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Tinnitus is a public health issue in France. Around 1% of the population is affected and 30,000 people are
handicapped in their daily life. The treatments available for disabling tinnitus have until now been
disappointing. We are reporting on the surgical treatment by electrical stimulation of the auditory cortex of
afemale patient affected by disabling tinnitus that resisted classical treatments. The tinnitus appeared suddenly
10 years ago after a left ear tympanoplasty. The acouphenometry measures revealed a bilateral tinnitus,
predominant on the right side, constant, with high frequency (6000 Hz). Transcranial magnetic stimulation
(TMS) was performed at first with several supraliminal and infraliminal protocols. This showed promising
results. Anatomic and functional magnetic resonance imaging (fMRI) of the auditory cortex before and after
repetitive TMS (r'TMS) demonstrated a modification of the cortical activity and where the ideal location for
a cortical electrode might be, to straddle primary and secondary auditory cortex. After these investigations, two
quadra polar electrodes (Resume, Medtronic Ltd, Hertfordshire, UK), connected to a stimulating device
implanted under the skin (Synergy, Medtronic Ltd), were extradurally implanted. The surgical procedure was
similar to the one performed for analgesic cortical stimulation. No surgical complications were reported. The
activation of the stimulator provided a reduction of 65% of the tinnitus impact, with a persistent effect on the
right side. The feasibility of the cortical stimulation in symptomatic treatment of tinnitus was proven by this
preparatory work. The middle- and long-term therapeutic effects remain to be evaluated.

© 2009 Elsevier Inc. All rights reserved.
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Tinnitus is a public health issue in France, with around Available treatments have been disappointing for
1% of the population affected and 30,000 people handi- disabling tinnitus. The treatment is delicate because of
capped in their daily life. the psychological and behavioral repercussions of tinnitus,

which leads many physicians to wonder about the organic
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The object of this work is to evaluate the feasibility of
a neurosurgical treatment of tinnitus via an auditory cortex
stimulation by a cortical electrode.

Case report

The patient was a 47-year-old right-handed woman. Her
medical history shows several tympanoplasties 12 years
ago for bilateral cholesteatoma (three surgeries on the left
ear, and one on the right ear). She had depression for 8
years as a result of the tinnitus and has been unemployed
since the permanence of her symptoms.

A bilateral tinnitus predominant on the right side
suddenly appeared after the second left ear tympanoplasty.
She received many medicinal treatments without any
results (antiepileptic, antidepressant, vasodilator). At the
time we first encountered the patient, she was taking
benzodiazepine (clonazepam). She was motivated and
willing to try this new therapy.

Audiometry showed bilateral hypoacusis, with bilateral
mixed hearing loss, about 60 dB on the right side and 35 dB
on the left side. The study of the tinnitus showed a bilateral
tinnitus predominant on the right side (70% on the right
side, 30% on the left side) with high frequency (6000 Hz).
It was only pure tone and no white-noise component. The
intensity was important, assessed at 105 dB on the right ear.
The tinnitus is a constant and permanent type. Three
consultations, before surgery, with acouphenometry showed
the same results.

“Tinnitus reaction questionnaire” is a validated ques-
tionnaire (TRQ, often called DET). Created by Wilson
et al® it evaluates the psychologic distress caused by
tinnitus. There are 26 questions and the scale has 5 points.
The patient must reply to all the questions. We add up the
points of the 26 questions to obtain the final score. Before
surgery, the patient had a final score of 74 (severe tinnitus
impact).

Avisual analog scale (VAS)-type of measure was not used
to gauge the patient’s subjective experience. This type of
measure is used for pain control after surgery. The use of the
TRQ for tinnitus is preferred because it has a specific scale.

A consultation with a psychiatrist excluded any contra-
indications to the procedure, in particular the neurosur-
gical procedure, the under skin device, and the long-term
follow-up.

