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Abstract The phantom sound perception mechanism by
which a sound perception occurs without any external
sound source is still enigmatic. According to our previous
fMRI study, a small region in the parietal operculum 3 was
hyperactivated as a function of tinnitus periodicity in
subjects with acoustic trauma tinnitus sequelae. This region
was localized in the vicinity of neural correlates of middle-
ear tympano-ossicular chain movements due to pressure
variations. Disturbed proprioceptors are known to trigger
illusory perceptions; therefore, we hypothesized that a
disturbance of middle-ear proprioceptors may originate
phantom sound perceptions. We designed an fMRI study
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that aimed to stimulate middle-ear proprioceptors by
repetitive vibrations using various rates of click trains. In
this study, we report that exposure to specific rates of
stimuli for a few minutes at comfortable intensity level in
healthy subjects distinctly triggered transient tinnitus-like
aftereffects. The fMRI neural correlates of the aftereffects
were unequivocally localized in the same parietal region as
in acoustic trauma tinnitus sufferers. Our results strongly
suggest that a middle-ear kinesthetic/proprioceptive illu-
sion exists at the origin of acoustic trauma tinnitus via a
somatosensory pathway encompassing the trigeminal
system.

Keywords Tinnitus - fMRI - Operculum - OP3 -
Middle ear - Kinesthesia - Somatosensory cortex -
Acoustic trauma

Introduction

Tinnitus is a tonal auditory perception that typically occurs
in the absence of external stimuli. This distressing phantom
auditory perception with an estimated prevalence of
approximately 10 % (Baguley et al. 2013) usually leads to
problems ranging from mild discomfort such as sleep dis-
turbance to strong anxiety and depression. The mechanism
mediating tinnitus remains unknown.

Our former 3T fMRI study (Job et al. 2012) aiming to
determine abnormal activation of brain regions in subjects
with acoustic trauma sequelae suggested that the proprio-
ception of the middle ear may play a key role in the origin of
acoustic trauma-induced tinnitus (ATIT). Subjects with
ATIT sequelae compared to normal hearing controls per-
forming a simple auditory task had a hyperactivated region
in the right parietal operculum (BA 43/40) (Fig. 2a, red
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voxels, black arrow) that was correlated with tinnitus peri-
odicity. This region is defined as the operculum 3 (OP3)
according to Eickhoff (2006, 2007) and the Anatomy tool-
box (Jiilich center, Germany). The parietal operculum region
(OP) has only recently been studied in depth. This OP region
appears to contain mirror-like somatosensory representation
of the entire body (Eickhoff et al. 2006; Krubitzer et al.
1995; Burton et al. 1995). Activations have been reported
for different body parts and under numerous experimental
conditions such as light touch vibration (Ledberg et al. 1995;
Disbrow et al. 2000), pain perception (Coghill et al. 1994;
Mazzola et al. 2012), vibrotactile attention (Burton and
Sinclair 2000), and kinesthetic illusion (Naito et al. 1999).
Recently, we observed the representation of passive middle-
ear movements by air pressure variation in the operculum
(BA43) (Fig. 2a, green voxels) (Job et al. 2011). Conse-
quently, we hypothesized that a middle-ear joint kinesthetic
disturbance that is conveyed by middle-ear proprioceptors
may occur at the origin of immediate ATIT.

The disturbance of proprioceptors (i.e., muscle spindle
intrafusal fibers) present in body joints triggers illusory
perceptions (Proske and Gandevia 2009), especially pro-
prioceptors that are artificially disturbed by mechanical
vibrations (pulse trains at specific repetition rates), and the
joints reacted as if the muscle were stretched (Eklund 1972;
Goodwin et al. 1972). In the absence of muscular con-
traction, the disturbance of muscle spindle proprioceptors
triggered erroneous signals to the brain where the distur-
bance is interpreted as a movement of the joint (i.e., illu-
sory movement). Muscle spindles are exquisitely sensitive
to vibrations (Burke et al. 1976; Roll et al. 1989). Middle-
ear muscles possess a few intrafusal fibers (Kierner et al.
1999) that may allow the tympano-ossicular chain to pro-
duce illusory perceptions. Additionally, muscle spindle
intrafusal fibers possess sympathetic innervation (Grassi
et al. 1993; Matsuo et al. 1995; Passatore et al. 1996) that
may be activated in many ways (e.g., emotional stress,
anxiety, and drugs), resulting in over-excitability of muscle
spindles (Roatta et al. 2002).

