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䡲 OBJECTIVE: Tinnitus is a distressing symptom that affects up to 15% of the
population; no satisfactory treatment exists. We present a novel surgical approach for the
treatment of intractable tinnitus based on electrical extradural stimulation of the
dorsolateral prefrontal cortex via an electrode implant. Tinnitus can be considered an
auditory phantom phenomenon similar to deafferentation pain in the somatosensory
system. It is characterized by gamma-band activity in the frontal cortex that can be
visualized with the use of electroencephalography, magnetoencephalography, and
functional magnetic resonance imaging (fMRI).
䡲 CASE DESCRIPTION: Transcranial magnetic stimulation (TMS) is a noninvasive technique capable of modulating the ongoing activity of the human brain.
When linked with a neuronavigation system, fMRI-guided frontal cortex TMS can
be performed in a placebo-controlled way. If it is successful in suppressing
tinnitus, this focal and temporary effect can be maintained in perpetuity by
implanting a cortical electrode. A neuronavigation-based auditory fMRI-guided
frontal cortex TMS session was performed in a patient experiencing intractable
tinnitus, yielding 50% tinnitus suppression. Two extradural electrodes were
subsequently implanted, also based on auditory fMRI-guided navigation. Postoperatively the tinnitus has improved by 66.67% and progressively continues to
improve for more than one year.
䡲 CONCLUSION: Focal extradural electrical stimulation of the dorsolateral prefrontal
cortex at the area of cortical plasticity is capable of suppressing contralateral tinnitus
partially. TMS might be a possible method for noninvasive studies of surgical candidates
for implantation of stimulating electrodes for tinnitus suppression.
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INTRODUCTION
Tinnitus is an elusive symptom affecting
10% to 15% of the population (2) for which
no proven treatments exist (12). It severely
impairs the quality of life in 2% to 3% of the
population (2). Some forms of nonpulsatile tinnitus are considered to be an auditory phantom phenomenon (15) analogous to central neuropathic pain (26).
Both pain and tinnitus share similarities
in their clinical expression, pathophysiological mechanisms, and treatment approaches (9, 26, 36).
It has been demonstrated that both magnetic
(10, 16, 18, 22) and electrical (9, 10, 35) stimula-
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tion via implanted electrodes of the primary and
secondary auditory cortex in humans can beneﬁt some patients who experience tinnitus. Studies in which the authors use magnetoencephalography have demonstrated that tinnitus is
related to increased gamma-band activity in the
contralateral auditory cortex (21, 43), and in a
recent study in which the authors used electroencephalogram (EEG), they demonstrated that
the amount of contralateral gamma-band activityactuallycorrelateswiththeperceivedintensity
of the phantom sound (37).
Recently, research revealed that nonauditory
brain areas are also involved in nonpulsatile tinnitus. In particular, the dorsolateral prefrontal
cortex (DLPFC) seems to play a speciﬁc role in
auditory processing and tinnitus. The DLPC has
a bilateral facilitatory effect on auditory memory
storage and contains auditory memory cells (3).

The DLPFC also exerts early inhibitory modulation of input to the primary auditory cortex in
humans (19) and has been found to be associated with auditory attention (1, 20, 41) resulting
in top-down modulation of auditory processing
(25). This ﬁnding was further conﬁrmed by
electrophysiological data indicating that tinnitus might occur as the result of a dysfunction in
the top-down inhibitory processes (30). Interestingly, noninvasive neuromodulation such as
transcranial direct current stimulation (tDCS)
on the DLPFC can be used to successfully improve both tinnitus and distress that occurs as a
result of tinnitus (38). Transcranial magnetic
stimulation (TMS) that combines frontal and
auditory stimulation yields results better than
those obtained by auditory cortex stimulation
alone,furtherdemonstratingtheinvolvementof
DLPFC in tinnitus (17).
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In this work we describe a novel treatment of
severetinnitusinapatientbyusingneurostimulation of the contralateral DLPFC. We believe
that this is the ﬁrst example of such treatment
of tinnitus and the ﬁrst frontal cortex implant
ever performed for human disease.

