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Abstract

The primary aim of this study was to evaluate the effect of auditory feedback in a VR system planned for clinical use and to address the
different factors that should be taken into account in building a bimodal virtual environment (VE). We conducted an experiment in which we
assessed spatial performances in agoraphobic patients and normal subjects comparing two kinds of VEs, visual alone (Vis) and auditory—
visual (AVis), during separate sessions. Subjects were equipped with a head-mounted display coupled with an electromagnetic sensor system
and immersed in a virtual town. Their task was to locate different landmarks and become familiar with the town. In the AVis condition subjects
were equipped with the head-mounted display and headphones, which delivered a soundscape updated in real-time according to their move-
ment in the virtual town. While general performances remained comparable across the conditions, the reported feeling of immersion was more
compelling in the AVis environment. However, patients exhibited more cybersickness symptoms in this condition. The result of this study
points to the multisensory integration deficit of agoraphobic patients and underline the need for further research on multimodal VR systems
for clinical use.
© 2005 Elsevier Masson SAS. All rights reserved.
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1. Introduction Regarding mental health research, the application of VR
technologies are potentially numerous. For instance, VR has
been employed as an alternative for in vivo exposure for the
treatment of different phobias for the past decade [3,5,21,25].
In order to treat a phobia, the virtual exposure needs to evoke
the same reactions and emotions as a real experience. A study
on acrophobia reported that presence was the best predictor
of fear of heights in a VE [23]. Another study involving
patients with different specific phobia demonstrated a posi-
tive correlation between emotions and presence [24].

The number of sensory modalities through which the user
is coupled to the VE is a main factor contributing to the feel-
ing of presence [27]. The specific feature of VR compared to
traditional displays is indeed that the environments it pro-
vides are places where as many as possible senses are meant
to be active. In spite of that, VR technologies rarely integrate
*# Corresponding author. Tel.: +33 144 23 07 50; fax: +33 1 5379 07 70. the auditory modality, which is the only sense through which

E-mail address: ivd@ext.jussieu.fr (I. Viaud-Delmon). we are communicating with the whole space around us.

Virtual reality (VR) integrates real-time computer graph-
ics, body tracking devices and visual displays to immerse a
user in a computer-generated virtual environment (VE). Other
sensorial interfaces can also be used such as force or tactile
feedback systems. All these interfaces enable the user to
become an active participant within a virtual world and to
give the user a sense of presence in the VE (sense of being in
the place depicted by VR rather than in the physical place
where the user is located—see [18] for a phenomenological
description of presence). The setting in which the user per-
forms an action can be controlled by the experimenter,
recorded and measured. The unique features and flexibility
of VR give it extraordinary potential for use in human sci-
ences research [30].
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Psychiatric patients commonly report a hypersensitivity
to auditory stimuli, while pure tone audiograms show gener-
ally normal hearing. Sound tolerance is influenced by stress
and tiredness, and specific sounds can cause physical pain
and nerve grating [20]. There is a correlation between loud-
ness tolerance and anxiety [29] and strong emotional reac-
tions can easily be elicited through audition [4]. It is there-
fore all the more interesting to integrate the auditory modality
in a realistic way when working with anxious patients in VR
and to understand in which way it can be used for therapeutic
purposes.

Several studies have led to the observation that patients
with agoraphobia, panic or space and motion discomfort
(SMD) may have a problem with multisensory integration:
subjects with symptoms of panic and agoraphobia are desta-
bilized under conflicting sensory conditions while maintain-
ing upright posture [12,13,35]. Previous studies creating con-
flicts between vestibular and visual information with a VR
set-up attempted to demonstrate that abnormal central pro-
cesses of multisensory integration in anxiety disorders was
not restricted to balance control [32,33]. If the auditory modal-
ity is integrated to a VR set-up, multisensory processes can
be addressed in yet another way. Without any additional sen-
sory conflict than the one which is inherent to a VR set-up
(due to the delay in feedback between action and conse-
quences of actions in the VE), how do agoraphobic patients
cope with interactive auditory modality? Would the introduc-
tion of the auditory modality generate sensory enhancement
or sensory overload?