Here, we tested on volunteers without tinnitus, the
hypothesis (i) that middle-ear proprioceptors’ stimulation
by various vibration rates (simulating mechanical vibra-
tions) would produce a phantom sound aftereffect after the
end of the stimulus and (ii) that the neural correlates of this
phantom sound would involve the OP3 brain region.

Materials and methods
Preliminary behavioral experimental design

The aim of this preliminary study was to obtain a phantom
auditory aftereffect using various vibration rate
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stimulations of a few minutes at comfortable levels and to
choose stimulations used to localize the neural correlates of
the aftereffect using fMRI. This study was conducted in
accordance with the Declaration of Helsinki (2004), was
approved by the local Ethics Committee and was refer-
enced as N° 05-CRSS-1/CPP Sud-Est. Written informed
consents from all individuals were obtained.

Participants (n = 25)

The preliminary behavioral experiment was conducted
with twenty-five healthy volunteers (20 males, 5 females)
aged between 21 and 53 years (median 35). No particular
exclusion criteria were included except that the volunteers
could not have any known hearing problems and frequent
or permanent tinnitus. Due to the lack of biomarkers and
objective methods to assess the presence of tinnitus, the
only exclusion criteria included subjects that reported fre-
quent/permanent tinnitus or hearing loss. Nevertheless, we
checked auditory function using objective measurements of
otoacoustic emissions (Kemp et al. 1990). The volunteers
were mostly students or members of the institute.

Stimuli

We used Sound Forge™ Audio Studio 8.0 to synthesize
and deliver clicks stimuli. The clicks were 1 ms sinusoidal
broadband noise (0-22 kHz) with 44, 100 Hz sample rate
and 16 bits resolution. The click trains were produced with
five different rates (vibration rates) based on different inter-
stimulus intervals (ISI), ISI = 8 ms (111 Hz, 111 clicks/s),
IST = 16 ms (59 Hz, 59 clicks/s), ISI = 32 ms (30 Hz, 30
clicks/s), ISI =64 ms (15 Hz, 15 clicks/s) and
IST = 128 ms (8 Hz, 8 clicks/s), thus all of the click trains
have the same spectral contents of sounds but differ only
by their vibration rates. The vibration rates were chosen
using a logarithmic scale to explore a large range of
vibration rates that were associated with mechanoreceptors
in terms of neuronal discharge rates (Taylor et al. 1999;
Roll and Vedel 1982).

The running order of the five stimuli was randomized
and balanced over the group of subjects and was repeated a
week apart with a different running order to ensure the
stability of the subject’s perception. The subjects were
seated comfortably in a soundproof booth and listened via
earphones (Sennheiser©® HD 650) to each stimulus (i.e.,
train of clicks). Each stimulus was applied bilaterally and
was adjusted by the subject itself to a comfortable level.
The intensity levels were adjusted from the software vol-
ume (i.e., a scale ranging from 0 (no sound) to 100
uncomfortable sound). The settings for all of the subjects
were lower than 55. Later, the intensity levels were mea-
sured from the scale (lower and higher score) under



Brain Struct Funct (2016) 221:913-922

915

earphones by an artificial ear (sonometer Briiel & Kaejer
type 2238 Mediator inserted in Briiel & Kaejer artificial
pinnae DZ9769). The acoustic calibration of the sonometer
was performed with a Briiel & Kaejer calibrator 4231. The
intensity levels were comprised between 65 and 72 dB
sound pressure level (LAeq).

Behavioral protocol

The protocol was an alternation of the 3-min click trains and
the 5-min resting periods. The subjects had no particular
instruction during the run of the stimulus except the last 30 s
before the end of the stimulus, and the subjects were visually
warned via the booth window to focus attention to their ears.
At the end of the stimulus, subjects were asked to carefully
listen for any auditory aftereffects. If they noticed perception
of phantom sounds, they were instructed to raise their hand
when the illusory perception vanished. The aftereffect
duration was recorded using a chronometer.