CASE REPORT
History
A 57-year-old patient presented with a very
disturbing high-pitched unilateral, left-sided,
nonpulsatile tinnitus, which he scored 7 to 8
(of 10) for intensity and 9 to 10 (of 10) for
distress on a visual analog scale (VAS). His
tinnitus was treated conservatively with ﬂuanxol 0.5 mg plus melitracen 10 mg in the
morning and clonazepam 2 mg at night.
Phase-shift treatment was unsuccessful
(23). Despite conservative treatments, his
tinnitus distress worsened from grade II
to grade III on the tinnitus questionnaire
(14, 24, 39).

Audiologic Examination
Only hearing loss at high frequencies compatible with presbycusis was noted. Tinnitus matching revealed that the tinnitus intensity was 3 dB sensation level and the
pitch matched 8000 Hz. Because the hearing loss matched the tinnitus pitch, the
hearing loss was considered causal to the
tinnitus.

Functional Magnetic Resonance Imaging
The patient was scanned on a 3T imager
with a paradigm consisting of 50 seconds of
tinnitus-matched sound, alternated with 50
seconds of nonstimulation. This alternation was repeated six times and also performed for nontinnitus-matched sound as a
control. A T1-weighted structural image
was acquired with the use of a 3D turbo fast
echo sequence. Postprocessing was performed with SPM99 and consisted of realignment (to correct for bulk head motion), coregistration of the functional and
structural scans, spatial smoothing, and
statistical analysis to determine the signiﬁcantly activated brain regions (P ⬍ 0.05 corrected for multiple comparisons). Functional magnetic resonance imaging (fMRI)
of the frontal cortex demonstrated an asymmetry in activation strength and extent of

Figure 1. fMRI demonstrates an asymmetry in
activation strength and extent of the DLPFC
(L ⬍ R). BOLD signal elicited by tinnitus
matched (for frequency ⫽ pitch) sound
presentation.

area DLPFC (L ⬍ R; Figure 1). The noninvasive neuromodulation and the surgical implantation of electrodes on the frontal cortex were performed after approval from the
ethical committee of the University Hospital of Antwerp, Belgium.

