
postulated that ADHD reflects a core deficit in inhibitory control, which results in multi-
faceted executive impairment (Barkley, 1997, 2000; Scheres et al., 2004). Individuals with
ADHD often exhibit difficulty organizing their behavior and problem solving, as well as
impaired cognitive flexibility (Schachar et al., 2000). The deficits associated with ADHD
have historically been examined using clinical interviews and behavior rating scales
(Barkley, 1991). There are, however, a number of disadvantages related to clinical inter-
views and behavior rating scales. For example, a great deal of time and effort are required
to complete a comprehensive diagnostic evaluation. Further, both clinical interviews and

Address correspondence to Thomas D. Parsons, Ph.D., Research Scientist, Neuropsychologist, Univer-
sity of Southern California, Institute for Creative Technologies, 13274 Fiji Way, Office 301, Marina del Rey, CA
90292-4019, USA. E-mail: tparsons@ict.usc.edu
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behavior rating scales are subject to bias, in that they may be unduly influenced by dispar-
ate factors (Abikoff et al., 1993). As a result, there is growing interest in the establishment
of alternative, laboratory-based measures for the assessment of ADHD (Barkley, 1991;
Nichols & Waschbusch, 2004; Rapport et al., 2000).

Clinical Interviews and Rating Scales

Rating scales are often used to assess whether a patient meets diagnostic criteria
necessary for an ADHD diagnosis. While many rating scales are psychometrically sound,
they have limited predictive validity (Lahey et al., 2006) and treatment utility (Scotti et al.,
1996). The rating scales may also lack sensitivity to low base rates, which raters may
underestimate (Fabiano et al., 2004). Further, bias is an inherent possibility in teacher
(Abikoff et al., 1993) and parental ratings of ADHD (Sayal & Taylor, 2005). Further,
structured interviews may lack practicality in situations where repeated measurements are
required. Furthermore, structured interviews require a significant amount of clinician and/or
parent time. As a result, they tend to not be cost effective for use in some clinical settings.

Neuropsychological Tests

Other researchers have proposed to assess certain symptoms of ADHD, most nota-
bly, decreased executive functioning. The general hypothesis of executive dysfunction in
children with ADHD has been supported and replicated in numerous studies over the
years (Barkley et al., 1992; Grodzinsky & Barkley, 1999; Schachar et al., 2000; Scheres et
al., 2004). Although research has demonstrated variable results in the use of such frontal
lobe tests to assess ADHD, a number of measures regularly used to assess executive func-
tioning have been shown to reliably discriminate between the two groups: the Stroop
(Barkley et al., 1992; Nigg, 1999), Controlled Oral Word Association Test (Grodzinsky &
Diamond, 1992), and Picture Arrangement from the Wechsler Intelligence Scale for
Children-III (Pineda et al., 1998). Additionally, traditional neuropsychological testing has
also been criticized as limited in the area of ecological validity (Chaytor et al., 2006;
Farias et al., 2003; Gioia & Isquith, 2004; Odhuba et al., 2005; Plehn et al., 2004; Ready
et al., 2001; Silver, 2000).

Laboratory-Based Measures

According to Nichols and Waschbusch (2004), laboratory-based measures for the
assessment of ADHD have the following advantages: (1) more cost effective and require
less time and effort than complete comprehensive diagnostic evaluations; (2) less influ-
enced by extraneous factors; (3) more time efficient descriptions of the impact of treat-
ments on ADHD symptoms; (4) easier use for administers (i.e. teachers and parents) in
multifarious settings.

One of the most popular of the laboratory-based measures is the Continuous Perfor-
mance Test (CPT), which requires participants to maintain vigilance and react to a specific
stimulus within a set of continuously presented distracters (Eliason & Richman, 1987).
These CPTs are thought to assess arousal, activation, and effort (Corkum & Siegel, 1993)
in a boring and repetitive protocol that is difficult for a person with ADHD (Rapport et al.,
2000). Hence, CPTs have been shown to differentiate between normals and children with
ADHD in numerous studies (Nichols & Waschbusch, 2004). A review of 26 studies found
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children with ADHD made significantly more errors of omission and commission on
CPTs than normal children (Losier et al., 1996). Although CPTs have high specificity,
they also have low sensitivity in diagnosing ADHD (Barkley & Grodzinsky, 1994;
Grodzinsky & Barkley, 1999). Furthermore, CPTs and behavioral checklists have been
found to have similar levels of diagnostic utility.

Although laboratory-based instruments such as the CPT may move beyond the limi-
tations of clinical interviews and behavior rating scales, researchers have questioned their
utility when evaluated in the context of ecologically relevant variables such as classroom
behavior and academic functioning (Rapport et al., 2000). According to Barkley (1991),
the ecological validity of most laboratory-based measures is of a low to moderate level.
Barkley argues that future advances in the ecological validity of laboratory-based
measures may result from: (1) assessments of the target behaviors in natural settings; and
(2) the combination of the more promising laboratory-based measures into a standardized
battery.

Virtual Reality Technology

Virtual Reality technology is increasingly being recognized as a useful tool for the
study, assessment, and rehabilitation of cognitive processes and functional abilities
(Buckwalter & Rizzo, 1997; Rizzo & Buckwalter, 1997a,b; Rose et al., 2005; Schultheis
et al., 2002). The capacity of VR to create dynamic, immersive three-dimensional stimu-
lus environments, in which all behavioral responding can be recorded, offers assessment
and rehabilitation options that are not available using traditional assessment methods. In
this regard, VR applications are now being developed and tested which focus on compo-
nent cognitive processes including: attention processes (Cho et al., 2002a; Clancy et al.,
2006), spatial abilities (Baumgartner et al., 2006; Burgess et al., 2006; McClusky et al.,
2005; Pani et al., 2005; Parsons et al., 2004; Wolbers et al., 2004), memory (Brooks &
Rose, 2003; Brooks et al., 2004; Burgess et al., 2006; Parslow et al., 2005; Phelps et al., 2004),
and executive functions (Baumgartner et al., 2006; Elkind et al., 2001; Morganti, 2004).

Virtual Reality and Attention

Within VR it is possible to systematically present cognitive tasks targeting attention
performance beyond what are currently available using traditional methods (Barkley,
2004; Cho et al., 2002a,b, 2004; Clancy et al., 2006; Lengenfelder et al., 2002; Rizzo et
al., 2006). Reliability of attention assessment can be enhanced in VR by better control of
the perceptual environment, more consistent stimulus presentation, and by more precise
and accurate scoring. Virtual environments (VE) may also improve on the validity mea-
surement via the quantification of more discrete behavioral responses, allowing for the
identification of more specific cognitive domains. Virtual reality could allow for attention
to be tested in situations that are more ecologically valid. Participants can be evaluated in
an environment that simulates the real world, not a contrived testing environment.

We have developed the Virtual Classroom for the assessment of ADHD as our first
functional scenario in this area (Rizzo et al., 2006; Rizzo et al., 2000, 2003, 2004). Given
the findings of previous CPT studies, we hypothesized that in this initial pilot study, we
would find the following: (1) there would be differences in Virtual Classroom Perfor-
mance (VCP) between children with ADHD and nonclinical controls. These differences
would be detected in response time (reaction time) between stimulus and response and



D
ow

nl
oa

de
d 

B
y:

 [T
ho

m
as

 D
. P

ar
so

ns
, P

hD
] A

t: 
03

:5
3 

16
 J

un
e 

20
07

 

366 T. D. PARSONS ET AL.

number of commission and omission errors. Specifically, we proposed that children with
ADHD would show a greater response time and more total errors on a Go/No-Go task. In
addition, the degree of hyperactivity as measured by “head turning” and arm/leg tracking
devices was also of interest. It was hypothesized that children with ADHD would show
greater levels of hyperactivity than controls as measured by their total body movement.
We also hypothesized that (2) the children with ADHD would display more distractibility
than controls as measured by their responses to systematically delivered pure auditory,
pure visual, and mixed distractors. The extent to which VCP measures (commission/omis-
sion errors, average reaction time on hits, body movement) were consistent (concurrent
validity) with tests traditionally used in diagnosing ADHD, most notably the behavior
checklist and CPT, was also of interest. It was predicted that (3) Virtual Classroom
measures would be correlated with traditional psychometric measures of attention and
parent reports of inattention, impulsivity, and hyperactivity.

Our goal was to conduct the initial pilot study of a Virtual Classroom scenario that
employs a standard CPT for the assessment of ADHD. As such, the specific design param-
eters of the study (sample size, inclusion and exclusion criteria, etc.) correspond to the
early stage of this tool’s development. The exploratory nature of the study and results is
underscored.

METHODS

Participants

Ten boys diagnosed with ADHD and ten normal control boys participated in the
study. As shown in Table 1, the groups did not significantly differ in mean age, grade
level, ethnicity, or handedness. Participants with ADHD had a mean age of 10.6 years
(range=8–12). Normal controls had a mean age of 10.2 years (range=8–12). The entire
sample consisted of four boys in 3rd grade, one in 4th grade, seven in 5th grade, six in 6th

Table 1 Demographic Characteristics of Entire Sample by Group.

ADHD (n=10) Normal (n=10)

Variables M SD M SD f p

Age at Testing 10.60 1.51 10.20 1.32 0.63 ns

Grade Frequency Frequency !2 p

3 2 (20%) 2 (20%) 3.14 ns
4 1 (10%) 0 (0%)
5 4 (40%) 3 (30%)
6 3 (30%) 3 (30%)
7 0 (0%) 2 (20%)

Ethnicity
Caucasian 8 (80%) 9 (90%) 39 ns
Non-caucasian 2 (20%) 1 (10%)

Handedness
Right 10 (100%) 7 (70%) 3.53 ns
Left 0 (0%) 3 (30%)

Note. Frequency values are percentage of each subgroup. ns=not significant.



D
ow

nl
oa

de
d 

B
y:

 [T
ho

m
as

 D
. P

ar
so

ns
, P

hD
] A

t: 
03

:5
3 

16
 J

un
e 

20
07

 

THE VIRTUAL CLASSROOM FOR ADHD ASSESSMENT 367

grade, and two in 7th grade. There were 17 Caucasian boys, two African-American boys,
and one boy of mixed descent (Caucasian and African-American). Seventeen participants
were right-handed and three were left-handed.

Inclusion criteria for all participants included: All study participants had to be males
aged 8–12, of stable neurological condition, with good bilateral visual acuity, and pre-
served dominant handedness. These same inclusion criteria were applied to the normal
control group. Normal control participants had to be males, aged 8–12, with no psychiatric
diagnosis or observed psychiatric difficulty. ADHD diagnosis was made by licensed child
psychologists and/or developmental pediatricians and was substantiated by careful multi-
modal review of assessment results. This included a full neuropsychological battery of
tests, classroom behavioral ratings, and flatscreen computer delivered CPT results.
Only children diagnosed with ADHD, primarily hyperactive-impulsive type or ADHD,
combined type, were included in the participants with ADHD Group.

Exclusion criteria for all participants were the presence of: epilepsy, Axis I psychiatric
diagnosis other than ADHD, other psychiatric problem (specifically, there could be no
history of oppositional defiant disorder, conduct disorder, depression, or anxiety), learning
disability, medical illness, vestibular problems, or severe cognitive disorders. All partici-
pants with ADHD were taking stimulant medication as treatment for their diagnosed con-
dition. None of the children with ADHD were on medication during the experiment.
Those children (n=10) taking methylphenidate had been off medication for at least 24 h.
No medication other than methylphenidate was used. Participants with ADHD were
excluded from the study if they presented with co-morbid autism, mental retardation, Full
Scale IQ score <85, or head injury with loss of consciousness greater than 30 min. These
same exclusion criteria were applied to the normal control group.

Eligible participants were recruited from local agencies in the greater Los Angeles
area that our lab has established collaborative agreements with, including the University
of Southern California’s (USC) Children’s Hospital and the Semel Institute for Neuro-
science and Human Behavior University of California, Los Angeles (UCLA). Prospective
participants were contacted by phone after receiving a flyer describing the nature of the
study. Upon agreement to participate, prospective participants (both child and parent)
were educated as to the procedure of the study, possible risks and benefits, and alternative
options (non-participation). Prior to actual participation, they completed written informed
consents (parent) and assents (child) approved by the USC Institutional Review Board and
Fuller Graduate School of Psychology Human Participants Review Committee. As indi-
cated above, all participants were administered the same battery of tests, including neu-
ropsychological tests, classroom behavioral ratings, and flatscreen computer delivered
continuous performance test results. Again, participants with ADHD were tested prior to
taking any medications and the VR exposure for all participants lasted approximately 30 min.

Measures

A trained research assistant administered all psychometric tests. The Simulator
Sickness Questionnaire (Kennedy et al., 1992; SSQ) was used to determine whether the
participant felt sick as a result of the Virtual Classroom experience. The SWAN Behavior
Checklist (Swanson et al., No Date) and Conners’ CPT II (Conners, 2000) were chosen as
prototypical ADHD assessment measures. The SWAN Behavior Checklist was designed
to be filled out by parents, teachers, or both. High scores on the SWAN are indicative of
more ADHD-like behavior (inattention, impulsivity, hyperactivity).
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A number of neuropsychological measures were selected purposefully among those
that are commercially available or that have an extensive literature base in order to
increase generalizability and applicability in the clinical context. These tests are regularly
used to reliably discriminate between persons with ADHD and those without. The Stroop
(Golden, 1978) and Trail Making tests (Reitan, 1971, 1992; Reitan & Wolfson, 2004)
appear especially good in discriminating between children with and without ADHD
(Barkley et al., 1992; Golden, 1978; Nigg, 1999). Visual Attention from the NEPSY was
chosen because of the role of attention control in visual search processes (Bleckley et al.,
2003). Although tests of verbal and nonverbal fluency have yielded mixed results, we
made use of design fluency (from the NEPSY) because persons with ADHD have been
found to commit more perseverative and non-perseverative errors than controls (Rapport
et al., 2001). Verbal Fluency (from the NEPSY) was chosen because of the findings using
the Controlled Oral Word Association Test (Grodzinsky & Diamond, 1992; Korkman
et al., 1997). From the from the WISC-III (Wechsler, 1991), we made use of Digit Span
(measures both simple and complex attention), Coding B (measure of processing speed),
Arithmetic (related to freedom from distractibility), and Vocabulary (measure of verbal
comprehension). Finally, the Judgment of Line Orientation (Benton et al., 1983) was used
to provide a motor-free test of visual perception. All tests used current norms and, when
available examiner’s used norms that proffered demographic (age, education, ethnicity,
and sex) corrections.

Procedure

Participants were informed about the study via a flier requesting they contact the
examiner if interested in participating. All participants completed informed consent/assent
forms prior to participation. Testing was conducted in the morning at the USC main cam-
pus, usually on weekends. This time was chosen so that children diagnosed with ADHD
would be able to resume their normal medication regimen as soon as they finished testing.
When possible, normal controls were tested in the morning as well to try and minimize
potential testing effects due to testing at different time of the day. All participants were
administered the same neuropsychological battery, and all participants were assessed in
the Virtual Classroom.

