Exp Brain Res (2010) 202:779–785
DOI 10.1007/s00221-010-2183-9

R ES EA R C H A R TI CLE

Bilateral dorsolateral prefrontal cortex modulation for tinnitus
by transcranial direct current stimulation: a preliminary
clinical study
Sven Vanneste · Mark Plazier · Jan Ost ·
Elsa van der Loo · Paul Van de Heyning ·
Dirk De Ridder

Received: 5 July 2009 / Accepted: 28 January 2010 / Published online: 26 February 2010
© Springer-Verlag 2010

Abstract Tinnitus is considered as an auditory phantom
percept. Preliminary evidence indicates that transcranial
direct current stimulation (tDCS) of the temporo-parietal
area might reduce tinnitus. tDCS studies of the prefrontal
cortex have been successful in reducing depression, impulsiveness and pain. Recently, it was shown that the prefrontal cortex is important for the integration of sensory and
emotional aspects of tinnitus. As such, frontal tDCS might
suppress tinnitus as well. In an open label study, a total of
478 tinnitus patients received bilateral tDCS on dorsolateral
prefrontal cortex (448 patients anode right, cathode left and
30 anode left, cathode right) for 20 min. Treatment eVects
were assessed with visual analogue scale for tinnitus intensity and distress. No tinnitus-suppressing eVect was found
for tDCS with left anode and right cathode. Analyses show
that tDCS with right anode and left cathode modulates tinnitus perception in 29.9% of the tinnitus patients. For these
responders a signiWcant reduction was found for both tinnitusrelated distress and tinnitus intensity. In addition, the
amount of suppression for tinnitus-related distress is moderated by an interaction between tinnitus type and tinnitus
laterality. This was, however, not the case for tinnitus
intensity. Our study supports the involvement of the prefrontal cortex in the pathophysiology of tinnitus.
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Introduction
Tinnitus is a common and disturbing symptom, characterized
by the perception of sound or noise in the absence of
an auditory stimulus. This auditory phantom percept is
often associated with symptoms such as annoyance, concentration problems, anxiety, depression, sleep disturbances, intense worrying and can as a consequence cause a
serious amount of distress (Scott and Lindberg 2000).
Approximately, 15% of adult population experience tinnitus at some point in their life, and 10–15% of these individuals perceive tinnitus continuously, increasing up to 33% in
the elderly population (Axelsson and Ringdahl 1989;
Nondahl et al. 2002; Sindhusake et al. 2004). Like auditory
hallucinations, tinnitus is also considered an auditory
phantom percept related to plastic alterations in the auditory cortex (Muhlnickel et al. 1998). Neuroimaging and
electrophysiologic studies indicate an excessive spontaneous activity in the central auditory nervous system and
changes in the tonotopic map of the auditory cortex as the
neurobiological basis of tinnitus (Weisz et al. 2007; Salvi
et al. 2000; Lockwood et al. 1998; Schlee et al. 2009; Smits
et al. 2007).
Consistent with the hypothesis that tinnitus is caused by
over activation of the auditory cortex, transcranial magnetic
stimulation (TMS) can eYciently reduce this cortical
hyperactivity temporarily by directly stimulating temporal
cortex (De Ridder et al. 2007; Kleinjung et al. 2008). In
addition, it was shown that extradural electrical stimulation
of the auditory cortex can also suppress tinnitus (De Ridder
et al. 2004; Friedland et al. 2007). Interestingly, a recent
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study demonstrated that transcranial direct current stimulation
(tDCS) of the tempororietal area can alter tinnitus perception as well (Fregni et al. 2006). tDCS is an non-invasive
and painless tool which modulates cortical excitability in
the brain regions of interest through a weak direct current
(DC). Depending on the polarity of the stimulation, tDCS
can increase or decrease cortical excitability in the brain
regions to which it is applied (Miranda et al. 2006). Currently, tDCS is usually applied through two surface electrodes, one serving as the anode and the other as the
cathode. Some of the applied current is shunted through
scalp tissue and only a part of the applied current passes
through the brain. Anodal tDCS typically has an excitatory
eVect on the local cerebral cortex by depolarizing neurons,
while under the cathode hyperpolarization is induced. This
eVect of tDCS typically outlasts the stimulation by an hour
or longer after a single treatment session of suYciently long
stimulation duration (Nitsche and Paulus 2000, 2001;
Nitsche et al. 2003; Antal et al. 2004). Compared with
extradural electrical stimulation this technique has the
advantage of being non-invasive. As an advantage to TMS,
tDCS is easier to apply and has not been related to seizures.
Taken together, tDCS could potentially be a promising and
easily applicable technique to suppress tinnitus.
New insights into the neurobiology of tinnitus suggest
that neuronal changes are not limited to the classical auditory pathways. In particular, the dorsolateral prefrontal cortex (DLPFC) seems to play a speciWc role in auditory
processing. That is, the DLPC has a bilateral facilitatory
eVect on auditory memory storage and contains auditory
memory cells (Bodner et al. 1996). The DLPFC also exerts
early inhibitory modulation of input to primary auditory
cortex in humans (Knight et al. 1989) and has been found to
be associated with auditory attention (Voisin et al. 2006;
Lewis et al. 2000; Alain et al. 1998) resulting in top-down
modulation of auditory processing (Mitchell et al. 2005).
This was further conWrmed by electrophysiological data
indicating that tinnitus might occur as the result of a dysfunction in the top-down inhibitory processes (Norena et al.
1999). Interestingly, several tDCS studies focused on
DLPFC and found successful results for treating major
depression (Fregni et al. 2006) and mood changes in
depression (Fregni et al. 2006), as well as reducing impulsiveness (Beeli et al. 2008) and the pain threshold (Boggio
et al. 2008, 2009). As the DLPFC is involved in attentionmediated top-down control of auditory processing and
tinnitus, and tDCS seems like a promising technique for
modulating the DLPFC, it is possible that using frontal tDCS
might be a useful technique for the suppressing tinnitus.
The aim of the present study is to (1) investigate whether
tDCS of the DLPFC is a valuable technique for treating tinnitus and (2) verify whether tDCS is a good alternative for
TMS. Furthermore, a comparison will be made between
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diVerent types of tinnitus (pure tone vs. narrow band), and
tinnitus laterality (unilateral and bilateral), as previous studies already revealed that these variables have an important
impact on TMS results.