EEG
EEG recordings were obtained in a fully
lighted room with the patient sitting upright on a small-but-comfortable chair. The
actual recording lasted approximately 5
minutes. The EEG was sampled with 19
electrodes (Fp1, Fp2, F7, F3, Fz, F4, F8, T7,
C3, Cz, C4, T8, P7, P3, Pz, P4, P8, O1, and
O2) in the standard 10 –20 International
placement referenced to linked ears and impedances were checked to remain below 5
k⍀. Data were collected with the patient’s
eyes closed (sampling rate ⫽ 1024 Hz, band
passed 0.15–200 Hz). Data were resampled
to 128 Hz, band-pass ﬁltered (fast Fourier
transform ﬁlter) to 2– 44 Hz, and subsequently transposed into Eureka! Software
(13), then plotted and carefully inspected
for manual artifact-rejection. All episodic
artifacts, including eye blinks, eye movements, teeth clenching, body movement, or
ECG artifact, were removed from the
stream of the EEG.
Average Fourier cross-spectral matrices
were computed for bands delta (2–3.5 Hz),
theta (4 –7.5 Hz), alpha1 (8 –10 Hz), alpha2
(10 –12Hz), beta1 (13–18 Hz), beta2 (18.5–21
Hz), beta3 (21.5–30 Hz), and gamma
(30.5-45 Hz). In addition, the normative database of the Brain Research Laboratories (BRL)
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of New York University was used. Exclusion
criteria for the BRL database were known psychiatric or neurological illness, psychiatric
history drug/alcohol abuse in a participant or
any relative, actively taking psychotropic/central nervous system medications, or a history
of head injury (with loss of consciousness) or
seizures, headache, or physical disability.
Approximately 3 to 5 minutes of EEG was
continuously recorded while the participant
sat in a comfortable chair with his eyes
closed in a quiet and dimly lit room. EEG
data were acquired at the 19 standard leads
prescribed by the 10 –20 international system (FP1, FP2, F7, F3, FZ, F4, F8, T3, C3,
CZ, C4, T4, T5, P3, PZ, P4, T6, O1, and O2)
by the use of both earlobes as reference and
enabling a 60-Hz notch ﬁlter to suppress
power line contamination. The resistance
of all electrodes was kept below 5 k⍀. Data
of the BRL database were acquired by use of
the 12-bit A/D BSA acquisition system (Neurometrics, Inc., New York, New York, USA)
and sampled at 100 Hz. For consistency, we
subsequently up-sampled the BRL database
to 128 Hz by using a natural cubic spline interpolation routine (13). We removed from all
biological, instrumental, and environmental
artifacts, paying particular attention to biological artifacts generated by the eyes, the
heart, and the muscles of the neck, face, and
jaw. EEG recordings were visually inspected
on a high-resolution screen, and epochs containing visible artifacts were marked and ignored for ensuing analysis.
Standardized low-resolution brain electromagnetic tomography (sLORETA) (31)
was used to estimate the intracerebral electrical sources that generated the scalp-recorded activity in each of the seven frequency bands. sLORETA computes electric
neuronal activity as current density (A/m2)
without assuming a predeﬁned number of
active sources. The sLORETA solution
space consists of 6239 voxels (voxel size:
5 ⫻ 5 ⫻ 5 mm) and is restricted to cortical
gray matter and hippocampi, as deﬁned by
the digitized Montreal Neurological Institute probability atlas. To reduce confounds
that have no regional speciﬁcity, such as
total power intersubject variability, a global
normalization of the sLORETA images was
performed before statistical analyses.
The tomography sLORETA has received
considerable validation from studies in
which the authors combined LORETA with
other more established localization meth-
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Figure 2. (A) Preoperative EEG source analysis (sLORETA) before treatment shows an increased activity in the ACC in comparison with
an age-matched normative database of normal subjects. (B) Preoperative EEG source analysis after TMS of DLPFC reveals a reduced
activation in the DLPFC in comparison with an age-matched normative database of normal subjects. (C) One year postoperative EEG
source analysis during stimulation of DLPFC reveals a reduced activation in the DLPFC in comparison with an age-matched normative
database of normal subjects. (D) One year postoperative EEG source analysis, after we turned off the stimulation, reveals a increased
activation in the ACC in comparison with an age-matched normative database of normal subjects.
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Figure 3. A postoperative radiograph (A) demonstrates the placement of the extradural (B) electrodes.

ods, such as fMRI (28, 40), structural MRI
(44), and positron emission tomography
(11, 32, 48). Furthermore, the validation of
sLORETA has been determined by localization ﬁndings obtained from invasive, implanted depth electrodes, in which case
there are several studies in epilepsy (46, 47)
and cognitive event-related potentials (42).
It is worth emphasizing those deep structures such as the anterior cingulate cortex
(33) and mesial temporal lobes (45) can be
correctly localized with these methods. A
comparison was made between the patientand age-matched subjects of the BRL for the
sLORETA imaging.
tDCS was applied bifrontally (38) but did not
improve the patient’s tinnitus perception, nei-

ther the tinnitus intensity nor his associated distress. TMS was applied 10 months after the patient developed tinnitus. We used a Super Rapid
stimulator (Magstim Inc, Wales, United Kingdom), which is capable of repetitive pulse
modes of up to 50 Hz. This magnetic stimulator
was connected to a frameless stereotactic system (Brainsight; Magstim Inc), which allowed
exact localization of the target area, which was
chosen from the results of the fMRI study. The
magnetic stimulation was directed towards the
area of maximal fMRI activity, contralateral
(right-sided DLPFC cortex) to the left-sided tinnitus. Different frequencies and intensities were
applied at different sites. Auditory cortex stimulationbothontheleftandrightsidewasnegative
(maximal15%transientimprovementofthetin-