Following completion of the USC Human Participants Research Review Committee
procedures and once informed consent was obtained, each participant sat at a standard
“school desk” and a lab technician assisted in adjusting the fit of the Virtual Research V8
head mounted display (HMD) to the child’s head. An ascension tracking device was then
fitted to the participant’s non-dominant hand and opposite knee. At this point the system
presenting the Virtual Classroom was activated and the participant saw the interior of the
classroom in the HMD. The scenario consisted of a standard rectangular classroom envi-
ronment containing three rows of desks, a teacher’s desk at the front, a blackboard across
the front wall, a female virtual teacher (VT) between the desk and blackboard, on the left
side wall a large window looking out onto a playground with buildings, vehicles, and peo-
ple, and on each end of the wall opposite the window—a pair of doorways, through which
activity occurs. The VT then instructed the participant to spend a minute looking around
the room and point and name the various objects that they observed. This served to assist
the participant in becoming familiar with the components of the classroom environment.
Following this one-min period, the VT told the participant that they were now going to
“play a game”. The VT instructed the participant to hold the remote mouse in his



D
ow

nl
oa

de
d 

B
y:

 [T
ho

m
as

 D
. P

ar
so

ns
, P

hD
] A

t: 
03

:5
3 

16
 J

un
e 

20
07
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dominant hand and press the button when the teacher said “go”. This served to familiarize
the participant with the operation of the remote mouse and provide functional practice for
its use during the testing proper. Reaction time to hit the mouse button following the VT’s
command was then recorded from a series of 20 hit commands that were presented at
random intervals during a one min period. The VT then instructed the participant that a
new game would begin and the testing proper phase commenced.

Experimental Conditions

Three 10-min conditions followed the 1-min hit command phase. The first two con-
ditions used basic visual stimulus challenges found in commonly used flatscreen computer
delivered CPTs. The participant was instructed to view a series of letters presented on the
blackboard and to hit the response button only after he viewed the letter “X” preceded by
an “A” (successive discrimination task). The AX version of the CPT consisted of the let-
ters A, B, C, D, E, F, G, H, J, L, and X. The letters were white on a gray background (the
virtual blackboard) and presented in a fixed position directly in front of the participant.
The stimuli remained on the screen for 150 ms, with a fixed interstimulus interval of 1350 ms.
Four hundred stimuli were presented in the 10-min condition. The target letter X (correct
hit stimuli) and the letter X without the A (incorrect hit stimuli) each appeared with equal
probability of 10%. The letters A and H both appeared with a frequency of 20%. The
remaining eight letters occurred with 5% probability. Participants were instructed to press
the mouse button as quickly and accurately as possible (with their dominant hand) upon
detection of an X after an A (correct hit stimuli) and withhold their response to any other
sequence of letters.

Condition 1 (AX task without distraction): was administered without distractions,
while Condition 2 consisted of the same tasks with distractions included. The order of
presentation of all conditions was counterbalanced across all participants. The order of
presentation of the hit stimuli was administered based on the following rules: letters
appeared on the board at a constant rate of one letter per 1.5 s (40! per min); four correct
hit stimuli per minute were presented (“X” preceded by an “A”) in a fixed order that
occurred every 200 s. This means that three blocks of 200 s. “orders” were created; four
incorrect hit stimuli per minute were presented (“X” NOT preceded by an “A”) in the
same format as outlined in step #2; 32 non-hit stimuli were presented during each minute.

Condition 2 (AX task with distraction): Condition 2 consisted of the identical stimu-
lus challenges as were presented in Condition 1, however these occurred in the presence of
pure 3D immersive audio distracters, pure visual distracters, or mixed 3D audio/visual dis-
tracters. Distracters consisted of the following: (1) pure auditory—ambient classroom
sounds (i.e., whispering, pencils dropping, chairs moving, etc.) “behind” the student;
(2) pure visual—3D paper airplane flying directly across the participant’s field of view;
(3) mixed audio/visual—car “rumbling” by outside window on the left; and man coming
in and out of doors with sounds of the door “creaking open”, footsteps, and hallway activ-
ity on the right side of the classroom.

Distracters were presented in a consistent manner in 200-s blocked segments that
corresponded to the 200-s “blocked” stimulus presentations. This allowed for the compar-
ison of performances in each subsequent identical 200-s block over time. Distracters were
each displayed for 5 s, and presented in randomly assigned equally appearing intervals of
10, 15, or 25 s. Thirty-six distraction intervals (12 of each) and 36 distracters (nine of
each) were included in the 10-min condition.
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Condition 3 (BNT Match): Condition 3 consisted of a more realistic “ecologically
valid” attention task requiring the integration of audio and visual attention processes. In
this condition, line drawings of common objects appeared on the “blackboard”. These
drawings were taken from the Boston Naming Test (Kaplan et al., 1983) and the VT called
out the item’s name, either correctly or incorrectly. The participant was asked to listen to
the VT, observe the “blackboard”, and to hit the response pad every time the VT incor-
rectly named the object. Stimulus drawings were presented at a rate of one every five sec-
onds. After 4.5 min the criterion for response shifted to requiring the participant to hit the
response pad after correct matches between the visual stimulus and the auditory name
emanating from the VT. This condition was presented with the same distraction sequenc-
ing and the same types of distractions that occurred in Condition 2 above. While the stim-
ulus challenges used in Conditions 1 and 2 were not typical of what is found in a real
classroom environment, the cognitive challenge that characterized Condition 3 more
closely mimicked “real-world” attention challenges. This task created challenges that
combined both visual and auditory sensory stimuli and possibly allowed for a more
ecologically valid assessment of higher levels of attention.

Response Measurement

Reaction time and response variability were used as performance measures, while
“head turning” and gross motor movement were recorded by the tracking devices on the
HMD and on the hand/leg tracking system. Conditions 1 and 2 were selected for the initial
study in order to compare what added value this system may have relative to standard
flatscreen delivered approaches using similar stimuli (of which we had full protocols for
with each of these participants). Condition 3 was chosen to assess differential perfor-
mance that may occur when using somewhat more “ecologically-valid” stimuli along
with a basic archetypic classroom task consisting of listen–look–respond components.
Also, while the stimuli in Condition 3 were still rather simple, the considerable standard-
ization data on the Boston Naming Test allowed us to examine performance in a meaningful
way armed with a rich history of objective results on the psychometric properties of these
particular stimuli.

Treatment of Data

One way analysis of variance (ANOVA) and chi-square analyses were conducted
comparing participants with ADHD and normal controls on all demographic variables
(see Table 1). One way ANOVAs were also used to compare group means on psychomet-
ric tests (see Table 2) and Virtual Classroom measures. Raw scores were used in the com-
parison of means on the SWAN Behavior Checklist and Judgment of Line Orientation
Test. It was determined that if any participant scored more than three standard deviations
from the mean on any given variable, then that participant would be excluded from the
analysis of that variable. Additional ANOVAs and multiple regression analyses were con-
ducted to tease out the effects of distraction on the groups (Tables 3). Further, we calcu-
lated Cohen’s d to proffer a measure of effect size for comparison of means for the Virtual
Classroom measures between participants in the ADHD Group and those in the Normal
Control Group. Correlations (a further measure of effect) were utilized to assess associa-
tions between Virtual Classroom measures and psychometric measures for participants.
An ! level of .05 was used for all statistical tests.
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RESULTS

Group comparisons were made on all demographic variables. Means and frequen-
cies of age, grade, ethnicity, and handedness variables for children with ADHD and nor-
mal controls are summarized in Table 1. One way ANOVAs were conducted comparing
participants with ADHD and normal controls on all psychometric tests (see Table 2). One
outlier case from the children with ADHD group was omitted from this analysis because
this participant consistently scored more than three standard deviations from the mean on
multiple variables. Notably, none of the children reported simulator sickness following VR
exposure as measured by the SSQ. Age and gender-corrected scores were used when available.

Hypothesis One: Group differences in Virtual Classroom performance

Condition 1 (AX task without distraction). Results from the assessment of
the AX task without distraction are presented in Table 3. Participants with ADHD per-
formed worse than normal controls on all measures except Hit RT and scored more errors
of omission and commission errors. More overall hyperactivity was present in participants
with ADHD as measured by all six measures of total body movement.

Table 2 Comparison of Means for Psychometric Measures between ADHD Group and Normal Control Group.

ADHD (n=9)* Normal (n=10) Entire Sample (n=19)

Measures M SD M SD M SD f d

SWANa 0.83 0.88 !1.54 1.11 !0.35 1.56 !5.29** 2.37
Conners CPT IIb

Omission 60.14 21.67 45.05 4.73 52.59 17.12 !2.15* 0.96
Commission 52.12 6.42 43.64 8.56 47.88 8.55 !2.51* 1.12
Hit RT 55.45 14.37 47.00 4.77 51.22 11.29 !1.76† 0.79

Stroop Testc

Word 50.00 4.71 49.60 5.40 49.80 4.94 !.18 0.08
Color 48.60 9.71 48.80 4.24 48.70 7.29 0.06 !0.03
Color-Word 46.00 7.89 55.20 6.48 50.60 8.46 2.85* !1.27

NEPSYd

Visual Attention 10.10 2.92 13.20 3.01 11.65 3.30 2.34* !1.05
Design Fluency 11.50 1.84 12.30 1.77 11.90 1.80 0.99 !0.44
Verbal Fluency 12.20 3.29 14.90 2.18 13.55 3.05 2.16* !0.97

WISC-IIIe

Digit Span 9.90 2.81 13.40 1.58 11.65 2.85 3.44** !1.54
Coding B 9.30 3.68 10.90 2.89 10.10 3.32 1.08 !0.48
Arithmetic 8.90 2.08 12.80 2.04 10.85 2.83 4.23** !1.89
Vocabulary 12.60 3.72 15.20 2.35 13.90 3.31 1.87† !0.84

Trail Making Testf

Part A 0.78 0.68 0.70 0.48 0.74 0.57 !0.32 0.14
Part B 0.37 1.18 1.02 0.40 0.70 0.92 1.65 !0.74

JLOg 19.60 5.32 25.40 2.68 22.50 5.06 3.08** !1.38

Note: ADHD=Attention-deficit/hyperactivity disorder. aSWAN Behavior Checklist raw scores. bAge- and
gender-corrected standardized scores based on Conners CPT II. General Population Norms were used for com-
parison. cAge-corrected standardized scores were generated for comparison on the Stroop Color and Word Test.
dNEPSY age-corrected standardized scores. eWechsler Intelligence Scale for Children-Third Edition age-
corrected standardized scores. fTrail Making Test age- and gender-corrected standardized scores. gJudgment of
Line Orientation Test raw scores. **p < .01, *p < .05, †p < .10. Cohen’s d (measure of effect size)=“d”.
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Condition 2 (AX task with distraction). Results from the assessment of the
AX task with distraction are presented in Table 3. Participants with ADHD performed
worse than normal controls on all measures except Hit RT and scored more errors of omis-
sion and commission. Again, more overall hyperactivity was present in participants with
ADHD as measured by all six measures of total body movement.

Condition 3 (BNT Match). Results from the assessment of the BNT match are
presented in Table 3. No significant differences between the two groups were found in omis-
sion errors, or in Hit RT. Participants with ADHD, however, scored more commission
errors, and had more overall hyperactivity as measured by all six measures of total body
movement.

Table 3 Comparison of Means for Virtual Classroom Measures Between ADHD Group and Normal Control.

ADHDa Normal Entire Sample

Measures M SD M SD M SD F d

Condition 1 (AX Task without Distraction)
Omissionb 16 10.34 4 2.98 9.68 9.48 !3.52** 1.57
Commission 16.33 10.54 3.4 4.5 9.53 10.17 !3.55** 1.60
Hit RTc 0.52 0.24 0.6 0.07 0.57 0.17 1.05 !0.45
Body Movementd X 37.78 27.03 9.7 9.86 23 24.1 !3.07** 1.38

Y 27.44 17.19 9.1 5.82 17.79 15.39 !3.19** 1.43
Z 102.44 88.98 25.8 22.31 62.11 72.9 !2.64* 1.18
R 14349 10253 3805 5833 8800 9643 !2.79* 1.26
P 7150 4889 1628 1685 4244 4479 !3.37** 1.51
H 15742 13534 2632 2752 8842 11420 !3.00** 1.34

Condition 2 (AX Task with Distraction)
Omission 22.89 10.06 7 5.52 14.53 11.25 !4.33** 1.96
Commission 12.11 8.81 2 1.89 6.79 7.95 !3.55** 1.58
Hit RT 0.56 0.29 0.59 0.09 0.58 0.2 0.33 !1.4
Body Movement X 59.67 30.39 12.2 10.58 34.68 32.55 !4.65** 2.09

Y 40.44 19.74 10 6.6 24.42 20.95 !4.61** 2.07
Z 135 92.1 30.9 23.07 80.21 83 !3.47** 1.55
R 27434 24727 6770 6005 16558 20053 !2.57* 1.15
P 10794 5257 2437 2310 6395 5773 !4.57** 2.06
H 27579 18367 5418 5588 15915 17169 !3.64** 1.63

Condition 3 (BNT Match)
Omission 0.33 0.71 0 0 0.16 0.5 !1.5 0.66
Commission 6.67 6.42 2.6 3.41 4.53 5.34 !1.75† 0.79
Hit RT 0.57 0.06 0.58 0.06 0.58 0.06 0.46 !0.17
Body Movement X 26.22 14.18 11.2 9.2 18.32 13.82 !2.77* 1.26

Y 19.11 11.04 8.6 4.62 13.58 9.69 !2.76* 1.24
Z 65 34.23 30.5 20.98 46.84 32.46 !2.68* 1.22
R 12802 12905 3518 2754 7916 10025 !2.23* 0.99
P 5635 3223 2212 1895 3136 2249 !2.86* 1.29
H 13982 15731 4796 4318 7217 6320 !1.78† 0.80

Note: aOne outlier case in the ADHD Group was omitted from this analysis. bOmission and commission
errors are raw scores. cHit Reaction Time is raw data measured in milliseconds. dBody Movement data represent
position (X,Y,Z) and orientation (R,P,H) and are measures of total body movement (leg, arm, and head trackers)
in a given condition. **p < .01, *p < .05, †p < .10. Cohen's d (measure of effect size)=“d”.
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Hypothesis Two: Children with ADHD would display more 
distractibility than controls

Results from the assessment of distractibility in children with ADHD are presented
in Table 4. No significant differences were found between the two groups on change
scores derived from errors of omission or commission. Participants with ADHD, however,
displayed more overall hyperactivity as measured by 5 out of six measures of total body
movement. On the remaining measure of total body movement positioning along the
Z-axis, there was a trend toward more body movement among participants with ADHD.

After controlling for baseline performance, a trend emerged, in which participants
with ADHD exhibit more errors of omission errors than normal controls. Significant dif-
ferences were still not found between the two groups on change scores derived from errors
of commission errors, or Hit RT. After controlling for baseline performance, four out of
six measures of total body movement retained significant differences in change scores
when comparing participants with ADHD to those without.