Procedure care

This patient was integrated into our TMS xx tinnitus
protocol. She had a course of 4 rTMS before the operation.

rTMS procedure

The patient has had four sessions of stimulation in 2 years,
with several different protocols. Supra- and infraliminal

stimulation, ipsilateral stimulation, and stimulation on the
opposite side of the tinnitus, in both single and repeat mode,
were performed. The supraliminal stimulation on the oppo-
site side of the tinnitus gave the best results. The best
improvement appeared 12 hours after the stimulation and
lasted 36 hours (1 Hz, 120% of the opposite side motor
threshold). A total of 1200 pulses were delivered. The TMS
in single-pulse mode was ineffective on the patient’s tinnitus.

Functional MRI

Functional MRI was realized before and 18 hours after
TMS for two sessions. Five runs of acquisitions were
performed on a Philips Medical Systems Achieva 3 Tesla
(Philips Healthcare, Best, The Netherlands).

Acquisition procedure

The acquisition procedure was performed on a Philips
Achieva 3 Tesla. For each session, an anatomic sequence
was acquired, a TIl-weighted 3D Turbo Field Echo
sequence with the following parameters: the repetition
time (TR): 9.35 milliseconds, echo time (TE): 4.6 milli-
seconds, angle flip 8 degrees, matrix: 256 x 256, 180 slices,
voxel size: 1 x 1 x 1 mm.

The functional acquisition was performed with an echo
planar imaging (EPI) sequence, fast field echo with a TR:
3000 milliseconds; TE: 33 milliseconds, reconstructed matrix
size: 128 x 128, and voxel size: 1.88 x 1.88 x 4 mm, 34
slices.

The paradigm was composed of nine blocks of 10
dynamics (five resting blocks, four activation blocks). The
“activation” condition was a sound, without words, with
multiple rthythms and including a wide range of frequen-
cies. The “resting” condition was a period with no sound.

The patient was wearing a piezo ceramic cell head-
phone, which isolated her from the MRI noise but let her
hear the stimulating sound.

The images were processed with SPMS5 software
(MATLAB, The MathWorks, Inc, Natick, MA). These
images, without TMS, provided data about both sides of
the auditory cortex. They confirmed the precise location
of the auditory cortex.

The statistical maps of activation were obtained by using
the following established procedures: slice timing cor-
rection, motion correction, and smooth spatially by using
a 5-mm isotropic Gaussian kernel. The statistical analysis
was performed with a statistical threshold at P < .05, cor-
rected values and then merged on the anatomic image.

The results confirmed the theory about the auditory
cortex asymmetry published in different articles’” and the
hyperactivation of the primary and secondary auditory
cortex on the left side (the patient is right handed). This
is the opposite side of the tinnitus.
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Functional MRI after rTMS allowed comparing the
different levels of cortical activation so we could evaluate
the impact of the stimulation. Comparing the two
sessions, we identified a predominant lessening on the
auditory cortex of the left side (stimulation side). The
refinement of the images allowed the objectification of the
stimulation lessening, which touched the secondary
auditory cortex and lowered the probability and volume
of activation. The volume of activation areas of the left
auditory cortex (I and II) was calculated before stimula-
tion (8.1 cm®) and after stimulation (4.9 cm®) with the
Medtronic Stealhstation (Medtronic Ltd, Hertfordshire,
UK) (Figure 1).

Surgical treatment

Preplanning

Settings were programmed on the neuronavigation work-
station (Stealhstation, Medtronic Ltd.). An anatomic MRI
was merged with two fMRIs (before and after rTMS). We
analyzed the primary and secondary auditory cortex in
three dimensions, the areas activated or not by rTMS. We
used the changes of blood-oxygen-level dependent
(BOLD) response to rTMS as a means of refining the
target, and also the anatomic criteria. With this informa-
tion, the best target for the electrode plots was chosen. We
decided to implant electrodes on both kinds of the auditory
cortex, with the main part on the secondary auditory cortex
(Figure 2).

