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Abstract It is estimated that ~10% of the adult popu-
lation in developed countries is affected by subjective
tinnitus. Physiopathology of subjective tinnitus remains
incompletely explained. Nevertheless, subjective tinnitus is
thought to result from hyperactivity and neuroplastic
reorganization of cortical and subcortical networks fol-
lowing acoustic deafferentation induced by cochlear or
auditory nerve damage. Involvement of both auditory and
non-auditory central nervous pathways explains the con-
scious perception of tinnitus and also the potentially inca-
pacitating discomfort experienced by some patients (sound
hypersensitivity, sleep disorders, attention deficit, anxiety
or depression). These clinical patterns are similar to those
observed in chronic pain following amputation where
conditioning techniques using virtual reality have been
shown both to be theoretically interesting and effectively
useful. This analogy led us to develop an innovative setup
with dedicated auditory and visual 3D virtual reality
environments in which unilateral subjective tinnitus suf-
ferers are given the possibility to voluntarily manipulate an
auditory and visual image of their tinnitus (tinnitus avatar).
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By doing so, the patients will be able to transfer their
subjective auditory perception to the tinnitus avatar and to
gain agency on this multimodal virtual percept they hear,
see and spatially control. Repeated sessions of such virtual
reality immersions are then supposed to contribute to tin-
nitus treatment by promoting cerebral plasticity. This paper
describes the theoretical framework and setup adjustments
required by this very first attempt to adapt virtual reality
techniques to subjective tinnitus treatment. Therapeutic
usefulness will be validated by a further controlled clinical
trial.
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1 Introduction

When qualified of “subjective”, tinnitus is an auditory
perception, experienced in the absence of any external or
internal auditory stimulus (perception of a sound without a
recordable source). Subjective tinnitus (ST) must be dif-
ferentiated from objective tinnitus, induced by the per-
ception of an internal, vascular or muscular bruit actually
recordable (Shulman 1987). ST is generally a simple per-
cept commonly described as a hissing or a buzzing. It
cannot be clinically demonstrated (Savastano 2004). ST is
a very common symptom affecting at least 10% of the
general population that may become disabling when
chronic. Approximately, one percent of the population is
very severely affected (Axelsson and Ringdahl 1989). For
such patients, daily activities impairment, attention deficit
(Delb et al. 2008), sleep (Cronlein et al. 2007) and mood
disorders induced by tinnitus perception result in major
negative impact on quality of life (Bartels et al. 2008) and
important economical and social burden (Vio and Holme
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2005). Despite of its high incidence, pathophysiology of ST
remains incompletely understood (Bauer 2004) and caus-
ally oriented treatment is still lacking even though various
kinds of pharmacological agents have been proposed to
treat ST with poor evidence-based validation (Dobie 1999).

Nonetheless, it emerges that ST perception is the conse-
quence of central reorganization within the cortico-subcor-
tical neural circuitry (Mgller 2001) linked to deafferentation
after peripheral cochlear or auditory nerve damage (Egger-
mont 2007). The involvement of auditory and non-auditory
cerebral structures is then related either to ST conscious
perception and to ST related distress or associated neuro-
psychiatric symptoms (de Ridder 2005). Similar clinical
patterns are noticeably present in post-amputation chronic
pain syndrome (Mgller 2007). Following this analogy, and
because techniques of immersion in virtual reality (VR) have
demonstrated theoretical and practical value in the treatment
of chronic pain (Cole et al. 2009; Murray et al. 2007), we
thought it legitimate to adapt these techniques for patients
with ST. The purpose is to act on subcortical mechanisms of
integration, by allowing the patient to willingly manipulate
his tinnitus in a visual and auditory 3D virtual environment to
control or “master” tinnitus.

The aim of this paper is to describe this first attempt to
apply 3D visual and auditory VR environments to unilate-
ral subjective tinnitus sufferers. We will first describe the
motivation for tinnitus treatment by explaining tinnitus
related distress pathophysiology. Then, we will focus on
VR in health care as a framework to our project, with
special interest in clinical situations analogous to those
experienced by tinnitus sufferers. We will then propose
how VR techniques could be successfully adapted to tin-
nitus sufferers and describe the VR setup specifications and
the different virtual environments (VEs) that were deve-
loped. The paper ends with the description of the future
clinical trial, which will be conducted to test 3D visual and
auditory VR as a new therapeutic tool for unilateral
subjective tinnitus sufferers.