Hypothesis Three: Virtual Classroom correlated with traditional 
psychometric measures

For the correlations between the Virtual Classroom and traditional psychometric
measures we only considered those correlations that met the criterion of p < .05 to be
meaningful. Given our small sample size we kept ! at this level, despite the risk of Type I
error with multiple correlations. All of our significant correlations were associated with at
least moderate effect sizes. For example, our smallest correlation was r=.39, which
accounts for 15% of the variance.

On the AX task (CPT) total, omission and commission errors in the Virtual Class-
room were moderately correlated with parent behavioral ratings on the SWAN Behavior
checklist (r=.51; and r=.59, respectively). Correlations of Virtual Classroom body

Table 4 Comparison of Virtual Classroom Performance Degradation from Condition 1 to Condition 2 between
ADHD Group and Normal Control Group.

ADHDa (n=9) Normal (n=10)

Measuresb M SD M SD f rc

Omission 6.89 6.57 3.00 5.60 "1.39 1.94†

Commission "4.22 6.57 "1.4 3.81 1.16 1.00
Hit RT 0.04 0.15 "0.01 0.10 "0.89 0.81
Body Movement
X 21.89 14.99 2.50 6.40 "3.74** 3.07**
Y 13.00 9.72 0.90 4.33 "3.57** 2.81*
Z 32.56 28.92 5.10 13.45 "2.70* 2.37*
R 13085 16564 2965 6448 "1.79† 0.51
P 3644 2598 809 1434 "2.99* 2.46*
H 11838 8189 2786 4359 "3.05** 1.67

Note: aOne outlier case in the ADHD Group was omitted from this analysis. bChange scores were calculated
by subtracting performance values on Condition 1 (AX Task without Distraction) from performance values on
Condition 2 (AX Task with Distraction) for each Virtual Classroom measure. cMultiple regression analysis was
performed using baseline performance as a covariate. **p < .01, *p < .05, †p < .10.
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movement with behavior ratings were slightly higher in the distracting condition (r=.61)
than the non-distracting condition (r=.47). On the “incorrect match” BNT task condition,
commission errors but not omission errors in the Virtual Classroom were moderately cor-
related (r=.51) with parent behavioral ratings on the SWAN Behavior checklist. On the
“correct match” BNT condition, however, neither omission nor commission errors in the
Virtual Classroom were correlated with parent behavioral ratings on the SWAN Behavior
checklist. Virtual Classroom body movement measures were moderately correlated with
parent behavioral ratings in both BNT task conditions (r=.41; and r=.49, respectively),
and the strength of these correlations did not differ significantly between the conditions.

In the non-distracting condition (Condition 1), commission errors but not omission
errors in the Virtual Classroom were correlated with errors, and average reaction time for hits
on the Conners’ CPT II (r=.51; and r=.75, respectively). When distractions were introduced,
commission errors in the Virtual Classroom were still correlated with errors, and average reac-
tion time for hits on the Conners’ CPT II (r=.44; r=.79, respectively). In the non-distracting
condition, Virtual Classroom body movement was correlated with omission errors (r=.73),
commission errors (r=.46), and average reaction time for hits (r=.49) on the Conners’ CPT II.

Correlations between Virtual Classroom measures and the Conners’ CPT II were
more variable between the two BNT task conditions. In both conditions, commission
errors in the Virtual Classroom were correlated with errors, and average reaction time for
hits on the Conners’ CPT II (r=.39; and r=.70, respectively). The pattern for Virtual
Classroom omission errors, however, was more variable. Omission errors in the Virtual
Classroom were not correlated with any Conners’ CPT II variables in the incorrect match
BNT condition, but they were moderately correlated with Conners’ CPT II omission
errors and average reaction time on hits in the correct match BNT condition (r=.52).

Virtual Classroom body movement measures were not related to any of the Conners’
CPT II variables in either of the two BNT task conditions. When correlations were calcu-
lated separately for each group, however, it was noticed that in the correct match BNT
condition very strong individual group correlations were working in opposite directions
and actually reducing the total sample correlation for one measure. Specifically, it was
found that strong positive correlations exist between Virtual Classroom body movement
and commission errors on the Conners’ CPT II for the normal control group (r=.77). In
contrast, strong negative correlations exist between Virtual Classroom body movement
and commission errors on the Conners’ CPT II for the participants with ADHD (r=!.82).

DISCUSSION

The results of this study indicate that: (1) participants with ADHD exhibited more
omission errors, commission errors, and overall body movement than normal control chil-
dren in the Virtual Classroom; (2) participants with ADHD were more impacted by dis-
traction than normal control children in the Virtual Classroom; (3) Virtual Classroom
measures were correlated with traditional ADHD assessment tools, the behavior checklist
and flatscreen CPT. Additionally. No negative side effects were associated with use of the
Virtual Classroom.

Hypothesis One: Group differences in Virtual Classroom Performance

Participants with ADHD scored more omission and commission errors than normal
controls. This finding is consistent with the literature on CPT performance differences
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found between participants with ADHD and normal controls (Corkum & Siegel, 1993;
Losier et al., 1996). It lends support to the idea that ADHD is indeed marked by inatten-
tion and impulsivity and that participants with ADHD are more inattentive (omission
errors) and impulsive (commission errors) than normal controls. Participants with ADHD
also exhibited more overall body movement than normal controls, which is also consistent
with the literature on performance of participants with ADHD. These body movement
differences, however, which lend support for the hyperactivity component of ADHD, have
typically been limited to assessment by qualitative observation via behavioral question-
naires. The Virtual Classroom is the first ADHD assessment tool to quantify the inatten-
tion, impulsivity and hyperactivity components of ADHD in a virtual “classroom
environment”, which is thought to be a more ecologically valid environment that approxi-
mates what a participants with ADHD might experience in the real world.

Hypothesis Two: Children with ADHD would Display more 
Distractibility than Controls

For both the participants with ADHD group and normal control group, the introduc-
tion of distractions into the AX task scenario resulted in more omission and commission
errors and more overall body movement. This is intuitively what we would expect of a
good distraction from the AX task, and this finding lends support to the idea that Virtual
Classroom distractions are indeed distracting. We found that when a given stimulus was
truly distracting an individual from paying attention to a task, performance was reduced
on that task. Further, more evidence was found of missed targets (omissions) and a smaller
number of false hits (commissions) due to being distracted from the task at hand. Addi-
tionally, we found that when a given stimulus was truly distracting and attending to that
stimulus required more body movement than attending to the task at hand, more evidence
of total body movement due to distraction was apparent.

Condition 1 (AX task without distraction). In the non-distracting condition,
commission errors but not omission errors in the Virtual Classroom were correlated with
omission errors, commission errors, and average reaction time for hits on the Conners’
CPT II. This finding appears to be consistent with findings in the literature that errors of
commission on CPT tasks may be more likely than those of omission to discriminate par-
ticipants with ADHD from normal children (Barkley, 1991). If these findings regarding
commission errors on CPT tasks were indeed true, then a measure of CPT commission
errors set within the context of a Virtual Classroom environment would be more likely to
correlate with other measures known to discriminate between participants with ADHD
and normal children (i.e. Conners’ CPT II) than other CPT measures which might be set
within that same environment.

Increased Virtual Classroom body movement was more closely related to an
increase in Conners’ CPT II omission errors for the participants with ADHD group than
for normal controls. Hence, increased hyperactivity in children will result in greater inat-
tention given to a task. If one assumes that hyperactivity is consistent across tasks (and
this was the rule, not the exception in the current sample of participants), then a child who
was hyperactive in the Virtual Classroom would also exhibit hyperactivity while complet-
ing the Conners’ CPT II. The presence of hyperactivity while completing the Conners’
CPT II would in turn result in greater inattention to the task and more omission errors.
Virtual classroom body movement was more closely related to commission errors on the
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Conners’ CPT II for normal controls than the participants with ADHD group. This finding
fits with the idea that increased Virtual Classroom body movement among the participants
with ADHD group in not closely related to increased impulsivity as measured by commis-
sion errors on the Conners’ CPT II, which also makes sense if one accepts the notion that
greater overall hyperactivity results in greater inattention to the task and less commission
errors. For normal controls increased body movement was more related to decreased
average reaction time for hits (i.e. faster reaction time) on the Conners’ CPT II.

Condition 2 (AX task with distraction). In the distracting condition, Virtual
Classroom body movement measures were correlated with omission errors on the Con-
ners’ CPT II, but not commission errors or average reaction time for hits. Compared to the
non-distracting condition, these correlations between body movement measures and omis-
sion errors are a little lower. We would expect to see this reduction due to the presence of
systematic distractions in the VC scenario, however, which are not found in the Conners’
CPT II paradigm. The tendency for an increase in Virtual Classroom body movement to
be related to an increase in Conners’ CPT II omission errors was truer for the participants
with ADHD group than the normal control group. Yet still, this finding makes intuitive
sense given the finding presented earlier that this participants with ADHD group exhibited
more hyperactivity and distractibility as measured by overall body movement than the
normal control group.

Hypothesis Three: Virtual Classroom Correlated with Traditional 
Psychometric Measures

Again, for correlations between the Virtual Classroom and traditional psychometric
measures we only considered those correlations that met the criterion of p < .05 to be
meaningful. Given our small sample size we kept ! at this level, despite the risk of Type I
error with multiple correlations. All of our significant correlations were associated with at
least moderate effect sizes. For example, our smallest correlation was r=.39 (commission
errors in the Virtual Classroom correlated with errors on the Conners’ CPT II), which
accounts for 15% of the variance.

Virtual classroom body movement measures were moderately correlated with parent
behavioral ratings in both BNT task conditions, and the strength of these correlations did
not differ significantly between the conditions. Apparently, an increase in overall body
movement on the BNT task conditions of the Virtual Classroom is related to an increase in
more ADHD-like behavior (inattention, impulsivity, hyperactivity) as measured by parent
ratings of behavior.

It was found that strong positive correlations exist between Virtual Classroom body
movement measures and commission errors on the Conners’ CPT II for the normal control
group. In contrast, strong negative correlations exist between Virtual Classroom body
movement measures and commission errors on the Conners’ CPT II for the participants
with ADHD group. Apparently, increased Virtual Classroom body movement is related to
an increase in commission errors on the Conners’ CPT II for the normal control group. On
the other hand, increased Virtual Classroom body movement is related to a decrease in
commission errors on the Conners’ CPT II for participants with ADHD. These differences
do make intuitive sense and follow the line of thinking presented earlier. If one accepts the
notion that greater overall hyperactivity could result in greater inattention to the task and
in turn less commission errors, then the finding makes intuitive sense that increased
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Virtual Classroom body movement among the participants with ADHD group was not
closely related to increased impulsivity but rather decreased impulsivity (less omissions)
as measured by the Conners’ CPT II.

Correlations of Virtual Classroom body movement variables with behavior ratings
were slightly higher in the distracting condition than the non-distracting condition, but this
is what we would expect from a good distraction. A good distraction should, in effect,
evoke more body movement. On the “incorrect match” BNT task condition, commission
errors but not omission errors in the Virtual Classroom were moderately correlated with
parent behavioral ratings on the SWAN Behavior checklist. On the “correct match” BNT
condition, however, neither omission nor commission errors in the Virtual Classroom
were correlated with parent behavioral ratings on the SWAN Behavior checklist. It is difficult
to explain why this correlation would be found in the incorrect match condition and not in
the correct match condition. The lack of a significant finding of strong correlations
between these laboratory methods of assessing attention and parent ratings of behavior,
however, fits generally well with what has been described in the literature (Barkley, 1991).

Limitations and Projections for Future Studies

Our findings should be understood in the context of some limitations. First, it is
important to note that the normal controls tended to have higher scores on the WISC-III.
Future studies should make attempts at reducing the disparity between such measures
between groups. For the current study, we acknowledge that this may have some bearing
on the overall interpretation of results. Furthermore, these findings are based on a fairly
small sample size. As a necessary next step, the reliability and validity of the test needs to
be established using a larger sample of participants. This will ensure that the current find-
ings are not an anomaly due to sample size. Additionally, as indicated above, the diagnos-
tic utility of this ADHD assessment tool must be determined. The ability of the Virtual
Classroom to accurately classify participants into ADHD and non-ADHD groups based on
carefully established critical values must be evaluated. This will involve the generation of
specific cut-off points for classifying a positive (ADHD likely) or negative (ADHD
unlikely) finding. The Virtual Classroom’s prediction of ADHD will need to be evaluated
by the performance indices of sensitivity, specificity, predictive value of a positive test,
and predictive value of a negative test. Even though reliability is considered to be a unique
asset of testing in computer-generated VEs, issues of test–retest reliability need to be
addressed. Complementary comparisons of the Virtual Classroom with behavioral and
cognitive tests developed to assess ADHD are also warranted to determine the construct
validity of the test. Finally, the ability of the Virtual Classroom to accurately classify
participants not involved in the initial validation study will need to be examined for cross-
validation purposes.

Our goal was to conduct an initial pilot study of a Virtual Classroom scenario that
employs a standard CPT for the assessment of participants with ADHD. We believe that
this goal was met, as all of our hypotheses about the Virtual Classroom were confirmed.
We recognize, however, that the current findings are only a first step in the development
this tool. Many more steps need to be taken in order to continue the process of test devel-
opment and to fully establish the Virtual Classroom as a measure that contributes to exist-
ing assessment procedures for the diagnosis of ADHD.