Method
Subjects
We studied 543 patients (male 195, female 348) with
chronic tinnitus (>1 year). The mean age was 56.83 years
(SD 11.49). See Table 1 for an overview of demographic
and tinnitus-related data.
tDCS is performed as a neuromodulation technique in
the treatment for tinnitus in the multidisciplinary TRI tinnitus clinic of the University of Antwerp, Belgium, which
was approved by the Ethical committee of the Antwerp
University Hospital. All prospective participants underwent a complete audiological, ENT and neurological
investigation to rule out possible treatable causes for their
tinnitus. Tinnitus matching is performed by presenting
sounds to the ear in which the tinnitus is not perceived.
Technical investigations include MRI of the brain and
posterior fossa, pure tone and speech audiometry and tympanometry.
Transcranial direct current stimulation
Direct current was transmitted by a saline-soaked pair of
surface sponge (35 cm2) and delivered by specially devel-

Table 1 Demographic and tinnitus parameters
Waiting list
control
group

tDCS anode
left cathode
right

tDCS anode
right cathode
left

Male

21

14

160

Female

44

16

288

53.12

54.57

57.52

Left-sided

15

8

146

Right-sided

14

7

117

Bilateral

36

15

185

Pure tone

28

18

202

Narrow band noise

37

12

246

4.83

6.12

5.67

Gender

Age
Side

Type

Tinnitus duration
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oped, battery-driven, constant current stimulator with a
maximum output of 10 mA (Eldith© ; http://www.eldith.
de). For each patient receiving tDCS, one electrode was
placed over the left DLPFC and one was placed on the right
DLPFC as determined by the International 10/20 Electroencephalogram System corresponding to F3 and F4, respectively. A constant current of 1.5 mA intensity was applied
for 20 min.
Four-hundred and forty-eight patients received tDCS
with cathodal electrode placed over the left DLPFC and
the anode placed overlying the right DLPFC; 30 patients
received tDCS with anode electrode placed over the left
DLPFC and the cathode placed on the right DLPFC; and
65 perceived no tDCS (i.e. waiting list control group).
Evaluation
A visual analogue scale for tinnitus intensity (‘How loud
is your tinnitus?’, 0 = no tinnitus and 10 = as loud as
imaginable) and tinnitus distress (‘How stressful is your
tinnitus?’, 0 = no distress and 10 = suicidal distress) was
administered before (pre) and directly after (post) tDCS
stimulation.
Statistical analyses
Calculations were performed using SPSS software package.
A paired two-sample t test was conducted for VAS
intensity pre and post and VAS distress pre and post,
respectively.
A linear regression analysis was conducted with gender,
age, tinnitus type, tinnitus laterality and tinnitus duration as
independent variables with, respectively, tinnitus perception and tinnitus-related distress as dependent variables.
The variables gender, tinnitus type and tinnitus laterality
were recoded in contrast variables, respectively, gender
(women 1 and man ¡1), tinnitus type (narrow band noise 1
and pure tone ¡1) and tinnitus laterality (bilateral 1 and
unilateral ¡1).
Responders are deWned as patients that respond to tDCS
treatment (VAS pre–VAS post >0), while non-responders
are deWned as patients that do not respond to tDCS treatment (VAS pre–VAS post ·0). A logistic regression analysis was conducted to verify whether the independent
variables gender, age, tinnitus type, tinnitus laterality and
tinnitus duration could predict if a patient would respond to
tDCS treatment.
A paired two-sample t test is conducted for VAS intensity pre and post and VAS distress pre and post, respectively. A univariate ANOVA on the amount of reduction
between pre and post VAS intensity with type (pure tone
vs. narrow band noise) and laterality (unilateral vs. bilateral)
as Wxed factors and tinnitus durations as a covariate was
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conducted. A similar analysis was conducted for tinnitusrelated distress. Type I error risk was set up at 0.05. If otherwise indicated data are given as mean (M) and standard
deviation (SD).

Results
For patients assigned to the waiting list control group no
signiWcant eVects were obtained for, respectively, VAS
intensity and VAS distress pre versus post. No results
were also found for patients receiving tDCS with the
anode overlying the left and cathode overlying the right
DLPFC for, respectively, VAS intensity and VAS distress pre versus post. Yet, patients receiving tDCS, anode
right and cathode left, a paired two-sample t test of
participants revealed a signiWcant decrease for VAS
intensity when comparing VAS intensity pre (M = 6.54;
SD = 2.15) and post (M = 6.02; SD = 2.90) (t = 7.11,
P < 0.001), revealing a reduction of 7.95%. A similar
analysis yielded also a signiWcant decrease for VAS distress when comparing pre (M = 6.03; SD = 2.42) versus
post (M = 5.55; SD= 3.02) (t = 6.41, P < 0.001), demonstrating a suppression eVect of 7.95% (see Fig. 1 for
overview).
Of these patients receiving tDCS, anode right and cathode left, 134 (29.9%) responded to the tDCS treatment
and 314 (70.1%) did not. This latter group had a suppression of 27.56 and 31.26% for, respectively, intensity and
distress. A regression analysis (responders and nonresponders included) revealed that the amount of suppression was independent of gender, age, tinnitus type, tinnitus
laterality and tinnitus duration for, respectively, tinnitus
perception and tinnitus-related distress (see Table 2).
Logistic analysis verifying whether the independent variables gender, age, tinnitus type, tinnitus laterality and tinnitus duration could discriminate between responders and
non-responders yielded no signiWcant eVect for respectively tinnitus perception and tinnitus-related distress (see
Table 2).
For the responders, a univariate ANOVA on the
amount of reduction between pre and post VAS intensity
(=VAS intensity pre–post) with type (pure tone vs. narrow
band noise) and laterality (unilateral vs. bilateral) as Wxed
factors and tinnitus durations as a covariate revealed no
signiWcant eVect. However, when conducting a similar
analysis on the amount of diVerence between pre and post
VAS distress (=VAS distress pre–post), the interaction
eVect type X laterality almost yielded signiWcance
(F = 3.59, P < 0.06; see Fig. 2). A simple contrast
revealed a signiWcant eVect for pure tone (F = 5.02,
P < 0.05), indicating less reduction for unilateral tinnitus
in comparison with bilateral tinnitus. No signiWcant eVect
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Table 2 Linear regression model: Predicting the amount for suppression for tinnitus perception and tinnitus related distress from gender,
age, tinnitus type, tinnitus laterality and tinnitus duration. Logistic
Regression model: Predicting responder versus non-responder for tinnitus perception and tinnitus-related distress from gender, age, tinnitus
type, tinnitus laterality and tinnitus duration
Linear
regression
model