2 Subjective tinnitus pathophysiology

ST, developing in the course of numerous otological dis-
eases, is most often associated with hearing loss (>80% of
cases; Weisz et al. 2006; Norena et al. 2002). This high
incidence of hearing loss associated with ST can be
explained by the presence of peripheral lesions (i.e.,
cochlea or auditory nerve) in the main pathologies causing
ST (i.e., sudden hearing loss, acute or chronic noise
induced hearing loss, presbyacusis, Méniere’s disease...)
(de Ridder et al. 2004; Mrena et al. 2007; Herraiz et al.
2006). Even though these peripheral damages are clearly
initially responsible in ST onset (Eggermont 1990), the
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mechanisms of production and sustention of chronic dis-
abling ST are probably multiple and still poorly understood
(Husain 2007). At the present time, there is growing con-
sensus that dysfunctional neural plasticity processes are
involved in the pathophysiology of chronic ST. Previously
mentioned analogies with phantom limb pain suggest that
chronic ST is a “phantom auditory perception” reflecting
the maladaptive efforts of auditory and non-auditory brain
circuitries to adjust to auditory deafferentation (de Ridder
and van de Heyning 2007). Several recent functional
imaging studies by MEG (Weisz et al. 2005), PET scan
(Eichhammer et al. 2007), fMRI (Smits et al. 2007) have
demonstrated that ST is associated with neuroplastic
alterations in the central auditory system and/or function-
ally connected areas. Electrophysiological studies have
shown a firing rate increase and neuronal synchrony
associated with reduced alpha and enhanced gamma
activity within primary and secondary auditory cortices
that could be correlated, in humans, to ST related psy-
chological distress (Weisz et al. 2007).

Moreover, and always in perfect analogy with chronic
pain syndromes, incapacitating ST is often associated with
stress (Welch and Dawes 2008) and psychopathological
conditions of the anxiety—depression type, inducing
avoidance or anticipating behavior and even phobic reac-
tions (Belli et al. 2008). This could be related to non-
auditory cortical areas involvement as described by various
neurophysiological or psychological global models of tin-
nitus generation. According to the seminal neurophysio-
logic model described by Jastreboff, chronic tinnitus and
the resulting discomfort is understood to result from an
acquired central mechanism, triggered by a complex
pathological process (cochlear lesion + stress), then sus-
tained by an automatic system of detection and permanent
analysis of the signal (reinforcement) (Jastreboff 1990).
Chronic activation of the limbic circuits (emotion, memo-
rization) is thought to lead to a conscious perception that
becomes progressively more uncomfortable. Based on this
model, a therapeutic protocol called tinnitus retraining
therapy (TRT) is aimed at enhancing ‘“habituation”
(i.e., global process of neglecting meaningless signals)
(Jastreboff and Jastreboff 2006). Counseling to make the
problem more manageable combined with permanent
exposure (8 h a day for 12-24 months) to a white noise is
supposed to “retrain”, by neural plasticity, the central
auditory pathways and then alleviate tinnitus and hypera-
cusis (i.e., intolerance to normal environment sounds)
related discomfort (Jastreboff 2007).

On the other hand, more recent psychological models
have underlined the relevance of cognitive distortions or
negative automatic thoughts (“I cannot help it”, “I have
lost silence forever”....) and consequent inappropriate
behaviors (use of ear plugs, anxious or phobic reactions to
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ST perception) that promote the persistence of ST related
discomfort (Andersson and McKenna 2006). It is for this
reason that cognitive and behavioral therapies have been
widely and successfully included in the multidisciplinary
therapeutic management of tinnitus patients (Caffier et al.
2006; Londero et al. 20006).

In summary, the following factors seem to be implicated
in the pathophysiology of ST:

e Peripheral lesions (cochlea, auditory nerve),

e Hyperactivity of the auditory pathways sometimes
associated with excessive synchronization of influx
and/or failure of inhibitory mechanisms,

e Reorganization of the auditory cortex as a result of
chronic auditory pathway malfunctioning,

e Attention capture and psychological distress as a
correlate of non-auditory brain areas involvement.

3 Virtual reality in clinical therapy and rehabilitation

Most often, VR integrates real-time computer graphics,
body tracking devices and visual displays to immerse a
user in a computer-generated VE. Other sensorial inter-
faces 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 virtual environment (refer
Loomis 1992 for a phenomenological description of pre-
sence). The setting in which the user performs 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 health research.

For instance, VR has been employed as an alternative
for in vivo exposure for the treatment of different phobias
for the past decade with a positive outcome (see Riva 2005
for a review). Advantages of VR have readily been used for
motor rehabilitation, providing participants with repetitive
practice, feedback about performance contributing to the
desired effect and a motivational context in which actions
are embedded (Holden 2005; Weiss et al. 2004).

A very interesting aspect of VR for health research is its
use to reduce phantom limb pain. When an amputee patient
sees a virtual limb placed at the position of its phantom
limb, and when he manages to transfer his sensations to this
virtual limb, he also reports a decrease in phantom pain
(Murray et al. 2007). Moreover, when movements of the
virtual limb correspond to capture motion data measured on
the patient’s stump instead of the opposite remaining limb,
it allows the patients to gain agency for the movement they
see, and feel embodied within the limb (Cole et al. 2009).
Therefore, a critical aspect of pain management is the
sensation of agency, which is quite easy to provide with VR.