Whilst the Virtual Classroom as a measure needs to be fully validated, current find-
ings provide preliminary data regarding the validity of the virtual environment as an
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ADHD measure. The Virtual Classroom was able to differentiate between participants
with ADHD and normal control children very effectively. Furthermore, the Virtual Class-
room was correlated with two of the most widely used ADHD assessment tools, the
behavior checklist and flatscreen CPT. Nevertheless, the fairly small sample size and
higher WISC-III scores of normal controls require that the reliability and validity of the
Virtual Classroom be established using a larger sample of well-matched participants. This
will ensure that current findings are not a sample size or intelligence related anomaly. As
indicated above, the diagnostic utility of the Virtual Classroom for ADHD must be deter-
mined. The ability of the Virtual Classroom to accurately classify participants into ADHD
and non-ADHD groups based on carefully established critical values must be evaluated.
This will involve the generation of specific cut-off points for classifying the likelihood of
an ADHD finding. Extensive comparisons of the Virtual Classroom with behavioral and
cognitive tests developed to assess ADHD are also warranted to adequately establish the
construct validity of the test. Finally, the ability of the Virtual Classroom to accurately
classify participants not involved in the initial validation study will need to be examined
for cross-validation purposes.
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Virtual reality training to enhance behavior and cognitive function among children
with attention-deficit/hyperactivity disorder: brief report
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ABSTRACT
Purpose: To examine the feasibility and efficacy of a combined motor-cognitive training using virtual
reality to enhance behavior, cognitive function and dual-tasking in children with Attention-Deficit/
Hyperactivity Disorder (ADHD).
Methods: Fourteen non-medicated school-aged children with ADHD, received 18 training sessions during
6 weeks. Training included walking on a treadmill while negotiating virtual obstacles. Behavioral
symptoms, cognition and gait were tested before and after the training and at 6-weeks follow-up.
Results: Based on parental report, there was a significant improvement in children’s social problems and
psychosomatic behavior after the training. Executive function and memory were improved post-training
while attention was unchanged. Gait regularity significantly increased during dual-task walking. Long-
term training effects were maintained in memory and executive function.
Conclusion: Treadmill-training augmented with virtual-reality is feasible and may be an effective treat-
ment to enhance behavior, cognitive function and dual-tasking in children with ADHD.
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Introduction

Attention Deficit Hyperactivity Disorder (ADHD) affects an
estimated 7.2% of school-aged children worldwide.1 Executive
dysfunction frequently characterizes patients with ADHD,
impairing response inhibition, vigilance, working memory
and planning.2 In addition, compared to their healthy peers,
children with ADHD may present a developmental delay in
motor control, balance and fine motor skills.3,4 From a func-
tional perspective, children with ADHD show impaired ability
to perform two simultaneous tasks (i.e., dual-tasking), and
respond differently to cognitive motor interference as com-
pared to controls.5,6 The standard of care treatment for pre-
adolescents with ADHD includes the use of stimulant
medication, in combination with behavioral therapies involving
both parents and teachers.7 Although the efficacy of stimulants
has been well established, it offers a limited solution. First,
pharmacological treatment is not effective in some patients.
For instance, children with mild symptoms or children with
coexisting disorders show limited response.8 Moreover, the use
of stimulants can lead to multiple side effects such as increased
fatigue, decreased affect and loss of appetite.9 Consequently,
medication non-adherence is extremely common in ADHD,
with prevalence rates ranging from 13.2 to 64%.10

Developing alternative and/or adjunct non-pharmacologi-
cal interventions may offer a solution to the concerns

regarding long-term medication regimen and related side
effects. However, very few studies have managed to demon-
strate superior or substantial additive effect of the non-phar-
macological approach.11 Furthermore, cognitive training that
targets specific skills (e.g. working memory) do not extend to
improve behavior and other functional abilities in the home
and school settings.12 A more promising therapeutic approach
is using physical activity which has been recognized as bene-
ficial for improving cognitive performance and behavioral
symptoms in children with ADHD.13 For example, interven-
tions that include treadmill walking, running, swimming or
dancing produced moderate to high favorable effect on core
symptoms of ADHD.14 The rationale supporting this
approach is based on the neurobiological effects of aerobic
exercise as observed in animal models, as well as data col-
lected in healthy children, adolescents and young adults.15

Virtual Reality (VR) simulates real world scenarios, requiring
user responses to events occurring in the virtual environment.
This interaction is mediated through multiple sensory channels,
allowing the manipulation of a controlled and flexible exercise.16

VR can provide a therapeutic medium combining motor and
cognitive elements as a form of dual-task training, while utilizing
the game-like properties of VR to enhance adherence and moti-
vation. VR technology was recently used to augment treadmill
training, leading to positive effects on gait, balance, dual-tasking
and cognitive abilities in older adults who experienced falls.17
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However, this dual-task training has not yet been tested in
children with ADHD. Thus, the aim of this pilot study was to
explore the feasibility and efficacy of a combined treadmill and
VR training in non-medicated children with ADHD. We
hypothesized that 6 weeks of VR-based gait training will reduce
ADHD behavioral symptoms, improve attention and executive
function, and increase the within subject consistency of gait
during dual-task.

Methods

Design and setting

The present pilot study used a single-group pretest/posttest
design. Subjects were tested at baseline (T1), immediately
after completing a 6-weeks training program (T2) and again
after 6 weeks of follow-up (T3). The assessments and the
intervention were conducted at the Center for the Study of
Movement, Cognition and Mobility in Tel-Aviv Sourasky
Medical Center. The study was approved by the local institu-
tional ethical review board, protocol number 0544–13-TLV.
The parents of the children involved in this study provided
informed written consent prior to their participation.

Participants

We recruited 14 children that were referred by a child neurol-
ogist from the ADHD clinic at the Child Development Unit in
Dana Children’s hospital. Inclusion criteria were: (1) ages
between 8 and 12 years, (2) diagnosis of ADHD according
to the DSM-5 criteria, confirmed by a child neurologist and
(3) attendance to a regular education framework. Participants

were excluded if they were on active medication to treat
ADHD, or had other serious medical conditions that might
affect cognitive or motor function (e.g., autism, genetic or
other neurologic syndromes).

Intervention apparatus and protocol

The training program included 18 sessions held three times a
week for 6 weeks. Session duration ranged from 30 min to 1 h,
in which subjects walked on a treadmill with a safety harness,
while negotiating virtual obstacles to induce dual-task training
(see Figure 1). The VR training system was previously
described in detail.17 Briefly, a motion capture camera was
used to collect the participants’ walking movement and transfer
it to a computer-generated simulation that was projected on a
screen in front of the treadmill. The virtual environment pre-
sented different obstacles that required the modulation of steps,
while providing auditory and visual feedback. The training level
of difficulty, in terms of motor and cognitive load, was gradu-
ally progressed between sessions. A physical therapist assessed
the children’s performance during training and determined the
treadmill speed, walking duration and the virtual task demands
accordingly. For further details regarding the training progres-
sion rationale please see Supplemental Figure 1.

Procedure and measures

Training progression and adherence

Participant attendance and training parameters were docu-
mented for each session. To assess patient satisfaction from
the treatment, during T2, the children were asked to rate their

Figure 1. Training system and virtual simulation.
During the training, participants walk on a treadmill wearing a safety harness. Subjects’ walking movement is detected using colored markers placed on the shoes,
and transferred to the virtual simulation (Panel A). The VR simulation is projected on a screen and presents obstacles in the shape of hurdles (Panel B) and puddles
(Panel C). Obstacles can be modified in size, frequency of appearance and left or right side bias by the trainer. Feedback is provided for errors in the form of red light
and successful crossings in the form of green light. In addition, knowledge of results on overall performance, walking duration and distance walked appears at the
bottom left side of the screen (Panels B + C).
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response on a visual analogue scale ranging from 0 (not
satisfied at all) to 100% (most satisfied).

Behavior related to ADHD symptoms

Parents were asked to fill out the long form of the Conners’
Parent Rating Scale - Revised (CPRS-R) at each testing point.
The CPRS-R evaluates a variety of symptoms such as cogni-
tive problems, inattention, hyperactivity and social problems.
Raw scores of the CPRS-R are computed to generate T-scores,
normalized to age and gender, forming 14 different subscales.
A T-score of 50 reflects a typical behavior, whereas higher
T-scores reflect moderately (>60) to markedly (>70) atypical
behavior, suggestive of a significant problem in behavior.18

Cognitive function

TheNeuroTrax™ (NeuroTrax Corp., Medina, NY) computerized
neuropsychological battery was used to assess cognitive function
in multiple domains including attention, memory and executive
function.19 This tool was validated in a study, which found that
children with ADHD off stimulant medication performed signifi-
cantly worse compared to healthy controls. Conversely, methyl-
phenidate uptake enhanced children’s performance and
eliminated between-subject differences in all cognitive domains,
excluding attention.19 The computerized test consists of five tasks:
(1) “Stroop test”, which captured response inhibition to incon-
gruent stimuli, (2) “Go-NoGo” task which is a variant of the
continuous performance test, (3) verbal and (4)non-verbal mem-
ory tasks, that measured immediate and delayed recall and (5) a
“Catch game”, which tests set-shifting, adaptation and planning.19

Tasks were presented in the same order at each testing point. The
NeuroTrax battery generates index IQ-like outcome for each
cognitive domain and a global cognitive score, in which 100
represent the normative mean based on age and education. The
color trails test was tested to further evaluate attention and execu-
tive function.20

Dual-task

To evaluate divided attention and its influence on functional
outcomes (i.e., gait pattern), we used a dual-task walking para-
digm that was previously tested among children with ADHD.5

Subjects were asked to walk at their usual pace for one minute,
while listening to a short text. The children were asked in
advance to count two pre-defined words that were repeated in
the text several times while walking. After they finished walking,
subject answered five multiple choice questions regarding the
content of the text. Previous studies have shown that compared
to usual walking, this type of dual-task load reduces gait speed
and alters gait automaticity in children withADHDoff stimulant
medication.5,6 Gait was recorded using an eight-meter instru-
mented walkway (Zeno walkway and PKMAS software,
ProtoKinetics LLC, Havertown, PA) and a 3D-accelerometer,
worn on the lower back (Opal, APDM, Inc., Portland, OR). Gait
variables included gait speed, stride time variability, step and
stride regularity. Gait regularity was quantified based on accel-
eration data using unbiased autocorrelation.21 This method pro-
duces index scores that range between zero (i.e., gait is highly

inconsistent) and one, i.e., steps or strides acceleration pattern
are perfectly auto-correlated suggesting movement pattern is
highly consistent throughout the walk.21 Stride time variability
was computed as the percentage of the coefficient of var-
iance (100! standard deviation

mean ).

Statistical analysis

Data analysis was performed using SPSS (IBM SPSS software)
version 22. The differences between scores before and after
the training were computed for dependent quantitative vari-
ables. The measures were explored for outliers and tested for
normality using box-plots and the Shapiro–Wilk test. In this
exploratory, hypotheses generating study, we did not use a
repeated-measures analysis, to avoid loss of data resulting
from subject attrition (see Supplemental Figure 2). Instead,
we compared data between T1 and T2 to assess immediate
training effects. Long-term training effects were assessed by
comparing data collected during T1 and T3. The paired-sam-
ple t-test was used to compare mean scores and standard
deviation of variables with normally distributed difference
across time. Variables with abnormally distributed differences
(i.e., number of errors during the color trails test) were com-
pared across time using the Wilcoxon signed-rank test. The
alpha level of significance for all tests was set to p = 0.05 and
was not adjusted for multiple-comparisons. Effect sizes for the
comparisons (Cohen’s d) were calculated and interpreted as
small (d = 0.2), medium (d = 0.5) or large (d = 0.8).

Results and discussion

Fourteen children (mean age 9.3 ± 1.2 years, range 8 to 11.7 years)
participated in the study. The cohort included 11 boys (79%,mean
age 9.4 ± 1.3 years) and three girls (21%, mean age 8.7 ± 0.5 years).
Evaluation time points and data collection are summarized in a
flowchart (see Supplemental Figure 2). On average, the children
attended 15.8 ± 1.8 training sessions (range 11–18). After com-
pleting the intervention, children reported a mean of 82.5% satis-
faction from participating in the study. Changes in the study
outcomes observed after the training are presented in Table 1.

Behavior

Parental reports after the training revealed a significant
immediate training effect in reducing the frequency of chil-
dren’s social problems, i.e., difficulty in making new friends or
maintaining relationships with friends (p = 0.047, d = 0.64).
Similar results were observed in a study by Verret et al., who
showed that children with ADHD who underwent 10 weeks of
moderate to vigorous intensity physical exercise program had
significantly less social problems post-training compared to
an inactive control group.22 Social impairments with peers are
prevalent in about 50% of children with ADHD and have a
detrimental effect on their quality of life.23 Pharmacotherapy
and social training have limited and inconsistent effects on
these impairments;23 however, studies that used parental
reports to measure the outcome of using stimulant medication
showed medium effect sizes comparable to our findings.24

Kofler et al. suggests that social problems are the behavioral
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outcome of children’s central executive dysfunction, i.e., the
inability to focus, divide and shift attention to on-going events
and social cues within the environment.25 It is possible that
the improvement in the children’s cognitive function after the
training was transferred to better behavioral abilities.

We also observed significant change in psychosomatic
behavior, i.e., frequent complaints about pain and fatigue
(p = 0.024, d = 0.75), which persisted at follow-up
(p = 0.067, d = 0.66). Strong trends for improvement were
found in actions related to hyperactivity (p = 0.074, d = 0.57)

Table 1. Training effects on behavior, cognitive function and dual-tasking measures.

Mean values ± SD
(Skewness, Kurtosis) Effect-size (Cohen’s d)

T1 T2 T3 T1 vs. T2 T1 vs. T3 T2 vs. T3

BEHAVIOR
Oppositional behavior 68.2 ± 12.5

(0.36,-0.98)
63.4 ± 12.7
(0.32,-0.93)

64.8 ± 12.0
(!0.49,-0.40)

0.34 0.01 !0.11

Inattention 70.0 ± 10.6
(!0.41,-0.63)

64.1 ± 9.2
0.42,-0.39)

67.1 ± 9.0
(0.08,-0.65)

0.48 !0.12 !0.40a

Hyperactivity 72.8 ± 12.6
(0.18,-0.28)

63.9 ± 7.2
(!0.04,-0.33)

67.3 ± 6.7
(0.13,-1.27)

0.57 0.14 !0.16

Anxious-shy behavior 51.9 ± 9.2
(0.64,-0.33)

48.1 ± 8.7
(1.23,0.70)

50.1 ± 10.1
(1.63,2.63)

0.44 !0.05 !0.08

Perfectionism 54.9 ± 11.2
(!0.03,-1.46)

55.8 ± 10.6
(0,-0.57)

55.9 ± 13.2
(1.25,2.78)

!0.10 0.00 0.08

Social problems 62.6 ± 16.8
(0.73,-0.91)

55.9 ± 11.2
(0.17,-1.70)

56.0 ± 7.7
(!0.32,-0.15)

0.64* 0.32 0.21

Psychosomatic behavior 61.8 ± 16.8
(0.62,-0.45)

53.0 ± 15.7
(1.43,1.29)

52.6 ± 10.9
(0.34,-1.86)

0.75* 0.66 !0.31

ADHD index 75.8 ± 12.6
(!0.75,0.42)

71.6 ± 14.6
(0.37,-1.12)

80.4 ± 13.2
(0.35,-1.23)

0.33 !0.55 !0.65

Restless-impulsive 72.0 ± 11.5
(0.24,-0.51)

64.4 ± 9.9
(!0.46,0.38)

66.9 ± 7.7
(0.58,0.16)

0.62 0.13 !0.21

Emotional lability 60.7 ± 15.8
(0.18,-1.81)

54.4 ± 11.0
(0.01,-0.99)

56.5 ± 10.0
(0.63,0.18)

0.39 0.11 !0.36a

Conners’ global index 69.7 ± 11.5
(!0.14,-1.02)

62.0 ± 8.8
(!0.72,0.47)

64.9 ± 8.4
(0.73,-0.30)

0.57 0.12 !0.37

DSM-IV Inattentive 71.6 ± 12.6
(0.18,-0.47)

65.9 ± 9.2
(!0.19,-1.15)

69.3 ± 8.6
(!0.39,-1.13)

0.41 !0.24 !0.33a

DSM-IV Hyperactive-impulsive 72.6 ± 10.2
(!0.09,-0.43)

66.5 ± 10.0
(!0.33,-0.40)

69.3 ± 8.3
(0.70,0.95)

0.49 0.09 !0.09

DSM-IV Total 75.4 ± 11.2
(0.02,-0.20)

68.9 ± 10.2
(!0.18,-1.05)

72.4 ± 7.5
(0.44,0.50)