The limit between the Heschl’s gyri and the planum
temporale was taken as a reference mark. We put one plot

Figure 1 Variation of the activated auditory cortex before
(green) and after (purple) rTMS.

Figure 2 Representation of the ideal location of the plot 2 after
we amalgamated the three dimensions. Imaging and datas of audi-
tory cortex activated before rTMS.

on the primary auditory cortex and three plots on the
secondary auditory cortex.

Operation

For a fast wakeup, we used propofol (diprivan) and
remifentanil (ultiva) for the general anesthesia. Neuronavi-
gation helped us to implant the two electrodes extradurally
according to the spots defined during preplanning. An
electroencephalogram (EEG) was performed using those
two electrodes. We did recordings (during anesthesia and
consciousness) according to the locations defined during
preplanning, with and without auditory stimulation. We have
recorded, on the electrode, the EEG in the auditory cortical
surface. White noises at 90 dB of intensity, or the brief sound
made by hitting a hammer on a metallic surface were used as
auditory stimuli. The responses were better with some plots
of the electrodes than with others. Results were much better
with the patient awake (Table 1). These findings were in
accordance with fMRI and the preplanning.

Plot 6 of the electrode II gave the best results. It was
located on the secondary auditory cortex, the same location
where the activity lowered after rTMS (Figure 3). The
second part of the surgical procedure was performed 4
days later, a Synergy stimulating device (Medtronic Ltd.)
was implanted under the skin (within the subclavicle
area) and connected to the electrodes by two wires.

Postplanning

A computed tomogram (CT)-brain without injection after
the first part of the procedure did not show any complica-
tions. Electrode locations were also checked. The CT was
merged to the anatomic and fMRIs made before surgery
(Figure 4) with the same workstation (Stealhstation, Med-
tronic, Ltd.). The images resulting from that confirmed
the location of the electrodes in accordance with the loca-
tions defined during the functional investigations.
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Table 1  Results of electroencephalogram during surgery
White noise Brief sound

Plots General anesthesia Light anesthesia General anesthesia Light anesthesia
Electrode I 0 No reply No reply No reply No reply

1 No reply No reply No reply Reply+

2 No reply No reply Reply+ Reply++

3 No reply Reply+ Reply++ Reply+++
Electrode IT 4 Reply+ Reply+ Reply+ Reply++

5 No reply Reply+ Reply+ Reply+++

6 No reply No reply Reply+ + Reply++++

7 No reply No reply No reply No reply

We have identified the intensity of response from noise stimuli in each plot of the electrode.

Follow-up

The patient stayed 4 days in the neurosurgical unit after the
second part of the procedure. On the second day the
stimulating device was started. We used the main param-
eters published for tinnitus and chronic pain. Drouot et al®
suggested a sequential pattern between 1 and 3 V for the
analgesic stimulation. De Ridder et al® proposed continuous
mode and long stimulation for the tinnitus treatment. The
programming for the stimulation, at first, followed our
experience in analgesic stimulation. The parameters were
modified regularly during consultations until we found
the right settings. We decided to start the stimulation with
just one electrode, bipolar, and according to the data
provided by the fMRI and the EEG. The plots 5 and 6 of
the electrode II were chosen because they are closer to
the cortex hypoactivated by rTMS and are the best compro-
mise according to the functional and electrophysiologic
data. The cathode is the plot 5 and the anode is the plot 6.

Figure 3  Fusion of the three dimension images of the left cere-
bral hemisphere and a profile radiography of the skull.

First results

The first responses were in the first 24 hours (18 hours).
The patient replied to the TRQ questionnaire 10 days after
starting the stimulating device and the final score was 58,
which meant a 25% lessening of the tinnitus impact.

The TRQ at 3 and 6 months were steady with an
improvement of 65%, and 80% at 1 year without any side
effects.