Regarding mental health applications, the goal to
achieve 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. The number of sensory
modalities through which the user is coupled to the VE is
a main factor contributing to the feeling of presence
(Sheridan 1992). Thus, “multisensory” involvement is a
key for VR. Furthermore, perceptual and cognitive
mechanisms are tuned to process multisensory signals.
Encoding, storing and retrieving perceptual information is
intended by default to operate in a multisensory envi-
ronment, and unisensory processing is suboptimal.
Therefore, it is all the more important for a therapeutic
procedure to allow the patient to combine information
across the senses about a common source, to improve the
localization and discrimination of virtual objects, and
speed up reactions to them. In spite of that, VR tech-
nologies rarely integrate the auditory modality, which is
the only sense through which we are communicating with
the whole space around us. The visual and auditory
channels can be easily exploited in 3D virtual environ-
ments (VEs), but it is quite uncommon to include a 3D
auditory rendering in a therapeutic application.

VR technology could be an attractive tool for tinnitus
sufferers to gain agency over their sensation if they could
provide multisensory information and accurate 3D ren-
dering. Indeed, in the natural environment, auditory
localization is reinforced by visual cues. Several studies
have shown that early blind subjects exhibit less precise
auditory localization than sighted subjects, suggesting that
the auditory system may require visual feedback for cali-
bration (Lewald et al. 2002; Zwiers et al. 2001). In a VE
aiming at giving patients, the opportunity to gain agency
over their tinnitus sensation, auditory and visual informa-
tion about the same objects would require to be accurately
co-localized.

Such a project, therefore, involves technologies, models
and applications linked to the introduction of 3D sound in
VEs. Auditory augmentation of visual environments is
known to improve presence and immersion (Hendrix and
Barfield 1996). To create such environments and the cor-
responding content, several concepts and technologies need
to be researched, developed and/or integrated.

4 Virtual reality techniques applied to tinnitus patients

The aim of the application is to offer to the tinnitus patient
the possibility to manipulate an auditory—visual tinnitus
avatar within a VE to gain control over the ST perception.
Therefore, the application is based on the immersion in a
visual VE coupled with accurate auditory spatial rendering,
as well as a natural sensorimotor interaction provided
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through the use of two trackers. The overall procedure
comprises first, the creation of an auditory avatar of the
patient’s ST, and second, its inclusion in an interactive
auditory—visual VE where the different audio components
are spatialized according to the navigation and manipula-
tion of the patient. The auditory avatar stimulus is created
following the frequency patterns of the patient’s ST. The
“spatialization” process is based on binaural technology
using a database of either generic or individual HTRFs.
The task of the subject is to navigate in the VE and to steer
the visual and auditory avatar to place it in different
positions (either according to distance or according to
directional localization). So, in this protocol, the expected
success of the habituation process lies essentially on the
principle of integration of visual, auditory, and proprio-
ceptive information.

5 Avatar creation

First, an acoustic modelization of the perceived tinnitus has
to be established. The spectral characterization of ST and
the creation of a credible tinnitus auditory image (tinnitus
avatar) is not a straightforward process. To do so, the signal
has to match the spectrum and intensity of the tinnitus
percept. Thanks to custom-made software, a training pro-
cedure teaches the patients frequency and loudness
matching. Then, by means of a similar graphical interface
(Fig. 1), patients are asked to adjust a sound played into
their contra lateral ear, so that it matches their tinnitus in
frequency and loudness. It should be noted that for some
patients, fitting the frequency and loudness parameters of
the tinnitus avatar could even lead to the perception of a
tinnitus image located in the middle of the head. This
observation reveals that a fusion process can occur between
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Fig. 1 User interface of the Avatar creation application, allowing the
patient to match the spectral content (sinusoidal sound plus band-pass
noise), the pitch and the intensity of the auditory avatar to his
subjective tinnitus
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the subjective unilateral tinnitus and the avatar stimulus
presented in the contra lateral ear.

6 Auditory VR and visual 3D environments

This acoustic model is used as a tinnitus avatar, involving
different auditory and visual VEs designed in 3DVIA
Virtools, a VR development platform. Patients are equip-
ped with a head-mounted display coupled with an infrared
camera sensor system and immersed in the virtual scenes in
which they can move forward by pressing a mouse button.
Patients have to turn on their own vertical axis in order to
change the direction of heading and displacement in the
VE. The soundscape associated to the VE is updated in real
time according to their movement and is delivered through
the headphones. An additional marker attached to the tip of
arod allows the patient to control the virtual position of the
tinnitus avatar through the displacement of the rod around
his head. Two types of applications have been developed,
which differ in their purpose, the associated task of the
patient and consequently the way the sound-source spa-
tialization is processed. The first application is based on a
pointing task, through which data about ST perception are
gathered. The second one is a navigation task in different
VEs. The specificities of the spatialization processing
involved in the applications required to overwrite the
native 3D audio library functions provided by 3DVIA
Virtools with customized spatialization algorithms derived
from the Spat~library (Jot 1999) and implemented in the
real-time audio platform Max/MSP.