0.47 !0.06 !0.30

COGNITIVE FUNCTION
Attention index 92.5 ± 9.2

(!0.69,0.61)
92.5 ± 9.6
(!1.45,2.56)

88.3 ± 18.0
(!0.71,-1.27)

!0.01 0.23 !0.05a

Executive function index 88.0 ± 11.0
(1.21,1.09)

92.9 ± 8.5
(!0.29,-0.54)

92.6 ± 8.8
(0.74,1.40)

!0.63* !0.64* 0.17

Memory index 93.7 ± 15.6
(!1.52,1.70)

105.0 ± 6.4
(!1.05,0.87)

105.1 ± 9.7
(!1.79,2.27)

!0.86* !1.40* 0.09

Global cognitive score 91.3 ± 9.9
(!0.01,-0.13)

96.8 ± 7.2
(!0.53,-0.09)

95.6 ± 8.9
(!0.02,-1.39)

!0.95* !0.41 0.41

CTT part 1 [sec] 73.5 ± 29.9
(0.38,-0.76)

63.9 ± 23.0
(0.74,1.58)

56.7 ± 18.5
(0.42,0.17)

0.36 1.01* 0.42

CTT part 2 [sec] 157.4 ± 49.5
(0.55,0.14)

115.4 ± 22.5
(0.30,-0.83)

111.1 ± 57.8
(1.73,3.96)

0.89* 1.46* !0.24a

CTT delta 2–1 [sec] 83.9 ± 37.7
(0.14,-1.13)

51.5 ± 22.2
(!0.32,1.03)

54.4 ± 47.8
(1.80,2.95)

0.63* 0.78* !0.12

Sequence errors part 1a 0.36 ± 0.63
(1.69,2.21)

0.14 ± 0.36
(2.30,3.79)

0.10 ± 0.32
(3.16,10.00)

!0.32 !0.89* 0.00a

Sequence errors part 2a 0.86 ± 1.09
(1.13,0.15)

0.07 ± 0.27
(3.74,14.00)

0.70 ± 0.95
(0.74,-1.64)

!0.71 !0.31 !0.59a

DUAL-TASK
Gait speed [m/sec] 1.03 ± 0.17

(!0.47,0.49)
1.07 ± 0.12
(!0.15,-0.69)

1.08 ± 0.07
(!0.56,-0.05)

!0.23 !0.25 !0.24

Stride time variability [%] 2.10 ± 0.82
(1.20,1.68)

1.91 ± 0.66
(0.61,0.33)

1.75 ± 0.77
(0.57,-0.28)

0.31 0.55 0.35

Step regularity 0.49 ± 0.11
(!2.27,6.27)

0.57 ± 0.09
(0.73,-0.46)

0.53 ± 0.12
(0.07,0.01)

!0.77* !0.51 0.65

Stride regularity 0.39 ± 0.11
(!1.77,3.44)

0.46 ± 0.12
(!0.74,0.91)

0.44 ± 0.13
(0.15,-0.36)

!0.70* !0.61 0.15

Counting task success [%] 82.0 ± 15.3
(!1.42,1.20)

76.0 ± 18.9
(!0.55,-0.92)

79.4 ± 12.3
(!0.27,-0.21)

0.22 !0.10 !0.10

Recall task success [%]a 85.7 ± 12.2
(!0.19,-0.26)

92.8 ± 12.6
(!1.69,2.21)

80.0 ± 31.3
(!2.18,5.23)

!0.45 !0.11 0.38

CTT: color trails test
*Within-subject results that were significantly different from baseline (T1).
a Variables for which p-values and effect size are based on the Wilcoxon signed-rank test.
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and restless-impulsive behavior (p = 0.055, d = 0.62). These
findings support the idea that the VR training had a positive
impact on several features of behavior, with moderate effect
size. This program appears to be a potential tool for treatment
in ADHD and may be a viable supplement to medication.

Cognitive function and dual-tasking

The computerized attention index score was unchanged
between testing points (p = 0.976), which was not consistent
with our initial hypothesis. Attention in nature is multifaceted,
thus the attention index score may not be sensitive to the VR
training effects. Similarly, Leitner et al. found that the attention
index score of children with ADHD did not respond to the use
of either placebo or methylphenidate.19 It is also possible that
certain modalities of attention were resistant to treatment, i.e.,
sustained attention or vigilance, whereas orienting and selective
attention had improved and were reflected in better executive
function scores. Indeed, immediately after the training, subjects
performed significantly better in tests of executive function as
compared to baseline; children accomplished higher executive
function index score in the computerized battery (p = 0.042,
d = 0.63) and completed the color trails test part 2 significantly
faster (p = 0.005, d = 0.89) with fewer sequence errors (p = 0.026,
d = 0.71). At follow-up, significant, large effects were observed
in the time to complete both parts of the color trails test
(p < 0.011, d > 1.01) indicating the retention of the training
effect on executive function and on some aspects of attention.20

In addition, the VR training has led tomarked improvement in
thememory index score immediately after the training (p = 0.001,
d = 0.86). The training effect on memory persisted 6 weeks later
(p = 0.003, d = 1.40) andmay also be linked to increased attention.
Since memory has limited capacity, improvement in selective
attention can augment the process of encoding by ignoring irre-
levant elements, resulting in the determination and storage of only
relevant information.26 Although memory was not specifically
trained, the improvement that was found may represent transfer
of the training effect to additional cognitive domains.
Nevertheless, additional work in a larger sample is needed to
determine the extent of findings beyond this pilot study.

The participants’ step and stride regularity under dual-task
were significantly improved after the training. Step regularity
was increased (i.e., became more consistent) from 0.49 ± 0.11 at
baseline to 0.57 ± 0.09 post-training (d = 0.77, p = 0.016) with
similar changes observed in stride regularity. In other words,
children’s walking pattern was more consistent, reflecting a
more mature motor control of gait.3 Gait regularity was
shown to be affected by concurrent cognitive tasks even in
healthy children and young adults.27 In addition, in patients
with Parkinson’s disease, higher stride regularity measured dur-
ing daily-living was associated with better global cognitive
scores and attention.28 While gait pattern was improved after
the training, performance of the cognitive task during walking
was generally unchanged between baseline and post-training
assessment, with a trend for improvement in the content recall
task (p = 0.096, d = 0.45). Changes in gait parameters between
baseline and 6-weeks follow-up were not significant. The pre-
sent outcomes underline a small but noteworthy effect on
children’s gait and dual-task abilities that may also result from

better cognitive function after the VR training, i.e., the ability to
appropriately divide attention during dual-task walking.

In a secondary analysis comparing T2 and T3, we did not
find any significant differences in children’s behavior, cogni-
tive performance or dual-tasking (see Table 1). This may
imply that during the non-active follow-up, ADHD symptoms
remained relatively stable. Nevertheless, some of the immedi-
ate improvements observed post-training still persist 6 weeks
after the training (i.e., T1 vs. T3).

Our pilot study has several limitations. First, we did not use a
control group, therefore we cannot rule out the effect of time
and repeated measures on the gains observed after the interven-
tion. Second, sample size was small and several children were
lost to follow-up. In addition, the participants were not on active
medication, suggesting a relatively mild pathology and perhaps
low burden of ADHD symptoms that may have induced a
ceiling effect. Furthermore, the low severity of ADHD symp-
toms in our cohort restricts our ability to draw conclusions and
generalize the findings to children with moderate or high bur-
den of ADHD. In the future, it would be interesting to examine
the effects of the VR training in a controlled and larger sample.

To conclude, the results of the study demonstrate the feasi-
bility and potential efficacy of using VR training in children with
ADHD. Several clinical implications derive from our initial find-
ings. This innovative program utilizes simple and relatively inex-
pensive apparatus and can be easily applied in many clinical
settings.17,29 Furthermore, the VR training program can also be
offered as an adjunct therapy for children with a more severe
phenotype of ADHD who are using stimulant medications.
Stimulants can potentially augment the training effect by priming
motor learning processes during practice. Future work should
include a randomized controlled trial comparing different non-
pharmacological approaches such as VR training, cognitive reme-
diation and a comparison of these approaches to standard phar-
macological treatment. The effects on behavior and cognitive
function observed in this pilot work motivate these future studies.
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The study found that adults with intellectual disabilities of all ages, and with various levels of cognitive
function, could access and enjoy a virtual environment that drew on a health care-related scenario.
They engaged with the scenario as if they were actually there, which encouraged them to talk about
previous experiences. This indicates a potential for experiential knowledge to become the foundation of
new learning about a health care-related scenario. All participants were able to remember some aspects
of the virtual environment when interviewed a week later.

We were surprised by the degree of concentration and engagement shown by the participants. One of
the influencing factors might have been the high degree of scenario recognition, through which the
participants appeared to exhibit the subjective sensation of feeling and behaving as if they were
actually there [30]. This engagement with the scenario is akin to the concept of cognitive presence, the
predeterminants of which have been attributed variously to facilitation by technological equipment
[7,31], or its psychological [32] or multidimensional nature [6]. Heeter’s [6] 3-dimensional model,
consisting of personal presence (the sense of being there), social presence (reaction to other beings in
the virtual environment), and environmental presence (the extent to which the environment appears to
know that the person is there), best reflects the way we designed the environment. Our observations of
the participants’ responses to the environment, in terms of their relationship to the nurse and patient,
plus the interactive activities, support the relevance of the components of Heeter’s model. However,
our participants were also aware of the need to use navigational tools to access the experience, but this
did not seem to undermine their sense of being there, contrary to other authors’ suggestions that the
sense of presence is greater when the mediation process remains unnoticed by the users [33]. Heeter
[34] argues that other factors affect presence in nonmediated situations, and further consideration of
these might help conceptualization of mediated presence. Thus, our findings support Thornson and
colleague’s [32] arguments for presence as a phenomenon occurring in the mind, rather than in the
specific technology. Human factors may also determine a person’s tendency to experience the cognitive
state of presence [35]. Although the factors, described by Thornson et al [32] as empathy, spatial
orientation, cognitive involvement (both passive and active), ability to construct mental models, and
introversion, were identified using questionnaires with college graduates, they demonstrate some
resonance with the observations made of the participants in this study. However achieved, the
subjective experience of being there prompted participants in this study to remember previous
experiences of medical treatments and visits to a hospital, which has the potential to provide the
foundation for new learning, to open up an opportunity for clinical dialogue in order to elicit additional
clinical information, and to assess psychosocial concerns [36].

These findings have implications for the mode of information delivery required to enhance the
assessment of capacity to consent in people with intellectual disabilities and other marginalized groups.
Del Carmen and Joffe [37] indicate five elements necessary for valid informed consent: voluntarism,
capacity, disclosure, understanding, and decision. Assessment of capacity depends on the quality of the
information provided, and this study has examined the feasibility of using a virtual environment as a
way of disclosing information to people with intellectual disabilities in a way that enables them to
understand the information and its relevance to their own situation. It is clear that the people in this
study could access the virtual environment, engage with it for long enough to understand what it
represented, and remember information about it a week later, mirroring the time lapse between giving
information and interviewing to assess capacity that occurs in actual practice.

Much of the research regarding consent in vulnerable populations relates to ability to recall information
[38,39] or to make decisions [40]; however, there are also issues of ongoing consent, which have yet to



be addressed [41]. Using a virtual environment to provide information to enable valid consent means it
could be accessed and used freely, not only as a way of providing information on which the individual
is assessed to have capacity to consent, but also, after initial consent, to ensure ongoing consent.
Similarly, the opportunity to practice being a patient before coming into hospital may provide an
increased sense of control over health care experiences [15].

In this study, psychology graduates facilitated access to the health care information and, although they
had limited expertise in working with people with intellectual disabilities and no previous knowledge
of Second Life, they needed little training to help participants access and navigate in Second Life.
While we have commented on differing facilitation styles and speculated on how they might have
influenced the participants’ experience, this is largely because the virtual environment prototype was
exploratory, related to a nonspecific health information event, and included greater opportunities for
divergence from the health information purpose. A virtual environment designed to deliver health care
information on a specific treatment would be more tightly structured, and therefore the balance
between enabling and directive facilitation would change, depending on the purpose of its use and the
role of the person providing the facilitation. This study indicates that the virtual environment could be
delivered not only in health institutions and community environments, but also by caregivers and
support workers as well as health care professionals. For instance, a physician could use the virtual
environment initially to explain a potential treatment scenario, and this may require more directive
facilitation, whereas a nurse or support worker may use the virtual environment to help understanding
and reinforce the information. Additionally they might use it to help the person rehearse what might
happen in a treatment situation, using a less directive approach, enabling the person to talk about
previous experiences and possible concerns [42]. However, further work is required to ascertain the
degree of skill required to avoid overcontrol and disengagement, or low control and inadequate
exposure and therefore to maximize engagement. Our proposed next phase of the research intends to
address this.

Limitations

Our participants were recruited from an organization that takes a positive stance toward its clients’ use
of technology and provides a structured day that encourages focused activity. Our small sample was
recruited exclusively from this proactive organization, which precludes us from generalizing the
findings to a wider population of people with intellectual disabilities. Moreover, we recognize that the
scenario developed for this study was specifically tailored to our participants, which may have had a
positive impact on the findings. While it may not be possible to customize future health care
information experiences quite so specifically, new and emerging technological techniques and
platforms, such as consumer-oriented 3-dimensional modeling, augmented reality, and high-fidelity 3-
dimensional scanning, could enable some degree of “recognition.”

We argued earlier that potential criticisms of interpreter bias regarding observation data have been
offset by triangulating these data against the verbal responses made in the cognitive interview and by
validating the findings in the focus group. However, we acknowledge that there may still have been
some subjective bias, particularly when commenting on visual or behavioral expressions of enjoyment.
In future work we would consider developing a specialized interview technique for gaining verbal and
nonverbal accounts of participants’ views.

Conclusion
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Our study clearly demonstrates the potential for using virtual reality to provide health care-related
information to people with intellectual disabilities. People with intellectual disabilities engaged with a
health-related virtual environment experience as if they were actually there, which prompted them to
talk about previous health care experiences. It also provided an opportunity for them to practice being
patients, potentially providing more information about themselves and their worries, which could lead
to an increase in confidence in treatment situations. Although we have not yet tested the effectiveness
of the virtual environment model against existing 2-dimensional health care information delivery
methods, the potential for experiential learning indicated in our study appears promising. Furthermore,
successfully delivering health care-related information in social settings indicates potential for use in a
variety of settings. Moreover, the study indicates the potential for several health-related applications
such as use by physicians to explain treatments, or by nurses and support workers to help
understanding and enable the person to rehearse what might happen in a treatment situation.
Importantly, the opportunity to revisit the information-giving scenario offered by virtual environments
may provide a way of addressing issues of ongoing consent.

