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Burst stimulation of the auditory cortex: a new form of
neurostimulation for noise-like tinnitus suppression
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Object. Tinnitus is an auditory phantom percept related to tonic and burst hyperactivity of the auditory system.
Two parallel pathways supply auditory information to the cerebral cortex: the tonotopically organized lemniscal system, and the nontonotopic extralemniscal system, which fire in tonic and burst mode, respectively. Electrical cortex
stimulation is a method capable of modulating activity of the human cortex by delivering stimuli in a tonic or burst
way. Burst firing is shown to be more powerful in activating the cerebral cortex than tonic firing, and bursts may
activate neurons that are not activated by tonic firing.
Methods. Five patients with an implanted electrode on the auditory cortex were asked to rate their tinnitus distress and intensity on a visual analog scale before and after 40-Hz tonic and 40-Hz burst (5 pulses at 500 Hz) stimulation. All patients presented with both high-pitched pure tone and white noise components in their tinnitus.
Results. A significantly better suppression for narrowband noise tinnitus with burst stimulation in comparison
with tonic stimulation (Z = −2.03, p = 0.04) was found. For pure tone tinnitus, no difference was found between tonic
and burst stimulation (Z = −0.58, p = 0.56). No significant effect was obtained for stimulation amplitude (Z = −1.21,
p = 0.23) and electrical charge per pulse (Z = −0.67, p = 0.50) between tonic and burst stimulation. The electrical
current delivery per second was significantly different (Z = −2.02, p = 0.04).
Conclusions. Burst stimulation is a new form of neurostimulation that might be helpful in treating symptoms that
are intractable to conventional tonic stimulation. Further exploration of this new stimulation design is warranted.
(DOI: 10.3171/2009.10.JNS09298)

Key Words
•
lemniscal system
cortical stimulation •
tinnitus

T

innitus is a distressing symptom affecting up to
10–15% of the population,3,23 and 2.4% are severely disabled due to their tinnitus, resulting in sleep
disturbances, major depression, and a significant decrease
in their quality of life.41,48 Tinnitus can be considered an
auditory phantom phenomenon28 similar to deafferentation pain seen in the somatosensory system,8,42,63 related
to reorganization18,43 and hyperactivity32,53 of the auditory
CNS.
No proven treatments exist for this population,14 but
some promising results are being obtained by experimental neuromodulation in which both TMS13,16,34,36,37,40,49,50,57
and electrical stimulation via implanted electrodes are
used.9,11,19,54

Abbreviations used in this paper: fMR = functional MR; IPG =
internal pulse generator; TMS = transcranial magnetic stimulation;
VAS = visual analog scale.
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Recently, it has been shown that stimulation of specific regions of the human brain can alter (suppress) tinnitus intensity10,11,54 as well as tinnitus distress in some
patients, even without tinnitus intensity suppression.19
Auditory cortex stimulation can be performed with a
strong impulse of magnetic field that induces an electrical current in the brain with TMS or with implanted
electrodes.10,11,19,54 Initial results of auditory cortex stimulation via implanted electrodes by using tonic stimulation
demonstrated that patients with pure tone tinnitus, but not
noise-like tinnitus, benefit from this treatment.10 It was
also shown that in patients who present with a combination of pure tone tinnitus and a noise-like component,
both components had to be removed. Even completely
removing the pure tone component does not result in a
subjective amelioration as long as the second, noise-like
component remains.10
Recently, a new stimulation design for TMS called
theta burst stimulation was introduced,26 and this has
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been applied in tinnitus as well,12,13 and extended to alpha
and beta burst stimulation.13 Burst TMS of the secondary auditory cortex is capable of suppressing noise-like
tinnitus significantly better than tonic TMS.12,13 Based on
these results, a custom-made program was developed that
was capable of creating burst stimulation in a commercially available IPG (Eon, ANS/SJ Medical).
To investigate the differential effect of burst stimulation as compared with tonic stimulation, patients with tinnitus in whom electrodes had been implanted and whose
tinnitus was intractable to tonic stimulation were analyzed using burst cortical stimulation. We report the first
results of this new neurostimulation design in 5 patients
with tinnitus who had electrodes implanted extradurally
overlying the secondary auditory cortex and whose tinnitus was intractable to tonic stimulation for the noise-like
component.