Gender

Amount of suppression
Tinnitus perception

Tinnitus distress

B

SE B



¡0.12

0.08

¡0.10

Age

SE B 

B

0.03 0.10

0.02

0.01

0.01

0.01

0.01 0.01

0.07

¡0.08

0.17

¡0.03

0.02 0.20

0.01

Tinnitus laterality

0.05

0.15

0.02

¡0.04 0.18

¡0.02

Tinnitus duration

0.05

0.01

0.05

¡0.04 0.01

¡0.03

Tinnitus type

R2
Logistic
regression
model

0.01

0.01

Responder versus Non-responder
Tinnitus perception
B

SE B

e

Tinnitus distress
B

B

SE B

eB

Gender

¡04

0.18

0.96

¡0.36 0.38

0.70

Age

¡0.01

0.01

1.00

0.02

0.01

1.02

Tinnitus type

¡0.68

0.33

0.51

0.41

0.39

1.50

Tinnitus laterality ¡0.31

0.32

0.73

0.09

0.09

1.09

Tinnitus duration

¡01

0.02

1.01

0.02

0.02

0.99

Constant

¡0.55

2

¡2.08
5.56

4.08

Fig. 1 DiVerences between pre and post intensity (top panel) and
distress (bottom panel) on the visual analogue scale (VAS) for the
waiting list control group, tDCS anode left cathode right, and tDCS
anode right cathode left