6.1 Pointing task

The aim of this application is to evaluate the capacity of the
patient to merge his unilateral ST with the contra lateral
tinnitus avatar and to perceive it as a phantom source in a
given location/direction. For this application, the tinnitus
avatar is attached to an invisible and fixed reference posi-
tion in the virtual scene, and the signal is presented only to
the contra lateral ear. Its level depends both on the distance
and the orientation of the patient relative to the reference
position in order to create a virtual interaural level differ-
ence (ILD) between the ST and the tinnitus avatar. The
patient’s task is to navigate in the virtual scene along an
imposed path. From time to time the patient is asked to
point at the subjective direction of the tinnitus avatar. The
path is organized in such a way that the level of the contra
lateral tinnitus avatar will cover a range of £20 dB around
the perceived level of the ST. The pointing data recorded
during the session are expected to scan the subjective ILD
localization function in the frequency region of the tinnitus
and to check whether this function may evolve over time.
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6.2 Navigation task

The main rehabilitation application consists in a navigation
task through different auditory and visual VEs. Three VEs
were chosen as representative of realistic situations
(countryside, urban and indoor scenes) and are inhabited
with a collection of auditory sources (animals, cars,
domestic noises, etc.) and a sound ambience (background
noise, reverberation). The task of the patient is to locate
different visuo-auditory landmarks disseminated in the
virtual scene, to “visit” each of them, one at a time, i.e., get
close to them and wander around. During their navigation,
patients are invited to move the tinnitus avatar around their
head to find the most comfortable position in terms of
auditory sensations (Fig.2). When the tinnitus avatar
enters in the viewing frustum, it is represented as by ani-
mated sparkles. This visual representation is used to elicit
the integration between auditory, visual and proprioceptive
sensory modalities and to improve agency over their tin-
nitus sensation.

The auditory sources associated to the landmarks and
sound ambiences are spatialized according to the location
and orientation of the patient in the VE. Landmark sources
are rendered through binaural technology (Wightman and
Kistler 1989) using generic Head Related Transfer Func-
tions (HRTF). The HRTFs, derived from measurements on
a human or a dummy head, allow a reconstructing to the
ears of the listeners of the perceptual cues, which are
responsible for localizing sound in direction, i.e., the
interaural time delay (ITD), the interaural level differences
(ILD) and the spectral cues, which are determinant for
localizing sound in the vertical plane. The tinnitus avatar is
also spatialized through binaural rendering. Moreover, as
its position is slaved to the rod placed into the hand of the
patient, the binaural rendering takes advantage of the near-
field and geometrical compensation proposed by (Brungart
1999). To improve the immersion of the listener in the
auditory environment, ambience sounds encoded in first-
order ambisonics format are added to the soundscape.
Ambisonics is a scalable audio format (Malham and Myatt
1995; Daniel and Moreau 2004) that embodies spatial

Fig. 2 Illustration of the city
VE showing one of the
auditory—visual landmarks
(cube #4) disseminated in the
scene. The animated sparkles
are the visual manifestation of
the tinnitus avatar associated to
the rod manipulated by the
patient

information of a sound scene according to the three
directions of space (left/right, front/back and up/down). At
playback, real-time spatial transformation is applied to the
sound scene to compensate for the head rotation of the
listener and an ambisonic to binaural decoder is used for
headphone reproduction.

6.3 Virtual reality setup specifications

We used a nVisor SX head-mounted display (NVIS,
1280 x 1024 (SXGA) resolution, 60° FOV diagonal) with
stereoscopic viewing. The patient’s head and the tip of the
rod’s orientations and positions (Fig. 2.) are measured by
optical motion capture (Optitrack, FLEX V120, 120 fps).
Sounds are rendered through BeyerDynamic DT990 cir-
cum-aural open headphones.

Tracking data acquisition and processing, image syn-
thesis and sound spatialization run in parallel on a Core 2
duo 3GHz equipped with 2 Go of RAM, an NVIDIA
Quadro FX4600 graphics card and a RME audio interface
Fireface 400.