During each resting period, the subject was asked to
describe as acutely as possible the aftereffect, which was a
difficult exercise for the subjects. At the end of the
behavioral experiment, the subject had to complete a short
questionnaire on their past experience of perceiving
phantom sounds and their vivid experience of the
aftereffect.

We found only one publication in the literature dating
before the fifties that resembled our experimental design
and the obtained aftereffects (Rosenblith et al. 1947). The
authors used rectangular pulse train stimuli at various
vibration rates coupled with earphones to trigger the
phantom auditory aftereffects, but the authors based their
experiments on three subjects, used a shorter duration of
exposure (1-2 min) and much higher acoustic levels. This
study appears to be the first time that phantom auditory
perceptions were described and published.

Functional Magnetic Resonance Imaging (fMRI)
experimental design

FMRI participants (n = 18)

Among the 25 volunteers, six volunteers could not partic-
ipate in the fMRI protocol because of geographical con-
straint (4) and because of a doubt of slight permanent
tinnitus that reach subjects’ consciousness after the
behavioral test (2) and a volunteer was excluded from our
image analysis because the brain images contain many
movement artifacts. Thus, the fMRI results presented here
were based on data obtained from the study of 18 subjects
(15 males, 3 females) aged between 21 and 53 years
(median 34).

FMRI stimuli

The stimuli were the same as in the audiometric booth and
were delivered binaurally via headphones. Results of the
behavioral test showed that 4 out of 5 vibration rates
triggered phantom sound aftereffects with an average
duration of 18 s and with different characteristics (see
supplementary Fig. 5). For the purpose of the fMRI study,
we chose only two vibration rates that triggered an
opposite effect, the 30-Hz vibration rates produced a tin-
nitus-like phantom sounds (high-frequency whistling) in
all of the subjects and the 8-Hz vibration rates did not
produce any phantom sounds (Fig. la, b) (see supple-
mentary audio 1 and 2). The stimuli sequences were
programmed by Presentation® software (www.neurobs.
com/presentation), triggered by the MR scanner and
transmitted to MR Confon Gmbh technology® headphones
to deliver the auditory stimuli. The audio presentation
system provided electrodynamic headphones developed
for the fMRI. It comprised an active gradient noise sup-
pression, for an optimized undisturbed communication
between subject and operator via an optical microphone
and for an undisturbed reception of stimuli through
headphones. The subjects were lying in supine position,
and they were instructed to keep their eyes open. The
subjects could see the operators piloting the experiment
behind a large window via a mirror fixed on the head coil.
The subjects were wearing ear foam plugs E.A.R® classic
under headphones. Before scanner acquisition, in the
scanner, fMRI subjects were asked to indicate if the sound
level under the headphones was comfortable and subjec-
tively as close as possible as the level set in the audio-
metric booth, and if needed, we adjusted the sound level
and the balance between the ears. The subjects were not
warned of the chosen stimuli.

The exposure to the vibration rates’ stimulation was
3 min. The 8-Hz vibration rate was set at a comfortable
intensity level, and the 30-Hz vibration rate was delivered
systematically 6 dB lower than the 8-Hz stimuli to ensure
that an equivalent dose of acoustic energy was delivered to
the ears. Despite the fact that both stimuli produced sounds,
the differential proprioceptive effects on the hearing
transmission system (i.e., middle ear) were investigated as
the equivalent of pulse mechanical vibration rates of 30 and
8 Hz.

FMRI data acquisition

The fMRI protocol consisted of six functional runs. Each
run was composed of two successive periods of 3 min
(180 s) of stimulus (i.e., 8 or 30 Hz) followed by a 30-s
blank (i.e., without stimulus) (Fig. 1c). The order of the
stimuli presentation was balanced between runs and among
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Fig. 1 Stimuli and the fMRI protocol. a Zoom of 1 s of stimuli. Top
1 ms click trains at 8 Hz (8-Hz vibration rate). Bottfom 1 ms click
trains at 30 Hz (30-Hz vibration rate). The stimuli were delivered
binaurally via headphones at a comfortable level. b The behavioral
test of the aftereffect perception (debriefing) in the fMRI condition.
All of the subjects perceived an aftereffect after the 30-Hz stimula-
tion. ¢ Schematic representation of one of the six functional runs.

subjects. Thirty seconds before the end of the 180-s stim-
ulus, the subjects were warned by the operators by a hand
sign to pay attention to their ears.