was obtained for narrow band noise between unilateral
and bilateral tinnitus.
To better understand unilateral tinnitus has less reduction than bilateral tinnitus for pure tone, we veriWed
whether there was a diVerence between left- and right-side
tinnitus. An independent sample t test with as dependent
variable amount of reduction between pre and post VAS
distress and independent variable tinnitus unilaterality (left
vs. right) demonstrated a signiWcant eVect for unilaterality
(t = 2.22, P < 0.05). This analysis showed that there was
more suppression on left-sided tinnitus (M = 1.38, SD =
1.27) than on right-sided (M = 0.17, SD = 0.41) tinnitus.
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Fig. 2 Interaction between type (pure tone vs. narrow band noise) and
laterality (unilateral vs. bilateral) on the amount of reduction on VAS
distress
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Discussion
Our results show that bilateral tDCS of the DLPFC (anodal
F4, cathodal F3) can decrease tinnitus in one-third of the
patients with chronic tinnitus, while bilateral tDCS of
DLPFC (anodal F3, cathodal F4) has no inXuence on tinnitus. For bilateral tDCS of the DLPFC (anodal F4, cathodal
F3), gender, age, tinnitus type, tinnitus laterality and tinnitus duration on had no eVect the amount of tinnitus perception and tinnitus-related distress as well as could not predict
responders versus non-responders. For the responders only
to bilateral tDCS of the DLPFC (anodal F4, cathodal F3) a
reduction was found for both tinnitus-related distress and
tinnitus intensity. In addition, it is revealed that the amount
of suppression for tinnitus-related distress but not for tinnitus intensity is moderated by an interaction between tinnitus type and tinnitus laterality. For the latter eVect it is
shown that unilateral pure tone tinnitus is less suppressed
than bilateral pure tone as well as unilateral and bilateral
narrow band noise. A closer look at the data indicates that
the reduced suppression eVect for unilateral pure tone tinnitus can mainly be explained by a very limited suppressive
eVect on right-sided tinnitus.
Suppression of tinnitus by tDCS seems to be related to
enhancing excitability of right prefrontal cortex and reducing excitability of the left prefrontal cortex as we only
found a tinnitus-suppressing eVect with the anode overlying
the right and the cathode overlying the left DLPFC. However, it is possible that tDCS stimulation of bilateral
DLPFC with anode left and cathode right might produce
only clinically beneWcial eVects after repetitive tDCS
(rtDCS), similar to what is noted in tDCS for depression. A
recent study demonstrated that anodal tDCS of the left
DLPFC has an eVect on depressive symptoms after Wve sessions (Fregni et al. 2006). As tinnitus can be accompanied
with depression, it might be interesting to perform a repetitive tDCS study in the future with anode overlying the left
DLPFC and cathode overlying the right DLPFC. As such
verifying whether this would modulate tinnitus-related distress directly and subsequently tinnitus perception.
It is known that the DLPFC plays an important role in
anxiety, depression (Fregni et al. 2006; Avery et al. 2007),
and the unpleasantness related to pain (Freund et al. 2007).
Furthermore, DLPFC activity correlates with the emotional
perception of pain (Lorenz et al. 2003) and DLPFC is
involved in aversive auditory stimuli, and hypothetically in
tinnitus (Mirz et al. 2000). As such it is possible that bilateral tDCS of DLPFC might interfere with tinnitus. Our
results conWrm indeed a reduction not only for tinnitus
intensity, but also for tinnitus-related distress after bilateral
tDCS of the DLPFC. The eVect on tinnitus intensity might
be via the DLPFC’s inhibitory modulation of the auditory
cortex (Knight et al. 1989), which is involved in tinnitus
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intensity coding (van der Loo et al. 2009), while tinnitusrelated distress might be more directly suppressed similar
to depression (Fregni et al. 2006; Avery et al. 2007).
If tDCS and TMS share common working mechanism,
an alternative hypothetical explanation for the eVect