Methods
Patient Population

Five patients with implanted electrodes presenting
with intractable tinnitus to tonic cortical stimulation
were investigated in this study. All patients suffered from
a combination of both pure tone and narrowband/white
noise tinnitus, the latter of which has been demonstrated
to be intractable to tonic electrical stimulation.10 All patients presented with Grade 4 tinnitus; that is, the worst
grade according to the tinnitus questionnaire.20 They all
presented with a high-pitched pure tone component, the
frequency of the pure tone either 4000 or 6000 Hz, and a
noise-like component, a relatively rare combination. Tinnitus duration, patient sex and age, as well as tinnitusmatched loudness are described in Table 1. The study and
treatment were approved by the ethics committee of the
University Hospital Antwerp, Belgium.
Electrodes in all patients were implanted extradurally (Lamitorode 44, ANS Medical) on a target in the
secondary auditory cortex by using a method previously
described.8,10,11 In summary, patients intractable to any
treatment for their tinnitus undergo a TMS of the secondary auditory cortex, both in burst and tonic mode, as
previously described,12,13 by using a Super Rapid stimulator (Magstim Inc.), which is capable of repetitive pulse
modes/tonic stimulation of up to 50 Hz as well as burst
stimulation performed using a custom-made program. If
the TMS can ameliorate the tinnitus transiently in a placebo-controlled way in 2 separate sessions, the patients
are offered an implant of a Lamitrode 44 electrode on a
predetermined area of the secondary auditory cortex. The
target is selected with the aid of fMR imaging according
to a method previously described.11,38,58 In the MR imaging unit (3T MR imaging machine; INTERA, Philips
Medical Systems) the pitch and intensity of the tinnitus
are matched to the tinnitus perceived by the patient. The
electrode is implanted using a technique previously described as well.8,10,11 The Lamitrode 44 lead is made of 8
electrodes, with 28-mm electrode span and 60-cm lead
length, configured with 2 offset rows of 4 electrodes, each
4 × 2.5 mm, with 3-mm spacing between the electrodes.
A straight 6-cm-long incision is made overlying the audi1290

TABLE 1: Characteristics of 5 patients with intractable tinnitus
Tinnitus Characteristic
Case
No.
1
2
3
4
5

Age (yrs), Duration
Frequency Loudness
Sex
(yrs)
Side Grade
(Hz)
(dB)
54, F
68, M
46, M
54, M
56, M