Figure 4. Further progressive improvement on average tinnitus intensity
perception (VAS) for tinnitus for 356 days starting after implant activation.
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nitus), but frontal cortex stimulation improved
tinnitus intensity by 50%, with a maximal improvement at the right DLPFC (intensity from
7/10 to 4/10 and distress from 9/10 to 3/10),
which could be repeated on separate sessions.
The maximal effect was obtained with the
use of a 5-Hz burst at a pulse rate of 20 pps
and an intensity of 80% of the threshold for
evoking a motor response. Moving the coil 1
cm away from target reduced the effect of
the stimulation on the tinnitus. When the
stimulating coil was further away from the
target, the stimulation had little effect on
the tinnitus, and sham stimuli had no effect
on the tinnitus. Sham stimulation consisted
of delivering identical stimuli but with the
coil orthogonal to the surface of the head,
generating a magnetic pulse parallel to the
surface of the brain. In this way, the clicking
sound of the coil and the sensory contact is
nearly identical to real stimuli.
PreoperativeEEGsourceanalysis(sLORETA)
showed an increased activity in the anterior
cingulate cortex (ACC) in comparison with
an age-matched normative database of normal subjects (Figure 2A). Preoperatively, an
EEG with source localization analysis also
was performed before and after frontal TMS
in an attempt to objectify that tinnitus improvement was correlated with a reduction
in DLPFC activity in the right DLPFC after
DLPFC-burst TMS compared with a normative database. Gamma-band activity was decreased at the area of stimulation (Figure
2B). This TMS-related clinical improvement and associated reduction of DLPFC
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Figure 5. The mean suppression effect for sham stimulation, tonic, and
burst stimulation.

activity provide further proof that cortical
implantation might be a good option.

Electrode Implantation
Fourmonthslater,i.e.,2.5yearsafterthepatient
developed the tinnitus, two extradural eightpole electrodes (Lamitrode 44; Saint Jude Medical Neurodivision, Plano, Texas, USA) were implanted for electrical stimulation of the DLPFC.
The Lamitrode 44 lead comprises eight electrodes with a 28-mm electrode span and a
60-cm lead length, conﬁgured with two offset
rows of four electrodes, each 4 mm ⫻ 2.5 mm
with 3-mm spacing between the electrodes. An
8-cm incision was made overlying the DLPFC
cortex, as determined by the fMRI-guided neu-

ronavigation.The8-⫻4-cmcraniotomy(Figure
3) and the location for the electrode placement
weretailoredinthesamenavigatedfashion.The
lead, extradurally placed, was sutured to the
dura after bipolar coagulation of the dura to prevent electrical activation of sensory endings in
the dura resulting in painful stimulation. The
lead was tunneled subcutaneously to the abdomen and connected to a 30-cm extension lead,
which was externalized at the right lower ﬂank.
The extension wire was connected to a nonsterile internal pulse generator (IPG; EON, St. Jude
Medical, Plano, Texas, USA).
Postoperative Course
The postoperative course was uneventful.
One hour after completion of the operation

(with the IPG still in off mode), the patient
woke up with the same tinnitus as before
the operation. A postoperative radiograph
demonstrated the placement of the electrodes (Figure 3). The patient was discharged home on the second postoperative day. When the IPG was activated two
days later, the patient’s high pitch tinnitus improved by 33% in a placebo-controlled fashion. The IPG was set to deliver
impulses with duration of 0.5 milliseconds and a rate of 40 pps and 2.7 mA. The
stimulation was off for 5 seconds and on
for 5 seconds. After the patient was discharged from the hospital, the parameter
settings were modiﬁed multiple times to
allow better suppression of his tinnitus.
This was performed on a trial-and-error
basis in our attempt to ﬁnd an electrode
conﬁguration and stimulation design that
yielded best results.
A follow-up took place for one year in which
each morning the patient reported his tinnitus
VAS. Results clearly show a further continuing
slow decrease of the tinnitus intensity over time
(Figure 4). One year postoperatively, an EEG
with source localization analysis (sLORETA)
shows a reduction of DLPFC activity in the right
DLPFCduringstimulationincomparisonwitha
normative database. Gamma-band activity was
decreased at the area of stimulation (Figure 2C).
After we turned off the stimulation, we found
increased activation in the ACC in comparison
with an age-matched normative database of
normal subjects (Figure 2D).
TofurtherexploretheeffectofDLPFCcortical
stimulation, we conducted a three-week evaluation during which the patient had three stimulation protocols, namely sham stimulation, tonic,
and burst stimulation. The patient received each
stimulation twice, which was randomized to
avoid an order effect. Figure 5 clearly shows that
the burst stimulation had a better suppression
effect than tonic and sham stimulation and that
tonicstimulationhadabettersuppressioneffect
than sham stimulation. Figure 6 further demonstrates that the gamma current density in the
auditory cortex decreases during stimulation on
in comparison with baseline and stimulation
off.