7 Clinical validation

Therapeutic usefulness of these VR procedures will be
subsequently tested in the clinical controlled trial described
hereafter and approved by the local ethical committee.
Eight consecutive VR sessions will act as an habituation
protocol supposed to enhance the dissociation between
tinnitus percept and its mental representation by working
on the patient’s ability to progressively control the locali-
zation of the tinnitus avatar in both direction and distance
in order to move it “off limits”, at will. The study design is
an open randomized therapeutic trial comparing two thera-
peutic strategies: virtual reality and cognitive behavioral
therapy (CBT) including an observational control arm. The
control arm is a waiting list. It will be used to evaluate the
natural history of the symptoms over a period of several
months. The two juxtaposed strategies are VR and CBT,
the latter being considered as a standard tinnitus treatment.
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The research hypothesis is that the treatment of tinnitus by
VR is at least as effective as the treatment of tinnitus with
standard CBT. The primary goal is to evaluate the efficacy
of VR on the intensity of discomfort induced by tinnitus as
measured by a validated questionnaire (French translation
of the Subjective Tinnitus Severity Scale) (Meric et al.
1996). The secondary goals are to evaluate the efficacy of
VR to reduce (1) the perceived intensity of ST as measured
by visual analog scale and tinnitus matching, (2) the
intrusiveness of associated hyperacusis as measured by the
auditory sensitivity scale and (3) the psychological impact
of ST as measured by Anxiety—Depression Hospital scale.
The difference between treatments will be assessed on the
mean relative changes A = dVR — dCBT, which are
assumed to follow a normal distribution. The standard
deviation of the expected mean relative change observed in
the CBT group is 31.91% based on previous data (Londero
et al. 2006). The sample size calculation is based on the
primary endpoint, which is the mean relative change in
intensity score, to test the null hypothesis HO that the two
treatments are not equivalent IAl > AL = 15.95% versus the
alternative hypothesis H1 that the two treatments are
equivalent Al < AL = 15.95%.

The two-tailed equivalency interval is then defined as
follows:

-15.95 0 1595 A

-AL  equivalency +AL

A sample size of at least 63 patients per group would
provide a power (1—f8) of at least 0.8 to demonstrate, with the
risk for a type I error of 5%, that the two treatments are
equivalent. For the observational control group, a theoretical
sample size of 30 subjects should provide a power of 91% to
demonstrate a mean relative change in severity score of 20%,
by comparing the untreated controls before and after man-
agement, with each subject serving as his own control.

8 Discussion

According to the “International Association for the Study
of Pain”, pain is “an unpleasant sensory or emotional
experience associated with actual or potential tissue dam-
age”. ST perfectly meets this definition corroborating the
similarity of the two pathological perceptions (Mgller
2007). Whatever the mechanism, pain and tinnitus are
perceptions thus totally subjective phenomena with a
varying degree of tolerance, potentially unbearable as both
are known to lead to suicide (Andersson 2003). Clinical
data suggest other similarities between pain and tinnitus.
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First, in chronic neuropathic pain, the painful perception
can be triggered by a cutaneous stimulation, which nor-
mally only causes a somesthesic perception: this pheno-
menon is called allodynia, and can be compared to
hyperacusis experienced by tinnitus sufferers (Norena and
Chery-Croze 2007; Nelson and Chen 2004). Second, there
is no strong clinical argument in favor of hyperstimulation
of the auditory sensory pathway (i.e., “nociceptive” by
analogy to pain) as tinnitus underlying mechanism. This is
obviously the case when tinnitus persists after total hearing
loss (Baguley et al. 2005). On the contrary, various
phenomena acting through peripheral and central neuronal
modifications may underlie mechanisms similar to those
involved in chronic neuropathic pain (Viirre 2007). A
possible loss of a peripheral or central inhibitory control
may be the cause of central hyperexcitability (Norena and
Eggermont 2003). Third, another important notion com-
mon to both pain and tinnitus perception is the notion of
central integration. In each case, the transmission is not
passive but is prone to multiple modulations by mean of
various control systems (attention, emotional). Some
authors consider the possibility of the implication of pluri-
sensory ascending pathways connecting multiple cerebral
zones and in particular the limbic system highly involved in
emotional reactions (Cacace 2003). Similarly, functional
imaging shows that pain and tinnitus activate the same
cerebral structures (Mgller 2007). Such central dysfunction
is a potential target for any kind of modulation based on
neural plasticity.

Furthermore, there is a complex relationship between
tinnitus and psychological status that is still subject to
debate. If it is obvious that tinnitus is not a psychiatric
symptom, it is also clear that tinnitus may have detrimental
psychological consequences (Andersson 2002). Patients
with prior psychological impairment who develop tinnitus
may have an amplified perception of it and suffer
from greater negative consequences (Folmer et al. 2008;
Langguth et al. 2007).

Progressive exposure to virtual reality has been found to
be useful in either post-amputation pain syndromes and in
various kinds of anxiety related states (arachnophobia, Post
Traumatic Stress Disorder...see Riva 2005 for a review).
Furthermore, it has been demonstrated that supplying 3D
auditory information in addition to visual information
increases efficacy and improves patient adhesion to the
experimental conditions (Viaud-Delmon et al. 2004, 2006).
Moreover, and even if VR has never been used as a thera-
peutic tool in the tinnitus field, auditory training with
auditory object identification, which dynamically engages
attention and requires patients’ active participation, has
already been shown to reduce tinnitus perception
(Searchfield et al. 2007). Then, it seems plausible that
immersion in VR can contribute to tinnitus treatment by