The study we present here involves technologies, models
and applications linked to the introduction of 3-D sound in
virtual or augmented reality environments. Auditory augmen-
tation of visual environments is known to improve presence
and immersion [10]. To create such an environment and the
corresponding content, several concepts and technologies
need to be researched, developed, and/or integrated. The intro-
duction of 3-D sound also addresses the need for a better
understanding of multisensory integration mechanisms. This
includes complementarities or conflict between the auditory
and visual senses and also with idiothetic cues (cues gener-
ated through self-motion, including vestibular and proprio-
ceptive information).

The most natural audio technique for VR applications is
binaural rendering on headphones that relies on the use of
HRTFs (HRTF refers to head related transfer function, which
is a set of filters measured on an individual or artificial head
and used to reproduce all the directional cues involved in audi-
tory localization [2]). However, incorporating real-time
updated 3-D sound to VR technologies addresses several prac-
tical issues. If there is a consensus on the fact that presence is
improved by 3-D sound [8], little is known about how an audi-
tory VE should be designed so that it does not interfere with
the visual VE [31]. We thus conducted a study to provide
information about the importance of auditory feedback in a
VR system planned for clinical use, as well as about the dif-
ferent factors which should be taken into account to build a

multimodal VE (sense of realism, presence and coherence
between the visual and auditory VE).

If agoraphobic patients are effectively more sensitive to
sensory conflicts than normal subjects [32], then multisen-
sory feedback in VR could represent a challenge for them.
However, since presence during a bimodal stimulation should
be higher, this might provide an interesting way to convey
supplementary spatial information and engage patients in a
task. We conducted a study in which we compared naviga-
tion performances in a virtual town in two immersive condi-
tions: visual alone (Vis) and auditory—visual (AVis). We
intended to test the emotional and behavioral reaction of
patients sensitive to space and of normal subjects to these
two kinds of virtual stimulation in order to develop new pro-
cedures and find an integrated approach to work with vision
and audition in VR.

2. Material and methods
2.1. Design

All subjects included in the comparative study received
two sessions of virtual navigation. The order of sessions was
counterbalanced; so that the same number of subjects began
the trial with AVis and Vis conditions. Sessions were per-
formed at least 1 week apart. After each session, subjects had
to complete several questionnaires and two memory tests
related to their experience. In the first one, they were pre-
sented a survey view of the virtual town and had to locate the
different landmarks they were asked to find during naviga-
tion. In the second one, they were submitted to a two-choice
forced recognition task, during which they were presented
10 pairs of snapshots and were required to chose between a
view taken in the virtual town they had navigated in and a
view taken in a novel town.

The measures taken during the navigation were the num-
ber of landmarks found (score on 11) and the time spent in
the virtual town. The measures taken after navigation were
the number of correctly localized landmarks on the survey
view of the virtual town (score on 12) and the number of
correct answers to the two-choice forced recognition task
(score on 10). Participants were debriefed after each session
but were not informed about the content of the following ses-
sion. At the end of the second session and after the debriefing
they were informed about the differences between the two
conditions if they had not noticed it.

2.2. Procedure

Subjects were equipped with a head-mounted display
coupled with an electromagnetic sensor system and immersed
in the virtual town in which they could move forward by press-
ing a mouse button. Subjects had to turn on their own vertical
axis in order to change the direction of heading in the virtual
town. Their task was to locate different landmarks (movie
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Fig. 1. Survey view of the visual environment in Vis and AVis conditions. The subject’s task is to find the movie theater, then the swing, then to count the total
number of bus stops (depicted here by stars) in the virtual town. The subject stops navigating when he/she thinks that he/she is familiar with the town and that
he/she has localized all the targets. In Avis condition, the sounds (depicted here by small dark circles outlined in white) are played according to the computed
position and distance of the subject with respect to the source when he/she enters an activation area. Large activation areas (white dashed lines rectangles):
ambisonic sounds scenes (four channels audio format) recorded in an urban environment. Small activation areas (white dashed lines ellipses): binaurally

rendered monophonic sources.

theater, swing, bus stops, see Fig. 1) and become familiar
with the town. In the AVis condition subjects were equipped
with the head-mounted display and headphones, which deliv-
ered a soundscape updated in real-time according to their
movement in the virtual town. The sounds were produced
through tracked binaural rendering (non individual HRTF)
and were dependent upon the subject’s movements.