DISCUSSION

Figure 6. Gamma current density in the auditory cortex for baseline,
stimulation off, and stimulation on in the auditory cortex.
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The relationship between the auditory cortex
and tinnitus is well studied. Recently it has become clear that nonauditory areas also are involved in tinnitus. For an auditory stimulus to be
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consciously perceived, activation of the primary
auditory cortex is a prerequisite but not sufﬁcient (4, 7). There is a sound level-dependent
activation of the primary auditory cortex in humans as investigated with EEG and fMRI (27,
28), with an increasing primary auditory cortex
activation for increasing loudness, similarly to
what has been described in the somatosensory
system, both in humans (5, 29) and on singlecell level in primates (8). Tinnitus intensity has
beenrelatedtogamma-bandactivityintheauditory cortex (37). One could therefore postulate
that the gamma oscillations, which are present
in primary auditory cortex in tinnitus, are not
related to conscious perception of tinnitus but
onlycodetheintensityoftheperceivedphantom
sound. This is similar to what has been demonstrated at a single-cell level for somatosensory
stimuli in the primary somatosensory cortex:
stimulus intensity is coded in the primary somatosensory cortex, the conscious percept per
se in the prefrontal cortex (8).
Patients in vegetative state, who do not have
consciousauditorypercepts,stillactivatetheprimaryauditorycortexonsoundpresentation,but
there is no functional connectivity to frontal areasinthesepatients(4),suggestingthatisolated
primary auditory cortex activation does not result in auditory consciousness. This ﬁnding is
analogous to what has been suggested for the
visual (6) and somatosensory (8) system. The
global workspace model suggests that conscious perception of sensory events requires
sensory cortex activation embedded in a larger
cortical network, called the global workspace,
extending beyond the primary sensory regions,
including prefrontal, parietal and cingulate cortices (7). In patient with tinnitus, differences in
long-range coupling between auditory cortex
and frontal, parietal, and cingulate brain areas
have been shown in comparison with control
patients (34), suggesting that the tinnitus percept could be an emergent network property
rather than an event limited to the auditory
cortex.
It has recently been shown that TMS of the
frontalcortexassociatedwiththeauditorycortex
yields better tinnitus suppression than TMS of
the auditory cortex alone (17), and tDCS limited
totheDLPFCiscapableofimprovingbothtinnitus intensity and tinnitus distress (38).
On the basis of these basic neuroscientiﬁc
and preliminary clinical data, TMS was performed targeting the area of blood-oxygen-level
dependent(BOLD)activationintheDLPFCcontralateral to side on which the tinnitus was perceived (Figure 1). The area that selectively acti-
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vated with presentation of the tinnitus-matched
sound was chosen as target for neuronavigated
TMS. Because the patient perceived a transient
amelioration of the tinnitus intensity on repeated placebo-controlled TMS sessions, two
electrodes were implanted extradurally overlying the same area of BOLD activation elicited by
tinnitus matched sound presentation in the
scanner (Figure 3). The improvement of the patient’s symptoms suggests that the DLPFC
could indeed be a target for neuromodulation
forthiselusivesymptom,althoughfullsuppression of the auditory phantom percept was not
achieved.