6
9
15
8
3

lt
lt
lt
lt
rt

4
4
4
4
4

4000
6000
6000
4000
6000

45
25
10
3
65

tory cortex, as determined by the fMR imaging–guided
neuronavigation. The 6 × 2–cm craniotomy and the location for the electrode placement are tailored in the same
fMR imaging–based navigated fashion. The lead, placed
extradurally, is sutured to the coagulated dura mater and
tunneled subcutaneously to the abdomen, where it is externalized.
On the 3rd postoperative day, trial stimulations are
started. All patients undergo a tonic stimulation at 40 Hz
and a burst stimulation at 40 Hz consisting of 5 spikes
with 1-msec pulse width, and a 1-msec interspike interval in a charge-balanced way (Fig. 1); that is, at 40-Hz
burst and 500-Hz spike frequencies in random order. The
burst stimuli are delivered by a commercially available
IPG (Eon, ANS/SJ Medical) capable of delivering tonic
and burst mode stimulation by using a custom-made program.
The amount of electrical charge delivered to the
auditory cortex is calculated by multiplying the current
amplitude with the pulse width. Multiplying this electrical charge by the stimulation frequency yields the total
amount of electrical current delivered to the auditory
cortex per second (in other words, the electrically delivered dose). The difference in electrical current delivery
is compared between tonic and burst stimulation, as are
the current amplitudes used. The charge per pulse is also
calculated by multiplying the pulse width with the current
amplitude.
Results from burst and tonic stimulation are compared with each other and with preoperative scores, for
both the pure tone component and the narrowband component separately. The 5 patients were asked to rate their
tinnitus intensity on a VAS before (preoperative) and
after (postoperative) tonic and burst stimulation, respectively. The effect of tinnitus suppression was analyzed by
means of Wilcoxon signed-rank tests, with preoperative
versus tonic, preoperative versus burst, and tonic versus
burst as within-subjects variables. Because the stimulation does not generate sensory activation and thus cannot be perceived consciously, the data were obtained in a
placebo-controlled way. Only patients who responded in
a placebo-negative way to tonic stimulation for their pure
tone component were included in this study comparing
the effect of tonic versus burst stimulation for their noiselike component.

Results

Results of maximally obtained tinnitus suppression
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Fig. 1. Graphs showing burst mode: 1-msec spikes with 1-msec spike interval (500-Hz spike mode) and 5-msec charge balance firing at 40 Hz (40-Hz burst mode). Stimulation design was delivered by an IPG (Eon, ANS/SJ Medical) equipped with a
custom-made stimulation program.

with 40-Hz tonic stimulation are compared with 40-Hz
burst stimulation, both for the pure tone and the white
noise component. For pure tone, results show a significantly better suppression when comparing preoperative
VAS scores with postoperative tonic (Z = −2.03, p = 0.04;
a reduction of 95.23%) and burst (Z = −2.03, p = 0.04; a
reduction of 97.62%) stimulation on VAS. No significant
effect was obtained between postoperative tonic and burst
stimulation (Z = −0.58, p = 0.56).
For narrowband noise tinnitus, no differences were
obtained between pre- and postoperative tonic stimulation (Z = 0.0, p = 1.00) on VAS. The data, however, revealed a significant effect for VAS when comparing
pre- with postoperative tonic stimulation (Z = −2.03, p =
0.04; a reduction of 61.90%). A significant effect was also
achieved on VAS scores in comparisons between postoperative tonic stimulation and burst stimulation (Z = −2.03,
p = 0.04; a reduction of 61.90%) (Fig. 2).
None of the patients who received electrode implants
developed an epileptic insult during the stimulation or
during the follow-up period as of this writing. The average stimulation amplitude was 3.44 mA (range 2.00–6.00
mA) for tonic stimulation, and 2.34 mA (range 0.60–5.04
mA) for burst stimulation. No significantly lower amplitude for burst stimulation was obtained in comparison
with tonic stimulation (Z = −1.21, p = 0.23).
The average electrical charge per pulse for tonic
stimulation is 1644.80 μC, and for burst it is 2286 μC, a
nonsignificant difference (Z = −0.67, p = 0.50). The average electrical current delivery per second for tonic stimulation is 65,792 mA (range 24,960–120,000 mA) versus
457,200 mA (range 120,000–1,008,000 mA) for burst, a
significant difference (Z = −2.02, p = 0.04).
J Neurosurg / Volume 112 / June 2010