Our study is the first step on a path to providing effective health information to people with intellectual
disabilities, and we have learned a great deal by taking it. Our next step is to further develop the
prototype with help from volunteers from our participant group. We will then test it out in a larger and
more diverse population of people with intellectual disabilities and in a range of settings, drawing on
the lessons learned in this exploratory study.
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NEUROPSYCHOLOGICAL METHODS
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In this initial pilot study, a controlled clinical comparison was made of attention perforance
in children with attention deficit-hyperactivity disorder (ADHD) in a virtual reality (VR)
classroom. Ten boys diagnosed with ADHD and ten normal control boys participated in the
study. Groups did not significantly differ in mean age, grade level, ethnicity, or handedness.
No participants reported simulator sickness following VR exposure. Children with ADHD
exhibited more omission errors, commission errors, and overall body movement than nor-
mal control children in the VR classroom. Children with ADHD were more impacted by dis-
traction in the VR classroom. VR classroom measures were correlated with traditional
ADHD assessment tools and the flatscreen CPT. Of note, the small sample size incorpo-
rated in each group and higher WISC-III scores of normal controls might have some bearing
on the overall interpretation of results. These data suggested that the Virtual Classroom
had good potential for controlled performance assessment within an ecologically valid envi-
ronment and appeared to parse out significant effects due to the presence of distraction stimuli.

Keywords: Virtual Reality, Attention Deficit Hyperactivity Disorder, Neurocognitive

Attention deficit-hyperactivity disorder (ADHD) is a heterogeneous developmental
disorder of unknown etiology, which is comprised of difficulties with sustained attention,
distractibility, impulse control, and hyperactivity (Biederman, 2005). Researchers have
postulated that ADHD reflects a core deficit in inhibitory control, which results in multi-
faceted executive impairment (Barkley, 1997, 2000; Scheres et al., 2004). Individuals with
ADHD often exhibit difficulty organizing their behavior and problem solving, as well as
impaired cognitive flexibility (Schachar et al., 2000). The deficits associated with ADHD
have historically been examined using clinical interviews and behavior rating scales
(Barkley, 1991). There are, however, a number of disadvantages related to clinical inter-
views and behavior rating scales. For example, a great deal of time and effort are required
to complete a comprehensive diagnostic evaluation. Further, both clinical interviews and

Address correspondence to Thomas D. Parsons, Ph.D., Research Scientist, Neuropsychologist, Univer-
sity of Southern California, Institute for Creative Technologies, 13274 Fiji Way, Office 301, Marina del Rey, CA
90292-4019, USA. E-mail: tparsons@ict.usc.edu
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behavior rating scales are subject to bias, in that they may be unduly influenced by dispar-
ate factors (Abikoff et al., 1993). As a result, there is growing interest in the establishment
of alternative, laboratory-based measures for the assessment of ADHD (Barkley, 1991;
Nichols & Waschbusch, 2004; Rapport et al., 2000).

Clinical Interviews and Rating Scales

Rating scales are often used to assess whether a patient meets diagnostic criteria
necessary for an ADHD diagnosis. While many rating scales are psychometrically sound,
they have limited predictive validity (Lahey et al., 2006) and treatment utility (Scotti et al.,
1996). The rating scales may also lack sensitivity to low base rates, which raters may
underestimate (Fabiano et al., 2004). Further, bias is an inherent possibility in teacher
(Abikoff et al., 1993) and parental ratings of ADHD (Sayal & Taylor, 2005). Further,
structured interviews may lack practicality in situations where repeated measurements are
required. Furthermore, structured interviews require a significant amount of clinician and/or
parent time. As a result, they tend to not be cost effective for use in some clinical settings.

Neuropsychological Tests

Other researchers have proposed to assess certain symptoms of ADHD, most nota-
bly, decreased executive functioning. The general hypothesis of executive dysfunction in
children with ADHD has been supported and replicated in numerous studies over the
years (Barkley et al., 1992; Grodzinsky & Barkley, 1999; Schachar et al., 2000; Scheres et
al., 2004). Although research has demonstrated variable results in the use of such frontal
lobe tests to assess ADHD, a number of measures regularly used to assess executive func-
tioning have been shown to reliably discriminate between the two groups: the Stroop
(Barkley et al., 1992; Nigg, 1999), Controlled Oral Word Association Test (Grodzinsky &
Diamond, 1992), and Picture Arrangement from the Wechsler Intelligence Scale for
Children-III (Pineda et al., 1998). Additionally, traditional neuropsychological testing has
also been criticized as limited in the area of ecological validity (Chaytor et al., 2006;
Farias et al., 2003; Gioia & Isquith, 2004; Odhuba et al., 2005; Plehn et al., 2004; Ready
et al., 2001; Silver, 2000).

Laboratory-Based Measures

According to Nichols and Waschbusch (2004), laboratory-based measures for the
assessment of ADHD have the following advantages: (1) more cost effective and require
less time and effort than complete comprehensive diagnostic evaluations; (2) less influ-
enced by extraneous factors; (3) more time efficient descriptions of the impact of treat-
ments on ADHD symptoms; (4) easier use for administers (i.e. teachers and parents) in
multifarious settings.

One of the most popular of the laboratory-based measures is the Continuous Perfor-
mance Test (CPT), which requires participants to maintain vigilance and react to a specific
stimulus within a set of continuously presented distracters (Eliason & Richman, 1987).
These CPTs are thought to assess arousal, activation, and effort (Corkum & Siegel, 1993)
in a boring and repetitive protocol that is difficult for a person with ADHD (Rapport et al.,
2000). Hence, CPTs have been shown to differentiate between normals and children with
ADHD in numerous studies (Nichols & Waschbusch, 2004). A review of 26 studies found
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children with ADHD made significantly more errors of omission and commission on
CPTs than normal children (Losier et al., 1996). Although CPTs have high specificity,
they also have low sensitivity in diagnosing ADHD (Barkley & Grodzinsky, 1994;
Grodzinsky & Barkley, 1999). Furthermore, CPTs and behavioral checklists have been
found to have similar levels of diagnostic utility.

Although laboratory-based instruments such as the CPT may move beyond the limi-
tations of clinical interviews and behavior rating scales, researchers have questioned their
utility when evaluated in the context of ecologically relevant variables such as classroom
behavior and academic functioning (Rapport et al., 2000). According to Barkley (1991),
the ecological validity of most laboratory-based measures is of a low to moderate level.
Barkley argues that future advances in the ecological validity of laboratory-based
measures may result from: (1) assessments of the target behaviors in natural settings; and
(2) the combination of the more promising laboratory-based measures into a standardized
battery.

Virtual Reality Technology

Virtual Reality technology is increasingly being recognized as a useful tool for the
study, assessment, and rehabilitation of cognitive processes and functional abilities
(Buckwalter & Rizzo, 1997; Rizzo & Buckwalter, 1997a,b; Rose et al., 2005; Schultheis
et al., 2002). The capacity of VR to create dynamic, immersive three-dimensional stimu-
lus environments, in which all behavioral responding can be recorded, offers assessment
and rehabilitation options that are not available using traditional assessment methods. In
this regard, VR applications are now being developed and tested which focus on compo-
nent cognitive processes including: attention processes (Cho et al., 2002a; Clancy et al.,
2006), spatial abilities (Baumgartner et al., 2006; Burgess et al., 2006; McClusky et al.,
2005; Pani et al., 2005; Parsons et al., 2004; Wolbers et al., 2004), memory (Brooks &
Rose, 2003; Brooks et al., 2004; Burgess et al., 2006; Parslow et al., 2005; Phelps et al., 2004),
and executive functions (Baumgartner et al., 2006; Elkind et al., 2001; Morganti, 2004).

Virtual Reality and Attention

Within VR it is possible to systematically present cognitive tasks targeting attention
performance beyond what are currently available using traditional methods (Barkley,
2004; Cho et al., 2002a,b, 2004; Clancy et al., 2006; Lengenfelder et al., 2002; Rizzo et
al., 2006). Reliability of attention assessment can be enhanced in VR by better control of
the perceptual environment, more consistent stimulus presentation, and by more precise
and accurate scoring. Virtual environments (VE) may also improve on the validity mea-
surement via the quantification of more discrete behavioral responses, allowing for the
identification of more specific cognitive domains. Virtual reality could allow for attention
to be tested in situations that are more ecologically valid. Participants can be evaluated in
an environment that simulates the real world, not a contrived testing environment.

We have developed the Virtual Classroom for the assessment of ADHD as our first
functional scenario in this area (Rizzo et al., 2006; Rizzo et al., 2000, 2003, 2004). Given
the findings of previous CPT studies, we hypothesized that in this initial pilot study, we
would find the following: (1) there would be differences in Virtual Classroom Perfor-
mance (VCP) between children with ADHD and nonclinical controls. These differences
would be detected in response time (reaction time) between stimulus and response and
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number of commission and omission errors. Specifically, we proposed that children with
ADHD would show a greater response time and more total errors on a Go/No-Go task. In
addition, the degree of hyperactivity as measured by “head turning” and arm/leg tracking
devices was also of interest. It was hypothesized that children with ADHD would show
greater levels of hyperactivity than controls as measured by their total body movement.
We also hypothesized that (2) the children with ADHD would display more distractibility
than controls as measured by their responses to systematically delivered pure auditory,
pure visual, and mixed distractors. The extent to which VCP measures (commission/omis-
sion errors, average reaction time on hits, body movement) were consistent (concurrent
validity) with tests traditionally used in diagnosing ADHD, most notably the behavior
checklist and CPT, was also of interest. It was predicted that (3) Virtual Classroom
measures would be correlated with traditional psychometric measures of attention and
parent reports of inattention, impulsivity, and hyperactivity.

Our goal was to conduct the initial pilot study of a Virtual Classroom scenario that
employs a standard CPT for the assessment of ADHD. As such, the specific design param-
eters of the study (sample size, inclusion and exclusion criteria, etc.) correspond to the
early stage of this tool’s development. The exploratory nature of the study and results is
underscored.

METHODS

Participants

Ten boys diagnosed with ADHD and ten normal control boys participated in the
study. As shown in Table 1, the groups did not significantly differ in mean age, grade
level, ethnicity, or handedness. Participants with ADHD had a mean age of 10.6 years
(range=8–12). Normal controls had a mean age of 10.2 years (range=8–12). The entire
sample consisted of four boys in 3rd grade, one in 4th grade, seven in 5th grade, six in 6th

Table 1 Demographic Characteristics of Entire Sample by Group.

ADHD (n=10) Normal (n=10)

Variables M SD M SD f p

Age at Testing 10.60 1.51 10.20 1.32 0.63 ns

Grade Frequency Frequency !2 p

3 2 (20%) 2 (20%) 3.14 ns
4 1 (10%) 0 (0%)
5 4 (40%) 3 (30%)
6 3 (30%) 3 (30%)
7 0 (0%) 2 (20%)

Ethnicity
Caucasian 8 (80%) 9 (90%) 39 ns
Non-caucasian 2 (20%) 1 (10%)

Handedness
Right 10 (100%) 7 (70%) 3.53 ns
Left 0 (0%) 3 (30%)

Note. Frequency values are percentage of each subgroup. ns=not significant.
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grade, and two in 7th grade. There were 17 Caucasian boys, two African-American boys,
and one boy of mixed descent (Caucasian and African-American). Seventeen participants
were right-handed and three were left-handed.

Inclusion criteria for all participants included: All study participants had to be males
aged 8–12, of stable neurological condition, with good bilateral visual acuity, and pre-
served dominant handedness. These same inclusion criteria were applied to the normal
control group. Normal control participants had to be males, aged 8–12, with no psychiatric
diagnosis or observed psychiatric difficulty. ADHD diagnosis was made by licensed child
psychologists and/or developmental pediatricians and was substantiated by careful multi-
modal review of assessment results. This included a full neuropsychological battery of
tests, classroom behavioral ratings, and flatscreen computer delivered CPT results.
Only children diagnosed with ADHD, primarily hyperactive-impulsive type or ADHD,
combined type, were included in the participants with ADHD Group.

Exclusion criteria for all participants were the presence of: epilepsy, Axis I psychiatric
diagnosis other than ADHD, other psychiatric problem (specifically, there could be no
history of oppositional defiant disorder, conduct disorder, depression, or anxiety), learning
disability, medical illness, vestibular problems, or severe cognitive disorders. All partici-
pants with ADHD were taking stimulant medication as treatment for their diagnosed con-
dition. None of the children with ADHD were on medication during the experiment.
Those children (n=10) taking methylphenidate had been off medication for at least 24 h.
No medication other than methylphenidate was used. Participants with ADHD were
excluded from the study if they presented with co-morbid autism, mental retardation, Full
Scale IQ score <85, or head injury with loss of consciousness greater than 30 min. These
same exclusion criteria were applied to the normal control group.

Eligible participants were recruited from local agencies in the greater Los Angeles
area that our lab has established collaborative agreements with, including the University
of Southern California’s (USC) Children’s Hospital and the Semel Institute for Neuro-
science and Human Behavior University of California, Los Angeles (UCLA). Prospective
participants were contacted by phone after receiving a flyer describing the nature of the
study. Upon agreement to participate, prospective participants (both child and parent)
were educated as to the procedure of the study, possible risks and benefits, and alternative
options (non-participation). Prior to actual participation, they completed written informed
consents (parent) and assents (child) approved by the USC Institutional Review Board and
Fuller Graduate School of Psychology Human Participants Review Committee. As indi-
cated above, all participants were administered the same battery of tests, including neu-
ropsychological tests, classroom behavioral ratings, and flatscreen computer delivered
continuous performance test results. Again, participants with ADHD were tested prior to
taking any medications and the VR exposure for all participants lasted approximately 30 min.

Measures

A trained research assistant administered all psychometric tests. The Simulator
Sickness Questionnaire (Kennedy et al., 1992; SSQ) was used to determine whether the
participant felt sick as a result of the Virtual Classroom experience. The SWAN Behavior
Checklist (Swanson et al., No Date) and Conners’ CPT II (Conners, 2000) were chosen as
prototypical ADHD assessment measures. The SWAN Behavior Checklist was designed
to be filled out by parents, teachers, or both. High scores on the SWAN are indicative of
more ADHD-like behavior (inattention, impulsivity, hyperactivity).
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A number of neuropsychological measures were selected purposefully among those
that are commercially available or that have an extensive literature base in order to
increase generalizability and applicability in the clinical context. These tests are regularly
used to reliably discriminate between persons with ADHD and those without. The Stroop
(Golden, 1978) and Trail Making tests (Reitan, 1971, 1992; Reitan & Wolfson, 2004)
appear especially good in discriminating between children with and without ADHD
(Barkley et al., 1992; Golden, 1978; Nigg, 1999). Visual Attention from the NEPSY was
chosen because of the role of attention control in visual search processes (Bleckley et al.,
2003). Although tests of verbal and nonverbal fluency have yielded mixed results, we
made use of design fluency (from the NEPSY) because persons with ADHD have been
found to commit more perseverative and non-perseverative errors than controls (Rapport
et al., 2001). Verbal Fluency (from the NEPSY) was chosen because of the findings using
the Controlled Oral Word Association Test (Grodzinsky & Diamond, 1992; Korkman
et al., 1997). From the from the WISC-III (Wechsler, 1991), we made use of Digit Span
(measures both simple and complex attention), Coding B (measure of processing speed),
Arithmetic (related to freedom from distractibility), and Vocabulary (measure of verbal
comprehension). Finally, the Judgment of Line Orientation (Benton et al., 1983) was used
to provide a motor-free test of visual perception. All tests used current norms and, when
available examiner’s used norms that proffered demographic (age, education, ethnicity,
and sex) corrections.