CONCLUSION
Focal extradural electrical stimulation of the
dorsolateralprefrontalcortexattheareaoffMRI
BOLD activation can modulate tinnitus perception.TMScanpotentiallybeusedtoselectsurgical candidates for implantation of stimulating
electrodes for tinnitus suppression.

REFERENCES
1. Alain C, Woods DL, Knight RT: A distributed cortical network for auditory sensory memory in humans. Brain Res 812:23-37, 1998.
2. Axelsson A, Ringdahl A: Tinnitus—a study of its prevalence and characteristics. Br J Audiol 23:53-62, 1989.
3. Bodner M, Kroger J, Fuster JM: Auditory memory
cells in dorsolateral prefrontal cortex. Neuroreport
7:1905-1908, 1996.
4. Boly M, Faymonville ME, Peigneux P, Lambermont
B, Damas P, Del Fiore G, Degueldre C, Franck G,
Luxen A, Lamy M, Moonen G, Maquet P, Laureys S:
Auditory processing in severely brain injured patients: differences between the minimally conscious
state and the persistent vegetative state. Arch Neurol
61:233-238, 2004.
5. Christmann C, Koeppe C, Braus DF, Ruf M, Flor H:
A simultaneous EEG-fMRI study of painful electric
stimulation. Neuroimage 34:1428-1437, 2007.
6. CrickF,KochC:Areweawareofneuralactivityinprimary
visual cortex? Nature 375(6527):121-123, 1995.
7. Dehaene S, Changeux JP, Naccache L, Sackur J, Sergent C: Conscious, preconscious, and subliminal
processing: a testable taxonomy. Trends Cogn Sci
10:204-211, 2006.
8. de Lafuente V, Romo R: Neuronal correlates of subjective
sensory experience. Nat Neurosci 8:1698-1703, 2005.
9. De Ridder D, De Mulder G, Menovsky T, Sunaert S,
Kovacs S: Electrical stimulation of auditory and somatosensory cortices for treatment of tinnitus and
pain. Prog Brain Res 166:377-388, 2007.

WORLD NEUROSURGERY 77 [5/6]: 778-784, MAY/JUNE 2012

10. De Ridder D, De Mulder G, Walsh V, Muggleton N,
Sunaert S, Moller A: Magnetic and electrical stimulation of the auditory cortex for intractable tinnitus.
Case report. J Neurosurg 100:560-564, 2004.
11. Dierks T, Jelic V, Pascual-Marqui RD, Wahlund L,
Julin P, Linden DE, Maurer K, Winblad B, Nordberg
A: Spatial pattern of cerebral glucose metabolism
(PET) correlates with localization of intracerebral
EEG-generators in Alzheimer’s disease. Clin Neurophysiol 111:1817-1824, 2000.
12. Dobie RA: A review of randomized clinical trials in
tinnitus. Laryngoscope 109:1202-1211, 1999.
13. EureKa! (Version 3.0) [Computer Software]. Knoxville,
TN: NovaTech EEG Inc. Freeware available at http://
www.NovaTechEEG. [computer program]; 2002.
14. Goebel G, Hiller W: [The tinnitus questionnaire. A
standard instrument for grading the degree of tinnitus. Results of a multicenter study with the tinnitus
questionnaire]. HNO. 42:166-172, 1994.
15. Jastreboff PJ: Phantom auditory perception (tinnitus): mechanisms of generation and perception.
Neurosci Res 8:221-254, 1990.
16. Khedr EM, Rothwell JC, El-Atar A: One-year follow up of
patients with chronic tinnitus treated with left temporoparietal rTMS. Eur J Neurol 16:404-408, 2009.
17. Kleinjung T, Eichhammer P, Landgrebe M, Sand P,
Hajak G, Steffens T, Strutz J, Langguth B: Combined
temporal and prefrontal transcranial magnetic stimulation for tinnitus treatment: a pilot study. Otolaryngol Head Neck Surg 138:497-501, 2008.
18. Kleinjung T, Steffens T, Londero A, Langguth B:
Transcranial magnetic stimulation (TMS) for treatment of chronic tinnitus: clinical effects. Prog Brain
Res 166:359-551, 2007.
19. Knight RT, Scabini D, Woods DL: Prefrontal cortex
gating of auditory transmission in humans. Brain
Res 504:338-342, 1989.
20. Lewis JW, Beauchamp MS, DeYoe EA: A comparison
of visual and auditory motion processing in human
cerebral cortex. Cereb Cortex 10:873-888, 2000.
21. Llinas RR, Ribary U, Jeanmonod D, Kronberg E,
Mitra PP: Thalamocortical dysrhythmia: a neurological and neuropsychiatric syndrome characterized
by magnetoencephalography. Proc Natl Acad Sci
U S A 96:15222-15227, 1999.
22. Londero A, Langguth B, De Ridder D, Bonﬁls P, Lefaucheur JP: Repetitive transcranial magnetic stimulation
(rTMS): a new therapeutic approach in subjective tinnitus? Neurophysiol Clin 36:145-155, 2006.
23. Meeus O, Heyndrickx K, Lambrechts P, De Ridder
D, Van de Heyning P: Phase-shift treatment for tinnitus of cochlear origin. J Laryngol Otol 124:366369, 2010.
24. Meeus O, Blaivie C, Van de Heyning P: Validation of
the Dutch and the French version of the tinnitus
questionnaire. B-ENT 3(Suppl 7):11-17, 2007.
25. Mitchell TV, Morey RA, Inan S, Belger A: Functional
magnetic resonance imaging measure of automatic