Discussion

The human auditory system consists of 2 main parallel pathways supplying auditory information to the cerebral cortex: the parvalbumin-staining lemniscal (classical) and calbindin-staining extralemniscal (nonclassical)
systems.7 In animals the parvalbumin pathway, ascending from the central nucleus of the inferior colliculus, is
the more direct, and terminates in the ventral part of the
medial geniculate body. Its neurons are sharply tuned,
tonotopically organized, and consistent in their responses,17,31 and they fire predominantly in tonic mode22,25 when
sounds are consciously perceived.62 They project to core
areas of the auditory cortex characterized by high parvalbumin immunoreactivity and by similar neuronal properties. The calbindin pathway is more diffuse in its origins
and terminates in the dorsal and medial nuclei.31 Neurons
in the dorsal and medial nuclei are not frequency-specific
or tonotopic, and are labile in their responses.4,31 They fire
more in burst mode22,25 and project more diffusely to belt
areas of the auditory cortex, in which parvalbumin immunoreactivity is reduced and in which neuronal responses
are less specific than in the core. The belt areas are the
origins of streams of corticocortical connections leading
into the temporal, parietal, and frontal lobes.31
Some neurons fire in packets of action potentials followed by periods of quiescence (bursts), whereas others
within the same stage of sensory processing fire in a tonic
manner.5 Information theory suggests that both bursting
and tonically firing model neurons efficiently transmit
information about the stimulus.5,47 Burst and tonic firing
might be parallel computations in certain sensory systems.
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Fig. 2. Bar graph showing mean tinnitus suppression after tonic and
burst stimulation for pure tone and narrowband noise tinnitus component (*p < 0.05).

Tinnitus is related to reorganization18,43 and hyperactivity32,53 of the auditory CNS, most commonly related
to decreased input (that is, hearing loss).44,45 Diminished
output from the affected cochlear region causes reduced
inhibition in central auditory structures,1,61 leading to hyperexcitability of the central auditory system.52,53 This is
characterized by increased spontaneous firing of neurons
in the lemniscal central and extralemniscal external nuclei of the inferior colliculus6,29 as well as in the primary46
and secondary auditory cortex.15
Based on these data it was hypothesized that white
noise tinnitus may be caused by increased burst firing in
the nontonotopic (extralemniscal) system, whereas pure
tone tinnitus may be the result of increased tonic firing in
the tonotopic (lemniscal) system.12,13 Narrowband tinnitus
could be the result of a coactivation of both pathways.
Burst firing has been studied predominantly in the
thalamus. Thalamic neurons can respond to inputs in 2
distinct modes, known as burst or tonic.27 A burst is a
cluster of action potentials with interspike intervals ≤ 4
msec occurring on a plateau phase. As soon as the interspike interval becomes > 4 msec, the burst is considered
complete.21 This should be differentiated from clustered
tonic firing, without a plateau phase, where the interspike
interval is > 4 msec, because reliability of signal transmission is greater for burst spikes than for tonic spikes
with similar preceding interspike intervals.2 It was shown
that in the awake state the first action potential of a burst
is more than twice as likely to evoke an action potential
than is an action potential during tonic firing, and later
spikes in the burst further raise the probability of eliciting postsynaptic action potentials,60 suggesting that burst
firing is a wake-up call from the thalamus.56 The cortical responses to thalamic bursts are larger in amplitude
than those to tonic firing, and the increased amplitude of
the burst-evoked excitatory postsynaptic potentials is due
to both a larger initial excitatory postsynaptic potential
and temporal summation. This is related to the fact that
tonic firing generates a linear response, whereas burst
1292