Discussion

Tinnitus, often annoying, can become disabling.'® In such
cases, a therapeutic approach must be adapted. The stimula-
tion of the auditory cortex seems to be too immoderate. Func-
tional changes that are caused by the expression of modulation
of brain activity are best known in the somatosensory system,
in which the role of neural plasticity in the cause of central
neuropathic pain has been studied extensively.' "2

The auditory cortex is sophisticated with unclear
boundaries. Our work, based on the data published in
different articles, confirms the feasibility of the cortical
stimulation with particular thanks given to the rTMS and
fMRI. Smith et al® made a map of the auditory pathways by
using fMRI on patients who have tinnitus and in healthy
self-willed people. They showed a lateralization of the
tinnitus on the auditory pathway and in the cortex.

Eichhammer et al'’ studied the auditory cortex with
positron emission tomography (PET) scan with rTMS on
three patients, the stimulation frequency was 2000 pulses
at 1 Hz. The tinnitus was reduced on the opposite side of
the stimulation.

Kleinjung et al® included 14 patients with disabling
tinnitus in their study, in which the auditory cortex was
located by PET scan. The results were in accordance with
the other recent publication results.

In 2006, Londero et al'* presented a study with 13
patients treated by rTMS, in supraliminal mode, 1200
pulses at 1 Hz. The stimulation was performed according
to data from fMRI. The results were significant.
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Figure 4 Postplanning, showing the fusion of anatomic and functional magnetic resonance imaging and computed tomographic brain
after surgery. We can check the location of the electrodes put in place on the areas where the cortex is activated.

So, the TMS on the auditory cortex opposite to the
tinnitus side provided a significant but transitory lessening
of the symptom. The mechanism of neuromodulation is still
unsure. The review made by Londero et al'> showed the
inhomogenicity of the different results and the difficulty
with extracting solid conclusions. However, cortical neuro-
modulation with thalamic projections seems to be clear.
The best results were obtained with a low-stimulation
frequency (1 Hz), but the right frequency of stimulation
needs to be determined.

The TMS gives a temporary effect on the tinnitus. The
functional study is indispensable in the selection of the
patients. The predictive characteristic of the TMS in the
answer has not been proved yet, butitis used by a lot of teams.

Functional MRI characterizes the organic feature of the
tinnitus. According to our first results, it shows the neuro-
modulation by the rTMS. The data in the literature about
electrical stimulation in tinnitus treatment is very rare, only
two teams published results on the subject. De Ridder et al'®
studied 12 patients with tinnitus, treated by cortical stimula-
tion (10 patients with unilateral tinnitus, two with bilateral
tinnitus). The results were promising, especially in unilateral
cases with narrow frequency. There was a lessening of symp-
toms in 97% of the patients with a score of 0.5 of 10 ona VAS
(1.5 before). Tinnitus with a large range of frequency pre-
sented a lessening of the symptoms in only 24% of the
patients and a score of 6.8 of 10 on a VAS (8.8 before).

The authors insist on the importance of acouphenometry in
determining the range of frequency of the tinnitus. The
adjustment of the stimulation is cyclical, which seems impor-
tant, and the possibility of a remote control for the patients was
expressed so they could modify the settings at any time.

Friedland et al'’ studied the feasibility of auditory
cortical stimulation for the treatment of tinnitus. Their
study included eight patients with unilateral tinnitus and
a surgical implantation of an epidural electrode that used
fMRI targeting. They showed that chronic stimulation of
the secondary auditory cortex seems to be a potential ther-
apeutic treatment for the suppression of tinnitus.

Conclusion

The success of the surgery and the first results encourage us to
pursue our study. The entire procedure has just been estab-
lished within these last 2 years. We have to keep in mind only
10% of the patients seen for tinnitus can be candidates for the
protocol. The other 90% cannot because they do not
correspond to our criteria, or do not want to participate
because of the length and involvement of the procedure.
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