Virtual Reality (2010) 14:143-151

149

promoting plasticity, through the active manipulation of a
3D auditory object linked to a visual representation. It is a
question of working on a psycho-sensory level to trigger
low-level “recalibration” allowing the patient to separate
the representation of tinnitus from its perception. The
global aim is to develop the patients’ ability for assuming
an active role in controlling tinnitus, gaining agency for
the movements they both see and hear. In practice, by
modulating the perception of tinnitus in the short term,
the patient is able to vary the localization of the tinnitus
in the near space and to make it interact with the various
auditory VR environments. As previously demonstrated
for phantom limb pain, the theoretical goal is to make it
evident that perception is some kind of “illusion” thus
depriving it of its aggressive characteristics. Since ST
currently lacks effective treatment, after appropriate
clinical testing, such an innovative method could then
potentially represent a useful step toward a possible cure
for tinnitus sufferers.

Although VR techniques are very attractive for health
care, their adaptations are mandatory in order to allow their
practical clinical use. In the case of tinnitus patients, a
special effort has to be dedicated to the work on the
monitoring of 3D audio features. One of the foreseeable
difficulties for the modulation of the localization of tinnitus
in direction and distance is that the temporal and frequency
characteristics of tinnitus are most often unfavorable.
Tinnitus is generally made of a narrow band of high fre-
quencies perceived as stationary. Thus, it is difficult for the
auditory system to exploit all factors of perception that
make localization possible. It is likely that, for most con-
ditions, only the ILD index will effectively be useful for
localization.

To increase the chances of successfully obtaining
habituation, it is important to add a second simultaneous
representation of the tinnitus using a visual avatar in order
to further promote externalization and spatial anchoring.
For example, the tendency to create both intracranial and
ambiguous localization (confusion front—back) observed
using generic HRTFs for binaural synthesis tends to
decrease in the presence of a coherent visual stimulus. In a
similar way, the interaction between auditory and propri-
oceptive factors could play a major role in the process of
dissociating the perception of the tinnitus from its mental
representation in space. Such interaction can be promoted
through direct control of the localization of the avatar by
the patient with a captor held in his hand and represented in
space, or through linking the acoustic scene to the move-
ments of rotations of the head of the listener. In a more
sophisticated version, by creating interaction that is visual,
auditory and idiothetic (based on proprioception and ves-
tibular indices generated by the movements of the patient),
the patient, equipped with a wireless tracking device, could

wander in space freely approaching or moving away from
the sound avatar.

9 Conclusion

Subjective tinnitus (ST) is a complex symptom still lacking
of cause oriented therapy. Virtual reality (VR) and multi-
media interactive technologies have proven efficiency in
different clinical situations analogous to ST, like phantom
limb pain. The 3D visual and auditory VR system here
described in detail in terms of setting up and execution
procedures is the first to be tailored to tinnitus sufferers.
Even if further clinical research is warranted to demon-
strate its clinical relevance in alleviating ST perception or
ST related distress VR could, in the near future, represent a
useful step toward a possible cure for ST sufferers. While
interactive technologies will benefit neurological, psychia-
tric and tinnitus patients, they in turn will contribute greatly
to the development of the technology, thereby benefiting
all people.

Acknowledgments This research is supported by a Tinnitus
Research Initiative Grant (PB 07 01), by the french ANR RIAM 004
02 “EarToy” and by AMPLIFON France. S. Bertet received a grant
from Fondation “Les Gueules Cassées”.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.

References

Andersson G (2002) Psychological aspects of tinnitus and the
application of cognitive-behavioral therapy. Clin Psychol Rev
22(7):977-990

Andersson G (2003) Tinnitus loudness matchings in relation to
annoyance and grading of severity. Auris Nasus Larynx
30(2):129-133

Andersson G, McKenna L (2006) The role of cognition in tinnitus.
Acta Otolaryngol Suppl (556):39-43

Axelsson A, Ringdahl A (1989) Tinnitus—a study of its prevalence
and characteristics. Br J Audiol 23(1):53-62

Baguley DM, Humphriss RL, Axon PR, Moffat DA (2005) Change in
tinnitus handicap after translabyrinthine vestibular schwannoma
excision. Otol Neurotol 26(5):1061-1063

Bartels H, Middel BL, van der Laan BF, Staal MJ, Albers FW (2008)
The additive effect of co-occurring anxiety and depression on
health status, quality of life and coping strategies in help-seeking
tinnitus sufferers. Ear Hear 29(6):947-956

Bauer CA (2004) Mechanisms of tinnitus generation. Curr Opin
Otolaryngol Head Neck Surg 12(5):413-417

Belli S, Belli H, Bahcebasi T, Ozcetin A, Alpay E, Ertem U (2008)
Assessment of psychopathological aspects and psychiatric
comorbidities in patients affected by tinnitus. Eur Arch Otorh-
inolaryngol 265(3):279-285

@ Springer



150

Virtual Reality (2010) 14:143-151

Brungart D (1999) Auditory parallax effects in the HRTF for nearby
sources. Proc IEEE Workshop App Signal Proc Audio Acoust
17:1-174