www.WORLDNEUROSURGERY.org

783

PEER-REVIEW REPORTS
DIRK DE RIDDER ET AL.

and controlled auditory processing. Neuroreport
16:457-461, 2005.
26. Moller AR: Similarities between severe tinnitus and
chronic pain. J Am Acad Audiol 11:115-124, 2000.
27. Mulert C, Jager L, Propp S, Karch S, Störmann S,
Pogarell O, Möller HJ, Juckel G, Hegerl U: Sound
level dependence of the primary auditory cortex: Simultaneous measurement with 61-channel EEG
and fMRI. Neuroimage 28:49-58, 2005.
28. Mulert C, Jager L, Schmitt R, Bussfeld P, Pogarell O,
Möller HJ, Juckel G, Hegerl U: Integration of fMRI and
simultaneous EEG: towards a comprehensive understanding of localization and time-course of brain activity
in target detection. Neuroimage 22:83-94, 2004.
29. Nir RR, Lev R, Moont R, Granovsky Y, Sprecher E,
Yarnitsky D: Neurophysiology of the cortical pain
network: revisiting the role of S1 in subjective
pain perception via standardized low-resolution
brain electromagnetic tomography (sLORETA). J
Pain 9:1058-1069, 2008.
30. Norena A, Cransac H, Chery-Croze S: Towards an
objectiﬁcation by classiﬁcation of tinnitus. Clin
Neurophysiol 110:666-675, 1999.
31. Pascual-Marqui RD: Standardized low-resolution
brain electromagnetic tomography (sLORETA):
technical details. Methods Find Exp Clin Pharmacol
24(Suppl D): 5-12, 2002.
32. Pizzagalli DA, Oakes TR, Fox AS, Chung MK, Larson CL, Abercrombie HC, Schaefer SM, Benca RM,
Davidson RJ: Functional but not structural subgenual prefrontal cortex abnormalities in melancholia. Mol Psychiatry 9:325, 393-405, 2004.
33. Pizzagalli D, Pascual-Marqui RD, Nitschke JB,
Oakes TR, Larson CL, Abercrombie HC, Schaefer
SM, Koger JV, Benca RM, Davidson RJ: Anterior
cingulate activity as a predictor of degree of treatment response in major depression: evidence from
brain electrical tomography analysis. Am J Psychiatry 158:405-415, 2001.