observed might be provided by the fact that tDCS could
inXuence the neural activity in the anterior cingulate. A
study already conWrms that high-frequency prefrontal TMS
inXuences the anterior cingulate (Paus et al. 2001). The
anterior cingulate is critically involved in the emotional
control of sensory processing. As top-down inhibitory
mechanism that originates from the prefrontal lobe, the
anterior cingulate has been shown to play an important role
in auditory processing (Grunwald et al. 2003) and in the
integration of tinnitus (Norena et al. 1999). Furthermore,
the emotional responses are regulated by limbic system of
the brain, such as the anterior cingulate, amygdala and
hypothalamus (Liberzon et al. 2000). The DLPFC might
regulate structures involved in the emotional perception of
tinnitus, including the anterior cingulated cortex, insula and
amygdala (Lorenz et al. 2003) (Vanneste et al. submitted).
Thus, bilateral tDCS of DLPFC might strengthen on one
hand deWcient inhibitory top-down mechanisms in tinnitus,
making it possible to induce auditory sensory gating in the
anterior cingulate cortex (Tanaka et al. 2008). On the other
hand, tDCS might also interfere with the emotional processing of tinnitus (i.e. tinnitus-related distress) by modulating the corticosubcortical and corticocortical pathways,
as DLPFC may have a dampening eVect on the activity of
the midbrain-(dorso)medial thalamic pathway, as has been
shown for the somatosensory system (Lorenz et al. 2003;
Casey et al. 2003). The dorsomedial nucleus of the thalamus also contains speciWc auditory processing cells, and it
is conceivable that a similar pathway exists for auditory
input. As such, bilateral tDCS of DLPFC might suppress
both tinnitus-related distress and tinnitus intensity.
It has been shown that frontal lobotomies, which undercut the connections to the prefrontal cortex, do not seem to
change the tinnitus intensity but rather the emotional (distress)
component of the tinnitus (Beard 1965; Elithorn 1953).
Therefore, the emotional component could be generated in
network involving a prefrontal hub.
Compared with narrow band noise modulating pure tone
tinnitus by tDCS seems complicated as the amount of distress suppression depends on the tinnitus laterality: bilateral
tDCS of DLPFC can suppress right-sided tinnitus less than
left-sided or bilateral pure tone tinnitus patients. As to why
this is, no clear answers can be provided yet since not
enough is known on the diVerences in the pathophysiology
of unilateral versus bilateral tinnitus and pure tone versus
narrow band noise tinnitus. However a hypothesis can be
proposed. Previous research already revealed that the
DLPFC is connected with the ipsilateral auditory cortex via
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the parahippocampus (Grunwald et al. 2003; Boutros et al.
2005, 2008; Korzyukov et al. 2007). Our results reveal that
tDCS works only with the anode activating the right and
cathode inactivating the left DLPFC. It is possible that by
stimulating the right DLPFC the right auditory cortex is
modulated. Furthermore, a recent study revealed that
tinnitus intensity is related to gamma band activity in the
contralateral auditory cortex (van der Loo et al. 2009). As
left-sided tinnitus is better suppressed than right-sided tinnitus in this study and tinnitus intensity is correlated to the
contralateral auditory cortex, i.e. the right auditory cortex,
this would suggest a connection between the right DLPFC
and the right auditory cortex 1.
In summary, this study encourages further exploration of
tDCS for the treatment of tinnitus. In addition, this study
supports the involvement of the prefrontal cortex in the
pathophysiology of tinnitus. We are aware of the fact that
the conclusions drawn from this study are preliminary, as
results were not placebo-controlled. Compared with TMS
on the temporal cortex for tinnitus 17% has a placebo eVect
(Vanneste et al. submitted), while for sham tDCS for tinnitus with the electrode placed on the left temporal lobe no
patients responded to the sham tDCS (Fregni et al. 2006).
Nevertheless, further research is needed which includes a
sham tDCS.
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