Cacace AT (2003) Expanding the biological basis of tinnitus:
crossmodal origins and the role of neuroplasticity. Hear Res
175(1-2):112-132

Caffier PP, Haupt H, Scherer H, Mazurek B (2006) Outcomes of long-
term outpatient tinnitus-coping therapy: psychometric changes
and value of tinnitus-control instruments. Ear Hear 27(6):619—
627

Cole J, Crowle S, Austwick G, Henderson Slater D (2009) Explor-
atory findings with virtual reality for phantom limb pain; from
stump motion to agency and analgesia. Disabil Rehabil
31(10):846-854

Cronlein T, Langguth B, Geisler P, Hajak G (2007) Tinnitus and
insomnia. Prog Brain Res 166:227-233

Daniel J, Moreau S (2004) Further study of sound field coding with
higher order ambisonics. Proceedings of the 116th audio
engineering society convention. Previous paper. 6017

De Ridder D (2005) Darwinian neurosurgical approach to tinnitus.
PhD Dissertation, Antwerpen University

De Ridder D, Van de Heyning P (2007) The Darwinian plasticity
hypothesis for tinnitus and pain. Prog Brain Res 166:55-60

De Ridder D, Ryu H, Mgller AR, Nowé V, Van de Heyning P,
Verlooy J (2004) Functional anatomy of the human cochlear
nerve and its role in microvascular decompressions for tinnitus.
Neurosurgery 54(2):381-388; discussion 388-390

Delb W, Strauss DJ, Low YF, Seidler H, Rheinschmitt A, Wobrock T,
D’Amelio R (2008) Alterations in event related potentials (ERP)
associated with tinnitus distress and attention. Appl Psycho-
physiol Biofeedback 33(4):211-221

Dobie RA (1999) A review of randomized clinical trials in tinnitus.
Laryngoscope 109:1202-1211

Eggermont JJ (1990) On the pathophysiology of tinnitus; a review and
a peripheral model. Hear Res 48(1-2):111-123

Eggermont JJ (2007) Pathophysiology of tinnitus. Prog Brain Res
166:19-35

Eichhammer P, Hajak G, Kleinjung T, Landgrebe M, Langguth B
(2007) Functional imaging of chronic tinnitus: the use of
positron emission tomography. Prog Brain Res 166:83-88

Folmer RL, Griest SE, Martin WH (2008) Obsessive-compulsive-
ness in a population of tinnitus patients. Int Tinnitus J
14(2):127-130

Hendrix C, Barfield W (1996) The sense of presence within auditory
virtual environments. Presence Teleoper Virtual Environ 3:290—
301

Herraiz C, Tapia MC, Plaza G (2006) Tinnitus and Méniére’s disease:
characteristics and prognosis in a tinnitus clinic sample. Eur
Arch Otorhinolaryngol 263(6):504-509

Holden MK (2005) Virtual environments for motor rehabilitation:
review. Cyberpsychol Behav 8:187-211

Husain FT (2007) Neural network models of tinnitus. Prog Brain Res
166:125-140

Jastreboff PJ (1990) Phantom auditory perception (tinnitus): mech-
anism of generation and perception. Neurosc Res 8:221-254

Jastreboff PJ (2007) Tinnitus retraining therapy. Prog Brain Res
166:415-423

Jastreboff PJ, Jastreboff MM (2006) Tinnitus retraining therapy: a
different view on tinnitus. ORL J Otorhinolaryngol Relat Spec
68(1):23-29

Jot JM (1999) Real-time spatial processing of sounds for music,
multimedia and interactive human—computer interfaces. Multi-
media Syst 7(1):55-69

Langguth B, Kleinjung T, Fischer B, Hajak G, Eichhammer P, Sand
PG (2007) Tinnitus severity, depression, and the big five
personality traits. Prog Brain Res 166:221-225

@ Springer

Lewald J, Foltys H, Topper R (2002) Role of the posterior parietal
cortex in spatial hearing. J Neurosci 22(RC207):1-5

Londero A, Peignard P, Malinvaud D, Avan P, Bonfils P (2006)
Tinnitus and cognitive-behavioral therapy: results after 1 year.
Presse Med 35(9 Pt 1):1213-1221

Loomis JM (1992) Distal attribution and presence. Presence Teleoper
Virtual Environ 1(1):113-119

Malham D, Myatt A (1995) 3D sound spatialization using ambisonic
techniques. Comput Music J 19:58-70

Meric C, Pham E, Chéry-Croze S (1996) Traduction et validation de
I’échelle subjective de mesure de la sévérité de 1’acouphéne
(Subjective Tinnitus Severity Scale, JBS Halford 1991). J Fr
Otorhinolaryngologie 45:409-412

Mgller AR (2001) Symptoms and signs caused by neural plasticity.
Neurol Res 23:565-572