firing generates a nonlinear response, 5 and results in a
better signal-to-noise ratio than tonic firing.56 The switch
from tonic to burst can be elicited by modulatory cortical feedback.55 It has furthermore been shown that electrical auditory cortex burst stimulation exerts its effect
predominantly on the extralemniscal medial geniculate
body,65,66 which fires predominantly in burst mode.22,25
These thalamic high-frequency burst discharges are particularly effective in activating large inhibitory postsynaptic potentials, whereas tonic firing is not,35 suggesting
that burst firing could be particularly effective in suppressing hyperactivity-related pathological conditions in
the brain. Thus, cortical burst stimulation might predominantly modulate the extralemniscal thalamus and could
be particularly effective in suppressing thalamocortical
hyperactivity syndromes via a nonlinear effect, which is
more potent than tonic firing.
Based on these data, and the idea that neurostimulation should aim at mimicking neural firing as closely as
possible, the authors attempted to use burst neurostimulation in 5 patients in whom tonic neurostimulation for
narrowband tinnitus had failed. This resulted in a statistically significantly better suppression of noise-like tinnitus
in comparison with tonic stimulation. However, for the
pure tone tinnitus component, no difference in suppression rate could be demonstrated between the 2 stimulation designs, similarly to what has been demonstrated for
TMS.12,13 From these data it cannot be concluded that the
differential effect is solely due to the stimulation design
(burst), because the burst design resulted in a significantly
higher total amount of electrical current per second being
delivered, which could be a reason as well. A study comparing burst stimulation to high-frequency tonic stimulation with the same frequency and the same amount of
current applied should be performed to clarify this possibility. Because the amplitude and electrical charge per
pulse are not significantly different, it could be the design
itself and not the total amount of electrical current delivered per second that is important, in accordance with the
physiological differences described above.
Whether other pathological conditions characterized
by increased burst firing, such as phantom pain, 30,39,51
Parkinson disease30,64,67 and other movement disorders,33
epilepsy,24,30 addiction, 59 and clinical depression30 (some
of which are also being treated by neurostimulation),
are amenable to burst stimulation remains a challenging
question.

Conclusions

A new clinical electrical neurostimulation design is
presented, consisting of bursts of high-frequency stimuli.
Burst stimulation might exert its effect either by being
more powerful than tonic stimulation or by a having a differential effect on the topographic versus nontopographic
pathways. This first clinical report warrants further research to explore the full capacity of burst stimulation.
Disclaimer
The authors report no conflict of interest concerning the materials or methods used in this study or the findings specified in this
paper.

J Neurosurg / Volume 112 / June 2010

Burst stimulation of auditory cortex for tinnitus suppression
Acknowledgments
The authors thank ANS Medical, an SJM company, and the
Tinnitus Research Initiative for an educational grant used for this
study. The authors also thank Tim Vancamp for his technical expertise.
References
1. Abbott SD, Hughes LF, Bauer CA, Salvi R, Caspary DM: Detection of glutamate decarboxylase isoforms in rat inferior
colliculus following acoustic exposure. Neuroscience 93:
1375–1381, 1999
2. Alitto HJ, Weyand TG, Usrey WM: Distinct properties of
stimulus-evoked bursts in the lateral geniculate nucleus. J
Neurosci 25:514–523, 2005
3. Axelsson A, Ringdahl A: Tinnitus—a study of its prevalence
and characteristics. Br J Audiol 23:53–62, 1989
4. Calford MB, Aitkin LM: Ascending projections to the medial
geniculate body of the cat: evidence for multiple, parallel auditory pathways through thalamus. J Neurosci 3:2365–2380,
1983
5. Chacron MJ, Longtin A, Maler L: To burst or not to burst? J
Comput Neurosci 17:127–136, 2004
6. Chen GD, Jastreboff PJ: Salicylate-induced abnormal activity
in the inferior colliculus of rats. Hear Res 82:158–178, 1995
7. Chiry O, Tardif E, Magistretti PJ, Clarke S: Patterns of calcium-binding proteins support parallel and hierarchical organization of human auditory areas. Eur J Neurosci 17:397–410,
2003
8. 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
9. De Ridder D, De Mulder G, Verstraeten E, Seidman M, Elisevich K, Sunaert S, et al: Auditory cortex stimulation for tinnitus. Acta Neurochir Suppl 97:451–462, 2007
10. De Ridder D, De Mulder G, Verstraeten E, Van der Kelen K,
Sunaert S, Smits M, et al: Primary and secondary auditory
cortex stimulation for intractable tinnitus. ORL J Otorhinolaryngol Relat Spec 68:48–55, 2006
11. De Ridder D, De Mulder G, Walsh V, Muggleton N, Sunaert
S, Møller A: Magnetic and electrical stimulation of the auditory cortex for intractable tinnitus. Case report. J Neurosurg
100:560–564, 2004
12. De Ridder D, van der Loo E, Van der Kelen K, Menovsky T,
van de Heyning P, Moller A: Do tonic and burst TMS modulate the lemniscal and extralemniscal system differentially?
Int J Med Sci 4:242–246, 2007
13. De Ridder D, van der Loo E, Van der Kelen K, Menovsky
T, van de Heyning P, Moller A: Theta, alpha and beta burst
transcranial magnetic stimulation: brain modulation in tinnitus. Int J Med Sci 4:237–241, 2007
14. Dobie RA: A review of randomized clinical trials in tinnitus.
Laryngoscope 109:1202–1211, 1999
15. Eggermont JJ, Kenmochi M: Salicylate and quinine selectively increase spontaneous firing rates in secondary auditory
cortex. Hear Res 117:149–160, 1998
16. Eichhammer P, Kleinjung T, Landgrebe M, Hajak G, Langguth B: TMS for treatment of chronic tinnitus: neurobiological effects. Prog Brain Res 166:369–375, 2007
17. FitzPatrick KA, Imig TJ: Projections of auditory cortex upon
the thalamus and midbrain in the owl monkey. J Comp Neurol 177:573–575, 1978
18. Flor H, Elbert T, Knecht S, Wienbruch C, Pantev C, Birbaumer N, et al: Phantom-limb pain as a perceptual correlate of
cortical reorganization following arm amputation. Nature
375:482–484, 1995
19. Friedland DR, Gaggl W, Runge-Samuelson C, Ulmer JL, Ko-