784

www.SCIENCEDIRECT.com

FRONTAL CORTEX STIMULATION FOR TINNITUS

34. Schlee W, Weisz N, Bertrand O, Hartmann T, Elbert
T: Using auditory steady state responses to outline
the functional connectivity in the tinnitus brain.
PLoS ONE 3:e3720, 2008.
35. Seidman MD, Ridder DD, Elisevich K, Bowyer SM,
Darrat I, Dria J, Stach B, Jiang Q, Tepley N, Ewing J,
Seidman M, Zhang J: Direct electrical stimulation of
Heschl’s gyrus for tinnitus treatment. Laryngoscope 118:491-500, 2008.
36. Tonndorf J: The analogy between tinnitus and pain:
a suggestion for a physiological basis of chronic
tinnitus. Hear Res 28:271-275, 1987.

43. Weisz N, Muller S, Schlee W, Dohrmann K, Hartmann T, Elbert T: The neural code of auditory phantom perception. J Neurosci 27:1479-1484, 2007.
44. WorrellGA,LagerlundTD,SharbroughFW,Brinkmann
BH, Busacker NE, Cicora KM, O’Brien TJ: Localization of
the epileptic focus by low-resolution electromagnetic tomographyinpatientswithalesiondemonstratedbyMRI.
Brain Topogr 12:273-282, 2000.
45. Zumsteg D, Lozano AM, Wennberg RA: Mesial temporal inhibition in a patient with deep brain stimulation of the anterior thalamus for epilepsy. Epilepsia 47:1958-1962, 2006.

37. van der Loo E, Gais S, Congedo M, Vanneste S,
Plazier M, Menovsky T, Van de Heyning P, De Ridder D: Tinnitus intensity dependent gamma oscillations of the contralateral auditory cortex. PLoS ONE
4(10):e7396, 2009.

46. Zumsteg D, Lozano AM, Wennberg RA: Depth electrode recorded cerebral responses with deep brain
stimulation of the anterior thalamus for epilepsy.
Clin Neurophysiol 117:1602-1609, 2006.

38. Vanneste S, Plazier M, Ost J, van der Loo E, Van de
Heyning P, De Ridder D: Bilateral dorsolateral prefrontal cortex modulation for tinnitus by transcranial direct current stimulation: a preliminary clinical study. Exp Brain Res 202:779-785, 2010.

47. Zumsteg D, Lozano AM, Wieser HG, Wennberg RA:
Cortical activation with deep brain stimulation of
the anterior thalamus for epilepsy. Clin Neurophysiol 117:192-207, 2006.

39. Vanneste S, Plazier M, van der Loo E, Ost J, Meeus O, Van
deHeyningP,DeRidderD:ValidationoftheMini-TQina
Dutch-speaking population. A rapid assessment for tinnitus-related distress. B-ENT 7:31-36, 2011

48. Zumsteg D, Wennberg RA, Treyer V, Buck A, Wieser
HG: H2(15)O or 13NH3 PET and electromagnetic
tomography (LORETA) during partial status epilepticus. Neurology 65:1657-1660, 2005.

40. Vitacco D, Brandeis D, Pascual-Marqui R, Martin E:
Correspondence of event-related potential tomography and functional magnetic resonance imaging
during language processing. Hum Brain Mapp 17:412, 2002.

Conflict of interest statement: The authors declare that the
article content was composed in the absence of any
commercial or financial relationships that could be
construed as a potential conflict of interest.

41. Voisin J, Bidet-Caulet A, Bertrand O, Fonlupt P: Listening in silence activates auditory areas: a functional magnetic resonance imaging study. J Neurosci 26:273-278, 2006.
42. Volpe U, Mucci A, Bucci P, Merlotti E, Galderisi S,
Maj M: The cortical generators of P3a and P3b: a
LORETA study. Brain Res Bull 73:220-230, 2007.

received 13 May 2011; accepted 03 September 2011
Citation: World Neurosurg. (2012) 77, 5/6:778-784.
DOI: 10.1016/j.wneu.2011.09.009
Journal homepage: www.WORLDNEUROSURGERY.org
Available online: www.sciencedirect.com
1878-8750/$ - see front matter © 2012 Elsevier Inc.
All rights reserved.

WORLD NEUROSURGERY, DOI:10.1016/j.wneu.2011.09.009