After each run, via the scanner communication system,
we interviewed the subject to determine after which period
the phantom sound was perceived.

We performed the fMRI scanning sessions on a 3T
Philips Achieva-TX scanner (Best, The Netherlands)
equipped with a 32 channel-head coil at Grenoble MRI
facility-IRMaGe. The fMRI T2* BOLD-weighted sequence
was adapted (i) to reduce the scanner noise, (ii) to avoid an
aftereffect potentially induced by scanning sequences and
(iii) to achieve a high spatial resolution of functional ima-
ges. We collected six functional runs (gradient echo EPI,
voxel size =2 x 2 x 2 mm’, TR = 3,000 ms, TE =
28 ms, 24 axial slices centered on lateral sulci, SENSE
factor = 3, 140 volumes) and a T1-weighted anatomical
volume (3D MPRAGE, 09 x 0.9 x 1.2 mm’,
TI = 800 ms, TR = 3,000 ms, TE = 28 ms, flip = 15°,
SENSE factor = 4.4).

The MRI scanner noise was reduced by lowering the
gradient slopes (SofTone mode = ‘yes’), thus participants
could hear the stimuli and the aftereffect fairly well. To
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During every 3 min (180 s) of the stimulation, 60 images were
acquired, and 10 images were obtained during the post-stimulation
period of 30 s. We used the first six images (0-18 s) to analyze the
tinnitus-like aftereffects after the 30-Hz rate and the missing
aftereffect at the 8-Hz rate. Thus, a total volume of 140 images was
acquired with 36 images during the tinnitus-like aftereffects

ensure that the scanner pulse noise did not trigger any
phantom sound aftereffect itself, we used a TR of 3 s and
24 slices providing a scanner thythm of 8 Hz that matched
the control 8 Hz stimulus that did not produce any
aftereffect.

FMRI analysis

According to the preliminary behavioral study in the
audiometric booth, the duration of the aftereffects
reported by the subjects was 18 + 26 s; therefore, the
first six images (0-18 s) post stimulus were used to
model the aftereffect. Using SPM8 software (The Wel-
come Department of Cognitive Neurology, London;
http://www fil.ion.ucl.ac.uk/spm/), image pre-processing
was performed in each subject’s referential and included
motion correction, slice timing and registration to the
anatomical image. A linear generalized model was then
computed with the following four regressors: (i) the
vibration rate period at 30 Hz, (ii) the aftereffect
(0-18 s) following the 30-Hz stimulus, (iii) the vibration
rate period at 8 Hz, and (iv) the post period (0-18 s)
following the 8-Hz stimulus. Contrast images
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corresponding to post-control stimulus condition were
computed separately for 30 and 8 Hz, normalized to the
MNI space and spatially smoothed with a 2-mm isotro-
pic kernel. In a first analysis aiming to provide our
results in the same referential as in the study by Job, a
standard normalization procedure was used. For infer-
ence at the group level, the contrasts were then entered
into a random-effect analysis to derive the regions more
activated after the stop of the stimulus (height threshold
p < 0.0001, extend threshold k£ > 10).

In a second group analysis, we kept the benefit of high-
resolution fMRI using DARTEL registration tool to
improve the location of our hyperactivated region. DAR-
TEL registration (Ashburner 2007) is one of the most
powerful tools that permit accurate inter-individual brain
realignment (Klein et al. 2009). We applied this transfor-
mation to the individual contrast images and repeated the
group-level analysis.

Finally, in a third analysis, we reproduced the same
procedure with the five last images post stimulus (18-30 s)
to model the extinction of the aftereffect.