J Neurosurg / Volume 112 / June 2010

20.

21.

22.
23.
24.
25.
26.
27.
28.
29.
30.

31.
32.

33.

34.

35.
36.

37.
38.

39.

pell BH: Feasibility of auditory cortical stimulation for the
treatment of tinnitus. Otol Neurotol 28:1005–1012, 2007
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 (Ger)
Guido W, Lu SM, Sherman SM: Relative contributions of burst
and tonic responses to the receptive field properties of lateral
geniculate neurons in the cat. J Neurophysiol 68:2199–2211,
1992
He J, Hu B: Differential distribution of burst and single-spike
responses in auditory thalamus. J Neurophysiol 88:2152–
2156, 2002
Heller AJ: Classification and epidemiology of tinnitus. Otolaryngol Clin North Am 36:239–248, 2003
Hodaie M, Cordella R, Lozano AM, Wennberg R, Dostrovsky
JO: Bursting activity of neurons in the human anterior thalamic nucleus. Brain Res 1115:1–8, 2006
Hu B, Senatorov V, Mooney D: Lemniscal and non-lemniscal synaptic transmission in rat auditory thalamus. J Physiol
479:217–231, 1994
Huang YZ, Edwards MJ, Rounis E, Bhatia KP, Rothwell JC:
Theta burst stimulation of the human motor cortex. Neuron
45:201–206, 2005
Jahnsen H, Llinás R: Voltage-dependent burst-to-tonic switching of thalamic cell activity: an in vitro study. Arch Ital Biol
122:73–82, 1984
Jastreboff PJ: Phantom auditory perception (tinnitus): mechanisms of generation and perception. Neurosci Res 8:221–254,
1990
Jastreboff PJ, Sasaki CT: Salicylate-induced changes in spontaneous activity of single units in the inferior colliculus of the
guinea pig. J Acoust Soc Am 80:1384–1391, 1986
Jeanmonod D, Magnin M, Morel A: Low-threshold calcium
spike bursts in the human thalamus. Common physiopathology for sensory, motor and limbic positive symptoms. Brain
119:363–375, 1996
Jones EG: Chemically defined parallel pathways in the monkey auditory system. Ann N Y Acad Sci 999:218–233, 2003
Kaltenbach JA, Afman CE: Hyperactivity in the dorsal cochlear nucleus after intense sound exposure and its resemblance to
tone-evoked activity: a physiological model for tinnitus. Hear
Res 140:165–172, 2000
Kanazawa I, Kimura M, Murata M, Tanaka Y, Cho F: Choreic
movements in the macaque monkey induced by kainic acid
lesions of the striatum combined with L-dopa. Pharmacological, biochemical and physiological studies on neural mechanisms. Brain 113:509–535, 1990
Khedr EM, Rothwell JC, Ahmed MA, El-Atar A: Effect of
daily repetitive transcranial magnetic stimulation for treatment of tinnitus: comparison of different stimulus frequencies. J Neurol Neurosurg Psychiatry 79:212–215, 2008
Kim U, McCormick DA: The functional influence of burst and
tonic firing mode on synaptic interactions in the thalamus. J
Neurosci 18:9500–9516, 1998
Kleinjung T, Eichhammer P, Langguth B, Jacob P, Marienhagen J, Hajak G, et al: Long-term effects of repetitive trans
cranial magnetic stimulation (rTMS) in patients with chronic
tinnitus. Otolaryngol Head Neck Surg 132:566–569, 2005
Kleinjung T, Steffens T, Londero A, Langguth B: Transcranial
magnetic stimulation (TMS) for treatment of chronic tinnitus:
clinical effects. Prog Brain Res 166:359–367, 2007
Kovacs S, Peeters R, Smits M, De Ridder D, Van Hecke P,
Sunaert S: Activation of cortical and subcortical auditory
structures at 3 T by means of a functional magnetic resonance
imaging paradigm suitable for clinical use. Invest Radiol
41:87–96, 2006
Lenz FA, Garonzik IM, Zirh TA, Dougherty PM: Neuronal
activity in the region of the thalamic principal sensory nucleus