2.3. Subjects

Patients were individuals diagnosed as affected by agora-
phobia with or without panic disorder according to the DSM-
IV. Seventeen patients were referred to us for the study at the
local day hospital (12 females, five males). Two of them were
excluded from the following analysis since their fear of empty
spaces was so severe that they could not accomplish the task.
Five patients stopped the protocol after the first session (three
females, two males). The remaining 10 patients completed
the project (seven females, three males). Nine control sub-
jects (seven females, two males) were included in the study.

The mean ages of the anxious and control samples were 35.3
(S.D. 10.2) and 32.7 years (S.D. 10.6), respectively. The con-
trol participants were not afflicted with any mental disorders.
A semi-structured interview based on the Mini International
Neuropsychiatric Interview [16] was administered to all the
participants to ensure that they met the selection criteria. Sub-
jects were also required to complete the trait portion of the
STAI [28], the Motion Sickness Questionnaire (susceptibil-
ity to motion sickness in different ways of traveling) [22] and
the Derealization Experience Scale [1,6]. Informed consent
was obtained from all the participants. The study was per-
formed in accordance with the Declaration of Helsinki/Hong
Kong.

2.4. Questionnaires and interview measures

The state portion of the STAI [28] was used to measure
the anxiety levels upon arrival at the laboratory and after
completion of the experiment. A 22-item cybersickness scale
was used to assess the level of discomfort after exposure to
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VR. It comprised a list of symptoms and sensations associ-
ated with autonomic arousal (nausea, sweating, heart pound-
ing, etc.), vestibular symptoms (dizziness, fainting, etc.), res-
piratory symptoms (feeling short of breath, etc.) and could
also be used to estimate signs of somatisation (tendency to
complain of a large number of diverse symptoms). Items were
rated on a scale from O to 4 (absent, weak, moderate, strong).
The presence questionnaire from the I-group [26] was pre-
sented after completion of the experiment.

2.5. Visual and auditory stimuli

The 3-D visual environment was based on a 3-D model
developed by Sense8 Corp (San Rafael, CA). It was com-
posed of noticeable landmarks, several streets and alleys and
was rendered using Virtools Dev 2.5 (Virtools SA, Paris,
France). This software has limited features in terms of audi-
tory design, which consists mainly of stereo rendered sources.
In order to allow the maximum flexibility with regards to
sound design, we used the Spat~ sound rendering engine
[14,15] and the ListenSpace auditory scene authoring tool
[7]; both developed at Ircam. The sounds were produced
through tracked binaural rendering (non individual HRTFs)
and were dependent upon the subject’s movements.

Two types of auditory elements were used; binaurally ren-
dered monophonic sources and ambisonics sound scenes
(Fig. 1). Binaurally rendered monophonic sources were put
at precise locations in the scene and linked to small activa-
tion areas where the sources could be heard. Ambisonics sound
scenes, linked to large activation areas, were added to the
soundscape. Ambisonics is a four channel audio format that
embodies spatial information of a sound scene according to
the three directions of space (left/right, front/back and
up/down), thus allowing a full immersion of the listener inside
an auditory environment. The large activation areas covered
the whole town, so that the subject was either at the center of
at least one sound scene, or in a cross-fade region between
two sound scenes. The cross-fade mechanism was tuned to
ensure smooth transitions between the four sound scenes.

2.6. VR set-up specifications

We used a V8 head-mounted display (Virtual Research Sys-
tems, Santa Clara, CA). The LCD displays had a monocular

Table 1

field of view of 48° by 36°, with an array of 640 x 480 (true
VGA) color triads (pixels), refreshed at 60 frames per s. The
subject’s head orientation was measured by an electromag-
netic sensor system (Fastrak Polhemus) which has an update
rate of 120 Hz. The image generator (Pentium IV 2.4 GHz,
512 mb of RAM and an NVIDIA Quadro4750 XGL graphics
card) took the head angular position information from the
tracker and sent the corresponding image to the display and
to ListenSpace (Pentium IV 2.4 GHz), which calculated the
position of the sound sources with respect to the head angu-
lar position information and sent them to the Spat~ (Mac
1 GHz), which generated the sound. The Mac was equipped
with a Hammerfall DSP system. Sennheiser HD570 circum-
aural open headphones were used in the AVis condition.