Procedure

Participants were informed about the study via a flier requesting they contact the
examiner if interested in participating. All participants completed informed consent/assent
forms prior to participation. Testing was conducted in the morning at the USC main cam-
pus, usually on weekends. This time was chosen so that children diagnosed with ADHD
would be able to resume their normal medication regimen as soon as they finished testing.
When possible, normal controls were tested in the morning as well to try and minimize
potential testing effects due to testing at different time of the day. All participants were
administered the same neuropsychological battery, and all participants were assessed in
the Virtual Classroom.

Following completion of the USC Human Participants Research Review Committee
procedures and once informed consent was obtained, each participant sat at a standard
“school desk” and a lab technician assisted in adjusting the fit of the Virtual Research V8
head mounted display (HMD) to the child’s head. An ascension tracking device was then
fitted to the participant’s non-dominant hand and opposite knee. At this point the system
presenting the Virtual Classroom was activated and the participant saw the interior of the
classroom in the HMD. The scenario consisted of a standard rectangular classroom envi-
ronment containing three rows of desks, a teacher’s desk at the front, a blackboard across
the front wall, a female virtual teacher (VT) between the desk and blackboard, on the left
side wall a large window looking out onto a playground with buildings, vehicles, and peo-
ple, and on each end of the wall opposite the window—a pair of doorways, through which
activity occurs. The VT then instructed the participant to spend a minute looking around
the room and point and name the various objects that they observed. This served to assist
the participant in becoming familiar with the components of the classroom environment.
Following this one-min period, the VT told the participant that they were now going to
“play a game”. The VT instructed the participant to hold the remote mouse in his
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dominant hand and press the button when the teacher said “go”. This served to familiarize
the participant with the operation of the remote mouse and provide functional practice for
its use during the testing proper. Reaction time to hit the mouse button following the VT’s
command was then recorded from a series of 20 hit commands that were presented at
random intervals during a one min period. The VT then instructed the participant that a
new game would begin and the testing proper phase commenced.

Experimental Conditions

Three 10-min conditions followed the 1-min hit command phase. The first two con-
ditions used basic visual stimulus challenges found in commonly used flatscreen computer
delivered CPTs. The participant was instructed to view a series of letters presented on the
blackboard and to hit the response button only after he viewed the letter “X” preceded by
an “A” (successive discrimination task). The AX version of the CPT consisted of the let-
ters A, B, C, D, E, F, G, H, J, L, and X. The letters were white on a gray background (the
virtual blackboard) and presented in a fixed position directly in front of the participant.
The stimuli remained on the screen for 150 ms, with a fixed interstimulus interval of 1350 ms.
Four hundred stimuli were presented in the 10-min condition. The target letter X (correct
hit stimuli) and the letter X without the A (incorrect hit stimuli) each appeared with equal
probability of 10%. The letters A and H both appeared with a frequency of 20%. The
remaining eight letters occurred with 5% probability. Participants were instructed to press
the mouse button as quickly and accurately as possible (with their dominant hand) upon
detection of an X after an A (correct hit stimuli) and withhold their response to any other
sequence of letters.

Condition 1 (AX task without distraction): was administered without distractions,
while Condition 2 consisted of the same tasks with distractions included. The order of
presentation of all conditions was counterbalanced across all participants. The order of
presentation of the hit stimuli was administered based on the following rules: letters
appeared on the board at a constant rate of one letter per 1.5 s (40" per min); four correct
hit stimuli per minute were presented (“X” preceded by an “A”) in a fixed order that
occurred every 200 s. This means that three blocks of 200 s. “orders” were created; four
incorrect hit stimuli per minute were presented (“X” NOT preceded by an “A”) in the
same format as outlined in step #2; 32 non-hit stimuli were presented during each minute.

Condition 2 (AX task with distraction): Condition 2 consisted of the identical stimu-
lus challenges as were presented in Condition 1, however these occurred in the presence of
pure 3D immersive audio distracters, pure visual distracters, or mixed 3D audio/visual dis-
tracters. Distracters consisted of the following: (1) pure auditory—ambient classroom
sounds (i.e., whispering, pencils dropping, chairs moving, etc.) “behind” the student;
(2) pure visual—3D paper airplane flying directly across the participant’s field of view;
(3) mixed audio/visual—car “rumbling” by outside window on the left; and man coming
in and out of doors with sounds of the door “creaking open”, footsteps, and hallway activ-
ity on the right side of the classroom.

Distracters were presented in a consistent manner in 200-s blocked segments that
corresponded to the 200-s “blocked” stimulus presentations. This allowed for the compar-
ison of performances in each subsequent identical 200-s block over time. Distracters were
each displayed for 5 s, and presented in randomly assigned equally appearing intervals of
10, 15, or 25 s. Thirty-six distraction intervals (12 of each) and 36 distracters (nine of
each) were included in the 10-min condition.
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Condition 3 (BNT Match): Condition 3 consisted of a more realistic “ecologically
valid” attention task requiring the integration of audio and visual attention processes. In
this condition, line drawings of common objects appeared on the “blackboard”. These
drawings were taken from the Boston Naming Test (Kaplan et al., 1983) and the VT called
out the item’s name, either correctly or incorrectly. The participant was asked to listen to
the VT, observe the “blackboard”, and to hit the response pad every time the VT incor-
rectly named the object. Stimulus drawings were presented at a rate of one every five sec-
onds. After 4.5 min the criterion for response shifted to requiring the participant to hit the
response pad after correct matches between the visual stimulus and the auditory name
emanating from the VT. This condition was presented with the same distraction sequenc-
ing and the same types of distractions that occurred in Condition 2 above. While the stim-
ulus challenges used in Conditions 1 and 2 were not typical of what is found in a real
classroom environment, the cognitive challenge that characterized Condition 3 more
closely mimicked “real-world” attention challenges. This task created challenges that
combined both visual and auditory sensory stimuli and possibly allowed for a more
ecologically valid assessment of higher levels of attention.

Response Measurement

Reaction time and response variability were used as performance measures, while
“head turning” and gross motor movement were recorded by the tracking devices on the
HMD and on the hand/leg tracking system. Conditions 1 and 2 were selected for the initial
study in order to compare what added value this system may have relative to standard
flatscreen delivered approaches using similar stimuli (of which we had full protocols for
with each of these participants). Condition 3 was chosen to assess differential perfor-
mance that may occur when using somewhat more “ecologically-valid” stimuli along
with a basic archetypic classroom task consisting of listen–look–respond components.
Also, while the stimuli in Condition 3 were still rather simple, the considerable standard-
ization data on the Boston Naming Test allowed us to examine performance in a meaningful
way armed with a rich history of objective results on the psychometric properties of these
particular stimuli.

Treatment of Data

One way analysis of variance (ANOVA) and chi-square analyses were conducted
comparing participants with ADHD and normal controls on all demographic variables
(see Table 1). One way ANOVAs were also used to compare group means on psychomet-
ric tests (see Table 2) and Virtual Classroom measures. Raw scores were used in the com-
parison of means on the SWAN Behavior Checklist and Judgment of Line Orientation
Test. It was determined that if any participant scored more than three standard deviations
from the mean on any given variable, then that participant would be excluded from the
analysis of that variable. Additional ANOVAs and multiple regression analyses were con-
ducted to tease out the effects of distraction on the groups (Tables 3). Further, we calcu-
lated Cohen’s d to proffer a measure of effect size for comparison of means for the Virtual
Classroom measures between participants in the ADHD Group and those in the Normal
Control Group. Correlations (a further measure of effect) were utilized to assess associa-
tions between Virtual Classroom measures and psychometric measures for participants.
An # level of .05 was used for all statistical tests.
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RESULTS

Group comparisons were made on all demographic variables. Means and frequen-
cies of age, grade, ethnicity, and handedness variables for children with ADHD and nor-
mal controls are summarized in Table 1. One way ANOVAs were conducted comparing
participants with ADHD and normal controls on all psychometric tests (see Table 2). One
outlier case from the children with ADHD group was omitted from this analysis because
this participant consistently scored more than three standard deviations from the mean on
multiple variables. Notably, none of the children reported simulator sickness following VR
exposure as measured by the SSQ. Age and gender-corrected scores were used when available.

Hypothesis One: Group differences in Virtual Classroom performance

Condition 1 (AX task without distraction). Results from the assessment of
the AX task without distraction are presented in Table 3. Participants with ADHD per-
formed worse than normal controls on all measures except Hit RT and scored more errors
of omission and commission errors. More overall hyperactivity was present in participants
with ADHD as measured by all six measures of total body movement.

Table 2 Comparison of Means for Psychometric Measures between ADHD Group and Normal Control Group.

ADHD (n=9)* Normal (n=10) Entire Sample (n=19)

Measures M SD M SD M SD f d

SWANa 0.83 0.88 $1.54 1.11 $0.35 1.56 $5.29** 2.37
Conners CPT IIb

Omission 60.14 21.67 45.05 4.73 52.59 17.12 $2.15* 0.96
Commission 52.12 6.42 43.64 8.56 47.88 8.55 $2.51* 1.12
Hit RT 55.45 14.37 47.00 4.77 51.22 11.29 $1.76† 0.79

Stroop Testc

Word 50.00 4.71 49.60 5.40 49.80 4.94 $.18 0.08
Color 48.60 9.71 48.80 4.24 48.70 7.29 0.06 $0.03
Color-Word 46.00 7.89 55.20 6.48 50.60 8.46 2.85* $1.27

NEPSYd

Visual Attention 10.10 2.92 13.20 3.01 11.65 3.30 2.34* $1.05
Design Fluency 11.50 1.84 12.30 1.77 11.90 1.80 0.99 $0.44
Verbal Fluency 12.20 3.29 14.90 2.18 13.55 3.05 2.16* $0.97

WISC-IIIe

Digit Span 9.90 2.81 13.40 1.58 11.65 2.85 3.44** $1.54
Coding B 9.30 3.68 10.90 2.89 10.10 3.32 1.08 $0.48
Arithmetic 8.90 2.08 12.80 2.04 10.85 2.83 4.23** $1.89
Vocabulary 12.60 3.72 15.20 2.35 13.90 3.31 1.87† $0.84

Trail Making Testf

Part A 0.78 0.68 0.70 0.48 0.74 0.57 $0.32 0.14
Part B 0.37 1.18 1.02 0.40 0.70 0.92 1.65 $0.74

JLOg 19.60 5.32 25.40 2.68 22.50 5.06 3.08** $1.38

Note: ADHD=Attention-deficit/hyperactivity disorder. aSWAN Behavior Checklist raw scores. bAge- and
gender-corrected standardized scores based on Conners CPT II. General Population Norms were used for com-
parison. cAge-corrected standardized scores were generated for comparison on the Stroop Color and Word Test.
dNEPSY age-corrected standardized scores. eWechsler Intelligence Scale for Children-Third Edition age-
corrected standardized scores. fTrail Making Test age- and gender-corrected standardized scores. gJudgment of
Line Orientation Test raw scores. **p < .01, *p < .05, †p < .10. Cohen’s d (measure of effect size)=“d”.
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Condition 2 (AX task with distraction). Results from the assessment of the
AX task with distraction are presented in Table 3. Participants with ADHD performed
worse than normal controls on all measures except Hit RT and scored more errors of omis-
sion and commission. Again, more overall hyperactivity was present in participants with
ADHD as measured by all six measures of total body movement.

Condition 3 (BNT Match). Results from the assessment of the BNT match are
presented in Table 3. No significant differences between the two groups were found in omis-
sion errors, or in Hit RT. Participants with ADHD, however, scored more commission
errors, and had more overall hyperactivity as measured by all six measures of total body
movement.

Table 3 Comparison of Means for Virtual Classroom Measures Between ADHD Group and Normal Control.

ADHDa Normal Entire Sample

Measures M SD M SD M SD F d

Condition 1 (AX Task without Distraction)
Omissionb 16 10.34 4 2.98 9.68 9.48 $3.52** 1.57
Commission 16.33 10.54 3.4 4.5 9.53 10.17 $3.55** 1.60
Hit RTc 0.52 0.24 0.6 0.07 0.57 0.17 1.05 $0.45
Body Movementd X 37.78 27.03 9.7 9.86 23 24.1 $3.07** 1.38

Y 27.44 17.19 9.1 5.82 17.79 15.39 $3.19** 1.43
Z 102.44 88.98 25.8 22.31 62.11 72.9 $2.64* 1.18
R 14349 10253 3805 5833 8800 9643 $2.79* 1.26
P 7150 4889 1628 1685 4244 4479 $3.37** 1.51
H 15742 13534 2632 2752 8842 11420 $3.00** 1.34

Condition 2 (AX Task with Distraction)
Omission 22.89 10.06 7 5.52 14.53 11.25 $4.33** 1.96
Commission 12.11 8.81 2 1.89 6.79 7.95 $3.55** 1.58
Hit RT 0.56 0.29 0.59 0.09 0.58 0.2 0.33 $1.4
Body Movement X 59.67 30.39 12.2 10.58 34.68 32.55 $4.65** 2.09

Y 40.44 19.74 10 6.6 24.42 20.95 $4.61** 2.07
Z 135 92.1 30.9 23.07 80.21 83 $3.47** 1.55
R 27434 24727 6770 6005 16558 20053 $2.57* 1.15
P 10794 5257 2437 2310 6395 5773 $4.57** 2.06
H 27579 18367 5418 5588 15915 17169 $3.64** 1.63

Condition 3 (BNT Match)
Omission 0.33 0.71 0 0 0.16 0.5 $1.5 0.66
Commission 6.67 6.42 2.6 3.41 4.53 5.34 $1.75† 0.79
Hit RT 0.57 0.06 0.58 0.06 0.58 0.06 0.46 $0.17
Body Movement X 26.22 14.18 11.2 9.2 18.32 13.82 $2.77* 1.26

Y 19.11 11.04 8.6 4.62 13.58 9.69 $2.76* 1.24
Z 65 34.23 30.5 20.98 46.84 32.46 $2.68* 1.22
R 12802 12905 3518 2754 7916 10025 $2.23* 0.99
P 5635 3223 2212 1895 3136 2249 $2.86* 1.29
H 13982 15731 4796 4318 7217 6320 $1.78† 0.80

Note: aOne outlier case in the ADHD Group was omitted from this analysis. bOmission and commission
errors are raw scores. cHit Reaction Time is raw data measured in milliseconds. dBody Movement data represent
position (X,Y,Z) and orientation (R,P,H) and are measures of total body movement (leg, arm, and head trackers)
in a given condition. **p < .01, *p < .05, †p < .10. Cohen's d (measure of effect size)=“d”.
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Hypothesis Two: Children with ADHD would display more 
distractibility than controls

Results from the assessment of distractibility in children with ADHD are presented
in Table 4. No significant differences were found between the two groups on change
scores derived from errors of omission or commission. Participants with ADHD, however,
displayed more overall hyperactivity as measured by 5 out of six measures of total body
movement. On the remaining measure of total body movement positioning along the
Z-axis, there was a trend toward more body movement among participants with ADHD.