ROI analysis

To compare the aftereffects following 30 and 8 Hz, we
selected four ROIs likely to be related to phantom sound
perception, parietal operculum OP3 and primary auditory
cortex (Al) bilaterally. Following our hypothesis, the right
and left ROIs in OP3 were selected to identify potential
hyperactivation symmetry in this region, and the ROIs in
the primary auditory cortex were selected based on the
hyperactivation reports found in the literature (see
“Introduction”). We used the MarsBaR toolbox (http://
www.fil.ion.ucl.ac.uk/spm/ext/#MarsBar) to define these
ROIs. The left and right AI ROIs were drawn unambig-
uously following Heschl’s gyri (Da Costa et al. 2011)
based on the mean anatomical images of our group of
subjects because DARTEL registration permits accurate
inter-individual brain realignment (Fig. 2). The left and
right OP3 locations were adapted from a previous report
(Job et al. 2012) to account for the anterior shift induced
by DARTEL registration (box centered at [40 —13 17]
with the following widths [9 4 4]). We applied each ROI
as a mask on the contrast images corresponding to 30 and
8 Hz post-control stimulus, respectively, and we extracted
the maximum of activation for each subject and each
contrast. A paired ¢ test between both conditions of
vibration rates was used in the 0-18 s post-stimulation
period to assess whether the hyperactivity following
30 Hz was significantly higher than following 8 Hz
(p < 0.05). We used the same test during the extinction
period (18-30 s) in which we expected a return to basal
intensity values.

Results
FMRI results

We compared pre—post-BOLD signal changes associated
with two vibration rates (i.e., 30 and 8 Hz). The BOLD
signal change significantly increased in a single area, the
area corresponding to the right operculum 3 during the
phantom auditory percept (0-18 s, post 30-Hz vibration
rate) but not after the 8-Hz vibration rate (see supple-
mentary Fig. 6). Supporting our hypothesis, this area is
located at ([MNI 42 —18 22], T =5.29, p < 0.0001,
cluster level corr. p = 0.025) (Fig. 2b), which corresponds
to the same area that was reported in the study by Job and
colleagues (Job et al. 2012) at [MNI 42 —18 18] (Fig. 2a).

These coordinates were obtained using the same stan-
dard normalization procedure. Benefiting from DARTEL
registration tool, we obtained a more accurate location of
this area (Fig. 2c). The peak of hyperactivation in the right
OP3 was slightly shifted in the anterior direction [MNI 40
—13 17] but definitely located in the parietal lobe,
stretching from the operculo-insular junction to the more
lateral parietal operculum. DARTEL registration also
revealed that the left primary somatosensory cortex (SI) in
the face area ([MNI —54 —13 40], T = 4.48, cluster level
corr. p = 0.005) was significantly hyperactivated.

To quantify the aftereffect or the signal change after the
application of different vibration rates, we performed an
ROI analysis in the right OP3 region. Additionally, to test
the possible asymmetry of responses and the potential
involvement of primary auditory areas during phantom
sound perception, we quantified the BOLD signal change
in the left OP3 and in the bilateral Heschl’s gyri. In Fig. 3,
the BOLD signal change (comparison pre—post-stimula-
tion) in the operculum ROIs was significant only on the
right side during the transient phantom auditory perception
(=~0-18 s post-stimulation) under the 30-Hz condition
(paired ¢ test, t = 2,90, p = 0.005 unilat.) compared to the
8-Hz control condition (paired ¢ test, r = 1,02, p = 0,161
unilat.). The BOLD signal change at 30 Hz was signifi-
cantly different than the BOLD signal change at 8 Hz at the
right OP3 (paired ¢ test, t = 2,38, p = 0.014 unilat.). When
the phantom auditory perceptions vanished (18-30 s post-
stimulation), hyperactivity was no longer present (paired
t test, t = 0,12, p = 0,480 unilat.) under the 30-Hz con-
dition. In Heschl’s gyri, we did not observe any significant
hyperactivity.