3. Results

Of the 17 recruited patients, as mentioned before two
females had to be excluded because of strong emotional reac-
tions. Interestingly, the protocol had a beneficial effect for
the two of them, who eventually managed to perform part of
the navigation task at the end of the second session (with two
landmarks found). Five patients completed only one session.
Two did an AVis condition (two females), three did a Vis con-
dition (one female, two males). Only the 10 patients who com-
pleted two sessions were included in the comparative analy-
sis (see Table 1).

3.1. Questionnaires measures and VR

3.1.1. Presence

A two-way ANOVA with condition (Vis vs. AVis) as a
within-subjects factor and with group (patients vs. control)
as between-subjects factor on presence scores indicated a main
effect of condition (F(1,17) =7.3, P =0.01).

Presence scores were higher in the AVis condition in both
groups of subjects (Table 1). The analysis of variance with
condition as a within-subjects factor and with presentation
order of conditions as a between-subjects factor indicated only
a main effect of condition (F(1,17) = 9.29, P < 0.01). How-
ever, the interaction between presentation order and condi-
tion was marginally significant (F(1,17) = 4.1, P = 0.06).

Means and (S.D.) of the scores to the different measures related to VR according to the group and the condition

Vis condition

AVis condition

Measure Control group Patients group Control group Patients group
n=9) (n=10) n=9) (n=10)
Time in VR (in s) 474 (206) 509 (194) 469 (170) 428 (211)
Landmarks found during navigation (Max = 11) 9.7 (2.9) 8.6 (2.9) 10.4 (1.1) 8.9 (3.8)
Two-choice forced recognition (Max = 10) 6.9 (2.0) 7.7 (1.4)* 7.3 (1.1) 6.6 (1.6)*
Correctly localized landmarks (Max = 12) 7.3 (2.6)° 5.0 (3.3)° 6.9 (2.8) 5.1(3.3)
Cybersickness 5.2(5.3) 6 (7.8) 4.6 (6.2) 18.8 (14.6)
Presence 32.4(13.1) 38(17.2) 40 (14.1) 42.6 (19.2)

2 Wilcoxon rank test, t = 3, P < 0.05.
bManrkWhitney U-test, 7 = -2, P < 0.05.
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Indeed, presence scores increased during the second session
only in Vis first presentation order. In AVis first presentation
order, presence scores decreased during the second session
(for Vis first, Vis =39.6, S.D.=15.2, AVis =41.7,S.D. = 18.7,
for AVis first, AVis = 41, S.D. = 15, Vis = 30.7, S.D. = 14.7).

This observation is in agreement with the finding that audi-
tory modality improves the sense of presence, since remov-
ing it has the opposite effect.

Interestingly, the scores from the DES were correlated with
the scores from presence scale, both in Vis condition (r = 0.63,
P < 0.01, n =22) and in AVis condition (r = 0.48, P < 0.05,
n =21). Presence scores did not correlate with neither of the
state anxiety scores or the trait scores.

3.1.2. Cybersickness

An ANOVA with condition as a within-subjects factor and
with group as a between-subjects factor on cybersickness
scores showed an interaction between the factors group and
condition (F(1,17) = 10.6, P < 0.01). Cybersickness scores
significantly increased in AVis condition in patients group
(Fig. 2). It is unlikely that these scores represent a general
tendency towards somatisation since there is no difference
between the two groups of subjects in the Vis condition. The
analysis of variance with condition as a within-subjects fac-
tor and with presentation order of conditions as a between-
subjects factor indicated only a main effect of condition
(F(1,17) = 6.1, P < 0.05).

Cybersickness scores and scores from the state anxiety
scale completed after the Vis session (but not before) were
correlated (r=0.57, P <0.01, n=22).

In AVis condition, state anxiety scores both before and after
the session correlated with cybersickness scores (r = 0.62,
P <0.01; r=0.83, P <0.0001, n = 21).
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Fig. 2. Cybersickness scores according to the condition and the group. Error
bars represent 1 S.D.