1293

D. De Ridder et al.
40.

41.
42.
43.
44.

45.
46.
47.
48.
49.

50.

51.

52.

53.
54.

(ventralis caudalis) in patients with pain following amputations. Neuroscience 86:1065–1081, 1998
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
Meyershoff W: Tinnitus, in Meyershoff W, Ria D (eds): Otolaryngology: Head and Neck Surgery. Philadelphia: WB
Saunders, 1992, pp 435–446
Moller AR: Similarities between severe tinnitus and chronic
pain. J Am Acad Audiol 11:115–124, 2000
Mühlnickel W, Elbert T, Taub E, Flor H: Reorganization
of auditory cortex in tinnitus. Proc Natl Acad Sci U S A
95:10340–10343, 1998
Norena A, Micheyl C, Chéry-Croze S, Collet L: Psychoacoustic characterization of the tinnitus spectrum: implications for
the underlying mechanisms of tinnitus. Audiol Neurootol
7:358–369, 2002
Noreña AJ, Eggermont JJ: Enriched acoustic environment after noise trauma reduces hearing loss and prevents cortical
map reorganization. J Neurosci 25:699–705, 2005
Ochi K, Eggermont JJ: Effects of salicylate on neural activity
in cat primary auditory cortex. Hear Res 95:63–76, 1996
Oswald AM, Chacron MJ, Doiron B, Bastian J, Maler L: Parallel processing of sensory input by bursts and isolated spikes.
J Neurosci 24:4351–4362, 2004
Phoon WH, Lee HS, Chia SE: Tinnitus in noise-exposed
workers. Occup Med (Lond) 43:35–38, 1993
Plewnia C, Reimold M, Najib A, Brehm B, Reischl G, Plontke
SK, et al: Dose-dependent attenuation of auditory phantom
perception (tinnitus) by PET-guided repetitive transcranial
magnetic stimulation. Hum Brain Mapp 28:238–246, 2007
Plewnia C, Reimold M, Najib A, Reischl G, Plontke SK, Gerloff C: Moderate therapeutic efficacy of positron emission
tomography-navigated repetitive transcranial magnetic stimulation against chronic tinnitus: a randomised, controlled pilot
study. J Neurol Neurosurg Psychiatry 78:152–156, 2007
Rinaldi PC, Young RF, Albe-Fessard D, Chodakiewitz J:
Spontaneous neuronal hyperactivity in the medial and intralaminar thalamic nuclei of patients with deafferentation pain.
J Neurosurg 74:415–421, 1991
Salvi RJ, Saunders SS, Gratton MA, Arehole S, Powers N:
Enhanced evoked response amplitudes in the inferior colliculus of the chinchilla following acoustic trauma. Hear Res
50:245–257, 1990
Salvi RJ, Wang J, Ding D: Auditory plasticity and hyperactivity following cochlear damage. Hear Res 147:261–274, 2000
Seidman MD, Ridder DD, Elisevich K, Bowyer SM, Darrat I,
Dria J, et al: Direct electrical stimulation of Heschl’s gyrus for
tinnitus treatment. Laryngoscope 118:491–500, 2008