Mgller AR (2007) Tinnitus and pain. Prog Brain Res 166:47-53
Review

Mrena R, Ylikoski M, Mikitie A, Pirvola U, Ylikoski J (2007)
Occupational noise-induced hearing loss reports and tinnitus in
Finland. Acta Otolaryngol 127:729-735

Murray CD, Pettifer S, Howard T, Patchick EL, Caillette F, Kulkarni
J, Bamford C (2007) The treatment of phantom limb pain using
immersive virtual reality: Three case studies. Disabil Rehabil
29(18):1465-1469

Nelson JJ, Chen K (2004) The relationship of tinnitus, hyperacusis,
and hearing loss. Ear Nose Throat J 83:472-476

Norena AJ, Chery-Croze S (2007) Enriched acoustic environment
rescales auditory sensitivity. Neuroreport 18(12):1251-1255

Norena AJ, Eggermont JJ (2003) Changes in spontaneous neural
activity immediately after an acoustic trauma: implications for
neural correlates of tinnitus. Hear Res 183(1-2):137-153

Norena A, Micheyl C, Chéry-Croze S, Collet L (2002) Psychoacou-
stic characterization of the tinnitus spectrum: implications for the
underlying mechanisms of tinnitus. Audiol Neurootol 7(6):358—
369

Riva G (2005) Virtual reality in psychotherapy: review. Cyberpsychol
Behav 8(3):220-230

Savastano M (2004) Characteristics of tinnitus: investigation of over
1400 patients. J Otolaryngol 33(4):248-253

Searchfield GD, Morrison-Low J, Wise K (2007) Object identification
and attention training for treating tinnitus. Prog Brain Res
166:441-460

Sheridan TB (1992) Musings on telepresence and virtual presence.
Presence Teleoper Virtual Environ 1(1):120-125

Shulman A (1987) Classification of tinnitus. In: Diagnostic Treat-
ment, Shulman A, Aran JM, Tonndorf J, Feldman H, Vernon JA
(eds) tinnitus. Lea and Febiger Publications, Philadelphia, pp
248-252

Smits M, Kovacs S, de Ridder D, Peeters RR, van Hecke P, Sunaert S
(2007) Lateralization of functional magnetic resonance imaging
(fMRI) activation in the auditory pathway of patients with
lateralized tinnitus. Neuroradiology 49(8):669-679

Viaud-Delmon I, Seguelas A, Rio E, Jouvent R, Warusfel O (2004) 3-
D sound and virtual reality: applications in clinical psychopa-
thology. Ann Rev CyberTher Telemed 2:143-152

Viaud-Delmon I, Warusfel O, Seguelas A, Rio E, Jouvent R (2006)
High sensitivity to multisensory conflicts in agoraphobia exhib-
ited by virtual reality. Euro Psychiatry 21:501-508

Viirre E (2007) Cognitive neuroscience in tinnitus research: a current
review. Int Tinnitus J 13(2):110-117

Vio MM, Holme RH (2005) Hearing loss and tinnitus: 250 millions
people and a US$10 billions potential market. Drug Discov
Today 10:1263-1265

Weiss PL, Rand D, Katz N, Kizony R (2004) Video capture virtual
reality as a flexible and effective rehabilitation tool. J Neuroeng
Rehabil 1(1):12



Virtual Reality (2010) 14:143-151

151

Weisz N, Moratti S, Meinzer M, Dohrmann K, Elbert T (2005)
Tinnitus perception and distress is related to abnormal sponta-
neous brain activity as measured by magnetoencephalography.
PLoS Med 2(6):e153. doi:10.1371/journal.pmed.0020153

Weisz N, Hartmann T, Dohrmann K, Schlee W, Norena A (2006)
High-frequency tinnitus without hearing loss does not mean
absence of deafferentation. Hear Res 222(1-2):108-114

Weisz N, Miiller S, Schlee W, Dohrmann K, Hartmann T, Elbert T
(2007) The neural code of auditory phantom perception.
J Neurosci 27(6):1479-1484

Welch D, Dawes PJ (2008) Personality and perception of tinnitus. Ear
Hear 29(5):684-692

Wightman FL, Kistler DJ (1989) Headphone simulation of free-field
listening: stimulus synthesis. J Acoustical Soc Am 85(2):858—
867

Zwiers MP, Van Opstal AJ, Cruysberg JR (2001) A spatial hearing
deficit in early-blind humans. J Neurosci 21(RC142):1-5

@ Springer


http://dx.doi.org/10.1371/journal.pmed.0020153

	Auditory and visual 3D virtual reality therapy for chronic subjective tinnitus: theoretical framework
	Abstract
	Introduction
	Subjective tinnitus pathophysiology
	Virtual reality in clinical therapy and rehabilitation
	Virtual reality techniques applied to tinnitus patients
	Avatar creation
	Auditory VR and visual 3D environments
	Pointing task
	Navigation task
	Virtual reality setup specifications

	Clinical validation
	Discussion
	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