Table 2
Means and (S.D.) of state anxiety levels at the beginning and after comple-
ting a session

Control group (n=9)  Patient group (n = 10)

Time Vis AVis Vis AVis
condition  condition  condition  condition

Before the session 23.7(2.7) 23427 29.6(7.6) 33(8.6)

At the end of session 22.7 (4.2) 244 (5.1) 32.4(10.2) 37(10.8)

Cybersickness scores and trait anxiety scores were corre-
lated both in Vis and AVis conditions (r = 0.48, P < 0.05, n
=22;r=0.65, P <0.01, n = 21; respectively). No relation-
ship was found between the general sensitivity to motion sick-
ness [22] and cybersickness scores.

3.1.3. State anxiety levels

The two groups differed in all measures of state anxiety
(Table 2). A three-way analysis of variance with two repeated
measures on condition and the two state anxiety scores (before
and after the VR session) was performed between the two
groups (2 x 2 x 2). The analysis indicated a main effect of
group (F(1,17) =12.9, P <0.01) but there was no interaction
between the different factors, suggesting that state anxiety
levels before and after the VR session were not statistically
different for any of the groups.

3.2. Navigation in Vis and Avis condition

No difference between the groups nor between the condi-
tions was found in the two measures taken during navigation
(time spent in VR and number of landmarks found). The
analysis of variance with condition as a within-subjects fac-
tor and with presentation order of conditions as a between-
subjects factor indicated an interaction between presentation
order of conditions and condition on time spent in VR
(F(1,17)=11.6, P < 0.01). Indeed, time spent in VR always
decreased during the second session, but time spent in VR
during the first session was much shorter in the case of AVis
first (for Vis first, Vis = 573, S.D. = 149 s, AVis = 438 s,
S.D. =162; for AVis first, AVis =462 s, S.D. =220, Vis =403 s,
S.D. =209). Since time spent in VR is a measure of time to
find the landmarks and to feel familiarity with the town, this
indicates that AVis condition does provide more efficiency in
spatial exploration.

3.3. Correctly localized landmarks (after navigation)

No difference between the groups or between the condi-
tions was found. The analysis of variance with condition as a
within-subjects factor and with presentation order of condi-
tions as a between-subjects factor indicated an interaction
between presentation order and condition (F(1,17) = 12.9
P < 0.01). Performance always increased for the second ses-
sion, but the increase was higher when the first session was in
AVis condition (for Vis first, Vis = 5.1, S.D. =3.3, AVis = 6.5,
S.D. = 3.1; for AVis first, AVis = 5.3, S.D. =3.3, Vis = 7.2,
S.D.=2.7).
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3.4. Two-choice forced recognition (after navigation)

No difference between the groups or between the condi-
tions was found with either analysis of variance. However,
the interaction between group and condition was marginally
significant (F(1,17) = 3.04, P = 0.09). While normal sub-
jects’ performance tended to increase in AVis condition (see
Table 1), patients’ performance decreased in comparison with
performance in Vis condition (Wilcoxon rank test, t = 3, P
<0.05). No presentation order effect could explain this obser-
vation.

4. Discussion

In the present experiment, we compared navigation in a
visual VE with navigation in an auditory—visual VE in two
samples of subjects. As expected, presence scores were Sig-
nificantly higher in AVis condition. Presentation order of con-
ditions was not at stake in this result, since the order of ses-
sions was counterbalanced across subjects. However, analysis
of the effect of presentation order pointed to a beneficial effect
of auditory modality: time spent in VR to find the landmarks
was shorter in AVis first order, the increase of number of cor-
rectly localized landmarks at the end of the second session
was higher in AVis first order.

In general, the goal to achieve in immersion in a VE is to
give to the user a compelling illusion that he actually moves
in the VE and no longer in the physical world. If the virtual
frame of reference is completely adopted, the user will
describe a high degree of presence. Paradoxically, this feel-
ing would refer to a derealization experience, since it would
involve an alteration in the perception of the external world
which would not seem more real anymore than the virtual
world. The correlation found between presence scores and
dissociation scores points indeed to a link between the two
states, especially since this relationship has already been
reported in at least one other study [34].