1294

55. Sherman SM: Tonic and burst firing: dual modes of thalamocortical relay. Trends Neurosci 24:122–126, 2001
56. Sherman SM: A wake-up call from the thalamus. Nat Neurosci 4:344–346, 2001
57. Smith JA, Mennemeier M, Bartel T, Chelette KC, Kimbrell T,
Triggs W, et al: Repetitive transcranial magnetic stimulation
for tinnitus: a pilot study. Laryngoscope 117:529–534, 2007
58. Smits M, Kovacs S, de Ridder D, Peeters RR, van Hecke P,
Sunaert S: Lateralization of functional magnetic resonance
imaging (fMRI) activation in the auditory pathway of patients
with lateralized tinnitus. Neuroradiology 49:669–679, 2007
59. Sun W, Rebec GV: Repeated cocaine self-administration alters processing of cocaine-related information in rat prefrontal cortex. J Neurosci 26:8004–8008, 2006
60. Swadlow HA, Gusev AG: The impact of ‘bursting’ thalamic
impulses at a neocortical synapse. Nat Neurosci 4:402–408,
2001
61. Szczepaniak WS, Møller AR: Effects of (-)-baclofen, clonazepam, and diazepam on tone exposure-induced hyperexcitability of the inferior colliculus in the rat: possible therapeutic
implications for pharmacological management of tinnitus and
hyperacusis. Hear Res 97:46–53, 1996
62. Tennigkeit F, Puil E, Schwarz DW: Firing modes and membrane properties in lemniscal auditory thalamus. Acta Otolaryngol 117:254–257, 1997
63. Tonndorf J: The analogy between tinnitus and pain: a suggestion for a physiological basis of chronic tinnitus. Hear Res
28:271–275, 1987
64. Wichmann T, DeLong MR: Pathophysiology of Parkinson’s
disease: the MPTP primate model of the human disorder. Ann
N Y Acad Sci 991:199–213, 2003
65. Xiong Y, Yu YQ, Chan YS, He J: Effects of cortical stimulation on auditory-responsive thalamic neurones in anaesthetized guinea pigs. J Physiol 560:207–217, 2004
66. Yu YQ, Xiong Y, Chan YS, He J: Corticofugal gating of auditory information in the thalamus: an in vivo intracellular
recording study. J Neurosci 24:3060–3069, 2004
67. Zirh TA, Lenz FA, Reich SG, Dougherty PM: Patterns of
bursting occurring in thalamic cells during parkinsonian
tremor. Neuroscience 83:107–121, 1998
Manuscript submitted February 24, 2009.
Accepted October 2, 2009.
Please include this information when citing this paper: published
online November 13, 2009; DOI: 10.3171/2009.10.JNS09298.
Address correspondence to: Dirk De Ridder, M.D., Ph.D., Brai2n,
University Hospital Antwerp, Wilrijkstraat 10, 2650 Edegem, Bel
gium. email: dirk.de.ridder@uza.be.

J Neurosurg / Volume 112 / June 2010