Discussion

We tested our first hypothesis that transient tinnitus-like
phantom sounds are elicited in the stimulating
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A Job et.al 2012 B

DARTEL registration
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Fig. 2 FMRI hyperactivation in the right parietal operculum 3 (OP3).
a Background studies. Red voxels in the OP3 denoted by a black
arrow correspond to the hyperactivation obtained in Job et al. (2012)
in an acute acoustic trauma subject with tinnitus sequelae compared to
controls during an auditory task. Green voxels in the OP3 correspond
to the superimposition of the fMRI results of passive activation of the
middle ear by mild + 40 daPa air pressure variations (Job et al.
2011). b OP3 hyperactivation in the coronal and sagittal plane

somatosensory receptors of the middle ear. We demon-
strated that transient tinnitus-like aftereffects occur when
using various vibration rates of click trains and without
loud stimulation. Next, we tested our second hypothesis
that the hyperactivated region in the parietal operculum
OP3 in ATIT subjects (Job et al. 2012) could be related to
phantom sound perceptions. Using high-resolution fMRI,
we observed transient hyperactivity in the same OP3 region
as in the study by Job, during transient tinnitus-like per-
ceptions and a preferential activation to the right hemi-
sphere occurred despite bilateral stimulations. This latter
observation is intriguing and suggests that an ear-inde-
pendent differential hemispheric involvement occurs in
phantom auditory perceptions. It would be possibly linked
to the fact that sound processing is known to be preferen-
tially ruled by the right hemisphere (Hugdahl 2000; Devlin
et al. 2003); therefore, sound, even illusory sound, may be
preferentially processed by the right hemisphere. In
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obtained during transient tinnitus-like aftereffects (7 = 5.29,
p < 0.0001, cluster level p = 0.025) after the 30-Hz vibration rate
(same normalization procedure as in the background studies). ¢ The
same OP3 hyperactivation as in b after accurate inter-individual brain
coregistration (DARTEL tool), permitting the precise localization in
OP3 and eliciting an additional cluster in the left primary sensory
cortex (SI). Coordinates (x y z) are in the Montreal Neurological
Institute (MNI) space

addition, we observed hyperactivity in the SI region in both
sides, clearly significant in left side, corresponding to the
sensory representation in face area, confirming that a
somatosensory stimulation had occurred. Contribution to
kinesthesia by cutaneous vibration receptors (Collins et al.
2005) of the eardrum would be one possible explanation of
the SI activation because Meissner corpuscules (i.e., cuta-
neous vibration receptors) optimally respond to vibrations
of approximately 30 Hz (Weerakkody et al. 2007).

The absence of specific reports of OP3 hyperactivation
in the field of fMRI tinnitus may be partially due to very
little available knowledge regarding this brain region, a
small OP3 hyperactivated region and the absence of high-
resolution studies of this area in fMRI tinnitus studies.
Inaccurate brain coregistration and large voxel smoothing
gave rise to imprecise localization, particularly around the
sulci. For instance, in Maudoux’s study (Maudoux et al.
2012), the hyperactivated region in tinnitus subjects is
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Fig. 3 Regions of interest (ROI) analysis in the bilateral operculum 3
(OP3) and bilateral primary auditory (AI) cortex (Heschl’s gyrus).
Graphs represent the signal changes in the ROIs (mean £+ SEM based
on maximal voxels intensity increase) following the 30-Hz vibration
rate (tinnitus-like aftereffect) and the 8-Hz vibration rate (no
aftereffect). Only the right OP3 (fop right, left part) elicited a
statistically significant transient signal increase with 30-Hz rate

reported as part of the auditory cortex [i.e., superior &
transverse temporal gyrus (41/42/22)]; however, the
strongest significant local maxima (¢t = 13.97) were clearly
located in the right parietal cortex in operculum [MNI 62
—18 23].

No significant hyperactivity was observed in the primary
auditory cortex concomitant with right OP3 hyperactiva-
tion triggered during the transient phantom sound percep-
tions. This result may strongly indicate that the
somatosensory system may be the predominant system
active during phantom perceptions.

Connections exist between the auditory and somato-
sensory system. Inputs from the cochlea and middle ear
may meet in the brainstem. Cochlear nuclei are innervated
by both the ophthalmic and mandibular divisions of the
trigeminal ganglion that also project to the cochlea and
middle ear (i.e., tensor tympani muscle), respectively (Vass