After controlling for baseline performance, a trend emerged, in which participants
with ADHD exhibit more errors of omission errors than normal controls. Significant dif-
ferences were still not found between the two groups on change scores derived from errors
of commission errors, or Hit RT. After controlling for baseline performance, four out of
six measures of total body movement retained significant differences in change scores
when comparing participants with ADHD to those without.

Hypothesis Three: Virtual Classroom correlated with traditional 
psychometric measures

For the correlations between the Virtual Classroom and traditional psychometric
measures we only considered those correlations that met the criterion of p < .05 to be
meaningful. Given our small sample size we kept # at this level, despite the risk of Type I
error with multiple correlations. All of our significant correlations were associated with at
least moderate effect sizes. For example, our smallest correlation was r=.39, which
accounts for 15% of the variance.

On the AX task (CPT) total, omission and commission errors in the Virtual Class-
room were moderately correlated with parent behavioral ratings on the SWAN Behavior
checklist (r=.51; and r=.59, respectively). Correlations of Virtual Classroom body

Table 4 Comparison of Virtual Classroom Performance Degradation from Condition 1 to Condition 2 between
ADHD Group and Normal Control Group.

ADHDa (n=9) Normal (n=10)

Measuresb M SD M SD f rc

Omission 6.89 6.57 3.00 5.60 $1.39 1.94†

Commission $4.22 6.57 $1.4 3.81 1.16 1.00
Hit RT 0.04 0.15 $0.01 0.10 $0.89 0.81
Body Movement
X 21.89 14.99 2.50 6.40 $3.74** 3.07**
Y 13.00 9.72 0.90 4.33 $3.57** 2.81*
Z 32.56 28.92 5.10 13.45 $2.70* 2.37*
R 13085 16564 2965 6448 $1.79† 0.51
P 3644 2598 809 1434 $2.99* 2.46*
H 11838 8189 2786 4359 $3.05** 1.67

Note: aOne outlier case in the ADHD Group was omitted from this analysis. bChange scores were calculated
by subtracting performance values on Condition 1 (AX Task without Distraction) from performance values on
Condition 2 (AX Task with Distraction) for each Virtual Classroom measure. cMultiple regression analysis was
performed using baseline performance as a covariate. **p < .01, *p < .05, †p < .10.
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movement with behavior ratings were slightly higher in the distracting condition (r=.61)
than the non-distracting condition (r=.47). On the “incorrect match” BNT task condition,
commission errors but not omission errors in the Virtual Classroom were moderately cor-
related (r=.51) with parent behavioral ratings on the SWAN Behavior checklist. On the
“correct match” BNT condition, however, neither omission nor commission errors in the
Virtual Classroom were correlated with parent behavioral ratings on the SWAN Behavior
checklist. Virtual Classroom body movement measures were moderately correlated with
parent behavioral ratings in both BNT task conditions (r=.41; and r=.49, respectively),
and the strength of these correlations did not differ significantly between the conditions.

In the non-distracting condition (Condition 1), commission errors but not omission
errors in the Virtual Classroom were correlated with errors, and average reaction time for hits
on the Conners’ CPT II (r=.51; and r=.75, respectively). When distractions were introduced,
commission errors in the Virtual Classroom were still correlated with errors, and average reac-
tion time for hits on the Conners’ CPT II (r=.44; r=.79, respectively). In the non-distracting
condition, Virtual Classroom body movement was correlated with omission errors (r=.73),
commission errors (r=.46), and average reaction time for hits (r=.49) on the Conners’ CPT II.

Correlations between Virtual Classroom measures and the Conners’ CPT II were
more variable between the two BNT task conditions. In both conditions, commission
errors in the Virtual Classroom were correlated with errors, and average reaction time for
hits on the Conners’ CPT II (r=.39; and r=.70, respectively). The pattern for Virtual
Classroom omission errors, however, was more variable. Omission errors in the Virtual
Classroom were not correlated with any Conners’ CPT II variables in the incorrect match
BNT condition, but they were moderately correlated with Conners’ CPT II omission
errors and average reaction time on hits in the correct match BNT condition (r=.52).

Virtual Classroom body movement measures were not related to any of the Conners’
CPT II variables in either of the two BNT task conditions. When correlations were calcu-
lated separately for each group, however, it was noticed that in the correct match BNT
condition very strong individual group correlations were working in opposite directions
and actually reducing the total sample correlation for one measure. Specifically, it was
found that strong positive correlations exist between Virtual Classroom body movement
and commission errors on the Conners’ CPT II for the normal control group (r=.77). In
contrast, strong negative correlations exist between Virtual Classroom body movement
and commission errors on the Conners’ CPT II for the participants with ADHD (r=$.82).

DISCUSSION

The results of this study indicate that: (1) participants with ADHD exhibited more
omission errors, commission errors, and overall body movement than normal control chil-
dren in the Virtual Classroom; (2) participants with ADHD were more impacted by dis-
traction than normal control children in the Virtual Classroom; (3) Virtual Classroom
measures were correlated with traditional ADHD assessment tools, the behavior checklist
and flatscreen CPT. Additionally. No negative side effects were associated with use of the
Virtual Classroom.

Hypothesis One: Group differences in Virtual Classroom Performance

Participants with ADHD scored more omission and commission errors than normal
controls. This finding is consistent with the literature on CPT performance differences
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found between participants with ADHD and normal controls (Corkum & Siegel, 1993;
Losier et al., 1996). It lends support to the idea that ADHD is indeed marked by inatten-
tion and impulsivity and that participants with ADHD are more inattentive (omission
errors) and impulsive (commission errors) than normal controls. Participants with ADHD
also exhibited more overall body movement than normal controls, which is also consistent
with the literature on performance of participants with ADHD. These body movement
differences, however, which lend support for the hyperactivity component of ADHD, have
typically been limited to assessment by qualitative observation via behavioral question-
naires. The Virtual Classroom is the first ADHD assessment tool to quantify the inatten-
tion, impulsivity and hyperactivity components of ADHD in a virtual “classroom
environment”, which is thought to be a more ecologically valid environment that approxi-
mates what a participants with ADHD might experience in the real world.

Hypothesis Two: Children with ADHD would Display more 
Distractibility than Controls

For both the participants with ADHD group and normal control group, the introduc-
tion of distractions into the AX task scenario resulted in more omission and commission
errors and more overall body movement. This is intuitively what we would expect of a
good distraction from the AX task, and this finding lends support to the idea that Virtual
Classroom distractions are indeed distracting. We found that when a given stimulus was
truly distracting an individual from paying attention to a task, performance was reduced
on that task. Further, more evidence was found of missed targets (omissions) and a smaller
number of false hits (commissions) due to being distracted from the task at hand. Addi-
tionally, we found that when a given stimulus was truly distracting and attending to that
stimulus required more body movement than attending to the task at hand, more evidence
of total body movement due to distraction was apparent.

Condition 1 (AX task without distraction). In the non-distracting condition,
commission errors but not omission errors in the Virtual Classroom were correlated with
omission errors, commission errors, and average reaction time for hits on the Conners’
CPT II. This finding appears to be consistent with findings in the literature that errors of
commission on CPT tasks may be more likely than those of omission to discriminate par-
ticipants with ADHD from normal children (Barkley, 1991). If these findings regarding
commission errors on CPT tasks were indeed true, then a measure of CPT commission
errors set within the context of a Virtual Classroom environment would be more likely to
correlate with other measures known to discriminate between participants with ADHD
and normal children (i.e. Conners’ CPT II) than other CPT measures which might be set
within that same environment.

Increased Virtual Classroom body movement was more closely related to an
increase in Conners’ CPT II omission errors for the participants with ADHD group than
for normal controls. Hence, increased hyperactivity in children will result in greater inat-
tention given to a task. If one assumes that hyperactivity is consistent across tasks (and
this was the rule, not the exception in the current sample of participants), then a child who
was hyperactive in the Virtual Classroom would also exhibit hyperactivity while complet-
ing the Conners’ CPT II. The presence of hyperactivity while completing the Conners’
CPT II would in turn result in greater inattention to the task and more omission errors.
Virtual classroom body movement was more closely related to commission errors on the
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Conners’ CPT II for normal controls than the participants with ADHD group. This finding
fits with the idea that increased Virtual Classroom body movement among the participants
with ADHD group in not closely related to increased impulsivity as measured by commis-
sion errors on the Conners’ CPT II, which also makes sense if one accepts the notion that
greater overall hyperactivity results in greater inattention to the task and less commission
errors. For normal controls increased body movement was more related to decreased
average reaction time for hits (i.e. faster reaction time) on the Conners’ CPT II.

Condition 2 (AX task with distraction). In the distracting condition, Virtual
Classroom body movement measures were correlated with omission errors on the Con-
ners’ CPT II, but not commission errors or average reaction time for hits. Compared to the
non-distracting condition, these correlations between body movement measures and omis-
sion errors are a little lower. We would expect to see this reduction due to the presence of
systematic distractions in the VC scenario, however, which are not found in the Conners’
CPT II paradigm. The tendency for an increase in Virtual Classroom body movement to
be related to an increase in Conners’ CPT II omission errors was truer for the participants
with ADHD group than the normal control group. Yet still, this finding makes intuitive
sense given the finding presented earlier that this participants with ADHD group exhibited
more hyperactivity and distractibility as measured by overall body movement than the
normal control group.

Hypothesis Three: Virtual Classroom Correlated with Traditional 
Psychometric Measures

Again, for correlations between the Virtual Classroom and traditional psychometric
measures we only considered those correlations that met the criterion of p < .05 to be
meaningful. Given our small sample size we kept # at this level, despite the risk of Type I
error with multiple correlations. All of our significant correlations were associated with at
least moderate effect sizes. For example, our smallest correlation was r=.39 (commission
errors in the Virtual Classroom correlated with errors on the Conners’ CPT II), which
accounts for 15% of the variance.

Virtual classroom body movement measures were moderately correlated with parent
behavioral ratings in both BNT task conditions, and the strength of these correlations did
not differ significantly between the conditions. Apparently, an increase in overall body
movement on the BNT task conditions of the Virtual Classroom is related to an increase in
more ADHD-like behavior (inattention, impulsivity, hyperactivity) as measured by parent
ratings of behavior.

It was found that strong positive correlations exist between Virtual Classroom body
movement measures and commission errors on the Conners’ CPT II for the normal control
group. In contrast, strong negative correlations exist between Virtual Classroom body
movement measures and commission errors on the Conners’ CPT II for the participants
with ADHD group. Apparently, increased Virtual Classroom body movement is related to
an increase in commission errors on the Conners’ CPT II for the normal control group. On
the other hand, increased Virtual Classroom body movement is related to a decrease in
commission errors on the Conners’ CPT II for participants with ADHD. These differences
do make intuitive sense and follow the line of thinking presented earlier. If one accepts the
notion that greater overall hyperactivity could result in greater inattention to the task and
in turn less commission errors, then the finding makes intuitive sense that increased
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Virtual Classroom body movement among the participants with ADHD group was not
closely related to increased impulsivity but rather decreased impulsivity (less omissions)
as measured by the Conners’ CPT II.

Correlations of Virtual Classroom body movement variables with behavior ratings
were slightly higher in the distracting condition than the non-distracting condition, but this
is what we would expect from a good distraction. A good distraction should, in effect,
evoke more body movement. On the “incorrect match” BNT task condition, commission
errors but not omission errors in the Virtual Classroom were moderately correlated with
parent behavioral ratings on the SWAN Behavior checklist. On the “correct match” BNT
condition, however, neither omission nor commission errors in the Virtual Classroom
were correlated with parent behavioral ratings on the SWAN Behavior checklist. It is difficult
to explain why this correlation would be found in the incorrect match condition and not in
the correct match condition. The lack of a significant finding of strong correlations
between these laboratory methods of assessing attention and parent ratings of behavior,
however, fits generally well with what has been described in the literature (Barkley, 1991).

Limitations and Projections for Future Studies

Our findings should be understood in the context of some limitations. First, it is
important to note that the normal controls tended to have higher scores on the WISC-III.
Future studies should make attempts at reducing the disparity between such measures
between groups. For the current study, we acknowledge that this may have some bearing
on the overall interpretation of results. Furthermore, these findings are based on a fairly
small sample size. As a necessary next step, the reliability and validity of the test needs to
be established using a larger sample of participants. This will ensure that the current find-
ings are not an anomaly due to sample size. Additionally, as indicated above, the diagnos-
tic utility of this ADHD assessment tool must be determined. The ability of the Virtual
Classroom to accurately classify participants into ADHD and non-ADHD groups based on
carefully established critical values must be evaluated. This will involve the generation of
specific cut-off points for classifying a positive (ADHD likely) or negative (ADHD
unlikely) finding. The Virtual Classroom’s prediction of ADHD will need to be evaluated
by the performance indices of sensitivity, specificity, predictive value of a positive test,
and predictive value of a negative test. Even though reliability is considered to be a unique
asset of testing in computer-generated VEs, issues of test–retest reliability need to be
addressed. Complementary comparisons of the Virtual Classroom with behavioral and
cognitive tests developed to assess ADHD are also warranted to determine the construct
validity of the test. Finally, the ability of the Virtual Classroom to accurately classify
participants not involved in the initial validation study will need to be examined for cross-
validation purposes.

Our goal was to conduct an initial pilot study of a Virtual Classroom scenario that
employs a standard CPT for the assessment of participants with ADHD. We believe that
this goal was met, as all of our hypotheses about the Virtual Classroom were confirmed.
We recognize, however, that the current findings are only a first step in the development
this tool. Many more steps need to be taken in order to continue the process of test devel-
opment and to fully establish the Virtual Classroom as a measure that contributes to exist-
ing assessment procedures for the diagnosis of ADHD.

Whilst the Virtual Classroom as a measure needs to be fully validated, current find-
ings provide preliminary data regarding the validity of the virtual environment as an
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ADHD measure. The Virtual Classroom was able to differentiate between participants
with ADHD and normal control children very effectively. Furthermore, the Virtual Class-
room was correlated with two of the most widely used ADHD assessment tools, the
behavior checklist and flatscreen CPT. Nevertheless, the fairly small sample size and
higher WISC-III scores of normal controls require that the reliability and validity of the
Virtual Classroom be established using a larger sample of well-matched participants. This
will ensure that current findings are not a sample size or intelligence related anomaly. As
indicated above, the diagnostic utility of the Virtual Classroom for ADHD must be deter-
mined. The ability of the Virtual Classroom to accurately classify participants into ADHD
and non-ADHD groups based on carefully established critical values must be evaluated.
This will involve the generation of specific cut-off points for classifying the likelihood of
an ADHD finding. Extensive comparisons of the Virtual Classroom with behavioral and
cognitive tests developed to assess ADHD are also warranted to adequately establish the
construct validity of the test. Finally, the ability of the Virtual Classroom to accurately
classify participants not involved in the initial validation study will need to be examined
for cross-validation purposes.
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