It remains to be proved whether this relationship could con-
stitute a risk or a benefice for patients; the latter being that a
strong sense of presence would facilitate emotional reactions
in the VE hence would be beneficial for therapy; the former
being that it might be difficult for some patients to distin-
guish afterwards between the real and virtual worlds [11].

The two groups behaved differently with regard to the two
conditions. While normal subjects did not exhibit more signs
of cybersickness in AVis condition, the level of discomfort of
patients was significantly higher in this condition. The rela-
tionship between the different anxiety scores and cybersick-
ness underlines the high sensitivity to sensory conflict in anx-
ious patients.

These results are in agreement with the hypothesis of a
multisensory integration deficit in this population [32]. It
remains to be shown whether the relationship between anxi-
ety and cybersickness is linked specifically to the involve-
ment of auditory modality. Indeed, noise is one of the main

contributors to the sensory overload characterizing urban envi-
ronments, and impaired performances at the visual recogni-
tion test in AVis condition could be attributed to this sensory
overload [17]. Altogether, the attempt to continuously adjust
the relative weighting of auditory, visual and idiothetic infor-
mation may have caused an attentional load which prevented
allocation of attentional resources to the VE.

In the set-up we used, the imperfect mapping between the
motor outflow and the multiple sensory feedbacks (move-
ment of the head and its visual and auditory feedbacks) can
also be the cause of the increased symptoms of cybersickness
in the AVis condition. It exhibits the significance of master-
ing the delay between sound and images updating so that no
supplementary conflict is introduced. A synergistic multimo-
dal VR system should be constructed, allowing modality syn-
chronization through perfect temporal alignment.

The present experiment confirmed the importance of 3-D
audio for the construction of a virtual space. Control subjects
said that the experience was more compelling when 3-D audi-
tory information was delivered during the virtual navigation,
while several patients reported that the two worlds (auditory
and visual) could not fulfill a sense of realism when pre-
sented together. The visual world we were using was com-
posed of rich textures attempting to model a realistic urban
environment. The auditory world was mainly composed of
ambisonic sounds recorded in a city, which corresponded to
highly textured sounds. In spite of the equivalent richness of
both channels, anxious patients tended to perceive them sepa-
rately.

If this mode of perception can be linked to a sensory over-
load originating from their high sensitivity to multisensory
information, a question remains about the sensation of coher-
ence at the semantic level between the visual scene and the
auditory scene [31]. Focusing on this issue, we are currently
conducting an experiment in which the visual environment is
purely symbolic. Assuming that patients would not have a
dual mode of perception in a symbolic VE, it might be pos-
sible to unravel primitives that might be sufficient to elicit
emotional reactions, presence and rehabilitation.

Computationally it is currently easier to achieve high reso-
lution and realism in an auditory VE than in a visual VE. In
an attempt to address this issue, we conducted a trial on a
subset of four patients who were asked to navigate blind-
folded in an auditory only VE and were surprised to observe
that time of immersion tremendously increased (patients were
willing to explore the VE as long as possible) while naviga-
tion was efficient (all auditory landmarks were found). Fur-
thermore, realism was judged as very high and patients pro-
duced an accurate graphic reproduction of layout of auditory
landmarks. This condition seems therefore promising for
research in therapeutic methods in which VR should not limit
its aim to copy reality but should invent new ways to engage
the immerged subject.

Applied research with virtual sound have been performed
for the last decade in order to allow the visually impaired to
develop more accurate and extensive knowledge of spatial
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layout [9,19]. Hopefully this kind of VR will provide thera-
peutic benefit for several psychopathological disorders as well.

5. Conclusion

The present study exhibited that presence is increased with
3-D sound in a population of agoraphobic patients, which
suggests that this modality is worth being integrated in a VR
set-up. However, it demonstrated that agoraphobic patients
were more sensitive to the sensory conflict created by the addi-
tion of 3-D sound, since cybersickness scores increased tre-
mendously in this condition. Sensory overload might have
been the cause of a decrease in spatial performances as
assessed after AVis navigation. Further studies should be con-
ducted to integrate efficiently 3-D sound in VR set-up for clini-
cal use, together with studies focusing on 3-D sound, with
VR set-up not mediating vision, which might represent a very
powerful condition for anxious patients.
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