Vibration rate

(paired ¢ test, t = 2,90, p = 0.005 unilat.) that was significantly
different from the signal increase from the 8-Hz rate (paired ¢ test,
t = 2,38, p = 0.014 unilat.) The tinnitus-like aftereffect was transient
during the first 18 s and vanished during the 18-30 s period (top
right, right part). The signal change was expressed in arbitrary units
(au). *p < 0.05, **p < 0.01

et al. 1998). Thus, excitability of the auditory pathway is
up-regulated by the auditory nerve coming from the
cochlea and also by the multimodal sensory inputs (Pilati
et al. 2012). According to Pilati and colleagues, dorsal
cochlear nucleus fusiform cells integrate information from
the auditory nerve but also via granule cell axons (parallel
fibers), the site of integration from multimodal sensory
inputs from the trigeminal system (Shore et al. 2000; Zhou
and Shore 2004), the pontine nucleus (Babalian 2005; Itoh
et al. 1987) and gracile nuclei. Pilati and colleagues
reported that these inputs are likely to encode propriocep-
tive information. We agree with this analysis and addi-
tionally believe that middle-ear movements and joint
position feedbacks are also part of this encoding.

In the context of acoustic trauma, frequent or too strong
triggering of the middle-ear reflex and startle reflex under
repetitive impulse noise pressure (Westcott et al. 2013)
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may cause muscular tension/fatigue and the micro-dis-
ruption of the tympano-ossicular chain, resulting in a
disturbance of middle-ear proprioceptors (i.e., intrafusal
fibers). The disturbance in proprioceptive feedbacks of the
joint, in the kinesthetic sense of tensor tympani muscle
and stapedius muscle, may generate illusory movements
of the tympano-ossicular chain. These illusory move-
ments may mimic external sounds arriving to the ear,
which may trigger an illusory sound to the brain. More-
over, tinnitus escalation may occur by the activation of
muscle spindle sympathetic fibers acting via the autono-
mous nervous system, which have been shown to play a
role in tinnitus (Vanneste and De Ridder 2013). Our
conclusive results prompted us to present a revised model
for ATIT, with the awareness of lacking components,
which accounts for the primordial role of the somato-
sensory pathway (Fig. 4). Two concomitant phenomena
would occur during an acoustic trauma such as cochlear
hair cell impairments and middle-ear muscle spindle
disturbances. The former causes hearing loss via the
auditory pathway, and the latter leads to tinnitus (i.e.,

Tinnitus
lllusory tympano-ossicular chain movements
= phantom sounds to the brain

Kinesthetic proprioceptors

Fig. 4 Schematic representation of the middle-ear kinesthetic illu-
sion model for acoustic trauma-induced tinnitus (ATIT). Kinesthetic
proprioceptors of the middle ear (i.e., intrafusal fibers) and cutaneous
receptors of vibrations would be the peripheral starting point of the
disturbance resulting in phantom auditory perceptions. A somatosen-
sory pathway via the trigeminal system is proposed with a neuronal
excitability modulation by sympathetic fibers (autonomous nervous
system) innervating the middle-ear intrafusal fibers. Somatosensory
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kinesthetic illusions) via the somatosensory pathway with
a contribution of the autonomous sympathetic systems on
muscle spindles. It would not exclude the presence of
hyperactivities along the auditory pathway in acoustic
trauma conditions, in relation to hyperacusis (pain to
sound) for example. Inputs from the trigeminal system
have been observed along the auditory pathway at least up
to the inferior colliculus and have been shown to modu-
late sound-evoked responses (Jain and Shore 2006).

In summary, our study demonstrates that the involve-
ment of a somatosensory pathway explains the tinnitus-like
phantom auditory perceptions whose central representation
is located in the right parietal operculum OP3. Middle-ear
proprioception in humans has been poorly documented and
the presented model may be enriched by further investi-
gations. Functional and anatomical connectivity using
resting-state fMRI and diffusion tensor imaging applied in
this OP region will provide further insights. We think our
results open a new field of fundamental research based on
the proprioception of the middle ear and of new therapeutic
strategies for alleviating tinnitus.

/ |
\ / \\/

V

disturbances or impairments affected the excitability of neurons along
the auditory pathway starting from the inputs to the cochlear nuclei
fusiform cells. Major contributions to the illusory perceptions (large
black arrows), other contributions to illusory perceptions (medium
black arrows), structure interactions (fine black arrows), modulations
arising between the trigeminal system and other structures of the
auditory pathway (dashed black line arrows)
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